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23 Abstract

24

25  We present novel centennial-scale global climate simulations at kilometre-scale resolution

26 utilizing the coupled IFS-FESOM model, featuring a 9 km atmosphere and a minimal 5 km
27  ocean. Following the HighResMIP protocol, a 50-year high-resolution coupled spin-up was
28  conducted, which was followed by a 65-year historical simulation (1950-2014) and a scenario
29  simulation (SSP2-4.5, 2015-2050). This was accompanied by a 100-year control simulation
30  (1950-2050) employing the 1950 radiative forcing. These simulations explicitly resolve ocean
31  mesoscale eddies within a long-term climate context. Overall, the model demonstrates an

32 improved mean climate state compared to CMIP6 models, with a notable reduction in

33 persistent model biases, except for the polar regions. Performance metrics reveal reduced

34 global errors in surface temperature, winds, and cloud formations. The very high-resolution
35  ocean captures eddy-rich dynamics and realistic boundary current variability, contributing to
36  animproved sea surface salinity patterns and a strengthened Atlantic Meridional Overturning
37  Circulation (peak ~20 Sv). The simulation also reproduces internal climate variability with

38  high fidelity, notably a realistic El Nifio—Southern Oscillation with the desired quasi-

39  periodicity (~4-5 years) and realistic winter teleconnection patterns. Sea ice and high-latitude
40  Dbiases have been identified as the primary remaining challenges: the model overestimates the
41  extent of Arctic sea ice, resulting in a cold bias in the Northern high latitudes, while an

42 initialization error in Antarctic snow cover induces a warm bias over Antarctica. Furthermore,
43 there is a warm bias over the Weddell Sea with high ocean mix layer depth, associated with a

44 winter devoid of sea ice. Despite persistent sea-ice and high-latitude biases, the coupled
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45  system remains stable over centennial time scales with minimal long-term drift. These results
46  demonstrate the feasibility and scientific value of global coupled climate simulations

47  operating in the ocean eddy-rich regime at sub-10 km resolution. The [IFS—-FESOM kilometre-
48  scale configuration thus represents a significant step forward in the development of next-

49  generation Earth system models that robustly bridge global climate dynamics and regional-

50  scale processes over multi-decadal to centennial periods.

51

52 1. Introduction:
53

54 Climate modeling has undergone significant advancements in recent decades, driven by

55  improved scientific understanding and increased computational capabilities (Roberts et al.,

56  2024; Schir et al., 2020). The development of high-resolution global climate models

57  represents one crucial pathway, aiming to enhance the representation of critical processes and
58  reduce persistent biases in climate simulations (Bordoni et al., 2025; Haarsma et al., 2016).
59  Traditionally, state-of-the-art global climate models have operated at spatial resolutions of 50—
60 100 km, necessitating the extensive use of parameterizations for many important small-scale
61  processes. However, the advent of a more powerful high-performance computing systems has
62  enabled climate simulations at resolutions where critical phenomena, such as ocean mesoscale
63  eddies, can be explicitly resolved (Roberts et al., 2024).

64

65  The High Resolution Model Intercomparison Project phase 1 (HighResMIP) represents a

66  coordinated effort to understand the effect of higher resolution (Haarsma et al., 2016; Roberts
67  etal., 2024, Streffing et al., 2022). They performed systematic investigations of climate model
68  resolution impacts by increasing atmospheric resolution from approximately 100-200 km to
69  25-50 km and ocean resolution from ~1° (eddy-parametrized) to ~0.25° (eddy-permitting),
70  representing a significant advancement over typical CMIP6 resolutions of ~150 km

71  atmosphere and 1° ocean. HighResMIP demonstrated substantial improvements in simulating
72 key climate phenomena, including better representation of tropical cyclone intensity

73 distributions and structure (Roberts et al., 2020a; Vanniére et al., 2020), enhanced simulation
74 of Gulf Stream separation (Roberts et al., 2019) and North Atlantic Current positioning

75  (Moreno-Chamarro et al., 2021), improved Atlantic Ocean heat transports (Roberts et al.,

76 2020b), more realistic precipitation distributions over complex topography (Demory et al.,

77  2020). However, systematic analysis of HighResMIP results revealed that four major long-

78  standing biases persisted even after these resolution increases: the warm eastern tropical

79  oceans bias, the double Intertropical Convergence Zone (ITCZ), the warm Southern Ocean

80  bias, and the cold North Atlantic bias (Moreno-Chamarro et al., 2022). In addition to these

81  large-scale biases, significant coastal biases in air and sea surface temperatures were also

82  unravelled and quantified (Delpech et al., 2025). These persistent biases, along with continued

2
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83 large errors in tropical precipitation and cloud cover and modest improvements in midlatitude
84  zonal winds, led to the conclusion that “further improved model physics, tuning, and even
85  finer resolutions might be necessary” (Moreno-Chamarro et al., 2022).
86
87  Emerging evidence from eddy-rich ocean simulations (<1/12° or ~8 km resolution) and km-
88  scale atmospheric models (<10 km) suggests significant potential for further improvements,
89  with eddy-rich models demonstrating enhanced capability to capture observed sea surface
90  temperature trends that standard CMIP6 models cannot reproduce (Chang et al., 2020; Yeager
91  etal., 2023), representation of Gulf Stream separation that can be corrected at eddy-rich
92 resolutions (Chassignet et al., 2020; Grist et al., 2021), and better simulation of Eastern
93 Boundary Upwelling Systems through enhanced coastal upwelling and temperature gradients
94 (Small et al., 2024). These developments indicate that the transition to eddy-rich ocean and
95  km-scale atmospheric resolutions may represent a critical threshold for addressing some of the
96  prominent, persistent biases that have limited climate model fidelity across multiple model
97  generations.
98
99 A central factor underlying these advancements is the ability to explicitly resolve ocean
100  mesoscale eddies. The importance of resolving these eddies cannot be overstated, as they play
101  a crucial role in ocean dynamics, heat transport, and biogeochemical processes. By capturing
102 these features, km-scale models provide more realistic representations of ocean circulation
103 patterns and their impacts on climate (Chassignet and Xu, 2021; Fox-Kemper et al., 2019).
104  For example, increasing horizontal resolution from 1/12° to 1/50° has been shown to
105  significantly improve the representation of Gulf Stream separation, penetration, and
106  variability, underscoring the substantial benefits of higher resolution in ocean modelling
107  (Chassignet and Xu, 2017).
108
109  In addition to an eddy-rich ocean, a coupled high-resolution km-scale atmosphere (<10 km
110 grid spacing) offers significant advantages, including improved ocean-atmosphere coupling
111 (Sauvage et al., 2021), enhanced simulation of regional climate features through highly
112 resolved topographic processes (Belusi¢ and Lind, 2025; Li et al., 2024), better representation
113 of extreme events (Kendon et al., 2021; Scoccimarro et al., 2022), and increased reliability of
114  climate projections (Roberts et al., 2018; Schér et al., 2020). Furthermore, such km-scale
115  coupled models bridge the gap between large-scale climate projections and local impacts,
116  delivering globally consistent climate information at local granularity (Caldwell et al., 2021;
117  Doblas-Reyes et al., 2025; Leutwyler et al., 2016) while advancing our understanding of
118  ocean mesoscale eddies’ role in regional climate dynamics (Chassignet and Xu, 2021; Fox-

