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Abstract. The ocean takes up 93% of the excess heat in the climate system and approximately a quarter of the anthropogenic
carbon via air-sea fluxes. Ocean ventilation and subduction are key processes that regulate the transport of water (and associated
properties) from the surface mixed layer, which is in contact with the atmosphere, to the ocean’s interior which is isolated from
the atmosphere for a timescale set by the large-scale circulation. Using numerical simulations with an ocean-sea-ice model
using the NEMO framework, we assess where the ocean subducts water and thus takes up properties from the atmosphere and
how ocean currents transport and redistribute them over time and how, where and when they are ventilated. Here, the strength
and patterns of the net uptake of water and associated properties are analysed by including simulated sea water vintage dyes
that are passive tracers released annually into the ocean surface layers between 1958 and 2017. The dyes’ distribution is shown
to capture years of strong and weak convection at deep and mode water formation sites in both hemispheres, especially when
compared to observations in the North Atlantic subpolar gyre. Using this approach, relevant to any passive tracer in the ocean,
we can evaluate the regional and depth distribution of the tracers, and determine their variability on interannual to multidecadal
timescales. We highlight the key role of variations in subduction rate driven by changes in surface atmospheric forcing in setting
the different sizes of the long-term inventory of the dyes released in different years and the evolution of their distribution. This
suggests forecasting potential for determining how the distribution of passive tracers will evolve, from having prior knowledge

of mixed-layer properties, with implications for the uptake and storage of anthropogenic heat and carbon in the ocean.

1 Introduction

The ocean absorbs more than 90% of anthropogenic warming and is the largest, mobile carbon reservoir in the climate system
that is accessible on millennial timescales. Ocean ventilation is the process by which air-sea fluxes of properties such as heat
and carbon penetrate into the enormous reservoir that is the ocean interior. Waters recently exposed to the atmosphere, that
reside in the ocean’s surface mixed layer, pass into the ocean’s interior; this is balanced by entrainment of waters from the
ocean interior into the ocean mixed-layer (Stommel, 1979). The values of mixed layer properties such as temperature and
carbon content depend on the rate of this exchange (Abraham et al., 2013; Banks and Gregory, 2006; Iudicone et al., 2016),

as well as the uptake from the atmosphere. Indeed, the atmospheric uptake of heat and carbon itself also depends on ocean
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ventilation through this impact of exchange on mixed-layer temperature and carbon. Consequently, ocean ventilation plays a
key role in modulating climate variability on interannual to decadal (and even centennial) timescales.

Ventilation involves exchange between the surface mixed-layer and the ocean interior (Luyten et al., 1983). This exchange
is effected in reality on all time and space scales, ranging from the global-scale meridional overturning to small scale turbulent
exchange. The larger scale exchanges involve the net-annual transfer of fluid from mixed-layer to interior (the net subduc-
tion) while the smaller-scale exchanges are associated with geostrophic eddies and small-scale turbulence. In ocean models
these smaller-scale exchanges are parameterised as diffusive fluxes. Both large-scale "advective" and small-scale "diffusive"
exchanges are key drivers of the uptake of anthropogenic heat and carbon by the ocean (Williams and Meijers, 2019) and their
observed signals have been estimated by the distribution of transient tracers (e.g. chlorofluorocarbons - CFCs - and tritium).

It is not only the rate of exchange between ocean surface mixed layer and interior that is important, but also the length of time
that subducted waters remain in the interior before coming up again and being re-entrained/obducted into the surface mixed
layer. For example, as a consequence of anthropogenic warming the subducted waters warm with time as the mixed-layer
warms, so where these warmer waters re-entrain into the surface mixed-layer rapidly within a few years of their subduction
the surface mixed-layer will warm further. Conversely, waters that spend longer in the interior before they obduct will have
subducted earlier when they are still relatively cool, and so these warm the mixed-layer less when they re-entrain.

The fidelity of future climate projections relies on an accurate representation of ocean ventilation and on the ability of
the next generation of numerical models to predict transient and regional climate change (Katavouta et al., 2019). Climate
simulations show wide variations in their representation of processes critical to ocean ventilation and its variability, such
as mixed layer depths in the subpolar gyres, and the strength, depth and variability of the Atlantic Meridional Overturning
Circulation (AMOC) (Heuzé, 2017, 2021). Consequently, variable representation of the ventilation process is a major source
of intermodel spread in the projection of carbon and heat uptake (Boé et al., 2009; Frolicher et al., 2015) by the ocean, and
consequently regional sea level rise (Kuhlbrodt and Gregory, 2012; Church et al., 1991).

The high-latitude oceans (e.g. subpolar North Atlantic and Southern Ocean), where the densest waters are formed, play a
prominent role in global ventilation, since up to two-thirds of the volume of the ocean interior and more than three-quarters of
the deep ocean are thought to be ventilated at these locations (Khatiwala et al., 2012). Many of these deep waters are ventilated
on long timescales and a substantial fraction of the deep ocean is ventilated in the high-latitude North Atlantic, feeding the
lower limb of the AMOC (Lozier, 2010, 2012). Consequently, this region plays a prominent role in transient climate change,
both through the uptake and redistribution of heat, and the long-term sequestration of anthropogenic carbon (Zanna et al., 2019;
Khatiwala et al., 2009).

Differently from the more established view, recent studies using new observations in the subpolar North Atlantic, indicate
the prevailing importance of the deep waters formed in the Irminger and Iceland basins over the Labrador Sea as largely
responsible for the observed variability in the overturning (Lozier et al., 2019; Li et al., 2019; Zou et al., 2020; Petit et al.,
2020). The link between the overturning and the buoyancy forcing in the subpolar gyre points to the important role played by
surface forcing (i.e. air-sea fluxes) in establishing the state of the AMOC and suggest the need to investigate the sensitivity of

the AMOC to the observed interannual variability observed in these regions (Petit et al., 2020).
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Processes occurring at lower latitudes and in upwelling layers also affect the renewal of water masses in the ocean’s interior,
indicating a decoupling of ventilation from the overturning circulation. Subduction into the subtropical thermoclines is a major
driver of ventilation. Additionally, diapycnal and isopycnal diffusion play an important role in ventilation both at low and high
latitudes e.g. in the upwelling regions of the Southern Ocean (Naveira Garabato et al., 2017). This means that dense water
formation at high latitudes (and the overturning circulation) may depend on different dynamics and occur at different locations
and on different timescales than ocean ventilation, which largely depends on the connection of tracers to the surface ocean
(MacGilchrist et al., 2020).

Age tracers that track the length of time since waters have been ventilated have previously been used in numerical models
to understand ventilation timescales (England, 1995; Haine and Richards, 1995; Hall et al., 2002) and Lagrangian particle
tracking experiments (Van Sebille et al., 2018) have been performed to investigate high-latitude ventilation with a focus on the
North Atlantic subpolar gyre (e.g. MacGilchrist et al., 2017, 2020, 2021). However, both of these approaches have limitations.
Since any "water parcel” is actually made up of a mixture of waters from different sources, in general it has an age distribution
rather than a specific single age, while Lagrangian particle tracking cannot fully account for the effects of mixing and diffusive
processes. In addition, observational analysis is often based on the interpretation of the distribution of passive transient tracers,
such as CFCs, but while the interpretation accommodates advective and diffusive processes, it does generally assume a steady
state background ocean circulation.

We carried out numerical simulations where we resolve the interannual variability in both forcing and circulation, and discern
the impact that this variability has on the inventory and distribution of a passive tracer. To achieve this, we analyse changes in
ocean ventilation using simulated interannually-varying dye tracers, which represent distinct annual sea water vintages. These
allow us to explore the links between subduction, ocean circulation and surface forcing on a range of different timescales and
globally, by following the pathways of the passive tracers. With our approach, we aim to separate the roles played by deep
water formation, ventilation, overturning and how these are driven by surface forcing on interannual to interdecadal timescales.

