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Abstract Seasonal to interannual variations of the

Equatorial Undercurrent (EUC) in the central Atlantic at

23�W are studied using shipboard observation taken during

the period 1999–2011 as well as moored velocity time

series covering the period May 2005–June 2011. The sea-

sonal variations are dominated by an annual harmonic of

the EUC transport and the EUC core depth (both at max-

imum during September), and a semiannual harmonic of

the EUC core velocity (maximum during April and Sep-

tember). Substantial interannual variability during the

period of moored observation included anomalous cold/

warm equatorial Atlantic cold tongue events during

2005/2008. The easterly winds in the western equatorial

Atlantic during boreal spring that represent the precondi-

tioning of cold/warm events were strong/weak during

2005/2008 and associated with strong/weak boreal summer

EUC transport. The anomalous year 2009 was instead

associated with weak preconditioning and smallest EUC

transport on record from January to July, but during August

coldest SST anomalies in the eastern equatorial Atlantic

were observed. The interannual variations of the EUC are

discussed with respect to recently described variability of

the tropical Atlantic Ocean.

Keywords Equatorial Atlantic circulation � Moored and

shipboard observations � Cold tongue � Seasonal cycle �
Interannual variability � African monsoon

1 Introduction

The Equatorial Undercurrent (EUC) is among the strongest

currents of the tropical ocean (Cromwell et al. 1954;

Metcalf et al. 1962). It is generated at the subsurface under

predominantly Easterlies in the equatorial Pacific and

Atlantic Oceans and flows opposite to the wind following

the depth-dependent eastward pressure gradient. The full

three-dimensional structure of the EUC, which can only be

explained by including viscous and inertial effects, is

associated with strong horizontal flow divergences that are

particularly responsible for the supply of the eastern

equatorial upwelling (Qiao and Weisberg 1997; Schott

et al. 1998). In the Atlantic, the EUC is supplied almost

exclusively from the southern hemisphere. It transports

oxygen-rich and high-saline water masses from the western

boundary eastward (Metcalf et al. 1962; Schott et al. 1998;

Kolodziejczyk et al. 2009; Brandt et al. 2011a). The

transport of the Atlantic EUC contributes to both the
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equator-crossing warm water pathway of the meridional

overturning circulation (Ganachaud and Wunsch 2000;

Lumpkin and Speer 2003), and the subtropical cell con-

necting the subduction regions of the subtropics with the

equatorial upwelling (McCreary and Lu 1994; Schott et al.

2004).

The Atlantic EUC undergoes a strong seasonal cycle

with vertical excursions mainly associated with the vertical

movement of the thermocline as revealed by moored

observations at the equator (Provost et al. 2004; Giarolla

et al. 2005; Brandt et al. 2006). Earlier moored observa-

tions from February 1983 to October 1985, while showing

a seasonally varying vertical migration of the EUC core,

could not reveal a repeated seasonal cycle of the EUC

transport due to pronounced interannual variability (We-

isberg et al. 1987). Shipboard observations are still

inconclusive concerning the seasonal cycle of the Atlantic

EUC transport mainly due to the presence of large intra-

seasonal variability associated with tropical instability

waves (TIWs) and wind-generated Kelvin waves (Bunge

et al. 2007; Athie and Marin 2008; Han et al. 2008; Polo

et al. 2008; Hormann and Brandt 2009).

In the Pacific Ocean, the strong interannual variations

associated with El Niño/Southern Oscillation (ENSO)

include strong EUC transport fluctuations with observed

weakening or even disappearance of the EUC during El

Niño phases (Firing et al. 1983; Johnson et al. 2002). The

interannual variability of the Atlantic EUC was studied

mainly by numerical models suggesting a similar weak-

ening (strengthening) of the EUC during warm (cold)

events (Goes and Wainer 2003; Hormann and Brandt

2007). As part of the Tropical Atlantic Climate Experiment

(TACE), a program envisioned to enhance the observa-

tional network and to improve predictions of tropical

Atlantic climate variability, subsurface moorings were

installed at and near the equator at different longitudes. In

the central Atlantic at 23�W, moored velocity observations

started in December 2001 (Provost et al. 2004; Bunge et al.

2008). Almost continuous moored velocity observations

(until today, but with a gap from December 2002 to Feb-

ruary 2004) revealed the existence of equatorial deep jets

(EDJs) at intermediate depths oscillating at a period of

about 4.5 years (Johnson and Zhang 2003; Bunge et al.

