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Abstract. Using ocean models of different complexity we 2008a Beal et al, 2011). One of the main issues of cur-
show that opening the Indonesian Passage between the Peent research, and the topic of this paper, is the impact
cific and the Indian oceans increases the input of Indianof the strength of the ITF on the Indian Ocean circulation
Ocean water into the South Atlantic via the Agulhas leak-and the Agulhas leakage.
age. In a strongly eddying global ocean model this response The most direct model experiment to address this issue is
results from an increased Agulhas Current transport and & compare the global ocean circulation in the present-day
constant proportion of Agulhas retroflection south of Africa. world with that having a continental configuration in which
The leakage increases through an increased frequency of rintpe Indonesian Passage is (artificially) closed. Such model
shedding events. In an idealized two-layer and flat-bottomexperiments have been carried out with both ocean-only
eddy resolving model, the proportion of the Agulhas Currentmodels Hirst and Godfrey1993 Lee et al, 2002 and global
transport that retroflects is (for a wide range of wind stressclimate models$chneider1998 Wajsowicz and Schneider
forcing) not affected by an opening of the Indonesian Pas-200%, Song et al.2007 using decadal-long simulations. In
sage. Using a comparison with a linear model and previoudoth classes of models, the presence of the ITF strengthens
work on the retroflection problem, the result is explained as ahe South Equatorial Current and the AC, and the volume
balance between two mechanisms: decrease retroflection dueansport of the East Australian Current decreases. For ex-
to large-scale momentum balance and increase due to locample, this type of response of the Indo-Pacific ocean cir-
barotropic/baroclinic instabilities. culation was found both in the GFDL CM2.1 climate model
(Song et al.2007 and in the MITgcm ocean-only compo-
nent (with a similar horizontal resolution of abod) As used
in Lee et al(2002.
1 Introduction In these model studies, not much attention was given to
the impact of the ITF on the Agulhas leakage and the South
The Indonesian Passage forms an equatorial gateway betlantic Ocean circulation. A crucial component of the Indo-
tween two major ocean basins which is a unique feature inAtlantic connection is the retroflection of the AC. In ocean
the world ocean. Its existence allows for an input of Pa-models with a horizontal resolution of only,Ithis retroflec-
cific water, the Indonesian Throughflow (ITF), that crossestion is controlled by the wrong dynamical (i.e. viscous) pro-
the Indian Ocean and feeds its western boundary current, theesses. A much higher horizontal resolution is required to
Agulhas Current (AC), independently of Indian Ocean wind reach an inertial (or turbulent) retroflection reginijkstra
stress forcing. The ITF takes part in the so-called “warm wa-and de Ruijter2001a Le Bars et al.2012 which is thought
ter route” Gordon 1986 that brings thermocline water from  to be more realistic regime. In addition to a more adequate
the Pacific and Indian Oceans to the Atlantic Ocean throughepresentation of the boundary layer flow, the representation
Agulhas leakage. This water also takes part on the Southof mesoscale flows is also crucial to model a correct Indo-
ern Hemisphere “supergyreSpeich et al.2007), feeds the  Atlantic exchangeRiastoch et al.2008H.
Atlantic Meridional Overturning Circulation and may have
an impact on its variability and strengtBi@stoch et al.
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From a theoretical point of view, two categories of pro- used. In Sect. 3 we assess the strengths and weaknesses of
cesses are believed to play a role in determining the volumdéOP for the simulation of the Agulhas retroflection and Ag-
of Agulhas leakage. The large-scale forcing or “far field&(  ulhas leakage by comparing the model simulated (with real-
Ruijter et al, 1999 sets the strength of the AC and the po- istic bathymetry) sea surface height field to satellite altimetry
sition of the Agulhas Return Current. A leakage of Agulhas data. Main results on the impact of the ITF on the western
water to the South Atlantic is possible because of the gap bePacific, on the Indian Ocean and on the Agulhas retroflec-
tween the southern tip of the African continent{&j and  tion are presented in Sect. 4 and further analyzed using the
the southern limit of the subtropical gyre, materialized by idealized shallow-water model in Sect. 5. A summary and
the latitude of maximum westerlies, where the wind stressdiscussion of the results follows in Sect. 6.
curl vanishes (around 4&). Secondly, local dynamics also
plays an important role in the Agulhas retroflection. The . ,
inertia of the AC was shown to increase the proportion of2 Model simulations
retroflection Qu and De Ruijter1986 Dijkstra and de Rui-
jter, 20014 Le Bars et al. 2012). Although its role is not
yet fully understood, the rectification of instabilities is also
crucial for the mean leakage. Barotropic instabilities were
shown to decrease the degree of retroflectbDijkétra and
De Ruijter, 20010 but mixed barotropic/baroclinic instabil-

ities may lead to a significant increase of the retroflectionThe global ocean simulations analyzed here were performed
(Le Bars et al.2012). _ using the Parallel Ocean Program (P@®kowicz and

