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Abstract

The Atlantic Meridional Overturning Circulation (AMOC) is one of the most essential mechanisms influencing our climate

system. By comparing constant depth (z-AMOC) and density (ρ-AMOC) frameworks under pre-industrial, historical and abrupt

4xCO2 scenarios we analyze how the circulation mean state and variability differ amongst them. Water mass transformations

are also assessed as a matter of analyzing surface-induced and interior-mixing-induced transformations. As expected, both

location and strength of AMOC maxima are deeply affected by the framework choice, with the AMOC reaching a maximum

transport of 21 Sv at around 35°N under constant depth coordinates, as opposed to 25 Sv at 55degN when diagnosed from

density surfaces for both pre-industrial and historical climate. When quadrupling the CO2, both frameworks exhibit an abrupt

AMOC weakening followed by a steady recovery to maximum values of 10-15 Sv. The z-AMOC maxima timeseries correlates

more with those at 26degN (r 0.7) than with the ρ-AMOC maxima (r -0.3), due to the flatter isopycnals in the z framework

even in the subpolar North Atlantic, where isopycnals are, in fact, steeper. Based on this discrepancy, we argue that the density

framework is more coherent to the physics of this circulation by directly incorporating water mass transformations and their

density structure. We suggest that more analysis across timescales and under different conditions must be performed with

density surface outputs being provided by as many models as possible, to enable a more comprehensive analysis of these two

frameworks and their applications.
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Abstract
The Atlantic Meridional Overturning Circulation (AMOC) is one of the most essential
mechanisms influencing our climate system. By comparing constant depth (z-AMOC)
and density (ρ-AMOC) frameworks under pre-industrial, historical and abrupt 4xCO2

scenarios we analyze how the circulation mean state and variability differ amongst them.
Water mass transformations are also assessed as a matter of analyzing surface-induced
and interior-mixing-induced transformations. As expected, both location and strength
of AMOC maxima are deeply affected by the framework choice, with the AMOC reach-
ing a maximum transport of 21 Sv at around 35 °N under constant depth coordinates,
as opposed to ∼ 25 Sv at 55 °N when diagnosed from density surfaces for both pre-industrial
and historical climate. When quadrupling the CO2, both frameworks exhibit an abrupt
AMOC weakening followed by a steady recovery to maximum values of 10-15Sv. The
z-AMOC maxima timeseries correlates more with those at 26 °N (r ∼0.7) than with the
ρ-AMOC maxima (r ∼-0.3), due to the flatter isopycnals in the z framework even in the
subpolar North Atlantic, where isopycnals are, in fact, steeper. Based on this discrep-
ancy, we argue that the density framework is more coherent to the physics of this cir-
culation by directly incorporating water mass transformations and their density struc-
ture. We suggest that more analysis across timescales and under different conditions must
be performed with density surface outputs being provided by as many models as pos-
sible, to enable a more comprehensive analysis of these two frameworks and their appli-
cations.

Plain Language Summary

The global ocean circulation is largely responsible for inter-hemispheric transport
of several properties in the form of ocean currents and water masses that occupy differ-
ent density classes in the water column. Its branch in the Atlantic Ocean, the Atlantic
Meridional Overturning Circulation (AMOC) is deemed to have a larger role in this pro-
cess, driving feedbacks that strongly influence climate change across timescales. In Cli-
mate and Earth System Models, the AMOC strength is calculated over a period of time
using different horizontal and vertical resolutions, mainly by averaging the water column
in constant depth intervals (z-AMOC). However, as the ocean isopycnals are steeper where
deep convection occurs, we argue that studying the AMOC should include an analysis
of its state and variability by calculating this circulation as a function of density and lat-
itude (ρ-AMOC). To support our claim, we performed simulations under pre-industrial
and historical forcing and in a scenario where the CO2 concentrations were quadrupled
(4xCO2). From our results, we indicate that ρ-AMOC provides more physical and mean-
ingful information about the AMOC strength, stability, and water mass transformations,
and we suggest further analysis that can contribute to our understanding of the under-
lying mechanisms driving this circulation.

1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is considered one of the
tipping elements of the Earth’s system, as it is responsible for approximately 25% of the
global heat transport and for up to half of the deep-water formation in the ocean (Srokosz
et al., 2012). Therefore, investigating its underlying mechanisms has become of partic-
ular importance as it is essential to understand climate change across timescales and un-
der different scenarios, as well as climate extremes (Bellomo et al., 2021). These factors
among others are responsible for the boosted interest and investment in developing re-
search about the AMOC strength and variability over the past decades.

From a simplified definition, the AMOC consists firstly of an upper limb of warm
and saline waters moving towards the subpolar North Atlantic (Broecker, 1987). This
limb is established from two main pathways, the so-called cold and warm routes. The
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cold route is supplied by the cold and fresh waters entering the Atlantic from the Drake
Passage, in the Southern Ocean, whereas the warm route is supplied by relatively warm
and salty waters injected into the Atlantic from the Agulhas Leakage region, on the con-
nection between the Indian and Atlantic oceans (Rühs et al., 2019). The maximum north-
ward transport is observed in its mid-depth cell, around 1200 meters depth, within 30°N
to 65°N (McCarthy et al., 2017). When the waters composing the upper limb reach the
northern North Atlantic, because of heat loss to the atmosphere and subsequent buoy-
ancy loss (density gain), it sinks and returns southwards as a cold and dense lower limb,
mostly represented by the North Atlantic Deep Water (NADW) (Cheng et al., 2013; Buck-
ley & Marshall, 2016).

