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[1] Observational estimates of middepth tracer tongues in the equatorial Atlantic are
reviewed and are compared with results from several eddy-resolving model simulations.
Local maxima of chlorofluorocarbon (CFC) concentrations along the equator at around
1500 m depth are related to mean eastward jet structures in the models at similar

depth ranges and can also be identified in several simulated tracer distributions. Similar to
the observations, strong eastward jets are located in the simulations 1°—2° north and
south of the equator. The model simulations show, in addition, consistent with the CFC
observations, weaker jets at around 4°—6°N/S and 8°—10°N/S, suggestive of a large-scale
alternating eastward/westward current system in the western tropical Atlantic in this
depth range. Lagrangian transport estimates in the model using float diagnostics show a
transport of 1—3 Sv in each of the eastward jets 1°—2°N/S off the equator compared to

3—12 Sv throughflow into the South Atlantic, with no seasonal cycle apparent in the
transport fractioning. Comparing different model solutions reveals the choice of the
subgrid-scale mixing parameterization as important for the amplitudes of the jets.
Enhanced (reduced) diapycnal mixing is related to stronger (weaker) jets.

Citation: Eden, C. (2006), Middepth equatorial tracer tongues in a model of the Atlantic Ocean, J. Geophys. Res., 111, C12025,

doi:10.1029/2006JC003565.

1. Introduction

[2] A series of recent direct current observations has
revealed rather strong, i.e., up to 10 cm/s, and complex
zonal current structures in the middepth equatorial Atlantic
[Schott et al., 2003] with a large annual cycle superimposed
[Jochum and Malanotte-Rizzoli, 2003; Brandt and Eden,
2004]. Although similar flow structures can be found in the
other equatorial ocean basins as well, the equatorial Atlantic
is of special interest, since here, the lower part of the
meridional overturning circulation has to pass this complex
and fluctuating zonal flow regime. During the passage of
the deep meridional flow, its water mass characteristics,
which are otherwise more or less conserved in the interior,
higher-latitude ocean, might be altered because of lateral or
vertical mixing in the energetic zonal flow regimes near the
equator [Lux et al., 2001; Schott et al., 2003]. Furthermore,
it has been speculated [Johnson and Marshall, 2002] that
southward spreading transient tracer signals or dynamical
wave-like processes imprinted further upstream, might be
delayed or even stopped because of possible zonal excur-
sions along the equator of the deep southward flow.

[3] Such zonal excursion of transient signals have indeed
been reported for chlorofluorocarbon (CFC) measurements,
[e.g., Weiss et al., 1985; Rhein et al., 1995; Outdot et al.,
1998; Andrie et al., 1998]. Since the beginning of the 1980
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to 1990, CFC concentrations are detectable and increasing
in the deep western boundary current (DWBC) of the
tropical North Atlantic but stay very low above in the
intermediate water masses and in the surrounding water of
the DWBC. However, in a depth range of 1000 to 2000 m,
CFC maxima have been found along the equator also in the
interior with decaying amplitudes to the east, pointing
toward eastward zonal transports, connecting the DWBC
with the interior equatorial Atlantic. While early CFC
measurements were sparse in space, showing only a single
tracer tongue spreading to the east [Weiss et al., 1985], the
recent more detailed measurements, i.e., with higher spatial
density, begin to show a similar rich structure of tracer
tongues in the middepth equatorial Atlantic as the alternat-
ing zonal flow structure of the direct velocity observations
suggests. In fact, several off-equatorial tongues, extending
up to 10° north and south of the equator, show up as well in
the later CFC observations [4ndrie et al., 1999].

[4] Similar to the early CFC observations, ocean general
circulation models of the Atlantic Ocean at eddy-permitting
resolution tend to show a broad tongue high in salinity
along the equator in middepths, while such tracer structures
are not present at lower resolution [Boning and Schott,
1993]. However, this tongue gradually decreases with
longer integration time and its presence depends crucially
on subgrid-scale parameterization schemes [Krdger, 2001].
In this paper, it is shown that, similar to the recent CFC
observations, models with increased horizontal resolution
(eddy resolving) also reveal a much richer structure of such
tongues in various tracers extending into the subtropical
Atlantic. Furthermore, an analysis of float trajectories yields
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CFC-11 concentration in pmol/kg at different zonal sections and years from GLODAP.

