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ABSTRACT

A primitive equation model to study the dynamics of the Agulhas system has been developed. The model
domain covers the South Atlantic and the south Indian Ocean with a resolution of %° in the Agulhas region
while coarser outside. It isdriven by aclimatology of the European Centre for Medium-Range Weather Forecasts.
It is shown that the model simulates the Agulhas Current, its retroflection, and the ring shedding successfully.
The model results show baroclinic anticyclonic eddies in the Mozambique Channel and east of Madagascar,
which travel toward the northern Agulhas Current. After the eddies reach the current they are advected southward
with the mean flow. Due to the limited numerical resolution only a few eddies reach the retroflection region
without much modification. These eddies are responsible for drastic enhancement of the heat transfer from the
Indian Ocean to the South Atlantic and lead to periodicities in the interoceanic heat transport of about 50 days
superimposed on the seasonal variability. Combined satellite data from TOPEX/Poseidon and ERS-1 show that
the observed vortices in the Mozambique Channel are comparable to those seen in the model. In contrast to
this the simulated eddies east of Madagascar seem not to be well reproduced. Analyses of the energy conversion
terms between the mean flow and the eddies suggest that barotropic instability plays an important role in the
generation of Mozambique Channel eddies. For the generation of Agulhas rings and other eddy structures in
the model the barotropic instability mechanism seems to be minor, and baroclinic instability mechanisms are
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more likely.

1. Introduction

The region around the southern part of Africa is
unique in its dynamics and features. The combination
of a strong and very stable western boundary current,
the Agulhas Current (L utjeharms 1996), aregion of very
high mesoscale activity at its termination and the im-
portance of small-scale features like ‘‘Natal Pulses,”
provide for a wide range of motions and interactions.
The region also appears to play an important role in the
global thermohaline circulation (Broecker 1991). Asthe
main region of the one alternative of warm water return
flow to the North Atlantic, the so-called warm water
path (Gordon et al. 1992), it serves as a missing link.
To understand the interoceanic transport of mass, heat,
and salt a detailed knowledge of the dynamics of the
Agulhas region is essential.

A number of open key questions prevent the under-
standing of the Agulhas region from being complete.
First, theidentification of the source regions of the Agul-
has Current is unknown. Historical data point out that
the main transport of the current is established by re-
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circulation in a subgyre of the southwest Indian Ocean
(Strammaand L utjeharms 1997). Contributionsfromthe
South Equatoria Current via the East Madagascar Cur-
rent are also evident. Great uncertainty remains about
the role of the Mozambique Channel. The sparse hy-
drographic observations do not give a consistent picture
of the feeding of the Agulhas Current. In the time mean
Stramma and Lutjeharms (1997) estimate this transport
as 5 Sv (Sv = 10° m® s*) or below.

After being fully developed at about 25°Sthe Agulhas
Current isin general very invariant in its path (Grund-
lingh 1983)—although times occur when it cannot be
found within its well-defined range off the coast—and
seems to have only small seasonal variability (Pearce
and Grundlingh 1982). Recent analysisindicates amean
volume transport of 65 Sv in the upper 1000 m (Stram-
ma and Lutjeharms 1997). South of the African conti-
nent the current leaves the shelf, retroflects in a tight
anticyclonic loop, and flows back into the Indian Ocean.
At the retroflection, which occurs in general between
20°E and 15°E (L utjeharms and van Ballegooyen 1988),
warm core rings are generated by loop occlusion and
drift into the South Atlantic. Even though the general
mechanism of ring shedding has been described in detail
(Lutjeharms and van Ballegooyen 1988), quantification
of the number of rings shed per year and the amount
of mass, heat, and salt transported are only roughly
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FiG. 1. Model topography. Boxes indicate horizontal resolution, the vertical axisis shown by the grayscale key. Note the constant resolution
in the region of interest (20°W-70°E) and the smooth coarsing in longitudinal direction outside. Open boundary conditions are specified at

the water points of all western, eastern, and northern walls.

known. For example, estimates of the westward heat
transfer from the Indian to the Atlantic Ocean due to
Agulhas rings currently range from 1.0 X 103 PW
(Garzoli et al. 1996) to 7.5 X 10-3 PW (van Ballegooyen
et a. 1994) (1 PW = 10 W).

For investigating these links in the global circulation
it is necessary to understand the mesoscale circulation
around the southern part of Africaand at least the Agul-
has Current itself in a proper manner. Numerical mod-
eling can help here because of the possibility of a dy-
namically consistent picture and the feasibility of chang-
ing single parameters to point out their relative impor-
tance and consequences. There are existing models that
cover the Agulhas region but these are either global
(Thompson et al. 1997; McClean et al. 1997; Maltrud
et a. 1998) and therefore not practical for running sen-
sitivity studies, required for separating single problems,
or are not eddy resolving (Matano 1996).

An eddy-resolving model of the Agulhas region has
therefore been developed to study the dynamics of the
Agulhas Current and the interoceanic exchange south
of Africa (Biastoch 1998). This model is described in
the next section. Section 3 deals with some general re-
sults to verify the numerical experiments, after that a
description of the most obvious feature of the model,
the mesoscale eddies in the source regions of the Agul-
has Current, is given (section 4). A discussion where
the occurrence in the real ocean should be verified and
a summary (section 5) closes the paper.