2008; Brandt et al. 2011b). Because EDJs are characterized

by downward phase and corresponding upward energy

propagation, Brandt et al. (2011b) concluded that they are

able to modulate subsurface and surface equatorial zonal

velocity, thus contributing to SST and associated atmo-

spheric interannual variability.

In the present study, we will use additional information

from moorings deployed at 23�W off the equator at 0�450S/

N as well as from 20 ship cruises along the 23�W meridian.

The objective of this study is to investigate the seasonal to

interannual variability of the EUC. A particular focus is on

key characteristics of the current such as volume transport,

core velocity, core depth, and core latitude. Data and

applied methods are presented in Sect. 2, EUC variability as

well as EUC interannual variability and its relation to

tropical Atlantic variability are presented in Sect. 3. Finally,

the results are summarized and discussed in Sect. 4.

2 Data and methods

2.1 Shipboard data

In this study, we use direct shipboard velocity observations

along meridional sections crossing the equator between

23�W and 28�W. In total 20 sections of zonal velocity

taken during different research cruises from 1999 to 2011

were analyzed. From these sections we selected a subarea

with a latitudinal range from 1�120S to 1�120N and a depth

range from 30 to 300 m. The subarea covers almost the full

extent of the EUC and includes the locations of the three

moorings that will be discussed in the next section. The

velocity sections, which are well distributed with regard to

the seasonal cycle, are averaged to obtain an EUC mean

zonal velocity (Fig. 1). Uncertainties in the determination

of a mean EUC are dominated by ocean variability,

whereas instrumental error sources are of minor impor-

tance. The standard error of the mean zonal velocity, which

is defined as the standard deviation divided by the square

root of the degrees of freedom (number of ship sections), is

in general smaller than 4 cm/s except in the near-surface

layer, where it reaches up to 8 cm/s. The mean EUC core at

Fig. 1 Mean zonal velocity from 20 meridional ship sections taken

from 1999 to 2011 between 23�W and 28�W. Vertical black lines

mark the positions of moored observations, the dashed box marks the

domain for which the velocity field will be reconstructed from

moored observations
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23�W is shifted slightly southward with respect to the

equator to about 0�100S and is located at a depth of about

87 m (Fig. 1). We assume that the shipboard zonal velocity

sections, which do vary due to the presence of oceanic

variability on intraseasonal to interannual time scales,

contains the dominant EUC variability pattern. We will use

in the following the dominant variability pattern of the

zonal velocity from the shipboard velocity section to

interpolate and extrapolate the moored observations.

2.2 Mooring data

The second dataset we use was obtained by an equatorial

current meter mooring array along 23�W during the period

May 2005 to June 2011. The mooring array consists of

three moorings located at 0�450S, equator, and 0�450N, and

was first deployed in June 2006, serviced in February 2008

and October 2009, and finally recovered in June 2011. To

extend the available time series, we also use data from the

equatorial current meter mooring deployed from May 2005

to June 2006. Data from the earliest mooring period from

December 2001 to December 2002 was not used in the

present study since the moored ADCP covered only the

shallowest part of the EUC. During the later deployments,

at the equatorial mooring two acoustic Doppler current

profilers (ADCPs) were always installed: one 300 or

150 kHz upward looking instrument typically at a depth of

about 150 m and another 75 kHz instrument either down-

ward looking from just below the upper instrument or

upward looking from larger depth. Data gaps between

upward and downward looking instruments were interpo-

lated. Unfortunately, the upper instrument failed during the

mooring period June 2006 to February 2008 leading to a

slightly reduced measurement range (Fig. 2). At the off-

equatorial moorings, we used only upward looking instru-

ments, either 150 kHz or 75 kHz leading to slightly vary-

ing depth ranges. All velocities were detided using a 40 h

low-pass filter and subsampled to 12 h intervals. Velocity

data from the equatorial mooring were previously used (1)

to study the mean zonal flow, its seasonal cycle, as well as

intraseasonal velocity fluctuations (Brandt et al. 2006), (2)

to validate high-resolutions models used to analyze the

generation of TIWs (von Schuckmann et al. 2008), and (3)

to analyze the interannual variability of EDJs (Brandt et al.

2008, 2011b, 2012). Here, for the first time, we will use

off-equatorial velocity time series to obtain an integral

view on the seasonal to interannual variability of the EUC

and its relation to tropical Atlantic variability.

