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My background and research
Western boundary current structure, variability, 
and transport


Circulation of the western Indian Ocean, including 
Somali Current and Agulhas Current systems


Ocean observations: velocity, temperature, salinity, 
sound speed


Global thermohaline / overturning circulation


The role of the ocean, in particular the Agulhas 
System, in climate and climate change









Some important concepts about the 
Ocean and Oceanography

Oceanography is a relatively young science. Pretty much 
everything that was known about the physical oceans could 
be written in one book back in 1942 (The Oceans: Sverdrup, 
Johnson, and Fleming)


The theory of the wind-driven ocean (Sverdrup, Stommel, 
Munk) came about in 1950.



The wind stress and the 
rotation of the planet 
produce an ocean 
current to the right of 
the wind in the northern 
hemisphere

This creates a gyre with 
a narrow, fast western 
boundary current



Some important concepts about the 
Ocean and Oceanography

Oceanography is a relatively young science. Everything that 
was known about the physical oceans could be written in 
one book back in 1942 (The Ocean: Sverdrup, Johnson, and 
Fleming)


The theory of the wind-driven ocean (Sverdrup, Stommel, 
Munk) came about in 1950.


The theory of the deep circulation (Stommel) came about in 
1958 and is still being refined today.



The global abyssal circulation largely results from deep 
convection and sinking of surface waters in the North 
Atlantic and in the Weddell Sea (black circles) and  
upwelling of deep waters through the thermocline 
(aided by topography) elsewhere in the world’s oceans 
(Stommel 1958).
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book back in 1942 (The Ocean: Sverdrup, Johnson, and 
Fleming)


The theory of the wind-driven ocean (Sverdrup, Stommel, 
Munk) came about in 1950.


The theory of the deep circulation (Stommel) came about in 
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Full-depth profiles of ocean density (giving water mass and 
flow characteristics) were made possible with the invention 
of the CTD (Brown, Hamon) in 1955.




Conductivity-Temperature-Depth (CTD)



Some important concepts about the 
Ocean and Oceanography

Oceanography is a young science. Everything that was 
known about the physical oceans could be written in one 
book back in 1942 (The Ocean: Sverdrup, Johnson, and 
Fleming)


The theory of the wind-driven ocean (Sverdrup, Stommel, 
Munk) came about in 1950.


The theory of the deep circulation (Stommel) came about in 
1958, but is still being refined today.


Full-depth profiles of ocean water properties (giving density 
and geostrophic flow) were made possible with the invention 
of the CTD (Brown, Hamon) in 1955.


The first numerical ocean model (Bryan, Cox) was in 1969.



Many of today’s ocean and climate models can be traced 
back to Bryan and Cox’s model

MOM5 (2012) CM2.X (climate model, 
contributed to IPCC 

2007, 2013)

MOM4 (2006) 

MOM6 (development) 

CESMX.Y.Z



Some important concepts about the 
Ocean and Oceanography II

Measurements with global coverage began when SeaSat was 
launched in 1978 to monitor SST, waves, sea ice, wind speed 
and direction. But measurements restricted to the surface.




SEASAT


In 1978, NASA's Jet 
Propulsion Laboratory built 

an experimental satellite 
called SEASAT to test a 
variety of oceanographic 
sensors including imaging 

radar, altimeters, 
radiometers, and 
scatterometers.  

 



Some important concepts about the 
Ocean and Oceanography II

Measurements with global coverage began when SeaSat was 
launched in 1978 to monitor SST, waves, sea ice, wind speed 
and direction. But measurements restricted to the surface.


Direct measurements of ocean velocity from moving ships were 
made possible in 1980 (Joyce, Pinkel), through the invention of 
an acoustic current meter. Full depth profiles after 1990.





Some important concepts about the 
Ocean and Oceanography II

Measurements with global coverage began when SeaSat was 
launched in 1978 to monitor SST, waves, sea ice, wind speed 
and direction. But measurements restricted to the surface.