The AMOC strength and variability are driven by buoyancy fluxes and interior mix-
ing augmented by cabbeling and thermobaricity. Therefore, they critically depend on
fluctuations in the heat and freshwater fluxes along the Atlantic Ocean which control the
density of the water masses being transported by ocean currents (Sévellec & Fedorov,
2016).

The AMOC variability includes decadal, and centennial to millennial scales (Marson
et al., 2014), making its analysis rather untrivial, especially if one considers that the cur-
rent observational arrays are somewhat limited as they still lack temporal resolution and
are biased by the natural variability of the system (Frajka-Williams et al., 2019). More-
over, observing the Earth at a fine spatial resolution is not yet feasible. Hence for the
analysis of the paleo, current, and future climate simulations the researchers often re-
sort to numerical model simulations.

Owing to the necessity of improving the hierarchy of models available for climate
research, many institutions started to develop their own Coupled and Earth System Mod-
els (CMs and ESMs, respectively), and a project which could foster a common frame-
work for climate research became necessary. In this sense, the Coupled Model Intercom-
parison Project (CMIP) was initiated under the aegis of the World Climate Research Pro-
gramme (WCRP). There is no doubt about the contribution of these models to the cur-
rent understanding of climate processes and variability, especially under the latest CMIP
phase (CMIP6; (Eyring et al., 2016)). However, model uncertainties are still a caveat
for decision-making towards adapting to and mitigating climate change once they reduce
the confidence in the results presented.

The most common limitations leading to model uncertainty in several aspects are
biases resulting from their parameterizations and resolutions. If on one hand high-resolution
models are capable of simulating smaller-scale processes, they are still largely constrained
by the temporal scale and computational cost. The models allowing for simulations across
longer timescales are often configured at a coarse resolution, which can sacrifice processes
that rely heavily on eddy variability, for example (Hirschi et al., 2020; Chassignet et al.,
2020). Overall, the methodology used to study the climate will depend on the scope of
each research, limitations, and concessions which can be made. In addition, several gaps
still need to be filled, such as the widely-known poorly prescribed cloud coverage by many
models which imposes unusual precipitation patterns over the eastern basins, thus in-
fluencing sea surface salinity and freshwater fluxes in these regions (Reintges et al., 2017;
Stouffer et al., 2017; Foltz et al., 2019).

Another point for consideration is the choice of vertical coordinates. For most CMIP
model output, the ocean dynamics are represented under constant depth coordinates,
and therefore the AMOC is calculated as a zonally averaged stream function varying in
latitude and constant depth intervals (z-AMOC hereafter)(Mecking et al., 2017). Even
though this representation may be more straightforward than others, the AMOC vari-
ability is primarily driven by water mass transformations towards deep convection in the
subpolar Atlantic, where most oceanic flows follow inclined isopycnal surfaces. Thus, this
circulation would be better defined as a function of density and latitude (ρ-AMOC here-
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after) (Sidorenko, Danilov, Fofonova, et al., 2020; Xu et al., 2018; Megann, 2018; John-
son et al., 2019).

Considering both frameworks, the representation of the ocean under density sur-
faces offers the advantage of directly accounting for water mass transformations (Desbruyères
et al., 2019), while averaging the ocean in constant depths may lead to the formation
of spurious cells (such as the Deacon cell in the Southern Ocean; see Döös and Webb (1994);
D. P. Stevens and Ivchenko (1997); Speer et al. (2000)), and the highly discussed dis-
crepancy between models and observations on the AMOC stability. Even though both
agree that the AMOC is weakening in the current decade, the magnitude of this weak-
ening is higher in observations. Under the current climate model results, the AMOC is
often too strong, probably because of a misrepresentation of deep convection as a con-
sequence of large salinity biases masking the effect of increasing meltwater input in the
subpolar North Atlantic due to climate change (Liu et al., 2017).

Here we investigate the AMOC mean state and variability under two different frame-
works by a suite of simulations conducted with AWI-ESM2.1 (Alfred Wegener Institute
Earth System Model version 2.1). AWI-ESM2.1 performs the diagnostics in both frame-
works online, which advances this methodology over previous studies (Sidorenko et al.,
2021).

This manuscript is organized as follows: section 2 describes the methodology em-
ployed in the simulations, section 3 is dedicated to explaining the AMOC mean state and
variability, and section 4 the water mass transformations. The discussion on the most
critical questions arising from the results is presented in section 5, followed by the con-
clusions in section 6.