Our simulations can be used to inform the interpretation of anthropogenically-sourced transient tracers such as CFCs (e.g.
Haine and Richards, 1995; England, 1995; Hall et al., 2002; Fine et al., 2017) and other derived quantities such as anthropogenic
carbon (Khatiwala et al., 2009, 2012, 2013) and excess heat (Banks and Gregory, 2006; Zanna et al., 2019; Zika et al., 2020).
This experimental design (see section 2.3) is complementary to Green’s function approaches (Haine and Hall, 2002; Primeau,
2005), where there is an assumption about a steady-state circulation and times and locations of ocean ventilation are expressed
as probability distributions. Our simulated dye tracers effectively represent an "explicit" Green’s function, where the ocean
circulation is time-varying and which allows us to estimate the evolution of the pathways and timescales of ocean ventilation.
However, our simulations are computationally expensive to run, limiting the horizontal resolution that we can use, since our
aim is to generate a set of interannually-varying tracers for 60 years of available atmospheric forcing (i.e. 60 tracers for each
year of simulation).

The model, its spin-up, and the experimental design for the injection of the dye tracers are described in section 2. Changes in
the dye distribution are shown globally and as a function of latitude and depth in section 3, highlighting the role of interannual

variability in the evolution of the different dyes and differences/similarities between the two hemispheres. The dominant role
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of surface forcing in setting these patterns and its implications for the interpretation of observational data, as well as potential

drivers of longer-term changes and larger-scale signals, are discussed in sections 4 and 5.

2 Methods
2.1 Ocean-ice model

Numerical simulations are run using a global configuration of the Nucleus for European Modelling of the Ocean model s
(NEMO Madec, 2014) ocean model, which is coupled to the Los Alamos sea-ice models (CICE Rae et al., 2015). We use
ORCALI, which has a horizontal resolution of 1° (approximately 73 km) and 75 vertical levels, where the thickness increases
vertically, from 1 m at the surface to 200 m at depth. We chose not to use a higher resolution version because of the heavy
computational requirements of the simulations. More complete descriptions of ORCA1 and a comparison of its performance
with configurations with different horizontal resolutions, can be found in Storkey et al. (2018) and Kuhlbrodt et al. (2018).
ORCALTI also makes up the physical ocean component of the coupled UK Earth system model (UKESM1), contributing to the
sixth Coupled Model Intercomparison Project (CMIP6), as described in Yool et al. (2020).

This model configuration involves a vertical mixing scheme based on the turbulent kinetic energy model of Gaspar et al.
(1990), together with Redi isoneutral mixing (Redi, 1982) with diffusivity of 1000 m? s~! and Gent and McWilliams (1990)
eddy parameterization with a coefficient dependent on the local Rossby radius and Eady growth rate (Held and Larichev,
1996). Temperature, salinity and tracers are advected by a second-order, two-step monotonic flux corrected scheme (FCT)
Zalesak (1979), which is the standard scheme (Lévy et al., 2001) used in current low-resolution NEMO models (UKESM1;
e.g. Yool et al., 2020). The numerical mixing associated with this scheme may lead to an overestimate of Antarctic Bottom
Water (AABW) production (Hofmann and Morales Maqueda, 2006) compared with more accurate but expensive advection
schemes, such as the 2nd-order-moment scheme (Prather, 1986), which is, however, not implemented in NEMO.

Our ocean-ice simulation is forced with the JRAS55-do surface atmospheric dataset (Tsujino et al., 2018) that is based on the
Japanese 55-year Reanalysis (JRA-55 Kobayashi et al., 2015) and it is spun up following the Ocean Model Intercomparison
Project (OMIP) protocol (Griffies et al., 2016), which recommends running five cycles of the atmospheric forcing, starting
from a motionless ocean state with climatological temperature and salinity distribution. Each cycle lasts 60 years (the length
of the available atmospheric forcing for the version used of JRA-55, from 1958 to 2017), and our diagnosis focuses on the last
(fifth cycle), with the previous four cycles (240 years) used for spin-up. This OMIP protocol allows for meaningful comparison
between different models (e.g. Danabasoglu et al., 2014), although there may still be drifts in many ocean properties (Griffies
et al., 2016). All physical variables and those for the dye tracers are output and stored as monthly means.

Our model configuration gives an average AMOC (maximum in the overturning streamfunction at 1000 m at 26°N) of ~12
Sv (where 1 Sv = 10°m3s~1) in the last 60 years (1958-2017) of the spin-up, which is lower than the latest observation-based
estimates from the RAPID array at 26.5°N (17-20 Sv Moat et al., 2020), but is not uncommon given the relatively coarse
horizontal resolution of the model (e.g. Storkey et al., 2018; Hirschi et al., 2020). The average transport through Drake Passage
is also weaker (~115 Sv) than the observation-based estimates of 173 4= 11 Sv (Donohue et al., 2016). Both the average AMOC



130

135

140

145

150

155

160

and Drake Passage transport are weaker in our ocean-only simulation than in the coupled UKESMI1 version of the model (Yool
et al., 2020).

2.2 Mixed layer depth and transient tracers

The representation of the mixed layer in the model is of particular interest for our analysis, given its key role in driving ocean
ventilation (Pedlosky and Robbins, 1991). Therefore, we compare this simulated quantity from the NEMO output with the
objectively-analysed EN4 dataset (Good et al., 2013) and an optimally-interpolated Argo dataset (King et al., 2021). For all
datasets and for the time period 2004-2017, the maximum mixed layer depth (Figure 1) is calculated at each gridpoint, using a
variable density threshold associated with a 0.2°C decrease in temperature, and representing the depth of the base of the winter
mixed layer, as defined in (Clément et al., 2020).

The model reproduces the deep winter mixed layers both in the North Atlantic subpolar gyre and in the sub-Antarctic
mode water formation regions, as well as along the Antarctic coast (Figure 1a) which is not captured in the EN4 and Argo
datasets (Figures 1b,c,d) due to limited observational capability under ice. However, it is known that the NEMO model is
characterised by excessively strong convection in the Labrador and Irminger Seas, down to depths that are much higher than
what is measured in observations (Figure 1c), even at higher horizontal resolutions (MacGilchrist et al., 2020; Marzocchi
et al., 2015; Rattan et al., 2010) and overproduction of Labrador Sea Water is also found in other 1° ocean-ice models when
compared to observations (Li et al., 2019). This results in some overestimation in the mixed layer depth in the North Atlantic
subpolar gyre, but globally the model shows good agreement with observations; deep mixed layers can also be observed along
the pathway of the Gulf Stream and Kuroshio Current, both in the model and in the observations, although in the Atlantic
between ~40-60°N the simulated mixed layer is largely shallower than in the observations (Figure 1c).

Anthropogenic transient tracers such as CFCs are often used for model validation and to evaluate ocean ventilation (Orr
etal., 2017; Fine et al., 2017; Dutay et al., 2002). These remain inert when absorbed by the ocean from the atmosphere and due
to their passive nature they can be thought of as dye tracers. CFC-11, CFC-12 and SF-6 tracers are included in our simulations
and here we show a comparison of their concentration along a mid-Atlantic section (Figure 2) that will be used in the rest of the
analysis. The tracers are implemented following the OMIP protocol (Orr et al., 2017) and have also been used for the evaluation
of the coupled UKESM1 simulation (Yool et al., 2021). The CFC-11 distribution in our simulations compares favourably to
observations from the Global Ocean Data Analysis Project (GLODAPv2.2020; Olsen et al., 2020) along the WOCE/GO-SHIP
A16 section (from occupations in 2003, 2005, 2013, 2014; cruises 342, 343, 1041, 1042) in the Atlantic Ocean (Figure 2). The
A16 section crosses the Atlantic from south of Iceland to the Southern Ocean and covers the eastern part of the basin in the
Northern Hemisphere and the western side in the Southern Hemisphere, while the section in the model is taken in the central
part of the basin at 25°W. Both in the model and in the observations, the highest concentrations can be found at high latitudes
in both hemispheres, where CFC-11 has spread into the ocean’s interior, especially in the subpolar North Atlantic (below 2000
m). The model also appears to be capturing the penetration of the tracer at depth in the Southern Hemisphere (below 4000 m),
even though here the concentrations are much lower in the model than in the observations. The tracer also penetrates down to