2.3 Methods

2.3.1 Reconstruction of the velocity field using HEOFs

The goal here is to construct time series of two-dimen-

sional (latitude–depth) velocity fields from moored zonal

velocity data at three locations. The construction requires

an interpolation between the moorings and an extrapolation

toward the boundary of the domain. To avoid excessive

Fig. 2 Zonal velocity from

moored observations at 0�450N
(upper panel), equator (middle

panel) and 0�450S (lower panel)

acquired between May 2005 and

June 2011
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poleward extrapolation of the velocity fields from the

mooring positions located at 0�450S/N, we restricted the

latitudinal range of the domain to 1�120S/N. The inter-/

extrapolation scheme is based on the variability patterns

obtained from the 20 available ship sections. Those ship

sections are assumed to represent well the variability of the

zonal velocity field of the EUC. Here, we apply the Hilbert

transformation (Barnett 1983) to the zonal velocity fields of

the ship sections

S20 ¼ S20þ iHðS20Þ ð1Þ

where S20(y, z, t) is the three-dimensional velocity field

with the spatial coordinates y and z being latitude and depth,

and t referring to the time of the 20 ship sections, H is the

Hilbert transform, and i the imaginary unit. By applying an

empirical orthogonal function (EOF) analysis to S20, we

obtained Hilbert EOFs (HEOFs) that are composed of real

and imaginary pattern (Fig. 3). This technique is here more

suitable than traditional EOF analysis because it is capable

of detecting moving features in space, like e.g. north/south

or up/down migration of the EUC core. The first three

patterns explain 83 % of the variance contained in the ship

sections. They are statistical patterns that nevertheless

contain some features which correspond to EUC dynamics.

For example, the first pattern that explains more than 50 %

of the velocity variance describes a slightly tilted vertical

motion of the velocity field; the second pattern describes a

more latitudinal displacement of the EUC.

To reconstruct a vector field from the moored observa-

tions, a regression is done of the HEOF patterns onto the

moored observations. To find the number of leading HE-

OFs to be used for the reconstruction, a good compromise

has to be found between simplicity and explained variance.

Here we will use the first three HEOFs composed of the six

patterns shown in Fig. 3. A verification of this choice is

presented in Sect. 2.3.3.

2.3.2 Reconstruction of the EUC transport using

the optimal width method

When interested only in the EUC transport, here defined as

the integral of u with u [ 0 over latitude and depth within

Fig. 3 First three HEOF patterns as calculated from 20 ship section. Row 1–3 corresponds to HEOF 1–3; left/right column corresponds to real/

imaginary pattern. HEOF 1, 2, and 3 explains 55, 16, and 12 % of the variance contained in the shipboard velocity sections
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the domain covering 30–300 m depth and 1�120S–1�120N,

the optimal width (OW) method can be applied. This

method is based on the calculation of the latitudinally

integrated zonal velocity, U(z, t), defined as the integral of

u with u [ 0 over a given latitude range. The principle of

the method is to find optimal widths Wi such that:

Uðz; tÞ ¼ WNuNðz; tÞ þWequeqðz; tÞ þWSuSðz; tÞ ð2Þ

where ui(z, t) are zonal velocities with the index N/

S referring to the northern/southern mooring position at

0�450N/S und the index eq to the equatorial mooring

position. The constant widths Wi are calculated by regres-

sion of the latitudinally integrated zonal velocity from the

ship sections onto the zonal velocities of the ship section at

the three mooring positions. The obtained latitude ranges

corresponding to WN, Weq, and WS are 0.76, 0.74, and 0.79

degree latitude. In an equipartitioned domain each width

would be 0.8 degree latitude. Consequently, the width of

the equatorial mooring is underweighted and the sum of the

three widths is less than the widths of the whole domain,

which can be expected as the flow of the EUC becomes

weaker toward the northern and southern boundary.

To reconstruct U(z, t) from the mooring time series,

zonal velocity measurements at each mooring position are

required for the whole depth range (30–300 m). This is

usually not the case (cf. Fig. 2). For instance, the depth

range of the southern record covering the period June 2006

to February 2008 extends only from 50 to 275 m. Here we

chose to fill such gaps that are also present during other

mooring periods and at other locations with data obtained

from the HEOF reconstruction. Integration of U(z, t) over

depth yields the EUC transport that can be compared with

the reconstruction using the HEOF method.

