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Toward Ocean Hindcasts in Earth System Models: AMOC
Variability in a Partially Coupled Model at Eddying
Resolution
Tobias Schulzki!
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Abstract While forced ocean hindcast simulations are useful for a wide range of applications, a key
limitation is their inability to simulate ocean-atmosphere feedbacks. As a consequence, they need to rely on
artificial choices such as sea surface salinity restoring and other corrections affecting the surface freshwater
fluxes. Fully coupled models overcome these limitations, but lack the correct timing of variability due to
weaker observational constraints. This leads to a mismatch between forced and coupled models on interannual
to decadal timescales. A possibility to combine the advantages of both modeling strategies is to apply a partial
coupling (PCPL), that is, replacing the surface winds stress in the ocean component by wind stress derived from
reanalysis. To identify the capabilities, limitations and possible use cases of partial coupling, we perform a fully
coupled, two partially coupled and an ocean-only experiment using an all-Atlantic nested ocean configuration
at eddying resolution in a global climate model. We show that the correct timing of Atlantic Meridional
Overturning Circulation (AMOC) variability in PCPL experiments is robust on timescales below 5 years.
Mid-latitude wind stress curl changes contribute to decadal AMOC variability, but North Atlantic buoyancy
fluxes are not significantly altered by incorporating reanalyzed wind stress anomalies, limiting the success of
PCPL on this timescale. Long term trends of the AMOC in PCPL mode are consistent with fully coupled model
experiments under historic atmospheric boundary conditions, suggesting that a partially coupled model is still
able to simulate the important ocean-atmosphere feedbacks necessary to maintain a stable AMOC.

Plain Language Summary The Atlantic Meridional Overturning Circulation (AMOC) is one of
the most important quantities characterizing the circulation in the Atlantic Ocean and influences the climate
in its surrounding countries. It is traditionally simulated with forced ocean-only or coupled ocean-atmosphere
models. In this study we force the ocean component of a coupled climate model with observed wind stress
anomalies, aiming to combine the advantages of these two most often applied modeling strategies, while
omitting their respective key limitations. This can ultimately lead to an improved representation of the
AMOC in models, a prerequisite to understand past and future changes of this complex circulation system.
Furthermore, our set of model experiments directly isolates the role of wind variability on various timescales
and different latitudes, improving our knowledge of processes generating changes in the AMOC.

1. Introduction

Owing to its major importance for the ocean heat transport and thus climate variability, the Atlantic Meridional
Overturning Circulation (AMOC) has been a focus of study for several decades (Lozier, 2012). Still today, the
complex AMOC is not fully understood in terms of strength, meridional coherence, drivers of long term changes
and many other aspects. The existence of strong variability on interannual and decadal timescales makes the
detection and attribution of potential recent AMOC changes challenging (Jackson et al., 2022). Direct observa-
tions for at least several decades would be needed to infer long term trends and their drivers. A detailed knowl-
edge of mechanisms determining the past AMOC evolution is particularly important to assess future risks in the
light of climate change, with models projecting a weakening of the AMOC until the end of this century (Weijer
et al., 2020).

In addition to direct (yet sparse) observations by mooring arrays in the North and South Atlantic, numerical models
largely contribute to our understanding of past AMOC variability. One of the most frequently used model set-ups
are ocean general circulation models (OGCMs) forced with momentum, heat and freshwater fluxes derived from
a prescribed atmospheric state based on reanalysis products, using bulk formulae, and thus incorporating observa-
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tions (Griffies et al., 2009; Tsujino et al., 2018). As a result, they are typically able to capture the observed timing
of AMOC variability on various timescales (Roberts et al., 2013). A major disadvantage of forced (ocean-only)
model simulations, however, is that prescribing the atmospheric state leaves very limited ability of the oceanic
evolution to feed back to the atmospheric forcing (only through the bulk formulae's dependency on the ocean
state). As a consequence, they typically act overly sensitive to freshwater forcing and require the application of
sea-surface salinity (SSS) restoring terms (Griffies et al., 2009; Rahmstorf & Willebrand, 1995). This restoring
term has an arbitrary strength and is not based on physical laws, nor empirical equations. Additionally, the global
freshwater budget is not closed in such a model set-up (Griffies et al., 2009). Even if budget corrections are
applied, they involve a redistribution of freshwater with horizontal patterns that are not expected to be realistic.
Especially multidecadal trends and decadal variability of the AMOC were shown to be highly sensitive to restor-
ing and budget correction choices (Behrens et al., 2013; Biastoch et al., 2021).

However, models are not limited to the ocean and OGCMs can be embedded in earth system models (ESMs) that
simulate the interaction of several components of the climate system. These coupled models allow to explicitly
simulate ocean-atmosphere feedbacks, therefore SSS restoring is not necessary. Also, energy and freshwater
budgets are (nearly) closed without the need for artificial corrections. In contrast to forced OGCMs, ESMs only
incorporate observations via atmospheric boundary conditions such as trace gas concentrations and land use
changes. Variability of climate indices like ENSO, but also variability of the ocean circulation (e.g., AMOC),
are generated internally in the coupled model. While the magnitude and/or period of this variability can be in
agreement with observations, the timing of variability (e.g., years of maximum/minimum AMOC transport) is
not (Cheng et al., 2013; Ding et al., 2013; Flato et al., 2013). Especially for sensitivity experiments with changes
to one model parameter, or variable (e.g., increased CO, concentration), internally generated variability with
unknown timing makes the attribution of changes more difficult. As a consequence, many scientific questions can
only be addressed statistically in ensemble experiments.

An attempt to combine the advantages of the two modeling strategies is to apply a partial coupling (PCPL;
Ding et al., 2013). Here, surface heat and freshwater fluxes are exchanged between the ocean and atmosphere
model, as done in a fully coupled ESM. The wind stress (or momentum flux) on the other hand is calculated
from reanalyzed wind, replacing the wind stress that would otherwise be provided from the atmospheric to the
oceanic component of the model. Thoma et al. (2015) showed that PCPL can improve the timing of historical
climate fluctuations, especially in the Pacific. Even multidecadal variability, namely the Pacific Decadal Oscil-
lation (PDO), is simulated with improved timing. Additionally, their partially coupled model is also able to
reproduce interannual variations of the AMOC as observed at 26.5°N. This result is in line with various studies
showing that interannual AMOC variations at this latitude are mostly attributable to wind forcing (Biastoch
et al., 2008; Zhao & Johns, 2014). Still, it is not clear whether partial coupling is similarly successful at other
latitudes, since AMOC variability at different latitudes can have strongly different characteristics (e.g., Blaker
et al., 2021; Jackson et al., 2022). Furthermore, AMOC variability in the South Atlantic was shown to have a
significant contribution from intrinsic (un-forced) variability and is thus less tied to the applied (wind stress)
forcing (Grégorio et al., 2015; Leroux et al., 2018). Thoma et al. (2015) only studied AMOC variability on inter-
annual timescales and the question remains, whether PCPL experiments and observations (or ocean-only models)
are also correlated on shorter and longer (decadal) timescales.

Partial coupling has the potential to improve the representation of the AMOC in hindcast simulations by combin-
ing the advantages of coupled and ocean-only simulations. Following Danabasoglu et al. (2014) the term ‘hind-
cast’ is used here to describe forced OGCM simulations with the goal to reproduce the past climate and should
not be confused with initialized forecasts of the past (also called hindcast, e.g., Reintges et al. (2020)). Even if
partial coupling may not be an alternative to coupled and forced simulations, it could provide a valuable set-up
for sensitivity experiments with more specific questions. Although Thoma et al. (2015) provide a comprehensive
analysis of variability in partially coupled experiments, several important characteristics of such simulations are
currently unknown. In particular, this includes possible spatial and temporal limitations to reproduce past AMOC
variability. Therefore, it is not yet possible to decide for which scientific questions partial coupling can be an
advantageous alternative to forced or fully coupled model experiments and to envision possible improvements
of the procedure.

Here, our aim is to provide a detailed description of the technical implementation of partial coupling in a
high-resolution coupled model and to study its capability to reproduce the past ocean circulation (variability).
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Although our focus is on the AMOC transport, the AMOC is an integrative measure and thus incorporates vari-
ous circulation systems. We also study the impact of partial coupling on the basin-scale horizontal gyres, which
dominate the large-scale circulation in the horizontal plane and may be even more directly influenced by the
applied wind stress forcing. The motivation for this study and our main goals can be summarized by the following
questions:

e Does a partially coupled ESM reproduce the observed large-scale ocean circulation, including its timing of
variability? Specifically:
— Do PCPL experiments simulate a realistic mean large-scale circulation and multi-decadal trends?
— Is the correct timing of (AMOC) variability in PCPL experiments limited to certain latitudes, or timescales?

Our analysis is based on the comparison of fully coupled, partially coupled and forced (ocean-only) model exper-
iments. All experiments were performed with a global nested configuration covering the whole Atlantic Ocean
at an eddying resolution of 1/10°. This resolution includes an important range of variability, since the presence
of eddies throughout large areas of the Atlantic Ocean and their importance was shown in many studies (e.g.,
Chelton et al., 2011; Hallberg & Gnanadesikan, 2006; Rieck et al., 2019). Several aspects of the large-scale
circulation and its variability were shown to improve with a higher horizontal resolution, including the gyre
circulation and AMOC (Hirschi et al., 2020). A better representation of the mesoscale is thus expected to cause a
more realistic response to the applied surface forcing, but also introduce more variability into individual current
components (Biastoch et al., 2021).

First, we provide a detailed description of the model configuration, implementation of partial coupling and the
applied surface momentum and buoyancy forcing in Section 2. We then show how partial coupling affects the
mean large-scale circulation, as well as its variability and long term evolution in Section 3. Section 4 contains an
in-depth analysis of the timing of variability in partially coupled simulations with a strong focus on the AMOC.

2. Model and Methods

In this study, we employ the flexible ocean and climate infrastructure (FOCI), a coupled ocean-atmosphere-land
model (Matthes et al., 2020), capable of including high-resolution ocean nests, to perform a series of model
experiments. We here utilize a coupled (FOCI-ATLAS10) and an un-coupled (ATLAS10) configuration with an
eddying Atlantic Ocean. In the following we describe the coupled configuration and the implementation of partial
coupling. Afterward we describe the un-coupled (ocean-only) configuration and analyze the wind stress, heat and
freshwater fluxes driving the ocean component in the different experiments.