2 Methodology

2.1 Model description and simulation setup

Pre-industrial, historical and 4xCO2 simulations of AMOC under density surface
(ρ-AMOC) and constant depth (z-AMOC) coordinates were performed with AWI-ESM2.1
(Sidorenko et al., 2015; Rackow et al., 2018). It is built under the modular framework
of ESM-tools software (Barbi et al., 2021), which allows for the reuse of the developments
in several contexts regardless of the lifespan of the model components. This model con-
figuration includes ECHAM6.3 (B. Stevens et al., 2013) as the atmospheric component,
and FESOM2.1 (Finite-volumE Sea ice-Ocean Model version 2.1; (Danilov et al., 2017;
Sidorenko et al., 2019; Scholz et al., 2019; Koldunov et al., 2019; Scholz et al., 2022)) as
the ocean and ice component. In its modular framework, the AWI-ESM2.1 model com-
ponents are coupled by the OASIS3-MCT coupler (Valcke, 2013; Craig et al., 2017) with
ECHAM6.3 computing 12 air-sea fluxes based on four surface fields provided by FESOM2.1,
while OASIS3-MCT maps the mean fields and accumulated fluxes between the model
components every 6 hours.

ECHAM6.3 is mainly developed by the Max Planck Institute for Meteorology (MPI-
M) and is focused on the coupling of processes driven by radiative forcing such as dia-
batic processes and large-scale circulations. In AWI-ESM2.1, the gaussian grid config-
uration T63L47 of ECHAM is employed, with a horizontal spectral resolution of about
1.9° and 47 vertical levels, which is one of the few configurations providing a stable cli-
mate when coupled with ocean models (Giorgetta et al., 2013). It also includes a land
surface model, JSBACH (Raddatz et al., 2007), providing interactive vegetation dynam-
ics.

FESOM2.1, developed by Alfred Wegener Institute, is a hydrostatic ocean and ice
circulation model built on triangular unstructured meshes and under a finite volume ap-
proach, enabling simulations with variable resolution without the need for nesting and
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with a higher computer efficiency (Shi et al., 2020). In FESOM2.1, the mesh is config-
ured with a nominal one-degree resolution in the ocean interior, becoming finer towards
the Equator and north of 50°N, where it reaches 1/3° and 24 km, respectively, and the
ocean surface is discretized in about 127,000 grid points. The vertical resolution is dis-
tributed in 46 depth levels under an Arbitrary-Lagrangian-Eulerian (ALE) vertical co-
ordinate scheme, which allows for the application of distinct vertical layers. In this sim-
ulation, the z* vertical coordinate is employed, enabling the reduction of spurious mix-
ing by scaling the vertical coordinate in proportion to sea surface height (Petersen et al.,
2015).

For the online diagnostic of AMOC in density classes, the model vertical levels are
remapped onto 85 density bins (ρ-bins) referenced to 2000 dbar (σ2; kgm−3) and rang-
ing from 30-40kgm−3, following the description of Megann (2018), Xu et al. (2018) and
Sidorenko, Danilov, Fofonova, et al. (2020).

The Pre-industrial (PI) control simulation employed here consists of a 1300 year
integration of model components under an external forcing from the year 1850, where
only the last 300 years were used for analysis. Additionally, the historical and the 4xCO2

simulations were initialised from the final state of the PI run from 1850, according to CMIP
standards.

The simulations were performed to provide all the usual variables as an output in
addition to the transports in density space. The fact that these computations were per-
formed simultaneously during run time diminishes computational costs and storage needs
(Sidorenko et al., 2021).

2.2 Mathematical framework

In addition to ρ-AMOC, the contributions from surface-induced diapycnal and interior-
mixing-induced water mass transformations to the AMOC (referred to as surface and
interior transformations hereafter), as well as the volume drift between density classes
are also calculated. z-AMOC, ρ-AMOC, and surface and internal transformations are
calculated following Sidorenko, Danilov, Fofonova, et al. (2020) mathematical framework,
using the algorithms for AMOC on unstructured meshes described in Sidorenko, Danilov,
Koldunov, et al. (2020). We only provide some basic definitions here for the sake of com-
pleteness. Thus, ρ-AMOC is defined according to Eq. 1 below:

ψσ(y, ρ) =

∫ y

North

∫ West

East

wp(x
′, y′, ρ′)dx′dz′ (1)

Where wp corresponds to the diapycnal velocity across the density surface ρ, and
is obtained through reconstruction from the divergence of horizontal flow within each
density bin. Even though ρ-AMOC can also be calculated with the meridional velocity,
using diapycnal velocity instead is deemed to be more convenient for online diagnostic
computation, less noisy and directly connected to water mass transformations (Sidorenko,
Danilov, Fofonova, et al., 2020).

