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Abstract. We present results of a new coupled climate model configurations named FOCI-OpenIFS-AGRIF 3.0. Advancing

from the Flexible Ocean and Climate Infrastructure version 1 (FOCI1, Matthes et al., 2020), the new configuration employs the

OpenIFS atmosphere model for improved computational scaling at high grid resolutions. Moreover, a novel coupling technique

is developed to enable direct exchange of surface fluxes between an embedded zoom in the ocean model (AGRIF) and the

atmosphere component through the coupler in addition to the coupling between the global atmosphere and global ocean. We5

discuss major differences between three configurations: one with low resolution in ocean (1/2◦, 25–50 km) and in atmosphere

(∼100 km), one with the refined 1/10◦ (5–10 km) ocean grid in the North Atlantic but still low resolution atmosphere, and a

third one with additionally globally enhanced atmosphere resolution at ∼31 km and 50% more vertical levels. The regionally

eddy-rich ocean yields an improved North Atlantic Current path and enhanced northward volume and heat transport simulating

a stronger subpolar gyre. Increasing the atmospheric resolution to better match the refined ocean grid yields larger winter10

heat loss over the subpolar North Atlantic thereby reducing the ocean heat transport into the Nordic Seas despite an unaltered

volume transport compared to the configuration with only enhanced ocean resolution. We conclude that just increasing ocean

grid resolution shifts meridional heat transport from the atmosphere to the ocean in the North Atlantic region. For a realistic

balance between ocean and atmosphere transport matching grid resolutions are required to properly simulate heat exchange at

subpolar latitudes.15

1 Introduction

The Atlantic meridional overturning circulation (AMOC) is a key player in the global redistribution of heat, freshwater, carbon

and nutrients. The AMOC transports warm and saline waters to the subpolar North Atlantic where the heat is ventilated to

the atmosphere and upper ocean waters are transformed into North Atlantic Deep Water (NADW). The AMOC carries almost

1.2 PW of heat northward at 26.5◦N which is 60% of the net poleward heat flux carried by the global oceans (Ganachaud and20

Wunsch, 2000; Trenberth and Fasullo, 2017). The northward heat transport is an crucial contribution by the global overturning
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circulation to regional climate and its variability. Many oceanic and atmospheric processes contribute to the meridional heat

transport (MHT) in the North Atlantic ranging from the sensible and latent surface heat fluxes to basin-scale overturning and

gyre circulation to mesoscale dynamics, including eddies.

The MHT in the North Atlantic has been estimated in many previous studies by using surface heat fluxes or in situ measure-25

ments. Hsiung (1985) computed the MHT as the transport required to balance air–sea heat flux observations and Trenberth and

Caron (2001) calculated it as the the residual from the top-of-atmosphere radiation balance that is unexplained by atmospheric

transport. Argo floats (Hobbs and Willis, 2012) as well as ship-borne instruments (Hall and Bryden, 1982; Koltermann et al.,

1999; Talley, 2003) have also been used to measure the MHT. In recent decades moorings of the Rapid Climate Change-

Meridional Overturning Circulation and Heatflux Array (RAPID-MOCHA) are providing continuous measurements of MHT30

at 26.5◦N (Johns et al., 2011; Moat et al., 2022) and the Overturning in the Subpolar North Atlantic Program (OSNAP, Lozier

et al., 2019) provides observational MHT data for the subpolar gyre region. However in situ measurements at a given latitude

cannot result in a robust MHT variability as it can not capture the mesoscale activities realistically which are essential for the

Atlantic MHT estimation.

It is essential for numerical ocean models to realistically represent mesoscale eddies, either by explicitly resolving them35

or through appropriate parameterization, to effectively replicate the ocean’s dynamic response. In order to produce the cor-

rect transfer of kinetic energy between large scales and mesoscale eddies, the ocean model should be able to resolve the

Rossby radius (Kjellsson and Zanna, 2017). Non-eddying ocean models, often use an eddy-parameterisation scheme such as

the Gent–McWilliams (GM, Gent and Mcwilliams, 1990) method to account for unresolved eddy processes, which however

does not include the kinetic energy transfer accurately. As a result, the models with low horizontal resolution show biases in40

the dynamics of the Gulf Stream, the Kuroshio Current and the Antarctic Circumpolar Current.

An accurate representation of the western boundary currents, such as the Gulf Stream in the North Atlantic and the Kuroshio

in the North Pacific, is crucial for better understanding ocean-atmosphere interactions and their impact on climate (Minobe

et al., 2008; Ma et al., 2016; Griffies et al., 2015; Renault et al., 2016; Omrani et al., 2019). A realisitc representation of the

Gulf-Stream extension leads to improvements in sea surface temperatures (SSTs) and air–sea heat fluxes around this region45

(Bryan et al., 2007; Small et al., 2014; Bellucci et al., 2021; Athanasiadis et al., 2022). Marzocchi et al. (2015) and Martin

and Biastoch (2023) achieved significant improvements of the North Atlantic Current (NAC) and the Gulf-Stream separation

already with a 1/12◦ and 1/10◦ ocean grid, respectively. They have also found improvements in the representation of boundary

currents, depth of winter mixing in the Labrador Sea, and the transport of overflows at the Greenland–Scotland Ridge. Multiple

studies have shown that an increased ocean model horizontal resolution tends to simulate a stronger and more realistic mean50

subpolar gyre and AMOC (Hirschi et al., 2020; Roberts et al., 2020; Meccia et al., 2023) which further enhance the poleward

heat transport which improves simulation of the mean SSTs, sea surface salinity, and sea ice cover in the high-latitude North

Atlantic (Grist et al., 2018; Menary et al., 2018; Docquier et al., 2019).

There is a general agreement that eddy-rich models produce a more realistic North Atlantic climate than non-eddying and

eddy-permitting models (Marzocchi et al., 2015; Roberts et al., 2020; Sieker et al., 2026). However, eddy-rich models come at55

a high computational cost due to finer horizontal resolution, which demands a shorter time step, and is often accompanied by
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enhanced vertical resolution. To fully benefit from such expensive simulations, output is stored at a higher frequency, which is

demanding on I/O and disk space. Thus, eddy-rich model simulations exceeding a couple of centuries are rare. To overcome

this limitation, an alternative in ocean modelling is to nest a high-resolution regional domain into a global base model at

coarser resolution (Biastoch et al., 2018). With two-way interaction enabled, nested models still enable far-field feedbacks of60

the regional mesoscale processes, which can be identified and quantified by either altering nest sizes (Biastoch et al., 2008b) or

by running parallel studies using the same base model without nest (Biastoch et al., 2008a). The improvement of the climate

mean state by including an eddy enabling nested ocean model in a coupled climate model has been demonstrated by Matthes

et al. (2020), who found a reduction in the prominent North Atlantic cold bias, an improvement in the North Atlantic Current

path and a more realistic Gulf Stream separation.65

Another methodology, which employs unstructured meshes (Wang et al., 2008; Ringler et al., 2013; Sidorenko et al., 2015)

is also considered to be highly efficient in mitigating computational constraints. In this approach high resolution is applied to

dynamically active regions while retaining a relatively coarse resolution elsewhere. For example, the Alfred Wegener Institute

Climate Model (AWI-CM) with a sea ice-ocean component based on an unstructured mesh simulates a more realistic climate

mean state than the average of five well-established Coupled Model Intercomparison Project Phase 5 (CMIP5, Wuebbles70

et al., 2014) models (Sidorenko et al., 2015). Moreover, Rackow et al. (2018) showed that this model yields internal variability

largely consistent with observations.

