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Western Boundary Circulation System (WBCS)   
 Atlantic thermohaline circulation (ATHC)  
 Shallow Subtropical-tropical Cells (STC) 

 

Ø   Interaction between the hemispheres is focused on the western boundary 

Schott et al. 2004 Kuhlbroedt et al. 2007  



Western Boundary Circulation System (WBCS) 
 

Observations at 5°S and 11°S between 1990-2004: 

 

Ø  9 research cruises: 
repeatedly occupied the 
5°S and 11°S section 

Ø  Mooring array at 11°S 
     2000-2004 

Schott et al. 2005 



Western Boundary Circulation System (WBCS) 
 

Observations at 11°S between 2000-2004: Mean state 

Average transports at 11°S (ship): 
 
NBUC  24 +/- 4 Sv [=1 x106 m3s-1] 
 
DWBC  -34.8 +/- 8.6 Sv 

cm/s	

Average transports at 11°S (mooring): 
 
NBUC  27.1 +/- 1.1 Sv 
 
DWBC  -18.6 +/- 1.7 Sv 

remake of Schott et al. 2005 



Western Boundary Circulation System (WBCS) 
 

Observations at 11°S between 2000-2004: Intraseasonal to Seasonal Variability  

NBUC: 
 
Ø  Average transport is  
     similar to ship sections 

	

DWBC: 
 
Ø  Average transport is lower than 

from ship sections 
 
Ø  Spectral peak at 60-70 days 

period associated with deep 
eddies 

	
Schott et al. 2005 
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Western Boundary Circulation System (WBCS) 
 

Observations at 11°S between 2000-2004 

Ø  Break up of DWBC in to 
deep eddies at around 8°S 

Dengler et al. 2004 



Western Boundary Circulation System (WBCS) 
 

Other studies after observational period 

Ø  c l o s e c o r r e s p o n d e n c e 
between AMOC strength and 
NBUC transport on inter-
annual time scales  

Biastoch et al. 2008 

AMOC	strength	at	6°S	
NBUC	transport	

Ø  Salinity anomalies within the 
NBUC are related to the 
variability of the Agulhas 
leakage and might have 
imp l i ca t ions fo r fu r ther 
evolution of MOC 

 

Biastoch et al. 2009 



Western Boundary Circulation System (WBCS) 
 

New observations at 11°S: velocities 
4 new research cruises: 
M98 (July 2013) 
M106 (May 2014) 
M119 (October 2015) 
M130 (September 2016) 
 
redeployment of mooring array in 2013 



Western Boundary Circulation System (WBCS) 
 

New observations at 11°S: velocities 
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DWBC transport at 11°S

		average				
(2000-2004)	
25.8	±1.1	Sv	

	

		average				
(2000-2004)	
-17	±1.6	Sv	

	

		average				
(2013-2016)	
25.6	±1	Sv	

	

		average				
(2013-2016)	
-19	±2.2	Sv	

	

ß25.4 ± 2.4àß25 ± 1.8àß27.7 ± 3.1àß25.1 ±2.1à 

redeployment of mooring array in 2013 

update from Hummels et al. 2015 



Western Boundary Circulation System (WBCS) 
 

New observations at 11°S: velocities 

 
Ø  global 0.5° horizontal resolution (ORCA05) 

Ø  1/10° horizontal resolution within the nest 

Ø  46 vertical levels 

Ø  forced with CORE2b dataset 

 

 

What is INALT01? 
	

