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Abstract :

Paleobathymetric reconstructions suggest that 35 million years ago, local uplift of the Davie Ridge could
have temporarily raised a continental land-bridge between Africa and Madagascar and dramatically
affected their connectivity. Numerical simulations of a regional model of the southwest Indian Ocean at
mesoscale resolution are performed to investigate the consequences of such a closure of the
Mozambique Channel. Compared to a reference simulation of present day circulation, blocking the
Mozambique Channel results in a redistribution of the transport around Madagascar dramatically
strengthening the East Madagascar Current and eddy variability south of Madagascar, broadening the
Agulhas Current, and modifying water mass properties and bottom circulation.
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Highlights

» Paleobathymetric reconstructions suggest that the Mozambique Channel was closed in the past (e.g.
around 35 Ma) due to uplift of the Davie Ridge. » We investigate the consequences of this closure in a
regional ocean model at 1/12°resolution and compare with present day circulation. » Blocking the
Mozambique Channel dramatically strengthens the East Madagascar current and eddy variability south
of Madagascar.

Keywords : Paleobathymetry, Mozambique Channel, Ocean Circulation, Mesoscale eddies, Numerical
Model
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1. Introduction

Madagascar is home to one of the most unusual, endemic, diverse, and
endangered concentrations of wildlife in the world. To explain its unique
and unbalanced biological diversity, Simpson (1940) proposed the “sweep-
stakes hypothesis”, according to which the ancestors of mammals present
in Madagascar today arrived from Africa by raft. This theory is important
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in biogeographical and evolutionary terms explaining how animals colonize
new frontiers, but its validity is currently under debate (McCall, 1997; Mazza
et al., 2019; Masters et al., 2021; Génin et al., 2022; Lopes et al., 2023). The
cross-sectional study of the Cenozoic biogeography of Madagascar and the
geodynamic results obtained from a large dataset within the framework of
the PAMELA project (Lopes et al., 2023; Pellen et al., 2022) concluded that
several phases of regional uplift during the Cenozoic affected connectivity
between Africa and Madagascar. These uplift phases led to the modern to-
pography of Madagascar (Masters et al., 2021), separated today from Africa
by 450 km of deep basin. A recent reconstruction of the paleobathymetry of
the Mozambique Channel region during one of these phases which occurred
between 36 and 30 million years ago (Pellen et al., 2022) shows the Davie
Ridge forming a continental bridge between Mozambique and the south of
Madagascar (Figure 1), as suggested earlier by McCall (1997).

Nowadays, oceanic circulation in the southwest Indian Ocean is domi-
nated by waters of the westward flowing South Equatorial Current (SEC)
(Tomezak and Godfrey, 1994). When reaching the east coast of Madagascar
around 17°S, the SEC splits into two opposite branches (Figure 2): the North
Madagascar Current (NMC) flowing to the North and the East Madagascar
Current (EMC) flowing to the South (Chapman et al., 2003). On reaching the
African coast at 11°S, the NMC also splits into two. The northward branch
feeds the East African Coastal Current (EACC) (Chapman et al., 2003).
The southward branch flows through the Mozambique Channel, generating
large Mozambique channel rings propagating southward and dominating cir-
culation in the channel (Schott and McCreary, 2001). Although it shows
large variations, a mean southward transport of 16.7 Sv (1 Sv = 10 m? s71)
has been reported for the 2003-2008 period (van der Werf et al., 2010; Rid-
derinkhof et al., 2010). Along the south and west coasts of Madagascar, the
EMC forms a western boundary current transporting about 20 Sv towards
the pole (Ponsoni et al., 2016; Voldsund et al., 2017).

At the southern mouth of the Mozambique Channel, outflows from both
the channel and the EMC merge to feed the Agulhas Current along the east
coast of South Africa (Lutjeharms, 2006). At the southwestern tip of the
Agulhas Bank, the Agulhas Current retroflects to flow eastwards to form the
Agulhas Return Current (ARC) (Lutjeharms and Ansorge, 2001) (Figure 2).
Fifteen Sv of Agulhas waters leaks into the South Atlantic, feeding the re-
turning branch of the global thermohaline circulation (Richardson, 2007).
This Agulhas leakage from the Indian to the Atlantic Ocean has been recog-
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nized as critical for Atlantic meridional overturning circulation, influencing
global Earth climate (Beal et al., 2011).