In this study we discuss the implications of enhancing ocean and atmosphere model grid resolutions on ocean large-scale

circulation, surface fluxes and meridional heat transport in the context of climate mean state simulations. For this we compare

three different coupled model configurations with a focus on the North Atlantic region. The reference, low-resolution con-75

figuration features a non-eddying ocean system and the two high-resolution configurations run with strongly eddying North

Atlantic, where one of these also features matching high-resolution in the atmosphere. The main questions we address are: (1)

How does hydrography and atmospheric temperature over the North Atlantic region change with enhanced grid resolutions? (2)

How is this connected to large-scale ocean circulation changes? (3) How do these responses affect the mean state meridional

heat transport in ocean and atmosphere?80

2 Data and Methodology

2.1 Model description

The FOCI-OpenIFS model is based on the Flexible Ocean and Climate Infrastructure version 1 (FOCI1, Matthes et al., 2020),

but uses the Open Integrated Forecasting System (OpenIFS) atmosphere model instead of the European Centre Hamburg

Model, 6th generation (ECHAM6, Stevens et al., 2013). The OpenIFS model was chosen over ECHAM6 (Stevens et al., 2013)85

due to the better scalability of the former at high horizontal resolutions. The ocean component, the Nucleus for European

Modelling of the Ocean (NEMO, Madec, 2016), is described briefly in section 2.1.2 as it it largely the same as in FOCI1.

Most importantly, FOCI-OpenIFS shares the capability to regionally refine the ocean grid by two-way nesting. However, a
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novel coupling technique was developed and is first described here in section 2.1.3. For further details the reader is referred to

(Matthes et al., 2020).90

2.1.1 Atmosphere and Land

The OpenIFS atmosphere model is based on the forecast model from the European Centre for Medium-Range Weather Fore-

casts (ECMWF) Integrated Forecasting System (IFS) cy43r3 (Temperton et al., 2001; Hortal, 2002). The low-resolution simu-

lation uses the O96 reduced octahedral Gaussian grid and Tco95 cubic spectral truncation (≈ 100 km) with 91 vertical hybrid

levels and a 1800 s time step, while the high-resolution simulation uses the O320 grid and Tco319 spectral truncation (31 km)95

with 137 vertical levels and 900 s time step. The low-resolution configuration is the same as used by Savita et al. (2024). Only

one namelist parameter is changed between the low-resolution and high-resolution configurations: the time step is changed

from 1800 s to 900 s. This follows recommendations from ECMWF. Other parameter changes such as diffusion coefficients,

gravity-wave drag parameters, etc are changed internally in the model as function of grid resolution. In particular, we note that

the radiation call frequency is changed from 3 hours in low resolution to 1 hour at high resolution.100

Land-surface calculations are done by the Hydrology Tiled ECMWF Scheme for Surface Exchanges over Land (HTESSEL,

Balsamo et al., 2009) module included in OpenIFS. Vegetation types and albedo over snow-free surfaces are prescribed from

climatology. All air-sea fluxes are calculated by OpenIFS and then passed to the ocean/sea-ice model.

In all experiments the Charnock coefficient is constant, 0.018. Wind stress is calculated by the surface module in OpenIFS

as105

(τx, τy) = κρ
√
Cm

√
u2
s + v2s (us,vs), (1)

where us = (us,vs) is the near-surface horizontal wind, ρ is air density, κ= 0.4 is the von Karman constant and Cm is a drag

coefficient which in dependent on atmospheric stability. Hence, our simulations will not include the so-called "eddy killing"

effect (Zhai et al., 2010), where wind stress induces a torque opposite of the rotation of mesoscale ocean eddies.

2.1.2 Ocean and sea ice110

We use the ocean–sea ice model of FOCI1.0 (Matthes et al., 2020), which is NEMO version 3.6 (Madec, 2016) and Louvain-

la-Neuve Sea Ice Model version 2 (LIM2, Fichefet and Maqueda, 1997), and also the same tripolar global grid ORCA05 with

46 vertical z-star levels and partially filled bottom cells. The ORCA05 grid has a nominal resolution of 0.5◦ (nominal grid

spacing of 50 km, converges to 25 km in Nordic Seas) and thus does not permit explicitly resolved mesoscale eddies, i.e. this

configuration is considered "non-eddying". Instead, mixing of tracers by mesoscale eddies is parameterized (Treguier et al.,115

1997) with the eddy diffusivity capped at 1000 m2 s−1.

Sea-ice dynamics and physics is done by the LIM2 sea-ice model (Fichefet and Maqueda, 1997) which uses the same

horizontal resolution as the ocean model but on a B-grid instead of the C-grid of the ocean. The sea-ice model call is every

10 mins in the Adaptive Grid Refinement In Fortran (AGRIF, Debreu and Blayo, 2008) compared to 1 hour in ORCA05 to

avoid Courant-Friedrichs-Lewy (CFL) violations. Bare sea-ice albedo is set to a fixed αice. We use only one thickness category.120
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We apply two-way nesting using AGRIF (Debreu and Blayo, 2008) to enhance the grid resolution from 0.5◦ to 0.1◦ over the

entire subpolar North Atlantic region from 30◦ to 85◦N. With a grid spacing of <10 km (converging to 5 km around Greenland),

this nested regional model called VIKING10 enables a strongly eddying representation of the Gulf Stream and North Atlantic

Current—thereby mitigating the prominent North Atlantic cold bias—and also improved boundary currents at higher latitudes

(Matthes et al., 2020; Martin and Biastoch, 2023). The nested ocean–sea ice model is fully coupled to the global climate model125

as in FOCI1 but uses a more sophisticated coupling method as described below.

To accommodate the higher horizontal resolution the nest uses a shorter time step, smaller coefficients for horizontal viscos-

ity and tracer diffusion, and the parametrisation of mesoscale eddy tracer fluxes is turned off. We reduce the coefficients for

horizontal viscosity, Ah,m,0, and tracer diffusion, Ah,t,0 from the ORCA05 to the VIKING10 grid as a function of horizontal

resolution following130

Ah,m,0 = Ah,m,0

(
∆nest

∆ORCA05

)3

and (2)

Ah,t,0 = Ah,t,0
∆nest

∆ORCA05
, (3)

where ∆nest and ∆ORCA05 are the grid spacing of the nest and global ORCA05 grids, respectively. We applied and AGRIF

refinement factor of ∆nest

∆ORCA05
= 5. Hence, horizontal diffusion is reduced by a factor 5 and horizontal viscosity by a factor 125

(Table 1).135

The ocean component NEMO simulates the global ocean on the ORCA05 grid and sends/receives fluxes to/from OpenIFS.

Over the nest, AGRIF simulates the North Atlantic using boundary conditions from the global ORCA05 grid and also sends/re-

ceives fields to/from OpenIFS independently of the global ORCA05 grid. The 3D fields of velocity and tracers from AGRIF

are used to update the global model over the North Atlantic every three nest time steps, i.e. every 30 minutes.

