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Abstract Antarctic‐origin abyssal waters occupy a significant fraction of the global ocean volume and play
a key role in deep circulation and ventilation, yet their volume is declining rapidly in a warming climate.
Although the Indian Ocean (IO) contains a substantial fraction of these waters, abyssal pathways and upwelling
in the basin remain poorly understood due to sparse observations. Here, we investigate abyssal transports using
an eddy‐resolving regional ocean model. We find the abyssal waters flooding the IO along three distinct
pathways with a net northward transport of ∼12.5 Sv across 32°S, consistent with observational estimates. For
the first‐time, we identify regional hot‐spots of large‐scale abyssal upwelling that occur along ridges and
continental boundaries, transferring ∼10 Sv of abyssal waters upward, of which ∼8 Sv returns southward as
deep waters. These results provide new constraints on the structure and closure of the lower limb of the IO
overturning circulation.

Plain Language Summary The abyssal water occupies a significant volume of the world's oceans.
The movement of abyssal water is slow, occurring on centennial to millennial time scales, but it plays an
important role in transporting watermasses, nutrients, and ventilating heat and gases. The Indian Ocean (IO)
houses the largest fraction of the global abyssal water volume compared to its size. In addition to insufficient
measurements, there have been relatively fewmodeling efforts to study the abyssal transports. Therefore,we used
an eddy‐resolving regional oceanmodel, reanalyses, and observation data sets to assess the circulation of abyssal
waters.We find that abyssal waters enter through the southern boundary of the IO, adjoining the Southern Ocean,
along three unique pathways that flood the IO.We also quantify the vertical transport along specific sub‐regions
within the IO domain. These sub‐regions act as “hot spots” for the abyssal water upwelling, where a large fraction
of the upwelled waters are transformed into deep waters and return southward as part of the basin‐scale
overturning circulation. In a warming climate scenario, when the abyssal water volume is projected to contract at
an alarming rate, these pathways could play an important role in modulating the future ocean state.

1. Introduction
The Meridional Overturning Circulation (MOC) is a key component of the climate system, redistributing heat,
salt, carbon, and nutrients across ocean basins (Richardson, 2008). It is driven by meridional buoyancy gradients
arising from temperature and salinity distributions, as well as by mechanical forcing from winds and tides (Butler
et al., 2016; Cessi, 2019; Kuhlbrodt et al., 2007; Munk & Wunsch, 1998). One of its major branches passes
through the Indian Ocean (IO), which, unlike the Atlantic, is constrained by its northern land boundary, pro-
hibiting high‐latitude deep‐water formation. Instead, IO relies on abyssal waters sourced from the Southern
Ocean, which enter the basin at depths below 2000 m (Figure 1) and ventilate its deep layers (Johnson, 2008).
These waters play a critical role in setting the thermohaline structure and biogeochemical distributions of the
basin, while also acting as a reservoir for anthropogenic carbon (Mahieu et al., 2020; Silvano et al., 2023).
Although these abyssal waters play a central role in global overturning circulation, their pathways and basin‐scale
circulation within the IO remain poorly understood.

The abyssal waters are composed of Antarctic Bottom Water (AABW) and Lower Circumpolar Deep Water
(LCDW), which together form the northward‐propagating lower limb (depth≥ 3500m; σ2 ≥ 37.1 kg m− 3) of the
overturning circulation (Mantyla & Reid, 1995; Sloyan & Rintoul, 2001). AABW, the coldest (θ ≤ − 0.2°C) and
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densest (σ2 ≥ 37.13 kg m− 3) watermass (Figure 2c), is formed along Antarctic continental margins through sea‐
ice‐driven convection and subsequently ventilates the global abyss (Aguiar et al., 2017; Foster & Carmack, 1976;
Gordon, 2009; Solodoch et al., 2022). In contrast, LCDW (σ2 ≥ 37.1 kg m− 3) arises from the mixing of AABW
with North Atlantic Deep Water (NADW), representing a modified and slightly lighter component of the abyssal
layer (Onken, 1995; van Aken et al., 2004). Recent hydrographic observations indicate that the Southern Ocean
limb of these abyssal waters is undergoing rapid transformation, characterized by pronounced warming, fresh-
ening, and a decline in volume since the late 1990s (Aoki et al., 2005; Gunn et al., 2023; Johnson & Purkey, 2024;
Purkey & Johnson, 2010; Rintoul et al., 2026). These changes have the potential to alter abyssal stratification,
circulation pathways, and overturning strength, with implications for sea level rise, ocean heat uptake, and climate
variability on multi‐decadal timescales (Bindoff & Hobbs, 2013; Haynes et al., 2020; Purkey & Johnson, 2013),
highlighting the need to better resolve their pathways and large‐scale circulation patterns.