~ 2000 m around the Equator in the observations (Figure 2b), but this is not captured in the simulation.
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It is also worth noting that there are large differences in the simulation of the magnitude and variability of the (A)MOC in
numerical models, both at lower and higher resolutions (e.g. Hirschi et al., 2020; Li et al., 2019). There are also substantial
discrepancies in simulating the mixed layer depth, especially in high latitude regions, and in the representation of water masses,
as clearly shown for Labrador Sea Water (Li et al., 2019). Climate models are also known to struggle with the representation of
dense water formation in the Southern Ocean, especially at lower resolutions (Heuzé et al., 2013), which will have an impact

on the rates and dynamics of ventilation.
2.3 Dye tracer injection

In this study we aim to resolve the pathways and the inventories of ventilated waters after they leave the mixed layer. This
is achieved by using a set of annually-distinct dye tracers that are introduced in each year of the last (fifth) cycle through the
surface forcing, meaning that the effective model spin-up is 240 years and the simulation with passive tracers is 60 years, which
is the length of the available atmospheric forcing for the version used of JRA-55 (from 1958 to 2017).

In these simulations, the dye tracers are released uniformly across the global ocean, with a 6-month hemispheric offset,
since tracer injection starts during the summer in each hemisphere (i.e. starts in January and ends in December in the Southern
Hemisphere and starts in July and ends in June in the Northern Hemisphere). A transition zone is introduced between 20°N
and 20°S, where the start and end of the release year increase day by day linearly moving northwards; i.e. the release year at a
given latitude begins on the year day-number (days from 1 January) that increases linearly between 20°S and 20°N from zero
to 181 (the number of days between 1 January and 1 July), and similarly for the end of the release year.

Each dye tracer is injected throughout its release year (its ’vintage’) by relaxing the tracer’s concentration to a value of 1

throughout the top seven vertical levels (down to ~10m). The relaxation time is T, = 1T_ng , where T,(=7200 s (the leapfrog
timestep) is the smallest relaxation time that still remains stable. To represent the ability of ice cover to insulate the ocean from
air-sea gas exchange, the relaxation time is increased by the reciprocal of the water fraction 1-a; with a; the ice fraction. With
the depth interval of 10 m, this implies a piston velocity of 1.39 x 1073 m s—!, (120 m day ') without ice (much faster than a

typical gas exchange piston velocity of 2.4 m day~!), ranging down to a velocity of 2.4 m day !

in regions of maximum ice-
cover with a;=0.02. After injection into the interior, each tracer continues to propagate through the ocean, driven by advective
and diffusive components of the simulated circulation. After its release year, each tracer is relaxed back to zero in the upper 10
m, resulting in a systematic loss of the globally integrated tracer inventory over the simulation. This is presented schematically
in Figure 3, where dye N is only injected in release (vintage) year N, while dye N+1 only starts being injected in release year
N+1, and so on for the following years (from N+2 to N+59).

For the analysis presented in section 3, we use a subset of dyes, injected in 1958 to 1993, so that we can follow their evolution
from the year of injection and for 25 years of simulation for each one of the 36 vintages, allowing us to investigate the role
of interannual variability and pathways from annual to multidecadal timescales. Note that the comparison of these simulated
dye tracers to observed CFCs distributions (see Figure 2) is not straightforward. While the CFCs source behaves like a step

function, our vintage tracers are best represented by a top-hat/delta function, so it is the sum of the concentration of all the

different vintage tracers that could be compared with CFCs.
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2.4 Dye diagnostics

The dye concentration, c, at any point (or in the model, in a gridbox) represents the fraction of water at that point that was
exposed to the surface in the dye’s release winter (vintage). The natural unit for the dye concentration is, therefore, dimen-
sionless (a fraction, so 0 < ¢ < 1). Then the total globally-integrated inventory of dye Cgopqr = [/ ¢ dV represents the total
volume of water exposed to the surface in the release year. Similarly, the ’ventilation thickness’ C(¢,\) = f ¢ dz (where ¢
and ) are latitude and longitude) represents the volume of such ventilated waters per unit area and has dimensions of depth
(m), even though it is not a physical depth but the column integral of the tracer. This metric can be thought of as the depth
of a notional layer in which the vertically-integrated inventory is concentrated with a dye concentration of c=1. In the first
year this represents the mixed-layer depth as c~1 in the mixed-layer and c~0 below it. We find it useful to define globally-
(and hemispherically-) averaged ventilation thicknesses that relate to the globally- and hemispherically-integrated inventories.
In subsequent years, this ventilation thickness progressively decreases as the dye re-enters the mixed layer and is lost (set to

ZEer0).

3 Results

Our setup allows us to identify when and where water masses were last ventilated and to investigate the role of interannual
variability in determining the tracers’ distribution, as well as unpicking the role of surface forcing and ocean circulation in

setting these pathways and timescales.
3.1 Global dye distribution

The dye inventory evolves differently over time in each basin and most of it can be found in the Atlantic on the time scales that
we are examining, despite the substantially smaller volume of the Atlantic than the Indo-Pacific (Figure 4). Over 60 years, the
percentage of the global inventory held in the Atlantic increases. This is because in the Atlantic the dye penetrates more deeply
to depths where it is unable to re-enter the surface mixed layer, while the penetration into the deep Southern and Pacific oceans
is less marked (Figure 5a,b). This may not be fully realistic; as previously discussed, models are known to struggle with the
representation of dense water formation in the Southern Ocean, especially at the coarse resolution of this simulation, which
may explain the low concentrations (and relatively small inventory) of tracer in the deep Southern Ocean (Figures 4 and 5).
Within 60 years (the end of the simulation), the core of the dye in the Atlantic has reached the deep ocean (down to ~3000
m) between 20 and 50°N, while in the top 1000 m it has spread to ~40°S (Figure 5a). Looking at the dye distribution as a
function of depth clearly indicates how important the Atlantic is for ventilating the deep ocean, especially on these time scales
(Figure 5b). The latitudinal distribution of the dye (Figure 5c) illustrates the importance of the subtropical gyres, which on
these time scales (60 years after injection) hold most of the dye concentration, especially in the Northern Hemisphere, with the

North Atlantic clearly dominating the global zonal average.
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In our setup (see Figure 3) we can also analyse the evolution of dyes injected in each year (vintages) separately. This can
be effectively displayed using the ’ventilation thickness’ metric, as defined in Section 2.4 (Figure 6). For each year, the dye
concentration peaks during the winter in each hemisphere (where it is injected) and the ventilation thickness in the year of
injection is always higher in the Southern Hemisphere (Figure 6¢). In each hemisphere, the interannual differences between
each of the dyes largely derives from changes in the background ocean circulation and the effect of surface forcing on the
mixed layer depth at the time of injection, as the dyes are independent of each other and identify different sea water vintages
for each year. After the first year of dye injection, the interannual variability in the peak in ventilation thickness between the
different vintages mostly reflects the variability in mixed layer depth in different years, driven by the surface forcing (Figure
6).

