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[1] The flow in the Mozambique Channel is dominated by large, southward propagating,
anti‐cyclonic eddies, as opposed to a steady western boundary current. These Mozambique
Channel eddies feed their waters into the Agulhas Current system, where they are
thought to have a significant influence on the formation of the Natal Pulse and Agulhas Ring
shedding. Here we use in situ hydrographic and nutrient data, together with satellite altimetry
and surface velocity profilers to provide a detailed characterization of the Mozambique
Channel eddies. Two warm eddies in the Channel at 20°S and 24°S had diameters of over
200 km. They rotated anti‐cyclonically with a tangential velocity of over 0.5 m.s−1. Vertical
sections show that the eddies reached to the bottom of the water column. Relative to the
surrounding waters, the features were warm and saline. The total heat and salt anomalies for
the southernmost eddy were computed relative to a reference station close by. At 24°S
the total anomalies were 1.3 × 1020 J and 6.9 × 1012 kg, respectively, being on par with
Agulhas rings. Mozambique Channel eddies thus have the potential to form a major
contribution to the southward eddy heat flux in the Agulhas Current system. The feature also
had positive nutrient and negative oxygen anomalies. The large magnitude of the water mass
anomalies within the eddy suggests that interannual variability in Mozambique Channel
eddy numbers would have a significant impact on downstream water mass characteristics.
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1. Introduction

[2] TheMozambique Channel reaches fromCapeAmber at
the northern tip of Madagascar to the southern tip at 26°S, a
length of some 1600 km. At the narrows with the African
continent the channel is about 430 km wide, while at 20°S it
reaches a maximumwidth of about 1000 km. The continental
shelves on the Mozambican and Madagascan sides of the
channel are in general narrow, and bordered by steep conti-
nental slopes. Constrained within this bathymetry, the flow
field in the Mozambique Channel has been a matter of some
contention. The picture derived from averaging ships’ drift
[Michaelis, 1923; Lutjeharms et al., 2000] as well as coarsely
averaged hydrographic data suggests a steady southward,
western boundary current type of flow, traditionally known as
the Mozambique Current [e.g., Sætre and Jorge da Silva,
1984; DiMarco et al., 2002]. However, more recent cruise
and satellite observations and data from moored current
meters in the narrows of the Channel suggest a totally dif-
ferent scenario.

[3] Acoustic Doppler Current Profiler (ADCP) mea-
surements from the Agulhas Current Sources Experiment
(ACSEX) I [see Ridderinkhof et al., 2001; de Ruijter et al.,
2006], did not show a steady Mozambique Current, but
rather revealed a train of large eddies. These eddies were
around 300 km in diameter, and reached to the bottom
(>2000 m) of the Channel. Drifters and LADCP measure-
ments showed that the features swirled anti‐cyclonically, and
were surface intensified. Net southward eddy propagation
resulted in a rectified southward current on the western side of
the channel, and a rectified northward current in the center of
the Channel. No cyclonic eddies were detected on the cruise,
and furthermore it was proposed that the cyclonic anomalies
present in satellite altimetry were artifacts of the MADT
(Mean Absolute Dynamic Topography), and in fact simply
represent the absence of anti‐cyclonic features [de Ruijter
et al., 2002].
[4] An array of current meters deployed across the narrows

of the channel during ACSEX I in March 2000 has provided
an almost 2‐year time series of the variability there
[Ridderinkhof and de Ruijter, 2003]. During the entire current
meter deployment no permanent western boundary current
was present on the African coast. Rather, the current meter
observations were also dominated by large anti‐cyclonic
eddies. Eddy formation in the vicinity of the narrows occurred
intermittently (9 times in 668 days; 4 times in the first year,
5 times in the following 10months). These eddies divided the
time series of the current measurements into two regimes ‐
one of high current flow associated with the passage of an
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anti‐cyclone, and a low flow regime between eddies. During
the passage of an eddy the flow through the channel exhibited
large oscillations (between 20 Sv northward and 60 Sv
southwards), but had a net southward component, with an
average of 14 Sv. Such a volume flux would be approxi-
mately equivalent to 4 eddies per year with water trapping to
1500 m [de Ruijter et al., 2002]. Recently, Harlander et al.
[2009] have determined the volume transport through the
moored array over the period November 2003–March 2005.
They found a much smaller mean transport: 8.6 ± 14.1 Sv
southward. Apparently, the transport through the Channel
varies inter‐annually. Also over this period the temporal
variability in the currents was dominated by a period of
68 days. That period was related to the formation of south-
ward migrating eddies. The triggering of the eddy formation
is most presumably related to a westward migrating signal
that may be a baroclinic Rossby wave channel mode with a
period of about 70 days. The current meter observations were
reported to contain no seasonality in the mean flow, or in the
frequency of eddy shedding. Although the recent observa-
tions dispel the traditional concept of a steady, strong western
boundary current flowing along the Mozambican side of the
channel, the episodic and transient appearance of such a
feature, as suggested by some numerical models [Biastoch
and Krauss, 1999], cannot be ruled out entirely.
[5] Satellite altimetry provides more complete information