The Indian sector of the Southern Ocean and the Indian Ocean together house a large fraction of the global abyssal
volume (Johnson, 2008; Orsi et al., 2001). However, observational studies have captured only broad‐scale fea-
tures of these water masses, with large uncertainties in both transport and pathways arising from sparse spatio-
temporal coverage (Dengler et al., 2002; Fieux & Swallow, 1988; Warren, 1974). Existing transport estimates are
primarily derived from inverse box models (Ganachaud et al., 2000; Lumpkin & Speer, 2007; McDonagh
et al., 2008; Robbins & Toole, 1997; Sloyan & Rintoul, 2001), which lack the resolution to identify dynamically
distinct pathways and localized transformation processes. In particular, the locations, structure, magnitude, and
mechanisms of abyssal upwelling within the basin remain largely unconstrained. Furthermore, the pathways by
which the upwelled and modified abyssal waters return as deep flows at upper depths (1500–3500m;
σ2 ∼ 36.5 − 37.1 kg m− 3) have been examined only along isolated transects (Sloyan & Rintoul, 2001), leaving
the basin‐scale structure of the abyssal‐to‐deep overturning loop largely unresolved. The absence of continuous
observations, in contrast to the Atlantic (Ansorge et al., 2014; Johns et al., 2011; Schiermeier, 2013), further limits
our ability to monitor abyssal circulation in the IO. Moreover, previous modeling studies, even at high spatial
resolution, underestimate abyssal transport by 20% or more and fail to resolve topographically steered pathways
that are critical for closing the IO overturning circulation (Drijfhout & Garabato, 2008; Srinivasan et al., 2009).
Resolving the abyssal water pathways, transports, and transformation rates is critical for anticipating how these
waters will respond to the ongoing climate change.
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Figure 1. Panels (a–d) present the time‐mean overturning streamfunction (ψ ; Sv) across different models in depth–latitude
coordinates, calculated from the Helmholtz decomposition of the meridional velocity field. The contour lines indicate the
zonally averaged potential density (σ2) at different depths, helping to identify key water masses and illustrate the latitudinal
density structure. Positive values of ψ denote counter‐clockwise circulation, and negative values clockwise.
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In this present work, using a terrain‐following, eddy‐resolving ocean model, we resolve the major topographically
steered abyssal inflow pathways in the IO and quantify their contributions to basin‐scale circulation. Model
outputs are evaluated against reanalyses and observational data sets. We identify key regions of abyssal upwelling
and show how these modified waters reorganize into a coherent basin‐scale return flow as upper‐layer deep waters
(1,000–3,500 m). Together, these results provide a mechanistic framework linking abyssal inflow, trans-
formation, and return flow, demonstrating a dynamically consistent closure of the lower limb of the IO over-
turning circulation.

