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[1] Equatorial deep jets (EDJs) are a prominent flow feature of the equatorial Atlantic
below the Equatorial Undercurrent down to about 3000 m. Here we analyze long-term
moored velocity and oxygen observations, as well as shipboard hydrographic and current
sections acquired along 23�W and covering the depth range of the oxygen minimum zones
of the eastern tropical North and South Atlantic. The moored zonal velocity data show
high-baroclinic mode EDJ oscillations at a period of about 4.5 years. Equatorial oxygen
observations which do not resolve or cover a full 4.5-yr EDJ cycle nevertheless reveal large
variability, with oxygen concentrations locally spanning a range of more than 60 mmol
kg�1. We study the effect of EDJs on the equatorial oxygen concentration by forcing an
advection-diffusion model with the velocity field of the gravest equatorial basin mode
corresponding to the observed EDJ cycle. The advection-diffusion model includes an
oxygen source at the western boundary and oxygen consumption elsewhere. The model
produces a 4.5-yr cycle of the oxygen concentration and a temporal phase difference
between oxygen concentration and eastward velocity that is less than quadrature, implying
a net eastward oxygen flux. The comparison of available observations and basin-mode
simulations indicates that a substantial part of the observed oxygen variability at the
equator can be explained by EDJ oscillations. The respective role of mean advection, EDJs,
and other possible processes in shaping the mean oxygen distribution of the equatorial
Atlantic at intermediate depth is discussed.
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1. Introduction

[2] Vertically alternating deep zonal jets of short vertical
wavelength were discovered in the equatorial oceans more
than 30 years ago [Luyten and Swallow, 1976]. Observations
show them to be coherent across entire equatorial basins
[Ponte and Luyten, 1990; Johnson et al., 2002; Johnson and
Zhang, 2003]. These jets, which are also referred to as
equatorial deep jets (EDJs), are characterized by vertically
alternating eastward and westward currents lying within 1�
of the equator, amplitudes of 0.1–0.2 ms�1, and vertical
wavelengths between 300 and 700 m. Analysis of different

data sets acquired in the equatorial Atlantic including his-
torical hydrographic data covering the period 1972–1998
[Johnson and Zhang, 2003], data from single point current
meters at moorings deployed during 2000–2006 [Bunge
et al., 2008], as well as vertically continuous velocity pro-
files taken from acoustic Doppler current profilers (ADCPs)
and moored profilers deployed during 2004–2009 [Brandt
et al., 2011], show consistent interannual oscillations of
EDJs with a period of about 4.5 years. These oscillations can
be understood in terms of equatorial Kelvin and Rossby
wave propagation that form an equatorial basin mode under
resonant conditions [Cane and Moore, 1981]. General
agreement between the space-time structure of EDJs at a
given depth and an equatorial basin mode for a high-order
baroclinic mode has been found by Greatbatch et al. [2012]
when including a lateral eddy viscosity of between 200 and
300 m2 s�1. The oscillatory behavior of EDJs is also found
in three-dimensional process studies in which an idealized
forcing by intraseasonal waves provides the energy for EDJ
generation [d’Orgeville et al., 2007].
[3] The vertical oxygen distribution in the tropical ocean

is characterized by an oxygen minimum at intermediate
depth separating the well-ventilated near-surface layer from
the oxygen-rich deeper layers. At intermediate depths within
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the low-oxygen region, the climatological, time-averaged
meridional oxygen distribution exhibits a broad maximum in
the equatorial band separating the oxygen minimum zones of
both hemispheres [Karstensen et al., 2008] (Figure 1), which
is generally not captured by state-of-the-art coarse-resolution
simulations [Meissner et al., 2005; Keeling et al., 2010;
Duteil and Oschlies, 2011]. This maximum, however, is
well known from observational data and was first discovered
during the German Atlantic Meteor expedition 1925–27
[Wattenberg, 1939]. The main reason for the failure of
coarse resolution models in simulating the equatorial oxygen
distribution seems to be the absence of the mean and vari-
able equatorial intermediate current system [Ascani et al.,
2010; Duteil and Oschlies, 2011]. At intermediate depths
(300–700 m), the mean flow is composed of narrow zonal
currents (Figures 1 and 2a) including the westward flowing

Equatorial Intermediate Current (EIC) centered on the
equator between the eastward Southern and Northern
Intermediate Countercurrents (SICC, NICC) located at about
2�S and 2�N, respectively [e.g., Brandt et al., 2006]. The
mean eastward flow of the NICC and SICC has been recog-
nized to ventilate the eastern tropical Atlantic by transporting
oxygen-rich waters from the well-ventilated western bound-
ary toward the east [Tsuchiya et al., 1992; Schott et al., 1998;
Stramma et al., 2005]. At the equator, the superposition of
the mean westward flow which carries low-oxygen water
westward [Schott et al., 1998] and the EDJs can result in
intermittent flow reversals on interannual time scales. Brandt
et al. [2008] observed an oxygen tongue at the equator in the
depth interval of the EIC extending from 35�W to 10�W that
has been explained by the presence of an eastward jet during
the preceding year. Moreover, they found that the eastward

Figure 1. Climatological distribution of the oxygen concentration [mmol kg�1] at 300–500 m in the
tropical Atlantic [Gouretski and Koltermann, 2004], with superimposed repeat ship section along the
23�W meridian (thick white line) and the equatorial mooring position (diamond). Also included are major
thermocline (black solid arrows) and intermediate (black dashed arrows) current branches: North Brazil
Current (NBC), North and South Equatorial Undercurrent (NEUC, SEUC), and Equatorial Undercurrent
(EUC), as well as Southern and Northern Intermediate Countercurrents (NICC, SICC), and Equatorial
Intermediate Current (EIC).