model studies suggest an increasing trend in Agulhas
leakage (Biastoch et al. 2009b; Rouault et al. 2009) that
results in an overall salinification of the South Atlantic
(Biastoch and B€oning 2013). The effectiveness of this
significant exchange south of Africa for the most part is
thought to be linked in one way or another to the wind
patterns of the Southern Hemisphere (Biastoch et al.
2009b; Rouault et al. 2009).
TheAgulhas system is sandwiched between twomajor

wind belts, namely the southeast trades, between the
equator and about 308S, and the westerlies, over roughly
308–608S. With the average latitudinal range of the
positive wind stress curl region in the Indian Ocean
extending beyond the termination of the African con-
tinent near 348S (Marshall and Plumb 2007), the Agul-
has Current leaves the continental slope as a free jet. An
interplay between its large inertia and the position of the
zero wind stress curl (maximum westerlies) leads to its
retroflection (Ou and de Ruijter 1986), a process that

also determines the amount of leakage into the Atlantic
(de Ruijter et al. 1999; Pichevin et al. 1999; Dijkstra and
de Ruijter 2001). Therefore, the variability of Agulhas
leakage on all time scales is expected to be connected to
the strength and/or position of trades and/or westerlies.
The trade winds are largely responsible for the inertia

of the Agulhas Current. Rouault et al. (2009) and van
Sebille et al. (2009) [who used the samemodel as Biastoch
et al. (2009b)] found the contemporary increase in leak-
age to be linked with the upstream strength of the Agul-
has Current. Within their range of model observations,
they disagreed, however, on the sign of the relationship;
Rouault et al. (2009) claimed an increase in leakage
caused by increase inAgulhas Current, while van Sebille
et al. (2009) argued for a decrease in the upstream in-
ertia that leads to an increase in leakage. Both of these
studies implied that the trade winds influence leakage
magnitude. In a series of realistic global and regional
ocean–sea ice models, Loveday et al. (2013, manuscript

FIG. 1. Mid-depth (250–400m) temperature (shading; 8C) and velocity gradients (shown as
the three-dimensional-depth expression) in a 5-day-average snapshot centered at 17 Jun 2006
from the hindcast realization of INALT01 illustrating the major pathway of Agulhas leakage
across the South Atlantic. The INALT01 configuration consists of a global half-degree model
with a tenth-degree nest over the region demarked by the gray box (508S–88N, 708W–708E).

2114 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 43

Durgadoo et al. 2013 

redeployment of mooring array in 2013 



Averages 
subtracted: 
 
25.2 Sv Mooring 
 
 

Western Boundary Circulation System (WBCS) 
 

New observations at 11°S: velocities 

redeployment of mooring array in 2013 

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
−8

−6

−4

−2

0

2

4

6

8

Tr
an

sp
or

t a
no

m
al

ie
s 

[S
v]

 

 

INALT01 until 33°W
Mooring NBUC Box

 
 
 
 
 
14.9 Sv INALT01 
 

 
 
 
 
 
 
 
16.3 Sv Zhang ´11 

Hummels et al. 2015 



11°S	

Average salinity differences across section:  
dSγ (100-600m)  = 0.024 / decade   
dSγ (1500-4000m)  = -0.007 / decade 	 	

	 	 	 	 	 	 		

Biastoch et al. 2009 
 
trend: +0.028 psu / decade 
(100-600m NBUC region) 

Western Boundary Circulation System (WBCS) 
 

New observations at 11°S: hydrography 

Hummels et al. 2015 



Hydrographic data from ship cruises 
 
+ Argo 
 
+ WOA 
 
+Brazilian Navy 
 
within a box between 40°W and 30°W 
and 12°S and 8°S  

Hummels et al. 2015 

Western Boundary Circulation System (WBCS) 
 

New observations at 11°S: hydrography 

All	available	hydrographic	data	
between	40°W-30°W	and	12°S-8°S	



Eastern Boundary Circulation System (EBCS) 
 

Ø  Alongshore velocities highly variable 
(alternating between north-and 
southward) with a weak mean 
southward flow of about 5-8 cm/s 

 
Ø  Seasonal variability is dominated by 

120-day, semi-annual and annual 
oscillations 

 

 

