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a b s t r a c t

The influence of a large meridional submarine ridge on the decay of Agulhas rings

is investigated with a 1 and 2-layer setup of the isopycnic primitive-equation ocean

model MICOM.

In the single-layer case we show that the SSH decay of the ring is primarily governed

by bottom friction and secondly by the radiation of Rossby waves. When a topographic

ridge is present, the effect of the ridge on SSH decay and loss of tracer from the ring is

negligible. However, the barotropic ring cannot pass the ridge due to energy and

vorticity constraints.

In the case of two-layer ring the initial SSH decay is governed by a mixed

barotropic–baroclinic instability of the ring. Again, radiation of barotropic Rossby waves

is present. When the ring passes the topographic ridge, it shows a small but significant

stagnation of SSH decay, agreeing with satellite altimetry observations. This is found to

be due to a reduction of the growth rate of the m ¼ 2 instability, to conversions of

kinetic energy to the upper layer, and to a decrease in Rossby-wave radiation. The

energy transfer is related to the fact that coherent structures in the lower layer cannot

pass the steep ridge due to energy constraints. Furthermore, the loss of tracer from the

ring through filamentation is less than for a ring moving over a flat bottom, related to a

decrease in propagation speed of the ring. We conclude that ridges like the Walvis Ridge

tend to stabilize a multi-layer ring and reduce its decay.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

After being spawned from the Agulhas Current, large
anticyclonic Agulhas rings move into the southeastern
Atlantic Ocean where they lose energy and exchange heat
and salt with their surroundings (Van Ballegooyen et al.,
1994; Duncombe Rae et al., 1996). The Agulhas rings are
an important factor in the interocean exchange in the
Agulhas region and are shown to contribute to the global
thermohaline circulation (Gordon, 1986; De Ruijter et al.,
1999; Weijer et al., 2002). The observed decay in sea-
surface height (SSH) of Agulhas rings by Schouten et al.
ll rights reserved.
(2000) corresponds with the loss of Agulhas ring water
which occurs mainly through shedding large filaments of
Agulhas ring water as shown in a numerical study by De
Steur et al. (2004). The decay of oceanic rings in general is
related to a mixed baroclinic/barotropic instability of the
rings which has been investigated for a whole set of ring
parameters by Drijfhout et al. (2003).

On their way to the Cape Basin into the Atlantic Ocean,
Agulhas rings encounter different topographic features
such as seamounts, the continental shelf and submarine
ridges. The Walvis Ridge, extending from 20�S, 10�E to as
far as 34�S, 15�W and having a height up to 2400 m, is the
largest of these features. Byrne et al. (1995) and Van
Ballegooyen et al. (1994) have shown that the Walvis
Ridge has a considerable impact on the evolution of
Agulhas rings, such as decreasing their propagation

www.sciencedirect.com/science/journal/dsri
www.elsevier.com/locate/dsri
dx.doi.org/10.1016/j.dsr.2008.11.009
mailto:desteur@npolar.no


ARTICLE IN PRESS

L. de Steur, P.J. van Leeuwen / Deep-Sea Research I 56 (2009) 471–494472
velocity, altering their general west-northwest course and
steering the rings through the deepest parts of the ridge.
In addition to these findings, Schouten et al. (2000)
observed that the decay rate of the SSH of the rings
decreases after crossing the Walvis Ridge. Both Byrne et al.
(1995) and Schouten et al. (2000) have suggested that
topographic features like the Walvis Ridge or seamounts
may have a strong influence on mixing and dissipation
of rings.

Many numerical studies have been performed to
investigate the behavior of rings in the presence of sloping
bottom topography, mainly focusing on the changes in
propagation of eddies (Thierry and Morel, 1999; Jacob
et al., 2002) or differences between anticyclonic and
cyclonic eddies with respect to topography (Smith and
O’Brian, 1983). Kamenkovich et al. (1996) varied the
vertical structure of eddies in a 2-layer primitive-equation
model and showed that baroclinic eddies can cross a
shallow modeled ridge, whereas barotropic ones cannot.
They also show that in presence of a ridge the amount of
transported tracer with an eddy is larger than in the case
of a flat bottom, but there is no physical explanation given
for this result. Beismann et al. (1999) investigated the
migration of rings for a ridge with varying height using a
2-layer quasi-geostrophic model. They found that the
lower layer becomes decoupled from the upper layer and
only when the rings obtain a state of deep compensation
can they cross the topographic obstacle.

The result of Kamenkovich et al. (1996) that the
amount of tracer transported by rings moving over a
ridge is larger than for rings moving over a flat bottom is
in contradiction with suggestions that topography may
enhance mixing of thermohaline properties of rings. Here,
we investigate the effect of a topographic ridge on the
decay of SSH and tracer loss from Agulhas rings more
thoroughly, using a primitive-equation isopycnic model
and a topographic ridge of realistic dimensions. The main
research question dealt with in this paper is which
processes are responsible for the mixing of ring water
with the environment and the decay of the ring when a
topographic ridge is present. This is a natural follow-up of
De Steur et al. (2004) in which the decay of a multi-layer
ring over a flat bottom case is investigated.