Direct measurements of ocean velocity from moving ships were 
made possible in 1980 (Joyce, Pinkel) through the invention of 
the ADCP and only to full depth after 1990 (L-ADCP).


In 1992 a pop-up float was developed that could be satellite-
tracked (ALACE - Davis, Webb), leading to the profiling float.






Some important concepts about the 
Ocean and Oceanography II

Measurements with global coverage began when SeaSat was 
launched in 1978 to monitor SST, waves, sea ice, wind speed 
and direction. But measurements restricted to the surface.


Direct measurements of ocean velocity from moving ships were 
made possible in 1980 (Joyce, Pinkel) through the invention of 
the ADCP and only to full depth after 1990 (L-ADCP).


In 1992 a pop-up float was developed that could be satellite-
tracked (ALACE - Davis, Webb), leading to the profiling float.


1992- launch of TOPEX-Poseidon which can measure sea 
surface height, geostrophic currents, waves, and tides, is still 
revolutionising our understanding of ocean dynamics and sea 
level rise. 






Some important concepts about the 
Ocean and Oceanography II

Measurements with global coverage began when SeaSat was 
launched in 1978 to monitor SST, waves, sea ice, wind speed 
and direction. But measurements restricted to the surface.


Direct measurements of ocean velocity from moving ships were 
made possible in 1980 (Joyce, Pinkel) through the invention of 
the ADCP and only to full depth after 1990 (L-ADCP).


In 1992 a pop-up float was developed that could be satellite-
tracked (ALACE - Davis, Webb), leading to the profiling float.


1992- launch of TOPEX-Poseidon which can measure ocean 
surface currents, waves, and tides, is still revolutionising our 
understanding of ocean dynamics. Can also infer thermocline 
depth and heat content. 


Global drifter and ARGO arrays reached density circa 2004 
(Niiler, Roemmich): A new era of global ocean observation.



http://www.aoml.noaa.gov/phod/dac/index.php

http://www.argo.ucsd.edu

http://www.argo.ucsd.edu/index.html
http://www.argo.ucsd.edu/index.html


A few more important concepts 
about the Ocean and Oceanography

The ocean is not well known.


We can now describe the time-average circulation of the ocean 
fairly well, but have only begun to describe its variability.


The equations describing a turbulent ocean subject to chaotically 
variable winds and uneven solar forcing on a rotating planet are 
complex and unsolvable (without simplifying assumptions). 
Observations are essential for understanding the ocean.


Lack of observations and sampling errors are insurmountable in 
oceanography and can lead to misleading concepts.


Oceanographers are relying more and more on large data sets 
from satellites, floats, and moorings and less and less on 
observations collected from ships.



The ocean is an integral 
part of the climate system



Many climate modes are driven by coupled 
Ocean-atmosphere feedbacks

1. El Nino-Southern 
Oscillation (ENSO)


2. North Atlantic Oscillation 
(NAO)


3. Pacific Decadal Oscillation 
(PDO)


4. Indian Ocean Dipole (IOD)


5. SubAnnular Mode (SAM)





Atlantic Multi-
decadal Oscillation 

(AMO)


Driven by variability of the 

Atlantic Meridional 

Overturning Circulation?

Linked to sea ice?



faunal and SST record of the southern Benguela system22 exhibit a
similar pattern of late glacial increase of tropical species and SST
over the last five glacial terminations, confirming the uptake of
Agulhas water into the southeast Atlantic Ocean.

Variation in the ALF and STC proxy show a strong 100-kyr
periodicity (Fig. 3b, c), indicating that the most dominant climate
signal of Agulhas leakage variability is related to the periodic
glacial–interglacial changes. The expansion of the Antarctic ice
sheet, changes in the wind field2, increased sea ice cover23 and a
northward position of the STC and frontal zones13,24, may have
contributed to the reduction of Agulhas leakage during glacial
periods. A northward shift of the wind pattern results in a reduction
of Agulhas leakage2. As the STC, reflecting the zero wind-curl line,
approaches the tip of the continent, the southward-penetrating
Agulhas effectively seals off the corridor through which Indian
Ocean water leaks into the south Atlantic. Figure 3c shows that the
STC reached its most northward position during mid-glacial
conditions and not under late glacial conditions when continental
ice volume was largest, effectively reducing the leakage into the
South Atlantic.

