
The Agulhas Current: A case study 
of a Western Boundary Current
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Where is the Agulhas Current?

From Boebel et al., (2003)

MODIS SST courtesy of 
Warner Baringer



Ship



Instrumentation: CTD and ADCPs



Currents (25-75 m)

South Africa

100 cms−1

offshore cyclone
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Boundary Layer model for the Agulhas Current

Solid curve is the ADCP current data at a depth of 237 m for a section crossing the Agulhas Current, at an 
angle of 130° relative to true north near 31.5°S. At this depth the edge of the continental slope is 8.6 km 
from the coast. Dotted curves are the best-fit Munk solutions to (a) data between 9 and 43 km, (b) data 
between 9 and 227 km.

Stommel BL

Munk BL



Boundary Layer model for the Agulhas Current

Combined Stommel-Munk BL

The best-fit solution to the 
data is a Munk B.L. with a 
coastal constant viscosity 
layer matched to an offshore 
linearly varying viscosity.

Webb (1999)



LADCP - Lowered Acoustic Doppler 
Current Profiler, 150 kHz, ↓6000 m

Once at >100 m depth, moves 
independently of ship. 

Can measure attitude in the water, so 
vector properties of measured velocity 
are known. 

But, instrument cannot measure the 
component of velocity due to its own 
motion.

Umeas = Uocean + Uadcp

Measuring full-depth velocity with a Lowered ADCP



Uadcp is constant throughout a 
profile (or ping) with n bins. 
 
Ocean velocity can be split into Ubc 
(measured shear over 2 bins) and 
Ubt (unknown const. for profile).

Then, with minimum 2 bins, can 
solve for Ubt and Uadcp.

In practice, single ping data is very 
noisy - use additional constraints 
where possible: ship velocity, 
ADCP velocities, bottom-track 
velocities.

Measuring full-depth velocity with a Lowered ADCP

Beal, 1997;  Firing, 1998;  Visbeck, 2002



Direct velocity sections across Agulhas Current 
collected during AUCE, March 2003
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Geostrophic versus Direct Velocities

! Using equation of state for seawater can obtain density from 
measurements of temperature and salinity.

! Differentiating and eliminating pressure from the geostrophic 
equations, we obtain the thermal wind equations, from which we can 
use our measured density gradients to calculate geostrophic shear.

! Why can we not measure the absolute pressure gradient and obtain 
geostrophic currents?

! How do we obtain a reference velocity?

Use thermal wind equations to obtain geostrophic velocities from 
CTD measurements......

! assume bottom velocity is zero
! use water mass properties
! direct measurement with current meter (what depth?)
! use mass conservation (e.g. set up an “inverse model”)



Agulhas Current off South Africa

! Geostrophic velocity integrated from v=0 at the sea bed from 11 
stations measuring (p, T, S),  giving 10 profiles of geostrophic shear 
dv/dz



Geostrophic versus Direct Velocities

Reference 
Level 
(dbar)

Geostrophic 
transport 
(Sv)

Transport 
above 
1000 
dbar1000 -31 30

1500 42 56

2000 75 66

2500 88 71

3000 89 74

3500 90 74

! Where is the reference level? 
Is there a reference “level”?

Beal, 1999



Geostrophic versus Direct Velocities

LADCP Geostrophy
Beal, 1999



Geostrophic versus Direct Velocities

- what makes the difference?

! Ekman layer velocities (surface)
! inertial motions (wiggly bit)
! instrument error
! time variability (measurements 

are not synoptic)



Temperature, Salinity, and Oxygen distributions

! Isotherms slope upwards 
towards coast

! Neutral density layers thin 
towards coast

! On this section 15ºC isotherm 
outcrops

Potential Temperature (ºC)



Temperature, Salinity, and Oxygen distributions

! Subtropical surface water, 
salinity maximum

! AAIW salinity minimum
! RSW modified 

intermediate waters
! NADW salinity maximum

Salinity



Temperature, Salinity, and Oxygen distributions

! STSW oxygen minimum
! SubAntarctic Mode Water, 

oxygen maximum
! Intermediate oxygen 

minimum originating in 
Arabian Sea

! NADW oxygen maximum

Oxygen ml/l



T-S Diagram
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Water mass sources of the Agulhas Current
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Cross-stream water mass separation due to vorticity and 
kinematic steering

Beal, 2006
FIG. 6. Theta–S diagrams depicting the water masses in the Agulhas Current. (top 4) Each of the four sections across

the Agulhas Current, color-coded red for water particles with positive relative vorticity (offshore of current core) and blue
for those with negative relative vorticity (onshore of current core). (bottom) The mean !–S curves from each section.
Contours depict the neutral surfaces (") listed in Table 1.
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Fig 6 live 4/C

have been included, so for example, those in the near-
shore northward flow of the 36°S section are not in-
cluded.

