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Abstract. Return of abyssal bottom waters toward the upper ocean is a key component of overturning closure because it
reconnects the deep ocean with surface-influenced layers and helps regulate the redistribution of heat, carbon, and nutrients.
Yet the large-scale organization and timing of this return remain incompletely quantified. Here we combine the 1/12°
GLORYSI12 global ocean reanalysis with Constituent-oriented Age and Residence time Theory to diagnose bottom-water
concentration, ventilation thickness, concentration-weighted diapycnal transport, and water age within a single framework.
The results reveal a globally connected but strongly basin-asymmetric return structure. The Southern Ocean forms the
dominant return hub, where strong cross-isopycnal exchange and broad outcropping pathways provide the principal route
through which abyssal waters reach lighter, upper-ocean-connected density classes within the centennial diagnostic window.
Beyond this circumpolar branch, the Atlantic exhibits broad and comparatively efficient upward penetration, the Pacific
retains older bottom waters and weaker ascent through much of the basin, and the Indian Ocean displays more spatially
focused subtropical and ridge-associated return corridors. These results show that abyssal return is not a single diffuse
background upwelling branch, but a basin-dependent structure shaped by Southern Ocean upwelling, topographic mixing,
equatorial exchange, and basin-scale overturning geometry. Together, the diagnostics provide a global view of where

bottom-water influence rises, how strongly it fills the water column, and how renewal timescales differ among basins.

1 Introduction

The global Meridional Overturning Circulation (MOC) links surface, deep, and abyssal waters through coupled upper and
lower overturning cells and plays a central role in climate regulation and biogeochemical cycling (Cessi, 2019; Lee et al.,
2019, 2023; Lumpkin and Speer, 2007; Marshall and Speer, 2012). In the lower cell, dense waters formed at high latitudes
must ultimately leave the abyss, cross neutral-density classes, and reconnect with the upper ocean through a combination of
diapycnal exchange, isopycnal spreading, and Southern Ocean outcropping (Cimoli et al., 2023; Ferrari, 2014; Ferrari et al.,

2017; Talley, 2013). How and where this abyssal return occurs helps set the redistribution of heat, carbon, oxygen, and
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nutrients over decadal to centennial timescales and therefore influences how the deep ocean communicates with the climate
system.

By contrast with upper-ocean ventilation, which has been extensively examined using tracer, water-mass, and circulation
diagnostics (Blanke et al., 2002; England, 1995; Liu and Tanhua, 2024; Morrison et al., 2022), the return of abyssal bottom
waters to the upper ocean remains more difficult to resolve because it involves several linked processes: dense-water
formation and abyssal spreading, transformation across density surfaces, and subsequent along-isopycnal export toward
regions where density surfaces outcrop. Classical views often invoked broad, weak, and nearly uniform deep upwelling to
close the overturning circulation (Munk, 1966; Stommel and Arons, 1959). Subsequent work has instead reframed abyssal
return as a spatially heterogeneous and mechanism-dependent process. The principal mechanisms include Southern Ocean
wind-driven upwelling and isopycnal outcropping, topographically enhanced turbulent mixing over ridges, slopes, and
canyons, near-boundary mixing layers that can drive thin upslope upwelling, and internal-wave or geothermal water-mass
transformation that consumes or modifies Antarctic Bottom Water (AABW) within abyssal basins (De Lavergne et al., 2016,
2017; Marshall and Speer, 2012; McDougall and Ferrari, 2017; Nikurashin and Ferrari, 2013). These processes imply that
abyssal bottom-water return is organized around preferential dynamical pathways rather than a single diffuse background
upwelling field, as summarized schematically in Fig. 1.

Observational and modeling studies have constrained several parts of this mechanism chain. Microstructure compilations
and tracer-release experiments show that abyssal mixing is strongly enhanced over rough topography and near abrupt ridges,
where internal waves break and drive water-mass transformation (Ledwell et al., 2000; Waterhouse et al., 2014). Recent
studies further demonstrate that mixing in boundary layers, submarine canyons, and topographically rough Southern Ocean
can focus AABW upwelling into narrow but dynamically important regions (Baker et al., 2023; Holmes et al., 2019;
McDougall and Ferrari, 2017; Wynne-Cattanach et al., 2024). At larger scales, the distribution of seafloor roughness and
internal-wave dissipation helps shape the abyssal overturning geometry and the removal of dense waters from abyssal basins
(De Lavergne et al., 2016, 2017; Nikurashin and Ferrari, 2013), while Pacific studies emphasize that tidal mixing away from
the seafloor and equatorial/inter-basin pathways can influence deep ventilation far from the primary Southern Ocean source
regions (Oka and Niwa, 2013; Shah et al., 2017).

These studies clarified key regional mechanisms, but a global, basin-comparative diagnosis of where bottom-water influence
spreads most efficiently, how strongly it fills the water column, and how rapidly it returns is still limited. A further difficulty
is that no single diagnostic captures the full structure of abyssal return. Cross-isopycnal velocity identifies where vertical
exchange is dynamically active, whereas tracer concentration reveals where bottom-water influence propagates. A coherent
physical interpretation therefore requires these diagnostics to be examined together, so that pathway geometry, vertical

extent, and transport intensity can be assessed within one global framework.
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Figure 1 Conceptual schematic of global bottom-water upward ventilation. In the initial state, dense bottom waters occupy abyssal layers.
Topographically enhanced internal-wave breaking and bottom-boundary-layer mixing induce diapycnal mixing and cross-isopycnal
exchange, allowing bottom waters to enter lighter density classes. In the intermediate state, transformed bottom-water signals propagate
upward and laterally along ventilation pathways following their emergence into the ocean interior. In the quasi-steady state, bottom-water
influence extends throughout the ocean interior and exhibits increasing ventilation water age with distance from source and transformation
regions. The schematic summarizes the coupled roles of diapycnal transformation, pathway geometry, and renewal timescales in shaping
the abyssal bottom-water return.