Figure 2. Mean (a) zonal velocity and (b) oxygen concentration along 23�W from ship sections
(update from Brandt et al. [2010]). Thick black solid lines mark surfaces of uniform potential density.
In Figure 2a, negative values indicating westward flow are shown by dashed contours and the contour
interval is 5 cm s�1 within the range from �10 cm s�1 to 10 cm s�1 and 10 cm s�1 elsewhere.
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reduction in oxygen within the eastward progressing tongue
was mainly due to meridional diffusion; vertical diffusion
and oxygen consumption were found to play a minor role.
These observations suggest an eastward and poleward oxygen
flux by the combination of oscillating EDJs and horizontal
diffusion. Other processes that might play a role for the
ventilation of the equatorial Atlantic are vertical mixing and
wave-induced stirring. The latter mechanism was suggested
by Li et al. [1996] and results from tracer advection by the
flow field caused by the superposition of at least two different
equatorial waves, in their case the combination of annual
Rossby waves and intraseasonal mixed Rossby-gravity waves.
It is also possible that the Stokes drift associated with velocity
fluctuations in the equatorial region might play a role, modi-
fying the oxygen advection that is implied by the Eulerian
mean flow [see, e.g., Moore, 1970; Ascani et al., 2010].
[4] The description of long-term (i.e., decadal to multi-

decadal) variability of oxygen concentrations in the open
ocean typically relies on shipboard measurements [Garcia
et al., 2005; Johnson and Gruber, 2007; Stramma et al.,
2008]. However, the analysis of shorter period fluctuations
is in general limited by the amount of available shipboard
data which are typically not able to resolve oxygen fluctua-
tions on intraseasonal to interannual time scales. A rare
example of continuous oxygen observations in the open
ocean is the oxygen time series obtained at Ocean Station
Papa (50�N, 145�W) from weather ships and research vessels
since 1956. This time series revealed declining overall oxygen
concentrations and fluctuations on time scales of a few years
to bi-decadal [Whitney et al., 2007].
[5] The mean oxygen and velocity distributions and their

interannual variability are analyzed in sections 2 and 3 using
long-term velocity measurements from equatorial Atlantic
moorings, with oxygen measurements taken during a single
1.5-yr mooring period, as well as velocity and water mass
observations from cross-equatorial shipboard sections along

�23�W taken during 2006–2011. To corroborate the
hypothesis that the observed interannual oxygen variability
in the equatorial Atlantic is due to EDJ oscillations an
advection-diffusion model forced by the velocity field of the
gravest equatorial basin mode [Greatbatch et al., 2012] is
used (section 4); it includes restoring to high oxygen con-
centrations in the western boundary region and oxygen
consumption elsewhere. Finally, the results of this study
regarding the role of EDJ oscillations for the oxygen distri-
bution and variability in the equatorial Atlantic are summa-
rized and discussed (section 5).

2. Observed Mean Oxygen and Velocity
Along 23�����W
[6] The mean oxygen concentration and zonal velocity

along 23�W as obtained from recent ship sections (Figure 2)
were discussed in detail in Brandt et al. [2010]; further
information on the data sets used in the present study are
given in Appendix A. Here, we focus on the relation of the
mean oxygen distribution and zonal currents in the equatorial
band. Considering the general zonal gradient in the mean
oxygen distribution (Figure 1), one would expect eastward
and westward flow to be associated with high and low oxygen
concentrations, respectively. This is approximately the case
for the flow in the upper 250 m below the well-ventilated
near-surface layer. The eastward flowing Equatorial Under-
current (EUC), the South Equatorial Undercurrent (SEUC) at
4.5�S, and the weaker North Equatorial Undercurrent
(NEUC) at 5�N are all characterized by oxygen maxima, with
oxygen minima in between (Figures 2 and 3a). Despite the
pronounced zonal flow pattern below 250 m a similar
behavior of the oxygen distribution cannot be observed.
Analysis of the meridional structures of oxygen and zonal
velocity at 300 m (Figure 3b) and 500 m (Figure 3c) shows at
300 m 1) a strong equatorial asymmetry with eastward
velocities of the SEUC and NICC and westward velocities

Figure 3. Mean meridional structure of observed zonal velocity (red, left axis) and oxygen (black, right
axis) along 23�W at (a) 150 m, (b) 300 m, and (c) 500 m, with standard errors of the mean (dashed).
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in between, mainly south of the equator between 1�S and
3.5�S; 2) an oxygen maximum associated with the SEUC
and an oxygen maximum that should be associated with the
NICC but is shifted toward the equator by about 1� latitude.

At 500 m the data show 1) a symmetric velocity field with
respect to the equator, and 2) a broad oxygen maximum
between the cores of the NICC and SICC at about 2�N and
2�S, respectively. In both cases, the increase of the mean
oxygen concentration toward the equator is not consistent
with oxygen advection by the mean zonal current bands and
other processes must come into play. Such processes may
include mean ventilation by EDJs, which is a focus of this
study, vertical mixing, wave-induced stirring, or a Stokes
drift opposing the Eulerian mean flow.
[7] The vertical profile of the mean zonal velocity as

obtained from more than seven years of mooring data indi-
cates a two-core structure of the westward flowing EIC
(Figure 4). A similar structure was already found by Brandt
et al. [2006] using only the first 16 months of the present
time series. We have here not taken into account a possible
bias of the mean due to the presence of EDJs (an issue
discussed further in the next section). The upper core of
westward flow is located at about 245 m, while the lower core
is observed at 435 m depth. At about 300 m, there is a weak
mean eastward flow. The minimum oxygen concentration
at the equator is found at about 280 m (Figure 4), much
shallower than the core of the oxygen minimum zones of
both hemispheres [Karstensen et al., 2008; Brandt et al.,
2010].