In order to calculate internal transformations ψI, it is first necessary to calculate
the total diapycnal transport, ψT, and the surface-forced transformation, ψS, once the
first is the result of the difference between the two latest, according to the following Eqs.
2, 3, 4:

ψT (y, ρ) = ψσ(y, ρ)−
∆V

∆t
(2)
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ψS(y, ρ) =
1

∆ρ

∫ East

West

∫ y

North

∫ ρ− δρ
2

ρ+ δρ
2

Fp(x
′, y′, ρ′)dρ′dy′dx′ (3)

ψI(y, ρ) = ψσ(y, ρ)−
∆V

∆t
− ψS(y, ρ) (4)

where FP is the buoyancy flux, ∆ρ is the size of the density bin and ∆V/∆t rep-
resents the model drift (i.e. rate of volume change over time). According to the same
rationale, z-AMOC is also calculated using vertical velocity (w), following the Eq. 5 be-
low:

ψz(y, z) =

∫ y

North

∫ π

−π

w(x, y′, z′)dx′dy′ (5)

3 AMOC mean state and variability
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Figure 1. Mean AMOC strength for pre-industrial a) ρ - and b) z-AMOC, historical c) ρ- and

d) z-AMOC and e) ρ- and f) z-AMOC.
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Figures 1a, c, and e display ρ-AMOC (ψσ) for pre-industrial, historical and 4xCO2

scenarios, respectively. Overall, ψσ is characterised by a mid-depth cell associated with
NADW that flows southward as the AMOC lower limb. This cell is centered at around
36.62 kgm−3 with a mean strength of ∼ 25 Sv, 22 Sv and 13 Sv at 50°N, 52°N and 56°N
for pre-industrial, historical and 4xCO2 runs, respectively, where water mass transfor-
mations resulting in deep convection tend to occur. A shallower secondary maximum near
20°N is also featured, representing the diapycnal component of the subtropical gyre. The
bottom cell, however, representing the Antarctic Bottom Water (AABW) is not depicted
and would be characterized by a cell centered around 37.15 kgm−3 reaching up to 20°N,
even tough its magnitude is consistently small in previous studies (Xu et al., 2018; Sidorenko
et al., 2021). Another feature depicted by Figures 1a, c, and e are the Nordic Seas Over-
flow Waters (NSOW), characterized by a large vertical extent of strong circulation from
60° to 80°N, as a result of its topographic limitations (Saunders, 2001).

Z-AMOC (ψz) is displayed in figures 1b, d, and e for pre-industrial, historical, and
4xCO2 scenarios, respectively. Its middepth cell is centered at around 1000m with a max-
imum at approximately 32°N of ∼ 21 Sv for pre-industrial and historical runs, and ∼ 12 Sv
for the 4xCO2 run. The bottom cell is centered at 4000m with a strength of ∼ 2-4 Sv
in all runs, however, this cell reaches up to 40°N when CO2 concentrations are quadru-
pled.

The presence of a recirculation cell characterised by closed streamlines surround-
ing the AMOC maximum is common to both frameworks. However, the ρ-AMOC re-
circulation is shifted further North, between 45°N and 60°N when compared to z-AMOC,
with the recirculation cell confined between 30°N and 45°N. Such displacement is typ-
ical for model results with constant-depth frameworks and coarse resolutions, such as
most CMIP models, indicating that the biases which are present do not impair the con-
sonance of the results when compared to other models of similar configuration (Xu et
al., 2019).

Figure 2 provides meaningful information on the trend from pre-industrial to his-
torical and 4xCO2 forcing. In figure 2a, the ρ-AMOC trend is expressed by a weaken-
ing of the subpolar cell from 40-60°N and concurrent strengthening south of ∼ 30°N. The
weakening is also prominent for both tropical and subpolar cells. On the other hand, fig-
ure 2b depicts an overall AMOC weakening in the first 1500m, while it is strengthened
below this level. Such strengthening is a result of a deepened NADW and a stronger AABW,
instead of an actual increase in volume transport, as the magnitude of the circulation
remains the same.

There is more consistency between trends in the two frameworks for 4xCO2 (Fig-
ures 2c and d) scenarios where both show a weakening of the subpolar cells. This reduced
strength is, however, more expressed in the density framework plots (Figure 2d).

The evaluation of AMOC variability can be performed following diverse modelling
and observational approaches. Most studies with coupled-climate and earth system mod-
els compute AMOC at 3 different regions where observational arrays were also conducted
over the past decade: (1) 34°S, the southernmost limit of the Atlantic and where the SAMBA
array is located (Meinen et al., 2018), (2) between 30 to 65°N, where the circulation is
deemed to be the strongest (Mecking et al., 2017; Matos et al., 2020), and the OSNAP
array is developed (Lozier et al., 2017), and/or (3) 26.5°N, where the RAPID/MOCHA
array is located (McCarthy et al., 2017). All approaches are used within the scope of the
hypothesis presented, however, for this study two regions were chosen to describe the AMOC
variability under both frameworks: the AMOC maxima, located at around 30°N for z-
AMOC and 50°N for ρ-AMOC; and at 26°N to allow for comparisons with observations.