We note that our version of NEMO 3.6 was modified to (i) send the AGRIF mask to the OASIS coupler (see coupling140

method below), (ii) remove checking of coupling frequency since it is different for NEMO and AGRIF, (iii) avoid calling the

oasis_enddef in NEMO but instead in the last AGRIF definition. The last two code modifications are available in later

releases of NEMO.

2.1.3 Coupling

In FOCI verison 1.0 (Matthes et al., 2020), the coupler only sends and receives fields between the ECHAM6 atmosphere and145

the NEMO global ocean. Coupling fields such as wind stress, evaporation and heat flux from ECHAM6 are computed based on

ORCA05 surface state, then written to a netCDF file on disk and finally read and remapped to the AGRIF grid. There are several

disadvantages with this method. First, from a computational point of view, reading and writing from/to disk is much slower

than direct communication between model components via Message-Passing Interface (MPI). In addition, the "file-based"

coupling was found to fail on some HPCs due to issues with the netCDF library when a file is kept open and its data is replaced150

multiple times. Second, the coupling exchange via the ocean parent grid imposes the combination of two spatial interpolations,

thus combined smoothing, on top of the zoom area, (i) between the NEMO child and parent grids, via internal AGRIF-NEMO
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exchanges, and (ii) between the NEMO parent grid and the OpenIFS grid. Therefore, we implemented direct coupling between

the AGRIF nest and the OpenIFS atmosphere as a novelty to FOCI-OpenIFS. The surface fluxes calculated by OpenIFS make

full use of the surface state over the high-resolution nest which is particularly important when the atmosphere grid is finer than155

the ORCA05 grid, i.e. when coupling the O320 (Tco319) grid to the nest. Furthermore, performing all coupling via Ocean

Atmosphere Sea Ice Soil - Model Coupling Toolkit (OASIS3-MCT v5) (Craig et al., 2017) rather via file I/O alleviates a

possible performance bottleneck.

In principle, coupling the OpenIFS atmosphere to both global NEMO and AGRIF means we couple the atmosphere to two

separate ocean grids simultaneously even if both grids exist in the same executable. A detailed description of the coupling160

method can be found in Maisonnave (2019). Note that OpenIFS only sends fields to the OASIS coupler once per model time

step and the fields are then sent from OASIS to both NEMO and AGRIF. Hence, the surface fluxes sent to OASIS are identical

but they are different when received by NEMO and AGRIF due to differences in interpolation. OASIS sends NEMO global

and AGRIF nested surface state to OpenIFS which then blends the two. For example, SST in OpenIFS is set to

SSTatm(x,y) = (1−Matm(x,y)) SSTglo(x,y)+Matm(x,y) SSTagr(x,y), (4)165

where SSTglo and SSTagr are SST from NEMO parent and AGRIF child grids, respectively, interpolated to the OpenIFS grid

by OASIS. Matm is a mask on the OpenIFS grid with value 1 inside the AGRIF nest and 0 elsewhere (Fig. 1a) with a transition

zone on the AGRIF zoom boundary. The mask with transition zone, Magr, is built on the child grid in AGRIF. The value is

then interpolated on the global atmosphere grid and sent as coupling field to OpenIFS as Matm, where it is used following the

above formula. The parent grid, i.e. global NEMO, constructs the mask, Magr, which is then sent as coupling field to OpenIFS170

as Matm and the remapping is handled by OASIS. The same method is used for sea-ice concentration and other ocean surface

fields. A similar mask is also sent to the river routing scheme, Mrnf , so that AGRIF only uses river input over the AGRIF

domain. The method allows the user to construct and couple multiple AGRIF nests, e.g. an AGRIF nest within another AGRIF

nest such as the INALT60 nest (Schwarzkopf et al., 2019), but this has not been tested.

Since the NEMO and AGRIF grids have different resolutions, the OASIS remapping options for atmosphere fluxes differ for175

the two grids. For OpenIFS-NEMO remapping we use Gaussian weights with 9 neighbours and a weight of 2.0. For OpenIFS-

AGRIF remapping we use Gaussian weights with 15 neighbours and 0.1 weight. This was done to minimise the interpolation

error (Maisonnave, 2021).

2.1.4 River routing

We use a simple river routing scheme where surface and sub-surface runoff from HTESSEL is binned into river basins and180

scattered to river mouths on the ORCA05 grid. The global gathering and scattering is done such that the volume flux is

conserved for each river. River runoff from the runoff mapper is remapped to the NEMO and AGRIF grids using the LOCCUNIF

method which was ported from OASIS3-MCT v5 to our version. Each river mouth is remapped to 4 neighbouring grid cells on

the ORCA05 grid and 12 grid cells on the AGRIF grid.
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Table 1. Model simulations used in this study. For the global ocean model the ORCA05 grid is used, the regional nest uses a factor 5

refinement thereof. Iso-neutral tracer diffusivity is Ah,t and iso-level bi-Laplacian viscosity is Ah,m.

LL LH HH

Atmosphere ∆x 100 km 100 km 31 km

Atmosphere ∆t 1800 s 1800 s 900 s

Ocean (global) ∆x 0.5◦ 0.5◦ 0.5◦

Ocean (global) ∆t 1800 s 1800 s 1800 s

Ocean (global) Ah,t 600 m2 s−1 600 m2 s−1 600 m2 s−1

Ocean (nest) ∆x N/A 0.1◦ 0.1◦

Ocean (nest) ∆t N/A 600 s 600 s

Ocean (nest) Ah,m,0 N/A −2.4 · 1010 m4 s−1 −2.4 · 1010 m4 s−1

Ocean (nest) Ah,t,0 N/A 120 m2 s−1 120 m2 s−1
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Figure 1. (a) Mask identifying the nested ocean region on the atmosphere grid O320 in the OASIS coupler highlighting the transition zone

between AGRIF nest (mask=1) and global base model (mask=0). (b) The horizontal resolution, ∆= (∆x+∆y)/2, on the ORCA05 and

VIKING10 grids in NEMO.

2.2 Simulations185

Since FOCI-OpenIFS comprises the OpenIFS atmosphere and the NEMO ocean model it shares many similarities with other

climate models such as European Consortium Earth System Model (EC-Earth, Hazeleger and Bintanja, 2012), Centre National

de Recherches Météorologiques Coupled Model, version 6 (CNRM-CM6, Sérazin et al., 2015) as well as the ECMWF-

IFS simulations for the High-Resolution Model Intercomparison Project (HighResMIP, Roberts et al., 2018). A technical

comparison can be found in (Kjellsson et al., 2020). The FOCI-OpenIFS model is distinct from these models by being the only190

one using two-way nesting in NEMO with AGRIF.
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Key model parameters for each simulation are listed in Table (1). We have performed three simulations by using different

atmosphere and ocean resolutions: LL, LH and HH where LL denotes low-resolution atmosphere ( Tco95) and non-nested ocean

(ORCA05), LH is low-resolution atmosphere and nested ocean (ORCA05-VIKING10), and HH is high-resolution atmosphere

and nested ocean (Table 1, Fig. 1b). We recognise that the models will continue to drift over time, due to the short spin-up,195

we have used the difference between the different configurations as an estimate of the impact of changing resolution on the

atmosphere and ocean responses assuming a common drift in all simulations.