3. Interannual Variability

3.1. Time Series

[8] The zonal velocity as obtained from moored observa-
tions at the equator, 23�W from February 2004 to June 2011
is shown in Figure 5. This data set represents an update of
data published by Brandt et al. [2011]. The primary signal in
the near-surface layer is the eastward flowing EUC with its
pronounced seasonal cycle. Below the EUC, seasonal and
interannual variations dominate the zonal velocity field. By
fitting a 1670-d harmonic cycle to the zonal velocity data
below the EUC and displaying the 0� and 180� phase lines
as done by Brandt et al. [2011], the downward phase
propagation of high-baroclinic mode EDJs becomes evident
(Figure 5); similar downward phase propagation was found
in other observations by Johnson and Zhang [2003] and
Bunge et al. [2008]. The zonal velocities at 300 and 500 m

Figure 4. Mean equatorial profiles of observed zonal
velocity (red, top axis) and oxygen (black, bottom axis) at
23�W, with standard error of the mean (dashed). The zonal
velocity profile was obtained from more than seven years
of moored observations (Figure 5). The oxygen profile is
taken from the mean shipboard section (Figure 2b). The
red dotted line marks zero velocity.

Figure 5. Zonal velocity from moored observations at the equator, 23�W, with superimposed phase lines
obtained from a harmonic analysis using a period of 1670 days (solid: maximum eastward velocity,
dashed: maximum westward velocity).
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depth have amplitudes for the 1670-d harmonic cycle of
about 9.3 � 3.0 cm s�1 and 10.7 � 3.5 cm s�1, respectively
(Figure 6). As the length of the moored time series is not an
integer multiple of the EDJ period, the EDJ cycle might bias
the means presented in Figure 4. When subtracting the 1670-d
harmonic cycle calculated at each depth from the moored
zonal velocity time series, a mean zonal velocity of the
residual can be derived that is �1.4 � 2.9 cm s�1 at 300 m
and�4.7� 2.8 cm s�1 at 500 m, which differs from values of
+1.1 � 4.3 cm s�1 and �6.4 � 5.0 cm s�1 derived without
subtracting the EDJ cycle. The local eastward velocity max-
imum at about 300 m as observed in Figure 4 is reduced when
accounting for the bias due to the EDJ cycle. Nevertheless,
the mean zonal velocity appears to be more strongly west-
ward at 500 m than at 300 m which is consistent with the
mean zonal velocity from the longer though more scattered
time series of shipboard data (Figure 2a).
[9] Although the moored oxygen data do not cover a full

EDJ cycle, these data show that the oxygen variability at
300 m depth is dominated by the EDJ cycle (Figure 6a).
There is an almost steady increase in the oxygen concentra-
tion at 300 m depth from November 2009 to November 2010
during a phase of strong eastward flow associated with the
EDJ cycle. After the zonal velocity turns to westward flow in
November 2010, the increase in oxygen concentration stops
and it decreases rapidly in February 2011. During almost the
whole mooring period from November 2009 to May 2011,
the oxygen concentration was well above the mean oxygen

concentration of 103 � 5 mmol kg�1 estimated from the ship
sections. Taking into account the short oxygen time series
from February 2008 which was acquired shortly after maxi-
mum westward velocity of the EDJ cycle, the total range of
oxygen variability at 300 m depth is more than 60 mmol kg�1 -
well above the measurement error of about 3 mmol kg�1

(Appendix A). This represents a large interannual variability
in the central equatorial Atlantic Ocean at intermediate depth
which can be ascribed to the presence of EDJs.
[10] The variability of the oxygen concentration at 500 m

depth (Figure 6b) appears to be substantially different from
the one found at 300 m depth. The oxygen concentration
varies only slightly around the mean value of 129 � 3 mmol
kg�1 estimated from the ship sections. The total range of
oxygen variability from the mooring data is less than
20 mmol kg�1 and varies here mainly on shorter periods.
Why is the behavior of the oxygen concentration so different
at 300 and 500 m depth? The velocity amplitude of the EDJ
cycle is similar at both depths - even slightly larger at 500 m
depth. A factor that could affect the oxygen variability is the
zonal oxygen gradient along the equator. The climatological
difference between the oxygen concentrations at the western
and eastern boundaries (as a proxy of the zonal oxygen
gradient along the equator) is reduced by about one third at
500 m (about 60 mmol kg�1) compared to 300 m depth
(about 90 mmol kg�1). This reduction of the zonal oxygen
gradient with depth in the equatorial region might be
understood as a consequence of a steady state balance

Figure 6. Zonal velocity from moored observations at the equator, 23�W, with overlaid 1670-d harmonic
fit (red, left axis) and oxygen concentration from moored instruments (black, right axis) at (a) 300 m
and (b) 500 m depth. The mean oxygen concentration at 300 m and 500 m depth from ship sections is
103 � 5 mmol kg�1 and 129 � 3 mmol kg�1 (thick black dashed lines), respectively, with standard errors
marked by thin black dashed lines. Note that the oxygen range in Figure 6a is twice as large as in Figure 6b.
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between oxygen consumption declining exponentially with
depth [Karstensen et al., 2008] and dominance of zonal
ventilation from the western boundary. The reduced zonal
oxygen gradient found at 500 m might thus help to explain
the reduced amplitude of oxygen oscillations within the EDJ
cycle at that depth compared to the situation at 300 m depth.

3.2. Cross-Equatorial Sections

[11] Our moored observations at the equator have suggested
that a substantial part of the observed large oxygen variability
at 300 m depth is related to the EDJ cycle, while the oxygen
variability at 500 m is relatively small. We next analyze the
meridional oxygen distribution of hydrographic sections
obtained during different research cruises (Figure 7). Here,
we use four hydrographic sections that were acquired during

mooring deployment and recovery cruises - about 1.5 years
apart. Similar to previous studies, these sections indicate
large oxygen variability at intermediate depths. The strong
equatorial oxygen maximum found in June 2006 at about
330 m depth could be tracked from the western equatorial
Atlantic at 35�W to the eastern basin at 10�W during that
particular research cruise [Brandt et al., 2008]. The latitudi-
nal and vertical scales of the oxygen tongue correspond
approximately to the scales of observed EDJs in the equato-
rial Atlantic [Gouriou et al., 2001; Bourlès et al., 2003].
Here, we analyze the meridional structure of the oxygen
anomaly averaged between 280 and 380 m depth for the four
different cruises (Figure 8a). Largest variability is found at
the equator, with maximum oxygen concentration during
June 2006 and minimum oxygen concentration during

Figure 7. Oxygen distributions along 23�W taken during research cruises in (a) June 2006, (b) February/
March 2008, (c) November 2009, and (d) May/June 2011.