119  Kemper et al., 2019).
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120

121  The benefits of high-resolution ocean models extend from short-range forecasts to climate
122 timescales (Hewitt et al., 2017). Resolving mesoscale eddies and boundary currents reduces
123 sea surface temperature biases and improves air-sea interactions, enhancing climate prediction
124 skill (Beech et al., 2024; Bellucci et al., 2021). Recent studies have achieved multi-year time-
125 slice to multi-decadal km-scale simulations (Moon et al., 2025; Rackow et al., 2025; Segura et
126  al., 2025). However, such simulations lacked extended km-scale coupled spinup periods,

127 crucial for assessing steady-state climate. Moreover, longer centennial timescale coupled

128  climate simulations at such high resolution have not been performed yet, which would be

129  useful mainly to understand the role of the ocean on the atmosphere and regional climate, as
130 oceanic response to our climate system requires a longer timescale than just a few decades
131 (Shi et al., 2022; Yang and Zhu, 2011). To address these limitations, we present one of the
132 first centennial-scale km-resolution simulations using the coupled IFS-FESOM model (9 km
133 atmosphere, 5—12 km ocean) performed under the EU project European Eddy Rich Earth

134 System Models (EERIE). In this project, following the HighResMIP protocol (Haarsma et al.,
135  2016; Roberts et al., 2024), we conduct a 50-year coupled spinup followed by a 100-year

136  control as well as a 65-year historical simulation initialized from 1950 radiative conditions.

137
138 2 Model setup

139

140  The novelty of this study lies in performing a HighResMIP-style centennial-scale simulation
141 using a climate modeling system that combines both the atmospheric model Integrated

142 Forecasting System (IFS) and the Finite Element Sea Ice-Ocean Model (FESOM2.5) on a km
143 scale (below 10km) resolution. A brief description of the model components is as follows:
144

145 2.1 Atmospheric Component: IFS

146

147  The atmospheric dynamics are simulated using IFS, configured on a TCo1279 octahedral

148  reduced Gaussian grid, providing a uniform 9 km horizontal resolution globally (Rackow et
149  al., 2025). The IFS has an integrated land and wave model and we use its version Cy48rl,
150  implemented here using the EERIE IFS bundle DE_CY48R1.0_EERIE 20240726, which has
151  been used for operational forecasts at the European Centre for Medium-Range Weather

152 Forecasts (ECMWF). A schematic of the IFS model and its components in combination with
153 the associated ocean model and I/O are shown in Figure 1.

154

155  The model employs a two-time-level semi-implicit, semi-Lagrangian time-stepping scheme,

156  ensuring computational stability at high resolutions while maintaining accuracy in the
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157  representation of atmospheric dynamics (Diamantakis and Véana, 2022; Hortal, 2002;

158  Temperton et al., 2001; Wedi, 2014). A hybrid, pressure-based vertical coordinate is

159  employed, which is a monotonic function of pressure depending on surface pressure. The
160  vertical coordinate follows terrain at the lowest level and transitions to a pure pressure-level
161  system in the upper atmosphere. A finite-element method using cubic B-spline basis functions
162 discretizes the vertical structure (Untch and Hortal, 2004; Vivoda et al., 2018).

163

164  The land model of IFS, ECLand (Boussetta et al., 2021), operates on the same grid as the
165  atmosphere and is fully integrated with it through an implicit flux solver. The version of
166  ECLand used in this work includes several components: a four-layer soil scheme, a lake
167  model, an urban scheme, a simple vegetation model, a multi-layer snow scheme, and

168  extensive global maps detailing various surface characteristics (Rackow et al., 2025).

169

170 Additionally, a wave model ecWAM is also integrated to account for sea-state-dependent
171 processes within the IFS (ECMWF, 2023). This wave model operates on a reduced lat-lon
172 grid with a resolution of 0.125°, covering 36 frequencies and directions (Rackow et al., 2025).
173

174 The IFS uses a mass-flux approach to represent deep, shallow, and mid-level convection
175  (Tiedtke, 1989). Its microphysics scheme, based on Tiedtke, (1993), includes prognostic
176  variables for cloud water, ice, rain, snow, and cloud fraction, with enhanced microphysical
177  processes (Forbes and Ahlgrimm, 2014). Orographic and non-orographic gravity wave drag
178  follow Lott and Miller, (1997), Beljaars et.al., (2004), and Orr et al., (2010). The ecRad

179  radiation scheme (Hogan and Bozzo, 2018) performs hourly full computations on a coarse
180  grid with frequent approximations at model resolution. These parameterizations enhance
181 convective representation, topographic detail, and the accuracy of orographic and local

182 circulation simulations, supporting high-resolution modelling (Rackow et al., 2025).

183

184  Our model configuration largely follows Rackow et al., (2025), with one key distinction: we
185  retain the fully active, operational deep convection parameterization rather than reducing the
186  cloud-base mass flux as done in that study. At 9 km horizontal resolution, deep convection
187  remains only partially resolved, placing the model squarely in the convective “grey zone”,
188  where the effects of relaxing the parameterization are not well established. We therefore

189 maintain the standard formulation as the more defensible choice at this scale.
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190
191  Figure 1: Schematic of the IFS-FESOM Coupled Model System - The atmospheric model IFS
192 (cycle 48R1) is coupled with the ocean and sea ice model FESOM?2.5, the land model

193 ECLand, and the wave model ecWAM (Rackow et al., 2025). IFS computes air-sea fluxes

194 using surface fields provided by FESOM2.5, with coupling achieved via a sequential single-
195  executable strategy. Output generation utilizes the MultIO framework, which optimizes

196  parallel I/O performance for high-resolution simulations. Data storage and retrieval are

197  managed through the Fields Database (FDB), a high-performance, scalable object-store

198  designed for efficient access and postprocessing of model outputs.