2.3.3 Method validation

Here, we will use zonal velocity data from 20 meridional

shipboard sections to validate the different methods applied

to reconstruct full velocity sections (HEOF method) as well

as EUC transport (HEOF and OW method) from moored

observations. For this validation the zonal velocity data at

the mooring positions are extracted from shipboard sec-

tions. The two methods are then applied to the extracted

zonal velocity data and compared with results obtained

from the full shipboard zonal velocity sections. We will

only compare EUC transport values calculated from the

ship sections with values from the reconstructions. The

EUC transport used for the validation represents an integral

value of the zonal velocity variability within the section

and is less affected by oceanic variability on small spatial

scales. Figure 4a shows the change in quality of the EUC

transport calculation from the HEOF reconstruction when

increasing the number of used HEOFs from one to three.

The RMS difference between reconstructed and observed

EUC transport reduces from 2.62 Sv when using only the

first HEOF to 0.79 Sv when using the first three HEOFs,

while the regression coefficient approaches 1 for larger

numbers of used HEOFs. Using more than three HEOFs

does not significantly improve the results. The RMS dif-

ference between reconstructed and observed zonal velocity

when using the first three HEOFs is for most of the domain

smaller than 5 cm/s with larger values (up to 15 cm/s) near

(a) (b)

Fig. 4 Reconstructed versus observed EUC transport as calculated

from shipboard zonal velocity data. a Reconstruction from zonal

velocity data from the 3 mooring positions (0�450N, eq., 0�450S) using

the first (blue circles), the first two (purple diamonds), and the first

three (red plus signs) HEOFs. b Reconstruction from zonal velocity

data from the equator only (blue diamonds) and from the 3 mooring

positions (0�450N, eq., 0�450S) (red plus signs) using the HEOF

method (first three HEOFs) and from the 3 mooring positions using

the OW method (green circles). The solid lines in a and b are linear

regressions with RMS values as given in the legend
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the surface particularly near the northern and southern

boundary of the domain.

For the mooring period May 2005–June 2006 only data

from the equatorial mooring are available. We will use the

HEOF method also in this case to reconstruct the full zonal

velocity section. Figure 4b shows the quality of the HEOF

reconstruction when using only data from the equator in

comparison to the case when using data from 0�450N, the

equator, and 0�450S. While the regression coefficient in

both cases is similarly close to one, the RMS difference

between reconstructed and observed EUC transport is

clearly increased when using only equatorial data. Com-

pared to the HEOF reconstruction the OW reconstruction

results in a smaller RMS difference and in a regression

coefficient even closer to one. In general, we can say that

the OW method is more stable and slightly better repro-

duces EUC transport variability. However, the HEOF

method additionally reconstructs the full zonal velocity

field and thus allows studying further characteristics of the

zonal velocity field within the whole domain such as

maximum zonal velocity, latitude and depth of EUC.

Figure 5 shows time series of the EUC transport cal-

culated using three different methods: (1) HEOF method

with the first three HEOF applied to equatorial mooring

data only, (2) HEOF method with the first three HEOF

applied to data from all three moorings; and (3) OW

method applied to data from all three moorings. As sug-

gested by the method validation using shipboard velocity

data, method 2 and 3 are very close; the RMS difference

between both curves is RMS = 0.65 Sv, which can be

understood as an uncertainty of the EUC transport

calculation. Method 1 shows some systematic differences

and increased RMS differences with respect to method 2

and 3: RMS = 1.07 Sv and RMS = 1.09 Sv, respectively.

We particularly note an increase in the strength of intra-

seasonal fluctuations when using only equatorial mooring

data for the reconstruction, the seasonal and interannual

variability being less affected. Larger deviations between

transport values from ship sections and reconstructions

from moored observations (Fig. 5) are likely due to dif-

ferences in methods used to derive these values: ship sec-

tions are snapshots that are completed during a day or two,

while reconstructions are calculated from simultaneous and

40-h low-pass filtered moored velocity profiles. In the

following we will use for the analysis of the seasonal cycle

a 5 year-long time series (June 2006–June 2011) from both

methods, method 2 and 3. For the analysis of interannual

variability we will use a *6-year-long time series obtained

from a combination of method 1 (May 2005–June 2006)

and method 2 (June 2006–June 2011).

3 Results

3.1 EUC variability at 23�W

Previous observational studies on the EUC variability in

the Atlantic were based on single equatorial moorings

(Provost et al. 2004; Giarolla et al. 2005; Brandt et al.