on annual eddy numbers and eddy propagation than isolated
cruise and sparse current meter data. Analyses of SSH (Sea
Surface Height) data reveals that in the region north of the
narrows eddies occur with a frequency of 7 per year (55 day
period) [Schouten et al., 2003]. Further south, near the center

of the channel, the dominant frequency is 5 per year, and it
reduces even more toward the southern end of the channel
[Schouten et al., 2002b, 2003]. This reduction in frequency
may be associated to some degree with eddy dissipation near
20°S, and a merging of eddies to form larger features.
However, the 5 and 7 per year modes both have local maxima
near the northern entrance to the channel, indicating that they
are not isolated from each other. Chlorophyll‐a imagery also
reveals a 5–6 per year frequency within the Channel proper
[Quartly and Srokosz, 2004]. The eddies have been observed
to propagate southward at about 3–4 km/day in the north (18–
21°S), with higher speeds of 6 km/day in the south (22–27°S)
[Schouten et al., 2003].
[6] The 55 day period northwest of Madagascar is associ-

ated with waves of a length scale of around 400 km. These are
probably related to a barotropic instability in the free jet
extension of the South Equatorial Current (vide Figure 1)
[Schouten et al., 2003]. The high‐resolution, numerical
model experiment of Biastoch and Krauss [1999] found a
similar formation mechanism, with a similar frequency, for
the formation of the model eddies. The 4 per year signal
characteristic of the southern Channel is the dominant fre-
quency in a band around 24°S that stretches across the entire
south Indian Ocean (vide Figure 1) [Schouten et al., 2002b].
This variability is related to westward propagating baroclinic
Rossby waves, which are probably triggered by baroclinic
instability of the recently discovered Subtropical Indian
Ocean Countercurrent (SICC) [Siedler et al., 2006, 2009;
Palastanga et al., 2007]. Variability in this frequency band
shows large elongated structures in the Mozambique Chan-
nel. These elongated features may be connected to the Rossby

Figure 1. RMS of Mapped Sea Level Anomalies (cm2) from altimetry of the broader South–West Indian
Ocean region (6–35°S; 20–70°E), with annotations showing the propagation of perturbation from the
Mozambique Channel downstream toward the Agulhas retroflection region. The two zonal arrows indicate
the potential sources of these perturbations in the Mozambique Channel. To produce Figure 1, 11 years
(1993/12/29–2004/12/29) of weekly gridded altimetry was used. No filtering to remove seasonality was
applied.
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waves coming in from the east around 24°S (Figure 1), and
entering the channel via a Kelvin wave around the island of
Madagascar that sheds Rossby waves from the western side
of the island [Schouten et al., 2003]. An alternative expla-
nation may be the one associated with the baroclinic Rossby
wave channel modes mentioned earlier [Harlander et al.,
2009]. Note that the latter explanation does not require any
remote forcing.
[7] Mozambique Channel eddies potentially control

Agulhas Ring shedding in two distinct ways (Figure 1) ‐ the
first is by triggering the formation of the Natal Pulse at the
Natal Bight on the east coast of South Africa [de Ruijter et al.,
1999b; van Leeuwen et al., 2000] and the second is by
propagating down to the Agulhas Retroflection region, and
initiating Ring shedding there [Schouten et al., 2002a]. Fur-
thermore, the Mozambique Channel has been identified as a
non‐negligible source of the Agulhas Current water [Biastoch
and Krauss, 1999; de Ruijter et al., 2002; Donohue and
Toole, 2003; Ridderinkhof and de Ruijter, 2003], and a
route for perhaps as much as 50% of the water entering the
Indian Ocean through the Indonesian Throughflow. More-
over, it now seems clear that the net southward volume
transport through the channel is modulated by the large anti‐
cyclonic eddies rather than a steady, narrow and intense
Mozambique Current [Biastoch and Krauss, 1999; de Ruijter
et al., 2002; Ridderinkhof and de Ruijter, 2003].
[8] These eddies must then transport water mass properties

into the Agulhas Current [e.g., Roman and Lutjeharms, 2009]
that effect a heat and salt transfer, which is eventually fed into
the Atlantic Ocean via Agulhas Rings [e.g., Roman and
Lutjeharms, 2007], and ultimately contributing to the
Meridional Overturning Circulation. Thus the heat and salt
transport of the Mozambique Channel eddies is potentially
globally significant [Gordon, 1985; Weijer et al., 1999;
Biastoch et al., 2008a, 2008b]. However, coarse resolution
numerical models (Figure 8) [Jayne and Marotzke, 2002] do
not show a southward divergent eddy heat flux through the
Mozambique Channel. Despite the suggestions of its signif-
icance, the Mozambique Channel eddies potential for heat
and salt transport has not yet been observationally quantified,
and the question of their contribution to the southward flux
remains unresolved. In order to make an initial determination
of whether the eddies are capable of influencing the heat and
salt budgets of the Agulhas Current system we quantify the
heat and salt anomalies in one eddy that we have observed.
We also compute nutrient anomalies, and provide a general
characterization of the eddies using the full ACSEX I CTD
and bottle data, complemented by Surface Velocity Profilers
(SVPs) and satellite altimetry.