2.1. Coupled Configuration: FOCI-ATLAS10

The ocean component of the coupled model is based on the Nucleus for European Modeling of the Ocean (NEMO)
version 3.6, ocean sea-ice model (Madec, 2016). The Louvain-la-Neuve Sea Ice Model version 2 (LIM2; Fichefet
& Maqueda, 1997; Vancoppenolle et al., 2009) is used as the sea-ice component.

ATLASI1O0 consists of a global grid (hereafter referred to as host) with a therein embedded, so called, nest with
increased grid resolution. The host has a horizontal resolution of 0.5° on a tripolar Arakawa C-grid and 46
z-levels with increasing grid spacing from 6 m at the surface to 250 m at depth with application of partial cells at
the seafloor (ORCAOS configuration; Barnier et al., 2006; Biastoch et al., 2008).

The nested area covers the Atlantic Ocean from 99°W to 62°E and from 65°S to approximately 65°N (Figure 1).
Within the nest, the horizontal resolution is increased to 1/10°. This corresponds to a grid spacing of ~5 km at
high latitudes and 11 km in the tropics. Along with the higher horizontal resolution, the time step on the nest
grid is reduced by a factor of 3 to ensure the CFL criterion is fulfilled. The vertical axis is unchanged compared
to the host. The nest bathymetry is obtained by interpolating the ETOPO1 data set (Amante & Eakins, 2009)
onto the model grid using the nesting tools (Lemarié, 2006). Thereby, also an updated bathymetry for the host is
generated, where coastlines are adjusted, assuring grid cells on the host grid communicating to ocean cells on the
nest grid, are also represented as ocean cells. However, in our coupled simulations, due to the coupling procedure
itself (see below), the standard ORCAOQS coastline is used in the host to avoid inconsistencies between the ocean's
and the atmosphere's land-sea masks.
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Figure 1. Visualization of the oceanic grid in the ATLAS10 nested configuration. Color shading shows the zonal distance
between grid points. Every 45th grid line of the nest and host is shown.

Exchange between the nest and host is accomplished by 2-way Adaptive Grid Refinement in Fortran (Debreu
et al., 2008). The global host not only provides lateral boundary conditions for the nest, but information is also
fed back to the host at every time step along the nest boundary. After a given number of such cycles, the host is
updated with the nest solution inside the full 3-dimensional domain covered by the nest (baroclinic update). This
also holds for the sea-ice component which is integrated on both, the nest and the host grid. The lateral bound-
ary of the nest involves a 6 nest grid point wide sponge layer to damp outgoing flow features that are smaller
than resolved by the coarse host grid. We use a sponge layer coefficient of 3,000 m? s~!. While free-slip lateral
momentum boundary conditions are used on the host grid, no-slip is used in the nest, mostly due to slightly more
realistic/enhanced mesoscale variability in key regions as the Labrador Sea or Mozambique Channel (see also
Quartly et al., 2013; Rieck et al., 2019; Schwarzkopf et al., 2019). However, it should be mentioned that overall
no-slip boundary conditions perform less well in the northern than in the southern hemisphere. Especially the
North Atlantic Current (NAC) path is less realistic (compare Penduff et al. (2007)).

On both model grids the vertical eddy viscosity and diffusivity coefficients are derived from a turbulent kinetic
energy model (TKE; Blanke & Delecluse, 1993; Bougeault & Lacarrere, 1989).

In the non-eddying host we use the Total Variance Dissipation (TVD; Zalesak, 1979) scheme for tracer advection
with a Laplacian diffusion operator acting along iso-neutral surfaces with an eddy diffusivity of 600 m? s~!.
Further, we apply a Gent and McWilliams (GM) eddy parameterization (Gent & Mcwilliams, 1990) with an eddy
induced velocity coefficient of 1,000 m? s~!. Lateral advection of momentum is represented in vector invariant
form, where the vorticity term is solved using the energy and enstrophy conserving (EEN; Arakawa & Hsu, 1990)
scheme. Lateral diffusion of momentum is accomplished by a bi-Laplacian operator acting along geopotential

surfaces with a maximum eddy viscosity of 6 x 10'! m*s~!.

In the eddying nest, the tracer and momentum advection equations are solved using the self-diffusive
upstream-biased scheme (UBS; Farrow & Stevens, 1995; Madec, 2016). No additional explicit diffusion terms
were used in the advection equations. The UBS scheme was chosen, as it was found to perform similar to the
TVD/EEN advection schemes (used on the host grid) in the coupled configuration, but with a slightly better
representation of eddy activity (higher, more realistic, SSH variance and EKE) in many regions.

Surface boundary conditions for FOCI-ATLAS10's ocean component are derived from interactive atmosphere
and land models. The atmospheric component of FOCI is provided by ECHAM6 (Miiller et al., 2018; Stevens
et al., 2013) with 96 vertical levels and a spectral resolution of T63 (~200 km) in the horizontal plane. Albedo,
soil moisture, snow cover, leaf area and vegetation distribution are interactively simulated by the JSBACH land
model (Brovkin et al., 2009; Reick et al., 2013).

Surface boundary conditions are calculated in ECHAMG6 and provided to the host grid via the OASIS3-MCT
coupler (Valcke, 2013). These include solar and non-solar heat fluxes, freshwater fluxes and wind stress. The
wind stress calculation includes ocean current feedbacks (“relative wind”). A direct exchange between the
ocean nest and atmosphere is currently not implemented, consequently, only the host grid is directly coupled to
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ECHAMBG (every 3 hr), while the nest grid receives the same atmospheric state as boundary conditions every
30 min (constant for 3 hr) interpolated onto its oceanic grid. The nest itself feeds back its baroclinic solution
onto the host grid every third host grid time step (90 min), thereby indirectly also affecting the atmosphere. The
exchange with the sea-ice model takes place every 3 hr on the host and every 30 min on the nest grid.

A fully coupled historical experiment is initialized with atmospheric boundary conditions of the year 1850.
The ocean and atmosphere initial states are taken from the end of a 1,500 years long FOCI (un-nested standard
configuration) control simulation described in Matthes et al. (2020). To initialize the nest, all restart variables
are interpolated from the ORCAOS5 grid to the ATLAS10 grid. The model is then integrated for 163 years until
2013 under historic atmospheric boundary conditions that follow the CMIP protocol as described in Meinshausen
et al. (2017). This experiment will be referred to as FOCI-ATLAS10-CPL (short: CPL) in the following. The first
108 years, regarded as the spin-up, are not analyzed here.

2.2. Partial Coupling

As described above, the ocean component receives surface boundary conditions from the interactive atmos-
phere in the fully coupled configuration. When using partial coupling the wind stress is no longer calculated by
ECHAMBS6, but derived from reanalyzed 10 m wind fields. The heat and freshwater fluxes still depend on the wind
simulated by ECHAMBS. In this study we employ the 10 m wind fields provided by the JRAS55-do version 1.5 data
set (Tsujino et al., 2018) to force the ocean component of FOCI. The 10 m wind is converted to wind stress using
bulk formulae (Large & Yeager, 2009). We neglect ocean current feedbacks and derive the wind stress formulated
as “absolute winds.” We use a constant atmospheric density of 1.22 kg m~3 and a drag coefficient that depends on
the wind speed according to Large and Yeager (2009). We do not account for atmospheric stability, that is, we use
10 m wind rather than 10 m neutral wind, as the necessary input fields to keep a clean separation between wind
stress climatology (purely from the model) and wind stress anomaly (purely from reanalysis) were not available.

Following Thoma et al. (2015), we calculate an anomaly forcing in which the wind stress anomalies are taken
from the 3-hourly resolved reanalyzed wind stress interpolated onto the ECHAMG6 T63 grid, while the clima-
tology is replaced. To derive the applied wind stress climatology, we employ two different strategies: In a first
experiment (FOCI-ATLAS10-PCPL-LOW; short PCPL-L) the monthly climatology of the reanalysis is replaced
by the monthly climatology of an un-nested FOCI 3-member ensemble, under a historical forcing based on the
years 1850-2013. We use the same procedure to calculate the wind stress climatology in the FOCI ensemble, as
for the reanalysis (based on the 10-m wind). As discussed later this results in a lower mean wind stress compared
to CPL, but a similar mean wind stress compared to the ocean-only simulation described below. Choosing the
3-member ensemble climatology was based on initial experiments run without the 1/10° ocean nest and then kept
for PCPL-L. Differences between the FOCI-ATLAS10-CPL climatology and FOCI (un-nested) ensemble clima-
tologies are overall small, except for a slightly stronger mean wind stress in the North Atlantic in CPL. Because
the main purpose of PCPL-L is to investigate, whether the mean wind stress impacts the ability of PCPL to repro-
duce the timing of AMOC variability, the 3-member ensemble climatology is still suited here. With the second
experiment (FOCI-ATLAS10-PCPL-HIGH; short PCPL-H) we are aiming at generating a wind stress forcing as
comparable as possible to CPL. Therefore, we replace the reanalysis wind stress climatology by the 1958-2013
climatology derived from CPL. Here we directly use the wind stress calculated and stored by ECHAMS6 and do
not apply the offline bulk formulae to the 10 m wind.

The wind stress anomaly forcing is provided on the ECHAMG6 T63 grid and then interpolated onto the host and
nest grids. The wind stress forcing is not interpolated in time, but constant at all model time steps within 3 hr for
both, host and nest. A summary of the partial coupling procedure applied here is visualized in Figure 2.

The partially coupled experiments are initialized from the FOCI-ATLAS10-CPL simulation from the last time
step on 31 December 1957. Subsequently the model is integrated forward over the length of the atmospheric
boundary condition data set (until 2013), resulting in 56 years long model simulations. Apart from the different
surface boundary conditions in the ocean component of FOCI, all settings described above are identical for
FOCI-ATLAS10-CPL and the two FOCI-ATLAS10-PCPL experiments.
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Figure 2. Schematic diagram showing the implementation of partial coupling in the FOCI-ATLAS10 configuration.
Components that are part of FOCI and interact during runtime are enclosed in the large gray box. Wind stress is calculated
offline and read from disk.