Figure 8. Observed meridional oxygen structure along 23�W. Shipboard measurements taken during
research cruises in June 2006 (black), February/March 2008 (red), November 2009 (green), and May/June
2011 (blue) were averaged (a) between 280 and 380 m depth and (b) between 450 and 550 m depth.
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February/March 2008, which is in agreement with our
expectation from the analysis of the moored velocity time
series. The total range of oxygen variability in this depth
interval at the equator is in general agreement with the range
obtained from moored observations at 300 m depth (cf.
Figures 6a and 8a); off-equatorial oxygen anomalies are
slightly smaller in amplitude and more irregular.
[12] The second depth interval we analyze here ranges

from 450 m to 550 m (Figure 8b). This deeper depth interval
is, in comparison with the shallower interval, characterized
by a similar amplitude of zonal velocity oscillations, a
reduced zonal oxygen gradient along the equator, and a
stronger westward mean flow. Consistent with the analysis
of the moored observations, the oxygen variability at the
equator is reduced in the deeper depth interval as compared
to the shallower one (cf. Figures 6b and 8b). However, the
off-equatorial oxygen variability at 2–3�S and N is similar or
even larger which might be explained by lateral movement
of the strong meridional oxygen gradients associated with
the NICC and SICC at about 2�N and 2�S, respectively
(Figures 2 and 3c).

4. Advection-Diffusion Model

4.1. Model Setup

[13] Greatbatch et al. [2012] have described the space-time
structure of EDJs at a given depth using a reduced-gravity
model simulating an equatorial basin mode for a high-order
baroclinic mode. The simulations were performed for a
rectangular basin of width 55� longitude (45�W–10�E)
and extending from 10�S to 10�N mimicking the equatorial
Atlantic Ocean. The gravity wave speed (0.17 ms�1) was
chosen so that the period of observed EDJ oscillations, that is
1670 days, is the same as the period associated with the
gravest equatorial basin mode in the model. In Greatbatch
et al. [2012], the width of the EDJs was found to depend on
the lateral eddy viscosity and simulated EDJ widths were
consistent with observations when using values of between
200 and 300 m2 s�1. We use here the steady, oscillating
velocity field of the basin-mode simulation for a lateral eddy
viscosity of 200 m2 s�1 to force the following advection-
diffusion model:

∂C
∂t

¼ �JC � u � rC þ khDC � R C � C0ð Þ; ð1Þ

where C is the oxygen concentration, J = 0.041 yr�1 is the
constant oxygen consumption coefficient as used in previous
studies [van Geen et al., 2006; Brandt et al., 2010], u is the
horizontal velocity vector, kh = 200 m2 s�1 is the coefficient
of the horizontal eddy diffusivity, and R�1 is the time scale
for the oxygen concentration to be restored to the prescribed
value C0 (note that since the model solves for the normalized
concentration C/C0, the value of C0 in the model is 1). The
restoring term is used to introduce a source of oxygen at the
western boundary (in reality associated with the oxygen-rich
western boundary current, that is the North Brazil Current
(NBC) [Schott et al., 2005]). The restoring coefficient, R,
is independent of latitude and is given by R = g/2(1 �
tanh((x � x0)/L)), where x is longitude with an inflection
point, x0, at 35�W, a length scale of the transition region, L,
of 2� in longitude, and a restoring time scale, g�1 = 16.7 d,

which is one hundredth of the basin mode period. The
hyperbolic tangent centered at 35�W results in strong
restoring near the western boundary (where we have an
oxygen source) and nearly zero restoring toward the eastern
boundary. To ensure that tracer concentration is conserved
by the model advection scheme, we followed the method
used in Marshall et al. [2006] to correct the velocity field
from the basin-mode simulation to ensure that it is horizon-
tally nondivergent. This enables the advection term u � rC
to be written in the conservative form r � (uC) used for the
simulation and has only a small effect on the flow field. The
velocity of the basin mode oscillations (Figure 9) was scaled
such that the zonal velocity amplitude at 23�W corresponds
to observed values of the EDJ cycle, which is about 10 cm
s�1. A standard finite difference scheme was used for the
advection-diffusion model (centered in space, leapfrog in
time for the advection terms, forward in time for the diffu-
sion term and backward in time for the consumption and
restoring terms). Each model run was integrated until a
steady, oscillating state was reached, that is here 36 basin-
mode cycles or about 165 years.
[14] The advection-diffusion model is aimed at studying

the response of the oxygen distribution to the presence of
EDJs which includes oxygen oscillations with the basin
mode and changes in the mean oxygen distribution. First, we
present model results of the standard configuration using the
model parameters given above. The simulated mean and
oscillatory response can be used to test the relevance of the
EDJ cycle for the observed temporal and spatial oxygen
variability.
[15] Additionally, we present results obtained by increas-

ing and reducing the constant oxygen consumption coeffi-
cient by a factor of five demonstrating the sensitivity of the
oxygen budget and the resulting mean oxygen concentration
to variations in the oxygen consumption. These simulations
yield different mean zonal oxygen gradients along the
equator and are used to demonstrate the sensitivity of the
amplitude of oxygen oscillations to variations in the mean
zonal oxygen gradient. In a last set of simulations, we
included a mean zonal flow field that was constructed by
using approximated meridional structures resembling the
observed mean zonal velocity at 300 and 500 m along 23�W
(Figures 3b and 3c). The zonal current bands extend all the
way from the western to the eastern boundary, with the cir-
culation closed near both boundaries. The width of the
western boundary layer of the closed circulation cells was
chosen such that it is smaller than the width of the oxygen
restoring zone. Thus, the oxygen concentration of the water
masses is relaxed to the western boundary oxygen concen-
tration when passing through the restoring zone. The width
of the eastern boundary layer was chosen to be the same as
that of the western boundary layer. These additional simu-
lations are used to discuss changes in the oscillatory
behavior of the oxygen distribution under the influence of
strong ventilation of the equatorial region due to mean zonal
advection.