199

200 2.2 Oceanic Component: FESOM2.5

201

202  The Finite Volume Sea Ice-Ocean Model (FESOM) is a global ocean circulation model using
203  unstructured meshes, allowing for flexible multi-resolution modelling (Wang et al., 2014).
204  FESOM2.0, an updated version, employs finite volumes and arbitrary Lagrangian Eulerian
205  vertical coordinates, improving numerical efficiency by at least 3 times while maintaining
206  fidelity in simulations (Danilov et al., 2017; Scholz et al., 2019). The model has contributed to
207  climate research projects and can achieve high-resolution simulations, including a 1-km Arctic
208  Ocean configuration that adequately represents mesoscale eddies (Wang et al., 2020).

209

210 In the configuration discussed here, FESOM2.5 utilizes an unstructured mesh with variable
211  resolution, ranging from 5 km in dynamically active meso-scale ocean eddy-rich regions over
212 the high and mid-latitudes to coarser scales (around 11km) over the tropics. This configuration
213 employs 70 vertical depth levels in the ocean . The name of this grid configuration is NG5
214 (approx. 5 million surface nodes, Rackow et al., 2025). This configuration allows for an

215  explicit resolution of mesoscale eddies in key oceanic regions, enhanced representation of
216  coastal processes and boundary currents, and improved simulation of sea ice dynamics,

217  particularly in polar regions. The model’s adaptive resolution helps to optimize computational
218  resources while providing high-fidelity simulations of critical oceanic phenomena.

219

220

221
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222 2.3 Coupling Methodology

223

224 The IFS-FESOM coupling is implemented through a single-executable framework, facilitating
225  efficient data exchange and integration of model components (Rackow et al., 2025). The

226  coupling strategy involves:

227 1. Sequential integration of atmospheric and oceanic components.
228 2. Hourly exchange of surface fluxes and sea surface conditions.
229 3. Consistent updating of boundary conditions between components.

230  This approach minimizes temporal inconsistencies and allows for accurate representation of
231  rapid air-sea interactions.

232

233 2.4 Data Management and 1/O Strategy

234

235  To manage the substantial data volumes generated by high-resolution simulations, the model
236 employs an advanced I/O strategy named MultIO. It implements Fields Database (FDB) for
237  efficient data archival and retrieval. Further details about techniques used to generate the
238  output and other components of the IFS which facilitate this aspect can be found in Rackow
239 et.al. 2025. We produce both high-resolution native grid outputs and perform remapping to
240  provide a coarser, regular grid data at quarter degree resolution for various analysis

241  requirements. Most outputs are saved in both daily and monthly frequencies. And a selected
242 number of variables are also saved in 6 hourly frequencies based on some specific analysis
243 requirements.

244

245 2.5 Computational performance and model throughput
246
247  The kilometre-scale IFS-FESOM configuration used in this study is computationally

248  demanding, yet feasible for multi-decadal to centennial simulations on contemporary high-
249  performance computing systems. The coupled model was run primarily on the JUWELS
250  supercomputer, using approximately 300 compute nodes with 48 CPU cores per node. In this
251  configuration, the model achieves a sustained throughput of roughly one simulated year per
252 wall-clock day. This performance enables continuous long-term control, historical, and

253 scenario integrations at kilometre-scale ocean resolution and ~10 km atmospheric resolution
254 within current HPC resource allocations.

255

256

257

258
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259

260 3 Experiments

261  Here we follow the HighResMIP protocol in performing the EERIE Phase 1 simulations.
262  These simulations are part of a coordinated effort to perform kilometre-scale eddy-rich

263 coupled climate simulations with different model configurations, enabling future multi-model
264  comparisons.

265

266  More specifically, we conducted a 50-year coupled spin-up simulation using the Tco1279-
267 NGS5 configuration of IFS-FESOM, applying the 1950 CMIP6 radiative forcing parameters.
268  Before commencing the coupled spin-up, we also performed a 5-year ocean-only spin-up,
269  employing EN4 boundary forcing from the start of 1945 through the end of 1949. This

270  preliminary step aimed to facilitate a more rapid achievement of the ocean state typical of the

271 1950s.

272 Following the completion of a 50-year coupled spin-up, we initiated two concurrent

273 simulations: one serves as a control, while the other is a historical simulation. The historical
274  simulation employs CMIP6 historical forcing spanning the period 1950 to 2014.

275  Simultaneously, the control simulation was executed using constant radiative forcing from
276 1950. This control simulation allows us to assess any potential drift within the simulation,
277  enabling us to exclude the influence of such drift to better understand the impact of changes in

278  radiative forcing over time.

279  In the context of tropospheric aerosols, we employed the CONFESS (CONsistent

280  representation of temporal variations of boundary Forcings in reanalyses and Seasonal

281 forecasts) aerosol forcing (Stockdale et al., 2024), which is available from 1970 onwards and
282  is applied in five-year epochs. For the period preceding 1970 (from 1950 to 1969), we

283  generated epochs by replicating the 1970 aerosol forcing. This generation of aerosol forcing
284  was conducted as part of the EU project DestinE (Destination Earth), from which additional
285  model developments and adaptations are being integrated (Doblas-Reyes et al., 2025; Wedi et
286  al., 2025). These efforts aim to prepare the IFS-FESOM for conducting the first operational

287  multidecadal climate simulations on a kilometer scale.

288  Following the completion of the historical simulation, we extended the simulation in

289  accordance with the SSP2-4.5 scenario pathway until 2050 to estimate near-future climate
290  change at the kilometer scale. For this purpose, we also employed CMIP6 scenario forcings.
291 Our estimates for tropospheric aerosols are based on the MACv2 aerosol forcing, which is
292 subsequently adjusted to ensure compatibility with the CONFESS aerosol forcing utilized

293 during the historical simulation.
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294 The primary aim of this article is to document the performance of the historical simulation in
295  comparison with available reanalysis and observational products. Therefore, our analysis will
296  mainly focus on the IFS-FESOM historical simulation with some mentioning of the control
297  simulation especially when we address the drift in the model simulation. In comparing the
298  atmospheric fields, we will also utilize another 44-yearlong (1980-2023) AMIP simulation
299  conducted under the EERIE project (Aengenheyster et al., Under review), using the identical
300  atmospheric configuration of the IFS, forced with observed sea surface temperatures from the
301  ESA-CCISST v3 dataset at the same resolution of TCo1279 (hereafter IFS-AMIP), to

302  specifically identify and differentiate biases associated with the atmosphere-land component
303  of the model or those originating from the ocean component and its coupling.