3 research cruises 
M98 (July 2013) 
M120 (November 2015) 
M131 (October 2016) 
 
deployment of mooring array in 2013 

measurements so far. Subsurface southward geostrophic velocities exceeding 50 cm/s were reported along
the Angolan coast between 98S and 168S during a hydrographic survey in 1968 with southward velocities
extending from the surface down to 250–300 m depth [Moroshkin et al., 1970]. Current velocities were mea-
sured at 128S on four occasions between September 1970 and July 1971 [Dias, 1983a,1983b]. In March 1971
southward flow was found to be stronger compared to July 1971: 50 cm/s versus 42 cm/s at the surface,
70 cm/s versus 33 cm/s at 100 m depth, respectively. Southward transports above 400 m depth were calcu-
lated in the range of 1.2–3.7 Sv between September 1970 and July 1971 [Dias, 1983a]. However, results of
an inverse model study making use of WOCE line A13, which was sampled during a major Benguela Ni~no
event between January and March 1995 [Gammelsrød et al., 1998], suggest a southward transport of 11 Sv
of the AC within surface and thermocline layers [Mercier et al., 2003]. During a survey in April 1999 a second-
ary, offshore branch of southward subsurface flow was identified in shipboard velocity data separated from
the coastal branch [Mohrholz et al., 2001]. Both pathways were characterized by southward velocities of
about 40 cm/s below the surface. However, below 150 m depth northward currents of 15–20 cm/s were
observed in the coastal branch. Based on the available synoptic snapshots, the general perception of the
AC is that of a continuous poleward current which is stronger in austral summer and weaker in austral win-
ter. During Benguela Ni~nos the AC appears to be a major agent in advecting warm tropical waters poleward
into the northern Benguela [Gammelsrød et al., 1998; Rouault et al., 2007].

Along with the eastern equatorial Atlantic, the Southeast Atlantic Ocean and particularly the ABF region is
subject to the strongest sea surface temperature (SST) biases seen in many state-of-the-art coupled climate
simulations [Davey et al., 2002; Richter et al., 2014]. A common indicator of the bias is an erroneous tilt of
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Figure 1. (a) Schematic circulation in the Southeast Atlantic Ocean (modified from Rouault et al. [2007]). Main features are the Equatorial Undercurrent (EUC), South Equatorial Undercur-
rent (SEUC), South Equatorial Counter Current (SECC), Gabon Current (GC), Angola Gyre (AG), Angola Current (AC), and Benguela Current (BC). The mean position of the Angola-Benguela
Front (ABF) is indicated. (b) Enlargement of the study area indicating the positions of ADCP mooring (red star) and ADCP shield (red square) as well as the !118S section (solid red line,
white dots represent along-section distance to the coast (km)). Gray dots represent positions of all hydrographic profiles used in this study. Bathymetry is extracted from ETOPO2, with
black lines representing individual isobaths.
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(standard deviation: 0.88 Sv) for the 0–200 m depth range. Four individual transport estimates from avail-
able ship sections during the mooring period agree with the reconstructed time series. The inherent sub-
monthly to intraseasonal fluctuations hamper a clear identification of semiannual and annual flow
components (Figure 5b). However, the semiannual component with amplitude of 0.20 Sv was found slightly

Figure 4. Time series of alongshore velocity (2348) as measured by (a) the onshore ADCP in the bottom shield and (c) the offshore ADCP in the mooring. Positive values indicate
northward and negative values indicate southward flow. Corresponding mean alongshore velocity profiles (thick black lines) and standard deviations (shaded areas) are shown in
(b) and (d), respectively. At the surface corresponding AVISO geostrophic alongshore velocities are plotted.

Figure 5. (a) Mean alongshore velocity field (cm/s) based on the reconstruction of the 3-D flow field using mooring data and eight real pattern from the first four HEOFs. Positive values
indicate northward and negative values indicate southward flow. (b) Transport time series (black line) obtained by integrating the alongshore velocity from 30 to 200 m depth and from
15 to 90 km offshore (see grey box in Figure 5a). Red line displays sum of semiannual and annual harmonic. Blue dots indicate individual transport estimates based on shipboard velocity
sections obtained during the mooring period.