Figure 2. Time‐averaged quantities are presented as follows: (a) Abyssal layer (LCDW‐AABW) transport (μ), with insets
focusing on two specific regions: the South‐West Indian Ridge (left inset) and the Kerguelen St.Paul Island passage (right
inset); (b) Deep layer (UCDW‐IDW) return transport, with inset focusing on the northern Indian ocean cross basin exchange.
Both panels (a, b) are displayed on a non‐linear color scale to capture the full dynamic range of transport magnitudes, with
colorbar ticks graded at every 5 m2/s interval. (c) Temperature–Salinity (T–S) diagram colored by volume (m3) and overlaid
with potential density (σ2) contours, highlighting the major water masses in the Indian Ocean (IO). Panel (d) shows the
comparison of meridional transport within each density class, computed by integrating meridional velocity upward from the
seafloor, along 32°S across the four models (ROMS in thick red line), with these results also compared against the inverse‐box
model derived transports from Robbins and Toole (1997) (RT97) and Ganachaud et al. (2000) (G00). To be consistent with the
observations spanning November–January 1987, we use the November‐January climatologically averaged transport for all four
models.
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2. Data and Model Setup
For this study, we chose the Regional Ocean Modeling System (ROMS) because it uses a terrain‐following
vertical coordinate, which is better suited for bottom‐layer flows (Ezer & Mellor, 2004; Pacanowski & Gnana-
desikan, 1998; Tang & Roberts, 2005; Winton et al., 1998). The model is also coupled with an active sea‐ice
model. The initial configuration (first branch) is performed at a horizontal resolution of 0.25° with 75 σ‐
levels. The model domain extends from 5°E–155°E and 80°S–30°N, encompassing the Indian Ocean and its
Southern Ocean sector. Open boundaries are prescribed along the eastern and western zonal edges of the model
domain. The eastern boundary includes the Southern Ocean sector and the Indonesian Throughflow (ITF) passage
within the North Australian Basin. The western boundary extends into the Atlantic sector to ensure a realistic
representation of the Agulhas region. Initial temperature and salinity fields are prescribed using the World Ocean
Atlas (WOA‐23; 2005–2014 climatology). Boundary nudging employs a combination of WOA‐derived
geostrophic velocities and Ekman transport. The ocean model uses the Mellor Yamada 2.5 (Mellor &
Yamada, 1982) turbulence closure scheme for vertical mixing parameterization. The model is initialized from rest
and integrated for 60 years to achieve quasi‐equilibrium. A second, eddy‐resolving configuration (0.1°) is then
branched from this equilibrated state and integrated for an additional 50 years.

The overturning circulation is compared across three different ocean products: (a) ECCOv4r4 (Forget
et al., 2015); (b) GLORYS‐12 (Jean‐Michel et al., 2021); and (c) ACCESS‐OM2‐01 (Kiss et al., 2020).
ECCOv4r4 and GLORYS‐12 are two ocean reanalyses that involve data assimilation from observational data.
ACCESS‐OM2‐01 is an eddy‐resolving global ocean‐sea ice model. Since our study focuses on the time‐mean
behavior of the circulation, we have considered the climatological averaging for the duration 1st January 2000
to 1st January 2015 amongst the two reanalysis products and the last 15‐year averaging of ACCESS‐OM2 and
ROMS climatological simulations.

The meridional overturning stream function (ψ) is calculated using the potential density referenced to 2,000 dbar
(σ2) as the preferred vertical coordinate.

ψ(σ2,y, t) = ∫

east

west
∫

z=0

z=hσ2

vψ(x,y, z, t) dz dx (1)

where vψ is the non‐divergent component of the meridional velocity, and x,y, and hσ2 represent the directions
corresponding to longitudes, latitudes, and depth of each isopycnal layer, respectively.

The bottom (AABW‐LCDW) and the overlying deep layer (the combined Indian Deep Water [IDW] and the
Upper‐Circumpolar Deep Water [UCDW]) transports (μ) are computed as the product of horizontal velocity and
layer thickness. The definition of layer thickness differs between the Southern Ocean and the Indian Ocean
sectors. North of 45°S, the bottom‐layer thickness is defined as the vertical distance from the seafloor to the
37.1 kg m− 3 isopycnal surface. South of 45°S, where isopycnals outcrop and density surfaces intersect the
surface, the bottom‐layer thickness is instead defined from the seafloor up to a fixed depth of 3,000 m. For the
deep (IDW‐UCDW) layer, the thickness is defined as the vertical distance between the 37.1 kg m− 3 and
36.5 kg m− 3 isopycnal surfaces at each grid point. Further details regarding the model setup and transport cal-
culations are provided in (Texts S1–S4, Figures S2–S8, Table T1 in Supporting Information S1).

