Chapter 1: Variability of the Horizontal Velocity
Structure in the Upper 1600 m of the
Water Column on the Equator at 10°W

Abstract

This paper (Bunge et al., 2006a) presents initial results from new velocity observations in the
eastern part of the equatorial Atlantic from a moored current meter array. During the
EQUALANT program (1999-2000), a mooring array was deployed around the equator near
10°W which recorded one year’s worth of measurements at various depths. Horizontal velocities
were obtained in the upper 60 m from an upward-looking Acoustic Doppler Current Profiler

(ADCP) and at 13 deeper levels from current meters between 745 and 1525 m.

In order to analyze the quasi-periodic variability observed in these records, a wavelet-based
technique was used. Quasi-periodic oscillations having periods between 5 to 100 days were
separated into four bands: 5-10, 10-20, 20-40, and 40-100 days. The variability shows a) a strong
seasonality: the first half of the series is dominated by larger periods than the second one, and b)
a strong dependence with depth: some oscillations are present in the entire water column while
others are only present at certain depths. For the oscillations that are present in the entire water
column, the origin of the forcing can be traced to the surface, while for the others, the question of

their origin remains open.

Phase shifts at different depths generate vertical shears in the horizontal velocity component
with relatively short vertical scales. This is especially visible in long duration events (>100 days)
of the zonal velocity component. Comparison with a simultaneous Lowered Acoustic Doppler

Current Profiler (LADCP) section suggests that some of these flows may be identified with
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equatorial deep jets. A striking feature is a strong vertical shear lasting about 7 months between
745 and 1000 m. These deep current meter observations would then imply a few months

duration for the jets in this region.

1.1. Introduction

Signals propagate much faster in the equatorial region than in the rest of the ocean. Tropical
oceans therefore play an important climatic role at relatively short timescales. Velocity
measurements at the equator have shown very high horizontal velocities, a wide range of
variability, and different spectral contents for the two horizontal velocity components, with zonal
motions being dominated by larger periods than meridional motions (e.g., Weisberg and

Horigan, 1981).

In the equatorial Atlantic Ocean, velocity measurements are rather sparse in time and space.
Near the surface, they come from ship drifts (e.g., Richardson and Walsh, 1986), drifting buoys
(e.g., Lumpkin and Garzoli, 2005), as well as from numerous inverted echosounders and current
meters deployed as part of the FOCAL-SEQUAL experiment (1982-1984) (e.g. Garzoli, 1987;
Houghton and Colin, 1987; Weisberg and Weingartner, 1988). Intermediate depths were sampled
in the Gulf of Guinea by current meter moorings during a U.S.-French cooperative program
which lasted from June 1976 to May 1978 (Weisberg and Horigan, 1981). Deep velocity time
series were also obtained from moorings at 36°W (Send et al., 2002) and at the Romanche
fracture zone (Mercier and Speer, 1998; Thierry et al. 2005) between 1992 and 1994.
Additionally, some floats have documented the velocity field around 1000 m (e.g., Richardson
and Schmitz, 1993; Molinari et al., 1999; Boebel et al., 1999; Schmid et al., 2003) and Lowered

Acoustic Doppler Current Profilers (LADCPs) have returned velocity sections throughout the
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entire water column during several hydrographic cruises (e.g., Gouriou et al., 2001; Bourles et

al., 2003).
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Figure 1: Study area. Squares indicate the position of the four moorings: Two are in the equator
(A and Y), one at 0.75°N (N) and the other at 0.75°S (S). Mooring A has an ADCP to measure
the subsurface and it is placed just next to a PIRATA Atlas buoy. The instruments were in the
water from November 1999 to November 2000. Solid circles indicate the location of some of the
Equalant LADCP sections used in this paper and made during the 30th of July and the 1st of
August 2000.
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Most studies of oceanic signals at the equator have tried to relate them to linear equatorial
waves. One of the dominant periods in the meridional velocity component at the surface is about
30 days, associated with tropical instability waves (Weisberg and Weingartner, 1988). These
waves are usually present from June to October (e.g., Grodsky et al., 2005) and their expression
below the thermocline resembles that of linear Rossby-gravity waves (Weisberg et al., 1979). In
the eastern part of the basin, energetic oscillations having a 14-day period are also observed in
near surface oceanic records by Garzoli (1987) and Houghton and Colin (1987). Garzoli (1987)
surmised that these oscillations are forced by wind fluctuations at the same period in the zonal
wind component. The maximum amplitude of the 14-day signal was found to occur in the mixed
layer at 3°N which does not agree with equatorial wave theory which implies symmetry about the
equator. Houghton and Colin (1987), on the other hand, attribute the forcing to the meridional
wind velocity component and found that the thermocline displacements are nearly antisymmetric
about the equator and that the structure of the oscillation resembles that of a second baroclinic

mode Rossby-gravity wave.

At depth, the zonal velocity component is dominated by lower frequencies (~66 days,
semiannual, annual and interannual oscillations) which, in some cases, have Rossby and/or

Kelvin wave characteristics (e.g. Thierry, 2000; Schmid et al., 2003).