304 4 Results

305 In this section, we assess the performance of the kilometre-scale IFS-FESOM simulations,
306  progressing from global stability and feasibility, through mean climate and variability, to ocean

307  dynamics and remaining regional biases.

308 4.1 A stable century-scale climate simulation at kilometre resolution
309

310 A fundamental prerequisite for global kilometre-scale climate modelling is the ability to

311  maintain stability and avoid substantial drift over multi-decadal to centennial timescales. We
312 therefore first assess the long-term behaviour of the coupled system using the control and
313 historical simulations.

314

315  Figure 2 illustrates the temporal evolution of the global annual mean 2-meter temperature
316  anomaly, which is equivalent to the global mean surface air temperature (GMSAT) across the
317  three experiments (Control, Historical, and SSP2-4.5 scenario), as well as in the ERAS

318  reanalysis. A close correspondence is observed between ERA5 and the IFS-FESOM historical
319  simulation (Fig. 2). Simultaneously, the control simulation's trajectory demonstrates only a
320  minimal drift towards cooler temperatures as the simulation progresses, which stabilises in
321  time. The SSP2-4.5 scenario leads to a 2 K increase in warming relative to the initial global

322 mean temperature of the first 20 years.
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324  Figure 2: Time series of annual-mean global-average 2-meter temperature (in degrees
325  Celsius) from ERAS reanalysis (orange), historical simulation (blue), coupled spin-up (red),
326  and control simulation under 1950 radiative forcing (green), using the IFS-FESOM model

327  with a 9km atmosphere and 5-11 km ocean resolution configuration.

328

329  To place the control and historical simulations in context, we next examine the behaviour
330  during the coupled spin-up phase. Prior to the control and historical simulations, the 50-year
331  coupled spin-up experiment is depicted in Supplementary Figure 1. The model's GMSAT
332 initially declines over the first 20 years of spin-up, followed by a recovery (Suppl. Fig. 1).
333 This cooling during the spin-up is primarily attributed to the Arctic, where a rapid increase in
334  seaice concentration results in cooler temperatures in that region (not shown). Although this
335  cooling trend reverses and largely stabilises by the end of the spin-up, it is not entirely

336  eliminated and contributes to the cold bias observed in the historical simulations over the

337  northern high latitudes (see Fig. 4).

IFS-FESOM Control1950 Temperature Drift IFS-FESOM Control1950 Salinity Drift

1000 4
15004 03 E 0.06
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339  Figure 3: Depth—time evolution of (a) ocean temperature and (b) salinity anomalies in the

340  IFS-FESOM control simulation. Anomalies are computed as the differences between the

10
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341  global ocean annual-mean temperature and salinity fields at each depth and their respective
342 values in simulation year 1.

343

344  Beyond surface temperature evolution, long-term stability of the coupled system also requires
345  limited drift in the ocean interior. One of the primary objectives of conducting the long control
346  simulation in parallel with the historical simulation is therefore to quantify potential drift in
347  ocean temperature and salinity. Figure 3 illustrates the variations in the global annual mean
348  ocean temperature and salinity at all depths throughout the simulation period. The uppermost
349  layer of the ocean exhibits a cold bias with a maximum amplitude of approximately 0.2 to 0.3
350  °C; however, a persistent monotonic cooling trend is not observed (Fig. 3a). Directly beneath
351  the uppermost layer, a warm temperature bias is evident, followed by a gradual increase in
352 cold bias between depths of 500 and 1800 m, with a maximum amplitude of around —0.1 °C.
353 Below 2000 m, the drift tends toward a weak warm bias with a magnitude within 0 to 0.1 °C.
354  Regarding salinity, the upper 500~1000 m freshens by about 0.02 to 0.03 psu, while deeper
355  layers show a gradual increase in salinity of up to 0.02 psu (Fig. 3b). It is noteworthy that the
356  model's drift values in temperature and salinity are considerably smaller than those observed
357  in the OMIP2 (Ocean Model Intercomparison Project phase 2) simulations (see Figure 6 of
358  Chassignet et al., 2020), indicating that increasing resolution can substantially mitigate drift
359  and maintain a stable oceanic state without requiring a prolonged spin-up.

360

361  To further contextualize the model's ocean temperature evolution beyond the control run, we
362  compare the historical simulation against EN4 observations (Good et al., 2013) (Suppl. Fig.
363  2). Both show broadly consistent patterns of ocean heat uptake, with progressive upper-ocean
364  warming intensifying toward the latter decades of the record, alongside a coherent

365  intermediate-depth cooling anomaly around 700-1000 m. Differences in the early part of the
366  record, particularly the noisier EN4 signal at intermediate depths, may partly reflect the

367  limited subsurface observational coverage prior to the Argo era. In conjunction with the

368  minimal drift demonstrated in the control run, this comparison reinforces confidence in the
369  model's ability to capture large-scale ocean temperature evolution under historical forcing.
370

371 4.2 Improved large-scale surface climate relative to CMIP6-class models

372

373 To further evaluate and quantify the model's performance in comparison to previous CMIP6
374  simulations, we calculate the climate model performance following the approach by Reichler
375  and Kim, (2008). More specifically, we use the methodology and parameter selection for this
376  index proposed by Streffing et al., (2022) (Table 1). A performance value below 1 (indicated

377  in green shades) denotes a reduction in bias relative to the CMIP6 multi-model mean, whereas

11
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378  values exceeding 1 (indicated in red shades) suggest an increase in model bias. We utilize the
379  historical simulation period from 1985 to 2014 to compute this table. Overall, we observe an
380  improvement of nearly 25% over the CMIP6 multi-model means.