Globally, during the first year when the dye is injected, the highest tracer concentrations can be seen in regions that cor-
respond to the deepest mixed layers (see Figure 1a), such as the subpolar North Atlantic near the locations of deep-water
formation from the Labrador and Irminger Seas to the Nordic Seas, as well as along the paths of the Gulf Stream and Kuroshio
and in the Mediterranean Sea (Figure 7a). Strong dye uptake can also be seen in the Subantarctic mode water (SAMW) forma-
tion regions in the Southern Hemisphere and along the Antarctic coast and in the Weddell Sea, where dense water is formed
(Figure 7a). For the rest of the analysis, the main focus will remain on two chosen timescales, of 3 and 25 years, by using a sub-
set of the dye tracers (as introduced in section 2.3). Three years after injection, the vintages represent seawater that has moved
below the base of the mixed later and been subducted, while after 25 years they correspond to water that has flowed out of the
upper ocean. Three years after injection, the dye is spreading prominently in the North Atlantic subpolar gyre (Figure 7b) and
after 25 years it has reached the entire basin, while it is also starting to spread southward along the western boundary (Figure
7¢). It is, however, worth remembering that boundary currents are not particularly well-represented at 1° horizontal resolution,
which will affect the dye distribution (e.g. England, 1995). In the Southern Hemisphere, the uptake of dye can still be clearly
identified in the SAMW formation regions after 3 and 25 years (Figures 7b,c). Concentrations in the Arctic are likely too high
(Figures 7b,c), possibly as an artifact due to the model’s resolution, meaning that the dye accumulates in this region due to
restrictions in the flow through bathymetric features that are poorly represented at 1°. However, these concentrations decrease
over time, as the dye excess is slowly being ventilated out of the basin (not shown) which has a relatively small volume and a

small contribution to the global inventory (see Figure 4).
3.2 Interannual variability in ventilation thickness and ventilation timescales

By using a subset of dyes, from 1958 to 1993, we can follow their evolution from the year of dye injection and for 25 years
of simulation for each one of these 36 vintages. Looking at the evolution of the dyes as the anomaly from the mean venti-
lation thickness (for the 1958-1993 time period) highlights the differences between the independent vintages that are due to
interannual variability (Figure 8). The strongest differences from the mean (up to ~10 m in the Southern Hemisphere) develop
within the first three years, but these reduce substantially or at least stabilise by three years after injection in both hemispheres.
However, after three years of the simulation the differences remain relatively large in the Northern Hemisphere (Figure 8a),

while they fall off in the Southern Hemisphere (Figure 8b). After 25 years, the ventilation thickness still varies by up to £3 m
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between vintages in the Northern Hemisphere, while in the Southern Hemisphere differences reduce to within ~=1.5 m (Fig-
ure 8). Positive anomalies (i.e. ventilation thickness higher than the mean) characterise the later years/vintages (1980s/1990s)
in the Northern Hemisphere, while this is opposite in the Southern Hemisphere, where this is the case for earlier years (1960s);
similarly, for the negative anomalies (Figure 8).

For all vintages, the absolute ventilation thickness is higher in the Southern Hemisphere after three years than in the Northern
Hemisphere (Figure 9). Vintages with a ventilation thickness that is higher than the mean are not necessarily the same in both
hemispheres, representing the different response to the surface forcing and the background circulation (e.g. stratification) and
local process at play. On this time scale, the vintages represent seawater that has been subducted after injection and then has
moved below the base of the mixed later. In the Northern Hemisphere, the vintages from the early 90’s have relatively high
values (Figure 9a), which correspond to years of observed strong convection in the Labrador Sea (e.g. Yashayaev, 2007; Rhein
et al., 2017). Values in the Northern Hemisphere are actually above or very close to the mean for the entire period from the
early 80’s to the early 90’s, while in the Southern Hemisphere ventilation thicknesses higher than the mean can mainly be seen
for the earlier period until the late 70’s (Figure 9a). Even though the mean hemispheric ventilation thickness values are much
closer to one another 25 years after injection, the early 90’s vintages in the Northern Hemisphere are now the highest, as well
as for the early 80’s (Figure 9b), which also stood out at the 3-year timescale. This suggests that the response after 25 years,
when the vintages represent water that has now flowed out of the upper ocean, is still strongly affected by the processes shaping
the mixed layer at the time of dye injection and for the subsequent 2-3 years.

To further investigate this apparent link between the processes affecting subduction close to the time of dye injection and
over the following two decades, we correlate the ventilation thickness for the two timescales of 3 and 25 years (Figure 10).
These show high correlation (R?>0.7) for both hemispheres, which confirms that the conditions close to the time of injection
(i.e. mixed layer depth and background circulation) are driving the amount of seawater being subducted, but also that this signal
persists over time and that its inventory over 25 years is strongly related to that initial forcing.

Ventilation in the Northern Hemisphere appears to be twice as persistent as in the Southern Hemisphere (see the slope for
the correlations in Figures 10a,c), which could be thought of as a rate of erosion of the ventilated water masses. This means
that subducted waters are exported (and isolated) away from deep mixed layer regions faster in the Northern than the Southern
Hemisphere. The residuals of the correlations (Figures 10a,c) also highlight some of the longer-term variability, particularly
in the Northern Hemisphere, where the residuals for the "later” vintages corresponding to the early 90’s appear to be rising

(Figure 10b).
3.3 Longer-term effect of the initial surface forcing on dye distributions

Dyes that were injected in years characterised by stronger convection result in higher ventilation thickness after 3 and 25 years
(Figure 9), but this also impacts the evolution of the tracer’s vertical distribution over time. This is shown for seven of the
vintages (highlighted in Figure 10) analysed so far, covering a range of higher and lower (than the respective hemispheric

mean) ventilation thicknesses (Figures 11 and 12).
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The vertical distribution of the tracer (Figure 11a) is characterised by two prominent peaks, where the shallower one at
around 500m is present in all ocean basins but dominated by the inventory in the Pacific (not shown). The deeper peak below
2000m is driven by the variability in the North Atlantic (not shown) and in fact the highest values are reached in 1992 and 1982.
The strongest differences in the tracer’s latitudinal distribution between different vintages develop in the Northern Hemisphere
subtropical gyres (Figure 11b) and are dominated by the North Atlantic (not shown), which can be expected on these time
scales (i.e. 25 years after injection). The 1992 vintage stands out and it corresponds to a period of strong convection in the
Labrador Sea, as discussed in section 3.2 and shown in Figure 9, but 1982 and 1972 also have a relatively high peak around
40°N. In the Southern Hemisphere, there are smaller differences between the different vintages, but as expected (see Figure
9a) the highest peak corresponds to the dye injected in 1962 (dominated by the signal in the Pacific, not shown).

Note that Figures 11 a and b and equivalent to Figures 5 b and c, respectively, but here the different dyes are shown 25 years
after injection (too allow the comparison between different vintages), while Figure 5 shows the dye distribution at the end of
the simulation, 60 years after dye injection.

Differences in the Atlantic are also shown along a north-south section in the centre of the basin (same as Figures 2a and 5a)
for two of the vintages 25 years after their injection (Figure 12), one from a strong Northern Hemisphere ventilation year (1992)
and a weak one (1987). The tracer reaches deeper and with higher concentrations when they are injected in years characterised
by strong convection in the subpolar North Atlantic (Figure 12a) and the distribution is also lower in the top ~1000 m both in

the Northern and Southern hemispheres for the year with weaker convection (Figure 12b).

4 Discussion

When considering ocean ventilation and how it regulates the dynamics of tracers and their connection to the surface ocean,
it is important to remember that it is driven by processes occurring at lower latitudes, as well as the overturning circulation
and dense water formation in the high-latitude oceans (Naveira Garabato et al., 2017; MacGilchrist et al., 2020). In particular,
subduction into the subtropical thermoclines drives substantial ventilation. Additionally, diapycnal and isopycnal diffusion play
an important role in ventilation both at low and high latitudes (Naveira Garabato et al., 2017). These aspects are included in
our simulations, by using passive tracers that reproduce both the advective and diffusive components of the circulation, and
this is highlighted by our analysis of interannual to multi-decadal subduction and ventilation.