To this end we start with a ring in a barotropic ocean in
Section 3, of which the results are compared to those from a
2-layer ring with a significant barotropic component in
Section 4. The changes in SSH decay and tracer content are
determined for a flat bottom and in presence of a ridge. In
Section 2 the numerical model that is used for the
experiments as well as the initial conditions are described.
The conclusions are summarized and discussed in Section 5.
2. Model setup

The model we use for the experiments is MICOM
(Miami Isopycnic Coordinate Ocean Model) version 2.7, as
described by Bleck and Smith (1990). We use a 1200�
1200 km domain with a horizontal resolution of 5 km. In
the 1-layer case we use sponge layers of 50 km (or 10
gridpoints) on all lateral boundaries where the barotropic
fields are linearly relaxed towards the initial values. In the
2-layer case we apply doubly periodic boundary condi-
tions on all lateral boundaries. In the 1-layer case there is
one layer of 4000 m thickness and in the 2-layer case
there are two isopycnal layers of 400 and 3600 mm,
respectively, which have potential density anomalies of
26.37 and 27:68 kg m�3. The diffusion velocities for
momentum dissipation and for mixing of temperature
and salinity are 0:5 cm s�1 (which are multiplied by the
grid distance to obtain the actual coefficients). The
coefficient used in deformation-dependent viscosity is
0.5. Diapycnal diffusion is set to zero. Bottom stress is
parameterized by a quadratic drag relation with a drag
coefficient CD of 0.0013. All the model runs are performed
on the beta-plane. In the 1-layer case two additional
experiments are performed to investigate the effect of
bottom drag. A passive tracer is initialized within the ring
in order to quantify the amount of stirring of ring water
from the ring, identical to the method described by De
Steur et al. (2004). The topographic ridge is modeled as an
idealized, meridional ridge with a zonal Gaussian profile
which has a maximum height of 2400 m and an e-folding
width of 60 km. The vortex is initialized as an inverted
potential vorticity anomaly (PVA) in order to avoid rapid
growth of instabilities in the ring (Carton and McWilliams,
1989; Herbette et al., 2003). The only difference is that
we neglect the relative vorticity term in the PVA and
approximate the layer thickness as

h1ðrÞ ¼ H þ H

DQ0 1�
r2

R2

� �
exp �

r2

R2

� �

�f 0 þ DQ0 1�
r2

R2

� �
exp �

r2

R2

� � (1)

where DQ0 ¼ �f 0ðDh=ðDhþ HÞÞ. We choose the value of
the Coriolis parameter f 0 at the center of the ring to obtain
a circular symmetric profile. The total velocities are
initialized in cyclogeostrophic balance. For the 1-layer
ring, H is the undisturbed layer thickness of 4000 m and
Dh is the initial SSH anomaly of 70 cm, giving maximum
azimuthal velocities of about 70 cm/s. For the 2-layer ring
H is the undisturbed upper layer thickness of 400 m and
Dh the maximum interface anomaly of 390 m. The rings
have an initial radius R of 100 km. The 2-layer ring has
maximum baroclinic velocities of 50 cm/s in the upper
layer and 10 cm/s in the lower layer. An additional
barotropic component with the same shape as Eq. (1)
and equivalent to a barotropic velocity of 15 cm/s is added
such that the ring is co-rotating. The initial maximum SSH
anomaly of the 2-layer ring is 60 cm. The ring parameters
are realistic in that sense that they are simplified for these
single and 2-layer cases relative to previous multi-layer
modeling studies of Agulhas rings (Drijfhout et al., 2003;
De Steur et al., 2004).

3. The 1-layer ring

3.1. Ring evolution—flat bottom

We start by describing the evolution for a 1-layer ring
and a flat bottom in order to determine the effect of
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bottom friction. The ring is initialized at 6:5�E, 30:5�S. On
average the translation speed of the ring is 5.5 km/day.
The evolution of the sea-surface elevation with bottom
drag turned in Fig. 1(a) shows that the ring radiates a
barotropic Rossby wave at day 30. Both the ring and wave
are almost completely dissipated at day 80. When bottom
friction is turned off (Fig. 1(b)) the ring dissipates less fast
than in the case with bottom drag. At day 80 the ring
is still visible in the SSH field and shows two cores.
Additional cyclonic and anticyclonic structures have
appeared in the domain due to interaction of the Rossby
wave with the ring and the boundary.

The passive tracer in the 1-layer case is initialized
having a value 1 inside a boundary B defined by the
barotropic pressure Pb as B ¼ P0

b þ 5%Pmax
b . Outside this
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Fig. 1. Sea-surface elevation at days 30 and 80 (contours; interval ¼ 6 cm) for t

without bottom drag.
boundary the tracer is 0. With bottom friction the
evolution of tracer concentration at days 30 and 80
(Fig. 2(a)) shows that tracer is removed from the ring
through the development and shedding of large filaments
as described in De Steur et al. (2004). With bottom friction
turned off, initial filamentation of tracer is identical but at
day 80 the tracer filament is much smaller (Fig. 2(b)).

The initial fast decay of the maximum SSH (which
corresponds with the center of the ring) as a function of
time takes place during the first 30 days (Fig. 3(a)).
Hereafter the SSH signal increases slightly again until days
50–60, after which it rapidly decreases. The integrated
tracer content of the ring as a function of time shows the
same trend (Fig. 3(b)) since the boundary of the ring is
determined by SSH. After 85 days the tracer content in the
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Fig. 2. Tracer concentration at days 30 and 80 (contours; interval ¼ 0:3) for the barotropic ring: (a) flat bottom with bottom drag and (b) flat bottom

without bottom drag.
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ring is 50% and the ring has reached the sponge layer at
the boundary of the domain. Hereafter, as the ring
dissipates at the boundary of the domain, the ring
boundary and thus tracer content, can no longer be
determined. Without bottom friction, the SSH decreases
as a function of time is much smaller (Fig. 3(a)) and it
shows a large increase of SSH around day 50. Thereafter,
SSH decays at the same rate as in the case with bottom
drag. The total tracer content of the ring as a function
of time shows that there is less tracer leakage from
day 60 onwards (Fig. 3(b)), consistent with the fact
that a smaller filament is shed from the ring in this case.
After 85 days the tracer content of the ring without
bottom drag is still 80%.
3.2. Ring evolution—ridge

