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Key Points:

e A coupled climate simulation of the early Eocene shows a single intense overturning cell
originating in the Southern Ocean.

e Lagrangian analysis of this paleo Antarctic Bottom Water reveals a major route to the
surface mixed layer, with implications for carbon cycle.

e This upwelling mainly occurs in equatorial and tropical regions, in relation with the
spatial pattern of the wind-driven Ekman pumping.
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Abstract

Both deepwater formation and the obduction processes converting dense deepwater to lighter
surface water are the engine for the global meridional overturning circulation (MOC). Their spatio-
temporal variations effectively modify the ocean circulation and related carbon cycle, which
affects climate evolution throughout geological time. Using early-Eocene bathymetry and
enhanced atmospheric CO2 concentration, the IPSL-CMS5A?2 climate model has simulated a well-

ventilated Southern Ocean associated with a strong anticlockwise MOC.

To trace the fates of these paleo Antarctic Bottom Water (paleo-AABW), we conducted
Lagrangian analyses using these IPSL-CM5A2 model results and tracking virtual particles released
at the lower limb of the MOC, defined as an initial section at 60°S below 1900m depth. Diagnostic
analysis of these particles trajectories reveals that most paleo-AABW circulates back to the
Southern Ocean through either the initial section (43%) or the section above (31%); the remaining
(>25%) crossing the base of the mixed layer mostly in tropical regions (up to half). The majority
of water parcels ending in the mixed layer experience negative density transformations, intensified
in the upper 500m and mostly occurring in tropical upwelling regions, with a spatial pattern
consistent with the wind-driven Ekman pumping, largely determined by the Eocene wind stress

and continental geometry.

In the same way as present-day North Atlantic Deep Water upwells in the Southern Ocean, our
results suggest that the strong tropical and equatorial upwelling during the Eocene provides an
efficient pathway from the abyss to the surface, but at much higher temperature, with potential

implications for the oceanic carbon cycle.
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1 Introduction

The formation of dense deep and/or bottom water masses and their conversion into light
surface water act as an engine for the global meridional overturning circulation and characterizes
the interactions between the surface and abyssal (interior) ocean (e.g. Bullister et al., 2013;
Kuhlbrodt et al., 2007). Wind-driven upwelling in the Southern Ocean in present-day conditions
provides a pathway for North Atlantic Deep Water towards the thermocline and closes the Atlantic
Meridional Overturning Circulation (AMOC), forming the quasi-adiabatic pole-to-pole
overturning circulation (Anderson et al., 2009; Marshall & Speer, 2012; Wolfe & Cessi, 2011). Spatio-
temporal variations in deepwater formation and its obduction, such as intensity, location and
timescale, effectively modify the global ocean circulation that shapes the global climate on
multiple timescales (Burke & Robinson, 2012; Kuhlbrodt et al., 2007; Nof, 2000; Srokosz et al.,
2012; Toggweiler & Samuels, 1995). Ocean circulation carries a huge amount of heat and thus
largely alters global heat distribution (Ganachaud & Wunsch, 2000; Macdonald & Wunsch, 1996;
Trenberth & Caron, 2001). Meanwhile, long-term variations (on a scale of thousands to millions
of years) in deepwater dynamics modify the carbon storage capacity of the deep ocean and adjust
the carbon exchange between the deep-ocean carbon inventory and atmosphere, which plays an
important role in the evolution of the Earth’s climate (Anderson et al., 2009; Broecker & Barker,
2007). For example, the variations in Southern Ocean upwelling, associated with related physico-
chemical and biogeochemical processes, have been found to regulate fluctuations of atmospheric
COz and climate evolution across the late Pleistocene glacial cycles (Sigman & Boyle, 2000;

Watson & Naveira Garabato, 2006; Anderson et al., 2009; Burke & Robinson, 2012; Martinez-
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Boti et al., 2015). Strengthened upwelling during deglaciations increases the exposure rate of the
deep-ocean, which can trigger a series of physico-chemical (e.g. solubility of seawater) and
biogeochemical responses (e.g. nutrient availability and export production) and enhance COz
release into the atmosphere. In contrast, weakened upwelling contributes to decreased carbon
release from the abyssal ocean, thereby facilitating the sequestration of atmospheric carbon
(Watson & Naveira Garabato, 2006; Anderson et al., 2009; Burke & Robinson. 2012; Martinez-
Boti et al., 2015). Understanding these changing interactions between the abyssal ocean’s carbon
reservoir and surface ocean is thus of utmost importance for decoding climate evolution on various

timescales.

