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Climate Models



What is a climate model?

• The Navier-Stokes Equations in three dimensions.
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Why do we need 
climate models?

• Study the internal 
variability of the climate 
system
• Discern anthropogenic 

impacts from natural 
variability
• Our best tools to project 

future climate under 
different warming 
scenarios
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Agulhas Leakage



The ocean regulates climate by 
redistributing heat around the globe.

[CREDIT: Robert Simmon, NASA. Minor modifications by Robert A. Rohde] 11



Agulhas Current feeds the AMOC through the leakage 
of warm, saline waters from the Indian Ocean.
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“Highly variable Agulhas leakage plays a crucial role in glacial terminations, 
timing of climate change and resulting resumption of the AMOC.” 
[Peeters et al., 2004] 

Present Past

Global ice-volume decreases

Agulhas Leakage increases

The Subtropical front shifts poleward

SST increases

AMOC strengthens
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[Beal et al., 2011] 



“Ongoing increases in leakage under anthropogenic 
warming could strengthen the AMOC at a time when 
warming and accelerated meltwater input in the North 
Atlantic is predicted to weaken it.” 
[Beal et al.,2011] 

The Agulhas System embedded in the Southern Hemisphere Supergyre
[Beal et al., 2011]

Poleward shift of 
westerlies
Zonal mean 20-110E
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On the role of the Agulhas system in
ocean circulation and climate
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The Atlantic Ocean receives warm, saline water from the Indo-Pacific Ocean through Agulhas leakage around the
southern tip of Africa. Recent findings suggest that Agulhas leakage is a crucial component of the climate system and
that ongoing increases in leakage under anthropogenic warming could strengthen the Atlantic overturning circulation at
a time when warming and accelerated meltwater input in the North Atlantic is predicted to weaken it. Yet in comparison
with processes in the North Atlantic, the overall Agulhas system is largely overlooked as a potential climate trigger or
feedback mechanism. Detailed modelling experiments—backed by palaeoceanographic and sustained modern
observations—are required to establish firmly the role of the Agulhas system in a warming climate.

T he greater Agulhas system around southern Africa forms a key
component of the global ocean circulation1–3 (Fig. 1). This system
feeds the upper arm of the Atlantic meridional overturning cir-

culation (AMOC) through the leakage of warm, saline waters from the
Indian Ocean to the Atlantic1,4 (Fig. 2). From year to year, Agulhas
leakage is dominated by nonlinear, mesoscale dynamics: it is carried
by Agulhas rings (formed by an occlusion of the Agulhas Retroflection;
Fig. 2), eddies and filaments5–7. Over longer periods, theory suggests its
variability is associated with the large-scale wind field, in particular with
the position of the maximum Southern Hemisphere westerly winds2,8–10.
These winds are related to the latitude of the oceanic subtropical front
(STF), which separates the subtropical gyre from the Antarctic

Circumpolar Current. In essence, if the westerlies shift southwards, as
recent data suggest in a warming climate (Fig. 1), then the oceanic ‘gate-
way’ between the African continent and the STF expands and leakage
from the Indian Ocean to the Atlantic increases8,9 (Fig. 1 and Box 1).
Similarly, a northward shift, as inferred from palaeorecords during
glacial periods, would reduce the leakage11,12.

Model simulations suggest that variability in Agulhas leakage can
impact the strength of the Atlantic overturning on a number of time-
scales13–15. Most significantly, a persistent change in leakage could
impact the thermohaline properties of the Atlantic, changing its strati-
fication and its potential for deep convection, and thus altering the
AMOC to a new stable state over a period of several hundred years13,16,