In the presence of a meridional topographic ridge
and with bottom friction on, the ring moves slower
than in the case of a flat bottom with an average
speed of 3.8 km/day. The initial evolution of the
ring is similar to that in the flat bottom case, however,
after 80 days the ring is blocked by the ridge and it
is still clearly visible in SSH (Fig. 4(a)). When bottom
drag is turned off, the ring dissipates less fast (Fig. 4(b)).
As the ring meets the ridge it develops towards
a weak dipolar structure, with the cyclonic part
at 4�E, 32�S, which will be discussed in more detail in
Section 3.3.2.
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Tracer evolution of this ring (Fig. 5(a)) shows that
filamentation is not much different from the ring in the
case of a flat bottom. The ring without bottom friction
(Fig. 5(b)) is again subject to less filamentation than with
bottom friction turned on. In both cases of bottom friction
turned on and off, the decrease in maximum SSH as a
function of time (Fig. 3(a)) is larger during the first 60 days
in comparison with a flat bottom. After those 60 days,
however, the maximum SSH decay is smaller.

The integrated tracer content of the ring as a function
of time in the case of a ridge (Fig. 3(b)) is only slightly
different from the flat bottom case. After 85 days of the
rings evolution with bottom friction on, the ring has
the same amount of tracer content, 50%, as in the case of a
flat bottom.

In all cases discussed above, a large increase in
maximum SSH between days 50–60 occurs which appears
to be a result of the boundary conditions we use. A
comparison between the (normalized) maximum in
SSH with the maxima of relative vorticity, kinetic energy,
and potential energy, respectively (Fig. 6), shows that
potential energy increases similarly in time as SSH as
expected for the barotropic case. A comparison with a
model experiment on a larger domain of 1800 � 1800 km
shows a monotonic decay in SSH decay, unlike the
1200� 1200 km case, indicating that the domain-size
influences the behavior of the barotropic wave (Fig. 7).
The barotropic wave energy that is radiated eastward
from the ring is not fully absorbed by the sponge layer in
the smaller domain. A Kelvin-wave like feature transports
the energy clockwise around the basin and influences the
ring as soon as it starts to come closer than one Rossby
radius of deformation from the western extend of the
sponge layer (at day 50). Identical behavior of SSH after 40
days of integration was found by Kamenkovich et al.
(1996) in their 2-layer model experiments, but no
explanation was given for the local increase of SSH. For
the remaining of this paper we analyze the evolution of
the ring in the small domain since the dominant terms in
the energy balance do not change with increased domain
size (see Section 3.3.1).
3.3. Analysis of 1-layer ring results

3.3.1. Energy

To understand the observed difference in tracer and
ring decay described above and the fact that the
barotropic ring does not cross the ridge, we look at the
evolution of the kinetic energy. The kinetic energy Ekin is
calculated in three ways: integrated over the ring itself,
over the area outside the ring, and over the total domain
(Fig. 8(a)). In the case of bottom friction the rate of change
of Ekin in the ring’s interior is dominated by bottom
friction and the time-scale of the initial fast decay of the
1-layer ring is determined by the Ekman time-scale of
approximately 40 days (tE ¼ H=fdb with db the Ekman
layer thickness). However, the energy of the ring is also
subject to Rossby-wave radiation which becomes appar-
ent in the case without bottom friction (Fig. 8(b)). Here,
we would like to refer to the pioneering works of
McWilliams and Flierl (1979), Mied and Lindeman
(1979), and Flierl (1984) where Rossby-wave radiation
by vortices is first described as well as McDonald (1998)
and Flierl and Haines (1994) who all show that Rossby-
wave generation leads to radius decay and meridional
propagation of eddies.

The energy loss of the ring is approximately 50% after
100 days which is solely due to Rossby-wave radiation as
will be demonstrated below. With bottom friction the
total energy loss of the ring is as much as 85% in 100 days.
It is difficult to separate the energy decay due to bottom
friction from that due to Rossby waves since the radiated
wave is damped by bottom friction as well.

A periodic pattern with a period of initially 50 and later
70 days is present in both cases, however, more apparent
without bottom friction than in the case with bottom
friction. To understand its origin we investigate the
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bottom drag.
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contribution of the different terms in the energy equation
to the energy budget for the simplest case (1-layer and flat
bottom). The equation is obtained by multiplying the
barotropic momentum equations with the barotropic
velocity ~U, and the total depth H, and has the final form

H
q 1

2 j
~Uj2

qt
¼ �

1

r
H~U � rPb � H~U � r

1

2
j~Uj2

� Hg~U �
q~tb

qp
� H~U � ~nu (2)

where Pb is the barotropic pressure, r is the density, tb ¼

Cdjūbjūb is the bottom drag, and nu is the horizontal
turbulent viscosity. The first term on the right-hand side is
the pressure work, followed by terms representing
advection, dissipation by bottom friction and dissipation
by lateral friction. The pressure term can be split up into a
potential energy term and an energy flux term. In the
1-layer case, however, the potential energy is two orders
of magnitude smaller than the kinetic energy since
gZ2=HU2

� L2=R2
d51 (using the approximation L5Rd and

the geostrophic balance gZ=L ¼ fU) and hence, the
pressure term is left in this form. Each term is averaged
over a period of half a day to average out gravity wave
energy (Drijfhout et al., 2003).