2. Data and Methods

2.1. Cruise and Altimetric Data

[9] Continuous CTD and discrete Niskin bottle sam-
ples were collected in the Mozambique Channel between
26 March and 8 April 2000 as part of the first ACSEX cruise.
Data were collected on four zonal sections, at 24°S, 20°S,
17°S and 12°S, each of which covered a portion of the
Channel. Continuous CTD data were collected with a Seabird
911 CTD system to near the bottom (<5 m off the bottom)
at each station. Bottle samples were collected at standard
sampling depths using a 25 position rosette sampler. Water

samples collected from the rosette were analyzed on a
Guildline Autosal 8400A salinometer, and values used to
calibrate the CTD. Oxygen concentrations of discrete sam-
ples were determined by a spectrophotometer Winkler tech-
nique. The discrete nutrient concentrations were determined
colorimetrically on a Technicon TRAACS 800 autoanalyzer,
following the methods of Grasshoff et al. [1983]. Full details
are available in the cruise report by Ridderinkhof [2000]. The
nutrient and oxygen data were interpolated from the standard
depths to a 1 m vertical grid using a linear interpolation.
[10] LADCP data were also collected and have been

reported by de Ruijter et al. [2002]. Eight standard WOCE/
TOGA mixed layer type ARGOS drifters, with a holey sock
drouged at 15 m, were also deployed during the cruise.
Several of these were deployed within anti‐cyclonic eddies.
The quality controlled, 6 hourly interpolated data for
these drifters were downloaded from the NOAA Drifter
Data Assembly Center (http://www.aoml.noaa.gov/phod/
dac/dacdata.html).
[11] Maps of Sea Level Anomalies (MSLA) and maps of

absolute geostrophic velocities (MAGV) have been used here
to further investigate the Mozambique Channel eddies
observed in situ during ACSEX I.We have used the reference
versions of the gridded, delayed time, merged products
produced by Ssalto/Duacs and distributed by AVISO with
support from CNES (http://atoll‐motu.aviso.oceanobs.com/).
The absolute geostrophic velocities are based on the Rio05
mean dynamic topography, referenced to the geoid.

2.2. Heat, Salt, and Nutrient Anomaly Calculations

[12] The Available Heat Anomaly (AHA) and Available
Salt Anomaly (ASA) of the eddies have been calculated using
the method developed by Joyce et al. [1981], and sub-
sequently used by several authors [e.g., Peterson et al., 1982;
Morrow et al., 2004; Swart et al., 2008]. Density is used as a
vertical coordinate since it “is helpful in separating horizontal
variations of water masses from changes in the vertical
position of density surfaces associated with eddy available
potential energy (APE)” [Joyce et al., 1981, p. 1279]. A
reference field is defined, and the temperature and salinity
changes along isopycnals are examined. It is necessary to
choose both a representative reference station and a sensible
density range over which the comparisons are made. These
choices are made in section 3.3. The anomalies are calculated
for layers, defined by 0.1 st increments. The available heat
anomaly per unit area in each density layer is

AHA ¼ �Cph T� Trð Þ J:m�2: ð1Þ

Here r is the density of seawater (1030 kg.m−3); Cp is heat
capacity at constant pressure (4000 J.kg−1.K−1); h is the
thickness of the density layer (in m within the eddy); Tr is the
average in situ temperature for the density layer at the refer-
ence station, °C; T is the average in situ temperature for the
density layer at the eddy station, °C. Similarly the available
salt anomaly per unit area in each density layer is

ASA ¼ 0:001�h S� Srð Þ kg:m�2: ð2Þ

Here Sr is the average salinity for the density layer at the
reference station and S is the average salinity for the density
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layer at the eddy station. Additionally, nutrient anomalies
were defined as

ANA ¼ �h C� Crð Þ �M:m�2: ð3Þ

Here C is the concentration of the nutrient within the eddy,
mM.kg−1 and Cr is the concentration of the nutrient at the
reference station, mM.kg−1. The three sets of anomalies at
each density layer could then be integrated radially with
distance from the eddy center. The vertical sum of the inte-
grated anomalies over all the density layers is then equal to
the total heat, salt and nutrient anomalies associated with the
eddy.