Despite the known biases for NEMO, such as the too-deep mixing in the Labrador Sea (as discussed in section 2.2) and the
fact that not all processes can be simulated accurately at resolutions that are not eddy-resolving, this does not affect our results
correlating ventilation thickness on different timescales and highlighting the dominant role of surface forcing in setting the

evolution of the tracers’ distribution and inventory.
4.1 The fingerprint of surface atmospheric forcing

The dye uptake in the first (injection) year largely reflects the state and variability of the mixed layer during the season of

active convection, which is driven by the surface forcing in that year (Figures la and 7a) and the stratification in that year
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("preconditioning"). Three years after injection, the amount of dye that has reached below the base of the mixed layer is also
dependent on other factors, linked to both lateral mixing and the surface forcing in the years immediately following injection
(see also MacGilchrist et al., 2021). This determines how much dye is retained, since a deepening of the mixed layer in the
winter following the injection year (N+1; see Figure 3) will ventilate a larger portion of the vintage from the previous year (N;
see Figure 3) and effectively reduce the dye concentration (since in our setup it will be reset to zero when ventilated). This
contributes to the interannual variability on this timescale.

The correlation between dye retention after 25 years and the background conditions close to the time of injection (just after
the strongest interannual differences have decreased; see Figure 8) highlights the key role of the surface atmospheric forcing
in driving long-term ocean ventilation, and more broadly, in determining the distribution of passive tracers over time (Figure
10). Since the variability in ventilation near the time of dye injection sets the long-term variability for the dye inventory, there
is potential for forecasting how the distribution of a tracer in the ocean will evolve in the future, from a prior knowledge of the
surface air-sea fluxes and mixed-layer properties.

Finally, the strong correlations in ventilation thickness between 3 and 25 years after injection in both the Northern and South-
ern hemispheres (Figure 10; see slope of correlations) imply that, given the strong interannual variability in the initial surface
forcing, it is this variability that will continue to dominate on longer time scales, largely overriding the different processes that
drive how passive tracers are removed or taken up in the two hemispheres. The Northern Hemisphere is characterised by more
persistent anomalies, since the ventilated waters penetrate more deeply where they are better isolated from surface influence
while in the Southern Hemisphere the anomalies are initially stronger (Figure 8), but then dissipate faster than in the Northern
Hemisphere, partly due to the more effective mixing along sloping isopycnals in the Southern Ocean. This means that the tracer
eventually gets mixed back and ventilated even when the initial amount that is subducted is substantially higher than the mean,
while the dye remains in the interior for longer in the subpolar North Atlantic once it has reached a deeper horizon (Figures
11 and 12). In other words, subducted waters are exported (and isolated) away from deep mixed layer regions faster in the

Northern than the Southern Hemisphere.
4.2 Longer-term and large-scale signals

The strong interannual variability that characterises ventilation in the Northern Hemisphere on these timescales (Figure 9) is
largely driven by the Irminger, Nordic and Labrador Seas (Figures 7a,b), which are the sites of most active deep convection in
the winter months (e.g. Lozier, 2010, 2012) and are characterised by ventilation anomalies that persist for longer than in the
Southern Hemisphere (Figure 8). In other words, anomalies near the time of dye injection in the Southern Hemisphere result
in smaller longer-term changes than in the Northern Hemisphere (i.e. the "ventilation persistence" is lower).

There is coherent structure in the residuals of the correlation between Northern Hemisphere ventilation thickness close to
the time of dye injection and 25 years later and the residuals deviate from the trend (rise) for the vintages corresponding to
the early 90’s (Figure 10b). We expect that the role of surface buoyancy forcing through air-sea fluxes, as well as modes of
climate variability that may affect convection in the subpolar North Atlantic (e.g. North Atlantic Oscillation - NAO - or Atlantic
Multidecadal Variability - AMV) should already be captured by the correlation itself (Figure 10a). However, these will, in turn,

11



360

365

370

375

380

385

390

also affect the background circulation. We examine whether there is a relationship between the residuals and the strength of
the large-scale circulation (AMOC). The hypothesis is that a stronger circulation (AMOC) might also be linked with moving
water more effectively away from the ventilation site and reducing the rate at which dye is returned to the mixed layer and thus
removed from the system. We consider the correlation between the residuals in the Northern Hemisphere and the AMOC at
26°N and 1000 m depth (to be comparable to estimates for the RAPID array; Figure 13). There is a correlation (R? = 0.45)
between the residuals and the AMOC in the year of injection, while that with the AMOC 25 years later is much weaker (R? =
0.2).

The mechanism behind the connection that we find between the strength of the AMOC at 26°N and the residuals of the
correlation for the Northern Hemisphere (Figure 13) is not fully clear. To check this potential link further, we also correlated
the AMOC in the year of injection with the absolute values for ventilation thickness after 25 years, rather than the residuals of
the correlation. While both correlations are significant, the correlation of the AMOC with the residuals describes more of the
variance (Figure 13) than that with the ventilation thickness itself (R? = 0.37; not shown). We also tested the correlation of the
residuals with the AMOC at higher latitudes (e.g. 45°N; not shown), but despite being closer to the sites of deep convection
in the subpolar North Atlantic, the correlation is much weaker. It is, however, harder to assess and interpret AMOC changes at
these higher latitudes, especially in depth rather than density space (Zou et al., 2020; Hirschi et al., 2020). There are also large
differences in the simulation of the magnitude and variability of the (A)MOC across different numerical models, both at lower
and higher resolutions (e.g. Hirschi et al., 2020; Li et al., 2019); as well as substantial discrepancies in simulating the mixed
layer depth, especially in high latitude regions, and in the representation of water masses, as clearly shown for Labrador Sea
Water (Li et al., 2019). Both in models and observations, the relationship between the hydrographic variability in the subpolar
North Atlantic and the AMOC has also been shown to quickly deteriorate downstream of the Labrador Sea (e.g. Zou et al.,
2019; Li et al., 2019).

There is also some structure in the residuals of the correlation for the Southern Hemisphere (Figure 10d), perhaps reflecting
how ventilation here appears to be stronger before the 80’s and consistently lower in the later period (Figure 9a). This could
highlight background changes in the strength of the subtropical gyres, driven by changes in the Southern Hemisphere winds,
affecting SAMW formation (e.g. Jones et al., 2016; Waugh et al., 2019; Meijers et al., 2019). While there are more opportunities
to test the model’s performance in the Northern Hemisphere, given the richness of observations from the North Atlantic
subpolar gyre, recording years of weaker and strong convection, a more prominent focus on Southern Hemisphere processes
and changes in SAMW would be the desirable outcome of a future study exploiting our setup. This could be achieved for the
more recent vintages (from the 90’s onwards; only partly used here, due to the focus on the 3 to 25 years time scales and the
constraints due to the length of the forced simulation). In fact, recent hydrographic observations have highlighted ventilation
changes due to wind forcing and atmospheric modes (Talley et al., 2016; Meijers et al., 2019) and other modelling studies have
explored the different pathways followed by SAMWSs and their sensitivity to wind changes (Jones et al., 2016; Waugh et al.,
2019) providing better estimates of their combined effect on heat and carbon uptake in the Southern Hemisphere, which could

be integrated with our dye tracers.

12



395

400

405

410

415

420

Finally, while it would also be desirable to perform longer simulations with passive tracers and assess their uptake on
centennial time scales, our results highlight how this would be problematic. In fact, the tracer’s pathways, inventory and
distribution will be strongly dependent on the initial surface forcing, when the tracer enters the ocean, especially for the
Northern Hemisphere (see Figures 11 and 12). This means that the cumulation of the inventory of a simulated tracer over time
will provide an aliased view of its evolution. At the same time, it is at present too computationally-expensive to introduce

interannually-varying tracers to resolve the full variability on such long timescales.

5 Summary and conclusions

We have used a set of interannually-varying passive dye tracers in an ocean-ice model to explore pathways and time scales of
ocean ventilation. This is a computationally-expensive approach, but it allows us to fully capture the pathways of subducted
waters after they leave the mixed layer.