Rough longitudinal locations and times are denoted on the figures. (a) Profile positions of the sections. (b,

¢, d, e, f) Actual data points (crosses).

estimates of the transport fractioning between the eastward
flow into the interior basin and the southward, cross
hemispheric DWBC.

[5] The tracer tongues are part of a basin-wide system of
alternating zonal currents as found now in several eddy-
resolving model simulations [7reguier et al., 2003; Nakano
and Hasumi, 2005; Maximenko et al., 2005; Richards et al.,
2006]. The forcing mechanism of these jets, however, is
under debate: while Treguier et al. [2003] suggest a linear
wind driven response being responsible for the zonal jets
near the equator, Galperin et al. [2004], Nakano and
Hasumi [2005], and Maximenko et al. [2005] suggest an
eddy-driven mechanism forming these jets, characteristic of
geostrophic turbulence on a (3 plane [Rhines, 1977]. Here,
the dependency of the strength of the zonal jets to the choice
of subgrid-scale parameterization are explored using sensi-
tivity experiments, pointing toward a strong dependency on
the amount of diapycnal mixing in the model.

[6] Beginning with a review of observational evidence
for the middepth tracer tongues by presenting several
published CFC sections in the equatorial Atlantic Ocean
in section 2, it is shown in section 3 that similar tongues

show up in the middepth equatorial Atlantic in different
tracers in an eddy-resolving model of the Atlantic. In
section 4 transport fractioning of the flow of the DWBC
into the interior (jets) and into the South Atlantic in the
model is estimated. In section 5 model dependencies of the
amplitudes of the middepth zonal jets are discussed to infer
possible generation mechanism in the model. The last
section concludes with a discussion of the results.

2. Observational Estimates of Tracer Tongues

[7] In this section, the observational evidence for the
existence of zonal jets in the equatorial Atlantic Ocean is
shortly reviewed in order to connect to the model results.
Figure 1 displays a compilation of observational estimates
of CFC-11 concentrations in zonal sections in the middepth
equatorial Atlantic from the early 1990s. The data have
been downloaded as quality controlled bottle data from the
GLODAP [Sabine et al., 2004] Web site (http://cdiac.esd.
ornl.gov/oceans/glodap/Glodap home.htm). All sections
have been regridded on a 100 m x 0.5° grid by optimal
interpolation using a radius of influence of 100 m and 1/5°
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Figure 2. CFC-11 concentration in pmol/kg at different sections from GLODAP. (a) Profile locations of

the sections. (b, ¢, d) Actual data points (crosses).

and four times larger cutoff radius. Note that the individual
sections have been discussed, e.g., by Rhein et al. [1995],
Outdot et al. [1998], and Andrie et al. [1998, 1999].

[s] Below the CFC rich thermocline, local middepth
maxima around 1500—-2000 m are evident in all sections.
In addition, deep maxima around 3500—-4000 m depth show
up in the sections west of 25°W (which are not further
discussed here). In general, the middepth maxima tend to be
larger to the west and toward the equator. In the section
along 35°W, these maxima are located at 1°—2° north and
south of the equator while a weaker one can be located
around 4°—5°N. At 30°W the equatorial maxima at 1-2°
north and south of the equator and at 4°—5°N are present as
well and, in addition, distinct maxima around 4°S and 6°S
show up. At 25°W the maximum at 1°-2° south is larger
compared to its northern counterpart, maxima at 4°N and
4°S can be found as well, with, however, much weaker
magnitudes compared to the western sections. Further to the
north concentrations are much lower, although another,
weaker maximum is located at 8°N and a profile at 6°N
might be interpreted as another local maximum. The sec-
tions to the east show much lower CFC-11 concentrations,
but with maxima 1°—2° of the equator.

[0] Overall, the observational estimates suggest a series
of CFC-11 rich zonal jets in the middepth equatorial
Atlantic, separated by about 2° in latitude, transporting high
CFC-11 concentrations from the western boundary current
into the interior equatorial Atlantic. There appears to be no

jet directly at the equator and the transport of the zonal jets
appears to be stronger toward the equator.