3. Results

3.1. Altimetry and Surface Drifter Data

[13] The time‐mean MSLA field for the period surround-
ing the ACSEX I cruise (22/03/2000–12/04/2000) in the
Mozambique Channel shows that positive sea level anoma-
lies of over 20 cm were present at the positions of the
hydrographic sections at 24°S and 20°S (marked in white in
the MSLA plot in Figure 2; see auxiliary material for an
expanded map of station positions).1 Neither of the two
sections completely traversed the two SLA features, but
rather reached approximately to their centers. The altime-
trically derived absolute geostrophic velocity field, also
shown in Figure 2, reveals that the features were associated
with strong anti‐cyclonic circulations in their upper levels.
The Mapped Absolute Geostrophic Velocities show that the
Channel was dominated at the time by such mesoscale cir-
culation features. The hydrographic data presented below and
the LADCP data shown by de Ruijter et al. [2002] confirm
that the positive SLA features were warm anti‐cyclonic
eddies. It is possible to estimate radii for these eddies based on
the MSLAs, and for this purpose we subjectively choose the
+10 cmMSLA to represent the edge of the eddies. Using this
criterion the mean (of a meridional and zonal section through
the eddy center) radii are approximately 100 km and 125 km
for the eddies at 24°S and 20°S, respectively, somewhat

smaller than the radii defined using LADCP data [de Ruijter
et al., 2002] and hydrography (below). To avoid aliasing
caused by eddy propagation the gridded MSLA for the
29 March 2000 (not shown) was used in this calculation, as
opposed to the mean altimetry for the whole cruise period.
[14] Figure 3 in turn shows the surface velocities recorded

by two drifters released into the anti‐cyclonic eddy at 24°S
(see auxiliary material for the release positions and tracks).
Also shown are the absolute geostrophic velocities derived
from altimetry for the 7 day period centered on 29March, the
gridded data closest to the release of the drifters. The drifter
that was closer to the edge of the eddy took around 7 days to
complete a loop, with a diameter of about 170 km, at an
average speed of 0.78 m.s−1. The maximum velocity reached
by this drifter during its first loopwas 1.0m.s−1 while it was in
the northwest quadrant of the eddy, and it was slowest in the
southeast. The second drifter, closer to the center, completed
a loop with a diameter of about 75 km, reaching a maximum
velocity of 0.95 m.s−1 in the northwest quadrant, and being
slowest on average in the northeast. Traveling at amean speed
of 0.6 m.s−1 it completed the round trip in about 5 days.
[15] The altimetric absolute geostrophic velocities describe

a similar picture of the anti‐cyclonic flow, with velocities
being greatest around the western edge of the eddy and
reduced within its center. However, both the mean and
maximum geostrophic velocities derived from the altimetry
were lower than those given by even the slowest drifter, by
0.25 and 0.1 m.s−1, respectively. The underestimation of
surface current speed by about 0.2 m.s−1 by the altimetry is
likely due to the fact the data used here are gridded and binned
into a 7‐day mean. Furthermore, ageostrophic processes that
are not derivable from the satellite measurements may have
influenced the drifters. Nonetheless, both the MAGV from
altimetry and the surface velocities obtained from the drifters
provide a clear view of the strong anti‐cyclonic rotation of
the feature.

3.2. Hydrographic Data

[16] The �‐S diagram shown in Figure 4 provides an
overview of the water mass characteristics and their meridi-
onal variation in the Mozambique Channel at the time of the
cruise (� stands for potential temperature, referenced to the
surface). Surface waters displayed a spread of characteristics,

Figure 2. (a) Time‐mean MSLA during ACSEX I cruise (units cm) and (b) contemporaneous absolute
geostrophic velocities (units cm/s) from altimetry. The averaging period is 22March – 12 April 2000. Lines
of hydrographic stations undertaken during the cruise are marked by white plus symbols in Figure 2a.

1Auxiliary materials are available in the HTML. doi:10.1029/
2009JC005875.
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typical of Tropical and Subtropical SurfaceWaters [DiMarco
et al., 2002; Lutjeharms, 2006]. The central waters were near
uniform at all four sections, and showed a characteristic linear
relation. By contrast at intermediate levels (around 5°C)
waters showed a distinct meridional variation, with the
Antarctic Intermediate Water (AAIW) in the south (red pro-
files) being considerably fresher than the Red Sea Interme-
diate Water (RSIW) to the north (black and green profiles)
[Clowes and Deacon, 1935]. However, a freshening toward
the south was not the case at every station. Several (red)
profiles at 24°S were more saline, with values typical of the
waters at 20°S. These few unusually saline stations in the
south suggest a mixing of Antarctic Intermediate and Red
Sea Intermediate Water masses and reflect the influence of
the anti‐cyclonic eddy in transporting RSIW southwards in
an intermittent fashion. This agrees with recent findings
by Roman and Lutjeharms [2007, 2009]. Those profiles
extending into the Deep and Bottom waters tend to merge
near a salinity of 34.8, and show little meridional or along‐
section variation. The deep (2500 m) oxygen maximum and
local silicate minimum evident in the sections presented
below suggests the presence of North Atlantic Deep Water
there [DiMarco et al., 2002; van Aken et al., 2004]. The
deepest profiles in the south also reached into slightly fresher,
silicate‐enriched Circumpolar Deep Water.
[17] The temperature, salinity, potential density and geo-