Another key issue is the timescale of bottom-water return, which provides the temporal counterpart to pathway diagnostics,
as illustrated schematically in Fig. 1. Ventilation water age diagnoses the mean elapsed time since a water parcel last
contacted the bottom layer, and is therefore essential for distinguishing rapidly renewed return corridors from slowly
ventilated abyssal reservoirs (England, 1995; Fine et al., 2017; Waugh et al., 2003). Observations and models show that
AABW ventilation can vary substantially among Southern Ocean sectors and abyssal basins, while recent changes in
formation, freshening, oxygen supply, and meltwater forcing are altering abyssal renewal and aging on decadal to centennial
timescales (Gunn et al., 2023; Li et al., 2023; Purkey et al., 2018; Shimada et al., 2022). In addition, Tamsitt et al. (2017)
showed that deep waters can follow spiraling ascent pathways into the Southern Ocean surface over multidecadal timescales.
These findings motivate our use of water age as a diagnostic for evaluating the renewal timescale of bottom-water return
within a global framework.

Here we combine the high-resolution (1/12°) GLORYSI12 global ocean reanalysis with Constituent-oriented Age and
Residence time Theory (CART) to diagnose bottom-water return using four complementary metrics: bottom-water
concentration, ventilation thickness, concentration-weighted diapycnal transport, and water age. Our aim is to identify the
dominant regions through which abyssal waters return, quantify the major Atlantic-Pacific-Indian contrasts in pathway
structure and timing, and interpret those contrasts in the context of Southern Ocean upwelling, topographic mixing, and
basin-scale overturning geometry. This approach yields a global diagnostic picture of how bottom-water pathways and
renewal timescales differ among basins and which regions serve as the principal gateways through which abyssal waters

reconnect with the upper ocean.
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2 Data and methods
2.1 Constituent-oriented Age and Residence time Theory

We use the GLORYS12 global ocean reanalysis from the Copernicus Marine Environment Monitoring Service (CMEMS) to
diagnose bottom-water return pathways and timescales. GLORY S12 has a nominal horizontal resolution of 1/12°, 50 vertical
levels, and coverage from 1993 to the present (Jean-Michel et al., 2021; Lellouche et al., 2018). Its eddy-rich circulation and
dynamically consistent hydrographic structure make it well suited for tracing large-scale abyssal return and for comparing
how that return differs among basins (Artana et al., 2021; Du Pontavice et al., 2023; Verezemskaya et al., 2021).

To quantify bottom-water return, we apply CART to two complementary tracers: bottom-water-origin concentration ( ) and
its associated age concentration ( ) (Deleersnijder et al., 2001; Delhez, 2006; Delhez et al., 1999). The diagnosed
concentration represents the fraction of water at a given location that originates from the model bottom layer. This tracer
identifies the spatial imprint of bottom-water influence and is used to examine bottom-water pathways in Sect. 3.2. The ratio
of age concentration to concentration, referred to as water age ( = / ), represents the mean elapsed time since contact
with the bottom layer and is used to quantify the renewal timescale of bottom-water influence in Sect. 3.3.

The governing equations for these two tracers are:

v (= ) (M
v (== )+ @)
where is the three-dimensional velocity field from GLORYSI12, is the vertical layer depth, and is the

eddy-diffusivity tensor estimated with the K-profile parameterization scheme (Large et al., 1994). The first equation
describes the advection and diffusion of bottom-water-origin concentration, and the second applies the same transport
operator to the associated age concentration so that water age can be diagnosed consistently within the same framework.

All CART calculations were performed under monthly climatological forcing derived from GLORYS12, and the simulation
was integrated for 100 years. We analyze annual-mean concentration and water age fields from this centennial integration. A
concentration threshold of 0.05 is used to identify regions effectively reached by bottom-water signals, and a
concentration-tendency threshold (/) of 107 is used to identify locations that have approached quasi-equilibrium. These
criteria focus the analysis on the large-scale pathway and renewal-time structure resolved within the diagnostic window.

To evaluate the sensitivity of the quasi-equilibrium criterion, we compared the global equilibrium times diagnosed using the
baseline concentration-tendency threshold of 10 with those diagnosed using alternative thresholds of 10 and 107
(Supplementary Fig. S1). This comparison was performed as two separate binned scatter analyses. The results show that the
more stringent threshold of 10 generally yields longer equilibrium times, whereas the less stringent threshold of 1072 yields
shorter equilibrium times. Nevertheless, the binned distributions and weighted-median fits show that the relative spatial

2

structure of the diagnosed equilibrium times remains largely consistent across threshold choices, with values of 0.88 for
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10 and 0.90 for 1072, This indicates that the large-scale pathway geometry and associated renewal-timescale structure are
not strongly affected by the specific threshold selected. The baseline threshold of 1073 therefore provides a practical balance
between identifying the dominant ventilation pathways and limiting the influence of the slow residual tail associated with
weak background diffusion.

Taken together, the concentration, water age, ventilation thickness, and concentration-weighted cross-isopycnal flux
diagnostics identify where bottom waters return, how strongly they influence different regions, and on what timescales that
return occurs. Interpreting these complementary fields jointly allows pathway geometry, vertical extent, transport intensity,

and renewal timescale to be evaluated within a single global analysis.