381

382  One of the primary issues identified is the warm bias over the southern high latitudes,

383  characterized by elevated temperatures primarily attributed to erroneous snow depth

384  initialization (further explanation follows). The impact of elevated temperatures over

385  Antarctica is also evident in the summer Antarctic top-of-atmosphere outgoing longwave

386  radiation (rlut), precipitation (pr), 500 hPa geopotential height (500 hPa zg), and 300 hPa

387  wind (300 hPa ua). However, over the northern high latitudes, the performance index indicates
388  an improvement in bias compared to the CMIP6 multi-model mean, as well as an enhanced
389  representation of Arctic sea ice concentration relative to CMIP6 simulations.

390

391  Apart from the Antarctic summer period, these atmospheric parameters demonstrate improved
392 performance globally. Notably, circulation parameters exhibit substantial improvement

393 (darker green colors) across most regions of the world. Another critical area of focus is the
394  Nifio 3.4 region, where upper-level circulation parameters show improvements, although

395  temperature biases persist from autumn to winter. Despite advancements in the representation
396  oftotal cloud cover, biases remain in the simulation of precipitation.

397

398  In examining oceanic parameters, particularly at oceanic depths, biases are observed in the
399  temperature at 100 meters depth and salinity at 10 meters depth in the Arctic region. This

400  suggests potential bias in simulating Arctic sea ice at these depths, influencing the distribution
401  of temperature and salinity. However, at greater depths and in most other regions, there is a

402  notable improvement in the simulated ocean state compared to CMIP6 simulations.
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403
404  Table 1 The performance metrics as delineated by Reichler and Kim, (2008), illustrating the
405  absolute climatology error over the past 30 years (1985-2014) in the IFS-FESOM historical
406  simulation. This error is expressed as a fraction of the mean absolute error across CMIP6
407 models. Values less than 1 denote smaller-than-average CMIPG6 biases, whereas values

408  exceeding I indicate larger biases. The observations employed for model evaluation include:
409  OSI SAF OSI-450 (Lavergne et al., 2019) for sea ice concentration (siconc); MODIS

410  Atmosphere L2 Cloud Product (Platnick , S. et al., 2015) for cloud cover (clt); Global

411  Precipitation Climatology Project (GPCP) Monthly Analysis(Adler et al., 2018) for

412 precipitation (pr); Clouds and the Earth's Radiant Energy System (CERES) (Wielicki et al.,
413 1996) for TOA outgoing longwave radiation (rlut); ECMWF ERAS reanalysis (Hersbach et
414  al, 2020) for near-surface air temperature (tas), eastward (uas) and northward (vas) near-
415  surface wind, 300 hPa eastward wind (ua), and 500 hPa geopotential height, NOAA Jason-1,
416  Jason-2, and CryoSat-2 combined for sea surface height (zos); and C-GLORSv7 (Storto et al.,
417  2016) for mixed-layer depth (mlotst) and EN4 reanalysis data for ocean temperature and
418  salinity at various depths (Good et al., 2013). A comprehensive list of CMIP6 models

419  considered is available in Streffing et al.(2022).

420

421  The representation of the ocean mixed layer depth (mlotst) exhibits notable increase in
422  performance, with the exception of the southern higher latitudes. This anomaly may be

423 attributed to inaccuracies in the simulation of winter sea ice concentration and the formation
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424 of polynyas, as previously mentioned. The standard deviation of monthly sea surface height
425  (st. dev. zos) also exhibits significant improvements, with the exception of the Nifio 3.4

426  region. Additionally, the tropical ocean temperature at 100 meters depth shows increased bias
427  compared to CMIP6, which requires further investigation.

428

429  While Table 1 provides an integrated assessment of model performance across multiple

430  variables, it does not indicate where the dominant temperature biases are geographically

431  located. We therefore next examine the spatial structure of near-surface temperature biases to
432  identify the regional origins of the strengths and weaknesses summarized by the performance
433 index.

434

435  In the atmosphere, we first address the realism of the simulated 2m-temperature of the

436  atmosphere. Figure 4a shows the climatology of the global annual mean 2m-temperature in
437  ERAS for the period 1985 to 2014 along with the biases for IFS-FESOM and IFS-AMIP (Fig
438  4b,c). In comparison to previous HighResMIP simulations (Roberts et al., 2018), temperature
439  biases in climatology are relatively smaller from the tropics to the mid-latitudes, especially
440  over the global ocean (Fig 4b). The pattern of biases across land regions is largely consistent
441  between the IFS-FESOM and IFS-AMIP experiments, suggesting these biases are inherently
442 linked to the land-atmosphere processes within the IFS model.

443

ERAS5 climatology (1985-2014) ~ Bias: IFS-AMIP — ERAS

=

-40 -30 -20 -10 0 10 20 30 40 -15 -5.5 -35 -15 05
444 2 m Temperature (°C) Bias (°C)

445  Figure 4: Climatology of annual 2-meter temperature for the period 1985 to 2014 in a)
446  ERAS5 reanalysis and difference of the same climatology from ERAS in b) Historical IFS-
447  FESOM and in ¢) IFS-AMIP simulations. In order to account for the orographic differences
448  between ERAS5 and the model, the bias has been height-corrected using a fix adiabatic lapse
449  rate of 6.5 °C/km (Gao et al., 2012; Remedio et al., 2019). All units are in degree Celsius.
450

451  Many of these biases over land have been observed in previous versions of the IFS, although
452  their magnitude appears to be reduced compared to earlier lower-resolution simulations

453 (Roberts et al., 2018). However, the positive temperature bias observed over Central Asia,

454  including the Himalayas and the Tibetan Plateau, appears to be new and contrary to findings
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455  from previous research based on the IFS model. This bias is most pronounced during the

456  summer compared to other seasons (Suppl. Fig. 3).

457

458  Relatively large biases in the 2-meter temperature are evident in high latitudes for IFS-

459  FESOM, both for the control (not shown) and historical simulations. Notably, over land, there
460  is a significant positive temperature bias observed over Antarctica and northeastern

461  Greenland. Further analysis has confirmed that this warm bias is attributable to an error in the
462  initial condition generation process following the coupled spin-up phase, during which the
463  snow depth values were significantly underestimated (Suppl. Fig. 4), approximately one-tenth
464  of their actual magnitude. This reduced snow depth resulted in anomalously warm

465  temperatures, particularly during the summer (Suppl. Fig. 3), especially in Antarctica, where a
466  typical 10-meter thick snow cover generally maintains much lower temperatures.