2006; Hormann and Brandt 2009). Here, we want to focus

on seasonal to interannual variability of different EUC

characteristics such as EUC transport (Fig. 6), EUC core

depth (Fig. 7), EUC maximum core velocity (Fig. 8), and

EUC core latitude (Fig. 9). The estimation of these char-

acteristics requires additional information from off-equa-

torial moorings. The position of the core of the EUC is here

defined as the mean velocity-weighted latitude and depth of

all grid points with velocities larger than 20 cm/s. This

definition is applied in order to produce more stable results

for the core position than one would obtain by just picking

the position of maximum velocity. A variation of the

velocity threshold between 10 and 30 cm/s showed that the

obtained results depend only weakly on the choice of this

threshold: the mean EUC core moves slightly downward/

upward and northward/southward for a smaller/larger

threshold.

The EUC transport is dominated by a seasonal cycle

ranging from about 18 Sv in boreal autumn (maximum in

September) to about 12 Sv in late boreal winter (minimum

in March). The absolute extremes of the EUC transport

time series are in October 2010 with about 25 Sv and in

February 2009 with about 5 Sv (Fig. 6a). The spectrum of

the EUC transport time series (not shown) has enhanced

energy in the 30–70 days period range. While at shorter

Fig. 5 EUC transport as calculated by applying the HEOF method

with the first three HEOFs and using data from the equatorial mooring

only (blue line) and from all three moorings (red line) and by

applying the OW method and using data from all three moorings

(green line). Also included are EUC transport values from meridional

ship sections (circles)
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periods (30–40 days) TIWs might play an important role

(Brandt et al. 2006; Athie and Marin 2008), longer periods

(50–70 days) were identified by Han et al. (2008) and Polo

et al. (2008) to be associated with the presence of low

baroclinic mode Kelvin waves. The strong intraseasonal

fluctuations hamper the identification of the seasonal cycle

of the EUC transport (and even more of its interannual

variations) from shipboard observations (Fig. 6a). Ship-

board observations show substantial variability during

early boreal summer which is in general agreement with

large standard deviation of monthly means from mooring

data during the same season.

An even more pronounced seasonal cycle can be found

for the EUC core depth (Fig. 7). As similarly found by

analyzing only equatorial mooring data (Provost et al.

2004; Giarolla et al. 2005; Brandt et al. 2006), the EUC is

shallowest during March/April and deepest during Sep-

tember. Deepest EUC in the shipboard dataset is found in

(a) (b)Fig. 6 a EUC transport and

b its mean seasonal cycle with

standard deviation of monthly

means (thin lines) as obtained

from the HEOF method (red

lines) and the OW method

(green lines). Shipboard

measurements are marked by

circles. The mean EUC

transports from the HEOF and

OW methods are 13.8 and

14.2 Sv, respectively

(a) (b)

Fig. 7 a EUC core depth and b its mean seasonal cycle (thick line) with standard deviation of monthly means (thin lines) as obtained from the

HEOF method. Shipboard measurements are marked by circles. The mean EUC core depth is 82 m

(a) (b)Fig. 8 a EUC maximum core

velocity and b its mean seasonal

cycle (thick line) with standard

deviation of monthly means

(thin lines) as obtained from the

HEOF method. Shipboard

measurements are marked by

circles
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July/August with no measurements in September.

Remarkable is the pronounced seasonal cycle of the EUC

core depth in 2009 and 2010 and the weak seasonality in

2007. Years of strong (weak) seasonal cycle of EUC core

depth do correspond to years with strong (weak) EUC

transport seasonal cycle (cf. Figs. 6a, 7a). There seems to

be a systematic difference between EUC core depth sea-

sonal cycle from shipboard observations and moored

observations during boreal summer and fall (Fig. 7b), but

the few available shipboard sections do not unambiguously

allow identifying the origin of this difference. In fact,

boreal summer-fall is characterized by the largest standard

deviation of monthly means, indicating strong year-to-year

variations during that period. The July/August core depths

from earlier ship sections, ranging between 110 and 120 m

depth (Fig. 7b), are still in the range of values obtained

from moored observations for July/August of the years

2008–2010 (Fig. 7a), indicating that the climatology

derived from the shorter mooring period may not represent

the true or ‘typical’ climatology of the core depth over a

longer period of time. The quality of the reconstructed

zonal velocity fields does not seem to be an issue since the

comparison between shipboard and moored values for

simultaneous measurements (Fig. 7a) shows generally

good agreement between shipboard and moored EUC core

depths.

The reconstruction of the zonal velocity field using the

first three HEOFs inherently includes a smoothing of the

velocity field. This becomes obvious when comparing

observed and moored EUC maximum core velocities:

values taken from reconstructed fields are in general biased

low compared to values taken from shipboard sections.