3. Results
We examine the overturning circulation, the abyssal water pathways, and vertical transports in a climatological
framework, using the final 15 years of the equilibrated model output. The following section describes the zonally
integrated IO circulation as inferred from the time‐mean meridional overturning streamfunction (ψ). We then
examine the abyssal water pathways using the volume‐transport framework (μ) . Finally, we analyze the dynamics
of abyssal upwelling based on vertical volume flux and the associated return‐flow pathways of the transformed
waters within the overlying deep layer.

Geophysical Research Letters 10.1029/2026GL124017
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3.1. IO Time‐Mean Overturning Circulation

The time‐mean Indian Ocean meridional overturning circulation (IO‐MOC; ψ) exhibits a single counter‐
clockwise cell that spans the basin from ∼100 m depth to the seafloor (Figures 1a–1d), resembling the Pacific
overturning circulation (Talley, 2013) but contrasting with the two‐celled structure of the Atlantic (Lumpkin &
Speer, 2007). This structure is primarily associated with the abyssal density range (σ2 ≈ 37.1 − 37.15 kg
m− 3), highlighting the dominant role of Southern Ocean–sourced abyssal waters in governing the IO overturning
circulation. The single‐celled structure is robust across all models (Figures 1a–1d), with maximum overturning
strength of ∼12.4 Sv south of 40°S. In the subtropical IO, the overturning weakens and exhibits a vertically
separated structure—a stronger abyssal cell (∼6.3 Sv below 1,000 m) and a weaker upper cell (∼2–3 Sv above
700 m). As the circulation extends northward, its magnitude decreases substantially, reflecting the combined
influence of Southern Ocean inflow, regional wind forcing, equatorial zonal flows, and basin geometry.

South of 40°S, the overturning weakens between 40°S and 35°S under the influence of the Antarctic Circumpolar
Current and a wind‐driven Deacon cell (∼1 Sv). In the tropical IO, the Indonesian Throughflow (ITF;∼10 Sv into
the basin) primarily contributes to zonal transport, with its influence on ψ confined to the upper∼300 m. Its role in
ventilating intermediate layers (500–1,200 m) and its linkage to intermediate overturning have been highlighted
in recent studies (Zhou et al., 2024). Below this depth, the contribution of Southern Ocean–sourced abyssal waters
diminishes substantially further north. In the equatorial region, ψ further weakens (∼0.1–2 Sv; Figures 1a–1d),
associated with the deep‐reaching influence of seasonally reversing boundary currents, including the Findlater jet
(Lee & Marotzke, 1998). In the northern IO, these seasonally reversing circulations largely cancel in the time
mean, resulting in a negligible net overturning signal (<0.5 Sv).

Overall, the upper and intermediate overturning cells in the IO basin largely cancel in the annual mean due to
strong seasonal reversals, resulting in a weak net contribution to the time‐mean IO‐MOC. Consequently, the
overturning circulation is primarily governed by deep and abyssal transports (Figures 1a–1d) within the IO basin.
The modeled structure of ψ is broadly consistent with observational estimates (Ganachaud et al., 2000; Robbins &
Toole, 1997), which indicate a weak, predominantly single‐celled overturning with ∼10–15 Sv of abyssal
transport entering from the SO across 32°S transect (Figure 2d). The meridional overturning streamfunction (ψ)
represents a zonally integrated, two‐dimensional view of the circulation. A complete understanding, therefore,
requires resolving the three‐dimensional pathways of abyssal inflow, which we examine in the following section.