2.2 Diapycnal velocity

Building on the CART framework described above, the diapycnal velocity diagnostic provides the dynamical link between
the tracer-based measures of bottom-water influence and the physical transformation required for abyssal return. The
concentration, water age, ventilation thickness, and concentration-weighted diapycnal flux diagnostics identify where
bottom-water signals extend, how strongly they affect the water column, and on what timescales they return. The physical
reconnection of bottom waters with the upper ocean occurs through cross-isopycnal transformation into lighter density
classes (Ferrari, 2014; Lumpkin and Speer, 2007; Marshall and Speer, 2012; Talley, 2013). This transformation is enabled by
diapycnal exchange driven by diapycnal mixing, a process known to be highly heterogeneous in space, with enhanced
mixing occurring preferentially near rough topography, boundaries, and dynamically active Southern Ocean regions (Cimoli
et al., 2023; Ledwell et al., 2000; Ruan and Ferrari, 2021; Wynne-Cattanach et al., 2024). We therefore diagnose the
diapycnal velocity, which represents the rate of water motion across moving density surfaces, to identify where cross-density
exchange most effectively supports bottom-water return (Bennett, 1986; Ferrari et al., 2016; Marshall et al., 1999).

Following Ferrari et al. (2016), the diagnosed diapycnal velocity is defined relative to moving isopycnal surfaces rather than
as the Eulerian velocity projected onto a fixed isopycnal surface normal. This distinction is important because density
surfaces themselves migrate in time, so apparent motion normal to a fixed surface does not necessarily represent true
exchange across density classes. The diapycnal velocity is defined as the difference between the Eulerian velocity

component normal to the isopycnal surface ( ) and the velocity of an isopycnal surface in the direction normal to itself

«) .
=( ) — (€)

where is the three-dimensional velocity field and = / is the unit normal vector to the isopycnal surface.

The velocity of the moving density surface, , is estimated following Marshall et al. (1999) as

= o
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where is the neutral density from GLORYS12. Neutral density provides a dynamically consistent framework for tracing
large-scale water-mass pathways (Jackett and Mcdougall, 1997; Orsi et al., 1999), and its zonal-mean structure for the global
ocean and individual basins is shown in Supplementary Fig. S3.

The diagnosed diapycnal velocity isolates exchange across density classes and is therefore used here as a dynamical
indicator of where bottom-water transformation and upward return are most actively supported within the global overturning
circulation. It also provides the dynamical basis for the concentration-weighted diapycnal flux diagnostic introduced in Sect.

3.2, which links cross-isopycnal transport to the distribution of bottom-water influence.

3 Results

To resolve abyssal return as a connected physical problem, we examine a sequence of diagnostics that capture
complementary aspects of the same process. We first diagnose the density-space and horizontal structure of diapycnal
motion, because bottom-water return requires cross-isopycnal exchange (Sect. 3.1). We then combine ventilation thickness,
concentration distribution, and concentration-weighted diapycnal flux to characterize where bottom-water signals
accumulate, how they spread into lighter density classes, and where upward transformation is most effective (Sect. 3.2).
Finally, we use water age to constrain the timescales over which these pathways operate (Sect. 3.3). Viewed together, these
diagnostics provide a coherent picture of where abyssal return occurs, how it differs among basins, and how rapidly it

reconnects bottom waters with the upper ocean.

3.1 Global Ocean Diapycnal Motion

As defined in Sect. 2.2, the diagnosed diapycnal velocity represents the rate of water motion across moving isopycnal
surfaces (Bennett, 1986; Ferrari et al., 2016; Marshall et al., 1999). It therefore serves as the most direct dynamical
diagnostic of global ocean diapycnal motion, revealing where cross-isopycnal exchange is dynamically active and thus
where abyssal return is physically enabled.

To examine the horizontal structure of abyssal cross-isopycnal exchange, diapycnal velocity is shown on the neutral-density
surface y» = 28.1 kg m= (roughly 3000 m; Supplementary Fig. S3) in Fig. 2a. This density surface lies near the transition
between the abyssal bottom-water domain and the overlying deep water and therefore provides a useful reference surface for
diagnosing where bottom-water transformation is most active. The map reveals alternating upwelling and downwelling
patches across all major basins, confirming that abyssal return is not organized as a spatially uniform background process.

Instead, the strongest upward signals are concentrated in geographically localized regions.
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Figure 2 Diapycnal velocity (ms™) as a diagnostic of global ocean diapycnal motion. (a) Global distribution of diapycnal velocity on the

neutral-density surface

= 28.1 kg m~3, where positive values indicate transport toward denser classes (downwelling) and negative

values indicate transport toward lighter classes (upwelling). Black dashed boxes mark representative Southern Ocean hotspots of
intensified diapycnal upwelling associated with major topographic features, including Drake Passage, the Kerguelen Plateau, and the
Campbell Plateau. The corresponding global bathymetry is shown in Supplementary Fig. S4. (b—e) Zonal-mean distributions of the 30-year
mean diapycnal velocity in the global ocean, Atlantic Ocean, Pacific Ocean, and Indian Ocean. Together, these panels illustrate the
large-scale spatial organization of cross-isopycnal exchange in the global overturning circulation.

The most prominent upwelling hotspots occur in the Southern Ocean, the equatorial Pacific, and selected deep western

boundary regions. In the Southern Ocean, enhanced upward motion is closely associated with major topographic regions,

including Drake Passage, the Kerguelen Plateau, and the Campbell Plateau, as highlighted in Fig. 2a and Supplementary Fig.

7
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S4. This spatial correspondence emphasizes the role of rough topography and boundary-intensified mixing in concentrating
abyssal upwelling into localized hotspots, rather than distributing it evenly across basin interiors (Baker et al., 2023; Ferrari,
2014; Ferrari et al., 2016; Ledwell et al., 2000; Wynne-Cattanach et al., 2024).