The Southern Hemisphere shows more variability in ventilation thickness just after the tracer’s injection, while the Northern
Hemisphere is characterised by higher variability in the 25-year inventory, highlighting different ventilation "efficiencies" and
timescales. Subducted waters are exported faster in the Northern than in the Southern Hemisphere, but the correlation between
ventilation thickness after three and 25 years is strong in both hemispheres. This means that the strong interannual variability
in the initial surface forcing will dominate on longer time scales, and largely override the different processes that drive the
uptake and export of passive tracers.

Our results highlight the key role played by surface forcing near the time when a tracer enters the ocean in setting the long-
term variability of its inventory and determining the pathways and timescales of their uptake by the ocean. This has important
implications for the interpretation of observations that only capture snapshots of the circulation and also offers potential to
forecast changes in the pathways and uptake of tracers by the ocean, such as anthropogenic carbon and heat (e.g. Zanna et al.,
2019; Bronselaer and Zanna, 2020), with important consequences in estimating changes in their inventories and long-term
storage and sequestration.

Given the deficiencies of our coarse-resolution model, it would be desirable but highly computationally expensive to apply
our method to a fully eddy-resolving setup. The use of higher resolution models would prove challenging even with a smaller
subset of interannually varying tracers. Comparisons between different models would also be insightful, but once again not
easy to achieve due to the computational costs; in this case, the use of offline Lagrangian trajectories could be a satisfactory
compromise. Finally, it would be feasible, but once again computationally very expensive, to apply our methodology at 1°
resolution with tracers that are released from a set of surface patches that represent the source regions of different water masses
(following the methodology of e.g. Khatiwala et al., 2009, 2012, 2013) that has been used for the interpretation of derived

quantities such as anthropogenic carbon.

13



Author contributions. AM, GN and EM designed the ocean-ice simulations with tracers. AM ran the simulations and analysed the data. LC
carried out the analysis for the data shown in Figure 1. All authors contributed to the interpretation of the data and to the writing of the

manuscript.

425 Competing interests. The authors declare no competing interests

Acknowledgements. AM, GN, LC, EM were supported by Natural Environment Research Council grant NE/P019293/1 (TICTOC) and EM
was also supported by European Union Horizon 2020 grant 817578 (TRIATLAS).

14



430

435

440

445

450

455

460

References

Abraham, J. P., Baringer, M., Bindoff, N., Boyer, T., Cheng, L., Church, J., Conroy, J., Domingues, C., Fasullo, J., Gilson, J., et al.: A review
of global ocean temperature observations: Implications for ocean heat content estimates and climate change, Reviews of Geophysics, 51,
450483, 2013.

Banks, H. T. and Gregory, J. M.: Mechanisms of ocean heat uptake in a coupled climate model and the implications for tracer based
predictions of ocean heat uptake, Geophysical Research Letters, 33, 2006.

Boé, J., Hall, A., and Qu, X.: Deep ocean heat uptake as a major source of spread in transient climate change simulations, Geophysical
Research Letters, 36, 2009.

Bronselaer, B. and Zanna, L.: Heat and carbon coupling reveals ocean warming due to circulation changes, Nature, 584, 227-233, 2020.

Church, J. A., Godfrey, J. S., Jackett, D. R., and McDougall, T. J.: A model of sea level rise caused by ocean thermal expansion, Journal of
Climate, 4, 438-456, 1991.

Clément, L., McDonagh, E. L., Marzocchi, A., and Nurser, A. G.: Signature of ocean warming at the mixed layer base, Geophysical Research
Letters, 47, e2019GL086 269, 2020.

Danabasoglu, G., Yeager, S. G., Bailey, D., Behrens, E., Bentsen, M., Bi, D., Biastoch, A., Boning, C., Bozec, A., Canuto, V. M., et al.:
North Atlantic simulations in coordinated ocean-ice reference experiments phase II (CORE-II). Part I: mean states, Ocean Modelling, 73,
76-107, 2014.

Donohue, K., Tracey, K., Watts, D., Chidichimo, M. P., and Chereskin, T.: Mean antarctic circumpolar current transport measured in drake
passage, Geophysical Research Letters, 43, 11-760, 2016.

Dutay, J.-C., Bullister, J. L., Doney, S. C., Orr, J. C., Najjar, R., Caldeira, K., Campin, J.-M., Drange, H., Follows, M., Gao, Y., et al.:
Evaluation of ocean model ventilation with CFC-11: comparison of 13 global ocean models, Ocean Modelling, 4, 89—-120, 2002.

England, M. H.: Using chlorofluorocarbons to assess ocean climate models, Geophysical Research Letters, 22, 3051-3054, 1995.

Fine, R. A., Peacock, S., Maltrud, M. E., and Bryan, F. O.: A new look at ocean ventilation time scales and their uncertainties, Journal of
Geophysical Research: Oceans, 122, 3771-3798, 2017.

Frolicher, T. L., Sarmiento, J. L., Paynter, D. J., Dunne, J. P., Krasting, J. P., and Winton, M.: Dominance of the Southern Ocean in anthro-
pogenic carbon and heat uptake in CMIPS models, Journal of Climate, 28, 862-886, 2015.

Gaspar, P., Grégoris, Y., and Lefevre, J.-M.: A simple eddy kinetic energy model for simulations of the oceanic vertical mixing: Tests at
station Papa and Long-Term Upper Ocean Study site, Journal of Geophysical Research: Oceans, 95, 16 179-16 193, 1990.

Gent, P. R. and McWilliams, J. C.: Isopycnal mixing in ocean circulation models, J. Phys. Oceanogr., 20, 150-155, 1990.

Good, S. A., Martin, M. J., and Rayner, N. A.: EN4: Quality controlled ocean temperature and salinity profiles and monthly objective analyses
with uncertainty estimates, Journal of Geophysical Research: Oceans, 118, 6704-6716, 2013.

Griffies, S. M., Danabasoglu, G., Durack, P. J., Adcroft, A. J., Balaji, V., Boning, C. W., Chassignet, E. P., Curchitser, E., Deshayes, J.,
Drange, H., et al.: OMIP contribution to CMIP6: Experimental and diagnostic protocol for the physical component of the Ocean Model
Intercomparison Project, Geoscientific Model Development, 9, 3231-3296, 2016.

Haine, T. W. and Hall, T. M.: A generalized transport theory: Water-mass composition and age, Journal of physical oceanography, 32,
1932-1946, 2002.

Haine, T. W. and Richards, K. J.: The influence of the seasonal mixed layer on oceanic uptake of CFCs, Journal of Geophysical Research:

Oceans, 100, 10727-10744, 1995.

15



465

470

475

480

485

490

495

500

Hall, T. M., Haine, T. W., and Waugh, D. W.: Inferring the concentration of anthropogenic carbon in the ocean from tracers, Global Biogeo-
chemical Cycles, 16, 78-1, 2002.

Held, I. M. and Larichev, V. D.: A scaling theory for horizontally homogeneous, baroclinically unstable flow on a beta plane, Journal of
Atmospheric Sciences, 53, 946-952, 1996.

Heuzé, C.: North Atlantic deep water formation and AMOC in CMIP5 models, Ocean Science, 13, 609-622, 2017.

Heuzé, C.: Antarctic Bottom Water and North Atlantic Deep Water in CMIP6 models, Ocean Science, 17, 59-90, 2021.

Heuzé, C., Heywood, K. J., Stevens, D. P., and Ridley, J. K.: Southern Ocean bottom water characteristics in CMIP5 models, Geophysical
Research Letters, 40, 1409-1414, 2013.

Hirschi, J. J.-M., Barnier, B., Boning, C., Biastoch, A., Blaker, A. T., Coward, A., Danilov, S., Drijthout, S., Getzlaff, K., Griffies,
S. M., et al.: The Atlantic meridional overturning circulation in high-resolution models, Journal of Geophysical Research: Oceans, 125,
€2019JCO015 522, 2020.