Paleoceanographic data has shown that interactions between the deep and surface ocean
have gone through multiple-scale changes over geological history in response to a variety of
forcings (e.g. Ferreira et al.,, 2018). Geological records indicate that the early Eocene was
characterized by an extremely warm climate (5-8°C warmer than the present day) and very active
global carbon cycle with enhanced exchanges among different components of the Earth system,
(Cramer et al., 2011; Dunkley Jones et al., 2013; Foster et al., 2017; Hollis et al., 2019; Pearson &
Palmer, 2000; Tripati et al., 2003). Numerous CO:z-proxy data report high atmospheric CO2
concentrations during the early Eocene (Breecker et al., 2010; Foster et al., 2017; Pagani et al.,
1999; Pearson & Palmer, 2000; Tripati et al., 2003), which is undoubtedly a critical factor causing
this warm climate, if not the primary one. Although this enhanced atmospheric COz2 level may
partially result from carbon input from the biosphere — such as in a response to irreversible
degradation of biomass as tropical ecosystems crossed a thermal threshold of 35°C for vegetation
(Huber, 2008) or as high-latitude permafrosts experienced oxidation of soil organic carbon

(DeConto et al., 2012; Kurtz et al., 2003) — the carbon cycle was definitely influenced by the



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

deep-ocean carbon reserves during the early Eocene. The deep ocean is a huge carbon reservoir,
and its re-organization during the early Eocene left an imprint in the global carbon cycle (e.g. John
etal., 2013, 2014). A plausible mechanism for this carbon perturbation remains elusive yet, leaving

our understanding of Eocene Earth system evolution incomplete.

Considering the crucial influence of the deep-ocean carbon reservoir on global carbon
cycle during the late Pleistocene glacial cycles (Anderson et al., 2009; Burke & Robinson, 2012),
carbon exchanges between the deep ocean and the surface may hold the key for understanding the
early Eocene climate system (John et al., 2013, 2014). Global acidification of the surface ocean
and widespread dissolution of deep-sea carbonates during the early Eocene also suggest a large-
scale reorganization of the oceanic carbon cycle system (John et al., 2013, 2014). Such large-scale
changes of carbon-related processes in the ocean may alter the carbon exchange between the
abyssal ocean carbon reservoir and the surface ocean, which likely link to a different early-Eocene
meridional ocean circulation. Within the framework of the Deep-Time Model Inter-comparison
Project (DeepMIP; Lunt et al., 2017), including 840 ppm atmospheric CO: (three times the pre-
industrial (PI) levels) and realistic Eocene bathymetry and other boundary conditions (e.g. no
Antarctic ice sheet), the IPSL-CMS5A2 model has simulated a vigorous meridional overturning
circulation (MOC) originating in the Southern Ocean, as discussed in Zhang et al., (2020). This
MOC is sustained by deepwater formation occurring at high latitudes of the Southern Ocean, where
denser water sinks into the depths and fills the whole ocean basins. Given this very different
oceanic circulation and specificity of the early Eocene (regarding the climatic environment and the
global carbon cycle), it is of utmost interest to understand how these dense waters formed by deep
convection are transformed into light water returning to the surface thermocline, e.g. at what rate

they are transformed and where this process occurs.
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One frequently used way to understand paleo-oceanic circulation for relatively recent
periods is to compare it with present-day conditions and to analyze circulation anomalies relative
to the PI condition. However, the fact that both bathymetry and MOC during the deep geological
time of Eocene (cf. Zhang et al., 2020) are so different from those of the present- day hinders this
direct comparison. With such a different MOC structure and in the absence of an Antarctic
Circumpolar Current, one can expect different thermodynamic processes and physical mechanisms
to close the global ocean circulation and associated transformation of deepwater into light surface
water during the early Eocene, which are still unknown yet. Through the diagnosis of virtual
particle trajectories, Lagrangian analysis provides an accessible way to investigate the movement
of dense deepwater and their density transformations, and to diagnose their interactions with the
surface thermocline in given three-dimensional, time-evolving velocity fields (e.g. Blanke et al.,
2002; Tamsitt et al., 2017; 2018). In this study, we applied such a Lagrangian analysis to
investigate the fate of the paleo-Antarctic Bottom Water (hereafter referred to as paleo-AABW,
for both bottom and deep waters in the absence of other deep water mass). Using the IPSL-CM5A2
climate model results for the early Eocene, this analysis allows to map the 3D circulation of the
paleo-AABW, and in particular how it upwells back towards the upper ocean. In order to better
understand the closure regime of the Eocene MOC in the model simulation, we specifically set out
to 1) map the general pathways of the paleo-AABW circulation and upwelling and 2) diagnose the
underlying dynamical and thermodynamic processes behind this upwelling and associated density
transformations. In addition, the results of this analysis can also extend our knowledge on the
closure of the MOC in a context that is quite different than the present day, especially in the
absence of a quasi-adiabatic pole-to-pole overturning circulation regime. We first introduce the