2.3. Ocean-Only Configuration: ATLAS10

Additional to the coupled configuration, we run a forced (ocean-only) experiment using the ocean component of
FOCI-ATLAS10. All surface fluxes are derived from the JRAS55-do version 1.5 forcing data set. This experiment
is referred to as ATLAS10-OCO (short: OCO). During runtime, all variables, except runoff, are interpolated onto
the nest and host grids. Surface fluxes are then derived from the forcing data set using bulk formulae (Large &
Yeager, 2009). The runoff was first remapped onto the host grid using the procedure of Martin (2021) described
in Biastoch et al. (2021) with a search radius of 160 km, but without application of the described river plume
scheme. Afterward, the runoff was interpolated onto the nest grid assuring no loss of runoff on land by redis-
tribution to the nearest ocean grid points. Within NEMO, river mouth treatment is activated, increasing vertical
mixing within the top 10 m of the water column at every runoff grid point.

As many namelist parameters as possible remain unchanged compared to the (partially) coupled set-ups described
above. The main purpose of this experiment is to provide a best estimate of the AMOC variability's timing, in
a set-up comparable to our fully and partially coupled experiments. We adopt restoring settings from a success-
ful model simulation of the North Atlantic in the higher resolved VIKING20X model, described in Biastoch
et al. (2021): SSS restoring is applied with a piston velocity of 50.0 m yr~! everywhere, excluding ice-covered
regions, in grid cells with runoff and additionally within a distance of 80 km around Greenland. Therefore, the
freshwater input from rivers and ice-sheet melting is not immediately damped. Also the Mediterranean Sea
outflow (below 700 m) is restored to climatological temperature and salinity values using a three dimensional
mask with a maximum Newtonian damping coefficient of 6.34 x 1073 s~!. In an ocean-only experiment the
atmospheric forcing is prescribed and the larger ocean area of the updated host bathymetry can be used. Together
with the surface boundary conditions, which are calculated simultaneously on the host and the nest grid at every
exchange time step (30 min), the full exchange (including baroclinic update) between the two components takes
place. A main difference between the ocean-only and FOCI-ATLAS10 configurations is the use of the TVD and
EEN advection schemes, not only on the host, but also on the nest grid instead of the UBS scheme. As on the
host grid, a Laplacian diffusion operator is added to the tracer advection equation and a bi-Laplacian operator to
the momentum advection equation. Eddy diffusivities are adjusted to the higher grid resolution (120 m? s~! and
2.4 x 10 m* s~1). The reason for this switch is to achieve a more realistic multi-decadal AMOC trend. The UBS
scheme, together with the model settings tuned for the TVD/EEN schemes, did cause the AMOC to considerably
decrease over time. Note that this is not the case for the coupled configuration, where UBS does not cause a long
term AMOC decline.

SCHULZKI ET AL.

6 of 26

iny) suonipuod pue ste | 8L} 88S *[£202/T0/50] UO AriqiaulluO AB|IM ‘UesdQ 40 811U8D Z) oYW RH ¥ INOFD 49H Ad 00Z600S WZ20Z/620T 0T/10p/L0d Ao |1mAreiq putjuo'sgndnfe//sdny Wwo.y pepeojumoq ‘ZT ‘2202 ‘99v2zreT

00" oA

38UBD1 SUOLILLIOD BAIREB1D) 3|qedt|dde ayy Ag peusenof afe sapie YO ‘asn JO sajn. oy Akelqi]auljuO A8 |IAN UO (SUORIPUOI-pUe:



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Advances in Modeling Earth Systems 10.1029/2022MS003200

Table 1
Overview of Experiments

Experiment CPL PCPL-L PCPL-H OCO

Mode CPL PCPL PCPL 0CO
Heat/freshwater ECHAM6 ECHAM6 ECHAMG6 JRAS55-do
Wind stress anomalies ECHAM6 JRAS55-do JRAS55-do JRAS55-do
Wind stress climatology ECHAM6 FOCI-Ensemble CPL JRAS55-do
Forcing resolution T63 (~1.9°) T63 (~1.9°) T63 (~1.9°) TL319 (0.5625°)
Current feedback Yes No No Yes
Initialization FOCI-piCitrl CPL CPL WOA13/at rest
Years 1850-2013 1958-2013 1958-2013 1958-2013

Note. Modes: CPL = fully coupled, PCPL = partially coupled, OCO = ocean-only. The (spatial) forcing resolution indicates
on which grid the momentum and freshwater fluxes are provided. Current feedback denotes whether the ocean current is
considered for calculating the wind stress from 10 m wind.

ATLAS10-OCO was initialized in 1958 from rest, using temperature and salinity from the World Ocean Atlas
2013 (WOAI13; Locarnini et al., 2013; Zweng et al., 2013) climatology and run for 56 years until 2013. A
summary of all model experiments can be found in Table 1 and the years covered by the respective experiments
are visualized in Figure 3a.

2.4. PCPL—Wind Stress and Buoyancy Forcing

Before studying the performance of partial coupling, we compare the wind stress and buoyancy forcing that is
applied in the different model experiments.

The most important characteristics of the different wind stress forcings are visualized by timeseries of the zonal
mean zonal wind stress at 47°N (Figure 3a). CPL and PCPL-H simulate a higher mean wind stress than OCO and
PCPL-L. The magnitude and timing of variability is nearly the same in OCO, PCPL-L, and PCPL-H, but differs
in CPL. In the following we analyze the wind stress in more detail focusing on the zonal mean zonal wind stress,
due to its importance for the large-scale circulation (e.g., by setting the latitudinal position of basin scale oceanic
gyres and impacting their strength based on Sverdrup theory).

The zonal mean zonal wind stress (Figure 3b) has nearly the same meridional structure in CPL and the two
partially coupled experiments (PCPL-L and PCPL-H) when referring to the position of maxima and minima only.
The PCPL-H and CPL climatologies are the same by construction. Note that small differences between PCPL-H
and CPL are still possible, because they are only identical when averaged over the full forcing period (1958-2013),
but here we solely consider the period used for further analysis in the following sections (1970-2013). The merid-
ional structure in PCPL-L matches the (un-nested) FOCI-ensemble and is thus not tied to CPL's climatology. In
CPL, due to the 2-way nesting, the higher resolution in the nest also affects the host, which in turn can change
the atmospheric circulation compared to the FOCI-ensemble. However, this does not seem to notably alter the
meridional structure of the zonal wind stress, as apparent in the very similar position of maxima and minima in
PCPL-H/CPL and PCPL-L. It should be pointed out that neither monthly and annual anomalies, nor long-term
trends in PCPL mode are affected by the replacement of the climatology, but are fully based on the reanalyzed
wind stress.

In contrast, the mean strength differs between CPL/PCPL-H and PCPL-L, with the former having the strongest
mean zonal wind stress at most latitudes. As a result, the wind stress curl in the center of the basin scale oceanic
gyres is also stronger in CPL/PCPL-H (Figure 3c). While in PCPL-H a climatology based on the wind stress
calculated by ECHAMG6 during runtime is used, we employ the CORE bulk formula (Large & Yeager, 2009),
that is also used in OCO, to derive the wind stress climatology from 10 m wind offline in PCPL-L. The online
application of the ECHAMG6 bulk formula (based on Louis (1979)) and the offline application of the CORE bulk
formula results in a considerably different wind stress for the same 10 m wind. The result of these different strate-
gies is one experiment being more comparable to CPL (PCPL-H) and the second being closer to OCO (PCPL-L).
Both strategies have advantages and disadvantages. While the higher mean wind stress in PCPL-H is expected to
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Figure 3. Timeseries of the annual mean zonal mean zonal wind stress at 47°N (a). The spin-up period of the fully coupled simulation is indicated by a dashed line.
1970-2013 zonal mean zonal wind stress (b), zonal mean wind stress curl (c) and standard deviation of the zonal mean zonal wind stress (d) in the Atlantic (including
the Atlantic sector of the Southern Ocean).

minimize a secondary spin-up and subsequent model drift after switching to PCPL mode, the lower wind stress
in PCPL-L allows for a better comparison to OCO. This is the comparison we are most interested in. By retaining
the mean meridional structure of FOCI in PCPL-L, this spin-up may be less strong. In particular the position of
the southern hemisphere westerlies differs considerably in FOCI and the reanalysis products.

Except for the equatorial region, CPL also shows the strongest zonal mean zonal wind stress variability (Figure 3d).
This is likely caused by a combination of differences in the bulk formulae and the explicit simulation of feed-
backs. Note that PCPL does exclude feedbacks that directly involve a surface momentum transfer. Further, the
wind stress variability is very similar in PCPL-H and PCPL-L, since both are derived from reanalyzed 10 m wind
using the offline CORE bulk formula. Neglecting ocean currents and atmospheric stability to create the PCPL
forcing does not seem to have a large impact on the variability. In OCO wind stress is calculated during runtime
incorporating the ocean and atmosphere's (provided by the forcing data set) states, but variability is comparable to
the PCPL experiments (that use the same 10 m wind anomalies) at most latitudes. In particular there is not a bias
toward lower, or higher, variability in both PCPL experiments. The meridional structure of wind stress variability
is overall similar in the PCPL experiments and also compares well with OCO.

As visible in Figure 3a, wind stress variability at 47°N is highly correlated between PCPL-H, PCPL-L, and OCO
by construction. This is true for all other latitudes as well. The fully coupled simulation is not correlated to OCO,
nor the PCPL experiments.
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Figure 4. 1970-2013 zonal mean heat flux (a) and standard deviation (b) based on detrended annual means in the Atlantic (including the Atlantic sector of the
Southern Ocean). Correlations of annual and zonal mean (detrended) heat fluxes are shown in (c). (d—f) analogously show the heat equivalent freshwater flux. Both
fluxes are defined positive downward (ocean heat and freshwater gain). The fluxes were smoothed with a 31 grid point (3°) boxcar filter before calculating correlations.

As expected from the analysis by Thoma et al. (2015), partial coupling does not considerably change the mean
heat and freshwater fluxes and their magnitude of variability (Figure 4). The freshwater flux is provided as a
heat-equivalent freshwater flux here (e.g., Cerovecki et al., 2011). Both buoyancy flux components are very simi-
lar in PCPL-L/H and CPL. Differences to OCO are more pronounced, because of the very different approaches of
calculating the surface boundary conditions in the coupled and un-coupled set-ups. Especially the stronger heat
flux variability in the northern Atlantic and the increased tropical rainfall in OCO stand out. Overall, the assim-
ilation of wind stress variability does not affect the timing of heat and freshwater flux variability in the Atlantic.
The correlation is not significant, except for spikes at individual latitudes. Significance levels are calculated
based on a two-sided student #-test, considering serial correlation by calculating effective degrees of freedom
following Emery and Thomson (2001). Note that with a confidence interval of 95% there is still a 5% chance
of falsely rejecting the null hypothesis (zero correlation). Such spikes likely have no physical meaning as long
as they don't cover a larger latitude range, or are consistent across different experiments. The only region with a
correlation that is significant for all experiments, except CPL/OCO, is the tropical Atlantic. It is possible that this
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Figure 5. SSH variance (1993-2013) based on detrended 5-day means from AVISO (a), OCO (b), CPL (c) PCPL-L (d) and
PCPL-H (e). All model fields show SSH variance on the nest grid.

correlation is caused by an atmospheric bridge to the equatorial Pacific and therefore mediated by the atmosphere
models response to ENSO. Our PCPL experiments are very successful in reproducing the observed ENSO state,
consistent with Thoma et al. (2015). As a result, also the timing of heat flux variability in the equatorial Pacific
is significantly improved (Figure S1 in Supporting Information S1). The correlation of monthly Nifio3.4 SST
anomalies to observations (Rayner et al., 2003) is above 0.8 for both PCPL experiments and therefore even higher
than reported by Thoma et al. (2015).