As bottom topography controls the south western Indian oceanic circu-
lation with local and larger scale consequences (Speich et al., 2006; Penven
et al., 2006), it might be asked how bathymeric changes associated with past
uplift phases in the Mozambique channel would affect the structure of the
greater Agulhas current system. Here, we investigate with a numerical model
how the ocean circulation in and around the Mozambique Channel may have
changed in response to past bathymetric modifications. By removing Mada-
gascar in a realistic numerical ocean model simulation, Penven et al. (2006)
have shown it enables the formation of a regular western boundary current in
the Mozambique Channel extending continuously down the Agulhas. On the
contrary, is is interesting, from a geophysical fluid dynamics point of view,
to investigate how the ocean circulation would react to the closure of the
Mozambique Channel, as the whole South Indian Ocean western boundary
current would have to flow along the east coast of Madagascar, and how this
would affect the Agulhas current.

As a first step towards regional paleocurrent reconstruction, this study
addressed the sensitivity of oceanic circulation and mesoscale turbulence
to changes in bottom topography in current conditions. It consists in nu-
merically simulating the southwest Indian Ocean in a present-day (1993-
2018) regional ocean model configuration at a 1/12° resolution to resolve
mesoscale eddies. After a comparison with in-situ and satellite observations,
we launched a new configuration (called TOPO-BRIDGE hereafter) with the
bathymetry of the Mozambique Channel modified to as it was 35 million years
ago, when the Mozambique Channel was closed. We then addressed the im-
pact of such a topographic change on the circulation, eddy dynamics and the
evolution of water masses in the region. Blocking the Mozambique Channel
results in a redistribution of the transport around Madagascar dramatically
strengthening the EMC and eddy variability south of Madagascar, broaden-
ing (but not strengthening) the Agulhas Current, and modifying water mass
properties and bottom currents in the region.

After a presentation of the numerical experiments and a comparison with
in-situ and satellite observations, we show the consequences of topographic
changes on ocean transport, mesoscale variability, water mass properties and
bottom currents.
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2. Material and method

2.1. CROCO ocean model and SWAG configuration

The model employed here is the Coastal and Regional Ocean COmmunity
model (CROCO, https://www.croco-ocean.org/). CROCO is an evolution
of Regional Ocean Modeling Systems (ROMS), a regional primitive equation
model based on topography following vertical grid and higher order numerical
schemes (Shchepetkin and McWilliams, 2005). As CROCO is able to address
oceanic flows, eddies, and their interplay with topography at coastal scale
while resolving their interactions with larger scales, it is suitable for the
representation of turbulent dynamics in the southwest Indian Ocean (Tedesco
et al., 2019).

The SouthWest indiAn subtropical Gyre (SWAG12) configuration is a re-
gional application of the CROCO ocean model to the greater Agulhas Current
system as a whole. It uses a single grid from 2.5°W to 66°E and from 46.75°S
to 4.8°S. For the present experiments, a horizontal resolution of 1/12° allows
to represent the dominant processes such as the NMC, the EMC, the Agulhas
current, the ARC and the mesoscale eddies in the Mozambique Channel and
the Agulhas Retroflection (Figure 2). Seventy-five s-coordinate levels guar-
antee the resolution of the vertical stratification. Bottom topography for
the reference experiment stems from the General Bathymetric Chart of the
Oceans version 2020 (GEBCO Bathymetric Compilation Group, 2020). To
limit errors associated with the vertical coordinate, topography is smoothed
to maintain a relative slope parameter r = % below 0.25 (Beckmann
and Haidvogel, 1993). Initial and lateral boundary conditions are derived
from the GLORYS Global Ocean Physics Reanalysis at 1/12° resolution (Lel-
louche et al., 2018). Surface fluxes are derived using bulk formulas for heat,
freshwater and momentum from hourly ERA5 atmospheric reanalysis vari-
ables (Hersbach et al., 2020). The model is run for 26 years (1993-2018) with
a two year spin up.

2.2. Comparison with observations

We compare the results of our reference simulation (called hereafter REF)
to satellite sea surface height (SSH) observations (Figure 2) and in-situ tem-
perature and salinity mean climatology (Figure 3). Then we briefly describe
the large-scale flows and water masses of the southwestern Indian Ocean that
are of interest for our study.
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Figure 2 compares the sea surface height standard deviation (RMS SSH
hereafter) for the reference experiment (REF, panel b) with AVISO altime-
try data (Taburet et al., 2019, panel a). RMS SSH illustrates the surface
mesoscale turbulence and mean SSH acts as a streamfunction for the mean
surface geostrophic circulation. REF mean SSH contours follow the SEC
and its north/south separation when approaching East Madagascar around
~17°S, the NMC, the EMC, the Agulhas current, the Agulhas Retroflection,
the ARC and its standing meanders. Although slightly on the lower side,
REF RMS SSH are comparable with observations with values between 15
cm and 25 cm in the Mozambique Channel and south of Madagascar (Halo
et al., 2014a) and values larger than 40 cm in the Agulhas Retroflection and
in the ARC.