[10] Clearly, the CFC-rich water stems from the DWBC,
but how large is the concentration in the western boundary
current compared to the interior concentration? Figure 2
shows middepth CFC-11 concentrations at a section along
5°S in 1993. Since this section is located just south of the
jets along 4°N as seen in the section along 30°W in Figure 1¢
in 1994, the zonal extent of the jet can be traced into the
interior of the Atlantic. Consistent with the zonal section,
concentrations are decreasing to the east. At the western
boundary CFC-11 concentrations are highest with, however,
similar magnitudes as seen in the zonal sections at the
equator. Upstream, CFC-11 concentrations are much higher.
Figures 2¢ and 2d show sections across the deep western
boundary current roughly at 8°N. Note the different color
range. In 1994, middepth CFC-11 concentrations are more
than two times larger than in the jets at the equator and south
of the equator a year before. Note also the local maximum in
CFC-11 at 8°N in Figure 2c, which can also be seen as a
(weak) local maximum in Figure 1d at 25°W at the same
latitude a year before. Note that there is a strong time
tendency at this location since three years later concentrations
are two times higher than 1994 at 8°N.

[11] However, as long as we assume that the meridional
section in Figure 2b samples correctly the CFC-11 rich
signal in the western boundary current, we might conclude
that in 1993/94 concentrations in the western boundary
south of the equator are of similar magnitude than in the
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(a) The 3-year mean salinity minus 34.0 psu and (b) 3-year mean zonal velocity (in cm/s) in

1500 m depth in an eddy-resolving (1/12°) model of the Atlantic Ocean.

zonal jets in the interior of the equatorial Atlantic
(Figure 1b). This suggests that equatorial transports in this
depth range toward the interior and to the south along the
western boundary are of similar magnitudes.

3. Tracer Tongues in a Model

[12] Results from an eddy-resolving model of the Atlantic
Ocean are shown and compared to the CFC observations in
this section. The horizontal resolution (1/12°) of this model
is about 10 km at the equator decreasing to about 5 km in
high latitudes. The model domain extents from 20°S to
70°N with open boundaries [Stevens, 1990] at the northern
and southern boundaries. (The prescribed stream function
data for the northern boundary were made available by the
Arctic Modelling Group at AWI Bremerhaven, Germany
(R. Gerdes, personal communication, 2004); the stream
function for 20°S is the same as in DYNAMO.) and with
a buoyancy restoring zone in the eastern Mediterranean Sea.
There are 45 vertical geopotential levels with increasing
thickness with depth, ranging from 10 m at the surface to
250 m near the maximal depth of 5500 m. Surface boundary
forcing is given by monthly mean wind stress, a Haney-type
heat flux condition as given by Barnier et al. [1995] and a
restoring condition for sea surface salinity. Subgrid-scale
parameterization are biharmonic friction and diffusion (with
diffusivity of 0.8 x 10’ m*/s and viscosity of 2 x 10'® m*/s)
and a closure for the vertical turbulent kinetic energy (TKE)
following Gaspar et al. [1990], utilizing identical parameters
as Oschlies and Garcon [1999]. The model is based on a
rewritten version (FLAME) of MOM?2 [Pacanowski, 1995]
and is identical to the one used by Dengler et al. [2004] and
Eden et al. [2006]. The numerical code together with all
configurations used in this study can be accessed at http://
www.ifm.uni-kiel.de/fb/fb1/tm/data/pers/ceden/spflame/
index.html. The model is integrated for a 10 year spinup
period, the results shown here are taken from a subsequent
integration of 10 years.

[13] Similar middepth equatorial tracer tongues as in the
observations can be found in the model. Since there is no
CFC-11 simulation for the model, Figure 3a shows the long-
term mean salinity in 1500 m depth in the equatorial
Atlantic. Salinity is high in the deep western boundary
current related to the local salinity maximum in the depth
range of the upper NADW (about 34.95 psu) with a
negative horizontal gradient toward the southeast. Super-

imposed on this large-scale structure are zonal tongues of
high salinity reaching from the salty deep western boundary
current into the fresher interior Atlantic.