4.2. Model Results

[16] In the following, we present the model results for the
standard configuration (with no mean flow) in terms of
oxygen concentration relative to the prescribed western
boundary value. The mean relative oxygen concentration
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averaged over a full basin-mode cycle indicates enhanced
oxygen concentration in the equatorial band away from the
western boundary region (Figure 10a). The mean eastward
oxygen decrease along the equator (Figure 10b) is clearly
stronger than suggested by observations (relative oxygen
concentration at the eastern boundary in Figure 1 is about
0.6) and likely the result of the missing ventilation due to
mean eastward current bands, that are the NICC and SICC,
which will be discussed further at the end of this section.
[17] The simulated anomaly of relative oxygen at 23�W

between 5�N and 5�S shows distinct patterns associated with

the east- and westward propagation of Kelvin and Rossby
waves, respectively (Figure 11a). Strongest anomalies are
found at the equator, with the off-equatorial anomalies in
general out of phase with respect to the equatorial anomalies.
The simulated oxygen oscillations at 23�W are of large
amplitude. They cover an oxygen range of about 60% of the
total possible oxygen range (i.e., from zero to the maximum
oxygen concentration at the western boundary).
[18] The zonal velocity at 23�W is characterized by a

harmonic cycle with the period of the basin mode, that is
1670 days (Figure 11b). The relative oxygen concentration

Figure 9. (a) Amplitude and (b) phase of the zonal velocity associated with an equatorial basin mode for
a high-order baroclinic mode (gravity wave speed c = 0.17 m s�1) using a lateral eddy viscosity of 200 m2

s�1 as simulated by the reduced-gravity model of Greatbatch et al. [2012] after subtracting the divergent
part of the velocity field (see the text for details). The amplitude is normalized by the maximum zonal
velocity amplitude. In Figure 9b, solid contours show positive phase, indicating a lag compared to zero,
and dashed contours show negative phase. The contour interval is 45�.

Figure 10. (a) Horizontal map and (b) equatorial distribution of the simulated mean relative oxygen
concentration averaged over a full basin-mode cycle. Note that oxygen is normalized relative to the value
used for the restoring at the western boundary. In Figure 10b, simulations with the oxygen consumption
coefficient increased (dashed)/decreased (dotted) by a factor of five are also included.
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instead is not harmonic; it is characterized by a relatively
long period of low oxygen concentration starting before
maximum westward flow is reached and a relative short
period of high oxygen concentration just after maximum
eastward flow. The phase difference between the zonal
velocity and the oxygen cycle is less than quadrature (i.e.,
phase differences of fitted harmonic cycles are smaller than
90�) resulting in a net eastward oxygen flux along the
equator. This net eastward flux is the cause of the elevated
oxygen concentrations in the equatorial band away from the
western boundary region seen in Figure 10a.
[19] When comparing the moored velocity and oxygen

observations with the results from the advection-diffusion
model (cf. Figures 6a and 11b), we note a similar phase shift
between zonal velocity and oxygen associated with the EDJ
cycle in observations and simulations. Observed and simu-
lated maximum oxygen concentrations are found shortly
after maximum eastward velocity. In the observations, the
duration of phases with positive oxygen anomalies appears
to be shorter than one half of the EDJ cycle. A similar non-
harmonic behavior of the oxygen concentration can also be
noted for the basin-mode simulations (cf. Figures 6a and
11b). For a more rigorous comparison, however, longer
oxygen time series are required from observations.
[20] To compare the shipboard observations with the basin

mode simulations, we calculated for each ship section and
the chosen depth interval the time since the last occurrence
of maximum eastward flow of the EDJ cycle as obtained
from the moored velocity data. Meridional structures at
times corresponding to the shipboard sections (Figure 8)
were then extracted from the simulations (Figure 12) and are
displayed in Figure 12 with the same color coding as in
Figure 8. The simulated meridional structures in the depth

interval 280 to 380 m show similar variations near the
equator as observed, confirming the dominant role of EDJs
in shaping the equatorial oxygen distribution (cf. Figures 8a
and 12a). The simulated off-equatorial lobes that are
generated by Rossby wave propagation within the equatorial
basin mode are barely visible in the observations. The main
reason for this difference could be the irregularity in the
observations caused by meridional shifts of the mean zonal
flow field, including the NICC and SEUC/SICC, and the
mean oxygen distribution due to meridional motions asso-
ciated with different equatorial waves such as tropical
instability waves.
[21] For the deeper depth interval 450 to 550 m, the basin-

mode simulation predicts lowest oxygen concentration at the
equator for the cruises in June 2006 and November 2009
which was indeed observed (cf. Figures 8b and 12b), while
the model section corresponding to May/June 2011 (blue
curve) is not consistent. Apart from that, the generally
smaller oxygen anomalies associated with the EDJ cycle
found in the observations are likely masked by other fluc-
tuations of different space and time scales.
[22] The sensitivity of the mean equatorial oxygen con-

centration to variations in the oxygen consumption coeffi-
cient is shown in Figure 10b. An increase/decrease of the
oxygen consumption coefficient results in a general decrease/
increase of the equatorial oxygen concentration. However,
the oxygen consumption, JC, increases/decreases for an
increased/decreased oxygen consumption coefficient and
must be balanced by an increased/decreased oxygen flux due
to the basin-mode oscillation. Within the limit J = 0, the
oxygen concentration would reach western boundary values
in the whole model domain and the oxygen flux due to the
basin-mode oscillation would vanish. When considering the