The Indonesian Throughflow is also part of the large-scalesmith, 1994 developed at Los Alamos National Laboratory.
forcing of the Agulhas System. The inflow of water increasesThe configuration is based on that used Mgltrud et al.
the Strength of the AC but.simulta}neously water has to returr‘(201Q, with an average 0°lhorizontal resolution and 42 ver-
south of Tasmania. In this castirst and Godfrey(1993 tical levels, allowing for a maximum depth of 6000 m. The
showed that potential VOI'tiCity constraints direct the flow atmospheric state used to force the model is based on the
zonally in the South Atlantic from Africa to South Amer- repeat annual cycle (normal-year) Coordinated Ocean Refer-
ica. Through the input of negative vorticity at the coast thereence Experiment (COR¥ forcing datasetl(arge and Yea-
can be a flow southward which next s able to return eastwardyer, 2004, with 6-hourly forcing averaged to monthly. Wind
at the latitude of south Tasmania. In this case we would eXstress is computed offline using the Hurrell sea surface tem-
pect a decreased degree of retroflection with the increase Qerature (SST) climatologyHurrell et al, 2008 and stan-
the ITF. However the situation is more complex because thejard bulk formulae; evaporation and sensible heat flux were
Indonesian Throughflow — by strengthening the AC — alsocalculated online also using bulk formulae and the model
strengthens nonlinear processes south of Africa that are epredicted SST. Precipitation was also taken from the CORE
pected to increase the degree of retroflection. How these proforcing dataset. Sea-ice cover was prescribed based on the
cesses combine and impact the volume of Agulhas leakage 1.8°C isoline of the SST climatology, with both temper-
will be analyzed in detail here. ature and salinity restored on a timescale of 30 days under

The possible effect of the ITF on the Agulhas leakagediagnosed climatological sea-ice.
will be analyzed using two 75yr-long simulations with the  As initial conditions we used the final state of a 75yr
strongly eddying version (with a 0horizontal resolution)  spin-up simulation described Maltrud et al.(2010 using
of the Parallel Ocean Program (POP). In both simulationsrestoring conditions for salinity. The freshwater flux was di-
(closed vs open Indonesian Passage), the wind stress is th@nosed during the last five years of the spin-up simulation
same and there is no restoring of the surface salinities. Thesgnd the simulations we present in this paper use this diag-
model simulations therefore provide new insights on the dy-nosed freshwater flux. This makes the ocean circulation free
namics of the Agulhas retroflection and the effect of the presto adapt to changes in continental geometry, i.e. here the
ence of the ITF on the Agulhas leakage in an inertial to tur-closing of the Indonesian Passage. Using this model we did
bulent retroflection regime. Results from simulations with aa control simulation (PORTRL) with realistic bathymetry
two-layer shallow-water model in an idealized basin geom-and another one (PQRoITF) on which the Indonesian Pas-
etry, allowing for more detailed sensitivity studies, are sub-sage was closed by small land bridges. Both POP simulations

sequently used to interpret the POP results. To understangere continued under the same surface forcing for 75yr, up
better the physics of the previous two models, a linear modeto model year 150.

is also used to investigate the importance of nonlinear pro-
cesses in the connection between the ITF and the Agulhas
leakage. Its results are derived and discussed in Appendix A.
In Sect. 2 we describe the POP model simulations and
provide an overview of the idealized shallow-water model  Iseehttp://www.clivar.org/organization/wgomd/core

Two numerical models are used in this paper. A global ocean
model (POP) and a regional, idealized shallow-water model
(HIM).

2.1 POP configuration

Ocean Sci., 9, 773435, 2013 Www.ocean-sci.net/9/773/2013/


http://www.clivar.org/organization/wgomd/core

D. Le Bars et al.: Indonesian Throughflow and Agulhas leakage 775

Table 1. Relevant parameters of the idealized experiments used for both open ITEGHRL) and closed ITF (HIMNOITF) cases.

Model Horizontal Viscosity Number of Density  Equilibrium thickness of

resolution  (nfs1) layers (kg nT3) the layers )
HIM 0.1° 500 2 1030 1000
1035 2000

Table 2. Mean transport (in Sv) across different sections of BORRL and POBNoITF rounded to integer values. The standard deviation
is given between brackets. Note that the numbers are rounded to 1 Sv.

Section ITF EAC TL  SEMC MC AC AL  NBC BC # Agulhas
eddies per year

PORCTRL 15(8) 39(17) 9(4) 19(13) 17(6) 92(20) 21(13) 24(4) 37(12) 3.6(1.0)

POPNoITF 0(0) 52(16) 12(3) 17(7) 2(4) 82(15) 17(9) 23(4)  34(15) 2.9(0.8)

Difference  +15(+8) —13(+1) -2(+1) +3(+6) +15(+2) +10(+5) +3(+4) +1(0) +3(-3) +0.7(+0.2)

2.2 HIM configuration set of simulations in which the Indonesian Passage is closed

(HIM_NoITF); see Tabld for a summary of the parameters
To test dynamical mechanisms and help the interpretatioror the two cases.

of the POP simulations, we use an idealized configuration

of the Hallberg Isopycnal Model (HIMlallberg(1997). It

uses a time-splitting scheme to solve the hydrostatic primg  pop model — data comparison
itive equations in spherical coordinates on an Arakawa C-

grid. The model domain (Fid) and the boundary conditions  To assess the skills of the POP model in simulating the
are similar to that used ibe Bars et al(2012. The domain  Agulhas retroflection, we compare the sea surface height
is centered on the Indian Ocean with the African continent(SSH) simulation results for the case POPRL with satel-
and Madagascar in the western part and the Australian contite altimeter data produced by Ssalto/Duacs and distributed
tinent in the eastern part. There are 3 basins in this setup angly AvISO, with support from CNES http://www.aviso.
we will call them Atlantic Ocean, Indian Ocean and Pacific Oceanobs_com/dua¢sn'he dataset of the dynamic topogra-
Ocean even though the sizes of the Atlantic and Pacific basinghy for the altimeter results is provided or{éx %0 grid.
are much smaller than in reality. This setup allows for water
to go from the Pacific to the Indian Ocean. 3.1 Volume transports and Agulhas leakage