However, the time series of EUC maximum core velocity

is dominated by intraseasonal fluctuations (Fig. 8a) with a

weak semiannual cycle superimposed (Fig. 8b). Within the

seasonal cycle maximum core velocities are found in April

when the EUC core is shallowest and in September/Octo-

ber when the EUC core is deepest.

The mean EUC core is slightly shifted south with

respect to the equator (Fig. 9): mean position is the same as

obtained from the shipboard mean, i.e. 0�100S. There is no

clear seasonal cycle (EUC core is farthest south during

December/January), but there is interannual variability in

the latitudinal excursion of the EUC core with anomalous

southward displacement during 2007 and anomalous

northward displacement during 2009/2010 (Fig. 9).

3.2 Interannual variability and relation to tropical

Atlantic variability (TAV)

To better understand the relation of the interannual EUC

variability to TAV, we apply a regression analysis in which

sea surface temperature (SST) and winds in the tropical

Atlantic are regressed onto the EUC transport. Here we use

monthly averages of NOAA–NCDC blended sea winds

(http://www.ncdc.noaa.gov/oa/rsad/air-sea/seawinds.html)

and TMI SST (http://www.ssmi.com/tmi/tmi_browse.

html), both on a 0.25� resolution. As tropical Atlantic

variability is strongly seasonally dependent (Sutton et al.

2000; Chang et al. 2006), we will perform regressions of

monthly mean wind and SST of a specific month of the

year onto monthly mean EUC transport for the same month

(i.e. at zero lag) or for different months of the year corre-

sponding to wind and SST leading the EUC. The EUC

transport shows strongest variability during early boreal

summer that corresponds to the onset of the equatorial

Atlantic cold tongue (Caniaux et al. 2011).

From modeling studies (Goes and Wainer 2003; Hor-

mann and Brandt 2007) and the analysis of few years of

velocity data (Hormann and Brandt 2009) we expect that a

strong (weak) EUC during boreal summer is associated

with an anomalous cold (warm) equatorial Atlantic cold

tongue. By using the 6 year-long moored time series, we

will test this relation. We further want to test the impor-

tance of the preconditioning through zonal wind anomalies

in the western equatorial Atlantic prior to the cold tongue

(a) (b)Fig. 9 a EUC core latitude and

b its mean seasonal cycle (thick

line) with standard deviation of

monthly means (thin lines) as

obtained from the HEOF

method. Shipboard

measurements are marked by

circles
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season as suggested by Marin et al. (2009) and Hormann

and Brandt (2009). Figure 10 shows the regression of wind

and SST onto the June EUC transport. The regression maps

show cold anomalies associated with a strong June EUC

already during April (Fig. 10a), 2 months prior to the cold

tongue season that begins in mid-June (Caniaux et al.

2011). During April the cold SST signal is more confined

to the equator and the southeastern tropical Atlantic. With

time progressing the cold anomaly intensifies in magnitude

and extent. During May, maximum cold SST anomalies are

found in the Atlantic cold tongue region (from about 10�W

at the equator toward the African coast) and negative SST

anomalies expand toward South America and the northern

boundary of the Gulf of Guinea (Fig. 10b). Afterward cold

anomalies further broaden southwestward, while maximum

cold anomalies in the eastern equatorial Atlantic start to

reduce (cf. Fig. 10b, c). The strongest wind anomalies

associated with June EUC transport anomalies are found in

April in the western equatorial Atlantic between 20�W and

40�W (Fig. 10a). Westward wind anomalies during April

are associated with an anomalously strong EUC in June. In

general, wind anomalies are found to be directed from

regions of cold SST toward regions of warm SST (Fig. 10).

When regressing zonal velocities onto EUC transport at

zero lag, it becomes evident that a strong EUC is in general

associated with enhanced westward near-surface flow and

enhanced eastward flow below the mean core of the EUC.

These results confirm model results by Goes and Wainer

(2003) suggesting greater (reduced) EUC transport asso-

ciated with deeper (shallower) core depth. The mean shear

between westward near-surface flow and eastward flow

below is strongest during boreal summer (June) as indi-

cated by the proximity of isolines of zonal velocity above

the EUC core (Fig. 11). Besides stratification, the strength

of vertical shear of the horizontal flow sets the strength of

diapycnal mixing and downward heat flux (Hummels et al.