[14] Figure 3b shows the mean zonal velocity for the
same depth level in the model. Eastward zonal jets centered
about 1°-2° latitude north and south of the equator of about
1 cm/s fall together with the high-salinity tongues off the
equator in Figure 3a at the same latitude. Between both
eastward jets, westward zonal flow of about —1.5 cm/s can
be found, related to the relative salinity minimum at the
equator. Further eastward jets and high-salinity tongues are
roughly located at the latitudes 6°N, 10°N, 4°S and 8°S.
The mean zonal velocity related to the mean zonal jet
structures is rather low compared to, e.g., the deep western
boundary current, however apparently strong enough to
sustain the salinity tongues. Note that structures as the
salinity tongue cannot be found in the initial conditions of
the model [Boyer and Levitus, 1997] since observational
noise is dominating the horizontal pattern (not shown). This
means that the zonal jets are brought about by the internal
oceanic dynamics and become a robust feature of the
evolving flow field during the spin up.

[15] Similar tracer tongues as in salinity also show up in
various other tracers in the model. Figure 4 shows dissolved
oxygen and inorganic carbon (DIC) in 1500 m depth of the
same eddy-resolving model as in Figure 3. These tracers are
calculated coupling a simple pelagic ecosystem and carbon
cycle model to the general circulation model. The ecosys-
tem/carbon chemistry model is the same as in work by Eden
and Oschlies [2006] and was integrated coupled to the
eddy-resolving model for 15 years. Figure 3 shows the
annual mean of the last year. There are in both tracers large-
scale gradients between the DWBC and the interior; the
DWBC is richer in oxygen and lower in DIC than the
interior tropical Atlantic in this depth range because of
the interaction of different ventilation timescales and bio-
logical carbon drawdown and oxygen utilization. Near the
equator and the DWBC, tracer tongues at the same locations
and with a similar zonal extent as before for salinity show
up. Note that as before for salinity, these structures are not
present in the initial conditions for oxygen or DIC (not
shown), pointing toward a significant transport associated
with the zonal jets.

[16] Figure 5 shows two meridional sections of different
tracers and zonal velocity in the depth range of the equa-
torial tracer tongues. Figures 5a and 5b shows salinity at
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30°W and 20°W, respectively. There is saltier water com-
pared to the surrounding associated with the cores of zonal
jets in 1500 to 2000 m. Although weaker in amplitude at the
eastern section, the same structure in salinity shows up at
both sections. Furthermore, the local maxima fall together
with eastward zonal velocity in this depth range. Figure 5c
shows oxygen at 30°W and Figure 5d shows DIC at 20°W.
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Figure 6. Neutrally buoyant particles integrated for 5 years in the 1/12° model. Particles are deployed at
4°N in the deep western boundary current. Shown are end positions (dots) and trajectories of the last

45 days (lines). Color coding denotes depth.

there is also no such tracer signal near the western boundary
below 2000 m, in contrast to the depth range of 1500—2000 m,
where the DWBC carries such anomalous tracer signals.

4. Advective Transports in the Tracer Tongues

[17] Clearly, the tracer tongues are an imprint of a zonal
transport from the western boundary toward the interior of
the equatorial Atlantic. In the model, such a transport can be
generated by either lateral diffusion of the subgrid-scale
parameterizations or by advection. Note that the latter
process is of turbulent nature, which is sometimes param-
eterized or viewed as turbulent diffusion, [see, e.g., Bartello
and Holloway, 1991]. Here, however, the aim is to quantify
the advective transport associated with the zonal jets, either
by mean advection or by the resolved turbulent flow field,
excluding any effects of the (diffusive) subgrid-scale pa-
rameterization (which might be wrong).

[18] To quantify the Lagrangian transport and to differ-
entiate between effects of diffusion and advection, trajecto-
ries of neutrally buoyant particles integrated for 5 years in
the instantaneous velocity field of the model are discussed
in this section. Figure 6 shows the end points of the
particles, which are released at 4°N at the shelf distributed
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50.0°wW

48.0°W

46.0°W 44.0°W 42.0°W

Figure 7.

from 1000 m to 3500 m on 1 January. It is evident from
Figure 6 that indeed many particles make their way into the
zonal jets at 1°-2° north and south of the equator in the
depth range 1500—-2000 m. The particles which end up in
the jet at 4°S tend to be deeper, the ones in the jet at 6°S
again predominantly in 1500—2000 m and the particles in
the jet at 8°S tend to be shallower. South of 8°S no zonal
excursion of particles can be found. Here, the deep western
boundary current breaks up into coherent eddies [Dengler et
al., 2004].