We use zonal periodic boundary conditions betweeh0
and 53 S to allow an Antarctic Circumpolar Current to de- The time mean dynamic topography deduced from the satel-
velop. To reduce its intensity we have added a ridge atlite observation and from POBTRL for the Indian Ocean
130 E; the longitudinal extent of this ridge is°land its  and South Atlantic Ocean is plotted in Fig). The average
height is fixed to 2500 m. The rest of the domain has a flattransport of the main currents and strait transports expected
bottom. We use a horizontal resolution of Ddnd 2 vertical  to be impacted by the ITF are computed over a 40 yr period
layers. Lateral friction is parameterized with a Laplacian hor-for both POPCTRL and POBNoITF and are given in Ta-
izontal eddy viscosity with a constant background value ofble 2. In POPCTRL the transport of the ITF is 15 Sv which
500 n? s~! and a Smagorinsky coefficient of 0.15. We apply is close to the estimation based on observationSmyntall
no-slip lateral boundary conditions and the model is forcedet al. (2009. The Mozambigue Channel transport is 17 Sv
by a steady zonal wind stress (Fig.of the form: also close to the 16.7 Sv observed BRijdderinkhof et al.

. (2010. The transport of the AC at 35 is 92 Sv, much larger
©¥(6) = —rosin( (8 —60)). (D) than the 69.7 Si- 4.3 Sv observed b@ryden et al.(2005.
where0 is the latitude and witldy = 32° S anda = 7 /32. However, Bryden et al.(2005 only registered the current
The wind-stress pattern is fixed but its amplitude is taken asstrength over a period of 8 months, which is not enough given
control parameter and ranges from 0.05 N4t 0.3 N nT2. the important annual and inter-annual variability; the yearly
For each amplitude of the wind stress we run the model toaveraged transport in POPTRL varies between 74 Sv and
reach a statistical equilibrium and for analysis we take an av-104 Sv. Another possible explanation for the discrepancy in
erage of five years of each experiment. A set of 6 experiment@\C transport values is the relatively strong recirculation in
under different wind stresses is performed for a control ex-the southwest Indian Ocean (see Rg-b) that can locally
periment (HIMCTRL) and we compare the results with a break the Sverdrup balance and increase the transport.

Www.ocean-sci.net/9/773/2013/ Ocean Sci., 9, 7785, 2013
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Fig. 1. Domain of the idealized model HIM with continents (black), 0 - °
ridge (orange), profile of wind stress forcing and important sec- ), = > o=
tions (ITF: Indonesian Throughflow, MC: Mozambique Channel, 27 . , .
AC: Agulhas Current, L: Leakage). Also indicated is the regions 105 < O\ = Lo
where tracer concentration is fixed to 1 (red hatching) and 0 (blue = : ot
hatching). The passive tracer is used to compute the leakage, it is  eow 30w 0 30E 60E 90E 120E 150E
initialized to zero in the white regions but is free to evolve in time. 0_2 - f‘; HJZ o 1‘6 ‘ 1‘5 : g‘o‘zm

Fig. 2. Contour of mean dynamic topography and standard devia-
Computing Agulhas leakage is difficult because of thetion (colors, in cm) from(a) altimetry data(b POR.CTRL and(c)

highly turbulent nature of the flow south of Africa. La- POPnoITF. Sections used for Tab®are also shown here (EAC:
grangian tracersBjastoch et al.2008h Van Sebille et al. East.Australlan Current at 3@, TL: Tasman Leakage, NBC: North
20093 or passive Eulerian traceté Bars et al. 2012 are Brazil Currentat 8 S, SEMC: South East Madagascar Current, BC:
required to compute an accurate time series. Unfortunatel)ztrg;lg u'\rzér.nt,\i(t);s;i,b?b:eAgﬁrr?:;gakage,AC:Agthas Current
in these methods the tracers need either to be advected on- T g '
line or offline but using high frequency temporal output (at
most a few days), which was not possible with the POP sim-

i . 3.2 Agulhas retroflection
ulations. Another method is to use thresholds of tempera- 9

ture and salinity to separate Indian Ocean waters from itspy ;osess the performance of POPRL in modeling the
surroundingsRouault et al.2009 van Sebille et al.2010.  Ac retroflection we compare the average and standard de-
However, if the temperature and salinity of the South Indian,;ation of the SSH (using the last 20 yr of the model simu-
Ocean change, which is the case for an opening of the INptin) with satellite altimetry (Fig3a—b). The model ade-
donesian Passage, itintroduces a bias in the computation ang, el simulates a strong AC, its retroflection/recirculation
hence this method is not suited for the purpose of our study.qq, 11 of Africa and the meandering Agulhas Return Current