2. Model and data

The model that is used here is the Modular Ocean
Model (MOM: Pacanowski 1996), aflexible and widely
used version of the Geophysical Fluid Dynamics Lab-
oratory Model described by Bryan (1969) and devel-

oped by Cox (1984). It is based on the set of primitive
equations where the horizontal components of velocity
and the tracers, temperature and salinity, are prognost-
icaly integrated, the vertical component of velocity is
diagnosed via the continuity equation. After splitting of
the horizontal velocity componentsinto abaroclinic and
a barotropic mode the application of arigid-lid approx-
imation allows a streamfunction to be introduced.

The model covers the South Atlantic and the Indian
Ocean from 6.5°S to 65°S, 60°W to 115°E (Fig. 1). The
horizontal resolution is%° X 14° in the region of interest
(20°W-70°E), in the longitudinal direction the grid be-
comes coarser following a sinusoidal function to A =
1.2° at the meridional boundaries. In the vertical the
water column is resolved by 29 levels with Az varying
between 15 and 250 m. In Fig. 1 the increasing boxes
from the fine resolution area toward the boundaries in-
dicate directly the smooth transition to the coarse res-
olution area, the vertical resolution is shown by the
grayscale key. This grid is a compromise for compu-
tational costs between a fine resolution in the Agulhas
region that is required to simulate the Agulhas rings and
a model domain large enough to be bounded by several
landmasses. Nevertheless open boundaries enclose the
model—the Atlantic and Indian Ocean to the north,
Drake Passage to the west, and the Indonesian Through-
flow and the Southern Ocean south of Australia to the
east—where the model has to be connected to the rest
of the World Ocean. The simplest way of doing this
would be to restore temperatures and salinity to cli-
matological or observed values in these zones. But in
this case reflections at these boundaries could occur and
disturb the solution of the whole model.

A better option is to implement open boundary con-
ditions to alow waves and disturbances to propagate
outward. Here open boundary conditions according to
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Stevens (1990) are used, which meansthat the baroclinic
velocities are calculated at the open boundaries using
the linearized horizontal momentum equations. Thus,
the vertical shear of the current is free to adjust local
density gradients. Heat and salt are transported out of
the domain using a radiation condition plus advection
if the normal component of the velocity at the boundary
is directed outward. At the points where the normal
component is directed inward, a restoring to prescribed
data takes place—in this case to the monthly climatol-
ogy of Levitus et a. (1994) and Levitus and Boyer
(1994). To give the model information about the bar-
otropic circulation outside the domain the streamfunc-
tion is prescribed from the Parallel Ocean Climate M od-
el (POCM)—known as the Semtner and Chervin Model
(Semtner and Chervin 1992). Here a run with similar
forcing data (Stammer et al. 1996, their run POCM 4A)
has been chosen to also provide a monthly climatology.

The bottom topography is based on the NGDC 5 arc-
minute dataset and smoothed by a two-dimensional
symmetric filter (Shapiro 1970) once in the fine-reso-
lution region and three times in the rest of the model
domain. After the smoothing attempt (which is neces-
sary to avoid topographic instabilities), we have focused
on the realistic representation of single topographic fea-
tures. As an example it has been speculated that the
wrong position of the Agulhas retroflection in the Fine
Resolution Antarctic Model (FRAM: FRAM Group
1991) would be aresult of the strong smoothing of the
channel between the African continent and the Agulhas
Bank (Lutjeharms and Webb 1995). In level modelswith
a no-slip boundary condition like MOM advection of
water is only possibleif at |east two ocean boxes appear
in the desired depth. To ensure the exact representation
of the key topographic features (e.g., Agulhas Plateau,
Walvis Ridge, or Mozambique Channel; see Thompson
1995) these are rebuilt to their original depth or widened
to alow advection of water through these gaps.

Horizontal subgrid-scale diffusion and viscosity are
parameterized using a biharmonic operator with coef-
ficients A, = A, = —2.5 X 10* cm* s *. Because of
the strong dependence of the numerical stability on the
biharmonic coefficients these are fixed for the 15° X 14°
region and scaled by (AA)3 in the rest of the domain.
In the vertical a constant Laplacian parameterization is
used (k, = 0.3 cm? s, k, = 50cm2s?).

At the ocean surface athermal parameterization after
Haney (1971) is provided where the topmost level is
restored to an apparent atmospheric temperature using
a variable restoring scale with coefficients after Han
(1984) to take into account the feedback of the ocean
on the forcing; shortwave radiation is included as a di-
rect penetrative insolation. Together with the wind val-
ues all data are taken from a consistent monthly cli-
matology (Barnier et al. 1995), an analysis of the weath-
er forecast model of the European Centre for Medium-
Range Weather Forecasts (ECMWF). The cube of the
friction velocity (u*2) is used to force a simple mixed
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layer model of the Kraus—Turner type [Krausand Turner
(1967); wind-driven part only). The surface salinity is
restored with a timescale of 50 days to the climatology
of Levitus et al. (1994). To ensure the representation of
the Antarctic Bottom Water in the model, a zone of 4°
latitude has been specified in the vicinity of the Weddell
Sea where the tracers in the whole water column are
restored to the initialization data (see below). To avoid
unrealistic cold temperatures a *‘ zero order’” ice model
has been included, which simply means that the sea
surface fluxes that would cool the water are cut off at
points where the sea surface temperature is below a
certain value (—1.8°C).