2013; Foltz et al. 2013; Jouanno et al. 2011a). Using the

reconstructed zonal velocity fields along 23�W, we can

show that the interannual variability in the strength of the

shear is also strongest during boreal summer. Strong

westward near-surface anomalies and strong eastward

anomalies at the equator below the EUC core set the

condition for enhanced diapycnal mixing during years of

enhanced June EUC transport. During November, which

corresponds to the period of secondary eastern equatorial

Atlantic cooling in the seasonal cycle (Okumura and Xie

2006; Jouanno et al. 2011b), the shear enhancement is

weaker than during June and its maximum is located far-

ther south of the equator. It is mainly caused by a westward

near-surface flow anomaly; the eastward flow anomaly

below the EUC core is generally weaker. The seasonal

cycle in the interannual shear variability suggests a stron-

ger contribution of diapycnal mixing variability to inter-

annual SST variability in the equatorial Atlantic during

boreal summer compared to the rest of the year.

4 Summary and discussion

As part of the TACE program a current meter mooring

array was installed in the equatorial Atlantic along 23�W

for a 6-year period from 2005 to 2011. It was aimed to

observe the seasonal to interannual variability of the EUC.

Within the seasonal cycle the EUC transport is minimum in

March and maximum in September. It shows a relatively

slow increase from March to September and a more rapid

decrease from October to December. The depth variations

of the EUC core show a more harmonic cycle with shal-

lowest EUC core in March and deepest EUC core in

September. Seasonal variations of the maximum velocity

of the EUC show instead a semiannual cycle with velocity

(a)

(b)

(c)

Fig. 10 Regression maps of SSTs (color shading) and winds

(arrows) onto the June EUC transport normalized by its standard

deviation. Regressions are calculated separately for wind and SST of

the different months from April to June (a–c). Significant correlations

(95 %) between June EUC transport and SSTs are marked by green

lines and between June EUC transport and winds by black lines.

There are 6 degrees of freedom corresponding to the number of

available years of EUC transport data
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minima in January and July and velocity maxima in April

and September. Due to strong decrease in the EUC cross-

section, the EUC transport is smallest in spring during the

phase of maximum core velocity.

The results regarding EUC core depth and maximum

velocity are in general agreement with results obtained by

analyzing a subset of the equatorial velocity time series

(Provost et al. 2004; Brandt et al. 2006). Previous analyses

of shipboard meridional velocity sections crossing the

equator at different longitudes were not completely con-

clusive regarding the seasonal cycle of the EUC transport

(Hormann and Brandt 2007; Kolodziejczyk et al. 2009).

Shipboard measurements along 35�W showed maximum

EUC transport values in September with an indication of a

secondary maximum in April and large variability in early

boreal summer (Hormann and Brandt 2007). The analysis

of 18 shipboard sections at 10�W revealed a maximum

EUC transport slightly earlier in the year during August

and EUC transport minima during March and November,

suggesting the presence of semiannual transport variations

in addition to the dominant annual harmonic (Kol-

odziejczyk et al. 2009).

Arhan et al. (2006) analyzed the EUC seasonal variability

in a general circulation model. They found an EUC transport

maximum during boreal summer and autumn extending from

the western boundary to about 5�W, which is in near-equi-

librium with the strengthening of the equatorial Easterlies

during the same season. The April maximum, which was in

the simulations strongest west of 30�W and contrary to

observations relatively stronger than the boreal summer/

autumn maximum, was found to be the result of low-latitude

wind curl forcing. At 23�W, the simulated seasonal vari-

ability that is characterized by a semiannual cycle with

similar transport maxima in April and September/October

(Arhan et al. 2006) overestimates the EUC transport during

boreal spring with respect to observations (Fig. 6b). The

simulations presented by Hormann and Brandt (2007)

instead show a single transport maximum in September,

which generally is in better agreement with the observations

presented here. Note that the eastward transport calculations

were performed in both cases (as well as in the observations)

by excluding the upper 24–30 m of the water column with

only weak changes identified when including the near-sur-

face flow (Arhan et al. 2006).

During the TACE period from 2005 to 2011, we could

observe substantial interannual variability (Fig. 12) with

SST variations in the ATL3 box (20�W–0�, 3�S–3�N) of up

to 2 �C particularly strong during early boreal summer

(May–August). The western Atlantic (WATL) wind index

(40�W–20�W, 3�S–3�N) showed maximum interannual

variability during boreal spring (March to May) repre-

senting the period important for the preconditioning of the

thermocline slope prior to the onset of the equatorial

Atlantic cold tongue. Particularly extreme years were the

year 2005 with coldest ATL3 SST anomalies on record

from April to June and the year 2008 with warmest

anomalies from June to August. The year 2005 had stron-

gest boreal summer EUC transport consistent with stron-

gest preconditioning by the WATL wind. During 2008

instead, weakest boreal spring WATL winds were present

associated with relatively weak boreal summer EUC

transport (Fig. 12). The role of the preconditioning for the

cold event in 2005 was discussed by Hormann and Brandt

(2009) and Marin et al. (2009), while Marin et al. (2009)

highlighted additionally the role of intraseasonal wind

fluctuations favoring the early cold tongue onset in 2005

likely due to enhanced wind induced diapycnal mixing.