Among the most remarkable features of the deep equatorial scenario are the Equatorial Deep
Jets (EDJ), present in the zonal velocity component between the thermocline and 2500 m. First
discovered in the Indian Ocean by Luyten and Swallow (1976), they have been observed in the
Pacific (Eriksen, 1985; Firing, 1987) as well as in the Atlantic (Ponte et al., 1990; Gouriou et al.,
1999; Send et al., 2002; Bourlés et al., 2003). In the Atlantic Ocean, EDJ have vertical scales of

around 400-600 m and a typical meridional extent of one degree (e.g., Gouriou et al., 1999).
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There is no general consensus on whether EDJ are the result of equatorial Kelvin waves or
first-meridional-mode equatorial Rossby waves, if any wave at all. Certain characteristics like
the high zonal velocities are indicators of Kelvin wave behavior, but others, like the potential
vorticity structure (Muench et al., 1993) or the off-equatorial maxima of vertical strain (Johnson
and Zhang, 2002), suggest similarities with Rossby waves. In any case, the scales do not seem to
match those of linear theory and thus nonlinearities have been suggested (Weisberg and Horigan,
1981; Philander, 1990; Hua et al., 1997). Another unknown is the temporal scale of these
structures. Gouriou et al. (1999) suggest a seasonal reversal of the jets but, as other authors have
recently remarked (e.g., Send et al., 2002), vertically propagating energy at large vertical scales
could be responsible for such apparent jet-reversals. Based on linear wave theory, Johnson and
Zhang (2002) propose periods of at least 5 years. Send et al. (2002) estimate similar periods, but

also pointed out the possibility of an intermittent behavior.

Here we report the initial results from a mooring array deployed at 10°W and the equator
during the EQUALANT program (1999-2000). The year-long dataset consist of horizontal
velocities in the upper 60 m obtained with an upward-looking ADCP, and the same at 13 deeper
levels from current meters placed at depths between 745 and 1525 m. Despite the absence of data
between 60 and 745 m, the EQUALANT current meter data set is unique because of its high
vertical resolution between 745 and 1525 m. These depths are characterized by the presence of
EDJ and by the interface between two important water masses, Antarctic Intermediate Water

(AAIW) and North Atlantic Deep Water (NADW).

The objective of this paper is to provide a first description of these new data and to discuss
the major features in comparison to previous observations and theory. Because the data clearly

contain quasi-periodic fluctuations which may be modulated in time or may occur only in certain
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portions of a time series, we use a wavelet-based technique (see Apendix) to isolate and extract
individual component signals. It is found that energetic fluctuations occur both, at the surface
and at depth, often with similar periods. These fluctuations are either distributed uniformly with
depth or concentrated at a few distinct depth ranges. Finally, we find long duration events with

vertical scales comparable to those of EDJ and temporal scales on the order of 7 months.

The paper is organized as follows: Section 2 describes the data and experiment, section 3 the
wavelet method, section 4 the general spectral characteristics of the data and the main
oscillations observed, and section 5 analyzes the vertical scales of long duration events. The

results are summarized and discussed in section 6.

1.2. Data

Current meter data were obtained from 16 vector averaging current meters (VACMs) and an
Acoustic Doppler Current Profiler (ADCP), 150 KHz narrow band, deployed at the Equator at
10°W  from November 1999 to November 2000 as part of the EQUALANT program

(http://nansen.ipsl.jussieu.fFEQUALANT; Kartavtseff, 2002). The array was initially designed

with four moorings (fig. 1) of four VACMs each to sample the water column between 1000 and
1600 m depth. Two moorings were placed exactly on the equator (moorings A and Y), one at
0.75°N (mooring N) and the other at 0.75°S (mooring S). Mooring A at the equator was equipped
with an ADCP to sample the surface and subsurface. It was deployed with a parachute to reduce
the tension of the cable. This technique, while it made the mooring descend gently, also let the
mooring drift to a somewhat shallower location than was originally planned. As a result, the
ADCP was only able to continuously sample the upper 50-60 m (fig. 2). Mooring Y had VACMs

at staggered depths with those of mooring A in order to increase vertical resolution. An
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intermediate cruise was done in March 2000 to recover and re-deploy mooring Y. The recovery

of the whole array was done in November 2000.

Table 1 reports the depth and duration of the current meters time series. Y and Yg represent
the two deployments of mooring Y and the numbers 1, 2, 3, 4 after the mooring’s designation
represent the current meters by order of increasing depth. Furthermore, series from Y at 1187
and 1420 m were merged with series Yg at 1190 and 1415 m to form series Y2 and Y3,
respectively, while Yg at 930 was named Y1. From now on, we will use the 30 m depth ADCP
time series, as a representation of near surface data. Because of technical problems with some of
the VACMSs, only 13 series were analyzed; the length of the longest time series being 380 days
(see table 1 for details). In order to examine time scales of variability longer than one week, the
hourly-data were averaged every 25 hours to remove tidal frequencies and resampled to daily

resolution (fig. 3).

Real depth (in m) and length of the time-series (in days)

S N A Ya Yg
(0.75°S) (0.75°N) (equator) (equator) (equator)
840-380 745-375 825-234 1187-120 930-257
1110-42 1000-377 1060-339 1420-120 1190-258

1360-272 1120-294 1275-148 1645-120 1415-258

Al W N P

1525-248 1385-257 1460-378 1830-120 1635-12

Table 1: Depth and duration of the current meters time series. The moorings were deployed
between November 11, 1999 and November 24, 2000. The location is given by the capital letters:
N is 0.75°N, Sis 0.75°S, A and Y is the very equator. Y and Yp represent the two deployments
of mooring Y. The numbers 1, 2, 3, 4 represent the instruments in each mooring in increasing
order of depth. For each mooring, the depth in meters of the current meters is given in each
column followed by the length of the time series in days. Only series longer than 120 days were
used. The current meter A3 record has gaps for unclear reasons and therefore was not used.
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The VACMs were calibrated both before and after deployment at the Institut frangais de
recherche pour I’exploitation de la mer (Ifremer) in Brest, France. The reported accuracies are
between 1 to 2 cm/s for the various instruments, with the minimum measurable current speeds

varying between 0.53 and 3.78 cm/s.