The model is initialized with potential temperatures
and salinities from the L evitus WOA 94 dataset (L evitus
et al. 1994; Levitus and Boyer 1994) and started from
rest. It has been run for 30 model years to spin up to a
guasi-stationary state, which meansthat the wind-driven
circulation is stationary with a seasonal cycle. The ther-
mohaline circulation is varying on atimescale of thou-
sands of years, which is too expensive to integrate. So
the fields of temperature and salinity have a slow drift,
but nevertheless provide a good representation of the
general circulation. After this spinup period the three-
dimensional model fields have been sampled with an
interval of 3 days to produce a monthly climatology
over atime range of 5 years.

For comparison satellite data have been used. These
are combined data from the European Remote Sensing
Satellite No. 1 (ERS1) and TOPEX/Poseidon (TP) of
the period October 1992-December 1993, where the
ERS-1 orbitsarefitted to TP using aglobal minimization
of dual crossover differences (Le Traon et a. 1995; Le
Traon and Ogor 1998). This consistent dataset combines
the higher spatial resolution of the ERS-1 data with the
better accuracy of TR The rms error is 2 cm (AVISO
1998). The sea level anomalies that are obtained by
subtracting a 3-yr mean have been interpolated on the
model grid using a linear objective analysis technique
in space and time (Bretherton et al. 1976), which pro-
duced a 5-day time series of quasi-synoptic maps (A.
Kohl and N. Rix, personal communication).

3. General model results

A snapshot of the fine-resolution region (up to 55°S)
at 436-m depth (Fig. 2) shows the narrow Agulhas Cur-
rent with maximum velocities of 85 cm s close to the
African shelf (at the surface velocities of more than 2
m st occur). At thisdepth it is fed directly by the East
Madagascar Current, whereby anticyclonic eddies dom-
inate this contribution. The Agulhas Current retroflects
at 15°E and flows back to the Indian Ocean along a
strong meandering temperature front. The latter flow is
in good agreement with the Agulhas Return Current
prescribed by Lutjeharms and Ansorge (1997), manu-
script submitted to J. Phys. Oceanogr .; hereafter LA97).

In the direct vicinity of the Agulhas retroflection a
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Fic. 2. Snapshot of potential temperature and velocity at 436-m depth (level 10) for model day 18 Mar 35 (for velocity vectors every
second grid point is shown, values less than 2 cm s* are omitted). Land is shown in light gray and topography in dark gray.

complicated formation and drift of vortices occurs.
Warm core rings are spawned and drift along a north-
westerly route into the South Atlantic. About four to
six rings per year of different sizes and intensities can
|eave the region and cross the World Ocean Circulation
Experiment section A11, a line which runs from 45°S,
15°W to the African coast at 30°S. Similar to results
obtained from satellite observations (Gordon and Haxby
1990; Byrne et al. 1995) the path of the ring drift is
not invariant but spreads out over a broader latitudinal
range, indicating two main pathways.

The distance between the maxima of radial velocity
is a commonly used criterion for the diameter of Agul-
has rings. Duncombe Rae (1991) examined 17 rings
from historical data and found an average value of 240
*+ 40 km. With diameters between 220 and 300 km the
three anticyclonic rings (34°S, 8°E; 33°S, 1°W, and 29°S,
9°W) in this snapshot fit more or less into this range.
Duncombe Rae (1991) noted also an average depth of
the 10°C isotherm of 650 * 130 m in the center of the
Agulhas rings, which is in good agreement with values
of 600—700 m here (not shown). Cold core, cyclonic
eddies are also generated at the Agulhas retroflection,
which with anticyclonic onesinitially appear as dipoles,
but the cyclonic eddies have shorter lifetimesand remain
in the vicinity of the retroflection. This dipolelike be-
havior, with more intensity in the anticyclonic than in
the cyclonic part, has also been observed by satellite
measurements (Grundlingh 1995). The cyclonic parts
are acting as a recoil effect (Flierl 1977).

Figure 3 shows the mean volume transport of the

model. Between 30° and 35°S the transport of the Agul-
has Current increases from 47 to 67 Sv. Stramma and
Lutjeharms (1997) got a maximum transport of the
Agulhas Current of 65 Sv in the upper 1000 m from
the historical data, which agrees well with the value of
this model. A comparison of the model transport with
the Sverdrup transport calculated from the wind data
alone shows an excess toward the south, which points
out the degree of nonlinearity in the system. At 35°S
the mean transport in the model is more than 10 Sv
higher than the linear Sverdrup solution.