[19] To quantify the transport related to the amount of
particles ending up in the interior zonal jets, it is possible to
relate the particles with volume transport following the
approach by [Ddds, 1995]. Each particle is assigned a
fraction of the meridional transport of the model grid box
in which it has been released. The fraction of the transport is
simply given by the number of particles in the particular
grid box at the start of the integration of their trajectories.
Figure 7 shows the instantaneous meridional velocity at the
start points of the particles at 4°N. Although it was tried to
place the particles in the deep western boundary current, this
definition is somewhat arbitrary since there are strong
recirculations (in the instantaneous as well as the mean
fields) evident in the velocity section. Also shown in Figure 7
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6 of 11



C12025

EDEN: MIDDEPTH EQUATORIAL TRACER TONGUES

C12025

c)

3 4 5 0 1 2 3 4 5

Figure 8. (a) Particle transports in Sv in the region —2500 m > z > —1000 m, 0° > y > 3.5°N, and
—40°W < x as a function of time from release in years. Different colors denote different release times, i.e.,
1 January (black), 1 April (red), 1 July (blue), 1 October (green), and 1 January of the following year
(magenta). (b) Particle transports in the region —2500 m >z > —1000 m, 4°S > y > 0°N, and —35°W <x.

(¢) Particle transports in the region south of 12°S.

is the cumulative transport in the depth range of the deep
western boundary current from 1000 m to 2500 m indicat-
ing nearly a compensation of the southward transport at the
shelf of about 20 Sv by northward flow between 47°W and
45°W. The particles are placed over the southward flow at
the shelf as well as the recirculation region and, for the
purpose of this analysis, all northward-southward transports
occurring between the shelf and 43.5°W are defined as the
transport of the deep western boundary current at this
section. This longitude was chosen since east of 43.5°W
the cumulative transport of the deep western boundary
current shows no large fluctuations (compared to west of
43.5°W).

[20] A first group of particles (10000) was released on 1
January of an arbitrary model year after the spinup of the
model. The sum of the (southward) transport of all these
particles is 27.1 Sv. After 5 years, 11.3 Sv have passed
12°S, whereas the rest (15.8 Sv) stays in the domain
between 12°S and 4°N. Of the remaining southward trans-
port north of 12°S, 1.9 Sv resides in jets just north of the
equator defined by the region 0° >y > 3.5°N and —40°W <
x between 1000 m and 2500 m depth. In addition, 1.6 Sv of
the transport resides in the jet just south of the equator, i.e.,
between 4°S >y > 0°N and —35°W <x and —2500 m >z >
—1000 m.

[21] However, these numbers change repeating the parti-
cle releases at later times, because of eddy activity involving
these particles. Figure 8 shows time series of the deep
western boundary current transport ending up in the jets
off the equator and south of 12°S calculated from five
groups of particles (10000 each) released in three months
distance in time. The transport in the northern equatorial jet
ranges between 1.3 Sv and 3.3 Sv after 5 year integration,
while its southern counterpart ranges between 0.5 Sv and
2.6 Sv. The time series show that these transport values are
already established after 2 to 3 years. In contrast, the
transport south of 12°S increases steadily with time, with
transport values after 5 years of 3.4 to 12.7 Sv while after 2
to 3 year integration there is an almost equal amount of
transport in the off-equatorial jets and south of 12°S.
However, there is no clear correlation between the amount
of transport south of 12°S and transport ending up in the

equatorial jets in the interior. The transport in the jets at 4°S
and 8°S are in general lower than the off-equatorial ones.

[22] The zonal Lagrangian mean velocities (not shown)
calculated from all floats show only slightly larger (2—3 cm/s)
magnitudes than the Eulerian mean velocities in the core of
the jets north and south of the equator. Therefore the Eulerian
mean velocities can be used as a good indicator for the
position and strength of the eastward zonal jets. However,
while the zonal Eulerian mean velocities directly at the
equator (Figure 3b) show westward flow of about 2 cm/s,
the Lagrangian mean velocities show no flow or even small
eastward flow. There is apparently no westward transport
related to the Eulerian mean westward jets between the
eastward ones. This finding is supported by the CFC meas-
urements, which also show CFC directly at the equator in any
section which must originate from the DWBC.

