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Fig.1. Time series (1955-2012) of yearly ocean heat content (1022J) for the 0-700 m layer of the 3 

Indian Ocean (thick solid curves). One standard deviation errors (thin vertical lines) and linear 4 

trends (dotted lines) are shown in each panel. Data provided by Dr. John Antonov and replotted 5 

after Levitus et al. (2009). 6 
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Why is understanding these changes important?

• WBCs support the highest air-sea fluxes in 
the world, fueling mid-latitude storm tracks. 
(Lee-Thorp et al, 1998; Rouault et al., 2000; 
Reason, 2001. Fig courtesy M Cronin)

Oceans redistribute heat from Equator to poles
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• WBCs are the major carriers of meridional 
heat transport in the ocean (Trenberth & 
Caron, 2001; Bryden and Beal, 2001)

Courtesy, Cronin
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Figure 1. Schematic of the global overturning circulation (“GOC”). Purple (upper ocean and 
thermocline), red (denser thermocline and intermediate water), orange (IDW and PDW), green 
(NADW), blue (AABW), gray (Bering Strait components; Mediterranean and Red Sea inflows). 
Updated from Talley et al. (2011), based on Schmitz (1995), Rahmstorf (2002), and Lumpkin and Speer 
(2007).
 
upwelled IDW/PDW is thus hypothesized to be 
the dominant source of the upper ocean waters 
that leave the Southern Ocean (Subantarctic Mode 
Water or SAMW), flow through the subtropical 
thermoclines of the Indian and Pacific Oceans, 
and eventually make their way to the northern 
North Atlantic to feed the NADW (Speer et al., 
2000; Lumpkin and Speer, 2007; Talley, 2008). 
The enhanced nutrient content of SAMW is 
evidence of its origin as upwelled IDW/PDW, and 
is essential to the biological productivity of much 
of the world ocean’s thermocline (Sarmiento et 
al., 2004).   
   
2. Relationship between NADW, IDW, and 
PDW in the Southern Hemisphere 
 North Atlantic Deep Water (NADW) upwells 
to the upper ocean in the Southern Ocean where it 

becomes a source of Antarctic Bottom Water 
(AABW).  Warren (1990) reiterates1 this classic 
concept, which was based on water mass 
properties (Merz and Wüst, 1922), and moreover 
identifies the NADW core isopycnal as that which 
matches the sill depth of the Drake Passage 
latitude band (with the shallowest region actually 
being south of New Zealand).  Meridional 
geostrophic flow on isopycnals that are denser 
than this can cross the open latitude band of Drake 
Passage (roughly 57° to 61°S, sill depth of about 
2000 m), while water on shallower isopycnals 
must connect through some process other than net 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 “Thus, because of Drake Passage and the field of 
wind-stress curl, which draws the deep water of the 
Southern Ocean to the sea surface, Antarctic Bottom 
Water is just recycled North Atlantic Deep Water.” 
(Warren, 1990) 
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Fig. 13. a) The leading EOF of SST for the IO, based on 8yr lowpass filtered monthly 101 

HadISST from 1900-2008, which explains 54% variance. The monthly SST data from 1870-102 

2012 are first detrended and demeaned, and then the Lanczos lowpass filter with half power 103 

point placed at 8yr period is applied. The filtered SST from 1900-2008 is chosen to perform the 104 

EOF analysis. b) Same as a) but for the Pacific SST, which represents the IPO spatial pattern and 105 

explains 35% variance. c) The leading PC (PC1) of 8yr lowpassed SST for the Pacific (black 106 