3. Mean State, Variability and Multidecadal Trends

In the following, we address our first question on the ability of the FOCI-ATLAS10 configuration and partial
coupling to realistically reproduce the past large-scale circulation. We therefore analyze patterns of mesoscale
activity and the vertically integrated (gyre) and zonally integrated (overturning) volume transports, the magnitude
of their interannual variability and long term trends.

3.1. SSH Variance

A main benefit of a model at 1/10° resolution is the explicit simulation of mesoscale eddies in vast areas of
the ocean. The surface circulation of the Atlantic is often dominated by mesoscale eddies, rather than coher-
ent currents (e.g., Chelton et al., 2011). Their importance is also highlighted in studies showing a more realis-
tic representation of the AMOC in high-resolution models (Hirschi et al., 2020). It is thus important to study,
whether FOCI-ATLAS10 is able to adequately represent mesoscale activity and whether it changes in partial
coupling mode.

At 1/10° resolution, ATLAS1O0 is able to simulate vigorous mesoscale activity throughout most of the Atlantic
Ocean (Figure 5). Overall, the spatial patterns of SSH variability in CPL, OCO, PCPL-H, and PCPL-L are very
similar and mostly agree with the SSH variance derived from satellite altimetry (AVISO). Especially in the
Malvinas Confluence Zone and the Agulhas region. Also the western boundary north of the equator, including
the Gulf of Mexico, and the NAC are characterized by strong eddy activity. It should be noted that the model
simulates very few West Greenland Current eddies, compared to higher resolved models (Rieck et al., 2019).
Also the north-west corner is not pronounced in ATLAS10 and high values of SSH variance along the NAC
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Figure 6. Horizontal gyre circulation: Mean (1970-2013) barotropic stream function in Sv from CPL (a). Annual mean transports of the Subpolar Gyre (b), North
Atlantic Subtropical Gyre (c) and South Atlantic Subtropical Gyre (d). Linear trends (1970-2013) are marked on the right y-axis. The sections used to derive the gyre

transports are shown in panel (a).

pathway are more confined to the North American coast, most likely as a consequence of the no-slip lateral
boundary condition (Section 2.1). Another notable difference is seen in the pathway of Agulhas Rings. AVISO
shows increased SSH variance between 40°S and 20°S extending across the full width of the Atlantic. SSH
variance in OCO is clearly lower in this region, suggesting that Agulhas Rings are less intense, less frequent, or
decay faster. In contrast, CPL shows a very strong and narrow pathway of Agulhas Rings that nearly reaches the
western boundary. The partially coupled experiments show a very similar pathway. Based on sensitivity experi-
ments with absolute and relative wind by Schwarzkopf et al. (2019), the interaction between the wind forcing and
mesoscale Agulhas Rings is important for a realistic representation of the ring path. Even when using relative
wind in FOCI-ATLASI10 (as in CPL), the wind stress calculation is performed on the coarser ECHAMBS6 grid and
therefore the wind stress does not change across the eddy, excluding a feedback between the mesoscale current
direction and the large scale wind. Also note the comparably high variance in the Caspian Sea in OCO. In contrast
to all FOCI experiments (see Section 2), non-zero net freshwater fluxes in the Caspian Sea are allowed in OCO.
Because of the prescribed atmosphere in OCO, unrealistic fluxes in the closed basin do not affect remote ocean
areas.

Although the SSH variance is very heterogeneous, OCO shows the overall lowest variance, while PCPL-H
and CPL simulate SSH variance that can be twice as large in certain regions (e.g., the Agulhas Retroflection).
PCPL-L simulates variability with a magnitude in-between. This is true for SSH variance in the individual
regions discussed above and also the full nest domain. The comparison between PCPL-H and PCPL-L suggests
that the mean wind stress plays an important role for the magnitude of SSH variance.

3.2. Horizontal Gyre Circulation

General features of the long term mean gyre circulation (exemplarily shown for the fully coupled experiment
(CPL) in Figure 6a) agree among all our simulations and are also in agreement with other models of compara-
ble (or higher) resolution (e.g., Hirschi et al., 2020; Schwarzkopf et al., 2019). In the south Atlantic, the Drake
Passage inflow turns northward into the highly variable region of the Malvinas confluence. Further north, the
South Atlantic Subtropical Gyre (SA STG) covers the latitudes between 40°S and 20°S. In the North Atlantic
positive stream function values, indicating the anticyclonic flow of the North Atlantic Subtropical Gyre (NA
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STG), are seen between 18°N and 40°N. The Gulf Stream separates from the US coast just north of 34°N (Cape
Hatteras). At higher latitudes CPL simulates a vigorous cyclonic flow associated with the Subpolar Gyre (SPG).

We define the gyre strength by evaluating the maximum (minimum) of the barotropic stream function for the NA
STG (SPG and SA STG). We choose the latitudes of 53°N (SPG), 30°N (NA STG) and 30°S (SA STG). These
sections are shown in Figure 6a.

The mean gyre circulation at all latitudes is similar in CPL and PCPL-H, both simulating a stronger transport
compared to OCO and PCPL-L. This is consistent with the stronger mean wind stress curl and thus mainly caused
by the different methodologies used to calculate the wind stress. For the SPG, where estimates from coupled
models with comparable resolution are available, ATLAS10 simulates a similar mean gyre transport. The SPG
transport ranges from 36 to 42 Sv in our set of model experiments, while Meccia et al. (2021) derive a range of
35-55 Sv. Their estimate for the NA STG transport (at 34°N) is 55-95 Sv; all experiments presented here, except
OCO, simulate a mean transport within this range (58-76 Sv). OCO, the only ocean-only experiment, simulates
a slightly weaker transport of 46 Sv. For further analysis we chose to not follow Meccia et al. (2021), because the
estimated transport at 34°N is clearly affected by mesoscale recirculations and eddies. It is questionable, whether
the barotropic stream function maximum at this latitude is a good estimate of the large-scale gyre strength. The
effect can be reduced, but not eliminated, by instead calculating the gyre transport at 30°N, avoiding the highly
eddying NAC. The NA STG transport is lower by 10-24 Sv when derived at 30°N. The mean transport of the SA
STG ranges from 25 Sv in OCO and 29 Sv in PCPL-L to 38 Sv in CPL and 40 Sv in PCPL-H.

Interannual variability (standard deviation of detrended annual means) is comparable in all experiments, except
for a lower variability of the NA STG in OCO. Note that models with the strongest mean transport not necessarily
simulate the highest variability.

In all experiments, except OCO, the SPG transport shows a significant negative trend. Note that we calculate
trends after 1970, to eliminate the initial spin-up phase of OCO and secondary spin-up after switching to PCPL
mode in PCPL-L. The magnitude of the SPG trend is strongest in PCPL-L (—1.7 Sv/10 yrs) and lower, but still
highly significant (p-value <0.01; the p-value denotes the probability of accepting the null-hypothesis, i.e., the
trend is equal to 0) in PCPL-H (=1 Sv/10 yrs) and CPL (—1.2 Sv/10 yrs). Especially PCPL-H and CPL simulate
a stable gyre transport until the late 1980s, before the transport starts to decline. Although slightly masked by a
secondary spin-up, PCPL-L seems to simulate the onset of a long term negative trend in the same time period.
The similar timing and magnitude of trends in PCPL-H and CPL suggest that they are related to the historic
atmospheric boundary conditions that are applied in both experiments. The stronger trend in PCPL-L likely
reflects a transient adjustment to the lower mean wind stress (curl) in the subpolar North Atlantic (SPNA) that
adds to the weakening under rising CO, concentrations. Despite using the latitude of 30°N, the NA STG trends
are clearly affected by the strong mesoscale activity and sensitive to the time period chosen. CPL and OCO do
not simulate a significant trend. PCPL-L simulates a weakening, which is only significant for the time period
1958-2013 and again is most likely an adjustment to the lower mean wind stress (curl). PCPL-H shows a signifi-
cant strengthening of 1.2 Sv/10 years for the time period 1970-2013 (p-value = 0.03). The multidecadal SA STG
trends are not significantly different from zero in any experiment.

None of the mentioned (significant) trends are directly related to local changes in the wind field that are small in
the North Atlantic. The wind stress curl trends at 53°N and 30°N are smaller than 0.22 x 10~8 N m~%/10 years
in CPL and smaller than 0.05 X 10~® N m~3/10 years in PCPL-L/H and OCO. All these trends are insignificant
(p-value >0.58). It is more likely that they are related to the response of the oceanic circulation to the atmospheric
boundary conditions in CPL and PCPL-H. PCPL-L shows a model drift toward a lower mean gyre strength over
the full experiment. But this drift can be (mostly) eliminated by retaining the stronger mean wind stress of the
fully coupled configuration. Therefore, we can state that PCPL in general is able to simulate a stable gyre circu-
lation that is still free to adjust to changes in for example, the radiative forcing, as long as the coupled model's
inherent wind stress climatology is used. This is an important result and may be useful to distinguish between
artificial trends in ocean-only simulations and real trends that are forced by the surface boundary conditions. Note
that the salinity restoring in an ocean-only experiments can locally counteract changes in the surface freshwater
forcing, or ocean circulation, by restoring toward a climatological field.
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Figure 7. Mean 1970-2013 Meridional Overturning Stream function in OCO (a), CPL (b), PCPL-L (c) and PCPL-H (d).
Contours are drawn with an interval of 2 Sv (the zero contour is drawn bold).