As we will see later (Fig7), the pat.h of the Agulhas eddies (ARC). The regions of high SSH variability in the Mozam-
does not change when the Indonesian Passage opens. For trB'iﬁue Channel, the area southeast of Madagascar and at the
reason, we choose here to compute the surface Eulerian VOke yetrofiection are also captured by the model. However, as
ume flux across a fixed section that includes the direct edd%lready noticed byaltrud and McClearf2005) in a similar

path and the Benguela Current (see Fig.The value thus  pop gimylation, the area of retroflection is broader and the
computed is 21 Sv (Tablg). This is higher than the estima- 5 japility is higher than observations in this region. In addi-

tion of Richardson(2007) who found 15 Sv using observa- iqn the path of the eddies is very regular, leading to a unique
tions from subsurface floats and surface drifters. The highe{ye|| yefined eddy corridor while in the satellite observations

value that we obtain here is probably due to the method W&}, .ae dominant paths are fourBgncausse et aR0104.
use, some of the flow that we measure is Atlantic water and . ¢, rther analyze these differences between model and

not Agulhas leakage. However our main concern here is noppqeryations, we computed the retroflection position from
to have a precise measure.of the Ieakfige inthe con_trol experiiallite dynamic topography and from the model sea sur-
ment but to measure the difference with the case without ITF¢, .o height (Figda—b). The method used is the sam®as-

Therefore this method is based on the reasonable assumptiQn), ,sse et al2010B: we choose a SSH contour representa-
that the ITF impact on the volume transport of Atlantic water i, of the AC and ARC cores and look for its western most
at the section we choose is small compared to the ITF mpacboim for each output file. Note that the output frequency is
on the Agulhas leakage. weekly for satellite and monthly for model data. The average
retroflection position deduced from satellite data is localized
at 18 E, after the current has left the coast and forms a free
jet. In the model, the highest probability of retroflection is

Ocean Sci., 9, 7737435, 2013 Www.ocean-sci.net/9/773/2013/
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Fig. 4. Probability density of the retroflection position fro(a)
satellite altimetry(b) POPCTRL and(c) POPNoITF simulation.
The black crosses indicate the average retroflection position from

10S the all time series. Bathymetric contours are at depth of 1000 m,
2000 m and 3000 m.

C

208 altimetry. This results in an average retroflection position at
23 E in the model, which is 5too far east. The same be-
havior of the AC was seen in a 0.horizontal resolution re-

30S gional configuration of the Hybrid Coordinate Ocean Model
(HYCOM) and was greatly improved by replacing the 2nd
order momentum advection scheme by a 4th order scheme

405 (Backeberg et g1.2009. The 2nd order momentum advec-

tion scheme of POP could then be responsible for the early
retroflection of the AC.
: e A too easterly retroflection position might be one of the
[CONTOUR FROM -110 TO 120 BY 10| .
0 20E 40E causes for the regular path of the Agulhas eddies. In fact,
_ﬂ]]ﬂﬂ_ most of the time in the model the eddies enter the Atlantic
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 at the southern tip of the continental margin of Sguth Africa
at 37 S, whereas the observations show that eddies can form
Fig. 3. Contour of mean dynamic topography and standard devia-as far south as 425 and that the path they follow depends
tion (colors, in cm) fron(a) satellite altimetry(b) POPCTRL and on the formation location¥encausse et al20103. An-
(c) PORNOITF near the tip of South Africa. other possible cause for the very regular path of the eddies
could be related to the seasonal cycle atmospheric forcing
used in this simulation. Coupling POP with an atmospheric

model showed an increased dispersion of the eddy paths
around 26 E, just north of the Agulhas Plateau (Fi¢p). (McClean et al.2017) P yp

After this point, the AC often breaks up into eddies instead
of being a narrow jet following the coast like it is seen in the

Www.ocean-sci.net/9/773/2013/ Ocean Sci., 9, 7785, 2013
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. b shown in Fig.6. Changes in volume transports across im-
76 ; a s portant sections due to the closure of the Indonesian Passage
] i B N s are given in Table. As expected by Sverdrup theomifst

TR R [y
WTuAf i
I AL T
WA R
R W
88 4 ' |

and Godfrey1993, opening the Indonesian Passage results
vomsto ] /7 i in a decrease of the East Australian Current (EAC) transport
/ between 20 and 355. At 32 S the decrease is 13 Sv which is
MW almost equal to the ITF transport. This leads to a weakening
R " of both the Tasman Front transport and the EAC extension
o ‘ ‘ ‘ ‘ transport. The Tasman Leakage is hard to compute south of