467

468  However, our analysis shows that the effect of this erroneous snow-depth initialization is

469  confined to the Antarctic region and has less of an effect in creating temperature bias outside
470  of the Antarctic region or other snow-covered regions (e.g. see Figure 5). Our further analysis
471  also confirms that as the simulation progresses, the snow starts to recover by itself, although
472 this process could take many centuries to bring snow as we expect. As the bias was discovered
473 only after completing a substantial number of simulated years, and since its effect is restricted
474 to a limited region, rerunning the expensive km-scale simulation was not feasible. We

475  therefore aim to incorporate the required modifications in the next simulation cycle,

476  benefitting also from additional insights gained during this first long km-scale coupled

477  experiment.

478

479  Apart from Antarctica, there is also a warm bias over the Weddell Sea region, which

480  developed during the later phase of the spinup with an accelerated increase in temperature
481  over this region (Suppl. Fig. 5). This warm bias is seen to be strongest during the southern
482  hemisphere winter (Suppl. Fig. 3), when we also find large negative bias in sea ice

483  concentration and thickness (Fig. 16, 17).

484

485  We identified a cold bias over the northern high latitudes, particularly concentrated over the
486  Nordic and Barents Seas. This bias is associated with the simulation of excess sea ice extent
487  (see Fig. 16). Notably, the warm bias in the southern high latitudes and the cold bias,

488  especially in the northern latitudes (as observed in Fig 4), appear to counterbalance each other,
489  thereby maintaining the trajectory of the GMSAT in alignment with observed data throughout
490  this period (Fig. 2).

491
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492 In addition, a consistent cold bias was observed over the subpolar North Atlantic, potentially
493 associated with the North Atlantic current and over the eastern to central equatorial Pacific.
494 Some of the previously well-known temperature biases, such as the south-eastern Atlantic
495  warm temperature bias at the coast of western Africa, were also observed; however, the

496  magnitude was reduced from previous estimates from CMIP6 type and HighResMIP1-type
497  model simulations (Moreno-Chamarro et al., 2022). Excluding the biases associated with
498  higher latitudes, one of which is attributable to technical reasons (warm bias over Antarctica),
499  the model's simulated biases demonstrated improvements in comparison to previous

500  analogous simulations, particularly in key regions across the tropics and mid-latitudes.

501  To further assess whether the near-surface temperature biases identified above are associated
502  with broader tropospheric and stratospheric structures, we next examine the zonal-mean

503  temperature and zonal wind fields.
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506  Figure S: Zonal mean climatology of annual mean a) temperature (in degree Celsius) and b)
507  zonal wind (in m/s) for the period 1985 to 2014 in ERAS5 (in black contours) and the bias in
508  the same (in shading) in the IFS-FESOM historical simulation.

509

510  Figure 5 shows the zonal-mean atmospheric temperature and zonal wind structure in the

511  model and their biases relative to ERAS. The bias in the zonal-mean temperature structure
512 reveals features consistent with those identified in the near-surface temperature patterns,

513  including a warm bias over the southern high latitudes and a cold bias in the northern high
514 latitudes. A notable improvement compared to previous IFS model generations is the reduced
515  cold bias in the tropical lower stratosphere. Although the cold bias remains evident, it is

516  significantly reduced and not centred over the lower stratosphere as seen in previous IFS
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517  simulations (Roberts et al., 2018). Furthermore, the temperature bias in the lower to middle
518  troposphere over the tropical to mid-latitude region is minimal. As anticipated, the bias pattern
519  generally aligns with the findings in IFS-AMIP (Suppl. Fig. 6a), with the exception of a warm
520  bias observed in the southern high latitudes and a less pronounced cold bias in the northern
521  high latitudes.

522

523 In the context of mean zonal winds and associated biases, we observe a pattern consistent with
524 previous IFS simulations (Fig. 5b). There are positive biases over the central region of the
525  midlatitude westerly winds. However, in the subtropics and higher latitudes, the mean

526  westerly wind appears to be weakened. The pronounced positive bias in the mid to lower

527  stratosphere for the easterly mean zonal wind persists, as previously noted. This has been a
528  longstanding bias typically linked to errors in the vertical diffusion of the mean zonal wind,
529  which also affects the simulation of the Quasi-Biennial Oscillation (QBO) (Roberts et al.,

530  2018; Streffing et al., 2022). As anticipated, a similar pattern emerges from the IFS-AMIP
531  experiments, with the exception that the anomalous easterly wind bias over the southern high
532 latitudes is more pronounced in the troposphere in IFS-FESOM compared to IFS-AMIP

533 (Suppl. Fig. 6b). This may primarily result from the warm bias over Antarctica in the IFS-
534  FESOM.

535

536  Taken together, the integrated performance metrics (Table 1), near-surface temperature

537  patterns (Fig. 4), and zonal-mean diagnostics (Fig. 5) provide a consistent picture of improved
538  large-scale surface climate realism relative to CMIP6-class models, with remaining biases

539  largely confined to high-latitude regions and linked to identifiable physical and technical

540  causes.

541

542 4.3 Persistent but reduced tropical precipitation and cloud-radiative biases
543

544  We next examine the representation of tropical precipitation and cloud-related processes,

545  which remain among the most challenging aspects of coupled climate modelling and are

546  closely linked to ocean-atmosphere coupling.

547

548  In the subsequent analysis, we examine the characteristics of simulated total precipitation in
549  the model in comparison to the Multi-Source Weighted-Ensemble Precipitation (MSWEP)
550  data (Beck et al., 2019) for the period from 1985 to 2014. Figure 6 illustrates the climatology
551 of the annual mean total precipitation in MSWEP and the corresponding bias in our historical
552 IFS-FESOM and IFS-AMIP simulations (Fig. 6b, ¢). The most prominent bias in [FS-FESOM
553 is observed over the equatorial Pacific and the equatorial Atlantic Ocean. This bias is
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554  persistent and has been identified in previous medium-resolution HighResMIP1 simulations,
555  associated with the double ITCZ bias present in the models, which results in the bifurcation of
556  the ITCZ center and increased precipitation on both flanks of the observed main ITCZ

557  (Moreno-Chamarro et al., 2022). However, in the IFS-AMIP experiment the bias persists with
558  significantly reduced magnitude compared to the coupled configuration (Fig. 6¢). This

559  suggests that equatorial Pacific sea surface temperature (SST) biases, particularly the cold
560  tongue, play a crucial role in amplifying the double ITCZ bias.