The analysis also makes use of Lowered Acoustic Doppler Current Profiler (LADCP) data
collected during EQUALANT cruise in July and August 2000 (fig. 4), while the current meters

were in the water. These data have been previously described in Bourlés et al. (2003).

To investigate possible forcing mechanisms for the variability observed, surface wind data
were also analyzed. Wind data came from two sources: satellite scatterometer data from

QUuIkSCAT (http://www.ifremer.fr/cersat/fr/data/overview/gridded/mwfqgscat.htm) between July

20, 1999 and May 20, 2004 and from the ATLAS buoy of PIRATA (Pilot Research Moored

Array in the Tropical Atlantic), at 10°W (http://www.pmel.noaa.gov/pirata/display.html).

The satellite scatterometer data have a daily temporal resolution and a 0.5 degree spatial
resolution. We examined the region comprised between 25.75°W and 0.25°W, and 7.25°S and
9.25°N. Because of the large size of this dataset, the analysis was performed with a multi-taper
method (Thomson, 1982; Percival and Walden, 1993). We used the Singular Spectrum Analysis
- Multi-Taper Method (SSA-MTM) toolkit (Ghil et al., 2002) with nine tapers: 9=2P-1, where P
is the time band width product. The smoothing of the spectrum may be estimated by 2P/N, where
N is the time length of the series (almost 5 years). This implies a smoothing in Fourier space
over a region of approximately 2 cycles/year in width. The spatial distribution of the oscillations
representing the “peaks” in the spectra (fig. 5b) shows maps of the spectrum amplitudes

corresponding to some of those periods (fig. 5¢ and d).
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Figure 2: Zonal (top) and meridional (bottom) velocity components from the ADCP in mooring
A. Velocity units are in cm/s. Time axis is in days (top) and in months (bottom), beginning
November 12, 1999 and ending November 24, 2000.

The PIRATA wind data set has also a daily temporal resolution and a record length of 377
days. There are however big gaps in the record (fig. 6, top) and we therefore opted to perform a

wavelet analysis (described in section 3) instead of the multi-taper method analysis.

1.3. Wavelet Analysis

In order to detect and extract quasi-periodic signals, we use a wavelet ridge analysis (Delprat

et al., 1992; Mallat, 1999) together with a reconstruction scheme. Details can be found in the
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Appendix; here we give a general overview, emphasizing practical considerations. The problem

is to isolate and reconstruct signals of the form
x,(¢) = Ale)cos(4(r)) (2)

for the case in which @(r) =dg/dr, known as the “instantaneous frequency”, varies with
time. Such signals, which will be shown to be common in this dataset, are not well-represented

using Fourier analysis.

The wavelet transform of a time series (defined in the Appendix) is a complex-valued
function W (¢, s) of two variables, the time 7 and “scale” s. If a signal of the form (1) is present in
a time series, its presence will be indicated by a curve s (¢) , called a wavelet “ridge”, on the time-
scale plane. Ridges trace out the variations of the instantaneous frequency with time, under

assumptions of slow variations of 4(z) and w(z) which are given explicitly in Delprat et al. (1992)

or Mallat (1999). Such signals as (1) may be identified even if other variability is present at the
same time, for example, sufficiently small-amplitude noise, or other quasi-periodic signals at
other, sufficiently distant, frequencies. For our choices of normalization, discussed in the
appendix, the ridge location reflects the instantaneous frequency of the signal (1)
throughs (¢) Y/ w(z), while the amplitude of the wavelet transform gives the signal

amplitude|W(t,§(t))| ~ A(t) . These approximations hold under the slowly-varying assumptions,

and become exact for a constant sinusoidal signal.
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Figure 3: Zonal (left) and meridional (right) velocity components (in cm/s) obtained from the instrument array at 10°W. The letters to
the left identify the mooring. Negative velocities (blackened areas) are westward and southward directions respectively. Time line
starts November 12, 1999 and ends November 24, 2000.
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After locating such signals, we wish to reconstruct them. The simplest way is to use the
wavelet ridge location and amplitude to determine A(z) and w(z). However, this approach leads to
sudden starts and stops of the reconstructed signal components, giving the appearance of a
discontinuous behavior. Instead we use a different approach, described in the Appendix, giving
reconstructions which begin and end continuously and which are smoother overall than those of

the direct method.

It is also important to mention the “edge effects”. At either end of the time series, the wavelet
will extend past the end of the data, leading to edge effect regions --- which widths are
proportional to the scale s --- where the wavelet transform is contaminated. Edge effects are not
problematic for this analysis because i) we are using time-localized wavelets and ii) there is not
much low-frequency variability present near either endpoint of the time series. We tested the
importance of the edge effects by using two different boundary conditions in the wavelet
transform, in the first case setting the missing data to zeros, and in the second “reflecting” the
data about either endpoint. The difference between these two cases was generally minor, even
within the edge-effect regions. We have chosen to present the results of the reflecting boundary

condition method.

After locating all ridges of each time series, we choose two criteria to eliminate ridges which
are likely to result from “noise” or are otherwise spurious. The first criterion retains oscillations
with ridge amplitudes larger than a measure of high frequency “noise-like” variability: for a ridge

2
1

of temporal duration D, and mean amplitude along the ridge 4, =1/D. .[:

W (t,5(t))dt , where ¢,

and z, are the start and end points of the ridge, 4, must be larger than oy, where oy is the standard
deviation of the time series accounted for by Fourier components having periods of less than 7

days. The second criterion rejects short-duration events, since we are interested only in quasi-
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periodic features: only ridges with duration D, greater than the period 1/ at the ridge point are

selected.