*Lists of authors and affiliations appear at the end of the paper.
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Princetonplein 5, 3584 CC Utrecht, The Netherlands. 3Leibniz-Institut für Meereswissenschaften (IFM-GEOMAR), Düsternbrooker Weg 20, 24105 Kiel, Germany. 4Institució Catalana de Recerca i Estudis
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Figure 1 | Agulhas leakage affected by westerly winds and position of
subtropical front. Schematic of the greater Agulhas system embedded in the
Southern Hemisphere supergyre. Background colours show the mean
subtropical gyre circulation, depicted by climatological dynamic height
integrated between the surface and 2,000 dbar, from the CARS database38. Black
arrows and labels illustrate significant features of the flow. An outline of the
Southern Hemisphere supergyre is given by the grey dashed line. The plot on

the right shows the southward expansion of the Southern Hemisphere
westerlies over a 30-yr period, from the CORE2 wind stress92 averaged between
longitudes 20uE and 110uE (Indian Ocean sector). The expected
corresponding southward shift of the subtropical front (STF) is illustrated by
red dashed arrows and would affect Agulhas leakage (shown as eddies) and the
pathway between leakage and the AMOC, which is highlighted with a red box.
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Quantifying 
Leakage



Modeling Agulhas leakage

• Many try to observe Agulhas Leakage, but there is 
yet an established way. Best estimate: 15 Sv (106 

m3/s) [Richardson 2007] 
• Models of various complexity have been used to 

study Agulhas leakage since 1980s [de Ruijter et al., 
1999]
• Resolving mesoscale features such as the Agulhas 

Rings and Retroflection is critical to capture 
Agulhas leakage realistically. [Biastoch et al., 2008]
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Simulated SSH compared to the observed ADT 
from satellite altimetry 

• Strong recirculation near the ACT mooring array.
• Regular eddy path ways, associated with eastward bias of retroflection

Mean 

Standard
deviation

Satellite Simulated
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Agulhas leakage can be quantified using an 
offline Lagrangian particle tracking approach

• Release particles 
with attached 
volume transport

• Follow their 
trajectories for a 
specific period

• Sum up the particles 
that cross a control 
section at every time 
steps.

i.e. [Biastoch et al. 2009], [Durgadoo et al., 2013], [Weijer et al., 2012]

10 randomly picked particles at different layers
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These peaks can be attributed to the passage 
of Agulhas rings across the GoodHope line 

Surface Current Speed [m/s]
Cross-sectional velocity
at the GoodHope line [m/s]

Agulhas leakage [Sv]

• 4 Rings per year, compared to 6 per year in observations [Elipot and Beal., 2015]

coast
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Findings



Using monthly velocity field to quantify Agulhas leakage 
variability at longer than seasonal time scales is sufficient 

Mean [std]
11.9[7.0]; 11.2 [7.0]; 12.3 [6.5]

r=0.88       r=0.71

• p2d as the truth
• m2d correlates with p2d at 0.88
• Significantly improve from 0.71 that using 

monthly field, monthly release

Monthly mean leakage timeseries
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Case Velocity fields Release
p2d Pentad to daily daily
m2d Monthly to daily daily

mon Standard monthly monthly



47% of leakage transport are associated with 
passing rings

2007; Biastoch et al. 2008, 2009). The same climate
model, but configured with a lower ocean resolution
(18 3 18), has a mean Agulhas leakage of 43 Sv for the
twentieth century and 34Sv for preindustrial control
simulations (Weijer et al. 2012; Weijer and van Sebille
2014). By resolving smaller-scale dynamics, our CCSM3.5
run is able to form a retroflection and constrain Agulhas
leakage more realistically.
Both daily Agulhas leakage time series (p2d andm2d)

show considerable variability on seasonal time scales
related to the passage of individualAgulhas rings (Figs. 4a
and 5). For the p2d case, leakage transport is typically
5–10 Sv, with events as large as 90 Sv (Fig. 4b). The
correlation between daily p2d and m2d time series is
0.67, significant at the 99% confidence level. Zooming
into the period from 1945 to 1950, the similarity be-
tween the two time series is more discernible. Most

peaks from both time series coincide with their coun-
terparts, although the p2d case has higher variability
(11.1 and 9.2 Sv for p2d and m2d, respectively), with
more days of extreme values on both ends of the dis-
tribution (Fig. 4b).
Pronounced leakage events can be attributed to the

passage of Agulhas rings across the GoodHope line. To
illustrate this, we take the composite of sea surface
height for both high Agulhas leakage transport events
(.26Sv) and the days outside such events (,26 Sv;
Figs. 5a,b). The threshold of 26 Sv represents the 90th
percentile of the p2d time series. The composite shows
the trailing edge of a ring crossing the line, as repre-
sented by a high SSH anomaly. A leakage particle
caught by an eddy, with its swirling nature, may cross the
GoodHope line multiple times, but only its last crossing
moment is recorded. Therefore, leakage particles are