Having established the horizontal localization of abyssal diapycnal exchange, we next examine its large-scale vertical and
basin-scale organization using the 30-year mean zonal-mean diapycnal velocity fields shown in Fig. 2b-e. These fields
identify where the circulation supports upward or downward transfer across density classes. The most coherent
cross-isopycnal structures are organized around the upper-ocean wind-driven circulation, the Southern Ocean overturning
regime, and selected high-latitude formation regions. In the upper ocean, the pattern resembles the familiar wind-driven
structure, with equatorial upwelling flanked by subtropical downwelling. Deeper in the water column, the signal becomes
more selective and highlights where the lower overturning cell communicates most readily with lighter density classes.
Between about 40° S and 40° N in the upper ocean (y* < 26 kg m™>; Supplementary Fig. S3), the zonal-mean pattern is
consistent with the large-scale vertical-velocity structure associated with wind-driven circulation, with equatorial upwelling
and subtropical downwelling (Liang et al., 2017). The same diagnostic also exposes the deeper density classes relevant to
abyssal return. Particularly noteworthy is the near-continuous equatorial upwelling signal from the deep ocean toward the
surface in the Pacific and Indian basins, whereas the equatorial Atlantic shows much weaker vertical coherence.

At northern high latitudes, the Atlantic exhibits pronounced downwelling extending to about y» =~ 28.0 kg m™ (roughly 2000
m; Supplementary Fig. S3), consistent with North Atlantic Deep Water (NADW) formation. By contrast, the North Pacific
shows weaker mid- and deep-layer diapycnal motion, consistent with stronger stratification and the confinement of vigorous
downwelling to the upper ocean, where North Pacific Intermediate Water forms. These basin differences already suggest that
the upward return of bottom waters will not be organized identically across the global ocean.

The clearest large-scale signature relevant to abyssal return occurs in the Southern Hemisphere. A vertically coherent dipole
structure is evident across the Antarctic Circumpolar Current (ACC), characterized by downwelling near the Antarctic
margin and upwelling farther north within the ACC belt (Fig. 2b-e). This dipole provides a physical bridge between local
transformation and large-scale return: wind-driven divergence and isopycnal outcropping in the ACC belt can expose
transformed abyssal waters to lighter density classes, whereas near-Antarctic downwelling and dense-water formation
continually resupply the abyssal reservoir. The density-space dipole is consistent with the Southern Ocean's central role in
lower-cell closure and with the spiraling ascent pathways identified in earlier tracer analyses (Ferrari, 2014; Marshall and
Speer, 2012; Talley, 2013; Tamsitt et al., 2017).

Together, the spatial and zonal-mean diapycnal velocity fields in Fig. 2 define the dynamical framework for the pathway
diagnostics examined in Sect. 3.2. Southern Ocean upwelling provides the dominant large-scale return gateway, while

equatorial and boundary-associated regions contribute additional localized routes for cross-isopycnal ascent.
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3.2 Pathways of Global Ocean Bottom Water Ventilation

Having established where cross-isopycnal exchange is dynamically favored, we next examine how bottom-water signals
accumulate, spread, and are transformed away from the abyss. Section 3.2 combines three complementary diagnostics:
ventilation thickness, which measures the column-integrated imprint of bottom-water influence; concentration distribution,
which resolves the density-space geometry of the return pathways; and concentration-weighted diapycnal flux, which links
that geometry to transport intensity. Interpreted together, these fields show not only where bottom-water influence is present,

but also how far it penetrates into lighter density classes and where upward transformation is most effective.

Ventilation thickness is defined as the vertical integral of seawater concentration over the local water column, = ,
where _  and _ denote the local bottom and surface levels, respectively. Here, is the dimensionless seawater
concentration introduced above and represents the fraction of bottom water at each location. Although  therefore has units
of meters, it does not represent an actual physical depth; rather, it quantifies the vertically integrated influence of
bottom-water signals throughout the water column at each horizontal location. Considered together with the
quasi-equilibrium concentration fields and the concentration-weighted diapycnal fluxes, ventilation thickness provides a
compact view of where abyssal return first emerges, how broadly it expands, and where it is expressed most strongly through
the full water column.

The evolution of ventilation thickness after 1, 10, 50, and 100 years of integration is shown in Fig. 3. The sequence reveals a
clear spatio-temporal progression: early bottom-water influence remains confined to a limited set of regions, whereas on

multidecadal timescales it expands into a broader but still highly heterogeneous global footprint.
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Figure 3 Global distribution of bottom-water ventilation thickness (m) after (a) 1 year, (b) 10 years, (c) 50 years, and (d) 100 years of
integration. Ventilation thickness is the vertical integral of bottom-water concentration and represents the column-integrated influence of
bottom-water signals.

During the initial stages (years 1 and 10; Fig. 3a, b), substantial ventilation thickness is concentrated mainly in the Southern
Ocean and in a limited number of boundary-associated regions. These early signals coincide closely with the areas of intense
diapycnal exchange identified in Fig. 2, especially the Southern Ocean topographic hotspots and selected deep boundary
pathways. This correspondence indicates that the initial spread of bottom-water influence is preferentially organized by
localized regions where cross-isopycnal transformation is strongest (Baker et al., 2023; Ferrari, 2014; Ferrari et al., 2016;
Ledwell et al., 2000; Wynne-Cattanach et al., 2024).