The splitting of the current into three sourcesfits also
well with the observations: about 5 Sv flows through
the Mozambique Channel, 20 Sv from east of Mada-
gascar, and the rest by its own recirculation in the sub-
tropical gyre of the Indian Ocean. It is noteworthy that
the transport through the Mozambique Channel has a
seasonal cycle. During the northeast monsoon phase in
austral summer the buffer zone of low windsthat divides
the west winds along the equator from the southeast
trades in the subtropics has shifted southward and cuts
off the channel from the anticyclonic subtropical cir-
culation. In consequence the transport through Mozam-
bique Channel is zero or very low (Fig. 4). In contrast
the transport is high with values up to 22 Sv in the high
phase of the southwest monsoon. This is a combined
effect of the northward-shifted trades together with the
occurrence of amaximum in the wind stress at the north-
ern tip of Madagascar (Biastoch et al. 1999, manuscript
submitted to Geophys. Res. Lett.). The latter provides
an additional Ekman transport that is directed into the
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Fic. 3. Mean barotropic streamfunction, averaged over the last five model years (30-35), in Sv. Negative values
indicate anticyclonic circulation.

channel. In this time the flow through the Mozambique
Channel contributes a quarter of the Agulhas Current
transport and is not neglectible.

A main difference between the model and observa-
tionsisthe degree of recirculation of the Agulhas Return
Current. Where Stramma and Lutjeharms (1997) cal-
culated a recirculation of 20 Sv west of 50°E and a
further 20 Sv up to 70°E, this is halved in the model
(Fig. 3). It can be shown that thisis aresult of the high
barotropic transport of the Antarctic Circumpolar Cur-
rent (ACC), which is maintained by values around 185
Sv in Drake Passage and south of Australia. These, ob-
tained from POCM (Stammer et al. 1996), are too high
in comparison to observations. The consequence is a
later recirculation of the Agulhas Return Current in the
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Fic. 4. Mean volume transports of the Agulhas Current at 32°S
(solid line), through the Mozambique Channel at 23°S (dashed line),
and of the East Madagascar Current at 23°S (dotted line) in Sv.

subtropical gyre due to the strong advection by the
neighboring ACC.

Obviousin Fig. 3isthe clear interconnection between
the Indian and the Atlantic Ocean, a consequence of the
zero line of the wind stress curl located 10°-15° south
of the southern tip of Africa. More than 30 Sv reaching
far—up to 2500 km—into the Atlantic, 20 Sv of this
contributes directly to the subtropical gyre. Since the
Indian Ocean is warmer at the same latitude than the
Atlantic this results in an interoceanic transfer of heat.
Thompson et al. (1997) obtained the zonal heat transport
due to the Agulhas Current system in FRAM by inte-
grating from the African continent to the zero line of
the streamfunction ¢ [EqQ. (1)]:

o] $=0
apC, f f u6 do dz, €]

Africa

where a is radius of the earth, p potential density, C,
heat capacity, u zonal velocity, and 6 potential temper-
ature; uf means that the product of both quantities is
averaged in time (in our case over 5 model years). At
20°E (and approximately 48°S) we end up with a value
of 0.87 PW in the mean. This is relatively high com-
pared to other modeling studies, for example FRAM
with 0.51 PW (Thompson et al. 1997). Reasons for this
contrast could be the different wind data, the different
prescription of the thermohaline fluxes (restoring to sea
surface temperatures in FRAM and a parameterization
of climatological fluxes in our model), or the too small
advection of warm water in the Indian Ocean in FRAM
as a consequence of the closed Indonesian Throughflow
(Ribbe and Tomczak 1997). Estimates from hydrogra-
phy are also lower, Gordon (1985), for example, got
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Fic. 5. (a) Integrated heat transport over the last five model years between the African continent and the zero line of streamfunction at

20°E (solid) and 14°E (dashed). Units are PW (1 PW = 10" W), negative values indicate westward transports. (b) Asin (a) but for integrated
vorticity 0-250 m. Units are 10° m? s*; negative values indicate anticyclonic vorticity. (c) Power spectrum of (b), normed to unit values:
vorticity at 20°E (solid), 14°E (dashed), and across section A11 (dotted). (d) Asin (c) but integrated over the Mozambique Channel at 18°S,

0—-250 m (solid) and over the Agulhas Current at 32°S, 0-1000 m (dashed).

0.023-0.47 PW from thermocline analyses, whereby the
large range of values is due to the uncertainty in the
return flow of cold water into the Indian Ocean. A more
extensive list of estimates can be found in De Ruijter
et a. (1999a).

More important than the absolute magnitude of the
interoceanic heat transport isits high variability in time;
Fig. 5a shows a time series over the last five model
years. Because of seasonal changes in the surface
boundary conditions there is a tendency of low west-
ward heat transfer in spring and high transfer in fall—
but sudden changes can occur at any time. Some of these
abrupt changes do not occur at 14°E, which means that
the differences in the two time series are due to the
longitudinal movement of the Agulhas retroflection
zone itself. The rest of the variability might be inter-
preted as an indicator of the Agulhas rings generated at
the retroflection zone.