TABLE 2. Statistics of Agulhas leakage transport for all particle-tracking experiments, calculated over the period from 1945 to 1969
(9131 days), avoiding ramp-up effects in the early years and missing values introduced by filtering; p2d is the case where we use pentad
output interpolated to daily fields to release and track particle trajectories,m2d is the case usingmonthlymean output interpolated to daily
fields, and mon is the case where particles are released monthly.

Daily Monthly (i.e., monthly mean)
Interannual (i.e., 24-month

low-pass filtered)

p2d m2d p2d m2d mon p2d m2d mon

Mean (Sv) 11.2 11.9 11.2 11.9 12.3 11.2 11.9 12.3
Std dev (Sv) 11.1 9.1 7.0 7.0 6.5 1.8 1.7 1.9
Std error (Sv) 0.5 0.5 0.4 0.4 0.4 0.4 0.4 0.4
Correlation 1 0.67 1 0.88 0.71 1 0.83 0.70

FIG. 4. (a) Time series of Agulhas leakage transport from 1941 to 1970, capturing the last crossing moments of
leakage particles, pentad fields (p2d; red) and that from monthly fields (m2d; blue). Zooming into the period from
1945 to 1950 shows that m2d highly correlates with p2d. (b) Histograms of leakage transport, showing extrema on
both ends. The x axes on the top and bottom panels of (b) have different scales to emphasize the difference near the
tail of two distributions.

1 OCTOBER 2016 CHENG ET AL . 6887

• 26 Sv threshold (90th percentile of 
p2d daily timeseries)

• 98 ring events during 1945-1970
• An idealized event lasts 20 days
• Divide the accumulated transport 

of 98 idealized rings by that for the 
entire period. 

Leakage Timeseries

SSH composite (shading)
Barotropic Streamfunction (contour)

Ensemble of leakage transport 
evolution during a ring event

26 Sv
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Local climate imprints of interannual leakage 
variability SLP+V10m Surface 

Temp.

Convec.
Rainfall

Sensible
Heat flux

Latent
Heat flux

Surface
Salinity

• How much each variable 
increases, when leakage 
increases by 1 Sv. 

• SLP regression is 
consistent with TAUX shift.

• TS and surface fluxes 
share a east-west 
contrasting pattern. 

24



Model

MERRA reanalysis
Summer rainfall

• Using a SST based Agulhas leakage 
proxy following Biastoch et al. [2015]

• The reduced summer convective 
rainfall is consistent with our model

• Very different in other seasons.

25



Decadal trends of westerlies and Agulhas leakage in 
the 20th century run.

Maximum westerlies 
magnitude 20S-70S

The latitude of such max. 
[Swart & Fyfe, 2012]

Observed [Marshall, 2003]
vs model SAM index

Agulhas leakage
Transport

• 0.33 Sv per decade since 1956 in HRC07. 
• 1.2 and 1.7 Sv/decade using Lagrangian particle [Biastoch et al. , 2009, 2015].
• 0.84 Sv/decade since the mid-1960s using a SST based proxy [Biastoch et al., 2015]
• Spurious westerlies trends in reanalysis [Marshall, 2003; Swart et al., 2015] 26



Summary

• Climate models are powerful tools to study the 
climate system and to project future climate.

• Agulhas leakage may affect the climate system by 
modulating the global thermohaline circulation.

• Lagrangian particle tracking is the go-to method to 
quantify Agulhas leakage.

• Leakage variability can affect the regional climate 
of southern Africa, i.e. decrease summer rainfall. 
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