3.3. AMOC

The mean AMOC structure is similar in all model experiments, with a northward flow of surface water and
a southward return flow of North Atlantic Deep Water (NADW) at mid-depth connected by sinking north of
about 40°N (Figure 7). At abyssal depths the flow of Antarctic Bottom Water (AABW), formed in the South-
ern Ocean, is directed northward. Compared to OCO, the AABW and NADW cells, are clearly stronger in the
(partially) coupled experiments, but the latter still covers a larger depth range in OCO. Especially south of 20°N,
the zero-crossing of the Meridional Overturning Stream function is located approximately 500 m deeper in OCO.
Since it continuously deepens toward the south in OCO, but slightly rises south of 20°S in PCPL and CPL, this
difference can be as large as 700 m south of 20°S. This suggests that the shallower NADW cell in CPL, PCPL-
L, and PCPL-H is not caused by reduced water mass transformation in the North Atlantic (NA), but a stronger
formation of AABW. Although the mean wind stress in PCPL-H and PCPL-L considerably differs, the mean
AMOC structure is still similar. PCPL-L simulates a slightly stronger NADW cell in the Subtropical Atlantic, and
the AABW cell covers an even larger vertical range in the South Atlantic (SA) compared to CPL and PCPL-H.
The NADW and AABW cells are nearly unchanged when PCPL-H is compared to CPL. The mean AMOC struc-
ture in density coordinates supports this result (Figure S2 in Supporting Information S1). Especially PCPL-H and
CPL show little difference. In PCPL-L only the North Atlantic Shallow Tropical Cell is weaker, due to the lower
mean wind stress. OCO simulates the weakest NADW cell in our set of experiments. The AMOC in density space
(Figure S2 in Supporting Information S1) reveals that this is likely connected to reduced water mass transfor-
mation in the North Atlantic. Different mechanisms could be responsible for this result. In addition to different
surface boundary conditions (including precipitation, runoff and heat fluxes), model choices such as SSS restor-
ing and the advection scheme could be responsible. Also the initialization strategy differs. CPL (and therefore all
FOCI-ATLAS10 experiments) is based on a 1,500-year long pre-industrial control simulation and therefore has
a much longer spin-up time. OCO is initialized from climatological hydrography and an ocean at rest in 1958.

Figure 8 shows the temporal evolution of the AMOC strength at different latitudes of long-term measurements.
The AMOC strength is defined as the maximum overturning stream function in depth or density space. In the
SPNA the Overturning in the Subpolar North Atlantic Program (OSNAP) array measures the AMOC since 2014
and estimates a mean transport of 16.6 Sv (Lozier et al., 2019). Although the model experiments do not cover this
time period, the AMOC transports in CPL (18.4 Sv), PCPL-H (17.6 Sv) and PCPL-L (17.3 Sv) are all slightly
above the OSNAP estimate, while OCO simulates a weaker AMOC of 14.8 Sv. Overturning across the OSNAP
section is calculated resembling observations and thus in density coordinates (here we use potential density
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Figure 8. Annual mean Atlantic Meridional Overturning Circulation (AMOC) transports at the OSNAP (a), RAPID (26.5°N; b) and SAMOC (34.5°S; c) sections.
Linear trends (1970-2013) are marked on the right y-axis. Observational mean and standard deviation from annual means are indicated by error bars in the center of the
respective observational time period. Note that the observations do not cover the same time period shown for the model. Panel (d) shows the detrended AMOC anomaly
at the RAPID section, including the observed timeseries (orange).

referenced to the surface). A similar result is obtained for the RAPID section at 26.5°N, where observations
show a mean transport of 17.7 Sv (2004-2014; McCarthy et al., 2015). The model transports range from 15.8 to
16.1 Sv in the three FOCI-ATLAS10 experiments and 13.7 Sv in OCO. During the RAPID period (2004-2013),
transports in the model are lower compared to the full timeseries and range between 13 Sv in OCO and 15.3 Sv in
PCPL-L. In the South Atlantic (South Atlantic Meridional Overturning Circulation (SAMOC) section at 34.5°S)
the difference between FOCI-ATLAS10 and the ocean-only configuration is less pronounced. Still OCO simu-
lates the weakest AMOC strength (14.1 Sv). PCPL-L (14.8 Sv), PCPL-H (15.8 Sv) and CPL (15.6 Sv) all simu-
late a stronger overturning. All these estimates are close to the observed value (14.7 Sv; 2009-2018; Meinen
et al., 2018). Both, RAPID and SAMOC, transports are calculated in depth space, for a better comparison to
the observations, as the maximum of the overturning stream function below 500 m. As noted before, the mean
AMOC is not highly sensitive to the mean wind stress forcing. PCPL-H and PCPL-L differ by less than 1 Sv
despite the very different mean gyre transports.

In summary, the strength of the AMOC in the fully coupled and the two partially coupled simulations is similar,
while it is slightly weaker in the ocean-only experiment. OCO shows a spin-up behavior until approximately
1970. While the AMOC strength is comparable to the PCPL experiments right after initialization at OSNAP and
RAPID, it strongly decreases over the first years, before it stabilizes. As for the gyre transports, trends are calcu-
lated from 1970 to 2013 to exclude this initial spin-up phase. Still, there is a significant negative trend (p-value
<0.01) at the OSNAP section in all experiments, except OCO. It is strongest in PCPL-H (—0.9 Sv/10 yrs) and
weaker in PCPL-L (-0.6 Sv/10 yrs) and CPL (—0.5 Sv/10 yrs). OCO shows an increase of 0.4 Sv/10 years
(p-value = 0.01).

AMOC trends at the RAPID section have the same sign as the OSNAP trends, but are weaker in PCPL-L, PCPL-H
and CPL. The negative trend is again stronger in PCPL-H than in PCPL-L (—0.3 Sv/10 years, p-value = 0.02)
and CPL (—0.2 Sv/10 years, not significant) and could reflect a downstream propagation of the signal seen at the
OSNAP section. In this case it may be expected that the stronger trend in PCPL-H at OSNAP leads to a stronger
trend at RAPID. Consistently, a weak positive OSNAP trend in OCO coincides with no trend at the RAPID
section. It is somewhat surprising that, in contrast to the gyre transports, the trend is slightly stronger in PCPL-H
than in PCPL-L. This suggest that the lower mean wind stress does not significantly reduce the NA overturning
within 50 years. In general the magnitude of the NA AMOC change in the (partially) coupled experiments is
comparable to estimates of the coupled CMIP6 ensemble (Weijer et al., 2020). The AMOC differences between
the decades 2004-2013 and 1975-1984 at 26.5°N are —1.8 Sv (PCPL-H), —0.9 Sv (CPL) and —0.5 (PCPL-L).
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Figure 9. Power spectral density (PSD) of the Atlantic Meridional Overturning Circulation timeseries at OSNAP (a), RAPID (26.5°N; b), 0° (c) and SAMOC (34.5°S;
d). Red shading shows the 95% confidence interval of the PSD estimate for OCO.

The CMIP6 ensemble shows a change between 0 and —4 Sv, with an ensemble mean of —1.2 Sv. This suggests
that the trends in the (P)CPL experiments are a response to the atmospheric boundary conditions. To fully rule
out that a model drift introduced by the partial coupling procedure exists, an additional set of experiments would
be needed (e.g., a partially coupled experiment under pre-industrial atmospheric boundary conditions). However,
based on the reasonable magnitude of the trends compared to the fully coupled experiment and other coupled
models, we are confident that the AMOC in PCPL mode is not subject to significant model drift for the time
period analyzed here. The different trends in OCO can be explained by various differences in the surface forcing
compared to the (partially) coupled experiments, including the choices for the non-physical restoring term and
the freshwater input provided by the forcing data set. Biastoch et al. (2021) showed that especially the AMOC
trend is highly sensitive to small changes in the North Atlantic freshwater budget. They argue that a moderate
negative AMOC trend after the 1990s is currently the best estimate, which would make the (P)CPL trends more
realistic than the OCO trend.

At 34.5°S trends are close to zero and non-significant in PCPL-H/L and CPL. Only OCO still simulates a strongly
negative trend with —0.4 Sv/10 years.

We investigate the variability of the AMOC in more detail by showing spectra of timeseries at 4 different latitudes
(Figure 9). Additional to the already mentioned sections, we show the equatorial AMOC since it was shown to
have distinct variability (Blaker et al., 2021). All following analysis is based on the period from 1970 to 2013 and
the AMOC in z-coordinates, except for the overturning at OSNAP where density coordinates are used.

It is visible that the AMOC in CPL is most variable at all latitudes and on nearly all timescales. Still, on most
timescales the difference between the experiments is not significant. In the North Atlantic, CPL simulates higher
variability, especially at timescales longer than a year. At the equator both, CPL and PCPL-H simulate higher
variability than OCO and PCPL-L, suggesting that the high variability could result from the higher mean wind
stress. At the SAMOC section, only variability in CPL does not strongly decrease toward shorter timescales,
causing the variability to be significantly higher than in all other experiments. The seasonal cycle at all latitudes
is stronger in CPL than in OCO. Only at OSNAP it is also stronger than in PCPL-H, suggesting that it is not just
determined by the magnitude of the wind stress' seasonal cycle (which is the same by construction due to the
replaced climatology) in the SPNA. At the equator, the seasonal cycle is similarly strong in PCPL-H, PCPL-L and
CPL. Here FOCI seems to exaggerate the seasonal cycle compared to the JRASS reanalysis, independent of the
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wind stress' seasonal cycle that is expected to be weaker in PCPL-L. At 34.5°S a pronounced semi-annual cycle
exists in all simulations and also in observations (Meinen et al., 2018). A similar semi-annual cycle is present in
all experiments at the equator. The strength of the semi-annual cycles is not systematically stronger/weaker in any
of the configurations. While at SAMOC it is slightly more pronounced in (P)CPL than in OCO, the opposite is
true at the equator. At OSNAP (P)CPL hints on a weak semi-annual cycle, but a similar peak is missing in OCO.

The overall higher variability of CPL compared to OCO could have different reasons. One is the stronger wind
stress variability (likely dominant on short timescales) in CPL due to different strategies and formulae used
to convert wind to wind stress. However, the difference on these timescale is very small except for mentioned
difference at the SAMOC section. On timescales longer than a year the explicit simulation of feedbacks involving
the wind forcing in CPL could cause higher variability. This seems to be important in the NA. PCPL excludes
feedbacks that involve changes of the surface momentum transfer by prescribing the surface wind and shows
lower variability with a magnitude comparable to OCO. In the SA this mechanisms seems to be less important,
as variability in at least one PCPL experiment is similar to CPL.