T T T
80 100 120 140 80 100 120 140

Time (years) Time (years) Tasmania because it is very close to the eastward Antarctic
Fig. 5. Time series of the five-year running avergggAC transport Clrcumpolar Curr(_ant (ACC). For this reason we hgve chosen
at 32 S and(b) average potential density of the upper 1000 m in the & Meridional section at 12& south of the Australian con-
retroflection area (40S to 37 S and 20 E to 25 E). Black lines  tinent (indicated in Fig6) where the westward flow coming
for POPCTRL and red for PORNoITF. We see the importantinter-  from the Tasman Leakage is far from the ACC and we can
annual variability of the AC and the spin-up time of approximately determine it more accurately. The input of water from the
35yr of the surface density. Pacific to the Indian Ocean through the Tasman Leakage de-
creases by about 2 Sv, so we can conclude that an opening
of the Indonesian Passage leads to increase of the net flow of
It is interesting to notice that the combination of a \yater into the Indian Ocean of about 13 Sv.
retroflection too far east and a regular path of the Agulhas The opening of the Indonesian Passage also leads to an in-
eddies is common in state-of-the-art ocean models. It carease of the South Equatorial Current transport and strength-
be seen in global high-resolution models like OFB&{  ens both the Mozambique Channel flow 15 Sv) and the
sumoto et a/.2004 and even in ECCO2(enemenlis etal.  south East Madagascar Current (SEMC) flovBSv). The
200& in which data assimilation is used. HOWeVer, a regional Mozambique Channel transport would be reduced to al-
configuration of ROMSRenven et a].200§ and a regional  most nothing (2 Sv) if there was no ITF (Tate Assum-
high-resolution nest based on NEMO-OR@igstoch etal.  jng that the Tasman Leakage inflow does not reach as far
20080 seem to perform better in this region. Analyzing the north as the SEMC, we see that the 15 Sv increase of ITF
processes causing the differences between these model rgrads to a 18 Sv total increase of the Mozambique Chan-
sults would be useful for the ocean modeling community butne] and SEMC. This could be due to an increase iner-
is outside of the scope of this paper. tial recirculation in the SEMC (Fig2) or a small east-
In summary, the results from POP compare more favorablyward migration of the South Indian Ocean Counter Current
with observed sea surface height field properties on aspectSsiedier et al.2006 Palastanga et a2007).
of Agulhas retroflection and Agulhas leakage than all mod-  The increased transport of the Mozambique Channel and
els previously used in Indonesian Passage closure studies (% SEMC is only compensated by a small decrease of the
discussed in the introduction). Remaining discrepancies arisq'asman Leakage transport |eading to an increase of the AC
probably due to (still too) high values of mixing coefficients transport of 10 Sv. It is interesting to note that given the in-
and the fact that the model is forced by mean seasonal fluxegyease and decrease of the sources of the AC one would ex-
pect an increased AC transport of 16 Sv. The reason why
it is not seen here is likely to be related to an increase of
the "Leeuwin Current system”, defined birst and Godfrey

As mentioned in Sect. 2. the PGETRL and POBNoITF (1993 as the combination of southeastward geostrophic flow
simulations were run fr0r1n model year 75 to year 150. The@round 28 S, southward flow at the west coast of Australia,

AC transport and the top 1000 m average potential densit)FoaStal downwelling and a_northwes'Fward return flow at
in the AC retroflection region show that after year 110 a sta-d€Pth- The surface part of this system is seen to be strength-
tistical equilibrium of the surface flow seems to be reached®n€d by the ITF (see Figb,c) as found previously biirst

(Fig. 5). We therefore choose to focus on the period year 1103"d Godfrey(1993 andValsala and Iked2007).

to year 150. During this period the AC transport has an im-

portant inter-annual variability, the Syr running mean shows4 2 Agulhas Leakage

arange between 88 and 97 Sv but the average density is more

stable.

84

T
Potential density (kg/m®)

AC transport (Sv)

92

96 -

4 Effects of closure of the Indonesian passage

The increase in AC transport due to the opening of the In-
4.1 Mean transports donesian Passage leads to both an increase of Agulhas leak-

age to the Atlantic{3 Sv) and an increased transport of the
The spatial pattern of the difference of the 40 yr average horAgulhas Return Current. In the South Atlantic the additional
izontal velocity fields (PORCTRL minus POPNOITF) is leakage mostly stays in the subtropical gyre, increasing the

Ocean Sci., 9, 7737435, 2013 Www.ocean-sci.net/9/773/2013/
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Fig. 6. Velocity difference (arrows, with the length of the arrow corresponding to 12 ¢nirslicated) between PQRTRL and POENOITF.

The difference of the magnitude in crm’is shown in color. Velocities are vertically averaged from the surface to the depth of 1500 m and
temporally over the last 40 yr of the simulations. Sections used for Pade also shown here (EAC: East Australian Current &t30TL:
Tasman Leakage, NBC: North Brazil Current 8t35 SEMC: South East Madagascar Current, BC: Brazil Current @83AL: Agulhas
leakage, AC: Agulhas Current at 33, MC: Mozambigque Channel).

Brazil Current by -3 Sv). A little part seems to escape fur- very weak AC and this could be due to the fact that a weaker
ther north to strengthen the North Brazil Curretl(Sv). current would be more sensitive to the effect of bottom to-
The increased AL originates from an increase of the num-pography. We see that even though we do not find a gen-

ber of Agulhas eddies (see Talflpwhich leads to increased eral relation between AC and retroflection position there are
variability of the SSH in the eddy corridor from 21 to 27 cm events (of five years duration) during which the AC transport
(Fig. 7). The variability of the longitudinal position of the is stronger combined with an eastward shift of the retroflec-
retroflection also increases (not shown) but the average staytioon. Such a result was used bgn Sebille et al(20098 to
at the same position (Figb, c). This means that we find an illustrate the importance of the inertial overshoot mechanism
important strengthening of the AC transport that has no effec{using another high resolution model) but in POP also the
on the mean retroflection position. This is not what would beopposite response is found frequently.
expected from the non-linear theory developedayand De
Ruijter (1986 in which the separation location was shown to
be very sensitive to the AC transport.

. There are different hypothe_s_es to explain the small S€MWith the idealized model setup, we can control the retroflec-
sitivity of the retroflection position. The control by bottom tion regime by changing the amplitude of the wind stress
topography, in this case the Agulhas plateau, might be stron

A ?Le Bars et al.2012. Hence, performing sensitivity studies
as suggested U_ylatgno(199© "?‘T‘d could cause a locking with the wind stress strength for both an open (simulations
of the retroflection in one positiorDg Ruijter et al. 1999.