All the experiments have carried out for 100 years by using control-1950 forcing with external forcings fixed at 1950 values.

Since the model drift is considerably reduced after around year 50 our analysis is focused on the last 50 years (mostly annual

mean) of each simulation.200

The SST and sea-surface salinity (SSS) biases at the end of control-1950 period (averaged over years 51–100) over the North

Atlantic Ocean are shown in Fig. 2 for each model resolution. A common feature across the model resolutions is a cold and

fresh bias in the central subpolar North Atlantic which is also a feature found in many climate (Kuhlbrodt et al., 2018; Roberts

et al., 2019) models. A similar bias is also reported in Matthes et al. (2020) and improved significantly by implementing the

ocean nesting. The impact of the nested ocean is discussed in details in the next sections. The high resolution atmosphere shows205

much reduced bias in SST compared to LL. It is very evident from this figure that the higher resolution in both atmosphere and

ocean have improved the surface bias substantially.

3 Results

In the following we present differences LH−LL for demonstrating the impact of enhancing ocean horizontal grid resolution

only, differences HH−LH for the impact of enhanced atmosphere grid resolution (incl. the VIKING10 nest), and differences210

HH−LL for illustrating the total changes and also for identifying the locally dominant effect. The analysis focuses on the

difference of the climate mean state between the three experiments and the differences of 50-year means are displayed if not

noted differently.

3.1 Imprints in North Atlantic hydrography and air temperature

For a starting point and as a guiding graphic of the following analysis we present in Fig. 3 annual-mean temperature and salinity215

differences zonally averaged over the North Atlantic basin (limited to 60◦W–0 in the atmosphere). Three major differences are

apparent immediately when introducing eddying resolution to the ocean (LH−LL): the surface and upper ocean warms (and

becomes saltier) between 45◦N and 65◦N, the ocean at mid-depth and 10-–45◦N cools (and freshens) and the atmosphere

north of 45◦N warms. Increasing both horizontal and vertical resolution of the global atmosphere from LH to HH introduces

a widespread cooling in the troposphere, except for a warming at 400–200 hPa north of 50◦N. This cooling extends into the220

ocean, but as a weaker signal. In total (HH−LL), atmospheric warming and cooling compensate mostly resulting in a weak

warming but a distinct cold signal over the Nordic Seas.
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Figure 2. For the three simulations (LL, LH, and HH), (a-c) the annual mean bias in SST (◦C), and (d-f) SSS (PSU) with respect to the EN4

dataset (Good et al., 2013). The differences are computed over simulations years 51–100, the EN4 averages are based on years 1973-2022.

The simulations with ocean nest, LH and HH, feature a significantly warmer upper ocean at mid- and subpolar latitudes

than LL. This significant warming is prominently seen in SST differences (Fig. 4a, b) which is strongest in the path of the

NAC and along the western boundary of the North Atlantic basin. Regional negative differences in SST are present in the225

central Labrador and Irminger Seas and, more strongly, in the Nordic Seas. Both regional cold signals are more pronounced in

HH−LL than LH−LL and linked to changes in open ocean deep convection as further discussed below.

In contrast to the basin-scale SST warming at subpolar latitudes, implementing VIKING10 causes colder mid-depth ocean

temperatures at mid- to sub-tropical latitudes (Fig. 4d, e). A significant reduction in potential temperature is found at depths

between 500 and 1500 m, with the most pronounced cooling occurring around 800 m depth. The horizontal distribution of this230

cold signal between 500 m and 1000 m (Fig. 4) spreads across the entire basin filling the subtropical gyre and extends northward

to 45◦N. Notably, salinity changes are well aligned with the temperature difference. In the nested simulation, salinification

accompanies surface warming, while a significant freshening is observed in the mid-depth ocean, where a cooling is found.

The noticeably cooler atmospheric temperatures of HH (Fig. 3b) are likely due to the cloud radiative forcing. We did not

tune HH specifically to the enhanced resolution but rather kept most parameters as similar as possible to the low resolution235

configuration. We found a substantial change between the surface and the top of the atmosphere radiative balances associated

with a decrease in overall cloud cover (not shown). This can be explained by the dependency of the cloud erosion rate on the
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Figure 3. Annual-mean differences in North Atlantic region zonal mean (a–c) air temperature (◦C) as well as ocean potential temperature

and (d–f) salinity (PSU) between the three model configurations. In the atmosphere the region is limited to 60◦W–0◦. The differences are

computed over simulations years 51–100.

model time step in OpenIFS 43r3. The cloud erosion rate and possibly other cloud parameters would require re-tuning in HH

due to the shorter time step (900 s compared to 18000 s in LL), which we did not do. In the Arctic region, the surface cooling is

more intense and extends up to the upper-troposphere (400 hPa). In consequence, sea ice is thicker and covers a larger area in240

the Arctic in HH compared to LH, resulting in lower surface temperatures (Fig. A1). We speculate that the upper tropospheric

warming north of 50◦N and at about 200 hPa is related to changes in the polar jet and lowering of the tropopause resulting from

a vastly colder troposphere in HH.

3.2 Changes in ocean circulation

The implementation of the VIKING10 nest yields a more realistic, less zonal path of the NAC and a stronger subpolar gyre245

resulting in significant warmer SST and upper-ocean temperature at 45◦N–65◦N (Fig. 4a–c). This mitigates the prominent

and well-known North Atlantic cold bias in LH and HH (Fig. 2a–c) and confirms earlier applications of the VIKING10 nest

(Matthes et al., 2020; Martin and Biastoch, 2023). The northward shift of the NAC replaces cold, fresh polar waters with warm,

saline subtropical waters in the region of the bias. This ocean dynamics–driven temperature change extends into the atmosphere

where it is visible from the surface reaching far up into the troposphere (Fig. 3a). The warmer Atlantic water in LH and HH is250

associated with reduced sea-ice thickness in the Arctic Ocean (Fig. A1), mostly in LH as HH features an overall cooler climate

10

https://doi.org/10.5194/egusphere-2026-1481
Preprint. Discussion started: 26 May 2026
c© Author(s) 2026. CC BY 4.0 License.



4

2

0

2

4

SS
T 

[°
C]

3

2

1

0

1

2

3

Te
m

pe
ra

tu
re

 [°
C]

Figure 4. Annual mean differences in (a-b) SST (◦C), and (c-d) 500–1000 m mean potential temperatures (◦C) between the model configu-

rations, LL, LH, and HH respectively. The differences are computed over simulations years 51–100.

state. We speculate that the thinner sea-ice cover may contribute further to warmer temperatures over Greenland and the Nordic

Seas.

We tested various hypotheses to explain the cold and fresh difference at mid-depth of 500–1500 m at mid- to subtropical

latitudes in LH−LL. Among those were a larger southward export of cold, fresh polar water by a stronger subpolar gyre,255

stronger gyre-gyre interaction (mixing across the NAC) and enhanced southward leakage of Arctic-sourced fresh water along

the eastern boundary of the basin, and changes in the outflow from the Mediterranean Sea. The hypotheses relating to an

altered redistribution and southward export of polar waters originate from differences in passive tracer pathways introduced by

VIKING10 as shown in Martin and Biastoch (2023). We found no conclusive evidence for this in our simulations however.