5. Model Dependencies

[23] The mechanism generating the equatorial zonal jets
might be assessed by considering sensitivity experiments
with the model. Figure 9 shows mean salinity in 1700 m
depth (after the 10 year spinup) in three different versions of
the model. Figure 9a) shows results from a model in which
the biharmonic diffusion was replaced by the Redi [1982]
diffusion tensor to%ether with harmonic background diffu-
sivity of 4, = 1 m*/s while Figure 9c) shows results from
a model version with increased biharmonic diffusion, i.e.,
A, =2.7 x 10" m*s instead of 4, = 0.8 x 10'° m*s as for
the standard case shown in Figure 9b).

[24] All other model parameters are left unchanged with
the following exceptions: For case a, a Bottom Boundary
Layer parameterization is included and the vertical diffu-
sivity parameterization is changed to the one proposed by
Gargett [1984] which, however, leads to only slightly
higher vertical diffusivities in the region of interest. For
case b, enhanced viscosity, i.e., 4, =2.7 x 10'° m*/s instead
of 4, =2 x 10'° m*s as for cases a and b is used, with
however minor influence on mesoscale activity. Overall, the
main difference in the three model experiments is given by
changes in the lateral diffusion scheme acting on tempera-
ture and salinity. As pointed out first by Veronis [1975]
lateral diffusion along geopotentials, as in cases b and c,
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(a, b, ¢) The 3-year mean salinity minus 34.05 psu and (d, e, f) 3-year mean zonal velocity

(cm/s) in 1700 m depth in a 1/12° model version with reduced diapycnal diffusivity (Figures 9a and 9d),
with normal diffusivity (Figures 9b and 9e), and with enhanced diffusivity (Figures 9¢ and 9f).

leads to a diapycnal projection of the diffusion fluxes. This
artifact is much reduced using lateral diffusion along iso-
pycnals, as in case a. Note that there are also other effects
due to the numerical representation of advection which
might increase the effective diapycnal diffusivities in eddy-
resolving models, [see, e.g., Griffies et al., 2000; Lee et al.,
2002], but it is beyond the scope of the present paper to
exactly quantify the amount of effective diapycnal mixing.
However, because of the Veronis effect, case ¢ should be most
and case a least diapycnally diffusive.

[25] The results from the different model experiments are
somehow counter intuitive. For the most diffusive model
(case c), the strongest imprint in salinity by the zonal jets
can be seen. Note that the salinity in the deep western
boundary current and in the eastern equatorial Atlantic is the
same in all model versions. Therefore it appears not to be a
possible change in the large-scale salinity distribution which
is responsible for the model difference. The relation be-
tween the subgrid-scale mixing in the model and the
strength of the jets is also supported by a look at the mean
zonal velocities in the different models, shown in Figures 9d,
9e, and 9f. The position and strength of the zonal jets
coincide again with the salinity tongues (similar to Figure 3)
in each of the experiments. The stronger the zonal veloci-
ties, the stronger the salinity signal in the equatorial
tongues.

[26] In the above section, it was found that there is
considerable Lagrangian tracer transport related to the zonal
jets. Furthermore, the colocation of both tracer tongues and
mean zonal advection, i.e., jets, in each of the sensitivity
experiments also suggest that advection (and not subgrid-
scale diffusion) is creating the salinity tongues in the
models. On the other hand, the salinity flux related to
isopycnal diffusion in case a is certainly (on mean isopyc-
nals, which are almost flat in this region) much stronger

than its biharmonic counterpart in case b and c. However,
this diffusive flux is obviously not efficient enough to move
much salty water from the deep western boundary current
into the fresh interior, since otherwise the large-scale
salinity gradient in case a would differ from the other cases.

[27] The amplitude of the tracer tongues are thus domi-
nantly given by advective effects, i.e., the strength of the
jets. The impact of the different subgrid-scale parameteri-
zation on the strength of the jets are given by their effect on
density, i.e., by the amount of diapycnal diffusion in the
different model versions (besides complications with the
nonlinear equation of state, which are neglected here). It is
therefore concluded on the basis of the model experiments
that more diapycnal mixing is related to stronger jets.