strophic velocity sections at 24°S, show the nature of the
western half of the warm anti‐cyclonic eddy located there at
the time of the cruise (Figure 5a). Presented in Figure 5d are
the geostrophic velocities computed from the temperature,
salinity and pressure data, using the CSIRO seawater routine,
and relative to the bottom. These computed geostrophic
velocities reveal the vertical pattern of anti‐cyclonic circu-
lation associated with the eddy. Southward geostrophic
velocities in the high‐speed jet on the western edge of the
eddy reached over 0.6 m.s−1, similar to the LADCP mea-
surements of de Ruijter et al. [2002], as well as the mean

drifter velocities documented above. Thus the velocities from
all these three methods are in qualitative agreement about the
anti‐cyclonic circulation within the eddy, although quantita-
tive differences exist.
[18] Progressing east along the section, the isotherms,

isohalines and isopycnals deepened significantly once the
boundary of the eddy was crossed at around 36.5°E. The
displacement of the isopleths is most significant in the upper
part of the water column, being over 100 m, but the influence
of the eddy, mentioned above, can be seen to extend right to
the bottom. The barotropic nature of these anti‐cyclonic
Mozambique Channel eddies was also clearly borne out in the
LADCP data [de Ruijter et al., 2002]. Assuming that the
section reached the center of the eddy, its radius appears to

Figure 4. A �‐S diagram showing the water mass character-
istics at 24°S (red), 20°S (blue), 17°S (green), and 12°S
(black) during ACSEX I.

Figure 3. (left) Velocities from two surface drifters deployed during ACSEX I in an anti‐cyclonicMozam-
bique eddy near 24°S, and (right) absolute geostrophic velocities associated with the eddy from altimetry.
The drifter velocities were taken from the first loop of each drifter, which spanned the times 00:00 29/03–
18:00 02/04, and 12:00 28/03–18:00 04/04, respectively. TheMAGV are the 7‐day gridded data centered on
29/03/2000.
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have been about 110 km (36.5–38.3°E). This is in good
agreement with the 100 km radius calculated from the
altimetry above.
[19] Figure 6 displays the nitrate (Figure 6a), phosphate

(Figure 6b), silicate (Figure 6c), and oxygen (Figure 6d)
concentrations on the 24°S section. The nutrients were
depleted to near zero in the surface waters, and increased in
concentration with depth, a distinct nutricline being evident
between 500 and 1000 m. There was a marginal deepening of
the nutricline to the east, corresponding to the deepening of
the thermocline caused by the presence of the warm anti‐
cyclonic eddy, however the deepening in the nutricline was
not as pronounced. The vertical distribution of oxygen was
more complex. An oxygen minimum of <140 mM, typical of
Red Sea Intermediate Water, extended between 1000 and
1500 m, being most intense in the east of the section, in the
center of the eddy. In the west of the section oxygen‐rich
AAIW was present. AAIW is know to be carried northward
by the Mozambique Undercurrent at a depth of about 1000 m
[de Ruijter et al., 2002]. Oxygen maxima occurred very near
to the surface, and at around 500 m, as well as below the
oxygen minimum.
[20] The hydrographic characteristics of the 20°S section

(vide Figure 2) are shown in Figure 7. A deepening of the
temperature, salinity and density isopleths moving east along
the section was also evident here. However, the deepening

only occurred at the last two stations, east of 38°E. Com-
parison with the MSLA field in Figure 2 confirms that only
the easternmost 2 stations at 20°S fell within the positive
MSLA feature. The vertical displacement of the isopleths was
therefore not as great as for the eddy at 24°S, but this is likely
because the center of the feature at 20°S was not reached by
the section. Nonetheless the calculated geostrophic velocities
show the southward jet current on the eddy’s western edge
extending throughout the water column. Since the section did
not reach to the center of the eddy, it is difficult to estimate the
size of the eddy based only on the hydrographic data pre-
sented here. Thus we adopt an altimetrically derived radius
of 120 km for the eddy at 20°S.
[21] The nutrient concentrations at 20°S displayed similar

patterns to the section further south, with the nutricline again
positioned between 500 and 1000 m (Figure 8). The nutrient
concentrations all show a deepening of the nutricline at the
easternmost two stations, corresponding to the location of the
warm, anti‐cyclonic eddy, although again the vertical dis-
placement is less pronounced than that of the thermocline.
The oxygen section reveals a similar vertical structure to that
at 24°S, however the oxygen minimum near 1000 m is more
intense, reaching below 100 mM, and is not displaced to the
east. This may indicate a weakening of the Mozambique
Undercurrent leading to reduced AAIW penetration to this
latitude on this occasion. Numerical model simulations

Figure 5. (a) Temperature, (b) salinity, (c) potential density, and (d) geostrophic velocity sections at 24°S,
across one half of aMozambique eddy. (top) The upper 1000m, and (bottom) the 1000–3000m depth range.
See Figure 2 for a station map. Black triangles at the top mark the station positions.
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[Biastoch et al., 2009] do not show such a meridional
reduction over the long‐term.