This method was applied to each velocity component of the current meter data and PIRATA
wind data. The wavelet transform and the significant ridges on wind data at 10°W after extraction
of the total mean (fig. 6) show that the method successfully detects signals, even though large
gaps are present in the time series shown in figure 6. The edge effects can be minimized by
eliminating the wavelet region with less than half the length of the wavelet, at each central

frequency in each band (see dotted dark lines in figure 6).
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Figure 4: Section of zonal velocity (cm/s) at 10°W. The section was made between the 30th of
July and the 1st of August 2000 during an EQUALANT cruise. The vertical resolution is of 16 m
and the spacing between LADCP stations is of 1/3° between 1°S and 1°N and half a degree
elsewhere. The diamonds and labels correspond to the current meter positions and names. Three
clear jet structures are observed: 1) an eastward jet centered at 750 m and with a meridional
extension of 1° at each side of the equator, 2) a westward jet with maximum velocities at around
1000 m and a total meridional extension of 3° and 3) an eastward jet with maximum velocities at
1550 m and a total extension of 2°. Between 1200 m and 1400 m there is no clear signature of a
deep jet structure.
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In order to reconstruct the quasi-periodic signal in the band 5-100 days, we sum the
reconstructions corresponding to the selected ridges in each time series. The results are displayed
in figure 7: large amplitude variability in the meridional component is captured almost entirely,
while the energetic large period events in the zonal component are not. Both components show a
marked “seasonality” in the variability; in general, the first half of the series is dominated by

larger periods than the second one.

The method is successful in isolating most of the organized quasi-periodic variability; the
residuals (fig. 8) consist of high-frequency noise and of some isolated fluctuations that were
excluded either for belonging to short ridges (D, )1/w - e.g. the meridional component of Al and

A2) or for having periods outside the band 5-100 days (e.g. very low frequency variability in the

zonal component).

1.4. Observed Periods

The histograms in figure 9 show the most important periods found in the water column; they
represent the number of days in which events of each period occurred, summed over all current
meter series. This information comes directly from the selected ridges detected as described in
section 3. The zonal component presents larger period variability than the meridional component;
especially noticeable are oscillations around 70 days. The meridional component shows two
distinctive “peaks”, one at 14 days and the other at ~60 days. These histograms and previous
information about the period of events found in the region (e.g., Garzoli, 1987) suggest
distinguishing the following period bands: 5-10 for the 7-day period oscillations, 10-20 for the
14-day period oscillations, 20-40 for the tropical instability waves, and 40-100 for the 60- and 70-

day period oscillations.
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Figure 5: a) Mean velocity wind spectra of the zonal (left) and meridional (right) components
from QuikSCAT. The mean is computed with the 2108 spectra corresponding to the grid points
comprised between 25.75°W and 0.25°W, and 7.25°S and 9.25°N. The vertical lines from left to
right indicate the periods of 35, 22, 13, 9 and 7 days (zonal component) and 16, 13.5, 9, 7.4 and
5.7 days (meridional component). Shadowed region indicates the 50-80 days band. b) Same as
“a” but for a point located at 0.25°N, 10.25°W. The red curve indicates the 95% confidence
interval. ¢) and d) Amplitude of the spectrum at 13 and 7 days for the zonal component (left) and
for 13.5 and 7.4 days for the meridional component (right).

Figure 10 shows the signal corresponding to each period band for each velocity component.
There is a marked seasonality, especially in the meridional component. Most time series can be

divided in three parts: one with short periods in the middle, and two with longer periods before
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and after. It is also observed that some oscillations are present in the entire water column while
others appear exclusively at certain depths and/or have distinctive behavior depending upon
latitude. Examples of these are oscillations of ~14-day period in the zonal component which are
only seen at the surface and at around 800 m (between 200 and 270 days of the time series), and
oscillations of ~60 day period in the meridional component which are only present around 1100

and 1400 m.
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Figure 6: Top: Normalized PIRATA buoy anomalies time series of the wind horizontal velocity
components at 10°W (blue: zonal component and red: meridional component). Time line starts
the 12 of November 1999, coincidin% with the time line of current meter data. Data gaps are
between 70 and 120 days (January 20" to March 10™), and between 214 and 264 days (June 12"
to August 1%). Middle and bottom: Wavelet transform amplitude of the two series plotted above
(middle panel: zonal component and bottom panel: meridional component). The black and white
lines are the ridges of maximum amplitude from which the main components are extracted to
reconstruct the signal, as shown in figure 7. The dotted black lines indicate the cutoff region to
avoid edge effects.
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Figure 7: Zonal (left) and meridional (right) velocity components (in cm/s) obtained from the
instrument array at 10°W (red). In black (thick) is the reconstructed signal of the 5-100-day
period band from the wavelet analysis. Series are offset by a factor of 30 and the values of series
ADCP-30 are divided by 4. The name and depth of each instrument is specified between the two
plots. Time line starts November 12, 1999 and ends November 24, 2000. It is observed that single
isolated oscillations are not picked up, either because they do not fulfill our “ridge criteria” or
because the period of the events is out of the period band that is being extracted (5 to 100 days).
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Figure 8: Residues of zonal (left) and meridional (right) velocity component time series after
subtraction of significant quasi periodic oscillations with periods between 5 and 100 days.
Velocity anomalies are in cm/s and the series are offset by a factor of 20. The values of series
ADCP-30 are divided by 4. The name and depth of each instrument is specified between the two
plots. Time line starts November 12, 1999 and ends November 24, 2000. Some isolated
oscillations in the 5-100 day period band have not been picked up because they do not fulfill our
“ridge criteria” (e.g. see meridional component of A1-825). In other cases, the periods of the
events observed are out of the 5-100 days range (e.g. most zonal component series).
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The 5-year satellite wind data were analyzed for the 5-100 day period band. The spectra
present regional differences which explain why the mean of all spectra (fig. 5a) differs from the
spectrum at 0.25°N 10.25°W (fig. 5b). For the zonal wind data component, the most important
periods are 7, 9, 13, 22 and 35 days, and for the meridional component at 5.7, 7.4, 9, 13.5 and 16
days. Interestingly, the amplitude of the spectra for some specific periods presents different
spatial distributions for each velocity component. For example, the amplitude of the spectrum at
13 days in the zonal component is maximum in a region located between 20°W and 0°W and
between 0° and 6°N (fig. 5c-left), while the spectrum of the 13.5 days in the meridional
component shows most of its energy in a region comprised between 25°W and 15° W and

between 2°N and 9°N (fig. 5c-right).