561

Bias: IFS-AMIP
P SN
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563  Figure 6: Annual mean precipitation climatology for the period 1985 to 2014 in the a)

564  MSWEP observation data (Beck et al., 2019) and the bias in the same in the b) I[FS-FESOM
565  historical simulation and c) in IFS-AMIP simulation compared to MSWEP. All units are in
566  mm/day.

567

568  Beyond the Pacific, a similar behaviour is found over the tropical Atlantic, where the

569  magnitude of the precipitation bias is considerably smaller in the IFS-AMIP experiment than
570  in IFS-FESOM. This contrast between coupled and atmosphere-only simulations is robust
571  across seasons (Suppl. Fig. 7), highlighting the strong influence of SST biases on tropical

572 precipitation.

573

574  Other precipitation biases, including negative precipitation over the Indian region and

575  northeastern South America and positive precipitation biases west of South America and over
576  the Himalayan region, are present in both IFS-FESOM and IFS-AMIP. These biases have
577  been reported in previous HighResMIP simulations and persist here, although their magnitude
578  appears reduced in parts of the southern and northern mid-latitudes (Table 1). Given the close
579  coupling between precipitation, cloud cover, and surface temperature, we next assess biases in
580  simulated total cloud cover.

581
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583  Figure 7: Annual mean total cloud cover climatology for the period 1985 to 2014 in the a)
584  ESA-CCI observation data (Stengel et al., 2020) and the bias in the same in the b) IFS-

585  FESOM historical simulation and in c¢) IFS-AMIP simulation compared to ESA-CCI. All units
586  arein fraction.

587

588  Figure 7 presents the observed total cloud cover from ESA-CCI and the corresponding biases
589  in the IFS-FESOM and IFS-AMIP experiments. The overall bias pattern closely resembles
590 that reported in previous HighResMIP coupled simulations (Moreno-Chamarro et al., 2022),
591  with particularly pronounced biases over the tropical Pacific and Atlantic Oceans. Regions
592 with reduced precipitation and cooler surface temperatures generally exhibit decreased cloud
593 cover, whereas areas with enhanced precipitation tend to show increased cloudiness. As in
594  HighResMIP medium-resolution models, a negative total cloud cover bias persists along the
595  west coasts of South America and Africa, although it is substantially weaker along the west
596  coast of South America than in earlier HighResMIP simulations (Moreno-Chamarro et al.,
597  2022; Streffing et al., 2022). This reduction is consistent with improved representation of the
598  southeastern Pacific stratocumulus regime at higher resolution, potentially mediated by a
599  better-resolved coastal circulation and South American orography (Richter and Mechoso,
600  2006).

601

602  Overall, cloud cover biases are smaller than those reported in previous HighResMIP

603  estimates, including over midlatitude oceans, with particularly notable improvements over the
604  North Atlantic. The relationship between negative SST biases (Fig. 12b) and reduced

605  precipitation and cloud cover remain evident, but with reduced magnitude relative to the
606  HighResMIP multi-model mean. This improvement is also reflected in the comparison with
607  the CMIP6 multi-model mean (Table 1).

608

609 A further notable improvement is found over the western Indian Ocean east of Africa, where
610  cloud cover biases are substantially reduced compared to earlier HighResMIP multi-model
611 estimates (Moreno-Chamarro et al., 2022). Where previous models simulated cloud cover
612  exceeding observations by up to 25% in this region, the present simulation shows biases

613  typically limited to 10-15%, accompanied by a corresponding reduction in precipitation bias
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614  (Fig. 6b). Previous low-resolution AWI-CM3 simulations (Streffing et al., 2022), which share
615  the same ocean model component, also exhibit comparatively smaller cloud cover biases in
616  this region, suggesting that aspects of the ocean model formulation may contribute to the

617  reduced bias.

618  Outside the tropical ocean belt, cloud cover bias patterns remain largely consistent between
619  the IFS-FESOM and IFS-AMIP experiments, indicating a weaker influence of SST biases on
620  cloud cover. Despite these overall improvements, several key cloud cover biases persist,

621  continuing to contribute to biases in net cloud radiative feedback.

CERES Climatolog

Bias: IFS-FESOM

Bias: IFS-AMIP
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623 Figure 8: Annual mean net cloud radiative feedback climatology for the period 1985 to 2014
624 inthe a) CERES-EBAF observation data (Wielicki et al., 1996) and the bias in the same in the
625  b) IFS-FESOM historical simulation and in the ¢) IFS-AMIP simulation compared to CERES-
626  EBAF. All units are in W/m’.

627

628  Biases in cloud cover directly affect the atmospheric energy budget through their impact on
629  radiative fluxes. We therefore next examine the net cloud radiative effect, which represents
630  the combined shortwave and longwave influence of clouds on the Earth’s energy balance.

631  Observations indicate that clouds exert a net cooling effect globally (Fig. 8a). Both the IFS-
632  FESOM and IFS-AMIP simulations reproduce the large-scale structure of this pattern (Fig.
633 8b,c), with the most pronounced differences between the two configurations occurring over

634 the tropical Pacific and Atlantic Oceans.

635  Consistent with previous HighResMIP results, a positive bias in cloud radiative forcing is
636  found in eastern boundary upwelling regions along the western coasts of South America,

637 North America, and southern Africa. In these regions, reduced cloud cover allows increased
638  shortwave radiation to reach the surface, contributing to local ocean warming. Notably, both
639  the spatial pattern and magnitude of this bias are remarkably similar between the IFS-FESOM
640  and IFS-AMIP simulations.
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641  In addition, reduced cloud cover over the Himalayan and Central Asian regions results in a
642 positive cloud radiative forcing bias, reinforcing the warm surface air temperature bias

643  discussed in Section 4.2.

644  Taken together, the combined analysis of precipitation, cloud cover, and cloud radiative

645  effects indicates that, while several long-standing tropical biases persist in the coupled

646  simulation, their magnitude is reduced relative to previous model generations. The

647  comparison between coupled and AMIP simulations highlights the role of ocean—atmosphere
648  coupling in shaping tropical precipitation and cloud-related biases, while also reinforcing
649 that cloud biases in eastern boundary upwelling regions are not primarily controlled by the
650  underlying ocean state.