The only robust explanation is to link this difference to substantial changes in Mediterranean outflow water (MOW), which260

is a prominent warm and saline intermediate-depth water mass of heat and salinity at this latitude in the North Atlantic. A zonal

cross-section of temperature through the Gibraltar Strait shows that LH and HH are colder in the area of the MOW than LL (Fig.
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Figure 5. Annual mean temperature (◦C) at 800 m depth (a–d), and vertical cross-section of temperature (◦C) through the Strait of Gibraltar

( 36◦N) (d–h) for all three simulations and EN4 datasets (Good et al., 2013). The annual means are computed over simulations years 51–100,

the EN4 averages are based on years 1973–2022.

5). The same cross section of salinity shows that LH and HH are also fresher than LL in the same region (Fig. A2). Further,

the horizontal patterns of 800 m temperature and salinity show pronounced differences in the region of MOW indicating a

reduced outflow in LH and HH. The Strait of Gibraltar is included in the VIKING10 nest region and thus its bathymetry is265

more realistically represented in LH and HH. In LL the strait is wider and deeper—despite a limiter implemented in the NEMO

code reducing the north-south grid cell width to 20 km at this location—and thus allows for an unrealistically large outflow

(Fig. 5). Although the outflow is reduced with the implementation of the VIKING10 nest and an actual overflow is simulated,

the overflow does not reach deep enough to match observations. MOW is observed to spread at a depth 1000–1100 m but the

MOW in LH and HH is mixed and entrained more rapidly, equilibrating at shallower depth of around 700 m. This is a common270

overflow issue in z-layer models, especially with insufficient vertical resolution (Legg et al., 2009). We thus conclude that it is

a lack of MOW and more realistic simulation of its spreading in LH and HH that explains the mid-depth, sub-tropical cold and

fresh difference.

While the above described circulation changes explain regional differences in hydrography, altogether these also affect the

AMOC. The vertical structure of the AMOC in depth coordinates in Fig. 6a reveals a clear strengthening with increasing275

model resolution. The HH configuration exhibits the strongest overturning circulation, with maximum transport exceeding

20 Sv. In addition, the southward return flow intensifies with resolution, reaching comparable magnitudes in both the LH and

HH configurations. Additionally, we show AMOC strength diagnosed as the maximum of the overturning streamfucntion at
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Figure 6. (a-c) Mean Atlantic meridional overturning streamfunction in depth coordinates. The mean is computed over simulations years

51–100 (d) Time series and (e) Vertical profile of maximum AMOC transport (Sv) at 26.5◦N. In (d) and (e) an observational AMOC mean

strength estimate from the RAPID array is shown as dashed black line; in (d) gray shading also depicts ±1 standard deviation indicating the

range of interannual variability of this estimate.

26.5◦N and the vertical extent of the overturning cell in Fig. 6b, c. A comparison with the observed transport at the RAPID array

indicates that overall the three simulations perform relatively well, starting low but trending towards the observed strength, with280

LL tending to underestimate AMOC strength and HH to overestimate the transport in the last couple of decades. The depth

of the maximum AMOC at 26.5◦N is shallower in all three configurations (approximately 800 m) compared to observations.

The depth profile of AMOC shows a difference of about 5 Sv between the LL and HH simulations, while the LH configuration

exhibits the closest magnitude to the observed transport. This stronger AMOC result from explicitly resolving mesoscale ocean

dynamics in VIKING10, which allows for a more accurate representation of the NAC, northward water mass transport, surface285

heat loss, boundary currents, and downwelling along the shelf slopes, all of which are crucial components of the AMOC.

Furthermore, open ocean deep convection in the subpolar North Atlantic region is larger with VIKING10, especially in HH,

and will be discussed further below.

A stronger AMOC is an enhanced northward volume transport in the upper ocean in the first place. Since the water mass

transported northward is relatively warm (and saline), a stronger AMOC can be assumed to also advect more heat poleward.290

To assess whether the positive AMOC differences of LH and HH compared to LL translate into bringing more of this warm

water mass first, into the the subpolar North Atlantic and second, further into the Nordic Seas, we compute transport profiles
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Figure 7. Time series of meridional heat transport at (a) 26.5◦N and (b)OSNAP cross-section. In (a) and (b) an observational mean meridional

heat ransport estimate from the RAPID and OSNAP arrays are shown as dashed black line, respectively. Time mean vertical profile of

meridional (c) heat (PW) and (d) volume transport (Sv) integrated over the Gulf-Stream region (solid) and Greenland-Iceland-Scotland

cross-section (dashed). The solid and/or dashed coloured line in the figures represents LL, LH, and HH model configurations.

at two cross-sections: one across the Gulf Stream just before it separates from the American shelf (∼35◦N) and the other at

the Greenland-Iceland-Scotland ridge (∼63◦N) (Fig. 7c & d). At the 35◦N cross-section, the volume transport increases with

higher ocean and atmospheric model resolution where ocean resolution causes a bigger step from LL to LH but HH simulating295

the overall largest transport (Fig. 7d). However, at ∼63◦N the volume transport of LH and HH is the same, still much larger

than in LL.

The improved ocean circulation associated with the nested ocean model is clearly visible in the surface and deeper level

current (Fig. 8). As the changes in ocean circulation primarily results from the high resolution ocean, we have compared LL

and LH to show the changes. The LH model simulates a realistic Gulf Stream and its separation. From drifter observation,300

Li et al. (2022) showed the Gulf Stream separates from the US coast near Cape Hatteras at ∼35◦N. In LH the Gulf Stream

separates at ∼40◦N whereas LL does not simulate a clear separation of the Gulf Stream (Fig. 8). The attachment of the Gulf

Stream to the coast is a common issue in coarse resolution ocean model simulations (Saba et al., 2016; Schoonover et al., 2017).

The LH model shows significant improvement in the pathways of the NAC which is overly zonal in the LL configuration. The

better simulated NAC in LH compared to LL largely explains the reduction of the North Atlantic cold bias in LL (Fig. 2).305
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With the increase in ocean resolution, ocean surface velocity fields clearly demonstrate the increase in the intensity of the main

currents, such as the western boundary currents and NAC (Fig. 8).

The grid refinement also allows the LH simulations to resolve Labrador Sea eddies and intensify the Labrador Current which

carries fresh and cold polar waters southward and meets the NAC at the northwest corner off Newfoundland. At this junction,

mesoscale ocean dynamics influence the degree to which polar water mixes into the warm and salty waters of the NAC. The310

LH configuration accurately represents this interaction, while in LL, it is almost imperceptible (Fig. 8). In the strongly eddying

ocean model, the Labrador Current extends southward along the coast of North America with a narrow wedge reaching the

Mid-Atlantic Bight. The stronger transport of polar water through the Labrador Current causes cooling and freshening in the

far west, reaching the Gulf Stream extension region (Fig. 8).