3.3. Temperature, Salinity, and Nutrient Anomalies

[22] Figure 9 shows �‐S diagrams for depths >400m, of the
sections at 24° (a) and 20°S (b). On the basis of the 10 cm
MSLA (Figure 2), and their characteristics, the profiles were
separated into eddy stations (red) and reference stations
(blue). At 24°S, the easternmost three stations were deemed
within the eddy, and on any one isopycnal were typically
warmer and more saline than the surrounding water. Only the
two easternmost stations fell within the eddy at 20°S. Along
the isopycnals 27.0 < st < 27.4, these eddy stations were
generally warmer and more saline than their surrounds.
However, there were two warm and even more saline stations
outside of the eddy to the west. These can be identified in
Figure 7b as the salty core of water (S > 34.8) near 1000 m at
37.4°E.
[23] The temperature and salinity anomalies in the eddy at

24°S were computed as per section 2.2, where the blue
profiles in Figure 9a were averaged to produce the refer-
ence station. The vertical cross section of the temperature
anomalies is shown in Figure 10a. They were close to zero
west of 37°E. The presence of the continental shelf is

responsible for the absence of information at deeper iso-
pycnals on the western edge of the section. The most
prominent feature was associated with the anti‐cyclonic
eddy, which was represented by a strong temperature
anomaly of over 6 × 108 J.m−2. It is evident that the
section only resolved the western portion of the anomaly
associated with the eddy. The salinity anomaly showed a
similar pattern, reaching over 20 kg.m−2 at its center. The
greater part of the anomalies was confined between st 27.0
and 27.6, in accordance with the separation of the profiles
in Figure 9a. Figures 10c and 10d were produced by
vertically summing the anomalies over all st levels. These
vertically summed anomalies are plotted against distance
from the eastern edge of the section, which was assumed
to be the center of the eddy.
[24] The vertically summed heat anomaly (Figure 10c) and

salt anomaly (Figure 10d) were both a maximum at the eddy
center, and then decreased slowly to around 100 km from the
center, after which both anomalies underwent a rapid decay to
near zero by 140 km from the center of the eddy. Such a rapid
decay would be expected as the boundary of the ring was
crossed. These summed anomalies were integrated horizon-
tally, between the eddy center and where they decayed to zero
around 140 km away. The resulting total available heat and

Figure 6. Vertical sections at 24°S, across half of a Mozambique eddy. Nitrate (a), phosphate (b), silicate
(c) and oxygen (d), are all in mM. These may be compared to the physical parameters in Figure 5. (top) The
upper 1000 m, and (bottom) the 1000–3000 m depth range. Black triangles at the top mark the station
positions.
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salt anomalies associated with the eddy were 1.3 × 1020 J and
6.9 × 1012 kg, respectively. Themagnitude of these anomalies
is large, being on a par with Agulhas Rings [van Ballegooyen
et al., 1994] and significantly in excess of those observed in
other current systems such as the Antarctic Circumpolar
Current [e.g., Swart et al., 2008].
[25] The heat and salt anomaly were also computed for the

20°S section, using a reference station produced by averaging
the blue profiles in Figure 9b. The result is shown in
Figure 11. Positive heat and salt anomalies again occurred in
the 27.0 < st < 27.5 range. However, here the anomalies were
not clearly associated with the anti‐cyclonic eddy on the
eastern edge of the section, but were concentrated near the
core of warm, saline waters around 1000 m at 37.4°E. These
heat and salt anomalies were considerably lower than those at
the section to the south already discussed (Figure 10). Since
we were unable to identify the anomalies as clearly belonging
to the anti‐cyclone, we do not compute total heat and salt
anomalies for the 20°S eddy.
[26] Using the same criterion for eddy versus reference

stations as above, along‐isopycnal nutrient and oxygen
anomalies were calculated for the 24°S section (Figure 12).
The dominant signal occurred below st = 27.0, in accord with
the hydrographic data. Here the eddy was enriched in nu-
trients, yet depleted in oxygen relative to the surrounding

waters. At slightly shallower levels, around st = 26.5, the
eddy was in contrast in nutrient deficit and oxygen surplus
relative to the reference station. This switch within the eddy
from being low in nutrients (above 500 m), to being nutrient
rich (below 1000 m), can also be observed by examining the
eastern side of the section in Figure 6.
[27] As for the hydrography, the nutrient and oxygen

anomalies were vertically summed and horizontally inte-
grated to produce total nutrient and oxygen anomalies for the
eddy. These are given in Table 1. The results indicate that
overall, along isopycnal surfaces, the eddy was enriched in
nutrients and depleted in oxygen relative to the surrounding
waters. The resulting total nutrient anomalies do not conform
to Redfield ratios. This reflects the fact that small deviations
from Redfield stoichiometry in depth coordinates are ampli-
fied by the multiplication by layer thickness, h, in the iso-
pyncal calculation (3). Nonetheless these total anomalies
maybe sensitive to reference station choice, and the coarse
sampling, and should be interpreted with caution.
[28] At any one depth in the upper 1000 m, the eddies were

poor in nutrients relative to their surrounds. To highlight the
difference between anomalies computed on isopycnals sur-
faces, and anomalies computed using depth coordinates, we
show the average nutrient anomaly with depth in Figure 13.