Figure 3 compares temperature and salinity meridional sections cutting
through the Mozambique Channel at 42°S between REF and World Ocean
Atlas 2018 climatology (Locarnini et al., 2018, WOA2018). There is no
significant difference between REF and observations for temperature (Fig-
ure 3a,b). The model reproduces the strong thermocline in the upper ocean.
The salinity sections (Figure 3c¢,d) show that modeled Tropical Surface Wa-
ter (TSW) does not extend as far south in the model as in the observations.
Likewise, the salinity minimum extending from the south at 1000 m depth
associated with Antarctic Intermediate Water (AAIW) does not extend as
far north compared with WOA2018. However, the location of the subtropical
front and its structure in temperature and salinity are well captured in the
reference simulation. From the north, at a depth of about 1000 m, is the Red
Sea Water (RSW), marked by high salinities (Tomczak and Godfrey, 1994).
It follows the African coast until it reaches the sources of the Agulhas Cur-
rent. Its signature in the simulation does not extend as far south compared
to WOA. The cold and salty North Atlantic Deep Water (NADW) formed by
convection in the North Atlantic propagates at depth towards the Southern
Ocean and arrives between 2500 m and 3500 m south of the Mozambique
Channel. It does not appear in REF above the 34.8 salinity contour as in
WOA (Figure 3¢,d) but the salinity of the whole layer remains above 34.78
(not shown). In the observations, it slightly overshoots the Davie Ridge at
20°S as suggested by Charles et al. (2020), as well as the North Indian Deep
Water (NIDW) arriving from the north of the channel.
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2.8. Idealized configuration with a modified topography

For our idealized experiment TOPO-BRIDGE, we modified the model
bathymetry in the Mozambique Channel according to a recent reconstruction
at 35 million years based on geodynamics and a treatment of the regional
uplift affecting Davie Ridge by Pellen et al. (2022) (Figure 1b). In this
reconstruction, the Davie ridge emerges entirely and forms islands at several
locations (22°S/40°E and 23°S/38°E).

The topography reconstruction by Pellen et al. (2022) was first interpo-
lated on the model regular grid in the Mozambique Channel region. Fig-
ure 4a shows the bathymetry used for REF. For a smooth transition from
the original topography outside the Mozambique Channel region to the re-
construction inside, we defined a buffer zone between the two frames (see Fig-
ure 4b) in which the bathymetry varies following « x (reference bathymetry)
+ (1-a)x (35 million year bathymetry), with « decreasing linearly from 1 on
the outer frame of the buffer zone to 0 on the inner frame. The resulting
bathymetry is smoothed to respect the relative slope parameter r < 0.25
criterion. We manually removed the lakes in the land-sea mask.

3. Results

Both simulations are kinetically adjusted before 1995. To guarantee a
sufficiently long period for statistical significance to the new conditions, the
statistics are calculated over the last 10 years (i.e. 2008-2017) for both sim-
ulations. In the first subsection, we present the impacts of the closure of the
Mozambique Channel on the mean circulation and the mesoscale turbulence,
and in the second, the resulting changes in water mass composition.

3.1. Mean circulation and mesoscale turbulence

The net southward transport across the Mozambique Channel was esti-
mated at an average of 16.7 Sv from the moored LOCO (Long-term Ocean
Climate Observations) current-meter array between 2004-2008 (Ridderinkhof
et al., 2010), with large interannual variability. REF Mozambique transport
is higher (25.7 Sv). van der Werf et al. (2010) underline discrepancies in the
ability of numerical models to capture this feature. The Agulhas Current has
an average flow of 77 Sv (Beal et al., 2015), fed by transport from Mozam-
bique Channel and the EMC (Lutjeharms, 2006). The first question that
comes to mind when we block the Mozambique Channel is what happens



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

Transport (Sv) | Mozambique | EMC | Agulhas Current
Observations 16.7 18.3 77.0
REF 25.7 24.6 82.0
TOPO-BRIDGE - 45.6 100.2

Table 1: Southward transport for the two main contributors to the Agulhas Current (AC):
the Mozambique Channel and the East Madagascar Current (EMC), in the observations
(Beal et al., 2011; Lutjeharms et al., 1981; Ridderinkhof et al., 2010), the reference sim-
ulation (REF) and the simulation with modified topography (TOPO-BRIDGE). For the
numerical simulations, the transport is averaged over 2008-2017 .

to the transport that was passing through the channel and how the general
circulation in the Agulhas system is affected by this.