paleoclimate simulation that is used, then the details of the Lagrangian analysis (Section 2).
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Section 3 and Section 4 present the Lagrangian results, and their discussion on and on implication

on Eocene global carbon cycle, respectively. Summary and conclusions are given in Section 5.

2 Methods

2.1 The early-Eocene simulation and its evaluation

The early-Eocene simulation used in this study has been discussed in Zhang et al. (2020)
with detailed information on boundary condition and on simulation setup, so we only provide a
brief summary of the simulation hereafter. The simulation was performed with the IPSL-CM5A2
climate model and set up with the boundary conditions reconstructed for the early Eocene (~55Ma),
following the DeepMIP protocol (Lunt et al., 2017). The IPSL-CM5A2 is a new version of IPSL-
CMS5A: an Earth system climate model comprising the LMDz atmospheric model, and the NEMO
ocean model with a spatial resolution of ~2°, coupled to the LIM3 dynamical sea ice model through
the OASIS coupler (Dufresne et al., 2013; Hourdin et al., 2013; Sepulchre et al., 2020). The NEMO
ocean model has 31 vertical levels with a finer resolution near the surface (10m) than in the abyss
(~500 m), and partial steps were used for the level directly above seafloor to better represent the
bathymetry. The previous version IPSL-CMS5A has been extensively used in various contexts, such
as the Last Glacial Maximum, the mid-Holocene (Kageyama et al., 2013), and the Pliocene
(Contoux et al 2013; Tan et al 2017, 2020). The new version IPSL-CM5A2, recently developed
by Sepulchre et al. (2020) for faster computation, is dedicated to the analysis of deep time history
of the Earth system. For instance, this new version model has been used to simulated Pliocene
(Tan et al. 2018, 2020) and Eocene climate (Ladant et al., 2014; Zhang et al., 2020), in which plate
tectonic forces, such as changes in continents geography and seafloor bathymetry, are permitted.
The boundary conditions of this early-Eocene simulation include an atmospheric CO2

concentration of three times that of PI levels (840 ppm), bathymetry and topography reconstructed
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for the early Eocene (Herold et al., 2014), and prescribed tidally-induced mixing (Green & Huber,
2013). The simulation was initialized by following the DeepMIP protocol, i.e. the ocean was
initialized from zonally symmetric ocean temperature and a constant salinity of 34.7 psu (Lunt et
al., 2017). The simulation was run for 4000 years until the ocean reached thermodynamic
equilibrium, with the final trend of deep-ocean temperature changes lower than 0.05°C per century
(Zhang et al., 2020). Monthly-averaged velocities (and ocean properties), computed over the last
100-yr of the simulation to represent a climatological year, were used to conduct the Lagrangian
analyses of the present study. The mesoscale eddy-induced turbulence was parameterized as eddy-
induced bolus velocity (Gent & McWilliams, 1990), and these have been explicitly added to the
total velocity used in our Lagrangian analysis. This eddy-induced bolus velocity is generally small,

with a maximum magnitude of 2 cm/s over regions of low latitude.

The early-Eocene simulation used in this study has been systematically discussed in the
context of boundary conditions and detailed ocean circulation, especially in the light of comparison
with the present-day situation and also with different COz levels in Zhang et al. (2020). Here we
only describe it briefly, regarding (well-concerned) sea surface temperature (SST) and ocean
circulation. The simulation reproduces a global mean SST of 28°C, with the annual mean SST
varying from 10-15°C in the southern-most Southern Ocean to 30-37°C near the Equator (Fig. 1).
The zonally-averaged annual mean SSTs were overall ~10°C warmer than in the present-day
simulation (PI-1x, performed with the IPSL-CMS5A2, but with the present-day boundary
condition), with the largest differences of 12°C found in the Southern Ocean. Wide seasonal
variations further extended the highest summer temperature in southern high latitudes to 25°C (Fig.
1), reached in the southeast Atlantic-India basin around Australia (Fig. 2a of Zhang et al., 2020).