Hofmann, M. and Morales Maqueda, M.: Performance of a second-order moments advection scheme in an ocean general circulation model,
Journal of Geophysical Research: Oceans, 111, 2006.

Iudicone, D., Rodgers, K. B., Plancherel, Y., Aumont, O., Ito, T., Key, R. M., Madec, G., and Ishii, M.: The formation of the oceanOs
anthropogenic carbon reservoir, Scientific reports, 6, 1-16, 2016.

Jones, D. C., Meijers, A. J., Shuckburgh, E., Sallée, J.-B., Haynes, P., McAufield, E. K., and Mazloff, M. R.: How does S ubantarctic M ode
W ater ventilate the S outhern H emisphere subtropics?, Journal of Geophysical Research: Oceans, 121, 6558-6582, 2016.

Katavouta, A., Williams, R. G., and Goodwin, P.: The effect of ocean ventilation on the transient climate response to emissions, Journal of
Climate, 32, 5085-5105, 2019.

Khatiwala, S., Primeau, F., and Hall, T.: Reconstruction of the history of anthropogenic CO 2 concentrations in the ocean, Nature, 462,
346-349, 2009.

Khatiwala, S., Primeau, F., and Holzer, M.: Ventilation of the deep ocean constrained with tracer observations and implications for radiocar-
bon estimates of ideal mean age, Earth and Planetary Science Letters, 325, 116-125, 2012.

Khatiwala, S., Tanhua, T., Mikaloff Fletcher, S., Gerber, M., Doney, S. C., Graven, H. D., Gruber, N., McKinley, G., Murata, A., Rios, A.,
et al.: Global ocean storage of anthropogenic carbon, Biogeosciences, 10, 2169-2191, 2013.

King, B., McDonagh, E., and Desbruyeres, D.: Objectively mapped Argo profiling float data from the Global Ocean, 2004-2020,
https://doi.org/10.5285/961f3c2d-04ca-1911-e053-6c86abc0150b, 2021.

Kobayashi, S., Ota, Y., Harada, Y., Ebita, A., Moriya, M., Onoda, H., Onogi, K., Kamahori, H., Kobayashi, C., Endo, H., et al.: The JRA-55
reanalysis: General specifications and basic characteristics, Journal of the Meteorological Society of Japan. Ser. 11, 93, 548, 2015.

Kuhlbrodt, T. and Gregory, J.: Ocean heat uptake and its consequences for the magnitude of sea level rise and climate change, Geophysical
Research Letters, 39, 2012.

Kuhlbrodt, T., Jones, C. G., Sellar, A., Storkey, D., Blockley, E., Stringer, M., Hill, R., Graham, T., Ridley, J., Blaker, A., et al.: The low-
resolution version of HadGEM3 GC3. 1: Development and evaluation for global climate, Journal of Advances in Modeling Earth Systems,
10, 28652888, 2018.

Lévy, M., Estublier, A., and Madec, G.: Choice of an advection scheme for biogeochemical models, Geophysical Research Letters, 28,
3725-3728, 2001.

16


https://doi.org/10.5285/961f3c2d-04ca-1911-e053-6c86abc0150b

505

510

515

520

525

530

535

Li, F, Lozier, M. S., Danabasoglu, G., Holliday, N. P., Kwon, Y.-O., Romanou, A., Yeager, S. G., and Zhang, R.: Local and downstream
relationships between Labrador Sea Water volume and North Atlantic meridional overturning circulation variability, Journal of Climate,
32, 3883-3898, 2019.

Lozier, M., Li, F,, Bacon, S., Bahr, E.,, Bower, A., Cunningham, S., De Jong, M., De Steur, L., DeYoung, B., Fischer, J., et al.: A sea change
in our view of overturning in the subpolar North Atlantic, Science, 363, 516-521, 2019.

Lozier, M. S.: Deconstructing the conveyor belt, science, 328, 1507-1511, 2010.

Lozier, M. S.: Overturning in the North Atlantic, Annual review of marine science, 4, 291-315, 2012.

Luyten, J., Pedlosky, J., and Stommel, H.: The ventilated thermocline, Journal of Physical Oceanography, 13, 292-309, 1983.

MacGilchrist, G. A., Marshall, D. P., Johnson, H. L., Lique, C., and Thomas, M.: Characterizing the chaotic nature of ocean ventilation,
Journal of Geophysical Research: Oceans, 122, 7577-7594, 2017.

MacGilchrist, G. A., Johnson, H. L., Marshall, D. P,, Lique, C., Thomas, M., Jackson, L. C., and Wood, R. A.: Locations and Mechanisms of
Ocean Ventilation in the High-Latitude North Atlantic in an Eddy-Permitting Ocean Model, Journal of Climate, 33, 10 113-10 131, 2020.

MacGilchrist, G. A., Johnson, H. L., Lique, C., and Marshall, D. P.: Demons in the North Atlantic: Variability of deep ocean ventilation,
Geophysical Research Letters, 48, e2020GL092 340, 2021.

Madec, G.: the NEMO team: Nemo ocean engine -Version 3.4, Note du Pole de modélisation, Institut Pierre-Simon Laplace (IPSL), 27,
2014.

Marzocchi, A., Hirschi, J. J.-M., Holliday, N. P., Cunningham, S. A., Blaker, A. T., and Coward, A. C.: The North Atlantic subpolar circulation
in an eddy-resolving global ocean model, Journal of Marine Systems, 142, 126-143, 2015.

Meijers, A., Cerovecki, I., King, B. A., and Tamsitt, V.: A see-saw in Pacific subantarctic mode water formation driven by atmospheric
modes, Geophysical Research Letters, 46, 13 152—-13 160, 2019.

Moat, B. I, Smeed, D. A., Frajka-Williams, E., Desbruyeres, D. G., Beaulieu, C., Johns, W. E., Rayner, D., Sanchez-Franks, A., Baringer,
M. O., Volkov, D., et al.: Pending recovery in the strength of the meridional overturning circulation at 26° N, Ocean Science, 16, 863-874,
2020.

Naveira Garabato, A. C., MacGilchrist, G. A., Brown, P. J., Evans, D. G., Meijers, A. J., and Zika, J. D.: High-latitude ocean ventilation
and its role in Earth’s climate transitions, Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering
Sciences, 375, 20160 324, 2017.

Olsen, A., Lange, N., Key, R. M., Tanhua, T., Bittig, H. C., Kozyr, A., Alvarez, M., Azetsu-Scott, K., Becker, S., Brown, P. J., et al.: An
updated version of the global interior ocean biogeochemical data product, GLODAPv2. 2020, Earth System Science Data, 12, 3653-3678,
2020.

Orr, J. C., Najjar, R. G., Aumont, O., Bopp, L., Bullister, J. L., Danabasoglu, G., Doney, S. C., Dunne, J. P., Dutay, J.-C., Graven, H.,
et al.: Biogeochemical protocols and diagnostics for the CMIP6 Ocean Model Intercomparison Project (OMIP), Geoscientific Model
Development, 10, 2169-2199, 2017.

Pedlosky, J. and Robbins, P.: The role of finite mixed-layer thickness in the structure of the ventilated thermocline, Journal of physical
oceanography, 21, 1018-1031, 1991.

Petit, T., Lozier, M. S., Josey, S. A., and Cunningham, S. A.: Atlantic deep water formation occurs primarily in the Iceland Basin and Irminger
Sea by local buoyancy forcing, Geophysical Research Letters, 47, e2020GL091 028, 2020.

Prather, M. J.: Numerical advection by conservation of second-order moments, Journal of Geophysical Research: Atmospheres, 91, 6671—

6681, 1986.

17



540

545

550

555

560

565

570

575

Primeau, F.: Characterizing transport between the surface mixed layer and the ocean interior with a forward and adjoint global ocean transport
model, Journal of Physical Oceanography, 35, 545-564, 2005.