6. Discussion

[28] Observational evidence for middepth tracer tongues
in the equatorial Atlantic, as first proposed by Weiss et al.
[1985], has been reviewed and compared with results from
three different eddy-resolving model simulations, which
show good agreement to the observations. Strongest imprint
of the eastward jets in simulated tracers such as salinity,
oxygen and DIC and observed CFC are found 1°-2° off the
equator, further eastward jets are located around 4°—6°N/S
and 8°—10°N/S, although with a weaker signal in the CFC
measurements and the simulated tracer distributions. La-
grangian transport estimates in the model using float diag-
nostics show a fluctuating transport of 1 -3 Sv in each of the
eastward jets 1°—2°N/S off the equator compared to 3—12 Sv
throughflow into the South Atlantic. There was no seasonal
cycle apparent in the transport fractioning and the transport in
the jets at 4°~6°N/S and 8°—10°N/S is lower compared to the
eastward jets 1°—2°N/S off the equator. In the model, these
jets are part of a basin-wide system of alternating jets, as
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Figure 10. The 3-year mean zonal velocity along 30°W in c¢cm/s in the North Atlantic.

evident in Figure 10 showing the mean zonal velocity at
30°W. Jets with velocities of 1 -2 cm/s show up in the entire
North Atlantic, with a separation scale similar to the equato-
rial ones.

[29] Such jets are not a special feature of this particular
model or the Atlantic Ocean: Nakano and Hasumi [2005]
and more recently Richards et al. [2006] find similar jet
structure in models of the Pacific Ocean with a similar
meridional structure, i.e., 1°—2° separation scale. Treguier et
al. [2003] show evidence for similar jets in the South Atlantic
from floats and an eddy-permitting model. Maximenko et al.
[2005] analyzed satellite sea surface elevation data and a
global eddy-resolving model and find also similar zonal jets
in all oceans both in the model and the data. Recently, similar
middepth zonal jets near the equator has also been found in a
compilation of float data in the Atlantic Ocean by Ollitrault et
al. [2006].

[30] It should be mentioned that such zonal jets cannot be
found in coarser resolution models (i.e., with grid spacings
larger than the local Rossby radius), and that the initial
conditions for the present model do not contain any infor-
mation about the equatorial tongues in salinity, oxygen or
DIC. This means that the zonal jets are brought about by the
internal mesoscale oceanic dynamics and become a robust
feature of the evolving flow field during the spin up. Even
though the velocities associated with the jets are only of the
order of 1 cm/s, they still leave a profound signature on the
distribution of several independent tracers.

[31] What is the driving mechanism of the jets? Treguier
et al. [2003] suggest a frictionally arrested wind driven
response being responsible for a large part of the flow
structure in the tropical ocean, including the zonal jets. They
argue, on the basis of idealized model experiments, that the
response of the linear wave dynamics on the wind stress
forcing the tropical ocean, is able to provide the complicated
zonal flow structure, including the zonal jets, when it is
arrested by vertical friction or diffusion. This suggestion
was also further investigated by Nakano and Hasumi [2005]
for a model simulation of the tropical Pacific Ocean.

[32] However, following Rhines [1975, 1977], Galperin
et al. [2004], Nakano and Hasumi [2005] and more recently
Maximenko et al. [2005] suggest an alternative eddy-driven
mechanism of the jets’ formation. Galperin et al. [2004]
compare the model results of Nakano and Hasumi [2005]

with the famous pronounced band structure in Jupiter’s disk
and other planets of the solar system. They argue that
similar spectral characteristics of the flow on the planets
and in the ocean points toward a similar dynamical mech-
anism, i.e., geostrophic turbulence on a [ plane [Rhines,
1975, 1977]. Here, small-scale forcing is necessary to
invoke an inverse energy cascade to larger, anisotropic
scales, forming the banded flow structures on Jupiter and
also the oceanic zonal jets on earth as suggested by
Galperin et al. [2004]. In the ocean, the small-scale forcing
is thought to come from energy released (adiabatically) by
baroclinic and barotropic instability from the mean available
potential energy [Larichev and Held, 1995]. On Jupiter,
there is also the possibility of diabatic forcing on the small
scales coming from thermal convection by heating from
below [Galperin et al., 2004]. However, the energy cycle in
the ocean remains currently largely unknown [Wunsch and
Ferrari, 2004], and it is beyond the scope of this paper to
speculate about it, but recent experimental work [Read et
al., 2004] points toward the importance of small-scale
forcing in energy and enstrophy cascades also for the ocean.