Figure 5 shows the average transport for each configuration. For both
REF and TOPO-BRIDGE simulations, AC and EMC vertically integrated
transport are computed in the same way as for the observations, using the
respective sections and distances to the coast (219 km and 100 km) defined
in Beal et al. (2015) and Ponsoni et al. (2016). The sections where the ver-
tically integrated transport of the AC and EMC were measured are shown
in Figure 5. In REF, the net southward transport averaged over 2008-2017
is 25.7 Sv for the Mozambique Channel, 24.6 Sv for the EMC, and 82 Sv
for the AC. These values are reasonably close to observations (Table 1). In
TOPO-BRIDGE, an EMC transport increase (+21.0 Sv) almost compen-
sates for the transport that passed through the channel in the reference
simulation. The transport of the AC increases by 18.2 Sv. For each of the
two model configurations, about 60 to 70 Sv in the AC originates from the
EMC and the Mozambique Channel. In addition, about 20 Sv for REF
and 40 Sv for TOPO-BRIDGE come from recirculations associated with in-
creased mesoscale variability (see zooms on Figure 5). Table 1 summarizes
these results.

The increase in EMC transport for TOPO-BRIDGE leads to the appear-
ance of a strong barotropic cyclonic recirculation gyre (~80 Sv centered at
39°E/25°S with a radius of about 350 km) in the southwest of Madagascar.
This loop in the mean transport appears to be related to a large increase in
mesoscale eddy variability south of Madagascar (Figure 6). The detachment
of the southward extension of the EMC from the southern tip of Madagascar
is known to generate eddy dipoles, with cyclones inshore and anticyclones
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offshore (de Ruijter et al., 2004). ARC transport is not significantly affected
by the topography change. To understand these changes we look at how
the closure of the Mozambique Channel affects geostrophic turbulence in the
region.

Figure 6 presents TOPO-BRIDGE RMS SSH (Figure 6a) and its differ-
ence with REF (Figure 6b). Turbulence due to mesoscale eddies from the
north of the channel in the reference simulation completely collapses once
the channel is closed (blue area south of Davie Ridge in Figure 6b). How-
ever, south of the Mozambique Channel, southwest of Madagascar, RMS
SSH more than doubles in the TOPO-BRIDGE simulation. This maximum
is located in the eddy dipole generation region described by de Ruijter et al.
(2004). The enhanced recirculation associated with a stronger EMC observed
on Figure 5b may be a signature of a mean flow rectification by this increased
mesoscale eddy variability. Looking at SSH animations day by day (available
as supplementary material), we notice in the TOPO-BRIDGE simulation a
larger amount of cyclonic and anticyclonic eddies in the southwest of Mada-
gascar and propagating westward toward the Agulhas Current. A larger
eddy variability can actually be seen for all the southwest Indian subgyre in
the TOPO-BRIDGE simulation (Figure 6b). In contrast, TOPO-BRIDGE
mesoscale eddy variability appears reduced in the core of the EMC along the
Madagascar east and south coasts (Figure 6b) and in the western part of the
retroflection in the Cape Basin.

To address the changes induced by adding a bridge in the vertical struc-
ture of the AC and EMC, we calculated the mean currents orthogonal to the
sections defined by Beal et al. (2015) and Ponsoni et al. (2016) for each of
our simulations. These sections are illustrated in Figure 7. Cross-sections of
the mean EMC current (Figure 7a,b) show that although the mean trans-
port of the EMC has increased from 24.6 Sv to 45.6 Sv in TOPO-BRIDGE,
the shape of its vertical structure was not significantly impacted. The mean
current velocity increases for the EMC from a maximum of 0.82 m s~! for
REF to 1.37 m st for TOPO-BRIDGE.

For the AC (Figure 7d,e), the maximum current is located 26 km offshore
for REF and 39 km for TOPO-BRIDGE and is attenuated from 1.36 m s~*
to 1.19 m s, This is consistent with the findings of Beal and Elipot (2016)
who showed a recent widening of the Agulhas Current related to an increase
in mesoscale turbulence in the context of climate change.
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3.2. Water masses and heat content

Figure 8 shows Sea Surface Temperature (SST, panel a) and Salinity
(SSS, panel ¢) of the reference simulation and the SST and SSS differences
between TOPO-BRIDGE and REF (panels b and d). Temperature and
salinity anomalies appear to be fairly anti-correlated, except in the Southern
Ocean.