We now systematically describe the variability of the current meter data in order of increasing

period.

e 5-10 days: Variability in this band presents a disorganized appearance, which in some
cases can be defined as “noise”. Nevertheless, some features are worth mentioning. Near
the surface, conspicuous events are only present in the zonal component (fig. 10). At
depth, oscillations within this period band are common along the year in the deepest
VACM (S4-1525) for both velocity components. In the meridional component, these
oscillations also appear in the deeper southern and northern instruments (S3-1360, N4-
1385 and S4-1525). During approximately the first 50 days of the records, they show
opposite phases for northern and southern mooring locations creating a
converging/diverging flow at the equator. This is interesting because of the implied up
and down vertical velocities, in a region where deep waters should theoretically upwell.

Unfortunatelly, there is not enough data to have a complete picture of the structure of the
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velocity field corresponding to this period. The lack of continuity with depth and the
different times of occurrence of the signal suggest that the events near the surface and at
depth are not related. Moreover, the relation between components is not explainable in
most cases in terms of a single phenomenon because they occur at different times of the

year.

10-20 days: The principal oscillation in the 10-20 day band has a period of approximately
14 days. These oscillations are very energetic near the surface and are mainly observed
during the end of the spring to mid summer (fig. 10; 200-250 days). Near the surface, the
signal is present in both velocity components at the equator, probably directly forced by

the wind stress, which presents simultaneous fluctuations in the same period band (fig. 6).

In the meridional component, 14 day oscillations are observed in almost all VACMs
records with roughly the same seasonality (fig. 10). However, in the zonal component,
they are only visible in the upper VACMs records (N1, Al and S1). At those depths (~800
m), the structure of the signal is symmetric in the meridional component and
antisymmetric in the zonal component (fig. 10, N1-745 and S1-845), reminiscent of

Rossby-gravity waves.

Assuming that the observed variability corresponds to a Rossby-gravity wave, a
number of parameters can be estimated: The linear theory of equatorial waves (e.g., Gill,

1982) links the amplitude of the meridional velocity of the signal, v,, to the amplitude of

the meridional shear of the zonal velocity component, 0 u, through the relation

o, u =M, where  is the frequency of the wave and c¢ the phase speed of pure gravity
. C

waves of the vertical mode considered. According to the velocity records near the 800 m
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depth level, characteristic values of vy, & u,and @ are v, ~6cm/s, d,u~6x107"s",

®=5.2x10"%s"", and thus we obtain ¢ ~ 51 cm/s which corresponds to a vertical mode

4 or 5 for the Atlantic. This value of ¢ is almost constant throughout the records where
this calculation can be performed. For this value of ¢, the linear dispersion relation of a

-1

Rossby-gravity wave with a frequency @ =5.2x10"°s" shows eastward phase

propagation. The Froude number, Fr:v—", which compares the magnitude of the
C

advection terms to the propagation velocity of pure gravity waves, is approximately 0.1,

therefore suggesting a weakly nonlinear behavior.

The satellite wind data as well as the PIRATA wind data show high energy in this
band, in both horizontal velocity components (fig. 5a and fig. 6). At 10°W, satellite wind
data shows that these fluctuations are stronger during spring and summer for both
components and that the zonal component has, in general, larger amplitudes. In the zonal
component, this signal has been associated with a near surface westerly jet close to the
African continent, which latitudinal position varies with the meridional migration of the
ITCZ (Grodsky et al., 2003). In the meridional component, satellite data show that this
period is present in the western part of the basin, north of 2°N — but not as much in the

Gulf of Guinea (fig. 5¢).

20-40 days: Fluctuations with this period are observed primarily in August and September
(fig. 10). Near the surface, the periods of events are approximately 24 days. The zonal
component has amplitudes up to 30 cm/s while the meridional component has maximum
amplitudes of 22 cm/s. At depth, the most conspicuous events in the zonal component are

observed simultaneously to those near the surface in records S1 and Y1. Their period is
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approximately 34 days and therefore they cannot be directly related to near surface events.
In the meridional component, 20-40 day period fluctuations are seen in almost all VACMs
a month later than the near surface events. Periods are about 25 days in S1, Y1, N2, Y3
and A4, and 33 days in N1 and Y2 (fig. 10). Fluctuations in the 20-40 day period band
occurring in August-September within the mixed layer have been associated with tropical

instability waves (e.g., Weisberg and Weingartner, 1988).

40-100 days: Near the surface, signals within this period-band are conspicuous only in the
zonal component. At depth, oscillations with these periods are mostly present in the first

half of the series (November 99 to April 2000) for both velocity components (fig. 10).