This overall warmth and enhanced Southern Ocean temperature bring them generally close to the
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proxy reconstruction despite some exceptions. The mismatched points mainly include the Tex3¢
biomarker records from the Southern Ocean at latitude 60°S that suggest the same temperature
(30°C) as the Equator (Fig. 1), which nevertheless has been very likely overestimated (Hollis et
al., 2019). Zhang et al. (2020) compared this simulated temperature site-by-site with the Eocene
temperature records from the most comprehensive temperature dataset in Hollis et al. (2019). The
model-data comparisons suggest that they are generally compatible, although certain differences
can be seen for some specific proxy data points. For instance, proxy-based temperature data and
simulated temperature show better consistency in the Atlantic-Indian basin than in the Pacific
where the model produced more homogenous temperatures, in contrast to large spatial variability
suggested by the proxy data (Fig.2a & S2A of Zhang et al., 2020). Zhang et al. (2020) carried out
extensive model-data comparisons using statistical methods, such as the root mean square
deviation (RMSD) and benchmarks following Kennedy-Asser et al. (2019) method. These
comparisons suggest that the performance of the model simulation is generally satisfactory,
because the data-model RMSD was of the same order of magnitude as the uncertainty of proxy-
based SST estimates, and the simulation was able to capture the global mean temperature and some

latitudinal gradient patterns from the benchmark analysis.

Models simulations for the Eocene usually could not be able to simulate the much reduced
meridional temperature gradient suggested by proxy data (the “equable climate problem”, Huber
& Caballero 2011, and references herein). Regarding this long-standing issue, the early Eocene
IPSL simulation produces a SST gradient from the Equator to the Southern Ocean of ~24°C in the
annual mean and 18°C in February (Fig. 1), leading to an only slightly reduced gradient compared
with the present-day 28°C. Comparison with other model results suggests that the meridional

temperature gradient in the IPSL-CMS5A2 simulation is located in the upper end of the multi-model
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range (e.g. Lunt et al., 2012; 2020; Hutchinson et al., 2018). Nevertheless, more recent studies
appear to suggest a mitigated model-data discrepancy (Cramwinckel et al., 2018; Lunt 2020).
Cramwinckel et al. (2018) recently updated the Eocene equatorial SSTs estimation with new proxy,
that reduce the temperature gradient to about 20-22°C, and Lunt et al. (2020) found similar values
in recent DeepMIP simulations. Reasons for the remaining mismatches, especially on a regional
scale, perhaps involve either model simulations, which may still underestimate some regional scale
variations, or proxy-based temperature reconstruction, because they can be scrambled by
vertically-varying processes in the water column (e.g. Ho & Laepple, 2016) and by seasonality
signals over high latitudes (e.g. Davies et al., 2019). Overall, despite sizeable uncertainties, the
Eocene simulation is nonetheless able to capture the basic temperature pattern suggested by most

proxy records and previous model studies.

This paragraph will briefly evaluate the simulated Eocene oceanic circulation in
comparison with other models’ results and with proxy-based oceanic circulation reconstruction of
the Eocene. The simulation shows a well-ventilated Southern Ocean and a single anticlockwise
global overturning cell, with bottom/deepwater formation at high latitudes of the Southern Ocean
where dense paleo-AABW sinks into the depths and fills the whole ocean basins (Figure 2A,
redrawn from Zhang et al., 2020). This single MOC structure has been well investigated, in
relation with winter convection and deep-water formation, in comparison with the PI circulation,
and shown to be robust to different atmospheric CO2 levels (Zhang et al., 2020). Although the
magnitude of the MOC can vary in some model results, this well-ventilated Southern Ocean and
anticlockwise Southern Ocean MOC pattern are common features of most model results for the
early Eocene or middle-to-late Eocene before the Oligocene transition (e.g. Baatsen et al., 2018;