[33] It should also be mentioned that the basinwide
system of jets (Figure 10) shows a tendency to become
equivalent barotropic off the equator; that is, the subsurface
flow direction inside the jets remains the same throughout
the water column. A similar feature was found in a model of
the Pacific Ocean by Richards et al. [2006] and is an
important feature of geostrophic turbulence on a [ plane
as discussed by Galperin et al. [2006]. This finding points
to a possible dynamical difference between the equatorial
and off-equatorial jets, as the former show a strongly
baroclinic structure. Nakano and Hasumi [2005] suggest a
superposition of a wind driven frictionally arrested wave
response with a strong baroclinic structure as suggested by
Treguier et al. [2003] with jets formed by geostrophic
turbulence to explain the complicated zonal flow structure
in the tropical Pacific Ocean.

[34] The model dependencies discussed here show that
stronger diapycnal mixing is related to stronger jets. Since it
is known from the CFC observations that there are zonal
jets, connecting the DWBC with the interior Atlantic, and
that there is significant transport related to these jets, the
surprising result is that the more diffusive model is in better
agreement with the observations, since the more diffusive
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models show stronger imprints in the middepth salinity
tongues. It might be speculated that the (diabatic) release
of mean potential energy by diapycnal mixing is responsible
to enhance the equatorial zonal jets in the model. However,
note that this (artificial) diapycnal mixing [Veronis, 1975]
feeds from potential energy which is normally unavailable
to adiabatic processes. Note also, that strengthened zonal
jets in response to increased diffusion or damping is also
observed for general circulation models of the atmosphere
[Held and Phillips, 1993]. Robinson [1997] explains this
nonlinear behavior by the fact that stronger diffusion is able
to enhance and to localize eddy momentum fluxes, which in
turn accelerate the mean zonal flow.

[35] The above described model dependency might be
taken as a hint toward enhanced diapycnal diffusivity
related to these jets. On the other hand, this finding is in
strong disagreement of direct turbulence measurements,
which show generally much lower diffusivities below the
thermocline and in particular a pronounced minimum in
equatorial regions [Gregg et al., 2003], suggesting very low
diapycnal mixing here. However, it is possible to speculate
that these measurements only show small time slices of the
turbulence field, while intermittent events, resulting from,
e.g., static instabilities induced by the flow itself, could well
be missed. In fact, d 'Orgeville et al. [2004] found layers of
constant densities of 50—100 m thickness in hydrographical
sections within 2° off the equator below the thermocline.
They argue that static instabilities can be generated by
inertial instability of the zonal (oscillating) background flow
and that strong vertical mixing due to these static instabil-
ities might be a plausible mechanism for this strong layer-
ing. On the other hand, it was argued that such layers can
also be generated by adiabatic layer thickness convergence
and divergence due to linear wave activity [Dengler and
Quadfasel, 2002].

[36] To conclude, the question of the driving mechanism
of the zonal jets and the amount of diapycnal mixing in the
interior equatorial ocean remains open here, but it is shown
that the horizontal flow in eddy-resolving numerical models
is very sensitive to diapycnal mixing, which is in most cases
artificial and influenced by subgrid-scale parameterizations
and numerical schemes and can obscure the interpretation of
model results. It should be noted that the models used in the
studies by Nakano and Hasumi [2005], Maximenko et al.
[2005], and Treguier et al. [2003] are very similar to the
present one and suffer from the same numerical problems,
maybe even more in case of coarser resolution. Therefore it
is stressed here that the interpretation of model results and
inference of possible forcing mechanism of (weak) zonal
jets in the interior of the ocean require caution. However, as
demonstrated from observations and model results, there is
significant transport along the equator into the interior of the
ocean associated with the equatorial jets. This transport
should be included in climate models to improve simula-
tions of southward spreading transient tracer signals.
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