More insight in the variability can be obtained from
the integrated relative vorticity (Fig. 5b); here seasonal
effects are smaller and the high-frequency structure is
more evident. The uncorrelated amplitudes mirror the
complicated structure in the retrofl ection zone with both
anticyclonic and cyclonic vortices. A power spectrum
of the curves (Fig. 5¢) shows that the predominant pe-
riods are the same, with maxima at 110 and around 50
days. Thereis no annual period in the vorticity at 14°E,
which provides that the retroflection zone itself has a
seasonal cycle in moving back and forth in longitudinal
direction. The occurrence of a 50-day period in the in-
tegrated vorticity across the WOCE section A11 indi-
cates that thisis due to the Agulhas rings. To determine
whether the periods of around 100 days and 50 days
are due to the dynamics of the Agulhas retroflection
mechanism itself or are dominated by other phenomena,
we focus on two sections farther north, one across the
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Agulhas Current at 32°S and one in the Mozambique
Channel at 18°S. The power spectra of the integrated
vorticity in the channel (Fig. 5d) has—besides the an-
nual period—maxima in the range 70—90 days and at
51 days, those across the Agulhas Current 110 and 59
days. It seems possible that the periodicities associated
with the retroflection and ring shedding are initiated in
these lower-latitude regions. Further focus must there-
fore be given to the regions north of the Agulhas Cur-
rent.

4. Mesoscale eddies in the source regions of the
Agulhas Current

Snapshots at 41-m depth (Fig. 6) show that there are
eddies not only in the vicinity of the Agulhas retroflec-
tion area but also in the Mozambique Channel and east-
southeast of Madagascar. These are of smaller size than
the Agulhas rings but partly have more radial velocities
than the Agulhas rings. The South Equatorial Current
(SEC), which separates the monsoonal circulation inthe
northern Indian Ocean from the subtropical regime in
the south (Gordon et al. 1997), flows westward at 12°S
and splits into two parts at the northern tip of Mada-
gascar. The northern branch flows toward the East Af-
rican coast and again divides into a northward flowing
East African Coastal Current, which leaves the model
domain, and an anticyclonic loop in the northern Mo-
zambique Channel. This loop pinches off anticyclonic
eddies that travel southward with the mean current
through the channel. An example of such an eddy is
marked in Fig. 6.

Because of the beta effect the eddies are trapped at
the coast (Bowman 1985). The drift of the eddies south-
ward through the Mozambique Channel seems to be
established mainly by advection in the Mozambique
Current, which flows close to the coast with average
velocities in the upper 500 m of 20-30 cm s*. Also
possibleisaself-induced motion that resultsfrom north-
ward and southward directed forces: After Shi and Nof
(1994) an anticyclonic eddy along awall is affected by
an equatorward directed force due to the beta effect.
This is compensated by a poleward effect that results
from the mirror image of the eddy on the boundary.
Also poleward directed isthe “‘rocket’ effect, generated
by the loss of anticyclonic fluid, as ajet along the coast
(Nof 1988). The sum of these three forces is usually
directed poleward (Shi and Nof 1994), as in the model.

The second branch of the SEC flows southward along
the eastern coast of Madagascar and forms also anti-
cyclonic rings that pass the southern tip of the landmass
and flow westward. Both kinds of vortices converge at
about 27°S—just at the region where the Agulhas Cur-
rent begins to form. They become advected southward
by the Agulhas Current with speeds around 30 km
day1.

These mesoscale features are seen in the mean eddy
kinetic energy (EKE) (Fig. 7), asmaximain the northern
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and central parts of the Mozambique Channel and along
the southeastern coast of Madagascar—with greater val-
ues than in the Agulhas retroflection area. Bands of
relatively high values connecting these areas to the
northern Agulhas Current indicate the pathways of the
energetic eddies, which have been seen in the snapshots.

Another measure of the variability can be obtained
from the sea surface height calculated diagnostically by
the model. Figure 8a shows the rms of the sea surface
anomalies (SSH’2”2) of model year 31. For this param-
eter the retroflection zone south of Africa does show
more variability than the source regions of the Agulhas
Current. Since the sea surface height is calculated di-
agnostically from the barotropic streamfunction, thisin-
dicates a more baroclinic signal focused at the surface
for the northern eddies. A direct comparison of the two
features (here not shown) offers that the Agulhas rings
reach a depth down to 1500—2000 m, whereby those in
the Mozambique Channel are not deeper than 400 m.
But nevertheless there are still local maxima of vari-
ability in the Mozambique Channel and east of Mada-
gascar. The same field, calculated from the TP/ERS-1
data (Fig. 8b), shows in general the same structure but
with more smoothed (due to the objective interpol ation)
and somewhat higher values compared with the model.
Only the variability in the Agulhas retroflection areais
in the same range—nbut the structures are about 5° farther
east, indicating a retroflection of the Agulhas Current,
which istoo late in the model for this averaging period.

The two preferred routes of the Agulhas rings—one
more northwesterly and one more zonally—are shown
in both datasets, which isin good agreement with results
of Byrne et al. (1995). The magnitude and meridional
extent of the variability of the Agulhas Return Current
between 25° and 55°E are too low. Because the general
characteristics of this flow agree with observations
(LA97) this discrepancy could be dueto amodel current
that is too stable. This may be a result of the bottom
topography smoothing required in such level models to
avoid instabilities. On the other hand, the Agulhas Pla-
teau at 27°E could block variability from the region east
of it. Only at 57°E where the southwest Indian basin
begins eddies are shed to the north and to the south,
resulting in a higher variability. The eddy paths in the
Mozambique Channel and along the Agulhas Current
are broader than in the model, but clear interconnections
between the two exist. All in all, the mesoscale vari-
ability in the model seems to be correct in a qualitative
sense.