3.3 Ocean heat transport and surface heat flux315

As this study focuses on transports toward the subpolar North Atlantic and the Nordic Seas, it is both relevant and necessary

to evaluate the simulated meridional heat transport against observations located near the analyzed sections. To this end, we

compute heat transports across the RAPID array at 26.5◦N and along the OSNAP sections (Fig. 7a & b). All configurations

simulate weaker heat transport at 26.5◦N, with peak values of approximately 1.1 PW compared to the RAPID mean of about
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1.2 PW (Fig. 7a). Along the OSNAP sections, however, the LH and HH configurations produce stronger transports than the320

observed total OSNAP estimate (Fig. 7b).

The stronger overturning circulation is, as expected, associated with an enhanced northward heat transport in the Gulf Stream

(Fig. 7c). At 35◦N, both the volume and heat transports exhibit a systematic increase with model resolution, from LL to LH

and further to HH. The LH and HH configurations simulate a meridional heat transport of approximately 1.2–1.3 PW toward

the subpolar North Atlantic, whereas the LL configuration reaches a maximum of about 1 PW. In the upper to mid-depth ocean325

(surface to 1000 m), the largest increase in volume transport occurs between the LH and HH configurations,(Fig. 7d), whereas

the heat transport increase is largest from LL to LH (Fig. 7c). We consider the overall cooler climate in HH to be the reason

for this decoupling of volume and heat incremental change.

While the heat transport at the Greenland-Iceland-Scotland section (63◦N) is again lowest in LL, we find that LH conveys

the largest amount of heat into the Nordic Seas despite having the same volume transport as HH (dashed lines in Fig. 7c, d).330

The difference in heat transport between the LH and HH configurations is approximately 0.1 PW, despite the two simulations

exhibiting nearly identical volume transports. So, in HH the most heat is transported from subtropical latitudes into the subpolar

North Atlantic, but less enters the polar latitudes with the Atlantic Water. Where does the heat go instead? The subpolar North

Atlantic between the two cross-sections is a region of major heat loss from the ocean to the atmosphere being largest in winter

but also dominating the annual mean (Fig. 9a–c). In all simulations largest heat loss is observed over the Gulf Stream extension335

and in the western Labrador Sea. It is this heat loss that contributes significantly to the overturning circulation by densifying

the warm and saline upper ocean waters of the NAC. Remarkably, in LL larger heat loss appears to be confined to the edge

of the subpolar gyre with the gyre center featuring relatively low numbers (<100 w/m2). Gyre rim and interior are much

less distinguishable in LH and HH and we conclude that the eddy-rich ocean contributes to widening the area of enhanced

heat loss. Further, explicitly simulating mesoscale dynamics improves the position of the NAC as mentioned above, shifting340

the front of warm subtropical water northward into the path of the cold westerly winds, which significantly enhances heat

loss in winter in LH and HH compared to LL (Fig. 9d–f). This effect is even stronger in HH than in LH. In all three model

configurations, the surface fluxes are computed by the atmosphere component. Refining the ocean grid by implementing the

VIKING10 nest yields not only higher SST but also a wider distribution of SST with more extreme values (Fig. 10a). However,

SST is smoothed in LH when coupled to the still coarse resolution atmosphere and the information is lost for the computation of345

the fluxes. Nevertheless, LH simulates a wider path of the NAC than LL, which is sufficient to produce larger and thus a wider

range of surface heat fluxes, here demonstrated by the dominant turbulent heat flux (Fig. 10c). With the refined atmosphere grid

in HH, the wider range of SST is actually used for computing surface heat flux resulting in a greater number of occurrences

of large heat fluxes (>170 W/m2). The higher upward THF in HH over the SPNA compared to LH explains the higher heat

convergence resulting from the differences in the meridional heat transport between HH and LH (Fig. 7c).350

The winter heat loss in the SPNA via surface heat flux increases upper ocean density and also provides an important precon-

dition for open ocean deep convection indicated by mixed layer depths exceeding 500 m and reaching a maximum in March.

The LL experiment shows two distinct deep convection sites: a primary center in the Labrador Sea and a secondary center in

the Irminger Sea (Fig. 9g–i). Deep mixing is also found in the Greenland Sea but to a weaker extent. Deep convection in LH
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Figure 9. DJF mean surface net heat flux (a–c), difference in DJF surface net heat fluxe (d–f), March mean MLD (g–i). The magenta contours

show the 15% sea-ice concentration and yellow line shows the the center of deep convection where mean MLD exceed 1000 m. The DJF

means are computed over simulations years 51–100.

and HH is focused on the Labrador Sea. Enhanced ocean grid resolution tends to create wider areas of deep mixing there. The355

THF in the Irminger Sea is weaker in LH and HH compared to LL, hence both simulations with grid refinement have shallower

MLD in the Irminger Sea and deep convection mainly occurs in the Labrador Sea. LH also simulates a deeper winter mixed

layer in the Nordic Seas compared to LL. This is capped by a more extensive sea ice cover in HH, however, which is a feature

of the overall colder climate in the latter simulation (magenta lines in Fig. 9a–c).

The differences in deep convection in the Greenland Sea explain the zonal mean temperature differences at 65–80◦N shown360

in Fig. 3. Stronger deep convection cools the local ocean and warms the lower troposphere in LH−LL. A sea-ice lid and lack
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of deep convection warms the mid-depth ocean and keeps the atmosphere cold in HH−LH. Interestingly, the cold response

dominates in each component and thus cooling is the residual response in HH−LL.

In summary, an overview of the meridional heat transport changes from the subtropical to the subpolar regions and further

poleward to the Arctic, as well as the air-sea heat flux differences are illustrated in Fig. 11. Note that we have calculated the365

meridional heat transport for the ocean using the global ocean. We have chosen 40◦N as the boundary between subtropical

and subpolar oceans to calculate the heat transport for the two regions. The oceanic heat transport from the subtropical to

the subpolar North Atlantic is stronger in the LH and HH configurations than in LL, consistent with the enhanced Atlantic

meridional heat transport discussed above (Fig. 7c). The associated air–sea heat fluxes exhibit contrasting behavior between

the subtropical and subpolar regions. In the subpolar North Atlantic, surface heat loss to the atmosphere increases with model370

resolution, with the HH configuration showing the largest heat loss. In contrast, the subtropical region displays a more mixed

and less systematic response across resolutions with LL having the strongest heat loss. In a coupled climate system, the

meridional heat transports by the ocean and atmosphere tend to compensate for one another, a mechanism first described

by Bjerknes (1964) and now referred to as Bjerknes compensation. Consistent with this framework, the enhanced oceanic

meridional heat transport in the LH and HH configurations from the subtropical to the subpolar North Atlantic is accompanied375

by a reduction in atmospheric meridional heat transport (Fig. 11), maintaining an approximate energetic balance. However, this

compensation appears to be less effective between the subpolar North Atlantic and the Arctic. In this region, the partitioning

between oceanic and atmospheric heat transport is not as tightly balanced, suggesting regional differences in coupling strength

and heat redistribution processes.