3.2. Abyssal Water Pathways

The abyssal circulation in the Indian Ocean is governed by the combined transport of AABW and LCDW,
occupying the density range σ2 ≥ 37.1 kg m− 3 (Figure 2c). Here, we focus on their integrated transport and
pathways inferred from the ROMS simulations. In the IO sector of the Southern Ocean, AABW is partly formed
locally along the Amery Ice Shelf and Cape Darnley Polynya (Mensah et al., 2021), entering through Prydz Bay
and contributing about 1.8 Sv to the abyssal inflow. However, this local source represents only a fraction of the
total supply. A larger contribution arises from inter‐basin exchange, with approximately 2.6 Sv advected eastward
from the Weddell Sea into the western IO, and about 4.1 Sv supplied from the Ross Sea and Adélie Land regions
into the eastern basin. These waters mix with eastward‐flowing Circumpolar Deep Water (CDW;
σ2 > 37.05 kg m− 3) to form LCDW. The combined LCDW–AABW abyssal system (depth≥ 3500 m) amount to
∼12.5 Sv (Figure 2d) and enter the IO through three primary, topographically guided conduits: the Perth Basin
(∼44%), the Crozet Basin (∼39%), and the Mozambique Basin (∼17%) (Figures 2a and 3a; Movie S1).

The most voluminous abyssal pathway originates in the Australian–Antarctic Basin (Figure 2a), where dense
AABW sourced from the Ross and Adélie Seas flows northward along the western boundary of the Kerguelen
Plateau, mixing with overlying LCDW. The combined flow follows the Southeast Indian Ridge before splitting
into multiple branches (Figure 2a). A minor fraction recirculates within the Australian–Antarctic Basin, while a
small branch feeds the Crozet Basin through the Kerguelen–St. Paul passage. The dominant branch transports
about 8.1 Sv northward into the Perth Basin, establishing it as the primary conduit of abyssal inflow into the IO
basin. Of this, approximately 5.5 Sv crosses 32°S, truly entering the IO, while the remainder flows eastward into
the South Australian Basin. Within the Perth Basin, the abyssal flow is strongly steered along the eastern
boundary by major topographic features, consistent with observations (Sloyan, 2006) but not captured in previous
modeling studies. Further downstream, the flow is guided by Broken Ridge and the Ninety‐East Ridge into the
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Wharton Basin, where a cyclonic gyre traps a substantial fraction of the transport (∼4.2 Sv). Only a limited
portion continues northward, with about 1.5 Sv reaching the North Australian Basin and a negligible fraction
(∼0.2 Sv) crossing the equator.

The second pathway originates in the Enderby Abyssal Plain, where a cyclonic gyre around the Conrad Rise
(Figure 2a) redistributes approximately 9.3 Sv of abyssal waters. Of this, about 5.2 Sv crosses the
Crozet–Kerguelen gap to feed the IO branch, while approximately 1.8 Sv is diverted into the Agulhas Basin, with
the remainder entering the Atlantic. A deep western boundary current in the Crozet Basin transports about 4.9 Sv
along 32°S toward the Southwest Indian Ridge. However, strong topographic constraints imposed by narrow
fracture zones restrict further northward propagation, causing substantial recirculation within the Crozet Basin
and limiting the renewal of dense waters. Only a reduced transport (2.5 Sv) leaks into the Madagascar Basin
through discrete fracture channels, where it continues northward along the Amirante Ridge system. Downstream,

Figure 3. (a) Schematic showing the Abyssal water pathways (blue lines with white arrows) along with the upwelling
hotspots (light blue shadings) representing deep Equatorial Upwelling (EU), deepWestern Boundary Upwelling (WBU), and
deep Eastern Boundary Upwelling (EBU). Also shown are the pathways of various watermasses contributing to the abyssal
water volume (yellow texts: mNADW (modified NADW, AABW, and WSBW [Weddell Sea Bottom Water]). The
background shows the dissolved Oxygen concentration (in μmol kg− 1) of the abyssal waters based on theWorld Ocean Atlas
WOA23 (Garcia et al., 2024) data. Panels (b–g) display the vertical volume flux (in Sv), which is quantified by integrating the
vertical velocity from each model across various regions. The regions for integration are marked by thick black lines parallel to
the coast, and ±2.5° within the equator, and in the boxed regions along the Southwest Indian Ridge (SWIR) and 90 East Ridge
(90ER) as shown in panel (h). The flux calculated in the regions marked by Madag., S.Afr., N.Afr., and W.Aust. is performed
within the areas enclosed by the thick lines up to the coastlines at each depth level. The two layers in (h) illustrate the vertical
velocity (in m/day) derived from ROMS across 4,000 m depth (top) and along the 37.1 kg m− 3 isosurface (bottom), both
Gaussian‐smoothed (σ = 2 grid points).
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much of this flow is again trapped within basin‐scale recirculations, and only a small fraction (0.6 Sv) ultimately
crosses the equator into the Somali Basin, highlighting the dominant control of fracture‐zone topography in
regulating abyssal exchange and limiting equatorward transport of abyssal waters.