Lunt et al., 2010). One exception is a simulation of the GFDL model with 38 Ma bathymetry and
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boundary conditions, which produces a two-cell MOC with deep water formed in both the
Southern Ocean and the North Pacific (Hutchinson et al., 2018). The presence of deepwater
formation in the North Pacific in this GFDL simulation (in contrast with the IPSL-CM5A2
simulation used herein and several others) is probably due to its low topography over North
America that induces less rainfall over the West Pacific, leading to higher surface density and
facilitating deepwater formation (Zhang et al., 2020), as illustrated by sensitivity studies on
topography effects (Maffre et al., 2018; Schmittner et al., 2011). Apart from these modelling
studies, the MOC has been inferred from neodymium (Nd) isotope distributions, a proxy for ocean
circulation (Thomas et al., 2003; Thomas et al., 2014). The common features between the
simulated and proxy-reconstructed MOC are the well-ventilated Southern Ocean and the
predominant Southern Ocean origin of the bottom waters (Thomas et al., 2014). Differences
remain in the North Pacific where the ocean is less ventilated in the simulation than as suggested
by the proxy data, whereas the Nd-based results suggest that the water of North Pacific origin
never crossed the Equator. Overall, the well-ventilated Southern Ocean filling the most of the
global bottom waters is supported by previous modelling and proxy reconstructions. Further

evaluations of the simulation have been addressed in Zhang et al. (2020).

2.2 Lagrangian experiments and analysis
2.2.1 Lagrangian analysis and Ariane tool

Lagrangian analysis of oceanic model outputs provides an interesting and comprehensive
way to investigate the three-dimensional, time-evolving transport fields through a diagnosis of
trajectories of virtual particles (Bower et al., 2019; van Sebille et al., 2018; Tamsitt et al., 2018).
As a useful and complementary tool to Eulerian approaches, Lagrangian analysis can help answer
a range of theoretical and practical questions, as reviewed in Griffa et al. (2007) and more recently

in van Sebille et al. (2018) and. In particular, Lagrangian approach has been widely employed to
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solve problems involving connectivity between oceanic regions such as the bottom and the surface
layers, and used to track the movement and pathways of various water masses (e.g. Blanke et al.,
1999; 2002; Do6os et al., 2008; van Sebille et al., 2013; Tamsitt et al., 2017, 2018). Here, we use
the Lagrangian analysis to provide comprehensive information on the ocean circulation during the
early Eocene, when the bathymetry was tremendously different from the present day. For instance,
the much narrower North Atlantic limits deep convection there and the almost closed Drake
passage hinders ACC during the early Eocene, which makes the MOC structure very different
from the present day. In addition, divergences of flow within individual basins (Atlantic, Pacific
and Indian oceans) through tropical straits break the mass conservation of each basin and decrease
the value of Eulerian-velocity-inferred MOC streamfunction of individual basins for indicating the
overall circulation, which makes the separation of each basin’s transport from the total global

transport impossible using only a typical Eulerian approach.

Our Lagrangian analysis was carried out using the Ariane tool that is based on an off-line
mass-preserving algorithm to compute particles trajectory (http://www.univ-brest.fr/lpo/ariane). A
detailed description of the method used to follow particles in an Ocean General Circulation Model
(OGCM) is given in the appendix of Blanke and Raynaud (1997). The Ariane tool provides a
“quantitative” mode that is specifically designed to effectively evaluate water mass transport, by
tracking trajectories of particles between an initial section and the other sections which close a
three-dimensional oceanic region. Sections can be defined in various ways: geographically
(vertical and horizontal cross-sections), or in more complex manners, as for example time-
dependent isolines of a chosen quantity (isopyncals, mixed layer). Particles are automatically
placed by Ariane software tool on each model grid cell of a specified initial section, by considering

only water masses flowing inward the closed domain in forward integration (outward the domain
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in backward integration), and a given water transport is accordingly attached to those particles.
Each particle represents a fraction of the total transport through the initial section. Because the
transport across the section is not uniform, the water mass transports assigned to particles are
different. The algorithm of this transport assignment is that: each grid cell with a given transport

Tn is described with Nnparticles, and this integer particle number Nn satisfies (Blanke et al., 1999):

~. =T (1)

where To is the prescribed maximum transport associated with a single particle. This assignment
is made for each time step of the oceanic model data input of Ariane and during a period of time
defined for an experiment. The total number of particles is the sum of the Nn over all relevant grid
cells of the initial section. Because of the low resolution of the ocean model and the associated
rather linear dynamics, we have used a large value for To (0.8 Sv) such that a single particle is
released in each grid cell of the initial section at each time step. The setting of this initial section
(i.e. velocity fields are sampled only on the initial section) implies that particles should be released
everywhere to sample the complete velocity fields of the whole ocean (D66s et al., 1995; Blanke

et al., 1999; Do6s et al., 2008).