However even though in the models the retroflection is Of_referred to as HIMCTRL) and closed Indonesian Passage

(simulations indicated as HINNOITF ) can help interpret the
ten _I(_)cat_ed north of the Agulhas Plateau ('.E"‘)"th‘? MeaN ~ bop results. In HIMCTRL, the ITF varies from 1 to 16 Sv
position is 3 further west due to repeated intrusion of the

AC west of the Agulhas Plateau. Time series of the low fre-OVer the wind Stfes.s range used (0.05-0.3Nn L
A o . . An important indicator of the Agulhas retroflection is the
quency variability of the longitudinal position show an im- o - .
L : . . retroflection indexk (Dijkstra and de Ruijter2001a Le Bars
portant variability (Fig.8a) suggesting that the retroflection .
o . et al, 2012, defined by
position is not locked by topographic features.

If we look at the relation between the low frequency varia- D) 5
tions of the AC and the longitudinal position of the retroflec- ™ = =~ dpc’ @
tion, we see that in this model there is no simple linear re-
lation (Fig.8b). For most of the values of the AC transport Where @ and ®ac are the Agulhas leakage and the AC
the average retroflection is between 23 and 28.5The only ~ transport, respectively. Hencg,is a non-dimensional num-

remarkable event is a far east retroflection associated with 88r that represents the proportion of AC transport that is
retroflected. With reference to the results in the previous

5 Analysis using HIM
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Fig. 8. (a) Five-year running mean of the longitude of the retroflec-
40S tion in PORCTRL (black) and PORNOITF (red).(b) Longitude
of the retroflection as a function of AC transport for POFPRL
(black) and POBNOITF (red) also filtered with a five-year running
308 mean. Bigger crosses represent the average AL corresponding to a
certain range of 1 Sv of AC.
b
From the HIM results one can deduce an empirical relation
between the difference in the Agulhas leakage between the
open ébf_)) and closed <(>E) cases. By definition the leakage
358 in these two cases is given by
dP =0 - (1—-RO); dF =05 - (1- RO, ©)
where the superscript3 andC refer to the HIMCTRL and
HIM _NoITF results, respectively. From Fi§a, we deduce
08 that for all wind stress amplitudes we have approximately

RO(1) ~ R®(1) = R(r) which reflects the independence of
CONTOUR FROM 11070 20 BY2 R on the ITF amplitude. In addition, in this model the dif-
10E 15E ference between the AC transport in the HBTRL and

Fig. 7. Contour of mean dynamic topography and standard devi—|_”C')V|'NOITFOIS equal to the ITF in the model, "@'XC(T) ~
ation (colors, in cm) fron{a) PORCTRL and(b) PORITF. This ~ Pac(t) — P7e(7).
zoom on the Agulhas eddy corridor shows the increase variability It follows directly from @) that the leakage difference is
due to an opening of the Indonesian Passage. The black line showgiven by
the section used to compute the Agulhas leakage. o c

(1) — O (1) & Pitr(7) - (1 R(1)). 4)

. . - A comparison of the time mean of the left hand side and
E%:Si,”(;,’ip's(,ﬁe_wo S%'S"?Lffiezﬁfﬂﬁf r(if;n: 0575 8i)t r":‘]’;ins right hand side of (Ec4) is shown in Fig.L0. Although the
that_o pening th; I'i'F d.oes ot affect thepprop%rtion of Waterleakage has a large variability, there is a reasonable balance

) of both time mean terms. The balance (Bdoes not strictly
that is retroflected. . . hold for POP, but for a wind stress amplitude between 0.25

To assess the generality of this result we comp@re and 0.3N n72, corresponding to an ITF transport of 14 to
values computed for HIMCTRL and HIMNoITF for dif- 16 Svin HIM_CTRL, the result (Eg4) provides an increased

fe;er}} W;T“’ .Strdes); "?‘"?p"‘“d?f ) Ats ;?n be seen gﬁf:h?-rp leakage of around 4.5 Sv, which is at least consistent with
retroflection indexR is insensitive to the presence of the what was found in POP.

fo;:ltlr:/v |r|1<Tsttress amplltud;atsf.] AIS tge AC trarllsport |ncrgﬁxse_|‘s The fact that POP and HIM give similar results concern-
Wi €11, an opening ot the ‘ndonesian Fassage wi a'ing the retroflection index even with different continent ge-

ways_t'stretng:Eer:_lt_rIl:e Iteakafqhe.(FQy:.).. The fact fthatR IS In- ometry, bottom topography, vertical coordinates and surface
sensitive fo the Strengin IS Intriguing as for an Increaseforcing highlights the generality of our results.

in AC transport due to a stronger wind,increasesl(e Bars
et al, 2012. This suggests that the partitioning of the trans-
ports in the leakage and return current is dominated by th&& Summary and discussion

wind field.
In this work we have extended the results of previous model-

ing studies on the role of the ITF in the global climate system,

Ocean Sci., 9, 7737435, 2013 Www.ocean-sci.net/9/773/2013/
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Fig. 9. Retroflection indexa) and Agulhas leakagfp) as a func- 3 4 -
tion of wind stress for HIMCTRL (black) and HIMNoITF (red). 1
Each cross represent a statistical steady state and vertical bars rep-
resent the 95 % confidence interval for the computation of the mean 0O ——r———r——T——T— T
Agulhas leakage. 0.0 0.1 0.2 0.3

Wind Stress (Pa)

Fig. 10. Comparison of the right hand side and the left hand
side of Eq. 4) for the equilibrium solutions of HIMCTRL and

by focussing on the impact of the ITF on the volume of Agul- {_“M NoOITE.