First we note that the !–S and !–O2 curves for all the
sections are qualitatively the same: the water masses
discussed above (and listed in Table 1), using the Port
Elizabeth section at 36°S as an illustration, are ob-
served in all the sections of the Agulhas Current
throughout its journey along the African coast. Look-
ing more closely at the !–S diagrams for each of the
four Agulhas Current sections (Fig. 6, top four panels)
we see that STSW, identifiable by its salinity maximum
at about 17°C, is predominantly present offshore of the
current core (red), while the less saline TSW is more
often found inshore (blue). There is a similar separa-
tion at intermediate depths, where AAIW with its sa-
linity minimum is found offshore, while RSW (de-
graded minimum) is generally found inshore. In the top
four !–O2 diagrams of Fig. 7, SAMW, depicted by an
oxygen maximum at about 12°C, has a much greater
presence offshore. For the shallow oxygen minimum
that originates in the Arabian Sea and lies between 15°
and 20°C, it is not so clear, partly because of outcrop-
ping on the southerly sections, but at least on the north-
ernmost section of Richards Bay the onshore waters
exhibit a stronger oxygen minimum than those off-
shore, on the average. To reiterate then, STSW,
AAIW, and SAMW flow into the Agulhas Current
from their various sources via the anticyclonic gyre cir-
culation of the South Indian Ocean. They are all found
generally offshore of the current core and are evidently
inhibited from crossing to its cyclonic side. TSW,
ASLOW, and RSW all originate to the north, crossing
the equator close to the western boundary and flowing
into the Agulhas Current via the Mozambique Chan-
nel. They are constrained, for the most part, to the
inshore, cyclonic side of the current.

As discussed previously in the introduction, Bower et
al. (1985) found a similar partition of waters in the Gulf
Stream, where distinctly different water masses were
found to the north and south of its meandering dynami-
cal front. They concluded that waters are prevented
from crossing the WBC core by strong gradients of PV
in the upper water column, while below a density sur-
face at about "! # 27.1, PV was homogeneous across
the Gulf Stream, indicating a freely mixed regime. To
examine the transition from heterogeneous to homoge-
neous cross-stream PV in the Agulhas Current more
closely, we have calculated the PV gradient along den-
sity surfaces at each Agulhas section. The choice of how
to estimate the PV gradient has a substantial effect on
the results. For instance, to take a difference across the
whole width of the current as compared with just across

the PV front itself can make an order of magnitude
difference to the gradient, and a linear fit gives a
smaller gradient than a straightforward difference.
From attempting a number of different solutions we
deduce that the most consistent result is found by tak-
ing the difference between the minimum (or maximum
negative) PV along a neutral surface and the first fol-
lowing maximum (or negative minimum) in the off-
shore direction. Thus, the calculation is consistent, in
terms of stream anatomy, from one section to another.
It also represents an upper bound on the PV gradient,
since we choose to differentiate between extrema. The
results for each section are presented in Fig. 8.

Of immediate note is that the PV gradient at East
London (34°S) is substantially greater than at any other
latitude. This is owing to the presence of the cyclone
just offshore of the current core, seen earlier in Fig. 2.
Its PV minimum is superposed onto that of the Agulhas
Current, creating an elevated PV gradient. Excepting
the anomalous 34°S section, there is a downstream
trend of increasing PV gradient within the current. This
follows the speeding up of the jet and the sharpening of
the density front. On all sections the maximum PV gra-
dient occurs around $ # 24.5, and there is an obvious
transition from large to very small PV gradients within
the thermocline, at neutral densities between 26.0 and
27.0. There is no downstream trend in the density
of this PV gradient transition, but because density sur-
faces upwell toward the south, the transition does
rise in depth in the downstream direction. What is in-
teresting is that the transition from heterogeneous to
homogeneous cross-stream PV is well above the inter-

FIG. 8. The isoneutral gradient of potential vorticity across the
dynamical front of the Agulhas Current for each of the four sec-
tions, from Richards Bay (RB) in the north to Port Elizabeth (PE)
in the south.
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Potential vorticity 
gradient across front



Measured WBC transport versus predicted 
Sverdrup transport

-why is the Agulhas 
Current so much 
larger than Sverdrup 
Balance predicts?