Significant anomalies of about —1.2°C for SST and 0.5 PSU for SSS are
perceptible in the central Mozambique Channel, South of Davie Ridge. The
origin of these anomalies could be explained by the cut-off of the NMC which
brings warmer water from lower latitudes in the form of TSW and RSW
in the reference simulation. Figure 5a shows that the contours underlying
the NMC approach the equator up to 10°S, bringing heat into the channel.
Once the channel is blocked, an absence of heat input in the Southern part
of the channel may explain the negative SST anomaly (Figure 5b) in the
Mozambique Basin. This anomaly follows the inshore part of the AC to
then dissipate in the South Atlantic. Similarly, a cut-off of the fresher water
sources from lower latitudes can result in a positive SSS anomaly in the
channel (Figure 5a).

Once the channel is closed, a stronger EMC results in an increase in heat
and freshwater input from the SEC into the southwest Indian subgyre, south
of Madagascar. This may explain the warm and fresh anomalies in the region
delimited by Madagascar, the Agulhas Current and the ARC (Figure 5b,d).

Note that the colder and saltier anomalies originating from the central
Mozambique Channel follow the inshore section of the Agulhas Current and
propagate into the South Atlantic, affecting the Agulhas Leakage (Beal et al.,
2011). By contrast, warmer and fresher anomalies originating from South
Madagascar remain confined offshore of the Agulhas Current, in the south-
west Indian subgyre. This corroborates the existence of a lateral mixing
barrier for surface and thermocline waters in the Agulhas Current (Beal
et al., 2006). As a consequence, this results in contrasting influences of the
sources of the Agulhas Current on global ocean circulation: waters from the
Mozambique Channel affect the Agulhas Leakage, whereas waters from the
south of Madagascar are confined to the southwest Indian subgyre.

3.3. Bottom currents

Because of their relevance for geophysical and sediment studies, we in-
vestigate how the Mozambique Channel closure impacts the mean bottom
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currents and their variability (Figure 9). South of the Mozambique Chan-
nel, REF simulation (Figure 9¢) produces a weak mean bottom circulation
following the isobaths in a cyclonic manner, in good agreement with previ-
ous literature (Miramontes et al., 2019). This average circulation increases
significantly when the channel is blocked (Figure 9a,c), especially southwest
of Madagascar where acceleration can exceed 10 cm s~!. This is significant
as the currents in the region are initially in the order of 5 em s—!. Figure 9d
reveals the signature of a strong mean bottom current in the Mozambique
basin which is redirected towards the South by remaining along the west side
of Madagascar Ridge. This results in an increase of more than 10 cm s~*
along the Mozambique Ridge (26°S, 38°E). The variability of bottom currents
is also affected in the Mozambique basin with anomalies reaching 5 cm s~
(Figure 9b).

4. Discussion and conclusion

By blocking the Mozambique Channel in an idealized numerical exper-
iment, we have illustrated its importance for the southwest Indian Ocean.
It results in a strengthening of the EMC and the formation of a recircu-
lation gyre southwest of Madagascar. The increase in mesoscale turbulence
induces a widening of the Agulhas Current. Cooler and saltier surface waters
generated in the Mozambique channel propagate with the Agulhas Current
towards the South Atlantic, while warmer and fresher waters from the South
of Madagascar are confined in the southwest Indian subgyre. Bottom circu-
lation accelerates significantly in the Madagascar Basin.

South West Indian western boundary currents compensate a Sverdrup
transport in addition to the Indonesian Throughflow (~ 10 Sv) and an In-
dian thermohaline circulation of about 10 Sv (Bryden et al., 2005; Casal et al.,
2009). By blocking the Mozambique channel, the water that initially passed
through it reinforces the EMC transport to attain 45.6 Sv. This strengthen-
ing occurs without change in the vertical structure of the current and with
a decrease in turbulence along the east and south coasts of Madagascar.
By analogy with the Agulhas Current, the steep slopes and the strength of
the EMC current should fit the more stable regime applied for the northern
Agulhas Current (Paldor and Lutjeharms, 2009).