has leakage (AL) in a strongly eddying ocean model (POP a
0.2° horizontal resolution). In this version of POP, boundary
layer flows as well as meso-scale eddies are better resolvegerivation is presented in Appendix A and we discuss here
that in the previous modeling efforts related to the climatene main resuits.
effects of the ITF $chneider1998 Lee et al, 2002 Waj- In a linear model the retroflection index is independent
sowicz and Schneide200% Song et al.2007). of the wind stress. This can be understood because it lacks
In POP the AL increases due to the opening of the Indone+|| the mechanisms put forward Wjijkstra and de Ruijter
sian Passage. This response was shown to be due to the CO0013 and Le Bars et al.(2012 to explain the change
bined effect of an increase AC transport due to the additionabt the retroflection index, i.e. viscosity, inertia or turbu-
input of water from the Pacific and a constant proportion of jgnce, depending on the dynamical regime. In this model, the
Agulhas Current retroflection (constant retroflection index). retroflection index decreases when the Indonesian Passage is
The increase of AL is associated with an increased numbebpened which is consistent with the potential vorticity con-
of Agulhas eddies. The issue of the effect of ITF on the healstraints on the flow and the fact that the water has to return at
and salt transport from the Indian to the South Atlantic and itSg |atitude south of Australia.
impact on the Atlantic Meridional Overturning is outside the  The fact that the retroflection index does not change when
scope of this paper because it involves a complex competithe |ndonesian Passage opens is then the result of two mecha-
tion between changes of the so-called “warm route” throughnisms: (i) increase barotropic/baroclinic instabilities that are
the AL and the “cold route” through the Pacific and the Drake expected to increase the retroflection and (ii) large-scale lin-
PassageGordon 1986. ear momentum and mass balances that lead to decrease the
A two-layer model was used to investigate the change Ofetroflection. Understanding why these two effects nearly

the retroflection index with opening/closing the Indonesiancancel each other for each amplitude of the wind forcing is a
Passage. We show that for a wide range of wind stress forcingha”enge left for future research.

the retroflection index is insensitive to the strength of the ITF.
For this model we are also able to deduce a semi-empirical
formula that relates the ITF transport and the leakage. Appendix A

The fact that the retroflection index stays constant is
intriguing. As mentioned in the previous section, one Linear model
would expect an increase retroflection index due to mixed
barotropic/baroclinic instabilities related to an increase Ag-To further understand the physics of the previous results we
ulhas Current forced by Indian Ocean winds Bars et al. use a steady linear one-layer quasi-geostrophic model. We
2012. The experiment realized here is however differentwant to investigate whether the fact that the retroflection in-
because the input of water comes from the Pacific Oceamlex stays constant when the ITF is open is the result of steady
and needs to return south of Australia. To isolate this addi{inear mass and vorticity balances. Using the same geometry
tional large-scale condition we solve the linear momentumas used for the HIM model, we define seven sections (see
and mass conservation equations on the same domain. TH&g. A1) and assuming a steady state we have the following

Www.ocean-sci.net/9/773/2013/ Ocean Sci., 9, 7785, 2013



782 D. Le Bars et al.: Indonesian Throughflow and Agulhas leakage

| On proximation for f on each interval to give

. : E -
] I e 82299 cost o 6,) + fubace+
208 | i : s B o
. ! : 3 (2 — ¢0)
1 i . [ 0, f(04) (P1+ Pac) +Tro cos; v (0a) +
Y '
408 ANy = 33 )
4 d f 1 U2 4
1 g, i :%‘I)ACO I 2
2.0 : : S, b 0, H | AuV©u(¢o,0)rodd — f23Pac
P p B ‘ : J'T__/ ‘ i o:
‘ 0
bw  do by 45E 9E & PE : (2 — o)
. . o N — fas®2 + ——r0c0Ha 1% (64) =0, (A4)
Fig. A1l. Domain of computation with the main sections along 0

which the transport is computed and the contours of integratign where

Cy andCs.
0; + 9]'
fij = FE=). (A5)
mass balances: Using the vorticity balance at the WBC then, under no-slip
boundary conditions, it is possible to express the horizontal
O+ Do =P+ Pacc, (Ala) friction as a function of the wind stress (Eq. 2.11.6 frBed-
Pac + P1 = Oi7F, (A1b) losky, 1996
Op =Dy + Do (Alc) 64 04 $2
_ | , | n/ AV (o, 0)rodd = —// L curt <i> r8codpdo
We now write the steady quasi-geostrophic equations i H of
the formF = 0, with & % do
04 $2 7 4 % cos)
co

1op 1¢ - 2(* 2cosdpd
Fi=uVu— fo+ =2 - _ 4,2, (A2a) //HPFOCOS9 de< f )r" ’

pdx pH 03 ¢o

10
Fa=uNVv+ fu+="L — Ayv2, (A2b) _ _(¢2—do)roto . (A6)

pdy Hp
whereH is the thickness of the layer having a constant den-With
sity p. Furthermoref is the Coriolis parameter antly the 04
lateral friction coefficient. We now integraﬂé over three K — /aCOSa(G — 60) O — Sina (6 — Bo)d. (A7)
closed contour€1, C2 andCs as indicated in the Figh1; i.e.