V =
1
⇢�

curl⌧

Downstream gain 
in transport is equal 
to Sverdrup 
transport



Agulhas Current Time-Series,  
April 2010 - February 2013

Deployment 1: Apr 2010 - Nov 2011

Deployment 2: Nov 2011 - Feb 2013
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Agulhas Current velocity and transport for mean, 10% 
weakest, and 10% strongest transports
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Agulhas Current Transport
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T = SW transport 
integrated to first 
cumulated transport 
minimum (different 
limit of integration 
every time step)

Tbox = SW 
transport integrated 
to offshore distance 
of mean zero 
crossing (fixed area 
of integration)

meanders



Four Agulhas meander events during ACT (and 14 
ring-shedding events)

Elipot et al, 2015
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In situ sampling of meander during ACT, April 2010

The GHRSST product is a daily, 1.5-km resolution, gridded SST. The AVISO product is

a daily, 1
3

�
resolution MADT. MADT is calculated as sea level anomaly plus a mean sea

surface (derived from along-track mean profiles) minus a geoid (calculated from 4.5 years

of Gravity Recovery And Climate Experiment data from 1993-1999 and hydrographic

data).

4.3 Results

4.3.1 Solitary Meander Surface Characteristics
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Figure 3: Six panels showing the progression of the solitary meander during the first cruise,
from 7th April 2010 (a) through 20th April 2010 (f). Colors show SST (�C) from GHRSST,
with the color scale shown on the right. Black contour lines represent MADT (mapped absolute
dynamic topography, cm) from AVISO. Dashed contours show the 50 cm, 75 cm and 100 cm
isopleths, and solid contours show the 125cm, 150 cm, and 175 cm isopleths. Bold vectors show
LADCP velocities averaged over the top 200 m of the asynoptic meander line (a-c) and the
meander line (d-f; with velocity scale given by the arrow at the top left of each panel).
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Dominant modes of velocity variance = meanders
Dominant mode of transport variance = pulses
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Fig. 3. Cartesian Empirical Orthogonal Function (EOF) 1 to 4 of the cross-track (v) and
along-track (u) gridded velocity components. The EOFs are dimensionalized to represent the
velocity anomalies in m s�1 for an amplitude of 1 of their respective Principal Components
(PC) time series shown in Fig. 4. For each EOF, the cross-track component is contoured with
the colors as indicated by the colorbar. At a number of grid points, the cross-track and along
track components of the EOF are combined into horizontal velocity vectors represented on
the plane of the paper, with a scale given by the gray arrow on the left of each panel. The
arrows are colored red when the along-track component is positive (i.e. pointing o↵shore)
and colored blue when negative (onshore). In each panel, the time-mean cross-track velocity
is drawn with gray contours at 0.2 m s�1 intervals. The bathymetry is shaded white. The
location of each mooring and the mid-points between CPIES pairs are indicated along the
abscissa of each panel and by vertical dotted lines. The squared fraction covariance (sfc, or
amount of variance explained) of each mode is indicated in the inset of each panel.
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Mesoscale meanders can be traced up and 
downstream
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Fig. 9. a. Absolute dynamic topography (ADT) in the Agulhas Current System and in the
South Indian Ocean averaged for the time period Jan. 2009–Aug. 2013. The box delineated
by a dashed line indicates the close-up in panel b. In both panels, ACT is the Agulhas
Current Timeseries experiment array. The thin white lines are the 750 m isobath from the
seafloor topography database version 15.1 of Smith and Sandwell (1997). The gray and black
curves are the correlation path (Path I) and analytic correlation path (Path II); see text for
definitions. Along those paths, the distances from the origin at the ACT array are written
at 1000 km intervals, positive upstream of ACT and negative downstream. In panel b, the
90 cm contour is drawn with a dashed line.
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In Summary
! The horizontal structure of the Agulhas Current, as measured by 

shipboard ADCP,  is most closely modelled by a Munk boundary layer 
with linearly varying viscosity offshore.

! Two decades ago the first full-depth, direct velocity measurements of 
the Agulhas Current were made with a Lowered ADCP. Uncertainties 
order 10cm/s due to instrument motion and noise.

! Different geostrophic reference level choices influence the structure 
and transport of the flow and can lead to misunderstandings.

! Geostrophy is smoother than direct velocities, because inertial 
motions and Ekman flows are disregarded

! The water masses in the Agulhas Current are from disparate sources.
! For the most part, water masses remain distinct and separated either 

side of the Current axis, due to vorticity and kinematic mixing barrier.
! It matters how you measure transport.
! Dominant mode of variability in Agulhas Current is solitary meanders
! The measured transport of the Agulhas Current is considerably larger 

than its predicted Sverdrup transport.