Figure 7. Temperature (a), salinity (b), potential density (c) and geostrophic velocity (d) sections across
portion of an anti‐cyclonic eddy in the Mozambique Channel at 20°S. See Figure 2 for a station map. (top)
The upper 1000 m, and (bottom) the 1000–3000 m depth range. Black triangles at the top mark the station
positions.
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These confirm the eddy to be depleted in nutrients on constant
depth surfaces, in the upper 1000 m.

4. Discussion

[29] The hydrographic, altimetric and drifter data presented
here, together with the LADCP data previously provided by

de Ruijter et al. [2002], provide a coherent view of the eddies
observed in the Mozambique Channel during ACSEX I. The
features were 100–150 km in radius and exhibited strong anti‐
cyclonic rotation. At intermediate depths, the eddies typically
contained RSIW, while the surrounding waters were cooler
and fresher. The southward advection of warm, saline RSIW
by the eddies is thus responsible for the separation between

Figure 8. Vertical sections at 20°S, across part of aMozambique eddy. (a) Nitrate, (b) phosphate, (c) silicate,
and (d) oxygen, all in mM. These may be compared to the physical parameters in Figure 7. (top) The upper
1000 m, and (bottom) the 1000–3000 m depth range. Black triangles at the top mark the station positions.

Figure 9. The �‐S diagrams, for depths >400m, for the (a) 24°S and (b) 20°S sections. The stations inside the
anti‐cyclonic eddies on the eastern edges of the sections are shown in red. The remaining stations to the west
(in blue) were averaged into reference stations to compute temperature and salinity anomalies (vide Figures 10
and 11). At 20°S two particularly warm, saline stations outside of the eddy tend to obscure its properties.
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the profiles at intermediate depths (27.0 < st < 27.6) evident
in Figure 9. This separation was only marginal at 20°S, where
no AAIW was present in the reference station, and in the
presence of the warm salty core of water near 1000 m at
37.4°E (Figure 7). At 20°S, the section did not reach the core
of the eddy, which may also account for the lack of a clear
signal. However, at 24°S, the waters surrounding the eddy
had cooler, fresher, AAIW characteristics, and the differences
between the reference station and eddy profiles was distinct.
The varying proportions of AAIW in the reference station
profiles is likely attributable to the degree of northward
penetration by the Mozambique undercurrent.

[30] These differences in reference station profiles were
directly reflected in the heat and salt anomalies, which were
larger at 24°S (Figures 10 and 11). While the anomalies at
20°S were somewhat ambiguous, at 24°S they clearly rep-
resented the difference between RSIW within the eddy and
AAIW at the surrounding reference station. Thus we believe
these anomaly calculations provide a robust first estimate of
the heat and salt content of aMozambique Channel eddy. The
along‐isopycnal anomalies represent an accurate estimation
of the heat and salt content, because they are not influenced
by the vertical displacement of isopycnals caused by eddy
Available Potential Energy. Also, since the modification of

Figure 10. Vertical sections of (a) heat and (b) salt anomalies at 24°S, calculated using isopycnal coordi-
nates. The vertically summed (c) heat and (d) salt anomalies with distance from the eastern edge of the sec-
tion. The reference station against which the anomalies were computed was an average of the 7 westernmost
stations on the section (blue triangles). The positions of the stations within the eddy are shown by red trian-
gles. The anti‐cyclonic eddy (vide Figures 2, 5, and 6) is evident in the positive heat and salt anomalies on the
eastern side of the section.
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Figure 11. Vertical sections of (a) heat and (b) salt anomalies at 20°S, calculated using isopycnal coordi-
nates. The reference station against which the anomalies were computed was an average of the 7 western-
most stations on the section (blue triangles). The positions of the remaining two stations are shown by the red
triangles.

Figure 12. Vertical sections of (a) nitrate, (b) phosphate, (c) silicate, and (d) oxygen anomalies (mM.m−2) at
24°S, in isopycnal coordinates. The anomalieswere computed against an average of the 7westernmost stations
on the section (blue triangles). The positions of the remaining stations are shown by the red triangles at top.
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water mass characteristics occurs primarily along isopycnal
surfaces, the anomaly calculations are an indication of the
eddy’s ability to modify the surrounding waters. The mag-
nitude of the anomalies calculated for the eddy at 24°S are
comparable to those of Agulhas Rings [de Ruijter et al.,
1999a].
[31] The anomaly calculations could have been influenced

by the fact that the continental margin was present in the
hydrographic sections, and many of the reference profiles lay
over the shelf and slope. Indeed most similar anomaly cal-
culations have been carried out for stations occupied in the

open ocean, away from the influence of bathymetry [e.g.,
Joyce et al., 1981; Swart et al., 2008]. Due to the margin
bathymetry, the reference stations did not reach as deep as the
stations within the eddies, and as noted, were likely influ-
enced by the Mozambique Undercurrent. More data within
the channel would be needed to produce a full depth reference
station and determine exactly how representative our refer-
ence station was. The ASCLME cruises [Vousden et al.,
2008] should produce a data set that allows just that.
[32] Regardless of the reference station choice at the two