The time series (Figure 3) highlights that not only the location of the AMOC max-
ima but also the AMOC variability is affected by the choice of framework. The variabil-
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ity under historical forcing is stronger compared to PI, as expected for such a transient
forcing, and it is similar for z-AMOC maxima and the circulation at 26°N in both cases.
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This reinforces the theory that z-AMOC displays a less significant weakening towards
historical forcing than ρ-AMOC due to its maximum being located at a subtropical re-
gion, rather than it being a result of a decreased deep convection. On the other hand,
the variability is strikingly similar for both frameworks under 4xCO2 forcing (σ=∼1.9),
with an abrupt weakening during the first 50 years of simulation, followed by a steady
recovery until the end of the century, still not sufficient to bring the AMOC strength to
PI or historical levels.
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Figure 4. Correlation panel for both frameworks and under all forcing for the full time-series,

at the AMOC maxima and at 26°N.

In terms of transport, ρ-AMOC is stronger compared with z-AMOC in the two re-
gions considered. This pattern is expected, once the isopycnals in the subtropics are not
so steep, therefore adopting a density approach to vertical coordinates imposes many dif-
ferences and the results are similar to those of Sidorenko, Danilov, Fofonova, et al. (2020);
Sidorenko et al. (2021) and Xu et al. (2018). This strongly indicates that even under dif-
ferent model configurations, the density surface approach is more suitable to explain the
physics of the governing processes. Consequently, the AMOC maxima time series are not
significantly correlated except under abrupt forcing, where the circulation enters a new
regime. On the other hand, the time series of z- and ρ-AMOC at 26°N, and z-AMOC
maxima are highly correlated (figure 4).
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4 Surface-forced diapycnal and interior-mixing-induced water mass trans-
formations

When inspecting the surface-forced diapycnal water mass transformations (ψS; Fig-
ures 5a, c, and e), one needs to consider that they reflect surface buoyancy fluxes and
therefore only influence the surface mixed layer, therefore, it cannot be employed to track
water masses (Xu et al., 2018). The pre-industrial pattern (Figure 5a) allows for the iden-
tification of three main cells within the limit of the upper limb: (1) the tropical cell cen-
tered at around 31.5 kgm−3, (2) the subtropical cell centered at 34.2 kgm−3, and (3) the
subpolar cell centered at 36.8 kgm−3. The intermediate layer around 36.2 kgm−3 rep-
resents the Antarctic Intermediate Water (AAIW), formed in the Southern Ocean at in-
termediate density levels due to its low temperature/low salinity contrast (Santoso &
England, 2004). This stratified pattern is important to provide information on the di-
rection of the water mass transformation. The region to which each cell is attributed de-
pends on the maximum reach.

Therefore, in the tropics, the surface-forced diapycnal transformations occur to-
wards lighter waters, while in the subtropical and subpolar regions, they occur towards
denser waters. When considering the role of the heat and freshwater fluxes in these buoyancy-
driven transformations, heat fluxes drive these processes when compared with freshwa-
ter fluxes (not shown).

The interior-mixing-induced transformations (ψI; Figures 5 b, d, and f) account
for water masses that are transformed by interior mixing and cabbeling after being ad-
vected from water masses modified by surface transformations. In a more simplified con-
cept, it includes any water mass transformation which is not caused by air-sea buoyancy
fluxes (Xu et al., 2018). These transformations are also affected by the model drift, once
they are calculated by subtracting the total transformations from ψS. Especially for this
simulation, the model drift is negligible, therefore, to compute the internal transforma-
tions, it was not considered.

The maximum of ψI located around the ρ-AMOC maxima indicates that the AMOC
recirculation cell in pre-industrial (Figure 5b) and historical (Figure 5d) periods is sub-
stantially influenced by these transformations, even though the surface-forced diapyc-
nal transformations still play a role by triggering mixing and consequent deep convec-
tion. On the other hand, the surface transformations are stronger in a more abrupt sce-
nario (Figure 5f), becoming the maintainer of the overturning as the consequent mix-
ing is not sufficient to create convection.

As an overall comparison between subpolar water mass transformations, both sur-
face and interior transformations are directed downwards contributing to deep water for-
mation. In subtropical regions, however, these transformations are directed towards lighter
waters, contributing to the shallower secondary maxima occurring in this region. In the
tropics, the surface-forced transformations are compensated by interior mixing result-
ing from the upwelling of the AMOC upper limb, resulting in an overall lighter circu-
lation in this region. Additionally, in deeper waters, the interior mixing induced trans-
formations occur towards denser water from 60-80°N, whereas towards lighter waters fur-
ther south, triggering the formation of lighter NSOW which later contributes to the lower
NADW cell.

As observed in Figure 5, these surface transformations can occur and trigger in-
terior mixing at all density levels. As a way to visualize how and where these water mass
transformations occur as a contribution to the AMOC under density surfaces or constant
depth, figure 6 shows the surface transformations (Figures 6a, d, and g), diapycnal ve-
locity (Figures 6b, e, and h), and vertical velocities (Figures 6c, f, and i) at the mid-depth
cell location for each climate. These maps were conservatively remapped onto 4°x4° boxes
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Figure 5. Mean surface-forced diapycnal water mass transformations (ψS) and interior-

mixing-induced transformations (ψI) under pre-industrial (a and b), historical (c and d), and

4xCO2 forcing (e and f), respectively

as the native grid would display a very noisy pattern, impairing the analysis of the gov-
erning processes.