By 50 and 100 years (Fig. 3c, d), the ventilated footprint expands across all major basins, but the distribution remains
strongly uneven. The Southern Ocean continues to exhibit the largest and most coherent ventilation thickness, including
pronounced signals near Drake Passage and the Weddell Sea, while secondary maxima emerge in the tropical-subtropical
Pacific, along parts of the Atlantic western boundary system, and in the southern Indian Ocean. These patterns indicate that
abyssal return is globally connected but highly uneven in its spatial expression, with bottom-water influence accumulating
preferentially in a limited number of dynamically active regions, whereas other areas remain only weakly affected even after
a century of integration.

Viewed on its own, ventilation thickness identifies the vertically integrated footprint of abyssal return, but it does not
distinguish how that return is organized in density space or how it differs among basins. The zonal-mean concentration fields
in Fig. 4 provide that next step by resolving the large-scale pathway geometry of bottom-water ascent and clarifying where
bottom-water influence most effectively enters lighter density classes.

Diagnosed at quasi-equilibrium using the criteria described in Sect. 2.1, the zonal-mean concentration field provides a
basin-comparative view of bottom-water return pathways (Fig. 4). Whereas ventilation thickness emphasizes the vertically
integrated strength of bottom-water influence, the concentration field resolves the density-space geometry of the return
pathways and therefore reveals how bottom-water signals rise and spread through the Atlantic, Pacific, and Indian Oceans.
The global field shows that the Southern Ocean is the dominant return hub in this analysis (Fig. 4a). Bottom-water signals
rise from the densest classes and spread upward and equatorward, with the 0.2-0.4 contours extending toward the upper
branch of the deep overturning. This pattern is consistent with the view that Antarctic Bottom Water formed around
Antarctica is transformed upward through a combination of Southern Ocean upwelling and isopycnal export (Ferrari, 2014;
Orsi et al., 1999; Talley, 2013; Tamsitt et al., 2017). The broad outcropping of the 0.2 contour across Southern Ocean sectors
further indicates that bottom-water return to the upper ocean is not confined to a single longitude band, but occurs around

much of the circumpolar domain.
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Figure 4 Zonal-mean distributions of bottom-water concentration in the (a) global ocean, (b) Atlantic Ocean, (c) Pacific Ocean, and (d)
Indian Ocean. Concentration is a dimensionless quantity representing the fraction of water originating from the model bottom layer.
Shading indicates the concentration field, while black contours denote concentration isolines and highlight the vertical extent and pathway
structure of bottom-water influence across the major ocean basins.

Marked inter-basin contrasts emerge once the analysis is separated by basin. In the Atlantic (Fig. 4b), bottom-water signals
are strongest and occupy the broadest vertical range, with high concentration values extending farthest toward lighter density
classes. The wide outcropping of the 0.2 contour in the Southern Hemisphere and the substantial penetration of concentration
signals into the subtropical and mid-latitude Atlantic indicate an efficient return pathway superimposed on the basin's
vigorous overturning structure. Compared with the Pacific and Indian Oceans, the Atlantic therefore shows the clearest
combination of strong bottom-water influence and substantial upward reach. This interpretation is consistent with the strong
ventilation-thickness signals in the South Atlantic and Weddell-connected sectors (Fig. 3d).

The Pacific exhibits a contrasting structure. Although bottom-water signals clearly enter the basin from the south, most of
the concentration remains confined to deep density classes (Fig. 4c), indicating weaker upward penetration into lighter
waters than in the Atlantic. The main exception occurs in the equatorial Pacific, where the 0.2 contour rises markedly
upward, consistent with the coherent equatorial upwelling structure in Fig. 2d. Broad deep retention and localized equatorial
ascent together indicate that the Pacific acts as a major reservoir of old bottom waters, with only selected pathways providing
efficient escape toward the upper ocean (Shah et al., 2017; Talley, 2013; Tamsitt et al., 2017).

The Indian Ocean lies between these two end members. Its concentration field (Fig. 4d) does not show the broad, strong

upward penetration seen in the Atlantic, but neither is it as uniformly confined to deep layers as in much of the Pacific. In
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addition to the Southern Ocean sector, a clear upward signal of bottom-water influence is also evident in the southern
subtropical Indian Ocean, where a localized concentration maximum aligns with the region of enhanced ventilation thickness
identified in Fig. 3d. These patterns indicate that bottom-water return in the Indian basin is expressed through a more
spatially focused pathway structure, likely linked to the combined influence of Southern Ocean connection and regional
ridge-associated transformation rather than basin-wide ascent.

Overall, the concentration fields reveal a globally connected but strongly asymmetric return structure. The Southern Ocean
provides the dominant large-scale gateway by which bottom-water influence re-enters lighter density classes, but the
efficiency and vertical reach of that return differ sharply among basins. This inter-basin contrast becomes clearest when the
density-space diagnostics are viewed together with the map-based measures of ventilation thickness and flux.

To connect the pathway patterns identified above with cross-isopycnal transport, we diagnose a concentration-weighted
analogue of the water-mass transformation rate (WMT), which is commonly defined as the integral of diapycnal velocity
across isopycnal surfaces (Cimoli et al., 2023; Ferrari et al., 2016). In the present context, this weighting isolates where
transformation acts most effectively on bottom-water influence rather than on the full water-mass field. The

concentration-weighted diapycnal flux is defined as
=0 )

where () denotes the area of a given isopycnal surface, is the diagnosed diapycnal velocity, is the unit normal
vector to the density surface, and  is the bottom-water concentration.

Physically, ® measures the component of diapycnal transport that carries a bottom-water signal. It therefore differs from a
conventional water-mass transformation diagnostic by weighting the diapycnal exchange with the fraction of bottom-water
origin. Regions with strong diapycnal velocity but weak bottom-water concentration contribute little to ® , whereas regions
where upward diapycnal motion coincides with high bottom-water concentration make the largest contribution to the
transformation of bottom-water influence. Here positive values indicate transport toward denser classes (downwelling),
whereas negative values indicate transport toward lighter classes (upwelling). Interpreted together with the concentration
fields, this diagnostic identifies where upward transformation of bottom-water influence is strongest and thereby helps
explain the pathway geometry seen in Fig. 4.