Fig. 9(a) shows the local rate of change of kinetic
energy (qEk=qt), (b) the pressure work term, (c) the
advective term, and (d) bottom friction for days 10 and
30. These four terms are of similar order of magnitude
while lateral friction is negligible.
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At day 10 the ring seems to intensify in its center,
which is due to the pressure work term. The pressure
work term is governed purely by the ageostrophic flow
since ~u � rPb is zero for geostrophic flow. Since the
pressure-gradient force ð�grad pÞ is directed outward,
the ageostrophic velocity is also directed outward.
Hence water is moved from the center to the outer parts
of the ring, explaining the fast decay of the maximum
SSH in Fig. 3.

The advective term and the bottom friction term are
important only in the ring itself. The shape of the
advective term is determined by the northwestward
motion of the ring center. Both the advective term and
the pressure work term show a mode-2 shape after 30
days clearly indicates that a weak barotropic instability
has grown from days 10 to 30 and which deforms the ring
such that it obtains an elliptical shape. This weak
instability is saturated in time since the ring does not
split. In the region outside the ring the barotropic Rossby
wave is visible in qEk=qt and is balanced by the pressure
work term. Even though the ageostrophic velocities are
still small (O(1 cm/s)) compared to the geostrophic
velocities outside the ring (O(10 cm/s)), the pressure
work term dominates the evolution of the energy field
outside the ring.

When a topographic ridge and bottom friction are
present the fields of qEk=qt, pressure work, advection,
and friction are surprisingly identical to the fields for a
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flat bottom (not shown here). We conclude that a
topographic ridge has a negligible effect on the energy
balance terms of the 1-layer ring but it does prevent the
ring from passing.
3.3.2. The 1-layer vorticity

We turn to the vorticity balance to study the Rossby-
wave decay in more detail. We follow Boudra and
Chassignet (1988) and use the full vorticity equation for
a primitive-equation model with a generalized vertical
coordinate s:

qzs

qt
¼ �~u � rszs � bv� ðzs þ f Þrs �~u�~k � rs � g

q~tb

qp

þ~k � rs � nu (3)
The vorticity equation consists of relative vorticity advec-
tion, planetary vorticity advection, stretching, the curl of
bottom friction, and a dissipative term (curl of viscous
diffusion). All these terms are averaged over a period of
half a day to eliminate the effect of fast gravity waves. The
quadratic bottom drag term tb is parameterized as
tb ¼ Cdjūbjūb, where Cd is the drag coefficient and ūb

represents the average velocity in a slice of water just
above the bottom. The horizontal turbulent viscosity is
represented by nu.

For the flat bottom case, the dominant terms in the
vorticity equation are the local time derivative of
the relative vorticity, zt , the planetary vorticity advection
and relative vorticity advection (Fig. 10(a–c), respectively).
The stretching term is one order smaller in magnitude
since the external Rossby radius of deformation Rd

(about a thousand km) is much larger than the ring’s
radius (about 100 km). The bottom friction and viscous
terms are negligible in the vorticity balance. The far
field evolution of zt and advection of planetary vorticity
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is completely determined by the short Rossby wave
(L5Rd) that is radiated from the ring. In the ring itself zt

is determined by the sum of planetary and relative
vorticity advection.
The wavelength of the Rossby wave (Fig. 10(b)) is
approximately 420 km. Using a phase speed
b=k2

� 4 cm s�1, the period of the wave is estimated to
be 120 days. But, since the ring moves westward at a
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speed of 5:5 km day�1
¼ 6:4 cm s�1, the wave energy

moves with a speed of 10 cm s�1 from the ring. Accord-
ingly, the ring radiates the waves with a 2.5 times higher
frequency or 2.5 times smaller period which amounts to
T ¼ 120=2:5 � 50 days, which explains the observed wave
period in Fig. 8(b).

Initially, in the case of a ridge, the vorticity balance is
identical to the flat bottom case and shows similar
Rossby-wave radiation. Bottom friction and lateral dis-
sipation of vorticity are slightly larger along the ridge
than in the case of a flat bottom. Due to conservation of
potential vorticity, stretching of slope water pulled
from the ridge by the outer edges of the ring lead to a
patch of negative vorticity as the ring encounters the
ridge. This is visible in relative vorticity and advection of
relative vorticity in the filament from 29�S, 3�E to 31�S,
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5�E (Fig. 11). This result was previously explained by
Zavala Sansón and Van Heijst (2000) and Van Geffen and
Davies (2000) and it leads to the dipolar structure visible
in SSH (Fig. 4(b)). Once formed, the propagation direction
of the dipole is southeastward, preventing the ring from
approaching the ridge closer. This can be understood by
the following simple order of magnitude argument. The
propagation speed of a point vortex pair with circulation
strength G and distance between the two vortices 2d is
given by

U ¼
G

2p2d
(4)

Several experiments with different heights of the ridge
show that the ring cannot pass the ridge when it is higher
than about 200 m. Potential vorticity conservation of
fluid stirred from a ridge of this height leads to a relative
vorticity of

z ¼
4000

3800
f � f ¼ 0:05f (5)

leading to a typical circulation strength of G � 0:05fd2.
Using now that f ¼ 10�4 s�1 and d � 200 km gives a dipole
speed of U � 7 cm=s which is enough to bring the vortex
to a halt. Here, the dipole is only well developed in the
case without bottom friction. The 1-layer ring with
bottom friction dissipates too fast in order to develop
this dipolar structure. For a stronger ring (with an
initial SSH of 100 cm—not shown here) the dipole does
develop completely and southeastward propagation is
indeed observed.

4. The 2-layer ring

In this section the influence of a lower layer on the
evolution of tracer, energy, and vorticity of a ring
approaching a ridge is investigated. The major difference
with the barotropic case is that the ring is able to cross the
ridge in this case.