Figure 11. Simulated anomaly of relative oxygen at 23�W for a full basin mode cycle, T0 = 1670 d, (a) as
a function of latitude and time (in parts of the cycle) and (b) only at the equator (black, right axis). The
zonal velocity used to force the advection-diffusion model is included in Figure 11b (red, left axis). The
simulation started after a model spin-up of 36 basin-mode cycles to ensure a steady, oscillating oxygen
distribution. In Figure 11a, negative values are shown by dashed contours and the contour interval is
0.1. In Figure 11b, simulations with the oxygen consumption coefficient increased (dashed)/decreased
(dotted) by a factor of five are also included.

BRANDT ET AL.: VENTILATION BY EQUATORIAL DEEP JETS C12015C12015

9 of 15



sensitivity of the mean oxygen flux due to the basin-mode
oscillation to the oxygen consumption, it is important to
remember that a balance between consumption and ventila-
tion sets the background oxygen field, making the back-
ground oxygen field, especially its zonal gradient and its
meridional and vertical curvature sensitive to the consump-
tion. In this way consumption influences the relative impor-
tance of processes such as mean and variable advection,
lateral and vertical mixing, and wave-induced stirring in the
local oxygen balance.
[23] The simulations with increased/decreased oxygen

consumption coefficient result in an increased/decreased
mean zonal oxygen gradient along the equator (Figure 10b).
These simulations can be used to demonstrate the sensitivity
of the amplitude of oxygen oscillations to the mean zonal
oxygen gradient: An increase/decrease in the mean zonal
oxygen gradient is associated with an increase/decrease of
oxygen fluctuations (Figure 11b). Such behavior is consistent
with the observed differences in the mean zonal oxygen
gradient and associated amplitude of the oxygen oscillations
at 300 m and 500 m.
[24] The simulations using a velocity field composed of a

prescribed mean circulation and the basin-mode oscillation
show clearly enhanced mean oxygen concentrations in the
equatorial region (Figures 13 and 14). The asymmetric
(Figure 13a) and symmetric (Figure 14a) mean flow fields
correspond to the situations observed at 300 m (Figure 3b)
and 500 m (Figure 3c) depth, respectively. Due to the
increased mean oxygen concentration in the equatorial
region, the amplitude of oxygen fluctuations associated with
the EDJ cycle (Figures 13c and 14c) reduces strongly
(roughly by a factor of 4) compared to the simulation without
mean flow (Figure 11a). Without mean flow, the amplitude
of oxygen fluctuations has been strongest right at the equator,
which is not the case when the mean flow is included. In the
latter case, similar amplitudes are found in the off-equatorial
regions. In the case of the asymmetric mean flow (Figure 13),
oxygen fluctuations are enhanced in the northern hemisphere
compared to the southern hemisphere. In general, the
amplitude of oxygen fluctuations is found to be smaller in
regions of strong eastward mean flow and associated weak
mean zonal oxygen gradient, that is at 4�S and 2�N
(Figure 13c) and at 2�S and 2�N (Figure 14c), respectively,
compared to regions of westward or weak mean flow, which

are generally characterized by stronger mean zonal oxygen
gradients.
[25] Both simulations using a mean flow show enhanced/

reduced mean oxygen concentration in regions of mean
eastward/westward flow. This is rather contrary to the
observations showing the oxygen maximum shifted toward
the equator at 300 m and a flat oxygen distribution between
2�S and 2�N at 500 m. In the simulations, the ventilation at
the equator due to the EDJ cycle (Figure 10a) is not strong
enough to cancel out the equatorial oxygen minimum asso-
ciated with the westward mean flow (Figures 13b and 14b)
and other processes have possibly to come into play to
explain the observed mean meridional oxygen structure
(Figure 3). Model runs using a range of values of horizontal
eddy diffusivity, that is between 10 and 600 m2 s�1, (not
shown) do not fundamentally change this picture – the
equatorial oxygen minimum is always present. Note that the
strength of the ventilation due to the mean flow depends
crucially on the chosen characteristics in the western and
eastern boundary layers. If the westward flow would partly
recirculate before the restoring zone, the mean oxygen con-
centration carried by the eastward current bands would be
reduced. Moreover, the mean oxygen concentration near the
eastern boundary depends strongly on the eastward pene-
tration of the eastward current bands; at present, however,
there is limited knowledge from observations about the real
structure of these mean circulation cells, which prevent us
from using more sophisticated mean circulation pattern.

5. Summary and Discussion

[26] Moored velocity observations taken at the equator,
23�W showed that the zonal flow beneath the EUC has
significant variability associated with high vertical modes.
Here, we have updated the time series presented by Brandt
et al. [2011], now extending over more than seven years
(Figure 5). Applying a temporal harmonic fit to the zonal
velocity data, we found that maximum explained variance
exists on interannual time scales centered at a period of
about 4.5 years (or 1670 days). These 1670-d oscillations are
found to be a characteristic of EDJs in the Atlantic Ocean
having a vertical wavelength of about 400 m and downward
phase propagation [Johnson and Zhang, 2003; Bunge et al.,
2008; Brandt et al., 2011]. Greatbatch et al. [2012] used a