Strong upwelling diapycnal concentration fluxes in Fig. 5a are concentrated in the Southern Ocean, the equatorial Pacific,
and parts of the equatorial Atlantic. These flux maxima coincide with regions that either exhibit vigorous localized diapycnal
exchange (Fig. 2) or stand out in the concentration and ventilation-thickness fields (Figs. 3 and 4). In the Southern Ocean,
the strongest upward fluxes align with Drake Passage, the Kerguelen Plateau, and the Campbell Plateau sectors, reinforcing
the inference that rough topography and associated mixing hotspots organize a substantial fraction of abyssal return (Baker
et al., 2023; Ferrari, 2014; Ferrari et al., 2016; Ledwell et al., 2000; Wynne-Cattanach et al., 2024).

The density-integrated view (Fig. 5b) further clarifies where this transformation is concentrated. Upwelling fluxes dominate

in the abyssal density range above about y» = 28.0 kg m=, whereas the net flux approaches zero in the overlying deep ocean,
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consistent with a transition from active cross-isopycnal lifting of bottom-water influence to subsequent along-isopycnal
spreading. Dense bottom waters are thus first lifted upward by diapycnal mixing and then continue their return pathway
along lighter density surfaces (Ferrari, 2014; Ferrari et al., 2016; Talley, 2013).
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Figure 5 Concentration-weighted diapycnal flux and the coupling between diapycnal motion and bottom-water concentration. (a) Global
distribution of concentration-weighted diapycnal flux (Sv) on the neutral-density surface =28.1kgm™3. Positive values indicate
transport toward denser classes (downwelling), whereas negative values indicate transport toward lighter classes (upwelling). Black dashed
boxes mark representative Southern Ocean hotspots of intensified upward transformation. (b) Integrated concentration-weighted diapycnal
fluxes across different neutral-density surfaces, including upwelling fluxes (green), downwelling fluxes (yellow), and net fluxes (black). (c)
Schematic classification of four dynamical-tracer regimes based on bottom-water concentration () and diapycnal velocity (). The
thresholds ( =0.25) and (| | =10"%ms™) separate regions of strong or weak bottom-water influence and upward or downward
diapycnal motion. (d) Global distribution of the four regimes on the =28.1kgm™3 surface. White areas indicate regions outside the
classified effective range.

We also examine the available area of each neutral-density surface, because the magnitude of the integrated transformation
depends not only on the local strength of cross-isopycnal exchange but also on the area over which that exchange occurs.
The available surface area increases sharply from the abyss toward y» =~ 28.0 kg m™, after which it varies much more
gradually (Supplementary Fig. S5). The strongest transformation of bottom-water influence therefore occurs where
substantial cross-isopycnal exchange coincides with rapidly increasing surface area. The concentration-weighted flux
diagnostics support the same central interpretation as Figs. 3 and 4: abyssal return is concentrated in a limited set of
dynamically favored regions and density classes rather than being distributed uniformly through the global ocean.

Motivated by Eq. (5), we further examine the local coupling between diapycnal motion and bottom-water concentration on
the =28.1kgm~2 surface. This analysis separates regions where diapycnal exchange is dynamically active from
regions where that exchange acts directly on water that still carries a substantial bottom-water signal. We classify the valid
grid points into four regimes using = 0.25 as the concentration threshold and | |=10"%ms™ as the velocity
threshold (Fig. 5c). Region 1 ( =025, <—10"%ms™) represents the most effective upward bottom-water

transformation regime, where strong bottom-water influence coincides with diapycnal motion toward lighter density classes.

Region 2 ( < 0.25, <—107® ms™1) identifies upward diapycnal motion that carries only a weak bottom-water signal.
Region 3 ( =025, >10"%ms™') marks regions where bottom-water-influenced waters are associated with
downward transformation or local recirculation toward denser classes. Region 4 (< 0.25, > 1079 ms™!) corresponds

to downwelling regions with weak bottom-water influence.

The spatial distribution of these regimes (Fig. 5d) shows that Region 1 is not confined to isolated diapycnal velocity hotspots,
but occupies broad portions of the effective area on the =28.1kgm™3 surface, accounting for 44.8% of that area.
Region 1 is especially prominent in the Southern Ocean and in pathways extending into the major basins, consistent with the
concentration structure in Fig. 4 and the enhanced upward diapycnal exchange identified in Fig. 2. This indicates that the
most dynamically relevant bottom-water return occurs where upward diapycnal motion overlaps with appreciable
bottom-water concentration. By contrast, Region 2 highlights areas where upwelling is dynamically present but contributes
less directly to bottom-water return because the bottom-water signal is weak, such as in parts of the northern Indian Ocean.
Regions 3 and 4 show that downwelling motions can occur both within and outside bottom-water-influenced pathways,
emphasizing that diapycnal velocity alone is insufficient to diagnose abyssal return. In the Southern Ocean, Regions 1 and 3

occur close to each other, indicating that bottom-water-influenced waters can experience both upward and downward
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cross-isopycnal motions within the same broad return pathway. This patchy arrangement suggests that the upward return of
abyssal waters is not strictly monotonic, but may involve alternating transformation and spreading along complex pathways,
consistent with the spiraling ascent toward the Southern Ocean surface described by Tamsitt et al. (2017). The quadrant
analysis therefore supports the role of ® as a bridge between the dynamical field and the tracer field: effective
bottom-water transformation requires both diapycnal motion and a substantial bottom-water-origin signal.