The period of fluctuations observed in the zonal component at depth is mostly in the
60-80 day band. They are particularly important at intermediate depths (S1-840, N2-1000,
A2-1060, and N3-1120) where they have amplitudes of 5-7 cm/s. The presence of these
oscillations at 30 m in the first half of the series could suggest that the forcing of these
waves comes from near the surface. Such variability is however not present in the satellite
wind data analyzed here (fig. 5a, shadowed area) and the PIRATA wind records cannot be

used for this period-band because of gaps in the time series.

At depth in the meridional component, oscillations within this period band are found
exclusively in the northern and equatorial moorings, around 1100 m and 1400m, with
amplitudes from 4 to 8 cm/s (fig. 10), and a period of ~60 days. There is a clear
opposition of phase between records at ~1100 m and those at ~1400 m. The phase relation
between levels could be interpreted either as a vertical propagation or as a standing mode
with a vertical scale of 600-800 m. The lack of signal in the southern mooring records

implies that the geometry of the wave has no symmetry with respect to the equator, or that
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the southern records coincide with nodes in the vertical. A possible forcing mechanism
cannot be local and from the surface at the same time; there is no conspicuous signal in
shallower records or in the wind field. However, variability with similar periodicities has
been observed in northern tropics (15-25°N) wind data (Foltz and McPhaden, 2004) and
in subsurface eddies from the western boundary current in the tropical south Atlantic
(Dengler et al., 2004). The potential link between all those observations, if it exists, is far

from being understood.
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Figure 9: Ridge histograms for the zonal (left) and meridional (right) velocity components, of all
current meter data. The bins were constructed by choosing the inverse of the central frequency of
the wavelets used to calculate the wavelet transform. Central frequencies of the wavelets follow a

logarithmic progression in such way that A(log(f))=constant, therefore, bins from long periods

are larger than those of short periods. The vertical dotted lines indicate the limits of period
bands considered (5-10, 10-20, 20-40 and 40-100 days). The white line indicates the portion of
the bars equivalent to one cycle.
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Figure 10: Signal extracted in the different period bands (5-10, 10-20, 20-40 and 40-100 days, up
to bottom) for the zonal (left) and meridional (right) velocity components. The time series are in
increasing order of depth (ADCP-30, N1-745, A1-825, S1-840, Y1-930, N2-1000, A2-1060, N3-
1120, Y2-1190, S3-1360, N4-1385, Y3-1420, A4-1460 and S4-1525) and offset by 15 units,
except for the surface where the offset is of 36 units. Northern location series are in red, southern
location series in blue and equatorial locations series in black. Time line starts November 12,
1999 and ends November 24, 2000.
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1.5. Long Duration Events: Evidence of EDJ

Because the annual cycle is so important in the equatorial Atlantic, at the surface as well as at
intermediate and great depths (Mercier and Speer 1998; Schmid et al. 2003; Brandt and Eden,
2005; Boning and Krdger, 2005; Thierry et al., 2005), it is reasonable to hypothesize that the
observed low frequency (fig. 8- zonal component) is the result of an annual signal plus the
signature of other events of shorter vertical scale, like EDJ. The problem is to identify which
variability corresponds to EDJ and which one to the annual signal. An annual signal suggesting a
vertical mode 3 or 4 has been observed in current meter data at depth at 15°W (Thierry, 2000).
Moreover, energetic large vertical scale phenomena are often seen in LADCP profiles (e.g., fig 1,
Ponte et al., 1990; fig. 3, Schott et al., 2003) and may be associated to this annual signal. On the
other hand, EDJ are known to have small vertical scales (400-600 m) and strong amplitudes (~10
cm/s). This relation corresponds to strong nonlinear features characterized by large Froude

numbers as estimated from published LADCP sections (e.g., Gouriou et al. 1999; Bourlés et al.

2003). The Froude number, Fr = v U—}(/n , Is calculated with a mean Brunt-Véiséla frequency of
C

N=0.0023 s* (characteristic for those depths using data from the EQUALANT 2000
hydrographic data) and with the velocities and vertical wavelengths derived from the LADCP

sections.

The vertical spacing between the current meters used in this study is small (90 m or less, with
one exception between Y2-1190 and S3-1360 where the vertical spacing is 170 m) and therefore
provides enough vertical resolution to study the EDJ and to answer the question as to whether the
observed variability comes from the EDJ or larger vertical scale events. It is also important to

consider the meridional spacing between current meters since current meters in the northern and

34



southern positions could be located outside the jets region. A change in the direction of the flow
in that case would represent a meridional scale rather than a vertical scale. Examination of
LADCP sections in the depth range of 745-1525 m (Gouriou et al., 1999; Send et al., 2002;
Bourlés et al., 2003) shows, however, that EDJs extend to at least to 0.75°S and N of the equator
(with smaller amplitude on either side of the equator) and are therefore adequately sampled by
the moored array. The annual signal latitudinal extent is also larger than the mooring array since

it is associated with the lowest odd meridional mode Rossby beam (e.g., Brandt and Eden, 2005).

Most zonal component time series present low frequency variability (figs. 3 and 7) which
clearly appears in the residues after the extraction of the significant high frequency signals (fig.
8). These large period fluctuations obey neither a standing mode pattern (where changes in phase
are of 180 degrees) nor a vertical propagation pattern (changes in phase are not monotonic).

Moreover the phase of the fluctuations seems to depend upon depth and not upon latitude.