Figure 12. Simulated meridional oxygen structure along 23�W. Simulations are extracted corresponding
to the measurements shown in Figure 8 in the depth interval 280 to 380 m (a) at 263 days (black), 884 days
(red), 1505 days (green), and 403 days (blue) and in the depth interval 450 to 550 m (b) at 1136 days
(black), 87 days (red), 708 days (green), and 1276 days (blue) after maximum eastward velocity of the
basin-mode cycle at the equator, 23�W.
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reduced-gravity model to simulate an equatorial basin mode
for a high-order baroclinic mode. In the present study an
advection-diffusion model was forced by the velocity field of
this basin-mode model to study the effect of EDJ oscillations
on the oxygen distribution at intermediate depths. The
advection-diffusion model includes restoring to high oxygen
values at the western boundary and oxygen consumption
elsewhere. In the absence of mean flow, the advection-
diffusion model predicts 1) a phase shift between maximum
eastward velocity and oxygen concentration within the EDJ
cycle, 2) elevated oxygen variability at the equator compared
to the off-equatorial variability, and 3) a weak net ventilation
of the equatorial band by EDJs.
[27] Through the comparison of the basin-mode simula-

tion with the available moored and shipboard data at inter-
mediate depths below the EUC, we conclude that 1) a

substantial part of the observed oxygen variability at the
equator is due to EDJ oscillations, 2) oxygen fluctuations at
the equator are weaker at depths with reduced mean zonal
oxygen gradient such as at 500 m compared to depth inter-
vals with increased zonal oxygen gradient such as at 300 m,
and 3) the phase shift between maximum zonal velocity and
maximum oxygen concentration is less than quadrature
implying a mean eastward oxygen flux due to EDJs.
[28] The mean oxygen distribution in the equatorial

Atlantic, with high oxygen concentration in the western and
low oxygen concentration in the eastern basin can to first
order be explained by ventilation due to the energetic western
boundary current system governed by the equator-crossing,
oxygen-rich NBC [Schott et al., 2005] and oxygen con-
sumption elsewhere. The mean eastward flow of the NICC
and SICC has been identified as the main ventilation pathway

Figure 13. Horizontal maps of (a) the prescribed mean zonal velocity and (b) the simulated mean relative
oxygen concentration averaged over a full basin-mode cycle. (c) The simulated anomaly of relative oxygen
at 23�W for a full basin-mode cycle, T0 = 1670 d, as a function of latitude and time (in parts of the cycle).
(d) The equatorial distribution of the simulated mean relative oxygen concentration averaged over a full
basin-mode cycle. The mean zonal velocity field used in this simulation corresponds to the observed zonal
velocity at 300 m depth (cf. Figure 3b).
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toward the oxygen minimum zones of the eastern equatorial
Atlantic [Tsuchiya et al., 1992; Schott et al., 1998; Stramma
et al., 2005], which is here confirmed by the simulations
presented in section 4 that are forced by a mean zonal
velocity field superimposed on the gravest equatorial basin
mode. The simulated eastward advection of oxygen-rich
waters by the mean flow field resulted in a strong increase of
the oxygen levels in the equatorial region compared to the
simulation without mean flow. Note that in our simulations
the strength of the ventilation by the mean flow is likely
overestimated. Model simulations [Hüttl-Kabus and Böning,
2008] as well as shipboard velocity sections [Fischer et al.,
2008] have shown that the SEUC is partly supplied by
recirculation of (lower-oxygen) waters out of westward cur-
rent branches. In the observations, the SEUC doubles in
strength from the western boundary at 35�W toward the
middle of the basin. Such recirculation that is not connected
to high-oxygen levels at the western boundary is also likely
for the NICC and SICC but less covered by observations or
reproduced by simulations.

[29] Phases of eastward EDJ flow lead as well to eastward
advection of oxygen-rich waters from the western boundary.
The quantification of the EDJ influence on the mean
meridional oxygen structure from observations (Figure 3) is
difficult, given the limited length of available time series.
Qualitatively, the ventilation mechanism can be described as
follows: EDJ oscillations generate narrow oxygen tongues
with strong meridional oxygen gradients. These tongues are
mainly eroded by meridional diffusion along their zonal
extent [Brandt et al., 2008] such that zonal velocity and
oxygen oscillations are less than quadrature which implies a
net eastward oxygen flux. However, the presented basin-
mode simulations including mean advection still show a
local oxygen minimum at the equator in the meridional
oxygen distributions (Figures 13b and 14b) which is not
present in the observations (Figure 3). Thus, other processes
might contribute to enhance the oxygen concentration at the
equator compared to the off-equatorial regions such as, for
instance, vertical mixing below the EUC. However, the
vertical mixing at the equator below the EUC shear zone was

Figure 14. Same as Figure 13, but the mean zonal velocity field used in this simulation corresponds to
the observed zonal velocity at 500 m depth (cf. Figure 3c).
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suggested to be substantially smaller than at midlatitudes
[Gregg et al., 2003]. By analyzing the vertical and meridi-
onal oxygen curvature of an oxygen tongue generated by an
eastward jet at the equator, Brandt et al. [2008] have esti-
mated the effect of vertical oxygen diffusion for eroding the
observed oxygen tongue during its eastward progression and
found it an order of magnitude smaller than the effect of
lateral eddy diffusion. Nevertheless, the curvature of the
mean vertical oxygen profile (Figure 4) suggests a possible
contribution of vertical mixing to the ventilation at 300 m
depth, but not at 500 m depth. At 500 m depth, the curvature
is strongly reduced or even reversed indicating rather a local
reduction of the oxygen concentration due to vertical diffu-
sion. A ventilation mechanism acting right at the equator that
was suggested by Li et al. [1996] is wave-induced stirring.
By using a reduced-gravity model, they could show that the
combination of annual Rossby waves and intraseasonal
mixed Rossby-gravity waves results in an eastward tracer
transport. Such interaction and/or the combination of the
equatorial basin mode and intraseasonal mixed Rossby-
gravity waves could contribute to explain the identified
differences between simulated and observed meridional
oxygen structures. Another possible explanation is that the
Stokes drift associated with velocity fluctuations near the
equator plays a role in setting the mean oxygen distribution.
As noted by Moore [1970] and Ascani et al. [2010], the
Stokes drift can be expected to oppose the Eulerian mean
flow, weakening the influence of the mean flow that is seen in
Figures 13 and 14 - a topic for future investigation.
[30] Up to now, state-of-the-art coarse-resolution simula-