Considering the pre-industrial forcing (Figures 6 a, b, and c), the pattern is qual-
itatively similar to that seen in Sidorenko et al. (2020) using the ocean-only simulation
with CORE-II mesh. For surface transformations (Figure 6a), buoyancy loss (blue) is
more prominent and seen at the Labrador and Irminger Seas (LS and IS, respectively)
and along the Norwegian coast, whereas buoyancy gain (red) is not as strong and is con-
fined to the east coast of Greenland and north of the Greenland-Scotland ridge. The com-
bination of surface and interior transformations provides the pattern for total transfor-
mations, which are here depicted as diapycnal velocities (Figure 6b). In this sense, the

–11–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Pr
e-

in
du

st
ria

l
La

tit
ud

e(
0 )

30°N

60°N

75°N

80°W 40°W 0°

Surface Transformations

30°N

60°N

75°N

80°W 40°W 0°

Diapycnal velocity

30°N

60°N

75°N

80°W 40°W 0°

Vertical velocity

Hi
st

or
ica

l
La

tit
ud

e(
0 )

30°N

60°N

75°N

80°W 40°W 0°
30°N

60°N

75°N

80°W 40°W 0°
30°N

60°N

75°N

80°W 40°W 0°

Longitude (0)

4x
CO

2
La

tit
ud

e(
0 )

30°N

60°N

75°N

80°W 40°W 0°
Longitude (0)

30°N

60°N

75°N

80°W 40°W 0°
Longitude (0)

30°N

60°N

75°N

80°W 40°W 0°

1.0 0.5 0.0 0.5 1.0
m/s 1e 5

Figure 6. Mean surface-forced diapycnal water mass transformations (ψS), diapycnal veloc-

ity and vertical velocity at 1000m, under pre-industrial (a, b, and c), historical (d, e, and f),

and 4xCO2 forcing (g, h and i), respectively. For surface transformations and diapycnal veloc-

ities, the density level differs between the forcing, being 36.62 kgm−3 for PI and historical and

36.02 kgm−3 for 4xCO2 simulations

buoyancy loss pattern seen for surface transformations is converted into a larger down-
ward flux but confined to the same regions.

However, there is considerable upward flux in the regions of Baffin Bay and follow-
ing the Gulf Stream and North Atlantic Current routes, as well as in confined areas south
of Iceland. Additionally, the isopycnal ρ=36.62 is shallower at the Labrador Sea com-
pared to the eastern part of the North Atlantic subpolar gyre or further north, similar
to the findings of (Lozier et al., 2019) using observational data from the OSNAP array.

The absence of surface transformations south of 50°N suggests that all transfor-
mations in this region at ρ=36.62 represent internal transformations, but the pattern shown
for diapycnal velocities depicts a small but still noteworthy contribution of a downward
flux. Finally, the pre-industrial vertical velocity at 1000m (Figure 6c) displays a much
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more noisy picture than that provided by ρ-AMOC water mass transformations. Even
though there is a substantial contribution of South Greenland to z-AMOC, this down-
ward flux is counteracted by upward fluxes in the Irminger and Labrador Seas. Addi-
tionally, although both frameworks depict upward flux at Cape Hatteras, the vertical ve-
locity pattern shows downward flux along the Gulf Stream, related to the southward shift
of the z-AMOC recirculation cell at this latitude, while for ρ-AMOC it is shifted further
north.

The magnitude of the surface transformations and diapycnal and vertical veloci-
ties in the historical simulations is quite similar to that of the pre-industrial run. How-
ever, the surface transformations (Figure 6d) at the southern tip of Greenland become
weaker, which results in a considerably decreased downward flux in this region and along
the Norwegian coast, an eastward shift of the Gulf Stream, and a stronger downward flux
along the eastern Labrador Sea. As the vertical velocity pattern (Figure 6f) is quite dif-
ferent from that shown in diapycnal velocity (Figure 6e), so is the historical configura-
tion. The downward flux at the southern tip of Greenland and around the Gulf Stream
is considerably stronger, in contrast to the eastern Atlantic, while there is a decrease in
the upward flux seen at the eastern Labrador sea. Such a pattern can explain why the
z-AMOC maxima remain around the same magnitude in PI and historical, with even a
deepening of the lower cell seen in the latter, whereas ρ-AMOC weakens by 2-3Sv.

Comparing the 4xCO2 run to PI, the abrupt forcing causes a large AMOC weak-
ening of around 12 Sv for the density surface framework and 8 Sv for the constant depth
framework with both showing similar mechanisms being the main triggers. The diapy-
cnal velocity (Figure 6h) plot shows a substantial decrease in the downward flux around
the AMOC maxima (subpolar Atlantic) triggered by buoyancy loss in the LS, south Green-
land and along the Norwegian coast. Buoyancy gain is seen in the eastern IS, which is
also accompanied by an increase in the upward flux in the western region. An increased
upward flux is also seen along the Gulf Stream. Figure 6i also indicates intense buoy-
ancy loss in the Labrador Sea by a decrease in downward flux in the western LS and the
opposite effect in the eastern LS. The downward flux around the AMOC maxima (sub-
tropical Atlantic) is also decreased as in ρ-AMOC, indicating that the same mechanisms
trigger AMOC weakening in both frameworks when under an abrupt forcing, resulting
also in the shoaling of this circulation and a consequent northward shift of the AABW.
This result also suggests that lower variability scenarios provide similar mechanisms for
water mass transformations, even though the latitude difference between both frameworks
remains a caveat for the calculation of AMOC under a constant depth framework.