sections, steady southward propagation [Schouten et al.,
2003], would carry an eddy increasingly into the domain of
AAIW, thus increasing the size of the anomalies. The increase
in anomaly size as an eddy advects its ambient RSIW waters
further south implies a greater heat and salt flux, as well as an
increasing ability to modify the characteristics of surrounding
water masses via isopycnal mixing. What is the potential
significance of the heat transport by Mozambique Channel
eddies to local and global heat budgets?
[33] An eddy heat content of O(1 × 1020 J) with respect to

the surrounding water, as calculated, with around 4 eddies per
year propagating southward would lead to a divergent eddy
heat flux (see Jayne and Marotzke [2002] for a definition) of

Figure 13. Nutrient anomalies computed in depth coordinates at the hydrographic section undertaken at
24°S in theMozambique Channel (see also Figures 2, 5, and 6). Note that in the upper 1000m, the eddies are
typically deficient in nutrients at any single depth. This contrasts with the anomaly calculation in isopycnal
coordinates (Figure 12) where the eddy represented a positive nutrient anomaly. See the text for a discussion
on the relevance of the depth based versus isopycnal based calculation.

Table 1. Total Isopycnal Nutrient Anomalies for the Eddy Found
in the Hydrographic Line of Stations Undertaken at 24°S in the
Mozambique Channela

Element Eddy Anomaly (mol)

NO3
− 1.4 × 1010

PO4
− 4.6 × 109

SiO4 3.7 × 1011

O2 −9.5 × 1011

aThe total anomalies are not consistent with Redfield ratios and should be
interpreted with caution (see text for details).
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O(4 × 1020 J/year = 1.3 × 1013 W) southward over the area
of the Mozambique Channel. Through the narrows (400 km
wide) this is equivalent to O(3 × 107 W/m). The flux cal-
culated here represents a fair proportion of the south-
ward divergent eddy heat transport Jayne and Marotzke
[2002] (Figure 8) have shown for the southern Agulhas
Current and for Agulhas Rings entering the South Atlantic
(≤1 × 108 W/m).
[34] Previous studies have shown that contributions from

the Mozambique Channel significantly influence water mass
properties in the Agulhas Current [e.g.,DiMarco et al., 2002;
Roman and Lutjeharms, 2009]. It has also been demonstrated
that at least some of these anomalous water signals remain
evident as far downstream as Agulhas Rings [Roman and
Lutjeharms, 2007] and therefore contribute to the flux
into the South Atlantic. However, since the majority of
Mozambique eddies move poleward outside the Agulhas
Current proper [Schouten et al., 2003], and therefore are not
absorbed into the Agulhas Current proper, one can currently
only speculate on the quantitative contribution they may
make to heat and salt flux into the Agulhas Current and hence
into the South Atlantic Ocean.
[35] As shown in Figure 13, at any one depth in the upper

1000 m the eddy at 24°S was nutrient poor relative to the
surrounding water. This depth‐based calculation is the one
applicable to biological processes. The negative depth‐based
nutrient anomalies in the surface waters suggest that the
waters within the eddies should have lower rates of primary
production than the surrounding waters. However, it has been
inferred that the borders of these eddies exhibit high primary
productivity since they are preferred foraging areas for
marine birds [Weimerskirch et al., 2004]. In contrast, the
along isopycnal nutrient anomalies were positive within the
eddy, while the oxygen anomaly was negative (Figure 12 and
Table 1). As with the heat and salt anomaly, the isopycnal
based nutrient calculations reflect the eddy’s ability to induce
a nutrient flux, and to modify adjacent waters through iso-
pycnal mixing. The large heat, salt and nutrient content of the
Mozambique Channel eddies suggests that they are important
conveyors of water mass properties.

5. Conclusions

[36] The large, over 200 km diameter, warm eddies
observed in the Mozambique Channel during ACSEX I were
well matched in size and position with altimetrically derived,
positive sea level anomalies. The altimetry, LADCP mea-
surements, geostrophic calculations and surface velocity
profilers concurred on the strong anti‐cyclonic rotation of the
features. The strong geostrophic currents were related to a
bowl‐like displacement of the isopynals, which descended
vertically by 100 m from the edges of these feature to
their centers. The southernmost eddy contained significant
amounts of heat and salt, on a par with Agulhas Rings. Along
isopycnal surfaces, it was also enriched in nutrients relative to
the surrounding waters. In contrast, the eddy was depleted
oxygen. These strong anomalies suggest that the Mozambique
Channel eddies may influence the water mass characteristics
of the Agulhas Current [e.g., Roman and Lutjeharms, 2009]
into which they may partially and intermittently feed, and
perhaps ultimately the physical and chemical properties of the

South Atlantic basin via Agulhas leakage [e.g., Roman and
Lutjeharms, 2007].
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