Ventilation thickness, concentration distribution, and concentration-weighted diapycnal flux together define a physically
coherent pathway structure for abyssal return. The Southern Ocean provides the dominant large-scale gateway, while
equatorial and boundary-associated routes contribute more localized branches. Viewed collectively, these diagnostics relate

pathway geometry, column-integrated influence, and cross-isopycnal transformation within one global description.

3.3 Time Scales of Global Ocean Bottom Water Ventilation

Section 3.2 resolved the geometry of bottom-water return pathways; we now examine how rapidly those pathways operate.
Water age is a standard tracer-based measure of ventilation timescale (England, 1995; Fine et al., 2017; Waugh et al., 2003),
and, when interpreted together with concentration, distinguishes regions where bottom-water influence is present from
regions where that influence is renewed efficiently. The age field thus provides the temporal counterpart to the pathway
structure diagnosed above and allows the basin asymmetry of abyssal return to be evaluated within one consistent
framework.

Based on the operational criteria introduced in Sect. 2.1, we estimated a quasi-equilibrated water-age field over a centennial
timescale. The zonal-mean distributions for the global ocean and the three major basins are shown in Fig. 6. At the global
scale (Fig. 6a), the youngest ages are concentrated in the Southern Ocean and adjacent ACC sectors, where bottom-water
influence also rises most effectively toward the surface in Fig. 4a. This correspondence between strong concentration and
young age identifies the Southern Ocean as the dominant return hub, consistent with the leading role of Southern Ocean
upwelling in lower-cell closure (Ferrari, 2014; Marshall and Speer, 2012; Talley, 2013; Tamsitt et al., 2017). Age increases
away from these sectors along the upward-spreading density pathways, indicating that the principal Southern Ocean
branches of abyssal return operate on timescales of several decades and extend to roughly 70-80 years along the longer
zonal-mean pathways resolved here, broadly consistent with previous trajectory-based estimates (Tamsitt et al., 2017).

In the Atlantic (Fig. 6b), ages remain relatively young south of about 40° S but increase to about 40-60 years at mid-latitudes
and exceed about 80 years toward the northern high latitudes. This meridional aging pattern mirrors the concentration
structure in Fig. 4b: bottom-water influence penetrates upward efficiently through the Southern Ocean and South Atlantic,
while farther northward renewal is increasingly shaped by the strong downwelling branch associated with NADW formation
(Fig. 2c) (Lumpkin and Speer, 2007; Talley, 2013). The Atlantic therefore combines the strongest vertical imprint of
bottom-water return with a pronounced northward aging gradient, indicating that pathway strength and renewal rate vary

substantially within the basin.
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The Pacific exhibits the clearest contrast between pathway presence and temporal efficiency. Bottom-water influence clearly
enters the basin from the south and remains visible in Fig. 4c, yet age increases rapidly northward and exceeds about 80
years over much of the basin, locally approaching 100 years in the northern interior (Fig. 6¢). This old-age structure is
consistent with the basin's strong stratification and comparatively weak deep overturning, which limit upward renewal once
bottom waters leave the Southern Ocean source sectors (Talley, 2013; Tamsitt et al., 2017). The main exception is the
equatorial Pacific, where comparatively young ages coincide with the coherent upwelling signatures in Figs. 2d, 3, and 5.
The equatorial Pacific therefore appears less as a broad return hub than as a localized leakage route that partially relieves
otherwise slow basin-scale renewal, consistent with previous analyses of North Pacific deep-water ventilation pathways
(Shah et al., 2017).

The Indian Ocean occupies an intermediate position between the Atlantic and Pacific end members. Ages are generally older
than in the Atlantic but younger and more spatially structured than in the Pacific (Fig. 6d). Despite coherent diapycnal
motion near the equator, the strongest younger-age corridor occurs in the subtropical southern Indian Ocean, where reduced
ages align with the concentration enhancement in Fig. 4d and with the pronounced ventilation-thickness hotspot near the
ridge system in Fig. 3d. This coherence across diagnostics suggests that ridge-associated and subtropical pathways provide
the most effective Indian Ocean branches of abyssal return in the diagnosed fields. By contrast, the northern Indian Ocean

retains ages mostly above about 80 years, indicating weak renewal of bottom-water influence there.

(a) Global Ocean 24(b) Atlantic Ocean

80"

Neutral density

Pacific Ocean

Neutral density

80°S 60°S 40°S 20°S Eq 20°N 40°N 60°N 80°S 60°S 40°S 20°S Eq 20°N 40°N 60°N

410 Figure 6 Zonal-mean distributions of bottom-water ventilation age (years) in the (a) global ocean, (b) Atlantic Ocean, (c) Pacific Ocean,

and (d) Indian Ocean. Shading indicates the age field and highlights the contrasting renewal timescales of abyssal return among the major
ocean basins.
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The age diagnostics provide the temporal counterpart to the pathway structure identified in Sect. 3.2. The same basin
hierarchy appears in both views: the Southern Ocean dominates the large-scale return of bottom-water influence, the Atlantic
supports the strongest upward penetration but with substantial northward aging, the Pacific acts as the principal reservoir of
old bottom waters, and the Indian Ocean contains more localized return corridors. The agreement among concentration,
ventilation thickness, flux, and age diagnostics shows that the global asymmetry of abyssal return is expressed not only in

pathway geometry but also in renewal timescale.