5 Discussion

In this manuscript, we present an analysis of the Atlantic Meridional Overturning
Circulation patterns and variability, as well as of water mass transformations, under con-
stant depth (z framework) and density surfaces (ρ framework) as vertical coordinates.
The comparison between frameworks is relevant because of two primary reasons: (1) the
AMOC is driven by diapycnal transformations of the northward-flowing warm and saline
waters into the southward flowing denser and colder North Atlantic Deep Water, and
(2) the common constant depth coordinates provided by most climate and Earth Sys-
tem models do not account directly for these transformations. Therefore, the question
of whether our current knowledge of processes underlying AMOC variability and stabil-
ity is reliable arises, as most of what is known come from model output such as stream
function and velocity components, both configured under constant depth vertical dis-
cretization, such as the majority of models contributing to CMIP6 (e.g., Weijer et al.,
2020; Heuzé, 2021), and current observations are still too short-term for a more thor-
ough analysis across timescales (Alkhayuon et al., 2019).
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The results on ρ-AMOC and water mass transformations are consistent with pre-
vious studies using different models and resolutions (Xu et al., 2018; Roberts et al., 2020;
Sidorenko, Danilov, Fofonova, et al., 2020; Sidorenko et al., 2021), which strengthens the
hypothesis that computing the meridional overturning under density surfaces is able to
depict the mechanisms driving the AMOC more coherently to the physics of mass trans-
formations between density classes. Furthermore, it contributes to establishing this frame-
work as an important tool for more refined climate research and advocating for the im-
plementation of such output into other models, especially those participating in inter-
comparison projects and whose results are considered for political, economic, and soci-
etal decision-making under climate change conditions.

The patterns displayed in figure 3 also describe the physics of surface buoyancy fluxes
to a coherent extent. Where the tropical cell is located in density class, the contributions
from heat and freshwater fluxes are both directed towards lighter waters, indicating that
the superficial water layer has a low salinity/high-temperature pattern, expected in such
a warm region with high precipitation rates and strong runoff input. Within the sub-
tropical cell, both act towards denser waters, revealing a saltier and colder surface ocean.
In the subpolar region, however, the contribution of freshwater is too small compared
to heat fluxes, and hardly counteracts its effect of mass transformations occurring to-
wards denser waters.

The fact that these simulations cover different transient forcing scenarios compared
to pre-industrial climate conditions allows for questions on how these freshwater and heat
fluxes contributions could develop under climate change conditions. As mentioned be-
fore, the AMOC is deemed to be weakening due to the increase in freshwater forcing be-
cause of meltwater, and intensification of the hydrological cycle (Sévellec et al., 2017).
This hypothesis comes from the so-called modes of AMOC stability, in which a strong
AMOC would indicate a thermal regime where heat fluxes drive deep convection, and
a weak AMOC would indicate a haline regime where a fresher subpolar North Atlantic
would hamper deep water formation (Stommel, 1961; Alkhayuon et al., 2019). In these
simulations, there is increased freshwater flux contribution to surface transformations
in the subpolar cell from constant to transient forcing, even though it is significantly smaller
than heat flux contributions. This indicates that a haline regime is unlikely to occur even
under abrupt scenarios, but as the ocean is subjected to warming, at least in the sub-
polar North Atlantic, weaker heat and stronger freshwater flux contributions to the sur-
face transformations are observed.

When considering the singularities of the upward/downward fluxes for each frame-
work, the latitudinal band where strong downwelling and consequent deep water forma-
tion is considerably different, as seen in figure 6 but tied to similar mechanisms. The z-
AMOC vertical velocity maps depict a downwelling along the path of the Gulf Stream
and the North Atlantic Current, while in ρ-AMOC this process occurs along the sub-
polar gyre, mostly in the Labrador Sea and along the Norwegian coast, however, for both,
it is associated with buoyancy gain. Under historical forcing, the dynamics of water trans-
formations are fairly preserved, with a stronger buoyancy loss around the AMOC max-
ima occurring only when the circulation is calculated under density surfaces and a sur-
prising increase in downward flux for z-AMOC resulting in AMOC deepening compared
to PI. On the other hand, when CO2 is quadrupled, intense buoyancy gain occurs around
the AMOC maxima for both frameworks, resulting in weakening and shoaling of the cir-
culation and a consequent northward shift of the Antarctic Bottom Water. This differ-
ence in where deep convection occurs at the density/depth level of the middepth cell re-
sults in z-AMOC maxima having similar variability to subtropical AMOC, regardless of
how it is calculated. It is worth mentioning, however, that this characteristic arises not
solely due to the fact that the isopycnals are flatter in subtropical regions but also be-
cause the same atmospheric forcing is employed.
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It is also relevant to highlight that, as the variability of z-AMOC maxima is more
correlated to subtropical AMOC, the density surface framework provides more insight
into the region where massive water mass transformations take place in the North At-
lantic and can be also useful for other studies which aim at calculating diapycnal mix-
ing or transformations. AMOC in density space is also advantageous for studies concern-
ing the meridional heat transport (MHT), as it is highly correlated in phase with ρ-AMOC
at all latitudes. Especially in the subpolar gyre, it becomes even more important, as z-
AMOC reveals a time lag with MHT (Kwon & Frankignoul, 2014).