Another interesting feature of the equatorial AMOC is a very strong increase of spectral power on timescales
shorter than 1 month in agreement with Blaker et al. (2021). All experiments, including the partially coupled
simulations, are able to simulate this high variability (not shown). This strong variability is also the reason to use
the monthly mean AMOC here, since defining the AMOC strength based on 5-day means at the equator consid-
erably changes the spectrum even on interannual timescales. A definition based on the monthly mean overturning
stream function is more robust and representative for the strength of the NADW cell.

In conclusion, PCPL is able to retain the overall stable AMOC of the fully coupled simulation. Trends in the
North Atlantic are similar in these experiments and possibly directly related to the applied historic atmospheric
boundary conditions. This highlights the ability of PCPL to retain a stable AMOC, that is, maintain the important
ocean-atmosphere feedbacks that were shown to be missing in forced experiments (e.g., Behrens et al., 2013),
without the need to introduce an artificial modification of the surface water mass properties, or fluxes. Whether
variability in PCPL mode is more similar to OCO or CPL depends on the latitude, timescale and mean wind stress
of the PCPL forcing. In all cases differences are mostly non-significant. Thus, the magnitude of AMOC varia-
bility in PCPL mode is comparable to fully coupled and ocean-only experiments. In the next section we study, if
PCPL is also able to reproduce the correct timing of this variability.

4. Timing of Variability

As exemplarily shown for FOCI-ATLAS10, coupled climate models are often able to simulate a realistic AMOC
strength and magnitude of its variability. In order to study past AMOC changes, compare the model to observa-
tions and attribute extreme events to specific conditions, an ocean hindcast with the correct timing of variability
is needed. This is generally not given in a coupled climate model and thus one of the main motivations to imple-
ment a partial coupling. Therefore, this section contains a detailed study of the timing of variability in the PCPL
experiments.

First, we show the correlation between all experiments for the annual mean timeseries discussed before (time
period 1970-2013). In order to study interannual variations, we remove low frequency variability from the time-
series by applying a 5-year highpass filter. This seems more reasonable than linear detrending, because linear
detrending does not remove all low frequency variability.

Partial coupling does show skill to reproduce the timing of interannual variations of the SPG (Figure 10). The
correlation between the SPG timeseries within the PCPL experiments (PCPL-L/PCPL-H) and between them
and OCO is above 0.6 and significant based on a confidence level of 95%. Correlations for the NA STG are
mostly insignificant, except for an anti-correlation between PCPL-L and OCO. The lack of correlation is proba-
bly a result of intrinsic, that is, unforced variability. The western branch of the NA STG gyre is characterized by
strong mesoscale activity. Even different ocean-only simulations with the same forcing are not highly correlated
in this region (not shown). The anti-correlation, although significant at 95%, is not expected to have a physical
explanation. In contrast to the positive SPG correlations, it only occurs for one pair of experiments. For the SA
STG we find a significant correlation of 0.4 between PCPL-H and OCO that could arise from the similar wind
forcing. However, there is no correlation between PCPL-L and OCO, or PCPL-L and PCPL-H. The wind stress
anomalies are derived from the same data set in all these experiments. This suggests that either the correlation
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Figure 10. Correlation matrices for 5-year highpass filtered annual mean transport timeseries (1970-2013). (a) Subpolar Gyre, (b) North Atlantic Subtropical Gyre,
(c) South Atlantic Subtropical Gyre, (d) Atlantic Meridional Overturning Circulation (AMOC) (OSNAP), (e) AMOC (RAPID; 26.5°N), (f) AMOC (SAMOC; 34.5°S).
Correlations that are significant (not significant) based on a confidence level of 95% are displayed white (gray).

is significant by chance, or that the effect of wind variability is masked in PCPL-L. Note that mesoscale varia-
bility (SSH variance) is reduced in PCPL-L compared to PCPL-H, however, and probably not the cause here. A
possible explanation is that the adjustment to the lower mean wind stress in PCPL-L has a non-linear impact on
interannual variability (low frequency variability itself was removed by the filter before calculating the corre-
lation). As expected, none of the gyre transports are significantly correlated between CPL and OCO. The high
SPG correlation for both, PCPL-L and PCPL-H, but lack of robust STG correlation could be an expression of
a stronger link between the gyre circulation and AMOC (discussed below). This is in line with Yeager (2020)
reporting on a strong coupling of the density space AMOC and SPG transport variability.

For the AMOC, results are more robust across the different sections. Correlations between PCPL and OCO are
significant and exceed 0.8 at OSNAP, 0.3 at RAPID and 0.6 at SAMOC. The correlations between PCPL-L and
PCPL-H are similar to the correlations between PCPL (PCPL-H/PCPL-L) and OCO at the respective latitude.
This gives confidence that the correlations are not just by chance, but indeed show an improved timing of vari-
ability in the PCPL experiments. Again CPL and OCO are uncorrelated, except for a positive correlation of 0.4
at the OSNAP section. CPL is not correlated to either PCPL experiment making it likely that this correlation is
by chance.

An example for the ability of PCPL to simulate interannual variability of the AMOC is provided in Figure 8d.
The strong minimum of the AMOC at 26.5°N in 2010 (McCarthy et al., 2012) is well reproduced in PCPL-L.
The AMOC is rather stable until 2008, then drops by about 3 Sv and recovers to its previous strength by 2011 in
PCPL-L and the RAPID observations. This result is in agreement with Thoma et al. (2015). PCPL-H and OCO
simulate a similar temporal evolution, but underestimate the minimum. As a result, a secondary minimum in 2012
(which is also visible in observations) has nearly the same magnitude. The fully coupled (CPL) experiment does
show a very different temporal evolution. Although the year 2010 shows a comparably weak AMOC transport, it
does not stand out as clearly as in all other experiments and is most likely just co-incident.
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Figure 11. Correlation of the Atlantic Meridional Overturning Circulation (AMOC) transport in CPL / PCPL-L / PCPL-H, and OCO between 34°S and 60°N on
different timescales. (a) high-frequency (30 days highpass filtered), (b) subannual (3—11 months bandpass filtered), (c) interannual (2-5 years bandpass filtered),

(d) interannual—decadal (5-10 years bandpass filtered) and (e) decadal (10 years lowpass filtered and detrended) variability. Blue shading indicates correlation
coefficients, that are statistically significant based on a confidence level of 95%. The meridional overturning stream function was smoothed with a 31 grid point (3°)
boxcar filter before calculating the AMOC strength. South of 30°N the AMOC is calculated in depth space (solid), density coordinates are used further north (dashed).
All timeseries start in 1970 and end half the filter time period prior to 2014.

So far we have only considered annual means, but the question remains whether PCPL is similarly successful
in reproducing the timing of AMOC variability on shorter and longer timescales. Furthermore, the AMOC at
specific latitudes may not be representative for the entire Atlantic and we expand our analysis to all latitudes
between 34.5°S and 60°N. Here, the AMOC south of 30°N is defined as the maximum overturning stream func-
tion in depth space below 500 m. Since the subpolar North Atlantic overturning is more adequately represented
in density coordinates (e.g., Lozier et al., 2019), we define the AMOC as the maximum overturning stream func-
tion in density space (potential density anomaly referenced to the surface) between 26.65 and 28 kg m~ north
of 30°N. All timeseries used for calculating correlations start in 1970 and end half the filtering time period prior
to 2014.

It is clearly visible in Figure 11a that PCPL is capable of reproducing the correct timing of variability on short
timescales (shorter than 1 month). The correlation between PCPL and OCO is around 0.8 at most latitudes. This
very high correlation is likely a direct result of the wind-driven Ekman transport, shown to cause strong AMOC
variability on short timescales (Cunningham et al., 2007). CPL, as expected, shows no significant correlation
(95% confidence level). As mentioned before, significance levels are calculated based on a two-sided student #-test
considering serial correlation by calculating effective degrees of freedom following Emery and Thomson (2001).

Note that we only define the AMOC strength using the 5-day mean overturning stream function to study the
high frequency variability. For the following longer timescales we use monthly means, since they allow for a
more robust estimate of the overturning strength close to the equator (see Section 3.3). Overall, the meridional
structure of the correlation is similar for the subannual timescale (3—11 months; Figure 11b). The correlation
between CPL and OCO is slightly higher, but mostly below 0.3. A considerable difference is an increase of the
CPL/OCO correlation south of 20°S. As shown in Figure 9d, the AMOC shows a semi-annual cycle that is also
visible in CPL. Therefore, not only the presence of this semi-annual cycle, but also its timing is reproduced in the
fully coupled simulation to a certain extend. This suggests that the semi-annual cycle is a response to the atmos-
pheric boundary conditions (e.g., solar radiation). Furthermore, a decrease in correlation to OCO between 30°N
and 20°S with a minimum just north of the equator is visible for both, PCPL-L and PCPL-H. As the correlation
between the two PCPL runs does not show this decrease, we suggest that differences in the representation of the
equatorial circulation between the (partially-) coupled and un-coupled configurations could be the reason. The
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corresponding currents span approximately the latitude range, where the correlation between PCPL and OCO
differs most from the correlation between the two PCPL experiments.

On interannual timescales (2-5 years; Figure 11c), the correlation to OCO is significantly higher than zero at all
latitudes in PCPL-L and PCPL-H. Thus, also on timescales longer than a year the assimilation of only wind stress
anomalies can improve the timing of AMOC variability throughout the entire Atlantic. This result is in line with
studies showing that the locally wind-driven Ekman transport also contributes to interannual variability (Blaker
et al., 2015; McCarthy et al., 2012). Further, wind induced Ekman pumping and the resulting Sverdrup transport
has an important impact on interannual AMOC variability (Duchez et al., 2014). The correlation decreases from
values around 0.9 in the SPNA to 0.4 in the South Atlantic. This agrees with an increasing fraction of intrinsic
interannual variability shown by Grégorio et al. (2015) and Leroux et al. (2018). In addition to this decrease
toward the south, the correlation varies at individual sections. Just north of the southern tip of Africa there is
local maximum in correlation that can explain the higher correlation at SAMOC than at RAPID seen before,
especially for PCPL-L.