4 Discussion

The results resolve a strongly asymmetric global return structure rather than a spatially uniform or single diffuse upwelling
branch. The Southern Ocean acts as the dominant large-scale return hub, while the Atlantic, Pacific, and Indian basins
express different combinations of upward reach, column-integrated imprint, transformation intensity, and renewal timescale.
This synthesis is consistent with the long-standing view that Southern Ocean upwelling is central to the closure of the lower
overturning circulation (Ferrari, 2014; Marshall and Speer, 2012; Talley, 2013), and extends that view by showing how
topographic, equatorial, and boundary-associated pathways shape the basin-scale expression of bottom-water return.

This basin asymmetry places the diagnosed return structure in the context of earlier work. Previous studies established key
elements of the abyssal return problem, including enhanced cross-isopycnal exchange over rough topography and boundaries
(Holmes et al., 2019; Ledwell et al., 2000; McDougall and Ferrari, 2017; Ruan and Ferrari, 2021; Wynne-Cattanach et al.,
2024), spiraling ascent pathways into the Southern Ocean surface (Tamsitt et al., 2017), and equatorial leakage routes for
North Pacific deep waters (Shah et al., 2017). The present analysis integrates these process-based insights within a common
global comparison. The diagnostics presented in Figs. 2-5 show that dynamically active regions also organize the strongest
bottom-water concentration signals and concentration-weighted transformation. These pathway differences are further
reflected in basin-scale contrasts in renewal timescale, as revealed by the concentration and water-age distributions (Figs. 4
and 6). Interpreting pathway geometry, column imprint, cross-isopycnal transformation, and age together yields a consistent
global comparison of abyssal return.

The four diagnostics resolve different dimensions of abyssal return. Ventilation thickness (Fig. 3) identifies where
bottom-water influence accumulates through the full water column. Concentration (Fig. 4) resolves the large-scale geometry
of upward penetration into lighter classes, whereas concentration-weighted diapycnal flux (Fig. 5) links that geometry to the
locations and density ranges where cross-isopycnal transformation is most effective. Water age (Fig. 6) provides the
temporal counterpart by distinguishing rapidly renewed pathways from slowly ventilated reservoirs (England, 1995; Fine et
al., 2017; Waugh et al., 2003). The convergence of these four diagnostics on the same basin hierarchy--Southern Ocean
dominance, strong Atlantic upward reach, persistent Pacific aging, and more localized Indian renewal corridors--strengthens

the physical interpretation.
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The analysis is based on the GLORYSI12 reanalysis (Artana et al., 2021; Jean-Michel et al., 2021; Lellouche et al., 2018;
Verezemskaya et al., 2021) and climatological forcing within the CART framework, so the diagnosed fields describe the
large-scale return structure resolved by this framework. The concentration thresholds and quasi-equilibrium criteria
introduced in Sect. 2.1 focus the analysis on the dominant pathway and renewal-time structure, while the
concentration-weighted flux in Fig. 5 complements standard water-mass transformation perspectives by isolating the
component of diapycnal exchange that carries bottom-water influence (Cimoli et al., 2023; Ferrari et al., 2016). Regional
interpretations involving boundary currents, ridge systems, or overlying deep-water formation are therefore drawn from the
combined evidence of the diagnostics and the existing literature. The close agreement among Figs. 2-6 indicates that the
first-order asymmetry of abyssal return is a coherent feature of the diagnosed circulation.

These results have broader implications for how the lower overturning circulation reconnects abyssal waters to the upper
ocean. Because bottom-water return is concentrated in a limited set of Southern Ocean, equatorial, and topographically
influenced pathways, the climatic and biogeochemical impacts of abyssal renewal depend not only on the total overturning
strength but also on how these geographically distinct pathways respond to changing winds, stratification, and mixing (Cessi,
2019; Lee et al., 2023; Lumpkin and Speer, 2007; Morrison et al., 2022; Purkey et al., 2018). Future time-dependent
pathway analyses, targeted sensitivity experiments, and observational constraints can test how stable these basin contrasts

remain under interannual-to-decadal variability and future climate change.

5 Conclusions

In this study, we combined a high-resolution global ocean reanalysis with CART to diagnose bottom-water return from
complementary perspectives of vertically integrated influence, pathway geometry, cross-isopycnal transformation, and
ventilation timescale. Joint analysis of ventilation thickness, concentration distribution, concentration-weighted diapycnal
flux, and water age provides a physically connected global diagnosis of where bottom-water signals spread, where they are
transformed most effectively across density surfaces, and how rapidly they return toward the upper ocean.

Our results show that global bottom-water return is strongly asymmetric rather than basin-uniform. The Southern Ocean
emerges as the dominant return hub, with broad outcropping pathways and young ages that together indicate the most
efficient linkage between abyssal waters and the upper ocean (Figs. 4 and 6). At the same time, the Atlantic, Pacific, and
Indian Oceans exhibit distinct pathway geometries and timescales: the Atlantic shows comparatively strong and broad return
signatures, the Pacific retains older bottom-water influence under stronger stratification, and the Indian Ocean contains more
localized subtropical and ridge-associated return corridors. Read together with the integrated diagnostics of ventilation
thickness and concentration-weighted diapycnal flux (Figs. 3 and 5), these patterns indicate that abyssal return is organized
by the combined effects of Southern Ocean upwelling, rough-topography mixing, equatorial upwelling, and basin-specific

overturning structure.
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By combining pathway geometry, cross-isopycnal transformation, and return timescale within a single global diagnostic
framework, this study sharpens the view of lower-cell closure and of how abyssal waters reconnect with the upper ocean.
The results show that bottom-water return is globally connected yet strongly basin-asymmetric in both efficiency and timing.
Future work can further test the sensitivity of these results to threshold choices, forcing strategy, and unresolved mixing
processes, while integrating long-term observations to better constrain the role of bottom-water ventilation in climate and

biogeochemical redistribution.
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