The rms values in the northern M ozambiqgue Channel
are smaller, which indicates a more stable anticyclonic
loop than simulated. The sharp maximum aong the
southeastern coast of Madagascar is not seen in the sat-
ellite observations—although a path of higher variabil-
ity toward the Agulhas Current regions exists. But it
seems that the generation of eddies directly off the east
coast of Madagascar does not occur in the real ocean.
Moreover it seems that the eddies travel along a south-
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westerly route from the central Indian Ocean into the
region. This is difficult to prove in the model because
the resolution of the grid begins to enlarge east of 70°E.
A too zonal or slightly shifted SEC in the model could
also be responsible for this lack. A key point for this
seems to be the exact topographic realization of the
Mascarenes Ridge at 60°E, as Kindle (1991) showed in
a simple model. The remaining analysis will therefore
focus on the Mozambique Channel, which seems to be
simulated in our model with more success.

Figures 9a and 9b show latitude-time diagrams of the
sea surface anomaly averaged over astrip 4° wide along
the African Coast from the M ozambique Channel to Port
Elizabeth. Five anticyclonic vortices, indicated by pos-

itive values, are found in the model within one year.
The TP/ERS-1 data also show four to six anticyclonic
features, but with a more complicated structure in time
and space than the regular elevations in the model. A
different slope indicates that the features in the satellite
data travel somewhat slower than those in the model.
Nevertheless, the agreement in horizontal extent and
elevation values between the satellite data and the model
is reasonably good. The eddies in both datasets are sep-
arated by depressions of the sea surface. It can be shown
that these depressions are not due to cyclonic motions.
Only small cyclonic values occur between the anticy-
clonic highs, which seem to act as recoil effects. Both
datasets show also clearly the acceleration of the eddies
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Fic. 7. Mean eddy, kinetic energy, averaged over the last five model years, at 41-m depth. Units are cm? s-2 (note
the splitted key with an interval of 50 in the range 50—400 and 200 above).

south of 25°S by the advection in the Agulhas Current.
In the model the lateral extents of the eddies south of
25°S show pulselike characteristics.

In the vicinity of Port Elizabeth (34°S), where the
current leaves the coast, most of the mesoscale eddies
decay in the model (here not shown). This may have
dynamical reasons, but it is most likely that numerical
reasons are responsible. The first baroclinic Rossby ra-
dius decreases rapidly in this area to values below 30
km (Chelton et al. 1998) and is smaller than the grid
size of 31 km X 37 km. The biharmonic operator used
for diffusion and friction is very scale sensitive; it acts
mainly on the smallest grid scale. So only afew eddies
that are not more energetic but larger in size can pass
the region and reach the Agulhas retroflection region.
These have enormous influence on the dynamics in the
retroflection region. For example, one eddy reaches the
retroflection area by the end of February in year 34.
Due to enhancement of the velocity at the landward side
of the eddy, more warm water is advected into the South
Atlantic causing an increase of westward heat flux from
—0.3PWto —1.35 PW (Fig. 5a) in thistime of generally
low transports. But, those eddies that seem to disappear
nevertheless influence the interoceanic transport. Even
if these are no longer isolated vortices, enhancement of
the Agulhas Current remains, which augments the trans-
port of warm water into the South Atlantic.

To examine the mechanism responsible for the gen-
eration of the eddies in the Mozambique Channel, en-
ergy interaction terms are calculated from the 5-yr sta-
tistics of the model. The energy equation, deduced from
the two horizontal velocity component (u, v) eguations,

with all variables split into time-mean components and
fluctuations, a = @ + a’, contains two terms that de-
scribe the interaction between the mean flow and the

eddies:
"p'aplox + v'p'apldy
¢ J J J dpldz voo@
jJJ(UU—-F U'U'(a—i-i-(?—U) +Wa—v>dv,
ox oy ay
(2b)

where p(2) is the reference state for potential density,
here the horizontal average of the time mean. Because
model field correlations are only available for potential
temperature ® and salinity S, alinear equation of density
in the form p = py,(1 + BS — a®), where « is the
thermal and B the haline expansion coefficient, has been
used. The conversion from mean potential to eddy po-
tential energy, term (2a), can be used as an indicator
for baroclinic instability (BCl) (Beckmann et al. 1994;
Boning and Budich 1992), the work of the Reynolds
stresses on the shear, term (2b) if positive, for barotropic
instability (BTI).

Figure 10 shows the 2° running mean meridional de-
pendence of the two conversion terms, averaged over
the top 1100 m and three zonal bands: one intersecting
the Agulhas retroflection area (Fig. 10a), one intersect-
ing the source regions and the recirculation of the Agul-
has Current (Fig. 10b), and onein the open Indian Ocean
(Fig. 10c). Maxima of ‘“‘potential” for BCI are found
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in the retroflection region of the Agulhas Current
(around 40°S in Fig. 10a), dong the Agulhas Return
Current (40°-45°S in Figs. 10b and 10c) and in the
South Equatorial Current (10°—20°S in Figs. 10b and
10c).