At 745 m (N1-745), the residual zonal component has a maximum eastward velocity of 15
cm/s around mid July 2000. Approximately at the same time and 255 m deeper (N2-1000), the
flow is westward with a maximum velocity of 20 cm/s. The vertical scales as well as the
magnitude of the velocities correspond well with the signature of EDJ. Moreover, the depth,
magnitude and direction of these flows compare well with the LADCP measurements made in

July-August 2000 (fig. 6). The Froude number is calculated as above with a maximum amplitude
for the jet velocity of 0.15 m/s and a vertical wavelength m = 52Tﬂ0m_l' It is approximately equal

to 0.8, a value comparable to those estimated from the LADCP sections.
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Figure 11: Daily zonal velocity component in cm/s. Top: VACM N1-745 (blue), A1-825 (black),
S1-840 (green) and N1-1000 (red). Bottom: VACM A2-1060 (blue), N4-1385 (black), Y3-1420
(red) and A3-1460 (green). Thick lines indicate records from the same latitude with the higher
opposite velocities. The black dotted line shows the time of maximum shear between A2 and Y3,
discussed in the last section of the manuscript. The x-axis on top is in days (starting November
12, 1999 and ending November 24, 2000) and the one in the bottom indicates the month and year.

These two depths (745 and 1000 m) do not always have zonal flows in opposite directions. At
the beginning of the measurements, from mid November 1999 to mid February 2000, the flow at
both depths (as well as at A1-825, S1-840) is eastward with a velocity of 3 cm/s (fig 11, top).
Then the two series show zonal velocities in opposite direction for approximately 220 days and
then again in the same direction by mid October until the end of the record. The data records
from instruments at intermediate depths between N1 and N2 (A1-825, S1-840 and Y1-930)
exhibit the same behavior: A1-825, although lacking some data, suggests a node around that

depth (fig. 11-top, cyan line); S1-840 shows a similar pattern than N2 slightly shifted to more

positive velocity values, probably because of its shallower depth (fig. 11-top, green line); Y1-930

36



shows stronger westward flow than N2 (fig. 8), probably because of its location at the equator,
where the jet velocities are stronger (fig. 4). All these records (N1, Al, S1, Y1 and N2) present
similar zonal velocity values at their beginning (November 1999 to February 2000) and at their
end (October and November 2000). One possible explanation is that these two EDJ have an
intermittent behavior and a lifetime of around 7-8 months, a time scale much smaller than those
estimated in the western tropical Atlantic (at least 5 years according to Johnson and Zhang
(2002)). The observations of Weisberg and Horigan (1981) in the eastern tropical Atlantic
between 600 and 1800 m suggest similar vertical and temporal scales for the zonal component to

those of our observations: 365 m and 4 to 8 months.

Between the records at the equator A2-1060 and Y 3-1420, there is also a vertical shear of the
zonal component over 360 m depth, lasting 7-8 months (November 1999 to June 2000, fig 8 and
11-bottom). This shear is modulated by ~70 day oscillations and may be as strong as 40 cm/s in
360 m of depth in April 2000 (fig. 11-bottom). The implied vertical scale, 720 m, is larger than
the 400-600 m scale of EDJ in the Atlantic. Nonetheless, the Froude number is high (F7 = 0.8),

like in EDJ structures.

1.6. Summary and Discussion

New velocity data from surface and intermediate depths are presented. We analyze these data
using a wavelet-based method to extract quasi-periodic variability in the 5-100 day band. The
results were classified in four bands: 5-10, 10-20, 20-40 and 40-100 days, for both horizontal

velocity components.

Near the surface, the 7-day period oscillations are most probably forced by the wind stress.

The satellite wind data shows a peak of energy at around 7 days (fig. 5a and b) and the wavelet
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transform for the 1-year PIRATA wind data at 10°W shows energy at those periods during
December 1999 - January 2000 (fig. 6). This period was also observed by Colin and Garzoli
(1988) in wind time series taken at 1°N, 29°W and 0°N, 4°W and was associated with a harmonic
of a biweekly signal. The amplitude of the spectrum of the wind zonal component for this peak
has a spatial distribution that resembles that of 13 days (fig. 5¢ and d), with a maximum in the

latitudinal band 0° to 6°N, which supports Colin and Garzoli’s (1988) findings.

Biweekly fluctuations are present simultaneously near the surface and at depth. Although
such fluctuations are present in the wind velocity field, there is no clear pathway to the deep
ocean. 14-day period oscillations are especially present in the Gulf of Guinea at the surface
(Houghton and Colin, 1987) and have been observed at depth on the continental slope off the

Angola coast (Vangriesheim et al., 2005).

Oscillations with periods of approximately 24 days are observed near the surface during
August and September. These periods and their timing in the year correspond well with the
signature of tropical instability waves in the Atlantic (e.g., Grodsky et al., 2005). A month later,
at depth, oscillations with the same period are observed in the meridional component. However, it
is not clear whether 24-day period oscillations near the surface can be directly related to the
fluctuations at depth. Model studies did however find a variety of short period fluctuations forced
by instabilities of zonal currents in the equator (e.g. McCreary and Yu, 1992) and we can
therefore surmise that part of the variability found at depth is forced by similar instabilities. This
could also explain the marked seasonality observed in the time series with the different period

fluctuations along the year resulting from changes in currents strengths.

40-100 day period oscillations are very energetic at intermediate depths and are responsible

for important vertical shears in the velocity components. In the meridional component, periods
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are approximately 60 days and the resulting shears due to opposite phase of the signal between
depths can be as large as 15 cm/s over 360 m. In the zonal component, examples are the 50-day
period oscillations present at the start of the 510 m vertical scale 8-month-event, and the 70-day
period oscillations observed in A2-1060 (fig. 11). Whether these 50- and 70-day period
oscillations are dynamically linked to EDJ or not, they can drastically change the vertical shear
between two depths. According to the current meter data, a LADCP section made during April
2000 would have shown a totally different picture of the jets than the one from August 2000
shown in figure 4 (see black-dotted line in fig. 11): in April 2000, there would be no vertical
shear in the zonal component between 745 and 1000 m, and strong opposite flows between 1060

and 1420 m.