4 Discussion and Conclusions380

This study examines the effects of oceanic and atmospheric model resolution on the mean state of the North Atlantic Ocean,

with a particular focus on meridional heat transport. Our findings indicate that both oceanic and atmospheric resolutions
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difference between the three model configurations.

significantly influence both surface conditions, e.g. SST and THF (Fig. 2a–c, Fig. 9d–f) as well as the deeper ocean and upper

troposphere (Fig. 3). Rather than increasing the ocean horizontal resolution globally, we implemented regional grid refinement

in the ocean from 1/2◦ to 1/10◦ over the North Atlantic Ocean using the 2-way AGRIF nest VIKING10 (Matthes et al., 2020;385

Martin and Biastoch, 2023). The grid refinement means the ocean mesh is non-eddying globally but eddy-rich between 30◦

and 85◦N. We further increased the atmospheric resolution from ∼100 km to ∼31 km globally in a third model configuration.

The three model configuration with varying oceanic and atmospheric resolution are labeled as LL, LH and HH; where LL

denotes low-resolution atmosphere and non-nested ocean, LH is low-resolution atmosphere and nested ocean, and HH is high-

resolution atmosphere and nested ocean. This suite of models enables us to deepen our understanding of the importance of390

mesoscale ocean dynamics and the need for matching atmospheric resolution for the better representation of the mean state of

North Atlantic Ocean.

The annual-mean, zonal-mean temperature in the North Atlantic changes significantly with the increase in ocean resolution

(Fig. 3 (a–c)), both near the surface and at depth. We observe three notable changes in temperature and salinity as model

resolution increases: First, warmer and saltier waters in the upper ∼100 m over most of the North Atlantic, except for the North395

American east coast where there is a cooling (Fig. 4a & b). This pattern is explained by the inclusion of ocean grid refinement
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and explicit representation of mesoscale eddy dynamics which allows the Gulf Stream and NAC to take more realistic paths

in LH and HH compared to LL, similar to results by many previous studies (Marzocchi et al., 2015; Roberts et al., 2019;

Delworth et al., 2012). The more realistic currents in LH and HH transport additional heat into the SPNA and bring in cold

water from the Labrador current south of the Grand Banks, which reduces the cold bias in the SPNA and the warm bias on the400

North American shelf. The improvement in the SST bias in the nested ocean model (Fig. 2) over the North Atlantic Ocean due

to improved simulation of NAC’s meanders and eddies has also been reported in the FOCI model description paper (Matthes

et al., 2020).

Second, colder and fresher water masses at mid-depths (≈ 500–1500 m) from 0–50◦N in LH and HH is observed compared

to LL (Fig. 3a & c). The change at mid-depth is largely due to the reduced outflow of Mediterranean water through the Strait405

of Gibraltar in the LH and HH configurations, resulting from ocean grid refinement. As the ocean horizontal resolution is

increased, the strait becomes narrower and shallower and there is a more realistic overflow of dense water similarly to the

high-latitude overflows in Colombo et al. (2020). However, the core of the outflow water is too shallow in LH and HH (around

700 m) due to rapid mixing with Atlantic water. The limitation in the model’s ability to simulate MOW and its core depth

contributes to the observed mid-depth cooling in the LH and HH configurations.410

Third, colder water at the surface and extending to depth along with lower air temperatures in most of the troposphere is

visible in HH compared to LL and LH. The colder atmosphere and surface is caused by a lower cloud radiative forcing when

using the high-resolution atmosphere in HH which in turn is due to a higher cloud erosion rate. The colder temperatures are

particularly prominent in the Arctic lower troposphere, likely due to an ice-albedo feedback, as supported by a larger sea-ice

cover in HH compared to LL and LH (Fig. A1).415

Understanding the effect of horizontal resolution on the AMOC in coupled models is crucial, and previous studies have

reported conflicting results. Our model simulations indicate that the AMOC strengthens with increased horizontal resolution

(Fig. 6), which aligns with findings from some studies (Grist et al., 2018; Roberts et al., 2020, 2019; Hirschi et al., 2020), not

found but disagrees with Delworth et al. (2012), who reported AMOC weakening.

The stronger AMOC in the LH and HH configuration (Fig. 6) can be attributed to several processes: 1. The finer horizontal420

resolution resolves Labrador Sea eddies and associated mesoscale dynamics, which are crucial to water mass transformation

and densification of deep boundary currents. 2. The more substantial heat loss through THF in LH and HH than LL (Fig.

9b & c ) leading to more vigorous deep convection over the Labrador Sea region and an associated increase in MLD (Fig.

9h & i). The deep water formation and deep western boundary currents may alter the sinking branch of the AMOC, leading

to a strengthening of the AMOC in LH and HH. 3. Another factor contributing to the AMOC’s strength is the Nordic Seas425

overflow, which constitutes the densest component of North Atlantic Deep Water. Colombo et al. (2020) reported that increased

horizontal resolution improves the representation of the Denmark Strait overflow. We believe the stronger overflow in the nested

ocean model compared to the non-nested model, significantly contributes to the strengthening of the AMOC in the LH and HH

configurations.

Furthermore, we have demonstrated that the meridional heat transport associated with the AMOC increases with increasing430

horizontal resolution (Fig. 7c). Enhanced poleward heat transport in an eddy-resolving ocean model has been reported by
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many studies (Roberts et al., 2018; Grist et al., 2018; Docquier et al., 2019; Hewitt et al., 2016). By performing a multi-model

comparison, Grist et al. (2018) concluded that increasing both oceanic and atmospheric resolutions leads to changes in heat

transport similar to those obtained by increasing ocean resolution alone. However, our results disagree with this conclusion, as

we have found a significant change in heat transport when atmospheric resolution is increased (Fig. 7c). The finer horizontal435

resolution in the ocean model results in a notable strengthening of the major currents, such as the Gulf Stream and the North

Atlantic Current, as evident from the surface velocity fields (Fig. 8). The intense warm boundary currents (Fig. 8) leads to

higher SST and increased upward latent heat flux from the ocean to the atmosphere, thus providing a higher heat transport in

LH and HH compared to LL (Fig. 7c).

We have estimated heat and volume transport at two crucial latitudes in the North Atlantic Ocean: the Gulf Stream region440

(∼35◦N) and the Greenland-Iceland-Scotland (∼63◦N) cross-section (Fig. 7c & d). The meridional heat transport at (∼35◦N)

increases with model resolution, i.e., it is lowest in LL and highest in HH (Fig. 7c). However, at (∼63◦N), which marks the

northern boundary of the subpolar gyre, the heat transport is stronger in LH than HH, implying heat accumulation in the

subpolar gyre region (Fig. 7c). Although Roberts et al. (2020) discussed a similar increase in heat transport with enhanced

ocean resolution, our study specifically highlight the differences in heat transport between the subtropical and subpolar gyre445

regions in a high-resolution atmospheric model. Our findings reveal that the differences in oceanic meridional heat transport

between the simulations is also reflected in the atmosphere, where HH has the lowest atmospheric meridional heat transport

of all simulations (Fig. 11). The increase in meridional heat transport leads to increase in mid-high-latitude SST (Fig. 4a & b)

and increased latent heat loss (Fig. 9b & c) in the LH and HH configuration. The reduced Arctic sea-ice area (Fig. A1) in LH

is likely driven by higher poleward heat transport and associated warming.450

The deepest spring (March) MLD is primarily generated by favourable wintertime conditions, which include intense air-sea

fluxes caused by dry and cold westerly winds over the Labrador and Irminger Seas, along with weak interior stratification. The

nested ocean model in LH and HH, simulates a deeper mixed layer compared to the non-nested model in LL, although deep

convection in the Irminger Sea is not evident in the nested models. The deepest mixed layer is simulated in HH with a high-

resolution atmosphere, characterised by a deep convection region extending farther eastward. A multi-model intercomparison455

by (Koenigk et al., 2021) reported a similar increase in Labrador Sea deep convection with higher ocean horizontal resolution.