curve) and Indian Ocean (red). Adapted from Han et al. (2013). 107 
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overturning circulation (cf. Gnanadesikan 1999). In the
model presented here, a large-scale averaged effective
diapycnal diffusivity !eff may be estimated from interior
layer transfers across neutral density surfaces, that is,
not including diapycnal transformation driven by air–
sea fluxes. Effective diffusivity values can be formu-
lated from the area-averaged density flux across neutral
density surfaces, as determined by the inversion, and
from estimates of the mean area of these surfaces (es-
timated from hydrographic climatology: Gouretski and
Jancke 1998). This formulation (cf. Speer 1997; Zhang
and Talley 1998) of an effective diffusivity is not the
same as the area-averaged mixing coefficient since it
neglects possible covariations of layer thickness and dif-
fusivity but expresses mixing intensity in familiar units.
At high latitudes near dense marginal sea outflows and
where layers outcrop, advective processes associated
with eddies and mixing processes, such as entrainment,
are widespread and confound a separation into a simple
diffusion term and coefficient of mixing. At lower lati-
tudes the global mean vertical structure of effective dif-
fusivity determined from the inversion (Fig. 5) shows
weak mixing from the base of the thermocline (26.0 "n,
!eff # 10$5 m2 s$1) down to about 27.6 "n. Average
diffusion rises to a maximum of (3.0 % 1.4) & 10$4

m2 s$1 at 28.11 "n. This value is somewhat smaller than

previous inverse-derived estimates of diffusivity (cf.,
Ganachaud 2003b). Beneath thermocline densities
these results are 3–15 times larger than globally aver-
aged estimates based on lowered ADCP (LADCP) and
CTD strain observations (Kunze et al. 2006).

Within error, our effective diffusivities are not dis-
tinguishable from Kunze et al.’s (2006) except in the
density range 27.9–28.1 "n, where we find !eff ' 10$4

m2 s$1 and they find somewhat smaller values of 1–3
(& 10$5 m2 s$1). Our larger values may reflect addi-
tional mixing on continental shelves, over topographic
ridges, or in other regions not adequately sampled in
the LADCP and CTD profiles of Kunze et al. (2006)
and within hydraulic overflows (Price and Baringer
1994; Bryden and Nurser 2003) not sampled or ac-
counted for in their methodology.

Buoyancy gain in the Southern Hemisphere can help
account for the discrepancy between theoretical (Munk
and Wunsch 1998) and observed (Toole et al. 1994;
Kunze et al. 2006) mixing. We find that, on the global
scale, air–sea forcing accomplishes much of the trans-
formation within the upper-cell circulation so that
buoyancy loss at high Northern Hemisphere latitudes is
approximately balanced by buoyancy gain in the South-
ern Ocean. For this cell, outside of polar regions, inte-
rior diapycnal mixing is negligible near base-of-thermo-

FIG. 5. Volume-averaged effective diapycnal diffusivity as a function of neutral density for
all boxes between 32°S and 48°N (thick line with standard error shaded). Also shown are the
profiles for the Atlantic (thin solid), Indian (dashed), and Pacific (dotted) boxes, 32°S–48°N.
Horizontal lines indicate watermass divisions (Orsi et al. 2002).
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to within !1 Sv (Sv " 106 m3 s#1) [see Ganachaud
(2003a) for a detailed discussion of the sources of this
model error]. Heat and salt anomaly conservation in
the layers is constrained to within !1 Sv times the sum
of the mean property, plus twice the standard deviation
of the property in the box (see appendix B in LS03).
Net silicate is conserved to !500 kmol s#1 in boxes
north of 32°S. Each of the 45 model layers contains an
equal volume of the world’s water (LS03); 45 layers
proved necessary to resolve the global range of water
masses experiencing significant transformation. Previ-
ous observation-based studies of hydrographic sections
have not included explicit air–sea buoyancy transfor-
mation (Ganachaud and Wunsch 2000; Talley et al.
2003; Ganachaud 2003b) or were not global (Sloyan
and Rintoul 2001; LS03). The inversion presented here
is also novel as it includes a circumpolar Southern
Ocean section (WOCE S4) that helps distinguish trans-
formation sites of the upper and lower meridional over-
turning cells.

Within the Arctic–Nordic seas box and Antarctic
coastal margin boxes, none of the air–sea flux products
includes sufficient ocean heat loss to accommodate the
observed Denmark Strait and Faroe Banks overflows
or Antarctic Bottom Water export across 62°S. In the
ocean these fluxes are typically associated with rela-
tively intense air–sea exchange in narrow boundary cur-
rent regions or at small scales in leads and polynyas.
Air–sea fluxes in these regions are not imposed upon
the inverse solution and, instead, are derived via con-

straints on deep layer transports in various overflows
and subbasins based on direct current measurements
and tracer observations (Fahrbach et al. 1995; Orsi et al.
2002; LS03). In the case of the Weddell Sea we have
reanalyzed direct current measurements (updated from
Yaremchuk et al. 1998) to produce new boundary cur-
rent constraints on circulation.