Despite recent works by Thierry et al. (2005) and Brandt and Eden (2005), the structure of the
annual signal in the water column and its variation with longitude remains poorly known. In all
these studies, the phase of the annual signal is observed to change monotonically with depth. The
low frequency observed in the records presented here does not fit this behavior and, on the

contrary, suggests that, if an annual signal is present, it is masked by the presence of EDJ.

Events of long duration show two particularly interesting vertical scales: one of 510 m and
another one of 720 m, both defined by the moorings vertical spacing. The first vertical scale is
likely related to EDJ since comparisons between the current meter velocity measurements and
LADCP data taken around the 1% of August 2000 (fig. 4) show that the amplitudes, directions,
and positions associated with the 510 m vertical scale agree with each other: both datasets exhibit
an eastward jet at 745 m and a westward one at 930-1000 m. In that case, the current meter time
series suggests that the EDJ at 10°W are intermittent with time scales of approximately 7 months.

In the case of the 720 m vertical scale, the velocities from both data sets also coincide, but there
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is no obvious jet at 1420 m in the August 2000 LADCP data. Despite the fact that the suggested
vertical scale of 720 m is larger than commonly accepted (i.e., 400-600m), the strong nonlinearity
of the event (Fr~0.8 in April 2000) is indicative of a jet-like structure. It is more difficult to
estimate a time scale for the 720 m vertical scale since there are large uncertainties associated
with the vertical sampling between Y2-1190 and S3-1360: some vertical displacement of the jets
may have not been sampled by the array. However, as for the 510 m vertical scale, the zonal
velocity shear reversal between time-series A2-1060 and Y3-1420 suggests a time scale of

around 7-8 months (fig. 11-bottom).

The information content in the current meter time series therefore suggests that EDJ at 10°W
have shorter time scales than those estimated by Johnson and Zhang (2002) and Send et al.
(2002) for the western tropical Atlantic and have similar time scales to those estimated by
Weisberg and Horigan (1981) in the eastern Atlantic. The methods used in estimations of EDJ
time scales vary considerably, even in the cases where current meter data were used: Weisberg
and Horigan (1981) performed a statistical analysis of their measurements and obtained a
temporal scale of 4-8 months and a vertical scale of 365 m. However, at first glance, it is difficult
to identify any jet-like structure in their data. Send et al. (2002) fit an a-priori model consisting of
jets with a fixed vertical scale of 550 m to their mooring data, checked for the vertical phase of
the jet system afterwards, and then found an interannual temporal scale for the EDJ. Nonetheless,
vertical shear corresponding to shorter time scales can be observed in their figure 11. In this
paper, the high vertical resolution of the mooring array allowed us to make direct observations of
the duration of vertical shears between two given depths. When comparing the three approaches,
it is clear that the results depend greatly on the chosen method of analysis: the measurements of

Send et al. (2002) may have yield the same range of time scales if the statistical method of
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Weisberg and Horigan (1981) had been applied and vice versa. This raises the question of how
one truly defines the time variability of the jets. Should all the jets in the water column be
coherent in time? Should a jet be considered the same one if the vertical shear between two
depths disappears for a while and then reappears in the same direction? Until the mechanism for

the formation of EDJ remains unknown, it is not easy to provide an answer.

Appendix: Signal Detection and Reconstruction

The wavelet transform of a time series x(z) is a function of time ¢ and “scale” s
w(t,s) = [, (e)x()dr 2)

and is formed by projecting the time series onto a set of functions . (¢) called “wavelets”; here
the over bar is the complex conjugate. The wavelets v, (¢)are shifted and rescaled versions of a

zero-mean, finite energy “mother wavelet” function v (¢)

c (t-t

v, () =— t//(—j 3)
S S

where c is a constant chosen as

2
_[z//(t' Ye 2 dt

C =

(4)

The combination of this choice of ¢ together with the scale normalization s in (3) has the
property that the wavelet transform of a unit-amplitude sinusoid of frequency f; has unit

amplitude at scale s=1/.
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The wavelets used here are “analytic wavelets”, meaning their Fourier transforms vanish for
negative frequencies. The wavelet transform is then complex-valued even for a real-valued time

series x(t), and so we write

Wi(t,s)= |W(t, s)|ei9(”‘g) (5)

where [ (z,s)|is the transform amplitude at the point (xs) and 6(zs) is its phase. Ridges are

diagnosed directly from the wavelet transform phase 6(z,s) by finding connected curves such that
d ~ 1
—9 t, 1)) = - 6
” (t,5 (1)) 50 (6)

which states that the rate of change of the wavelet transform phase at scale 5 (¢) is equal to the

frequency associated with that scale.

Specifically, we use the generalized Morse wavelets of Olhede and Walden (2002), with
parameter choices f=2 and y=4 (defined therein), which control the behavior of the wavelet's
Fourier transform at low and at high frequencies, respectively. This choice of parameters reflects
a subjective assessment of which parameter settings best captured the variability present in the

data.

To reconstruct a time series from its continuous wavelet transform involves integrating over
the entire (z,s) plane. It is natural to attempt to reconstruct the quasi periodic components (1) by
limiting the reconstruction integral to a wavelet ridge. This is motivated by the fact that the
wavelet transform is a two-dimensional smoothing of a more fundamental quantity, the Wigner-
Ville distribution, which represents any linear chirp as a delta-function (Mallat, 1999). Following

this suggestion we write the “ridge reconstruction equation”
3(0) = [W (e S@OWsq (-0)dr (7)
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which exactly reconstructs a sinusoid, and which performed well in our numerical trials with

slowly-varying quasi periodic signals.
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