The “potential’” for BTI is generally lower and, ex-
cept in the regions named above, is not significantly
different from zero. Only in the northern part of the
Mozambique Channel where the eddies are generated
is the term for BTI higger than those responsible for
the BCI (10°-20°S in Fig. 10b).

We therefore conclude that the generating mechanism
of the Mozambique eddies s different from those of the
Agulhasrings or the eddies generated along the Agulhas
Return Current. Interesting to note is the pronounced
minimum in term 2b—an indicator for *‘ negative BTI.”
This means that an energy transfer occurs from the ed-
dies to the shear, so the eddies seem to maintain the
mean flow. It is difficult to compare values between the
different meridional profiles because of the strong de-
pendence on the averaging region, but it seems clear
that BT plays an important role in the northern Mozam-
bique Channel. The ability of generating Mozambique

eddies does not depend on the wind field. The terms
calculated for a model run with Hellerman and Rosen-
stein (1983) wind forcing, which is stronger than the
ECMWEF forcing, does not give significantly different
results (here not shown).

5. Discussion and summary

It isdifficult to verify the occurrence of the mesoscale
eddies in the source regions of the Agulhas Current as
seen in our model. Because of sparseness of hydro-
graphic datain thisregion (first of all there are no long-
term time series) an uncertainty exists about the cir-
culation in the Mozambique Channel. Several authors
gave pictures on asteady circulation in the Mozambique
Channel that were inconsistent with one another. Harris
(1972) found three anticyclonic vortices with diameters
of 300 km transporting 10—20 Sv. He noted that, if these
features were nonstationary, as it seems from obser-
vations, they could be responsible for the time depen-
dency of the water mass characteristics in the Agulhas
Current. He also noted a strong anticyclonic eddy in the
vicinity of Durban at 30°S. L utjeharms (1976) examined
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data of the northeast monsoon season and found inflow
in the Agulhas Current mainly in the upper layerswhere-
by the intermediate layers are fed both through the chan-
nel and from east of Madagascar. The circulation that
Sadre and Da Silva (1984) found in the Mozambique
Channel was also dominated by anticyclonic vortices
but these had different locations and sizes compared to
the results of Harris (1972), which supports the theory
of a nonpermanent circulation in the channel. At the
latitude of Maputo (26°S) they noticed an atypical T-S
distribution and interpreted this as a result of intensive
mixing due to eddy formation. Grundlingh and Pearce
(1984) went a step further and noted that discrepancies
about the large-scale variability in the Agulhas Current
could be explained by mesoscale eddies in the northern
Agulhas Current, but they had in mind morethe cyclonic
vortices found in the northern Agulhas Current. Nev-
ertheless the same argument can be used to support the
existence of the anticyclonic eddiesin the sourceregions
of the Agulhas Current. Sedre (1985) examined the sur-
face circulation of the Mozambique Channel from ship-
drift data and found high velocities off the African coast
at 14°S and 23°S, which are comparable with the max-
ima at the same |locations as in our model. Together with

the fact that the circulation in the channel was clearly
anticyclonic, he concluded a honcontinuous flow in the
Mozambique Current. However, the large anticyclonic
gyre in the northern part of the channel is well docu-
mented by Donguy and Piton (1991); farther south, in
the narrows of the channel, they noted strong variability.
To summarize, at this point the discrepancies in the
hydrographic data can only be explained by a nonper-
manent circulation and the occurrence of eddies in the
Mozambique Channel.

The East Madagascar Current, on the other hand, is
a well-defined flow. It runs southward along the east
coast of Madagascar and retroflects at the southern tip
(Lutjeharms et al. 1981). Similar to the circulation in
Mozambique Channel, there is a time-dependent com-
ponent in the current that results in short-time flow re-
versals (Schott et al. 1988). It has been speculated that
additional southward flow and countercurrent structures
in the measurements of Lutjeharms et al. (1981) at 23°S
are due to the presence of mesoscale eddies (Swallow
et al. 1988). Traectories of surface drifters south of
Madagascar and in the southern end of the Mozambique
Channel show anticyclonic vortices (Lutjeharms et al.
1981).
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Single eddies have been tracked using satellite data
during their drift from Mozambique Channel and from
the eastern side of Madagascar (Grundlingh 1995).
Their drift rates of about 7 cm s~* are in good agreement
with our model results, but the spinsare mostly cyclonic.
The consequence of this cyclonicity is an adherence of
the eddies to the offshore edge of the Agulhas Current
and not absorption. Some of the observed eddies in the
southwestern Indian Ocean have anticyclonic spin
(Grundlingh et al. 1991) like the eddies in our model
but in those cases the drift directions are not in good
agreement.