4.1. Ring evolution—flat bottom

In all model experiments discussed here bottom
friction is included. The ring is initialized at 8�E, 32�S.
The time evolution of tracer in the 2-layer ring appears
to be very different from the purely barotropic ring
(Fig. 12(a)). The ring remains coherent for more than
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200 days and it moves at a somewhat slower speed
(3.3 km/day) towards the northwest. The tracer filament
formed is much larger than for the barotropic case. After
180 days the filament is shed off as a small ring-like
structure, which depends on details of the initial velocity
profile (Drijfhout et al., 2003). The evolution of tracer in
the second layer is very different from that in the upper
layer (Fig. 12(b)). There is no tracer left in the lower layer
ring at day 240, which corresponds with results from De
Steur et al. (2004) where it is shown that for all modeled
multi-layer Agulhas rings tracer is completely removed in
the layers below the thermocline.

The SSH of the ring decays much slower than in the
barotropic case (Fig. 13(a)). After 240 days the SSH has
decreased by only 32%. Clearly, in this case the decay
time-scale is not determined by bottom friction. The total
tracer content in the 2-layer ring as a function of time is
determined by the boundary B ¼ h0

1 þ 5%ðhmax
1 � h0

1Þ,
where h0

1 is the undisturbed layer thickness of layer 1
and hmax

1 the maximum layer thickness. The boundary
contains the ring and the developing filament as
well as the small ring that is shed off at a later stage.
The loss of tracer in the upper layer is 60% after 240 days,
while all tracer is removed from the lower layer of the ring
after 180 days.
4.2. Ring evolution—ridge

In the presence of a topographic ridge, located at 4�E,
the initial evolution of tracer in the ring is identical to the
case of a flat bottom and shows the same amount of
filamentation at day 60 (Fig. 14). Thereafter the ring
evolutions become different. At day 240 the filaments that
are shed from the ring show a more coherent structure at
5�E, 30�S than in the case of a flat bottom. Also, the
filaments remain closer to the ring and are not trans-
ported as far to the east as in the case of a flat bottom.
The ring propagates in a slightly more westward direction
after 180 days when the ring crosses the ridge. During
the complete evolution the average speed of the
ring is smaller (2.9 km/day) than without the ridge.
After 240 days the ring leaves the ridge again on the
western side.

The decay of SSH is smaller, only 24% in 240 days,
than in the case of a flat bottom. This difference occurs
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mainly during the last 100 days of the evolution
(Fig. 13). The tracer leakage in both layers is also
somewhat less, about 55% in layer 1 while in the
lower layer there is still tracer inside the filament after
180 days. Tracer in the lower layer does not cross
the ridge, similar to the barotropic case: a coherent
structure cannot cross a steep ridge because the potential
energy changes needed are much larger than the total
energy available.

To summarize, the presence of a ridge has a
small effect on the propagation on the ring and is
responsible for less loss of tracer and less SSH decay.
These results agree with previous findings of Kamenko-
vich et al. (1996). In the following section a detailed
energy and vorticity analysis is given in order to under-
stand this.
4.3. Analysis 2-layer ring results

4.3.1. Energy

We start the analysis with a discussion of the
energetics of the ring.

In Fig. 15 the evolution of barotropic kinetic, potential,
and total energy are shown, together with the time-
integrated lateral and bottom friction terms for the
flat bottom case. (The definition of APE we used isR

1
2r1gZ2 dAþ

R
1
2r2g0x2 dA. We neglected the linear termR

1
2r2g0ðhxÞ, where h is the undisturbed layer thickness of

the top layer, which arises in the derivation of APE
integrated over the ring and which is dependent on the
choice of a reference level. When the linear term in the
APE equation is integrated over the total domain, it is
equal to zero. Integrated over the ring it is not but we
neglect this term since the reference level is, in fact,
arbitrary.) The potential energy follows the total energy,
which decreases due to bottom friction. The level of
kinetic energy remains the same, showing that a constant
conversion of potential to kinetic energy takes place,
which dissipates at a nearly constant rate. The situation is
different outside the ring (Fig. 15(c)). The potential energy
decreases at a constant rate, but the kinetic and the total
energy increase outside the ring and oscillate with a
period of roughly 70 days. Since the kinetic energy
sometimes exceeds the potential energy, the presence of
barotropic Rossby waves is suggested. We will come back
to this later.

Bottom friction is responsible for the overall energy
loss, but is not the dominant term inside the ring. Inside
the ring (Fig. 15(b)) the total energy loss of the ring is 40%
in 240 days. From this figure the total amount of energy
dissipated by the bottom friction is estimated to be
approximately 25% of the total energy loss of the ring,
implying that 10% of the ring energy is dissipated by
bottom friction. The remaining 30% of energy loss must be
due to radiation of Rossby waves, or due to the shedding
of filaments.

A further analysis of the ring evolution is provided by
the barotropic kinetic energy equation, which is the
barotropic momentum equation multiplied by ~UH,
where ~Uis the barotropic velocity and H the total depth.
The local rate of change in barotropic kinetic energy
qEk=qt is given by

H
q

1

2
j~Uj2

qt
¼ � H~UrM � H~U � r

1

2
j~Uj2 � H~U~u � r~u

� Hg~U �
tb

qp
� H~U � ~nu (6)

M is the total Montgomery potential (M ¼ pþ rgz)
and ~u is the total velocity in one layer. rM denotes the
vertically integrated gradient of the Montgomery poten-
tial. Despite the splitting of baroclinic and barotropic
pressure fields as is the case in MICOM, we use the total
Montgomery potential here, since this is the physical
pressure term that determines the barotropic pressure
work related with the ageostrophic flow. This total
integrated term is called pressure term for short in this
section. The third term on the right-hand side denotes
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Fig. 14. Tracer concentration (contour interval ¼ 0:3) at days 60 and 240 for a baroclinic ring with a ridge: (a) layer 1 and (b) layer 2.
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the barotropic/baroclinic interaction term that describes
conversions of baroclinic to barotropic kinetic energy,
and vice versa. ~nu denotes the vertically integrated
dissipative terms.