They also found that increased atmospheric resolution has a negligible effect compared to increased ocean resolution, which

does not align with our findings. However, it is essential to note that their conclusions are based on comparisons between

non-eddy-permitting and eddy-permitting resolutions.

The surface heat flux (Fig. 9a–c) and its changes due to model resolution (Fig. 9d–f) effectively explain the MLD patterns.460

The most substantial wintertime surface heat loss in the high-resolution atmosphere configuration contributes to the deepest

mixed layer. The warmer SPNA in the LH and HH configurations than in the LL configuration lead to stronger heat loss and

increases deep convection in the Labrador Sea. Roberts et al. (2017) examined the SST-latent heat flux relationship in an eddy-

resolving ocean model and concluded that an improved SST mean state and a sufficiently strong atmosphere-ocean coupling

strength, enabling enhanced heat loss to the atmosphere, are key to reducing the heat flux bias. Improved representation of465

ocean-eddy–atmosphere interactions, as highlighted by Ma et al. (2016), is likely to contribute significantly as well. Our

21

https://doi.org/10.5194/egusphere-2026-1481
Preprint. Discussion started: 26 May 2026
c© Author(s) 2026. CC BY 4.0 License.



findings align with this, as heat loss in the subpolar North Atlantic increases in the eddy-resolving ocean model and further

enhances as we increase atmospheric resolution.

Moreover, the histograms of surface temperature and THF (Fig. 10) over the SPNA emphasize the importance of atmosphere-

ocean coupling in simulating the temperature-heat flux relationship. Enhancing ocean horizontal resolution increases both470

surface temperature and surface heat loss in LH compared to LL. However, increasing atmospheric resolution (HH) reduces

the surface temperature due to the stronger heat loss through THF compared to LH. The higher atmospheric resolution better

matches the ocean resolution in HH than in LH simulating stronger coupling processes. Additionally, the enhanced heat loss

from the SPNA in the HH configuration explains the heat accumulation due to meridional heat transport.

We summarise the coupled feedbacks on meridional heat transport by comparing the global atmospheric and oceanic heat475

transports across all three configurations (Fig. 11), thereby identifying the presence of Bjerknes compensation in maintaining

the large-scale energy balance. Across the three resolutions, the compensation is more pronounced in the mid-latitudes than

at high latitudes, consistent with findings by (Outten et al., 2018). They attribute this stronger mid-latitude compensation

to intense air–sea interactions associated with storm track activity, where tight coupling between oceanic and atmospheric

processes facilitates an efficient redistribution of heat between the two components.480

The overflow of dense water through the Denmark Strait (DS) between Greenland and Iceland and the Faroe Bank Channel

(FBC) between the Faroe Islands and Scotland are influenced by the heat transport from the SPNA to the Nordic Seas. We have

found that heat transport to the Nordic Seas decreases with increase in atmospheric model resolution (HH). A comparison of

the mean transports through the DS and FBC overflows in our model configurations shows good agreement with observational

estimates. However, the LH configuration simulates noticeably stronger overflow transports in both straits compared to HH. In485

the DS, the transport reaches 3.6 Sv in LH, whereas HH simulates 3.3 Sv. A similar pattern is found for the FBC, where the

simulated transports are 2.1 Sv in LH and 1.9 Sv in HH, respectively. The changes in the overflow transport will effectively

impact the lower limb of the AMOC and, hence, could potentially feedback the strength of the AMOC. Therefore, improving

the representation of processes in the SPNA and Nordic Seas, particularly deep convection and the overflow transports will

enhance the representation of AMOC strength and variability.490

Eiselt and Graversen (2023) reported that the CMIP models with strong AMOC have a weaker 4×CO2 response than mod-

els with weak AMOC, which implies, the mean AMOC state plays a significant role in setting climate sensitivity. Hence, LH

and HH probably have a lower climate sensitivity due to AGRIF. However, as the simulations presented here are conducted

under constant 1950 forcing conditions, we are unable to directly assess changes in climate sensitivity associated with increas-

ing horizontal resolution. Future studies should therefore investigate the AMOC response under transient forcing scenarios.495

Furthermore, Roberts et al. (2020) found a stronger decline of the AMOC in high-resolution models compared to coarser-

resolution counterparts in Shared Socioeconomic Pathway 8.5 (SSP5-8.5) projections. They attributed this enhanced decline to

reduced dense water formation in the subpolar gyre and Labrador Sea under warming conditions. Given that our results reveal

substantial resolution-dependent differences in subpolar North Atlantic processes, it will be particularly valuable to analyse

future projection simulations using the three model configurations employed in this study. Such experiments would help to500

clarify the role of ocean resolution and regional process representation in shaping the AMOC response to climate change.
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Code availability. FOCI-OpenIFS is composed of several component models which do not allow us to distribute the full source code due

to licensing issues. OpenIFS 43r3 code was retrieved from ECMWF after signing an ECMWF license agreement and OpenIFS’s licence

is easily given free of charge to any academic or research institute. The details of the different versions of the OpenIFS model, including

the OpenIFS version used in this study, i.e. 43r3, can be found at https://confluence.ecmwf.int/display/OIFS/About+OpenIFS (ECMWF,505

2018). The full NEMO source code is available at https://doi.org/10.5281/zenodo.20306816 (Madec, 2016). The revision used in all FOCI

versions is revision 6721. The configuration files (namelists etc.) for the model experiments are shared through Zenodo at https://doi.org/

10.5281/zenodo.18853157. We do not have the possibility to make input and output data publicly available with a DOI. The original model

simulation input and output files are stored at Kiel University and can be made available by the authors upon reasonable request. Our

XIOS version is 2.5, revision 1910 from https://forge.ipsl.jussieu.fr/ioserver/svn/XIOS (Meurdesoif, 2020). OASIS is branch "OASIS3-510

MCT_5.0" from https://gitlab.com/cerfacs/oasis3-mct.git (Valcke et al., 2021).The observation and reanalysis datasets used in this study can

be downloaded from OSNAP (https://doi.org/10.35090/gatech/70342, Fu et al., 2023), RAPID (https://rapid.ac.uk, Moat et al., 2022), and

EN4 (https://www.metoffice.gov.uk/hadobs/en4/, Good et al., 2013).
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Figure A1. Annual mean sea-ice thickness, ice-edge position are shown over simulations years 51–100. The ice edge is defined by the 15%

sea-ice concentration contour shown as a magenta outline. March (a–c) and September(d–f) means represent winter maximum and summer

minimum spatial distributions for the Arctic. The annual means are computed over simulations years 51–100.
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Figure A2. Vertical cross-section of annual mean temperature (◦C) (a–c) and salinity (d–f) through the Strait of Gibraltar ( 36◦N) (d–f) for

all three simulations. The annual means are computed over simulations years 51–100.
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