Interior diapycnal fluxes, reference velocity adjust-
ments, and adjustments to the air–sea heat and fresh-
water fluxes are found that satisfy the imposed con-
straints. The model’s adjusted air–sea heat fluxes are
generally consistent within error to the products, with
the following exceptions: unadjusted National Ocean-
ography Centre (NOC) fluxes are too hot (ocean heat
gain significantly larger than model results) in all tropi-
cal and subtropical boxes (cf., Grist and Josey 2003);
adjusted NOC fluxes are too cold in all three Southern
Ocean boxes (32°S–S4); NCEP fluxes are slightly too
hot in Atlantic and Indian sectors of the Southern
Ocean boxes; ERA-15 fluxes are too hot in the coastal
Antarctica boxes and Arctic Sea box; and the Univer-
sity of Wisconsin—Milwaukee/Comprehensive Ocean–
Atmosphere Data Set (UWM/COADS) fluxes are too
cold in the Arctic box. Model-derived transports across
key sections are given in Table 2. Net global meridional
salt and volume (freshwater) fluxes are not well deter-
mined at any latitude. Net global ocean heat transports
are consistent with earlier results within errors, which
are typically of the same order as earlier studies. Unlike
in the North Atlantic (LS03), where various air–sea flux

FIG. 1. Global box model geometry: 25 WOCE hydrographic sections (Table 1) form 18 boxes in which various
properties are conserved and other constraints, such as the strengths of western boundary currents, are satisfied.
Heat transports across the sections (red bars; units are 1015 W) are from the inverse model solution. Sections at a
nominal latitude of 32°S separate the Atlantic, Indian, and Pacific basins from the Southern Ocean; a nearly
circumpolar composite section at 62°S separates the bottom-water formation regions against Antarctica from the
rest of the Southern Ocean.
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Anomalies in southwest IO linked upstream to tropics, ITF, 
IOD and ENSO and downstream to super gyre and SAM

Elipot & Beal, JPO (2015)

processes (e.g., Drushka et al. 2010). Within the MC,
Path I is very similar to the region of maximum SLA
variance found by Schouten et al. (2002), representing
the southward drift ofMozambique eddies. The possible
connection between these eddies and variability up-
stream in the South Equatorial Current (SEC) has also
been noted before (Backeberg and Reason 2010). The
frequency ofMC eddies may bemodified on interannual
time scales through its connection with these westward-
propagating anomalies in the South Equatorial Current

(Backeberg and Reason 2010; Schouten et al. 2003) and
the Indian Ocean dipole (Palastanga et al. 2006).
Path II heads eastward, following approximately the

100-cm time-mean ADT toward the southern tip of
Madagascar. This pathway is the corridor forMadagascar
dipoles, originating from the separated, southward-
flowing EMC (de Ruijter et al. 2005; Schouten et al.
2002; Siedler et al. 2009). This path does not turn up-
stream into the EMC as might be expected (Biastoch and
Krauss 1999) but instead continues east and slightly north

FIG. 9. (a) ADT in theAgulhas Current system and in the south IndianOcean averaged for the time period January
2009–August 2013. (b) Close-up of the box delineated by a dashed line in (a). The thin white lines are the 750-m
isobaths 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 (b), the 90-cm contour is drawnwith a dashed line. (c) Correlationmagnitude along Path I (gray) and
along Path II (black).
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Beal & Elipot, 
Nature (2017)

Agulhas Current broadening not 
strengthening, related to increase of EKE

Lisa Beal and Shane Elipot 
Rosenstiel School of Marine and Atmospheric Science, University of  Miami

Build proxy based on regression of local sea 
surface slope at each of 9 moorings

• We regress local sea surface 
slope against vertically 
integrated cross-track velocity 
from each mooring (transport 
per unit distance, Tx) 

• We choose dx such that the 
correlation between dADT/dx 
and vertically integrated 
velocity is a maximum (from 27 
km at B to 102 km at G) 