Even on interannual to decadal timescales (5-10 years; Figure 11d) the PCPL experiments show an improved
timing of variability compared to CPL in the tropical and subtropical North Atlantic. PCPL-H and PCPL-L are
both significantly correlated to OCO between the equator and 40°N. At subpolar latitudes the correlation between
PCPL-H and OCO decreases to insignificant values north of 40°N. The PCPL-L/OCO correlation also decreases,
but remains just at the margin of being significant, while the PCPL-L/PCPL-H correlation does not show a
decrease. A possible explanation is an emerging impact of the upper ocean density, that was shown to be impor-
tant for (multi-) decadal AMOC variability (Zhang et al., 2022). Although buoyancy fluxes are unconstrained in
PCPL water mass properties are more similar between PCPL-H and PCPL-L than between the two experiments
and OCO. This could lead to a similar AMOC response to the applied wind forcing in the two PCPL experiments.
Differences between the experiments become visible south of the equator. While the PCPL-H/OCO correlation
remains high to about 15°S and drops to insignificant values further south, the PCPL-L/OCO correlation remains
high for the whole South Atlantic. At the same time the correlation between the two PCPL experiments strongly
decreases and becomes negative south of 20°S. A possible explanation for the lower correlation at the southern
boundary of the Atlantic is connected to the source of AMOC variability in the different experiments. While
AMOC anomalies in the South Atlantic in PCPL-H seem to mostly enter the Atlantic from the south and spread
toward the equator, such northward spreading anomalies are only visible in PCPL-L and OCO to about 25°S (not
shown). North of this latitude anomalies spread predominantly southward in these experiments. The stronger and
more northward penetrating anomalies generated in the Southern Ocean in PCPL-H, are likely connected to the
strongly enhanced wind stress compared to OCO and PCPL-L. The stronger wind stress in PCPL-H drives more
variable and deeper mixing in the Southern Ocean and could therefore enhance the production of bottom water
that spreads northward into the Atlantic. Nevertheless, also PCPL-L shows enhanced Southern Ocean mixing
compared to OCO, consistent with a slightly decreasing correlation south of 25°S.

On longer timescales (>10 years; Figure 11e), the two PCPL experiments are not correlated throughout most
of the Atlantic. Still, both experiments are significantly correlated to OCO south of 40°N. Especially because
the filtering period is long compared to the length of our timeseries and the magnitude of decadal variability is
small in all experiments, the correlations between PCPL-H/L and OCO should be interpreted with caution here.
Most studies identify the subpolar North Atlantic as the main source of decadal AMOC variability (e.g., Biastoch
et al., 2008; Jackson et al., 2022; Megann et al., 2021; Robson et al., 2012). Although the buoyancy fluxes in
PCPL mode are not constraint by observations, atmospheric teleconnections to the Pacific (where heat flux
variability is fairly well reproduced in the equatorial region), or an accumulated effect of the improved timing of
AMOC variability on interannual timescales, could also influence the North Atlantic buoyancy forcing. However,
none of our analysis supports such a hypothesis. We have already shown in Section 2.4 that the timing of the
annual mean buoyancy forcing in the Atlantic is not significantly changed by partial coupling. Acknowledging
that fluxes in different seasons may have a different impact on AMOC variability, we repeat our analysis for the
northern hemisphere winter (DJF) heat flux, but do not find major differences. The variability in winter is higher
in CPL than in all other experiments, but the correlation is still insignificant between PCPL-L/H and OCO, not
only on interannual, but also on decadal timescales (Figure S3 in Supporting Information S1). Furthermore, the
zonal mean heat flux could not be representative for the heat flux in specific AMOC key regions. We also calcu-
lated correlations for the Labrador, Irminger and southern Nordic Seas heat fluxes. Especially buoyancy (mainly
heat) fluxes in the first two regions were identified by Megann et al. (2021) to impact decadal AMOC variability.
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Again, a significant correlation is not found between any of our experiments (except for PCPL-L and PCPL-H
in the Nordic Seas on decadal timescales). Furthermore, the correlations only being significant south of 40°N
makes the North Atlantic an even more unlikely source of the AMOC correlation between the PCPL experiments
and OCO. Thus, assuming the correlations reflect a physical mechanism, the only possible explanation is an
impact of low frequency variability of the wind stress itself via changes in the Ekman or Sverdrup transports. We
do find decadal variability of the Sverdrup transport, derived from the JRA55-do forcing data set to match the
AMOC evolution in PCPL-L/H and OCO at the RAPID and SAMOC sections (Figure S4 in Supporting Infor-
mation S1). Note that decadal wind stress variability in all these experiment is the same by construction. There
is a striking similarity between the Sverdrup and AMOC transports in PCPL-L and OCO (correlations exceed
0.7 at both sections). The correlation is similarly high in PCPL-H at the SAMOC section, but slightly lower and
not significant at the RAPID section (0.5). Still there is a high agreement (and correlation) before the late 1990s.
Note that a positive (negative) anomaly of the Sverdrup transport is associated with a stronger Sverdrup gyre in
the northern (southern) hemisphere. Thus a spin-up of the gyre is associated with a spin-down of the AMOC in
the northern hemisphere, which matches observations and other models (McCarthy et al., 2012; Yeager, 2015).
In the southern hemisphere, however, the AMOC transport increases together with the Sverdrup gyre transport.
We do find hints on anti-correlations (correlations) of the decadal gyre (estimated as described in Section 3.2)
and AMOC transports in the northern (southern) hemisphere, but most of them are insignificant. It is likely that
the aforementioned impact of mesoscale variability on our gyre estimate also masks the wind stress curl driven
signals on longer timescale. The timeseries in Figure S4 in Supporting Information S1 further reveal, why in the
mid-latitude North Atlantic the AMOC in PCPL-H and PCPL-L are significantly correlated to OCO, but not
to each other. PCPL-L resembles the variability in OCO better than PCPL-H before the 2000s, while PCPL-H
is more successful after 2000. Decadal Ekman transport anomalies are also significantly correlated with the
AMOC transport, but their magnitude is negligible compared to the Sverdrup transport. Based on these results,
we hypothesize that low frequency variability in mid-latitudes winds can force low frequency AMOC variability.
In experiments with stronger buoyancy driven decadal variability in the SPNA, however, this is likely masked. It
is interesting to note that a similar high correlation between the AMOC and Sverdrup transport can not be seen
in CPL (not shown). It is beyond the scope of this study to make a conclusive statement on the impact of low
frequency wind forcing on the AMOC, since a large set of longer sensitivity experiments would be required.

We conclude that a correct timing of AMOC variability in PCPL mode is robust on interannual and shorter
timescales. On interannual-decadal timescales the correlation depends on the latitude and seems to be sensi-
tive to the mean Southern Ocean wind stress in the SA and water mass properties in the NA. A model with
smaller biases than FOCI[-ATLAS10] in those regions could be more successful in reproducing the timing of
interannual-decadal variability. It is unlikely that partial coupling is able to reliably reproduce the timing of
decadal AMOC variability. The timing of the buoyancy (heat and freshwater) flux variability is not in agreement
with the ocean-only simulation. There could be an additional impact of low frequency wind driven variability on
the AMOC that is reproduced in PCPL mode, but only apparent in the absence of strong buoyancy driven AMOC
variability in the North Atlantic.

5. Summary and Conclusion

With this study we aim at improving ocean hindcast simulations by applying a technique known as partial coupling
in an eddying coupled climate model, showing its capabilities and limitations and help to identify possible use
cases. Furthermore, our study reveals important aspects of the impact of wind forcing on AMOC variability on
different timescales. We motivated our research by asking the following questions:

Do PCPL experiments simulate a realistic mean large-scale circulation and multi-decadal trends?

The nested ATLAS10 configuration is able to simulate a realistic mean gyre circulation in the ocean-only, fully
coupled and partially coupled set-ups. The mean gyre transports are mostly determined by the mean wind stress
curl and thus depend on the exact procedure used to convert 10 m wind from reanalysis and the model to wind
stress. Here we compare two partially coupled experiments, with different mean wind stress. While PCPL-L uses
a mean wind stress similar to the ocean-only experiment, PCPL-H is designed to match the fully coupled config-
uration as close as possible. The disadvantage of the former is a short secondary spin-up phase when switching
to PCPL mode and possible long term model drift. This is clearly visible in the gyre transports (especially the
SPG transport), but the AMOC is less affected within 56 years after initialization. The higher mean wind stress
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of PCPL-H minimizes an initialization shock, but is no longer comparable to the mean wind stress applied in the
ocean-only reference experiment.

The magnitude of interannual transport variability is not systematically affected by partial coupling. Mesoscale
activity, as an important part of the horizontal circulation, is also reasonably well represented at 1/10° resolution
in many regions. CPL and both PCPL experiments simulate a too narrow Agulhas Ring path, which is a result
of the coarse atmospheric resolution and additionally, the application of absolute wind in PCPL mode (compare
Schwarzkopf et al., 2019).

The mean structure and strength of the AMOC is very similar in the CPL and PCPL experiments, but slightly
weaker in the ocean-only configuration. Still, the NADW cell reaches deeper in OCO, probably caused by less
formation of Antarctic Bottom Water. It is likely that substantial differences in the surface boundary conditions
between forced and coupled set-ups have an important contribution to the weaker transport in OCO. It was shown
that mean heat, freshwater and momentum fluxes differ compared to the (partially-) coupled FOCI-ATLAS10
experiments. Also differences outside the nest area, for example, in the Arctic Ocean, are likely to contribute
(Biastoch et al., 2021). The mean AMOC strength is found to be weakly sensitive to the mean wind stress forc-
ing and resulting mean gyre transports. The mean AMOC strength in PCPL-H and PCPL-L differs by less than
0.5 Sv in the SPNA and is also similar to the transport in CPL, despite SPG transports differing by several Sver-
drups. In the subtropical Atlantic, between approximately 30°S and 30°N, the AMOC is stronger in PCPL-L, with
differences below 1 Sv at most latitudes. At least in the northern hemisphere, this is consistent with the dynamic
coupling of the NA STG and the AMOC. As described by Yeager (2015) and supported by Section 4, the NA
STG and AMOC response to wind stress curl changes are of opposite sign. In PCPL-L the initial reduction in
wind stress (curl) drives a decreasing NA STG transport and possibly results in a stronger mean AMOC compared
to PCPL-H and CPL. At the SAMOC section the AMOC is about 1 Sv weaker in PCPL-L than in PCPL-H, possi-
bly a direct response to the weaker southern hemisphere westerlies.