Journal of Geophysical Research: Oceans 10.1002/2016JC012374
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Kopte et al. 2016 



Eastern Boundary Circulation System (EBCS) 
 

Ø  The Angola Current (AC) transport shows a mean of -0.32±0.05 and 
its semiannual cycle is quasi-synchronized with semiannual coastal 
Kelvin waves.  

 

 

3 research cruises 
M98 (July 2013) 
M120 (November 2015) 
M131 (October 2016) 
 
deployment of mooring array in 2013 
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the Angolan coast between 98S and 168S during a hydrographic survey in 1968 with southward velocities
extending from the surface down to 250–300 m depth [Moroshkin et al., 1970]. Current velocities were mea-
sured at 128S on four occasions between September 1970 and July 1971 [Dias, 1983a,1983b]. In March 1971
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70 cm/s versus 33 cm/s at 100 m depth, respectively. Southward transports above 400 m depth were calcu-
lated in the range of 1.2–3.7 Sv between September 1970 and July 1971 [Dias, 1983a]. However, results of
an inverse model study making use of WOCE line A13, which was sampled during a major Benguela Ni~no
event between January and March 1995 [Gammelsrød et al., 1998], suggest a southward transport of 11 Sv
of the AC within surface and thermocline layers [Mercier et al., 2003]. During a survey in April 1999 a second-
ary, offshore branch of southward subsurface flow was identified in shipboard velocity data separated from
the coastal branch [Mohrholz et al., 2001]. Both pathways were characterized by southward velocities of
about 40 cm/s below the surface. However, below 150 m depth northward currents of 15–20 cm/s were
observed in the coastal branch. Based on the available synoptic snapshots, the general perception of the
AC is that of a continuous poleward current which is stronger in austral summer and weaker in austral win-
ter. During Benguela Ni~nos the AC appears to be a major agent in advecting warm tropical waters poleward
into the northern Benguela [Gammelsrød et al., 1998; Rouault et al., 2007].

Along with the eastern equatorial Atlantic, the Southeast Atlantic Ocean and particularly the ABF region is
subject to the strongest sea surface temperature (SST) biases seen in many state-of-the-art coupled climate
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Figure 1. (a) Schematic circulation in the Southeast Atlantic Ocean (modified from Rouault et al. [2007]). Main features are the Equatorial Undercurrent (EUC), South Equatorial Undercur-
rent (SEUC), South Equatorial Counter Current (SECC), Gabon Current (GC), Angola Gyre (AG), Angola Current (AC), and Benguela Current (BC). The mean position of the Angola-Benguela
Front (ABF) is indicated. (b) Enlargement of the study area indicating the positions of ADCP mooring (red star) and ADCP shield (red square) as well as the !118S section (solid red line,
white dots represent along-section distance to the coast (km)). Gray dots represent positions of all hydrographic profiles used in this study. Bathymetry is extracted from ETOPO2, with
black lines representing individual isobaths.
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AMOC estimate at 11°S 

Interior mid-ocean transport WB EB 

Ekman 
WB EB 



AMOC estimate at 11°S 

Ekman 

 
Ø  large differences can arise depending 

on the method used to estimate wind 
stress from the wind products 

 
Ø  Wind stress is estimated from wind at 

10m after Large and Yeager (2004) 
assuming neutral stability  

Ø  mean Ekmantransports range 
between 8.1-9.8 Sv among products 
and is dominated by seasonal 
variability (~2Sv) 

Ø  NCEP/NCAR: weak seasonal 
variability and spurious decadal trend 

 

 

– weekly – monthly – annual data 



AMOC observations 
in the North Atlantic 
particularly including 
BMBF RACE 
measurements are 
well established. 
 
The tropical array 
measurements will 
significantly 
contribute to the 
understanding of 
AMOC coherence 
and propagation of 
signals of northern 
and southern 
hemisphere origin. 