The third and shortest pathway comprises a relatively weak abyssal inflow, with approximately 1.2 Sv originating
from the Atlantic and about 0.9 Sv from the Agulhas Basin, together forming a northward flow along the western
boundary of the Mozambique Basin. This pathway is dominated by LCDW and exhibits strong interaction with
overlying southward‐flowing intermediate waters. As a result, the abyssal flow undergoes significant trans-
formation, leading to a reversal in circulation around 27°S. Much of the transport is redirected at intermediate
depths (800–1,800 m) and ultimately feeds into the Agulhas Current system, highlighting strong vertical coupling
between abyssal inflow and intermediate overturning within the western boundary system.

To examine abyssal circulation within the Arabian and Central Indian Basins, we analyze the bottom‐intensified
transport of the northward‐propagating AABW‐LCDW inflow. North of ∼10°S, diapycnal mixing weakens the
37.1 kg m− 3 isopycnal, and the abyssal signal manifests as bottom‐following flow steered by basin topography.
Thus, the 37.1 kg m− 3 isopycnal cannot be used to quantify the abyssal transports in these basins, where we use
36.5 kg m− 3 isopycnal criteria to classify the abyssal watermass. In the Arabian Basin, a weak anticyclonic
recirculation develops, constrained by the Carlsberg Ridge and Owen Fracture Zone, while the modified abyssal
waters spread laterally beneath the 36.5 kg m− 3 surface and gradually feed into the overlying deep (IDW‐UCDW)
layer. A similar bottom‐intensified spreading is observed in the Central Indian Basin, where the flow propagates
eastward and contributes to deep‐layer ventilation. Red Sea and Persian Gulf overflows (∼1.5 Sv combined,
RSOW ∼1 Sv), though confined to intermediate depths (500–1,400 m), modify basin stratification and interact
with the abyssal layer (Figure 2c). The descending RSOW plume promotes mixing at the abyssal interface,
supporting upward transformation of ∼1 Sv into the deep return branch and enhancing vertical exchange between
intermediate and abyssal layers.

The abyssal pathways are further supported by dissolved oxygen distribution (Figure 3a), which provides a
qualitative estimate of ventilation and water‐mass transformation. Near their southern source regions, abyssal
waters are well ventilated by AABW, as indicated by high oxygen concentrations along the Antarctic continental
margins (Figure 3a). As these waters propagate northward along the seafloor, progressive mixing with overlying
LCDW reduces their oxygen content. In contrast to other basins, the Mozambique Basin exhibits relatively
elevated abyssal oxygen levels, consistent with a stronger influence from Atlantic‐sourced waters. Across all
three pathways, the systematic decline in oxygen and abyssal volume toward lower latitudes indicates limited
resurfacing during transit and highlights the role of mixing‐driven transformation along the pathways. These
pathway‐dependent transformations and their implications for abyssal‐to‐deep water exchange are examined
further in the following section.

3.3. Quantifying the Upwelling

Abyssal waters entering the Indian Ocean must ultimately upwell to close the overturning circulation.
Geostrophically constrained horizontal flow, however, breaks down near topographic boundaries and fracture
zones, where ageostrophic processes permit vertical motion. In regions with sloping isopycnals, pressure gra-
dients are generated that favor vertical transport along deep western boundaries, narrow fracture zones, and
equatorial regions, while also facilitating the upward movement of water masses along isopycnal surfaces
(Spall, 2024). The topographically driven mixing also plays a crucial role in the upwelling of watermasses
(Mashayek et al., 2024). Consistent with this, the abyssal ψ reveals that upwelling is concentrated in distinct,
topographically controlled regions rather than occurring uniformly across the basin (Figure 3h). Here, we identify
six key upwelling hotspots and provide a dynamically consistent, basin‐wide quantification of their magnitudes
and vertical structure.