Although the energy received by the basins should be almost equivalent
in both simulations (this can be seen on time series of domain averaged
kinetic energy, not shown), TOPO-BRIDGE has reached a new equilibrium

10
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with a higher level of surface eddy kinetic energy in the AC (as seen on
Figure 6), but a lower mean surface current (but wider as seen on Figure 7).
This is consistent with the process described by Beal and Elipot (2016).
There is a significant increase in surface eddy variability in the Mozambique
Basin. The detachment of the southward extension of the EMC from the
southern tip of Madagascar causes the generation of cyclones, anticyclones
and eddy dipoles, with the cyclones inshore and the anticyclones offshore (de
Ruijter et al., 2004). In rotating tank experiments, in the case of a current
meeting an obstacle to the right (corresponding to the EMC for the Southern
Hemisphere), Boyer et al. (1987) have shown the correlation between an
increase in the Rossby number and the amplification in the formation of
cyclonic eddies. This corresponds to the cyclonic eddy generation mode for
the EMC extension exposed by Siedler et al. (2009) and to the cyclonic
eddy generation process described by Penven et al. (2001) for the southern
Agulhas Current. The rectification associated with the increase in cyclones
in the northern part of the EMC extension could explain the large mean
cyclonic recirculation seen downstream of Madagascar, as the mean-eddy
energy transfer is predominately negative here (Halo et al., 2014b).

Significant changes in EMC strength and mesoscale variability southwest
of Madagascar appear to have also resulted in an increase in cyclonic bottom
circulation. As described above, increased mesoscale variability from the
EMC detachment shows a signature in the form of a cyclonic recirculation
in the mean vertically integrated transport. Eddy energy cascades can result
in an energy transfer to the barotropic mode (Fu and Flierl, 1980; Smith
and Vallis, 2001). This can be caused by eddy-eddy interactions in presence
of stratification (Fu and Flierl, 1980; Smith and Vallis, 2001) and/or by
eddy-topography interactions (Tedesco et al., 2022). Tedesco et al. (2022)
have revealed the existence of such cascades in the Agulhas Retroflection
region. An increase in barotropic transport should result in a stronger bottom
circulation.

Anticyclones generated offshore the EMC and circulating in the southwest
Indian subgyre were observed by de Ruijter et al. (2004). In TOPO-BRIDGE,
they are of greater intensity and affect the SSH variability throughout the
subgyre. From a long term mooring section, Beal and Elipot (2016) revealed
a widening of the Agulhas Current over time. This was explained by a recent
increase in eddy variability. The wider Agulhas Current in presence of higher
mesoscale turbulence seen in TOPO-BRIDGE is consistent with this finding.

de Ruijter et al. (2004) also shows that the increase in variability within
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the sub-gyre and the formation of dipoles moving towards the Southeast
African coast can lead to early retroflection events (as occurred in 2001). By
taking a closer look at the retroflection in terms of transport (Figure 5), it
appears that it occurs approximately 2° earlier (further east) in average in
the TOPO-BRIDGE configuration. This could explain the decrease in vari-
ability in the Cape Basin observed in the TOPO-BRIDGE experiment. van
Aken et al. (2013) and Russo et al. (2021) link early retroflection events to the
formation of Natal pulses following the inshore part of the Agulhas current
which may short-circuit the retroflection. The increase in Natal pulses activ-
ity in the TOPO-BRIDGE experiment is visible in SSH animations (available
as supplementary material). The position of the retroflection may impact the
Agulhas leakage (Dencausse et al., 2010b,a), with possible implications for
the Atlantic overturning circulation (Beal et al., 2011). The limited extension
of our model grids prevents us from addressing these possible consequences in
our regional simulations. This is one of the principal limits of our approach.
The consequences of the closing of the Mozambique Channel in TOPO-
BRIDGE are also clear in the water mass properties. The closing of the
fluxes from lower latitudes results in colder and saltier surface waters in
the central Mozambique Channel. By contrast, EMC strengthening results
in warmer and fresher waters, feeding the southwest Indian subgyre from
the south of Madagascar. This contrast in anomalies is separated by the
Agulhas Current, acting as a barrier for lateral mixing (Beal et al., 2006).
The anomalies generated in the Mozambique Channel can propagate into the
South Atlantic, participating in the Agulhas Leakage (Beal et al., 2011).
Although motivated by past topography considerations (McCall, 1997;
Pellen et al., 2022), TOPO-BRIDGE configuration can be identified as a
sensitivity analysis for regional circulation over a different bathymetry, in
the same way as Penven et al. (2006) investigated the consequences of re-
moving Madagascar on the Agulhas western boundary current. As such, it
is a geophysical fluid dynamics study, and cannot be considered as a pale-
oclimatic experiment because the large scale boundary conditions and the
atmospheric forcing remain unchanged here. These are the main limitations
of our experimental system to address past conditions. For example, the at-
mospheric forcing does not adapt to the new configuration and the sensible
heat flux tends to reduce the SST to the temperature values prescribed by
ERAS5. Large scale conditions would also have been different in the past cli-
mate. This introduces one of the perspectives of improvement of the TOPO-
BRIDGE configuration. Zhang et al. (2020) studied the Eocene period in
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a coupled IPSL simulation at 2° resolution. Inserting a high-resolution re-
gional coupled ocean-atmosphere model into a 2° global model would allow
for a true paleoclimate simulation while remaining locally at a mesoscale
resolution. This could allow us to study how changes in the leakage (saltier
and colder) would influence the rest of the global climate and circulation and
consider their possible feedbacks with the Agulhas current system.