AMOC estimate at 11°S 

Interior mid-ocean transport WB EB 

Ekman 

model studies suggest an increasing trend in Agulhas
leakage (Biastoch et al. 2009b; Rouault et al. 2009) that
results in an overall salinification of the South Atlantic
(Biastoch and B€oning 2013). The effectiveness of this
significant exchange south of Africa for the most part is
thought to be linked in one way or another to the wind
patterns of the Southern Hemisphere (Biastoch et al.
2009b; Rouault et al. 2009).
TheAgulhas system is sandwiched between twomajor

wind belts, namely the southeast trades, between the
equator and about 308S, and the westerlies, over roughly
308–608S. With the average latitudinal range of the
positive wind stress curl region in the Indian Ocean
extending beyond the termination of the African con-
tinent near 348S (Marshall and Plumb 2007), the Agul-
has Current leaves the continental slope as a free jet. An
interplay between its large inertia and the position of the
zero wind stress curl (maximum westerlies) leads to its
retroflection (Ou and de Ruijter 1986), a process that

also determines the amount of leakage into the Atlantic
(de Ruijter et al. 1999; Pichevin et al. 1999; Dijkstra and
de Ruijter 2001). Therefore, the variability of Agulhas
leakage on all time scales is expected to be connected to
the strength and/or position of trades and/or westerlies.
The trade winds are largely responsible for the inertia

of the Agulhas Current. Rouault et al. (2009) and van
Sebille et al. (2009) [who used the samemodel as Biastoch
et al. (2009b)] found the contemporary increase in leak-
age to be linked with the upstream strength of the Agul-
has Current. Within their range of model observations,
they disagreed, however, on the sign of the relationship;
Rouault et al. (2009) claimed an increase in leakage
caused by increase inAgulhas Current, while van Sebille
et al. (2009) argued for a decrease in the upstream in-
ertia that leads to an increase in leakage. Both of these
studies implied that the trade winds influence leakage
magnitude. In a series of realistic global and regional
ocean–sea ice models, Loveday et al. (2013, manuscript

FIG. 1. Mid-depth (250–400m) temperature (shading; 8C) and velocity gradients (shown as
the three-dimensional-depth expression) in a 5-day-average snapshot centered at 17 Jun 2006
from the hindcast realization of INALT01 illustrating the major pathway of Agulhas leakage
across the South Atlantic. The INALT01 configuration consists of a global half-degree model
with a tenth-degree nest over the region demarked by the gray box (508S–88N, 708W–708E).
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Durgadoo et al. 2013, INALT01 



4 new research cruises: 
M98 (July 2013) 
M106 (May 2014) 
M119 (October 2015) 
M130 (September 2016) 
 
redeployment of mooring array in 2013 
------------------------------------------------------------------------------------------------------------  
Ø  no significant transport changes between the observational periods, which are 

a decade apart 

Ø  interannual variations in NBUC transport from observations fit to numerical 
simulations (INALT01)  

Ø  decadal variability of NBUC transport is similar in INALT01 and the geostrophic 
transports estimated in Zhang et al. 2011 and should be detectable with the 
currently installed observing system 

 
Ø  positive (negative) decadal salinity trend within the central water (DWBC layer) 

consistent with changes in the large scale circulation of the Atlantic 

Western Boundary Circulation System (WBCS) 
 

Summary 



Further plans and aims 

•  2 research cruises: September 2015, March 2017 
•  mooring array at least until 2017 
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Further plans and aims 
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•  mooring array at least until 2017 
 
•  estimate the northward transport of central and intermediate water within 
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•  analyze the connection between transport variations in the western 
boundary current system of the tropical South Atlantic (warm and cold 
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•  analyze the connection between assessed NBUC variability at 11° S and 

EUC variability at 23°W on the equator and its relevance for climate 
variability  

 
•  analyze the propagation of water mass anomalies in the AMOC, which 

can e.g. be caused by the variability in the Agulhas leakage 
 
•  investigate the variability of the basin-wide (S)AMOC at 11°S  
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