The main orbital parameters affecting solar insolation and its
distribution may have controlled the position of the STC and
variations in Agulhas leakage. The dominant glacial–interglacial
100-kyr cycle is clearly present in most proxy records of the Cape
basin (Figs 2b–f, 3a–c) and is most pronounced in the STC proxy
(see Supplementary Information), showing most northward STC
positions at minimum eccentricity (Fig. 3a,c). This implies that the
amplitude modulation of precession by eccentricity (Fig. 3a) affects
not only ice volume and tropical SST20, but also the pattern of
the wind field, the associated position of the STC and the variability
of Agulhas leakage. Superimposed on the large-scale glacial–
interglacial 100-kyr variability, the Agulhas leakage signal includes
moderate tilt (41 kyr) and precessional (23 and 19 kyr) power (see
Supplementary Information), implying both a ‘low’ and mid-high
latitude forcing of the leakage. The relationship of the ALF to tilt is
obviously related to the position of the frontal zones such as the STC
and the associated shift in SSTs25. Comparison of the ALF with the
solar insolation curves revealed that maxima in northern summer
insolation and minima in precession are linked to maxima in ALF
(Fig. 3a, b). We suggest that the increased strength of the monsoon

Figure 2 Late Pleistocene proxy records of the Cape Basin record. a, The oxygen isotope
composition of the benthic foraminifer Cibicides wuellerstorfi, largely indicating global ice

volume (V-PDB, Vienna Pee-Dee Belemnite standard). Even numbers at top refer to glacial

Marine Isotopic Stages, T-I to T-VI refer to the major glacial terminations. b, The ðUK 0

37 Þ
SST proxy for the upper part of the CBR (core GeoB-3603-2). c, The relative abundance of
the Agulhas leakage fauna as a measure of Indian Ocean advection into the Atlantic.

d, The relative abundance of Globorotalia truncatulinoides, indicative of subtropical-
transitional waters. e, The relative abundance of Globorotalia inflata and f,
Neogloboquadrina pachyderma (dex.) indicative of southern subtropical to subantarctic

waters. g, The relative abundance of Turborotalita quinqueloba, reflecting subantarctic
waters. h, The relative abundance of Neogloboquadrina pachyderma (sin.), indicative of
Antarctic waters16–18.
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NATURE |VOL 430 | 5 AUGUST 2004 | www.nature.com/nature 663©  2004 Nature  Publishing Groupand so of different density. That they affect 
ocean circulation and climate is not new. In 
particular, it has long been recognized7 that, 
during the late Pleistocene, the North Atlantic 
polar front exerted control over the Atlantic 
overturning circulation and thus over climate 
in the Northern Hemisphere. Gains and losses 
in seawater density near the centres of deep-
water formation were tightly linked with move-
ments of the polar front. Shifting the front to 
a northerly position during the warm periods 
between ice ages allowed warm subtropical 
waters to penetrate far into cold subpolar lati-
tudes, invigorating evaporation that increased 
the salt concentration and hence the density of 
sea water, thereby stimulating deep convection. 
A southerly position of the polar front during 
ice ages tended to reduce the thermal con-
trast between surface water and the overlying 
atmosphere, reducing evaporation and salti-
ness and causing a less-vigorous deep convec-
tion. Although it seems simplistic, the validity 
of this concept was demonstrated in the early 
days of palaeoceanography8, and since then the 
focus has been fixed on the high latitudes. 