tions fail to adequately reproduce the oxygen distribution in
the tropical oceans. High levels of numerically induced
diapycnal mixing in such models have been suggested to be
responsible for the model limitations [Keeling et al., 2010].
Furthermore, Duteil and Oschlies [2011] showed only small
improvements in the simulated oxygen distribution when
running coarse-resolution models with more realistic levels
of diapycnal mixing. However, these models lack realistic
zonal advection by narrow mean equatorial and off-equatorial
jets and EDJs. The equatorial oxygen maximum – a charac-
teristic of the observed mean oxygen distribution in the
tropical oceans – and associated ventilation of the oxygen
minimum zones by poleward eddy fluxes is in fact strongly
underestimated in these simulations [Meissner et al., 2005].
Recent high-resolution ocean process model studies start to
capture the dynamics of the mean equatorial and off-equatorial
jets and/or EDJs [d’Orgeville et al., 2007; Hua et al., 2008;
Eden and Dengler, 2008; Ménesguen et al., 2009; Ascani
et al., 2010]. These process simulations provide the
dynamic background for improving equatorial ocean oxygen
distributions in physical-biogeochemical models, either by
suggesting ways to include the missing dynamics or to
parameterize these flow features.

Appendix A: Data

A1. Moored Observations

[31] In this study, we use mooring data from five succes-
sive deployment periods at the equator, 23�W of nearly
1.5 years each. The total timeframe covers the period from
February 2004 to June 2011. During these deployment

periods, the mooring was equipped with two ADCPs, the
upper one looking upward from just below the EUC, typi-
cally at 100 to 150 m depth, while the lower one looked either
downward from beneath the upper instrument or upward
from about 600 to 650 m depth. The upper instrument failed
during two deployment periods which, however, does not
affect the present study as the depth interval of interest here
was completely covered by the deeper instrument. We
applied a 40-h low-pass filter to hourly interpolated current
data (ADCP sampling rates varied typically between 0.5 and
1 per hour, but it was set to about 3 per day during one
mooring period) to eliminate tidal currents and the detided
data were subsequently subsampled to 12-hourly resolution.
[32] The moored data were used to calculate the mean

profile of the zonal velocity and the standard error of the
mean. The standard error was obtained by dividing the
standard deviation by the square root of the number of
degrees of freedom. The number of degrees of freedom was
estimated as the length of the available time series divided
by a quarter of the EDJ cycle.
[33] Following Brandt et al. [2011], harmonic analyses of

moored zonal velocities were performed by fitting the fol-
lowing linear regression model in a least squares sense to the
data. The model fit is given by

dm ¼ g � b ¼ b1 þ b2 � cos wtð Þ þ b3 � sin wtð Þ; ðA1Þ

with time vector t, w = 2p/p, where p is the period, model
matrix g, and column vector b containing the model factors
b1, b2, b3. The error matrix is given by

Db ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gT � gð Þ�1 � d � dmð ÞT � d � dmð Þ

� �

n� k

vuut
; ðA2Þ

with data vector d, degrees of freedom n, and number of
dependent model factors k = 2. The standard errors of the
elements of b are given by the diagonal elements of Db.
After subtracting the mean seasonal cycle, the moored zonal
velocity data were 270-d low-pass filtered and 0.5-year
subsampled. The corresponding number of degrees of free-
dom was estimated as the length of the available time series
divided by a quarter of the EDJ cycle.
[34] During the last two mooring periods, the mooring was

equipped with regular Seabird MicroCAT temperature/
salinity probes and Aanderaa oxygen optodes at 300 and
500 m depth. During the first deployment period, the oxygen
probes equipped with optodes of type 3830 failed because of
too high power consumption of the data loggers and we
obtained only 16 days of oxygen data. The second deploy-
ment, with an optode of type 4330 at 300 m and of type
3830 at 500 m, however, delivered complete data sets. The
optode measurements were calibrated as follows: The oxy-
gen probes were attached to the rosette during regular
CTD/O2 casts before and after the mooring deployment, with
the shipboard oxygen measurements being calibrated
against oxygen concentrations from Winkler titrations of
water samples throughout the cruises. Additionally, on-board
optode measurements were performed in water baths with
zero and saturated oxygen concentrations. Finally, the phase
signals from the optode output were calibrated against the
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oxygen concentrations of the calibrated CTD/O2 measure-
ments and the zero-oxygen concentration of the water bath
following Uchida et al. [2008]. A fixed salinity dependence
after Garcia and Gordon [1992] was applied subsequently.
From the misfit of the calibration and by comparing pre- and
post-calibration, we estimated the error of the moored dis-
solved oxygen measurements to be smaller than 3 mmol kg�1.

A2. Shipboard Measurements

[35] Shipboard hydrographic and current measurements
obtained from various research cruises in the central tropical
Atlantic during 1996–2011 are utilized. For the mean fields,
we use data acquired between 22� and 24�W from the
database described in Brandt et al. [2010] with two addi-
tional cruises performed in October/November 2009 (RV
Meteor 80/1) and in May/June 2011 (RV Maria S. Merian
18/2). To study the temporal and spatial variability of the
oxygen concentrations along 23�W, we analyze data of four
particular cruises comprising the above most recent cruises
as well as two earlier cruises in June/July 2006 (RV Meteor
68/2) and in February/March 2008 (RV L’Atalante IFM-
GEOMAR-4). The obtained data accuracy is similar to the
standards set by the World Ocean Circulation Experiment
which is about 1% for dissolved oxygen concentration.
[36] From the ship sections, mean velocity and oxygen

concentration fields were calculated as described in detail by
Brandt et al. [2010]. The standard error of the mean was
here derived by estimating the number of degrees of freedom
from the number of available shipboard measurements at
each grid point.
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