The best support for the theory of the drift of me-
soscale eddies in the source regions of the Agulhas Cur-
rent and the current itself comes from more statistical
analyses of satellite data. Wang and Koblinsky (1996)
found high variability in the TP data at 32°S and related
this to local midocean topographic generation of bar-
oclinic Rossby waves. In any case, anticyclonic struc-
tures have been found that travel—as in our model—
southward. Stammer et al. (1996) examined TP dataand
found a picture of the variability in the Mozambique
Channel similar to the one in our model and east of
Madagascar. This is not surprising because of the same
source data, but it is interesting to note that the POCM
model also shows enhanced variability in the region.
The sameis true for the Parallel Ocean Program Model
(POP: Maltrud et al. 1998), although both models do
not reach the values of TP Fu and Smith (1996) men-
tioned also a discrepancy of the TP and POP valuesin
Mozambique Channel. Maltrud et al. noted that the var-
iability is significantly increased when daily data are
used for the surface forcing.

The periods around 50 days found in the interoceanic
heat transport and the vorticity dynamics (Fig. 5) are
noted also in the literature. Mysak and Mertz (1984)
reported oscillations with periods between 40 and 60
days in the region northwest of Mozambique Channel
(2°-4°S) and related them to local wind fluctuations.
The same periods have been found in the SEC just north
(Quadfasel and Swallow 1986) and east of Madagascar
(Schott et al. 1988). In contrast to Mysak and Mertz
(1984), Kindle and Thompson (1989) used a one-layer
reduced-gravity model to relate the 50-day period to a
barotropic instability of the system spanning the East
Madagascar Current and the East African Coastal Cur-
rent. Thisissupported by thismodel asthe energy analy-
ses in section 4 indicate. The same model of Kindle
(1991) also showed enhanced variability in the Mozam-
bique Channel, but more focused along the African
Coast than seen in our model experiments. Nevertheless
a connection to the Agulhas Current (respective to the
southern boundary) exists. It is ambiguous how to com-
pare the results of such one-layer models with our ex-
periments and if the high variability that Kindle (1991)
has shown is due to traveling isolated eddies. Finally,
from a recent statistical analysis of TP data a period in
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the 60-day band indicates eddy shedding in Mozam-
bique Channel (Stammer 1997).

The occurrence of the anticyclonic eddies in the
source regions and the Agulhas Current itself does not
contradict the theory and observations of the Natal Puls-
es (Lutjeharms and Roberts 1988). These soliton me-
anders are generated in the Natal Bight (29°S) due to a
barotropic instability and travel downstream with speeds
between 15 (van Leeuwen et al. 1999) and 20 km day—*
(Lutjeharms and Roberts 1988). Their cyclonic nature
causes an offshore displacement of the Agulhas Current,
whereas the anticyclonic eddies in our model cause a
stabilizing enhancement of the current together with an
offshore countercurrent. Since the resolution hereistoo
coarse to resolve the bottom topography of the Natal
Bight in detail, we do not see any of these meandersin
our results. But uncertainty exists about the triggering
mechanisms of the Natal pulses (De Ruijter et al.
1999b): the absorption of deep-sea eddies is one of the
possible candidates for causing a barotropic instability
that is required for the generation of Natal pulses. It
might be possible that the anticyclonic eddies seen in
themodel can provide thisinstability. On the other hand,
a coexistence also isimaginable. A time series sequence
of sea surface height maps from satellite data shows
alternating coherent cyclonic and anticyclonic vortices
in the Agulhas Current (van Leeuwen et al. 1999). If
the Natal pulses would have a great influence on ring
shedding south of Africa, as supposed by Lutjeharms
and de Ruijter (1996), and therefore on the interoceanic
transport, this is also true for the eddies in our results.
A model with finer resolution would be required to study
in detail the interaction of anticyclonic eddies in the
source regions of the Agulhas Current and cyclonic
pulses in the current itself as well as their influence on
the shedding of Agulhaus rings.

Another insight in the interplay of Natal pulses and
eddies with Agulhas rings comes from a study of Pich-
evin et al. (1999). With asimple model of aretroflecting
current they found that Natal pulses do not influence
the production of Agulhas rings. On the other hand,
transport pulses (that are acting as the eddies in our
model) do; every transport pulse leads to the separation
of an Agulhas ring. This cannot be checked in the cur-
rent version of our model because most of the eddies
do not reach the southern tip of Africain their complete
form.

Summarizing, there seemsto be great evidencein the
hydrographic data that the eddies that are found in the
source regions of the Agulhas Current in our model and
that are traveling toward the southern tip of Africaoccur
in the real ocean. The existence of these eddies explains
anumber of discrepanciesin the hydrography and short-
term reversals. A stringent verification for the eddiesin
M ozambigue Channel comes from the satellite altimetry
data that show clearly structures of traveling coherent
vortices. These structures are also found in independent
analyses. The enhanced variability at the southeastern
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coast of Madagascar indeed is more unclear, the eddies
in the real ocean seem to come from the central Indian
Ocean. When the eddies become absorbed by the Agul-
has Current, pulsating transport enhancement occurs.
Although the horizontal resolution of the model is not
fine enough to track all eddies toward the southern tip
of Africanor to study an interplay with the Natal pulses,
the results point out clearly that the eddies have enor-
mous influence on the interoceanic transfer of heat, salt,
and vorticity.
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