¢ F.ds= 0. Inertia is neglected, friction is only considered in b

the Agulhas Current and the contour integrated pressure gra- We now group all the terms of EgAB) that only depend

dient cancels for closed contours. O this gives on the wind stress to give
b0 o2 fas®acc+fa(P1+ Pac) — f23P1L — fo, P2 = G(x?) (A8)
T
f— pHS roCOHsd +f Sfu(p2,0)rodd + with
¢o s (¢2 — ¢0)
4 0 G = o (cosds 7% (6;) + 1K) . (A9)
/ fv(¢,04)roC0804dd +/ Jv(¢,04)roCOS04d + The integration of over contourC, gives
1 %0 0 56, 0,
0. T ;
% 9 (02) 3 5 /— 2 rocoshsde +/fu(<l>o,9)rod0+
/ roC0Had —i—/ A Veu(go, 0)rodo + pH
pH dw 05
) 63 63 ) s
0
% % / Fu(®o,0)rodd + / PO L cosnde+
/ — fu(go, 0)rod6 +f — fu(éo,0)rodd =0, (A3) 5 h pH
2 w
62 Os 01
whererg is the radius of the earth. We now integrate the equa-/ —fu(®w,0)rodd =0. (A10)

tion vertically between-H and 0 and we use a midpoint ap-
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a inertia and turbulence as analyzed Dijkstra and de Rui-
jter (20013 and Le Bars et al.(2012. However, opening
the Indonesian Passage leads to an important decrease of the
retroflection indexR (Fig. A2c) that even becomes negative.
a This is because the transpabt; is affected more strongly
L by the ITF than the transpodt 4, . The value of the parame-
ter (fo5 — f4)/(f2s — f23) is approximately 1.8, meaning that
each increase @bt of 1 Sv leads to increase; by 1.8 Sv.
005 010 015 020 025 030 If we take equationA8) and remove the case whebgrg is
Wina Stress (Pa) null then we obtain

100 -

C 0.12 L
L 0.09 F stq)ACCm: + f4q>|TF - f23q)L|TF - fzs (D2|T|: =0, (A15)
Eooe i where®sccpre, Prre and o, are the transports directly
F oo o0 F forced by ®|7r and independent of the Indian Ocean wind.
. L We combine this equation with the following mass balance:
Foo0% L qDACCm: + @ = CI>L|'|'|: + CI)ZITF (A16)
-0.06 T T T T T T
0 o.gs 0_‘10 0_‘15 ov‘zo 0_;5 0‘30 005 010 015 020 025 030 to obtain:
Wind Stress (Pa) Wind Stress (Pa)
_ fos — fa
Fig. A2. Agulhas leakagdéa), Agulhas Current transpotb) and Prie = mq)m:- (A17)
\)

retroflection indexc) as a function of wind stress computed from
the linear model in cases where the Indonesian Passage is open We see that a simple explanation for the important in-
(black) and closed (red). crease ofd; is that the Coriolis parameter difference be-
tween the latitude where the Indonesian Throughflow enters
and where the ACC leaves the Indian Ocean is more impor-
tant than the difference between where the leakage leaves and
the ACC enters. Another phenomenon that is not allowed by
ro(dE — ¢2)(t?(05) cOBs — 1% (82) COHy) this model but that could happen in the real ocean would be
- 0(f(0s) — f(62) - (AL that south of Africa the ACC position moves further south,
) ) increasing the momentum difference with the leakage. How-
We now have seven unknowns and six equations, to clos@yer, we expect the position of the ACC fronts to be mostly
the problem we approximate; with the Sverdrup balance:  gqt by wind stress and topograplGréaham et al.2013.
. The values of the retroflection index in this model are un-
® — i/wrl (i) coShadd realistic,~ 0.1 for the closed ITF and- —0.04 for the open
B A pf

Finally for a contour east of Australia this method leads to
the linear island rule (LIR)Godfrey, 1989:

DirF

case. This is again because the processes that are responsi-
ble for the retroflection are not included in this model, in fact
($2 — P10 . the small retroflection seen in the closed ITF case is purely
= ————— (¢ C0oSx (04 — Op) COH4 — SN (04 — 6p)) . . . .
oB (@ (02 =00) 4 (04 = 60)) due to sverdrup dynamics. The wind stress curl is stronger
(A12) at the position where the AC transport is computed than at

E thi t of i te the AC t the latitude of the leakage. Such a small retroflection in-
rom this set of equations we can compute the raNS4ex can also be found in the HIM model when the inertia is

port: weak (see Figob for a wind stress of 0.05Pa). In baroclinic
dac = Of — 1, (A13)  and barotropic shallow-water models such low values were
shown to appear at the limit between a viscous and an iner-
and the leakage: tial regime of retroflectionBijkstra and de Ruijter2001a
1 Le Bars et al.2012). The negative retroflection index seen
D, = m ((fzs — fa)®ire + G(T¢)). (A14) in the open ITF case indicates a leakage larger than the AC.
\}

This can also be observed in numerical model when a local
The transportsbac and & are plotted as a function of recirculation cell appears south of the African continent as

70 in Fig. A2. We see that as botr (Fig. A2a) and®ac discussed byijkstra and de Ruijte(20013.

(Fig. A2b) are linearly increasing with the wind stress magni-  The linear model provides a simple mechanism based on

tude and the retroflection index does not depend on the forcmass and momentum balance that leads to a decrease of

ing. This result is expected because the mechanisms respothe retroflection index due the opening of the Indonesian

sible for an increase of the retroflection index are related toThroughflow. However, alone it is not able to explain the

Www.ocean-sci.net/9/773/2013/ Ocean Sci., 9, 7785, 2013
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