AMOC variability at the latitudes considered here is largest in CPL on most timescales, due to a higher wind
stress (variability) and the explicit simulation of feedbacks that involve surface momentum fluxes. The latter
seems to be more important in the North Atlantic. Dependent on latitude and timescale, PCPL-H is closer to
OCO than to CPL, or vice versa. PCPL-L is more comparable to OCO on all timescales, except for the equato-
rial seasonal cycle. Because PCPL-H, PCPL-L and CPL all show nearly the same power at annual periods, the
strong seasonal cycle is rather related to differences in the heat and freshwater flux variability in FOCI than to
wind stress.

PCPL shows promising results to simulate reasonable long term trends, meaning trends are related to the applied
surface forcing rather than model drift. Unrealistic large downward trends in the gyre transports, especially in
the SPNA, are visible in PCPL-L, but can be eliminated by keeping the mean wind stress of the fully coupled
configuration (depicted by PCPL-H). AMOC trends at OSNAP and RAPID are slightly stronger in PCPL-H
than PCPL-L, but the RAPID trends in both experiments are comparable to trends in CPL and the CMIP6
ensemble (Weijer et al., 2020), suggesting that the historic atmospheric boundary conditions (e.g., rising green-
house gas concentrations) are responsible for a weakened AMOC after the 1970s. As already argued above,
the gyre and AMOC response to a reduction in wind stress curl is of opposite sign in the subtropics according
to Yeager (2015). At least for the RAPID section, their results are consistent with a weaker declining trend in
PCPL-L. Therefore, various local and remote processes contribute to the magnitude of the trend at the considered
latitudes and we can not fully prove that partial coupling does not introduce a long term model drift. Still, our
results strongly suggest that important ocean-atmosphere feedbacks are still maintained in PCPL mode. This is a
success, since it shows that partial coupling allows to omit the SSS restoring necessary to obtain a stable AMOC
in the ocean-only set-up.

Is the correct timing of (AMOC) variability in PCPL experiments limited to certain latitudes, or timescales?

In addition to a realistic mean circulation and long term evolution, an ocean hindcast should be characterized by
the correct timing of variability on the timescale of interest. Thoma et al. (2015) already showed the success of
partial coupling for interannual AMOC variability at 26.5°N. We were able to confirm this result in an eddying
model configuration and to systematically study the limitations of partial coupling on various timescales and
throughout the whole Atlantic Ocean, not only for the sake of model development, but also to gain insight into
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the impact of wind forcing on AMOC variability. Our results are based on a comparison between the partially
coupled and ocean-only experiments.

Overall, partial coupling is able to simulate the correct timing of AMOC variability on timescales from submonthly
to interannual (periods shorter than approximately 5 years) independent of the procedure used to generate the
anomaly forcing. The correlation between the PCPL experiments and OCO are mostly higher than 0.6 and signif-
icantly different from 0 at all latitudes. This result matches and confirms the current knowledge of processes
contributing to AMOC variability on these timescales. Variability on short timescales was shown to be dominated
by the wind-driven Ekman transport (Cunningham et al., 2007). Also on interannual timescales wind-forcing was
shown to be the major driver for AMOC variability (Biastoch et al., 2008; Zhao & Johns, 2014). The latitudinal
dependence, with higher correlations in the North Atlantic, is consistent with an increasing fraction of intrinsic
variability (i.e., variability not related to the applied surface forcing) in the South Atlantic. Grégorio et al. (2015)
derive a ratio of intrinsic to total interannual AMOC variance close to zero north of 45°N and up to 45% at 30°S.
A similar dependency of intrinsic AMOC variability on the latitude was obtained by Leroux et al. (2018).

The strong impact of wind forcing does extend to interannual—decadal variability, but our results suggest that the
upper ocean density becomes increasingly important in the subpolar North Atlantic. This hypothesis is based on
results of Zhang et al. (2022) and the higher correlation between PCPL-H and PCPL-L compared to the correla-
tion to OCO. As water mass properties in PCPL-H and PCPL-L are much more similar, the NA AMOC response
to the same wind stress anomalies could be more similar as well. In the Southern Ocean the stronger mean wind
stress in PCPL-H generates stronger AMOC anomalies, possibly connected to deep mixing events north of the ice
edge. These anomalies penetrate further north into the SA than anomalies of Southern Ocean origin in PCPL-L
and OCO at periods between 5 and 10 years. This causes the PCPL-H/OCO and PCPL-H/PCPL-L correlations
to drop in the southern hemisphere on this timescale.

On timescales longer than 10 years the correlation between PCPL and OCO depends on the latitude. PCPL-L/H
and OCO are significantly correlated south of 40°N. Most studies find buoyancy driven processes to dominate
AMOC variability on decadal timescales (e.g., Biastoch et al., 2008; Jackson et al., 2022; Megann et al., 2021;
Robson et al., 2012). Buoyancy fluxes are unconstrained in PCPL mode and there is no correlation between
the PCPL and ocean-only experiments on interannual, or decadal, timescales. Therefore, it is unlikely that the
mentioned AMOC correlation is caused by a feedback of interannual ocean variability driven by the wind stress
on the low frequency buoyancy forcing. Instead, the correlation is more likely explained by an AMOC response
to low frequency wind variability via changes in the Sverdrup transport. This is not necessarily in contradiction
to the aforementioned studies highlighting the impact of buoyancy driven variability. All experiments, including
OCO, simulate little decadal variability, suggesting that the impact of the SPNA heat flux variability is underes-
timated. In experiments with strong decadal variability of the SPNA overturning, we expect these processes to
mask the wind contribution.

Our timeseries are not long enough to study variability on interdecadal timescales. Based on the results of Eden
and Jung (2001), showing that the NA interdecadal (periods around 30 years) circulation variability is caused
by the oceans response to NAO heat flux forcing, it is unlikely that PCPL is able to simulate the correct timing.
Still, the AMV was shown to have an improved timing in PCPL simulations and an improved timing of multidec-
adal variability in the Pacific (PDO) may impact the Atlantic via teleconnections on longer timescales (Thoma
etal., 2015).

Apart from the integrative quantity of the AMOC, other circulation metrics are less strongly correlated in PCPL
and OCO. For the gyre estimates intrinsic (i.e., unforced) mesoscale variability of the eddying model seems to
have a large impact. The same is true for individual currents, such as the Florida Strait transport, although we did
not include the analysis here. Only the SPG is significantly correlated, which hints on a strong connection to the
AMOC in agreement with Yeager (2020). Due to the computational cost of the eddying resolution, our experi-
ments are limited to a single model run. Although our main conclusions are not expected to change, the spread
of a partially coupled ensemble on different timescales could reveal more information about the robustness of
the timing of AMOC variability in PCPL mode. At the same time, an ensemble at eddying resolution is often not
feasible and thus the ability of a single run to reproduce the timing of variability studied here is highly relevant.

In summary, a main motivation to study partial coupling is the reduction of arbitrary choices in the surface
boundary condition calculation of an ocean-only experiment. At the same time, the correct timing of ocean
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circulation variability in such forced simulations should be retained as good as possible, which is not given
in fully coupled experiments. Our results show that PCPL can achieve the first goal. Both PCPL experiments
simulate a stable AMOC with trends comparable to the fully coupled experiment. Further, the magnitude and
timing of AMOC variability on timescales shorter than 5 years is well reproduced. Although we find an AMOC
correlation between PCPL and OCO outside subpolar latitudes caused by low frequency wind variability, we do
not find any hints that partial coupling does impact the timing of buoyancy flux variability in the North Atlantic.
As aresult, a single PCPL experiment can not be expected to reproduce the timing of decadal AMOC variability,
limiting its applicability for the use case of hindcast simulations. However, the correct timing of AMOC varia-
bility on short and interannual timescales, together with a stable AMOC over multiple decades, can be useful for
all studies focusing on sub-decadal processes. Note that the (partially) coupled configuration is only marginally
more computational expensive than the ocean-only configuration, if run with a coarse atmospheric resolution.
For a new configuration that is to be used to study interannual AMOC variability, it can be advantageous to use
a partially coupled model. It avoids several arbitrary choices, not only restoring and budget corrections, but also
details of the runoff interpolation that is typically not provided on the model grid.

There are many more use cases in sensitivity experiments that focus on specific processes, rather than reproduc-
ing past ocean variability in general. As presented here, PCPL is useful to assess the impact of wind forcing on
the AMOC. In addition, PCPL allows to infer the ocean's dynamical role in driving atmospheric variability. As an
example, the 2009/2010 minimum of the AMOC is expected to have changed the ocean heat transport (McCarthy
et al., 2012) and could have fed back to the atmosphere. PCPL allows to study, whether the AMOC downturn
did change the atmospheric circulation and contributed to the strongly negative winter NAO phase in the winters
of 2009/2010 and 2010/2011 (Buchan et al., 2014). This would not be possible in a fully coupled configuration,
since it is not expected to reproduce the same AMOC minimum. Neither it could be studied in an ocean-only
set-up, because the atmospheric state is prescribed. An application of PCPL in ocean modeling could focus on
linkages between the AMOC and SPG transports, since the timing of both is very well reproduced in PCPL. By
prescribing different wind patterns in a coupled model it is possible to investigate the nature of this linkage, with-
out altering the response by also prescribing heat and freshwater fluxes. Furthermore, the good performance of
PCPL in the tropical Pacific and hints on an improved timing of buoyancy flux variability in the tropical Atlantic
could be interesting for studies on teleconnections between the two ocean basins in tropical latitudes.

The capabilities identified here make partial coupling an interesting addition to ocean-only and coupled models
as discussed above. At the same time, it was not possible to make conclusive statements about the timing of
decadal variability in partially coupled models that would be needed for the application in hindcast simulations.
This may provide further motivation to expand our analysis and investigate modifications to the partial coupling
procedure in order to perform successful ocean hindcasts in earth system models.

Data Availability Statement

All data shown in the figures, scripts, model name lists and essential model input is publicly available (Schulzki
et al., 2022) at: https://hdl.handle.net/20.500.12085/57ea9d04-2bd4-4a27-8994-3¢19982731bd. The Ssalto/
Duacs altimeter products (Taburet & Pujol, 2022) were produced and distributed by the Copernicus Marine and
Environment Monitoring Service (CMEMS), https://marine.copernicus.eu/. OSNAP data (Li et al., 2021) were
collected and made freely available by the OSNAP (Overturning in the Subpolar North Atlantic Program) project
and all the national programs that contribute to it (Www.o-snap.org). Data from the RAPID AMOC monitoring
project (Frajka-Williams et al., 2021) is funded by the Natural Environment Research Council and are freely
available from www.rapid.ac.uk/rapidmoc.
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