• Resulting trends in Tjet and Tbox 
are +1 Sv and +2.1Sv, not 
significant.
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CCI: Ablain et al. (2012)
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Boundary layer has broadened due to 
an increase in eddy viscosity, or EKE
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patterns of SLA1 along Path II, emanating from the tip
of Madagascar (’2500km), reach the coast and propa-
gate downstream but disappear before reaching ACT.A
few meander signals appear between 328 and 348S, and
these are likely related to the growth of trailing mean-
ders (Rouault and Penven 2011; de Ruijter et al. 1999).
For the mesoscale meanders that do reach the retro-

flection, there are a few that can be traced along Path II
to anomalies beyond 188E (21500km), the westward
extension of the retroflection (Fig. 10b) (Dencausse
et al. 2010). This is an indication that somemeanders are
linked to Agulhas ring shedding (e.g., in late 2000 and
2006). However, the level of SLA variance is generally
too high at the retroflection to link meanders directly to
Agulhas ring–shedding events through these correlation
pathways. We investigate the relationship between me-
anders at ACT and ring shedding by visually inspecting
20yr of ADT fields for ring-shedding events. There are
between three and nine shedding events per calendar year,
averaging to six (Fig. 11a). We estimate a 2-week uncer-
tainty in the timing of events owing to the spatiotemporal
resolution of altimetry data and the subjectivity in iden-
tifying complete separation of the retroflection and a ring,
particularly when there is remerging and splitting. We

test whether these events could be related to a mean-
der at the ACT array by considering their propagation
speed downstream along Path II (Fig. 10b). Speeds
are calculated by Radon transforms in 2-yr discrete
windows for the entire 20-yr record and average
11 kmday21 with a standard deviation of 2 kmday21.
Accounting for the uncertainties in ring-shedding day
and propagation speed gives a range of lags between
99 and 177 days for mesoscale anomalies at ACT to
reach the tip of the retroflection at 188E. Within that
interval, 26 of the mesoscale meanders, or 84% of
them, are consistent with subsequent ring-shedding
events (Fig. 11a). Several meanders appear to lead to
two ring-shedding events, and this is probably related
to the occasional remerging and splitting of rings at the
tip of the retroflection.

4. Conclusions

New velocity measurements across the Agulhas Cur-
rent capture the full western boundary jet continuously
over the course of 34 months, allowing an analysis of its
modes of variance and energetics. Over the length of the
ACT experiment, the variance of the velocity field was

FIG. 11. (a) Time series of SLAat 288E, 33.68S from14Oct 1993 to 7Aug 2013. The horizontal
dotted lines indicate the zero and the one negative standard deviation of SLA for the January
2009 to August 2013 time period. The downward triangles indicate when the SLA is equal to or
less than220 cm and thus a mesoscale meander. The white triangles indicate times when SLA
time series did not return to zero since the last time it was equal to or less than220 cm and thus
represent a trailing meander. The right triangles indicate ring-shedding events at the retro-
flection (see text). The red symbols and dashed lines indicate possible downstream links be-
tween ACT meanders and ring sheddings. (b) Meander count in a 1-yr sliding window.
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Agulhas System Climate Array: South African-US-(Dutch?) collaboration 
for sustained observations of the Agulhas Current, since 2016

Beal et al., JPO (2015)
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African Coelacanth Ecosystem 
Programme: South Africa. 

2015-2018

• Agulhas Current and shelf region: 
biodiversity, larval dispersal, benthic 
ecosytems, cross-stream exchange 

• Annual cruises of about one month

IIOE-2 South Africa, Nov 2017
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Leeuwin Current array: Australia (IMOS)

• Since 2008 

• Measures along and cross-
stream variability 

• ADCPs, thermistors, BGC 
sensors 

• Gliders, coastal radar
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GO-SHIP: Japan, USA, Australia

• I5 1987, 2002, 2009, 2019

USA 2019

Japan 
2019

Japan 
2019

Aus 
2020

USA 
2018 2016

2015
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Future Plans: How do we capture variability of 
subtropical gyre and heat budget?

Components of an IMOX Measuring System

• editable version
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