Fig. 16 shows the spatial distribution of the dominant
terms in the barotropic kinetic energy equation at days 80
and 180 in the case of a flat bottom. qEk=qt is dominant
within the ring at day 80 and is significant in the filament
at day 180 (Fig. 16(a)). The barotropic advection term is of
the same order of magnitude as qEk=qt (Fig. 16(d)),
suggesting that to first order barotropic kinetic energy
is just advected with the barotropic flow. The filament
that is shed from the southeastern side of the ring
appears only in qEk=qt and the barotropic advective term.
Rossby waves are visible in the first 60 days but the
order of magnitude is much smaller than the signal of
qEk=qt in the ring around day 80. This is different from the
1-layer ring where Rossby-wave radiation dominates the
energy balance.

The pressure work and barotropic/baroclinic cross
terms, terms 1 and 3 on the right-hand side of Eq. (6)
(Fig. 16(b) and (c), respectively), are one order of
magnitude smaller than the previous two terms and are
only visible inside the ring. Interestingly, they seem to
counteract each other on both days. In both the baro-
tropic/baroclinic cross terms as well as in the barotropic
advective terms there is a clear mode-2 signal present at
day 80. This appears due to the fact that the ring has
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become elliptic and is precessing, however, it could
also indicate the presence of a weak mixed baroclinic–
barotropic instability from days 40 to 120, which is
stabilized after the ring has shed the large filament at
day 140. Even though the barotropic/baroclinic cross
terms are of one order magnitude smaller than qEk=qt

and barotropic advection, the cross terms are present in
the filament (but not visible on the dominant energy
scale) which implies that energy conversions take place
there too. A further indication that the ring is unstable to
an m ¼ 2 perturbation is that Drijfhout et al. (2003) have
found this instability for ring parameters similar to what
is used in this study. See also Katsman et al. (2003).

In the case of a ridge (see Fig. 17), the initial evolution
of the energy terms is identical to the flat bottom case,
however, the instability is weaker at day 80. After 180
days, when the ring is located on top of the ridge, the
energy balance is completely different from the flat
bottom case. The mode-2 pattern for the pressure term
and cross advective term are now present at day 180,
which indicates that enhanced energy conversions occur
as the ring crosses the ridge. Analyzing this further, we
find that the fluid columns that move uphill give rise to a
conversion of baroclinic to barotropic kinetic energy,
while descending columns show the reverse which can
be understood better if we integrate these energy terms
over the ring (Fig. 18(a) and (b)). For the flat bottom, the
maxima in qEk=qt are determined by the barotropic
advection of baroclinic kinetic energy. This implies that
the baroclinic kinetic energy is converted into barotropic
kinetic energy, which has a maximum after 75 days. After
120 days the energy conversions stabilize. The value of
qEk=qt shows 2 peaks, one at day 35 and one at day 75,
which are to be related with the growth of the mode-2
instability. The modulation of the conversion is related to
the position of the m ¼ 2 pattern relative to the main
filament that is attached to the ring at its northern site.
This m ¼ 2 pattern has a rotation period of about 100
days, so that the m ¼ 2 pattern and the filament have
the same orientation relative to each other roughly
after 50 days. It is not, however, within the scope of this
paper to investigate the possible different growth rates of
the instabilities that arise. Our results are in agreement
with Katsman et al. (2003) who showed with a linear
stability analysis that for a corotating ring the most
unstable barotropic mode obtains its energy from the
vertical shear.

In the case of a ridge the peak of qEk=qt at day 75 is
smaller compared to the flat bottom case which indicates
that conversion from baroclinic to barotropic kinetic
energy is less (Fig. 18(b)). As the edge of the ring touches
the ridge around day 60, the steep topography inhibits the
development of the m ¼ 2 instability. But between days
120 and 200, as the ring passes the ridge, enhanced
baroclinic/barotropic conversions in the ring take place.
The barotropic kinetic energy increases during the
ascent of the ridge, to decrease strongly during the
descent of the ridge.

Associated with this one must realize that the 2-layer
ring is not purely co-rotating anymore. Already in the case
of a flat bottom, the lower layer velocities indicate the
presence of a hetonic structure (Hogg and Stommel, 1985;
Matano and Beier, 2003) where a lower-layer cyclone
forms a dipole structure with the upper-layer anticyclone.
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The axis of the pair is tilted with respect to the vertical
(with the cyclone lagging the anticyclone). This structure
develops in all the rings described here after approxi-
mately after 20 days.
During the ascent of the ridge the lower-layer
velocities must decrease to avoid too large potential
energy changes (see the barotropic case for a more
thorough description of this effect). This means that the
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lower-layer cyclonic motion reduces, leading to an
increase of the vertically averaged anticyclonic rotation
and hence a larger barotropic kinetic energy. The reverse
process happens during ridge descent.
We are now in the position to understand part of
the reason why the SSH decay is smaller when a
ridge is present: as soon as the ring encounters the
ridge kinetic energy is transferred from lower to upper
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layer, which by geostrophy gives rise to a higher
SSH. Also the barotropic kinetic energy increases,
which will tend to increase the SSH further. Furthermore,
the SSH decay related with the m ¼ 2 instability is
suppressed due to geometric constraints. Because
bottom friction is always present an overall decrease in
SSH is present, but the decay of SSH is less (Fig. 12(b)).
However, this is not the full story. Rossby-wave radia-
tion of the rings energy should also be taken into account
as shown with the vorticity balance in the following
subsection.