Bard and Rickaby3 shift attention to the 
subtropics by postulating that the subtropical 

front has likewise acted as an agent of change. 
Two ‘superglacial’ intervals serve as test cases 
— marine isotope stages 10 and 12 — during 
which Earth experienced unusually cold cli-
mates despite levels of atmospheric CO 2 that 
were no different from those during the pre-
ceding and subsequent ice ages. The suite of 
temperature-sensitive geochemical and faunal 
records that Bard and Rickaby present consti-
tute a compelling case that, during both super-
glacials, the subtropical front was shifted by as 
much as 7 degrees latitude to its northernmost 
position of the past 800,000 years. 

In this position, the subtropical front poten-
tially would have prevented water transport to 
the Indian–Atlantic gateway by intercepting 
the Agulhas current — which runs south along 
the eastern edge of southern Africa — closing 
the gate on the inter-ocean transport of water 
(Fig. 1). In consequence, the Atlantic overturn-
ing circulation could have been forced into an 
unprecedentedly slow mode. This then reduced 
the poleward oceanic transport of heat, so the 
thinking goes4–6, to the extent that ice sheets in 
the Northern Hemisphere grew beyond their 
normal limits and climate cycled into a severe 
cool state. 

So much for the concept. But what might 
have caused the subtropical front to undergo 
such an exceptional northward migration? The 
position of the front is a consequence of the 
processes that alter the temperature distribu-
tion at the southern reaches of the large oceanic 
subtropical gyres. Today, a central element is 
the interplay between the easterly trade winds 
in the subtropics and the westerly winds that, 
in turn, interact with the ocean to move water 
(and heat) around its surface. The dynamics 
that would have caused the wind patterns to 
change, such that the subtropical front may 
have shifted that far north during marine iso-
tope stages 10 and 12, are not yet clear. 

It also remains to be seen if a northward-
migrating subtropical front would, by itself, 
have been strong enough to block a current 
as mighty as the Agulhas and so affect water 
transport to the Atlantic. A different way 
of altering the scale of the leakage is for the 
Agulhas current to shift gears. The strengths 
of currents typically vary in parallel with shift-
ing wind patterns and could act to invigorate 
or weaken the Agulhas leakage to the Atlantic. 
The details of this mechanism have not yet 
been fully explored9,10. But the strength of the 
Agulhas has been steadily increasing since the 
1980s, driven by changed gradients in atmos-
pheric pressure and in wind fields11. 

Bard and Rickaby3 make a compelling case 
that, at times in the past, severely reduced water 
transport between the Indian and Atlantic 
oceans may have caused climate to cool beyond 
typical ice-age conditions. But will the reverse 
also hold? Will an increased leakage (forced 
by recent shifts in atmospheric pressure and 
winds11) compensate for the loss of salt in the 
North Atlantic12,13 (caused by increased precip-
itation and changes in the freshwater flux from 
the Arctic)? Would this be enough to stabilize 
the Atlantic overturning circulation? Let’s keep 
an eye on what the leakage does next.  ■

Rainer Zahn is at the Institució Catalana de 
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Figure 1 | The Agulhas current and the subtropical front. The Agulhas is the largest ocean jet current 
in the Southern Hemisphere, and carries warm, salty waters from the South Indian Ocean subtropical 
gyre along the eastern edge of southern Africa. Most of the current feeds back into the subtropical 
gyre, but some of its waters flow through the ocean gateway off the southern tip of Africa and into the 
Atlantic. This ‘leakage’ alters the density structure of the South Atlantic, with northward propagation 
of subsurface pressure waves potentially affecting the meridional overturning circulation in the North 
Atlantic4–6, which has global effects. Migration of the mobile subtropical front, as described in the work 
of Bard and Rickaby3, is diagnostic of shifted wind patterns that can alter the Agulhas Current and the 
southern African ocean gateway and so, potentially, the choreography of ocean–climate interactions. 
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Agulhas 
“leakage” ice volume

sea surface 
temperature

Agulhas Current/leakage 
implicated in rapid glacial 

terminations



The ocean helps to 
regulate global 

warming, through 
uptake of 

anthropogenic heat 
and CO2 


- but will it 
continue to do so?