The strongest upwelling occurs in the western IO, where the convergence of major abyssal pathways creates a
primary ventilation hotspot near the southern tip of Africa and along the eastern Madagascar margins. In this
region,∼3.7 Sv of LCDW upwells at intermediate depths (∼2,700 m), while∼2.2 Sv of AABW rises from deeper
layers (∼4,500 m), revealing a vertically structured transformation of abyssal waters (Figure 3f). Farther north
along the Somali margin, ∼1 Sv of AABW upwells near ∼4,500 m, while the overlying LCDW exhibits
downwelling (Figure 3b), likely driven by the intrusion of dense Red Sea OverflowWaters. Secondary upwelling
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hotspots, also governed by topography, are distributed across the basin. Along the western and southern
Australian margins, a vertically layered structure emerges, with∼0.5 Sv of LCDW downwelling above ∼4,000 m
and ∼0.6 Sv of AABW upwelling near the bottom (Figure 3g). In the basin interior, strong upwelling is
concentrated along fracture zones of the Southwest Indian Ridge, with ∼3 Sv of LCDW and ∼2.1 Sv of AABW
(Figure 3d), while along the Ninety‐East Ridge, ∼1.1 Sv of AABW upwells (Figure 3e) beneath weak LCDW
downwelling (∼0.4 Sv).

Near the equator (±2.5°), ∼2.05 Sv of abyssal water upwells around ∼4,000 m (Figure 3c), consistent with
enhanced mixing driven by nonlinear wave interactions (Delorme et al., 2021). This equatorial upwelling reflects
a distinct dynamical regime, where wave‐driven mixing dominates over topographically controlled upwelling
elsewhere in the basin. Together, these results demonstrate that abyssal upwelling in the IO is highly localized and
primarily controlled by topography, while also exhibiting regionally distinct dynamical regimes that govern the
transformation of abyssal waters into the overlying lighter watermass.

3.4. Return Flow of Deep Water

In the IO basin, northward‐propagating abyssal waters (AABW–LCDW) are progressively transformed into
overlying deep waters, namely Indian Deep Water (IDW) and its upper circumpolar branch, Upper Circumpolar
Deep Water (UCDW) (Figure 2c). Vertical volume flux diagnostics indicate that approximately ∼10 Sv of
abyssal transport is transferred upward within the basin into a thick deep layer spanning roughly 1,500–3,800 m,
which forms the core of the IDW–UCDW return branch. These transformed deep waters subsequently organize
into a coherent southward flow, primarily along boundary currents with additional contributions from interior
zonal pathways (Figure 2b).

In the Somali Basin, intermediate‐depth downwelling of Red Sea Overflow Waters (RSOW) forms modified‐
RSOW (σ2 > 36.5 kg m− 3), which feeds a southward‐flowing deep western boundary current. Concurrently,
∼1 Sv of abyssal waters upwell into the deep layer, strengthening the flow at intermediate depths
(∼1,800–3,200 m). Downstream, this current bifurcates into an equatorial zonal branch (∼0.5 Sv) and a continued
southward boundary current. The equatorial branch feeds the Central Indian basin, carrying the signature of
modified RSOWwaters (Figure 2b), while modified deep waters from the coastal Bay of Bengal also contribute to
this region. As a result, the Central Indian basin exhibits a mixture of Arabian Sea (high‐salinity) and Bay of
Bengal (low‐oxygen) signatures and acts as a reservoir that sustains a deep zonal flow (∼2 Sv) opposing the ITF.