These 2 years can be understood as dominating the

regression plots (Fig. 10) due to the shift of about 1 month

in the onset of the Atlantic cold tongue, i.e. May 19th 2005

versus June 21st 2008 (onset dates derived by Caniaux

et al. (2011)).

(a) (b) (c)

Fig. 11 Regression maps of zonal velocity (color shading, cm/s)

onto EUC transport normalized by its standard deviation. Regressions

are calculated at lag zero for a February, b June, and c November.

Superimposed are the mean zonal velocities (cm/s) for the respective

months in black contours
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The year 2009 was an anomalous year, that according to

the definition by Richter et al. (2013) can be understood as

being close to a non-canonical cold event. Such an event is

characterized by anomalous weak boreal spring WATL

wind and accordingly weak preconditioning. The ATL3

SST was warmest during April/May 2009, but developed a

record cooling from May to July 2009, and finally reached

coldest ATL3 SST on record in August 2009 (Fig. 12b).

Foltz and McPhaden (2010) suggested a wave response

involving upwelling equatorial Rossby waves generated by

wind curl anomalies associated with the interhemispheric

meridional SST gradient. The reflection of the Rossby

wave and eastward propagating Kelvin wave were

hypothesized to be responsible for the anomalous cooling

in the eastern equatorial Atlantic. To explain the non-

canonical behavior, Richter et al. (2013) instead suggested

an important role of meridional and zonal advection

transporting temperature anomalies from the northern

tropical Atlantic into the equatorial region. Our observa-

tions show that the strong cooling of the ATL3 SST from

May to July 2009 was associated with the smallest EUC

transport from January to July in the whole observational

period (Fig. 12a). Such behavior is contrary to the usual

behavior of the warm and cold event in 2005 and 2008,

respectively, that are according to Richter et al. (2013)

canonical warm and cold events. However, the anomalous

weak EUC during the first half of 2009 might be traced

back to the anomalous wind forcing associated with the

strong meridional mode event (Foltz et al. 2012). The wind

anomalies during January-to-April 2009 were characterized

by an eastward equatorial wind anomaly in the center of the

basin, northerly wind anomalies in the western part of the

basin, and weaker wind curl pattern associated with a

weaker meridional wind curl gradient across the equator

compared to the mean January-to-April winds (Fig. 13).

(a)

(b)

(c)

Fig. 12 Seasonal cycles of a EUC transport at 23�W, b ATL3 SST index

(20�W–0�, 3�S–3�N), and c western Atlantic (WATL) wind index (40�W–

20�W, 3�S–3�N) for the different years from 2005 to 2011. Different years

are marked by different line styles as given in the legend in b

(a)

(b)

Fig. 13 a January-to-April

mean wind (arrows) and wind

stress curl (color shading)

averaged for the period

2005–2011 and b corresponding

2009 anomalies
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While eastward zonal wind anomalies are in general

agreement with an anomalous weak EUC (Philander and

Pacanowski 1980), northerly winds are found to be asso-

ciated with an eastward surface and subsurface flow

anomaly at the equator (Philander and Pacanowski 1981).

The anomalous wind curl pattern is associated with a

reduced eastward Sverdrup flow along the equator (Arhan

et al. 2006; Kessler et al. 2003) and thus again in general

agreement with an anomalous weak EUC during the same

period. However, an attribution of the anomalously weak

EUC during the first half of 2009 to different aspects of the

wind forcing is beyond the scope of the present paper.

As a last point, we want to mention the meridional

migration of the EUC core. This EUC characteristic shows

only weak seasonality, but instead stronger interannual

variations with an anomalous southward position of the

EUC core during 2007 and an anomalous northward

position during 2009/2010 (Fig. 9). The timescale of such

variability would be in general agreement with the 4.5-year

deep jet cycle (Brandt et al. 2011b) that was found to be

consistent with equatorial basin mode oscillations (Great-

batch et al. 2012). However, to study low-frequency EUC

variability that might result from the interaction of EDJs

propagating their energy upward with the energetic near-

surface flow, longer moored time series and/or improved

numerical simulations are required.
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