Subsequently, each particle is tracked over each time step and its trajectory is computed
according to the evolving velocity field, until it reaches any one of the specified receptor sections
(Blanke & Raynaud, 1997; D66s & Webb, 1994). Along its path, particle velocity, temperature
and salinity evolve over the time integration, according to the local Eulerian model fields (Blanke
& Raynaud, 1997; D66s & Webb, 1994). Each particle can be seen as a water parcel evolving over
time, and the terms particle and water parcel are interchangeably used in this sense. Ultimately,
statistical analyses of all these trajectories represent how the water masses are transported from

this initial section to another destination. These inter-section transports can be portrayed by means
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of a Lagrangian streamfunction (calculation given below), by taking advantage of a mass-

preserving scheme (Blanke et al., 1999; Blanke & Raynaud, 1997; D66s, 1995).

2.2.2 Lagrangian experiment setup

In the present study, we employ the Ariane tool to trace the fate of the paleo-AABWSs and
to analyze the dynamical processes contributing to the upwelling along their trajectories. Based on
the overall features of the ocean circulation, the initial section (the snapshot) was set in the deep
ocean at latitudes 60°S below 1900 m to sample the northward flowing bottom/deepwater export.
The Eulerian-velocity-inferred meridional streamfunction (Eulerian-MOC) in Figure 2A shows
the anticlockwise meridional circulation in the early-Eocene simulation. Surface water loses
buoyancy through ocean-atmosphere interaction over the high-latitude Southern Ocean and forms
denser water sinking into the depths, then flowing northward in the abyssal ocean and filling the
whole ocean basins (Zhang et al., 2020). Therefore, there is a strong net northward export of deep
water over the lower (deep) limb of the MOC that is supplied by the deepwater formation in the
Southern Ocean and the overall southward transport over the upper ocean. The Eulerian-MOC
maximum intensity (up to 40 Sv) is reached at 60°S at a depth ~1900 m, at which latitude and
depth the initial section was accordingly set. Zooming into the vertical section at 60°S, the majority
of gross northward transport occurs in the abyssal ocean (e.g. northward transport is greater than
10 Sv at depths of 1800—4500 m), whereas the southward transport mainly occurs at shallow depths
(e.g. 10 Sv for depths of 500-2500 m) (Fig. 2B & 2C). This asynchronous transport over depths
closes up the anticlockwise MOC, with a boundary between the upper southward and lower
northward transport of ~1900 m (longitudinally-averaged). Correspondingly, the initial section at
60°S was constrained to depths below 1900 m in the vertical direction. Therefore, this initial
section was chosen to sample the northward-flowing paleo-AABW mass over the lower limb of

the anticlockwise meridional circulation.
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To trace the destinations of the paleo-AABW, 4797 virtual particles were released at the
initial section (at 60°S below the depth of 1900 m), with To value of 0.8 Sv. Particles were released
at the middle of each month throughout the first year, according to the monthly evolving velocity
fields (only at grid cells where the flow was northward for the given month). The large number of
particles leads to a relatively small transport assigned to each particle, ensuring precise
representation of the water mass transport. These particles provided a total estimate of 81.0 Sv for
the gross northward-flowing bottom/deepwater transport over the lower limb of the MOC, which
reproduces the Eulerian description of the northward transport very well (Fig. 2C). This
Lagrangian-based transport estimate was almost twice that of the Eulerian-velocity-inferred MOC
value that is the net of two directions flow in the same section. This indicates that half of the
northward transports were compensated by their opposing southward transport and the other half

left the initial section and carried on towards the north.

These particles 3D trajectories were integrated for 4000 years with monthly updated
velocity fields until being intercepted by any one of the receptor sections. These receptor sections
include the initial section itself, the vertical section above this initial section (60Sab) and the
monthly evolving mixed-layer base (MLB), separating the surface homogeneous thermal layer
from the deeper stratified ocean below, as shown in Figure 2A. The mixed layer depth is defined
by a potential density difference smaller than 0.3 kg/m? with reference to the surface. It has been
found that the trajectories at eddies scale and small spatial scales were sensitive to the increasing
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