Rae, J., Hewitt, H., Keen, A., Ridley, J., West, A., Harris, C., Hunke, E., and Walters, D.: Development of the global sea ice 6.0 CICE
configuration for the met office global coupled model, Geoscientific Model Development, 8, 2221-2230, 2015.

Rattan, S., Myers, P. G., Treguier, A.-M., Theetten, S., Biastoch, A., and Boning, C.: Towards an understanding of Labrador Sea salinity drift
in eddy-permitting simulations, Ocean Modelling, 35, 77-88, 2010.

Redi, M. H.: Oceanic isopycnal mixing by coordinate rotation, Journal of Physical Oceanography, 12, 1154-1158, 1982.

Rhein, M., Steinfeldt, R., Kieke, D., Stendardo, I., and Yashayaev, I.: Ventilation variability of Labrador Sea Water and its impact on oxygen
and anthropogenic carbon: a review, Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences,
375,20160321, 2017.

Stommel, H.: Determination of water mass properties of water pumped down from the Ekman layer to the geostrophic flow below, Proceed-
ings of the National Academy of Sciences, 76, 3051-3055, 1979.

Storkey, D., Blaker, A. T., Mathiot, P., Megann, A., Aksenov, Y., Blockley, E. W., Calvert, D., Graham, T., Hewitt, H. T., Hyder, P, et al.: UK
Global Ocean GO6 and GO7: A traceable hierarchy of model resolutions, Geoscientific Model Development, 11, 3187-3213, 2018.

Talley, L., Feely, R., Sloyan, B., Wanninkhof, R., Baringer, M., Bullister, J., Carlson, C., Doney, S., Fine, R., Firing, E., et al.: Changes in
ocean heat, carbon content, and ventilation: a review of the first decade of GO-SHIP global repeat hydrography, Annual Review of Marine
Science, 8, 185-215, 2016.

Tsujino, H., Urakawa, S., Nakano, H., Small, R. J., Kim, W. M., Yeager, S. G., Danabasoglu, G., Suzuki, T., Bamber, J. L., Bentsen, M.,
et al.: JRA-55 based surface dataset for driving ocean—sea-ice models (JRAS55-do), Ocean Modelling, 130, 79-139, 2018.

Van Sebille, E., Griffies, S. M., Abernathey, R., Adams, T. P., Berloff, P., Biastoch, A., Blanke, B., Chassignet, E. P., Cheng, Y., Cotter, C. J.,
et al.: Lagrangian ocean analysis: Fundamentals and practices, Ocean Modelling, 121, 49-75, 2018.

Waugh, D. W,, McC. Hogg, A., Spence, P., England, M. H., and Haine, T. W.: Response of Southern Ocean ventilation to changes in
midlatitude westerly winds, Journal of Climate, 32, 5345-5361, 2019.

Williams, R. G. and Meijers, A.: Ocean Subduction, in: Encyclopedia of Ocean Sciences (Third Edition), edited by Cochran, J. K., Boku-
niewicz, H. J., and Yager, P. L., pp. 141-157, Academic Press, https://doi.org/https://doi.org/10.1016/B978-0-12-409548-9.11297-7, 2019.

Yashayaev, I.: Hydrographic changes in the Labrador Sea, 1960-2005, Progress in Oceanography, 73, 242-276, 2007.

Yool, A., Palmiéri, J., Jones, C., Sellar, A., de Mora, L., Kuhlbrodt, T., Popova, E., Mulcahy, J., Wiltshire, A., Rumbold, S., et al.: Spin-up of
UK Earth System Model 1 (UKESM1) for CMIP6, Journal of Advances in Modeling Earth Systems, 12, e2019MS001 933, 2020.

Yool, A., Palmiéri, J., Jones, C. G., de Mora, L., Kuhlbrodt, T., Popova, E. E., Nurser, A. J. G., Hirschi, J., Blaker, A. T., Coward, A. C.,
Blockley, E. W., and Sellar, A. A.: Evaluating the physical and biogeochemical state of the global ocean component of UKESM1 in CMIP6
Historical simulations, Geoscientific Model Development, accepted, https://doi.org/10.5194/gmd-2020-333, https://gmd.copernicus.org/
preprints/gmd-2020-333/, 2021.

Zalesak, S. T.: Fully multidimensional flux-corrected transport algorithms for fluids, Journal of computational physics, 31, 335-362, 1979.

Zanna, L., Khatiwala, S., Gregory, J. M., Ison, J., and Heimbach, P.: Global reconstruction of historical ocean heat storage and transport,
Proceedings of the National Academy of Sciences, 116, 1126-1131, 2019.

Zika, J. D., Gregory, J. M., McDonagh, E. L., Marzocchi, A., and Clement, L.: Recent water mass changes reveal mechanisms of ocean

warming, Journal of Climate, pp. 1-52, 2020.

18


https://doi.org/https://doi.org/10.1016/B978-0-12-409548-9.11297-7
https://doi.org/10.5194/gmd-2020-333
https://gmd.copernicus.org/preprints/gmd-2020-333/
https://gmd.copernicus.org/preprints/gmd-2020-333/
https://gmd.copernicus.org/preprints/gmd-2020-333/

Zou, S., Lozier, M. S., and Buckley, M.: How is meridional coherence maintained in the lower limb of the Atlantic meridional overturning
circulation?, Geophysical Research Letters, 46, 244-252, 2019.
Zou, S., Lozier, M. S., Li, F.,, Abernathey, R., and Jackson, L.: Density-compensated overturning in the Labrador Sea, Nature Geoscience,

13, 121-126, 2020.

19



a WML [m], NEMO ] b WML [m], EN4

60°E 120°E 180°W 120°W 60°W 60°E 120°E 180°W 120°W 60°W

c WML [m], NEMO - EN4 ., WML [m], ARGO Ol

60°E 120°E 180°W 120°W 60°W 60°E 120°E 180°W 120°W 60°W

. T | _ T
-300 -200 -100 0 100 200 300 0 50 100 150 200 250 300

Figure 1. Winter (i.e. temporal maximum) mixed layer depth (m) between 2004 and 2017 in NEMO (a), EN4 (b) and Argo (d) and the
difference between NEMO and EN4 (c). Note that the temporal resolution is monthly for NEMO and EN4, while it is every 10 days for
Argo.
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Figure 2. CFC-11 distribution in the model along a mid-Atlantic section at 25°W (a) and observations from the GLODAP dataset along the
WOCE/GO-SHIP A16 line.
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Figure 3. Schematic representation of the injection of dye tracers in the model.
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Figure 4. Dye inventory for each ocean basin and globally 22 years after injection (in 1980 for the 1958 vintage; blue bars, left y-axis) and
after 60 years (in 2017; orange bars) and the volume of each basin (green bars, right y-axis). Numbers indicate the respective percentage of

the global inventory for each ocean basin and the inset shows how the boundaries of the basins have been defined here.
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Figure 5. Mid-Atlantic cross section (25°W, as shown in the inset) of dye concentration (a) and its distribution as a function of depth (b) and

latitude (c) globally and for all ocean basins at the end of the simulation (2017), after 60 years of dye injection (1958 vintage).
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Figure 7. Ventilation thickness 1 year (a), 3 years (b) and 25 years (c) after the dye injection for one of the vintages.
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Figure 9. Ventilation thickness for both hemispheres and for the same 36 dyes of Figure 8, 3 years (a) and 25 years after injection (b). Note

that the scale in different in the two panels and it does not start from zero.
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Figure 11. Global tracer concentration 25 years after injection for seven different vintages as a function of depth (a) and latitude (b).
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Figure 12. Tracer concentration 25 years after injection for two of the vintages, one that was injected in a year of strong Northern Hemisphere

convection (a) and a weak one (b) along a mid-Atlantic north-south section (as shown in the inset of Figure 5a).
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Figure 13. Timeseries of AMOC at 26°N at 1000m and Northern Hemisphere residuals of the correlation in Figure 10b (a) and correlation
of the AMOC against the residuals (b) from panel a.
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