The southward return flow is primarily organized along boundary currents, which account for the dominant share
of the transport (Figure 2b). In the western Indian Ocean, strong transformation in the Madagascar andMascarene
basins generates∼5.2 Sv of southward transport as deep western boundary currents. In addition, a narrow eastern‐
boundary current in the Perth Basin carries ∼1.5 Sv of modified IDW southward, providing a secondary pathway
for basin‐scale return. In the Mozambique Basin, shallowing topography induces localized overturning that re-
directs a smaller fraction (∼0.5 Sv) of northward abyssal transport into southward and eastward deep return,
eventually rejoining with the Southern Ocean.

4. Conclusions and Discussions
In this study, we use a high‐resolution, eddy‐resolving ROMS simulation to investigate the deep circulation and
trace the abyssal pathways of the lower limb of the IO‐MOC. The IO‐MOC exhibits a predominantly single‐celled
structure sustained by the large influx of LCDW andAABW from the Southern Ocean. These abyssal waters enter
the Indian Ocean through three dynamically distinct routes along the Perth, Crozet, and Mozambique basins,
collectively transporting ∼12.5 Sv across 32°S, consistent with inverse‐box observational estimates (Figure 2d).
The terrain‐following framework captures deep and abyssal flows along narrow ridges and fracture zones,
consistent with recent field campaigns (Menezes et al., 2024). During their northward propagation, the gradual
aging of abyssal waters and associated depletion of dissolved oxygen (Figure 3a) indicate limited ventilation
away from their Antarctic source regions. These pathways are shaped by topography and include multiple
cyclonic and anticyclonic recirculations, highlighting the role of ridges and basin geometry in steering abyssal
transport.

Variations in the overturning streamfunction (ψ) are linked to spatiotemporal undulations of isopycnals, which
drive substantial vertical volume flux across the basin. The IO emerges as a strongly upwelling basin, with a total

Geophysical Research Letters 10.1029/2026GL124017

MISHRA ET AL. 8 of 12

 19448007, 2026, 13, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026G

L
124017, W

iley O
nline L

ibrary on [30/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



diagnosed abyssal upwelling of ∼10 Sv, exceeding previous radiocarbon‐based estimates (Srinivasan
et al., 2000). Upwelling hotspots are concentrated along western boundary regions, including southern Africa,
eastern Madagascar, and the Somali Basin, and are also prominent within fracture zones of the Southwest Indian
Ridge, where elevated diffusivities have been observed (Arvapalli et al., 2022; MacKinnon et al., 2008; Menezes
et al., 2024, 2026). Along the western Australian margin, ROMS resolves weaker bottom‐intensified upwelling
(∼0.6 Sv), smaller than observational estimates for the Perth Basin (Sloyan, 2006), while coarser‐resolution
models typically underrepresent abyssal upwelling at comparable depths (Figure 3g). These differences high-
light the importance of terrain‐following coordinates and high spatial resolution in resolving bottom boundary
layer processes and fracture‐zone exchange (Figure 3). The upward mass transfer associated with these hotspots
forms the core of the deep (IDW–UCDW) layer, which subsequently feeds the southward return branch.

The progressive reduction in transport from abyssal inflow to upward transformation and coherent southward
return flow reflects the distributed and pathway‐dependent nature of overturning within the IO.While∼12.5 Sv of
abyssal waters enter the basin, ∼10 Sv is transformed within spatially heterogeneous upwelling regions, and
∼8 Sv subsequently organizes into a coherent southward deep return flow. The remaining transport is redis-
tributed through interior recirculation, lateral spreading, and localized exchanges across density layers, under-
scoring the role of topographic control and mixing processes in shaping the efficiency and structure of the
overturning circulation. Building on the quantified upwelling and return pathways, these results provide a
process‐based framework for understanding the IO overturning system, identify previously unresolved pathways,
regions of large‐scale upwelling, and improve basin‐scale transports. The present estimates represent a key step
toward advancing the representation of abyssal overturning in climate models. This framework enables future
studies to assess emerging evidence of a recent weakening in the ventilation of dissolved gases and abyssal
transports (Gunn et al., 2023; Johnson & Purkey, 2024; Rintoul et al., 2026). It also opens new directions to
further investigate the seasonal variability of pathways and to quantify the relative roles of diapycnal and iso-
pycnal upwelling in setting the overturning structure.
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