The way in which the addition of a continental bridge between Madagas-
car and Africa has modified the region’s circulation in a current and regional
configuration incites us to work on a reconstruction of circulation 35 mil-
lion years ago. This could be achieved by repositioning the continents and
working in a coupled global ocean-atmosphere simulation. If the relative po-
sition between Africa and Madagascar has not changed for 120 million years
(Reeves, 2014), then, 35 million years ago, Africa would have been much
further south than today, which would directly modify the Coriolis term as
well as the position of Madagascar in relation to the subtropical gyre and
the surrounding mean winds. Foraminifera studies, lithologies changes (e.g.
sortable silt mean size) would make it possible to compare these results with
observations in existing drilling sites and cores (Haynes, 1981; Wu et al.,
2019). Bottom current changes could also leave their imprints in sediment
in the form of changing contourites drifts geometries (Rebesco and Camer-
lenghi, 2008) as can their combination with eddies (Babonneau et al., 2022).

Open Research Section

The model used is the Coastal and Regional Ocean COmmunity model
(CROCO, freely available from https://www.croco-ocean.org/) (Auclair et al.,
2022). The SouthWest indiAn subtropical Gyre (SWAG12) configuration
has been created using scripts from CROCOTOOLS (freely available from
https://www.croco-ocean.org) (Penven et al., 2008, 2022). SWAG12 model
outputs are freely available from the IPSL Thredds server: https://thredds-
sw.ipsl.fr/thredds/catalog/idris_thredds/work/ryff001 /RUN_SWAG12/AVG/
catalog.html
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Topography of the Mozambique Channel for the present day
(Weatherall et al., 2015) (a), and for 35 million years ago (b),
according to a recent reconstruction of the Digital Terrain
Model based on a treatment of the regional uplift affecting
Davie Ridge (Pellen et al., 2022). . . . ... ... ... ....
Standard deviation of sea surface height (RMS SSH) calcu-
lated over 2008-2017 from daily mean values, for AVISO ob-
servations (a) and for REF simulation (b) (Contour Interval
10 cm). The main currents in the area are (anticlockwise) the
South Equatorial Current (SEC), the North Madagascar Cur-
rent (NMC) and the East Madagascar Current (EMC), the
Agulhas Current (AC), the Agulhas Return Current (ARC)
and the Antarctic Circumpolar Current (ACC). . . . .. . ..
Meridional sections of temperature (top) and salinity (bottom)
averaged over 2008-2017 along the Mozambique Channel at
42°E for the reference simulation REF (right) and observations
from the World Ocean Atlas (left). The following water masses
are found from top to bottom: Tropical Surface Water (TSW),
Subtropical Surface Water (STSW), Red Sea Water (RSW),
Antarctic Intermediate Water (AATW), North Indian Deep
Water (NIDW), North Atlantic Deep Water (NADW).
Mozambique Channel bathymetry used for a) the reference
simulation REF and b) for the simulation with the modi-
fied bathymetry TOPO-BRIDGE. The bathymetry inside the
35Ma area corresponds to the bathymetry 35 million years
ago. The bathymetry inside the buffer zone area changes lin-
early from the 35 Ma bathymetry to the reference bathymetry
outside the area. . . . . . . . .. .. ... L.
Vertically integrated transport streamfunction (Transport) av-
eraged over 2008-2017 for a) the reference experiment REF
and b) for the modified bathymetry TOPO-BRIDGE (CI 10
Sv). Note the strong recirculation gyre South of the Mozam-
bique Channel in the latter case. Right panels show a zoom
of the circulation in the Agulhas region (black rectangles on
left panels). . . . .. ...
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a) Root mean square of sea surface height (RMS SSH, in color)
computed between 2008-2017 from daily values for TOPO-
BRIDGE experiment. b) RMS SSH difference between TOPO-
BRIDGE and REF. Contours indicate the mean SSH (CI 10
CIM). © v v i e e e
Mean velocities orthogonal to the EMC and AC sections de-
fined by Ponsoni et al. (2016) and Beal et al. (2015) averaged
over 2008-2017, for the REF (left) and for TOPO-BRIDGE
(right). (CI 20 cm s~ !, solid northward, dashed southward).
a) SST and c) SSS averaged over 2008-2017 for the reference
experiment (respectively CI=2°C and CI=0.25 PSU). b) SST
and d) SSS difference between the experiment with modified
bathymetry and the reference experiment averaged over 2008-
2017, contours indicate the mean SSH (CI=10 cm). . . . . . .
a) Differences in mean bottom velocities for the period 2008-
2017 between TOPO-BRIDGE and REF. b) Differences in
bottom current variability (v EKFE). Mean bottom circula-
tion for REF (c¢) and TOPO-BRIDGE (d) simulations. Black
contours indicate the bathymetry (CI 500 m). . . . . ... ..