4.3.2. Vorticity

The vorticity balance as shown in Eq. (3) is calculated
for each layer and is shown for the flat-bottom case
(Fig. 19(a–d)). In the 2-layer case qzs=qt in the upper layer
is to be first order determined by advection of relative
vorticity, followed by advection of planetary vorticity and
the stretching term. At day 180 (in fact already after 120
days) many small-scale vorticity filaments are visible in
the wake of the ring. Advection of planetary vorticity and
the stretching term are important only in the ring itself.
The stretching term shows a clear mode-2 structure from
days 60 to 120. On the dominant scales there are no
Rossby waves visible in the upper layer.

In the lower layer the vorticity terms are one
order smaller than in the upper layer (Fig. 20).
Again, relative vorticity advection balances qzs=qt in the
ring, in the filament, and finally in small-scale structures
in the wake of the ring. The main difference from the
upper layer is the presence of Rossby-wave radiation in
the term representing advection of planetary vorticity
which is similar to what Flierl (1984) found though
more nonlinear.

Advection of planetary vorticity balances with
qzs=qt in the Rossby waves which indicates the baro-
tropic nature of the waves. The effect of Rossby-wave
radiation is only visible in lowest layer since the rotational
velocities are small here. The difference in the vorticity
balance in the two layers indicates that different physical
mechanisms play a role in the two layers. In the top
layer the nonlinearity of the ring is too large for the
Rossby waves to have an significant impact on the
decay of the ring. There, vorticity is removed from
the ring by advection of relative vorticity, mainly
through small filaments. In the lower layer, Rossby waves
couple with the ring and change the vorticity field of
the ring.

This view is confirmed by the spatial structure of
relative vorticity. Relative vorticity for the 2-layer ring is
shown for the top layer (Fig. 21(a)) and the lower layer
(Fig. 21(b)). (These fields might look noisy, but do recall
that the resolution is very low, only 5 km.)

At day 60 the relative vorticity in both layers is of the
same sign for most regions in the waves, confirming their
barotropic nature. In the upper layer the ring structure
remains visible until day 240 while in the lower layer the
rings structure does not remain coherent at all. This is
consistent with the findings of De Steur et al. (2004), who
showed that the lower layers dynamics is governed by
Rossby-wave radiation since the rotational velocities in
the lower layer are much smaller than in the upper layer
and the initial vorticity anomaly can be radiated away by
Rossby waves.

When a ridge is present, the dominating terms in
the vorticity balance in the upper layer are the same
as for the flat bottom (not shown). The main difference
occurs at day 180 when the ring shows interaction
with the ridge, visible in the stretching term (Fig. 22(a)).
The ascending fluid columns increase the barotropic
relative vorticity, while descending fluid columns
decrease it. This is consistent with what we have found
for the energy conversion terms. In the lower layer
advection of planetary vorticity shows radiation of
Rossby waves until day 180, when the eastern edge
of the ring starts to ascend the ridge (Fig. 22(b)). At day
240, when the ring has passed the ridge, radiation from
the ring stagnates and the Rossby waves decay on the
eastern side of the ridge. As in the 1-layer case, barotropic
flow cannot cross the steep ridge, hence, the barotropic
Rossby-wave generation comes to a halt, resulting in
less decay of barotropic energy of the ring and less
SSH decay.
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Fig. 19. Vorticity terms (�10�11) in layer 1 of the baroclinic ring with a flat bottom, at days 60 and 180: (a) qz=qt (contour interval ¼ 0:8 s�2), (b) relative

vorticity advection (contour interval ¼ 0:8 s�2), (c) planetary vorticity advection (contour interval ¼ 0:4 s�2), and (d) stretching (contour interval ¼ 0:4 s�2).
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5. Conclusions and discussion

The decay of an Agulhas ring in presence of a ridge has
been investigated in a one and a two-layer version of the
MICOM model. Several experiments have been performed,
and we report here on two of these in detail to understand
the mechanisms that determine the decay with and
without a ridge.
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Fig. 20. Vorticity terms ð�10�12
Þ in layer 2 of the baroclinic ring with a flat bottom, at days 60 and 180: (a) qz=qt (contour interval ¼ 1 s�2), (b) relative

vorticity advection (contour interval ¼ 1 s�2), (c) planetary vorticity advection (contour interval ¼ 0:5 s�2), and (d) stretching (contour interval ¼ 0:5 s�2).
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For a 1-layer ring with bottom friction, the initial fast
decay of SSH is dominated by the Ekman time-scale of
about 40 days, which is shown by the dominance of
bottom friction term in the barotropic energy
balance. Thereafter, SSH decays further by radiation of
barotropic Rossby waves until the ring reaches the
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Fig. 21. Relative vorticity ð0:7� 10�5 s�1Þ, baroclinic ring, flat bottom, at days 60 and 180: (a) layer 1 and (b) layer 2.
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boundary. When bottom friction is not present, the initial
decay of SSH still shows a decrease, being less, however,
than in the case with bottom friction. This means that
during the initial stage radiation of Rossby waves is
responsible for the loss of energy from the ring, which
accounts for almost half of the energy loss of the ring in
100 days. The 1-layer ring cannot cross the ridge as a
coherent structure because the ascending fluid patch
would lead to an enormous increase in potential energy
which is much larger than the total energy available.
Furthermore, stirring of water from the slope by the outer
edges of the ring lead to the formation of a patch of
negative relative vorticity, which, together with the
positive relative vorticity of the ring forms a dipole, which
propagates southeastward, away from the ridge.