Nevertheless, the fact that a constant depth framework is available as an output
for several models extensively used for climate research, and that their AMOC compu-
tations are still consistent with observations beyond a reasonable doubt, does not dis-
card its usefulness and robustness. Furthermore, the fact that the computation of ρ-AMOC
requires high-frequency model output is a caveat that could not be overcome so far and
could result in biased mesoscale processes (Sidorenko et al., 2021).

Another question that may arise is how the simulations performed in coarse res-
olution setups would be if a higher resolution would be applied (Haarsma et al., 2016;
Hirschi et al., 2020; Roberts et al., 2020; Jackson et al., 2020). As displayed in figure 1,
both frameworks feature a recirculation cell, which is actually deemed to be a result of
spurious numerical mixing also imposed by the coarse resolution in this CORE-II mesh
(Sidorenko et al., 2021; Xu et al., 2018).

In this case, even though the transport maximum is substantially higher for ρ-AMOC,
previous analysis implementing higher resolution in FESOM standalone configuration
shows that, because of a better representation of upwelling and water transformations
at high latitudes, the ρ-AMOC northward transport could be even stronger and the re-
circulation cell driven by spurious mixing would disappear (Sidorenko, Danilov, Fofonova,
et al., 2020). In this sense, the fact that AWI-ESM2.1 employs a modular framework with
the ocean component built under unstructured meshes can represent an immense con-
tribution toward higher resolution climate research. Such configuration allows for increased
mesh resolution in regions of interest and should be also considered by other modeling
centers.

Furthermore, it is noteworthy that an increase in resolution should not be limited
to the oceanic component but also to atmospheric and other model components to al-
low for proper ventilation, for example (Sein et al., 2018).

6 Conclusion

Calculating the AMOC under density surfaces provides a better picture of water
mass transformations, regions of deep convection, internal variability, and AMOC sta-
bility. The latitude range between 30-60°N is where most differences between z and ρ ap-
proaches lie, since the ρ-AMOC maxima of 25 Sv, is located at around 50°N while z-AMOC,
on the other hand, has its maxima located far south, of 20 Sv at around 30°N. This lat-
itudinal dependence dictates how the AMOC variability is depicted by each framework
as the steeper isopycnals of the subpolar North Atlantic Ocean yield a higher sensitiv-
ity to different forcing mechanisms and a decadal variability pattern, while the subtrop-
ical ocean is more subjected to interannual variability, masking the trend exhibited by
the time series.

As a result, the average ρ-AMOC maxima exhibit a stable circulation under PI forc-
ing followed by an AMOC weakening of 2-5Sv under historical conditions, while z-AMOC
strength remains at around 20 Sv for both scenarios.

Even though AMOC weakening is seen from PI to historical, it is not as strong as
that under a more abrupt scenario, where both frameworks depict a sharp decrease of
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8-12Sv in the first 50 years of simulation followed by a recovering to the end of the cen-
tury until up to half of the PI levels. Such behavior is expected from previous analysis
with not only this same forcing but also with future scenario approaches following dif-
ferent levels of radiative forcing.

The presence of recirculation cells also approximates these two frameworks, even
though it is deemed to be an effect of coarse resolution and not of an alternative approach.

The results presented here shed light on several processes which account for AMOC
variability and more consistent frameworks, however, some of the observations here dis-
cussed also indicate the necessity of further studies on biases caused by spurious mix-
ing in different resolutions, the effect of model drift when computing transports, and more
diagnostic approaches towards identifying the performance of this framework across dif-
ferent timescales, resolutions and forcing.

7 Data Availability Statement

The simulations with AWI-ESM2.1 were conducted under the framework of ESM-
tools, an open-source software hosted on https://github.com/esm-tools/esm tools

.git with a modified GPLv2 licence. The ocean model FESOM2.1 source code is avail-
able at https://github.com/FESOM/fesom2/releases/tag/2.1.0 with a GPL-3.0 li-
cence. The OASIS coupler is available upon registration at: https://oasis.cerfacs
.fr/en/downloads/. The source code for ECHAM6.3 as used in this study is not pub-
licly available but rather subject to licencing by MPI-M Software Licence Agreement.
The model results, as well as the postprocessing and visualisation scripts, are archived
on Zenodo (Matos et al., 2022).
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