22

29



Journal Pre-proof

Tpography today

7 Ao Taa 1

Topography 35 million years ago

=1000
—2000
-3000
—4000

—5000

Figure 1: Topography of the Mozambique Channel for the present day (Weatherall et al.,
2015) (a), and for 35 million years ago (b), according to a recent reconstruction of the
Digital Terrain Model based on a treatment of the regional uplift affecting Davie Ridge
(Pellen et al., 2022).
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Figure 2: Standard deviation of sea surface height (RMS SSH) calculated over 2008-2017
from daily mean values, for AVISO observations (a) and for REF simulation (b) (Contour
Interval 10 cm). The main currents in the area are (anticlockwise) the South Equatorial
Current (SEC), the North Madagascar Current (NMC) and the East Madagascar Current
(EMC), the Agulhas Current (AC), the Aguélzias Return Current (ARC) and the Antarctic
Circumpolar Current (ACC).
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Figure 3: Meridional sections of temperature (top) and salinity (bottom) averaged over
2008-2017 along the Mozambique Channel at 42°E for the reference simulation REF (right)
and observations from the World Ocean Atlas (left). The following water masses are found
from top to bottom: Tropical Surface Water (TSW), Subtropical Surface Water (STSW),
Red Sea Water (RSW), Antarctic Intermediate Water (AAIW), North Indian Deep Water
(NIDW), North Atlantic Deep Water (NADW).
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Figure 4: Mozambique Channel bathymetry(zﬁsed for a) the reference simulation REF and
b) for the simulation with the modified bathymetry TOPO-BRIDGE. The bathymetry
inside the 35Ma area corresponds to the bathymetry 35 million years ago. The bathymetry
inside the buffer zone area changes linearly from the 35 Ma bathymetry to the reference
bathymetry outside the area.
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Figure 5: Vertically integrated transport streamfunction (Transport) averaged over 2008-
2017 for a) the reference experiment REF and b) for the modified bathymetry TOPO-
BRIDGE (CI 10 Sv). Note the strong recirculation gyre South of the Mozambique Channel
in the latter case. Right panels show a zoom of the circulation in the Agulhas region (black
rectangles on left panels).
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Figure 6: a) Root mean square of sea surface height (RMS SSH, in color) computed
between 2008-2017 from daily values for TOPO-BRIDGE experiment. b) RMS SSH dif-
ference between TOPO-BRIDGE and REF. Contours indicate the mean SSH (CI 10 cm).
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Figure 7: Mean velocities orthogonal to the
et al. (2016) and Beal et al. (2015) averaged

EMC and AC sections defined by Ponsoni
over 2008-2017, for the REF (left) and for

TOPO-BRIDGE (right). (CI 20 cm s~*, solid northward, dashed southward).
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a) SST (REF) b) SST (TOPO-BRIDGE - REF)
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Figure 8: a) SST and c¢) SSS averaged over 2008-2017 for the reference experiment (respec-
tively CI=2°C and CI=0.25 PSU). b) SST and d) SSS difference between the experiment
with modified bathymetry and the reference experiment averaged over 2008-2017, contours
indicate the mean SSH (CI=10 c¢m).
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Figure 9: a) Differences in mean bottom velocities for the period 2008-2017 between
TOPO-BRIDGE and REF. b) Differences in bottom current variability (v EKE). Mean
bottom circulation for REF (¢) and TOPO-BRIDGE (d) simulations. Black contours
indicate the bathymetry (CI 500 m).
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