In a two-layer ocean, the tracer decay in the upper
layer is much less due to the more coherent structure of
the ring. In the lower layer the tracer decay is substantial
because the lower-layer swirling velocities are smaller
than the propagation speed of the ring, so that lower-layer
fluid is not trapped in the ring (Flierl, 1981). This is related
to the size of the so-called separatrix that separates
trapped ring-water from the surroundings of the ring
(De Steur et al., 2004). In presence of a ridge, the
propagation speed of the ring reduces slightly, leading to
a larger area of trapped fluid in the upper layer, so less
tracer loss. The leakage in the lower layer is also affected
by the slowing down of the ring, since there is still tracer
present in the lower layer of the ring around 180 days,
while in the case of a flat bottom all the tracer is stirred
from the lower layer ring at that point. (Note that the
decreased tracer leakage is not directly related to the
decrease in Rossby-wave radiation, since linear Rossby
waves do not carry tracer.)

The SSH decay of the 2-layer ring with a flat bottom is
almost linear but shows less decay when the ring
encounters the topographic ridge. In the flat bottom case
the SSH decay is dominantly associated with the instabil-
ity and associated energy conversions of the ring, together
with the formation of a large filament that detaches from
the ring. In the lower layer radiation of barotropic Rossby
waves and bottom friction are dominant.

All rings investigated still possess an m ¼ 2 instability
which could not be removed by introducing the approxi-
mated stable ring profile that is used by Herbette et al.
(2003). Despite the presence of some instability charac-
teristics, the ring does not split into two but develops a
large filament that evolves towards a ring-like structure
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Fig. 22. Vorticity terms in the case of a ridge of the baroclinic ring: (a) stretching term ð�10�11
Þ in layer 1 at days 60 and 180 (contour interval ¼ 0:4 s�2)

and (b) planetary vorticity advection ð�10�12
Þ in layer 2 at days 60 and 240 (contour interval ¼ 0:5 s�2).
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that also shows the mode-2 instability. The Rossby-wave
radiation is smaller than in the barotropic case and has its
largest impact on the lowest layer, while the upper layer is
less affected due to its large nonlinearity. The total
velocity field in the lower layer changes swiftly from co-
rotating to an erratic radiating flow field with a many
small-scale structures, visible in the relative vorticity of
layer 2. Hence, the ring changes largely due to a nonlinear
instability and barotropic Rossby-wave radiation.

The nonlinear upper layer of the ring is not completely
decoupled from the lower layer since the ring and
the associated energy conversion terms show interaction
with the ridge. When encountering the ridge, the upper
layer ring shows enhanced baroclinic/barotropic energy
conversions. These enhance the kinetic barotropic energy
of the ring as well as the upper-layer velocities, and so
reduce the SSH decay. The barotropic Rossby-wave
radiation mainly visible in the lower layer stops when
the ring is on the ridge since barotropic signals cannot
pass the ridge, as explained above. And, finally, the m ¼ 2
instability is inhibited when the ring encounters the
ridge due to geometrical constraints. These three mechan-
isms lead to smaller SSH decay of the ring when a ridge
is present.

It is difficult to distinguish the kinetic energy decay
related to the m ¼ 2 instability and that related to Rossby
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waves. The instability leads only to energy conversions
and not to a net energy loss from the ring while
Rossby waves do radiate energy. In previous studies of
Drijfhout et al. (2003) and De Steur et al. (2004) it was
shown that on the f -plane SSH of the ring decays as well.
Hence, the net effect of Rossby waves on the decay of SSH
of rings is relatively small compared to the instability.
Here, the energy loss by Rossby waves is estimated to be
30% for the baroclinic ring. The effect of bottom friction is
substantial in the case of the baroclinic ring and dissipates
about 10% of the rings initial energy. The Rossby waves
have the largest effect on the rings structure in the lower
layer which is exactly needed for the ring to be able to
cross topography.

An increase of mixing due to the ridge as was
suggested by for instance Byrne et al. (1995) and Schouten
et al. (2000) is not in agreement with our findings. We
find the same results as Kamenkovich et al. (1996) that
rings that encounter a topographic ridge transport more
tracer. The tracer loss of the ring that crosses the ridge is
5% less in the case presented here. A large topographic
ridge is thus responsible for less stirring of Agulhas water
from the ring, which is perhaps quite counter-intuitive.
We have not, however, explored the effects or variations of
possible small-scale mixing events due to, for instance,
internal waves.

In this paper we showed results for a specific ring
structure, one for the barotropic and one for a baroclinic
ocean. The Agulhas rings present in the Cape Basin are of
variable sizes and strengths due to the strong variability in
the ring shedding process and due to various splitting and
merging events of rings. This implies that not all Agulhas
rings have the same strong barotropic component as
measured for instance by Van Aken et al. (2003), on which
the present analysis was based. We have conducted
several experiments with rings of variable spatial struc-
ture and size, which showed similar evolutions as the
rings presented here. While the more baroclinic rings can
cross the ridge more easily we can expect that rings that
still have a relatively strong barotropic component while
reaching the Walvis Ridge shall be slowed down or be
steered along the bathymetry due to vorticity effects until
they have adjusted to a less barotropic state. Agulhas rings
will cross the ridge once they have reached a compensated
state due to nonlinear stabilization and Rossby-wave
radiation which is directly related with the observed
stagnation of decay of SSH of the rings as they cross the
Walvis Ridge.
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