651

652 4.4 Realistic ENSO dynamics and large-scale climate variability

653

654  The El Nifio-Southern Oscillation (ENSO) is the dominant mode of interannual climate

655  variability in the tropical Pacific, characterized by sea surface temperature anomalies and
656  associated atmospheric circulation changes (Dijkstra, 2006). Understanding ENSO

657  mechanisms has progressed significantly through theoretical frameworks, particularly the
658  delayed/recharge oscillator paradigm, which explains its oscillatory nature with periods of 2-7
659  years (Jin et al., 2020). Global climate models have played a central role in advancing ENSO
660  understanding, with successive generations showing gradual improvements since early

661  modelling studies of the 1980s and 1990s (Guilyardi et al., 2020). CMIP6 models outperform
662  CMIP5 for several ENSO-relevant metrics, including improved tropical Pacific seasonality

663  and teleconnections, although ocean surface—subsurface coupling has degraded (Planton et al.,

664  2021).
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~———  ree——
-1.0 -0.8 -06 -0.4 -02 0.0 02 04 06 08 10
665 SST regression coefficient on Nifio3.4 index

666  Figure 9: The spatial regression of the sea surface temperature (SST) on the monthly Niiio
667 3.4 index depicting the ENSO pattern in (a) HadISST, and in (b) IFS-FESOM historical
668  simulation for the period 1950 to 2014.
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669  Figure 9 illustrates ENSO and the associated global SST pattern, as determined by the

670  regression of SST onto the Nifio3.4 index in both Hadley Centre SST observations and the
671  IFS-FESOM simulation. Overall, ENSO-related SST anomalies and their global imprint show
672  strong similarity between observations and the model. In particular, the ENSO footprints over
673  the Indian Ocean and the mid- to high-latitude Pacific Ocean are well represented.

674  The simulated ENSO SST pattern extends further westward than observed, indicating the

675  presence of the commonly reported westward-extended ENSO bias in climate models. In

676  association with ENSO, the model also exhibits negative SST anomalies over the equatorial
677  Atlantic Ocean, which are not present in observations. Over the subtropical to subpolar North
678  Atlantic, however, the simulated ENSO-related SST pattern closely resembles observations.
679  The temporal characteristics of ENSO variability are further examined using the Nifio3.4

680  index. The power spectrum of the Nifio3.4 index shows a pronounced peak at periods of

681  approximately 4-5 years in the model, in close agreement with observations (Fig. 10a).

682  However, the amplitude of ENSO variability is more pronounced in the simulation than

683  observed, with enhanced power persisting at lower frequencies and without the sharp decay

684  seen in observations.
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687  Figure 10: a) Power spectrum of the Nifio 3.4 index in the HadISST (in green) and in the
688  [FS-FESOM Historical (in blue) and in control (in red) simulations for the period 1950 to
689  2014. The red dashed vertical lines indicated certain periods of cycle in years. b) for the same
690  set of data but representing standard deviations of the monthly Nifio 3.4 index. Units are in
691  Kelvin.

692

693  ENSO phase locking is assessed through the monthly standard deviation of the Nifio3.4 index
694  (Fig. 10b). The model successfully captures the observed phase locking, with maximum

695  ENSO variability occurring during Northern Hemisphere winter. Nevertheless, the model

696  places the minimum ENSO variability in mid-summer, whereas observations indicate
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697  minimum variability during boreal spring. Across all seasons, ENSO variability in the model
698  remains consistently stronger than observed.

699

700  Given that ENSO variability peaks during boreal winter, we next examine ENSO-related

701  teleconnections in precipitation and circulation with respect to the winter Nifio3.4 index.

702  Figure 11a shows the observed association between Nifio3.4 and anomalies in total

703  precipitation and mean sea level pressure (MSLP). Positive ENSO phases are associated with
704  enhanced precipitation over the central and eastern equatorial Pacific and reduced

705  precipitation over the western Pacific and tropical Atlantic, together with characteristic

706  circulation anomalies such as the Aleutian Low and a negative North Atlantic Oscillation-like
707  pattern. The IFS-FESOM simulation captures the large-scale structure of these ENSO-related
708  teleconnections with comparable spatial patterns and magnitudes (Fig. 11b), including the
709  Aleutian Low over the North Pacific and a negative NAO-like response over the North

710  Atlantic. This strong agreement is consistent with findings from a recent comprehensive

711  multimodel assessment, which included both eddy-rich and HighResMIP simulations and
712 identified IFS-FESOM as one of the best-performing models to date in representing late-

713 winter extra-tropical ENSO teleconnections (Mezzina et al., 2026).

714
GPCP/ERAS IFS-FESOM
-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9
715 Regression coefficients DJF Total Precipitation on Nifio3.4 index in mm/day/K
716

717  Figure 11: a) The linear regression pattern of the winter (December-January-February,
718  DJF) mean total precipitation (in shading) from GPCP and mean sea level pressure (on
719 colored contours) from ERAS5 on the Niiio 3.4 index from HadISST for the period 1979 to
720  2014. b) is the same as in a) but from the IFS-FESOM historical simulation. The units of the
721  shading are in mm/day/Kelvin and contours are from -4 to 4 hPa/Kelvin in 0.4hPa spacings.
722 Negative contours are dashed colored blue and positive contours are in solid colored

723 magenta. Stippling denotes areas where the precipitation regression coefficients are

724 significant at the 95% confidence level.

725
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726  Apart from extra-tropical teleconnections, positive precipitation anomalies over the equatorial
727  Pacific are reproduced, although anomalies over the eastern equatorial Pacific are

728  underestimated, likely linked to biases in the simulated low-level winds. Over land, ENSO-
729  related precipitation anomalies are generally weaker in the model than in observations. In
730  particular, the model underestimates the dipole precipitation patterns over Africa and South
731  America, including negative anomalies over southern Africa and positive anomalies over

732 southeastern South America. Overall, the model effectively reproduces the main ENSO-

733 related teleconnection patterns, particularly over the extra-tropics during winter, but it exhibits
734 reduced amplitude in several land regions.

735

736  The North Atlantic Oscillation (NAO) is the primary mode of atmospheric circulation

737  wvariability during winter and plays a critical role in shaping European climate and

738  precipitation patterns (Hurrell et al., 2003). Consequently, accurately representing the NAO
739  and the associated precipitation response is essential for assessing the model’s ability to

740  simulate key modes of large-scale atmospheric variability.
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743 Figure 12: The spatial pattern of the leading mode of winter mean sea level pressure

744 variability over the domain (20-80N and 90W to 40E) known as the North Atlantic Oscillation
745  ina) ERAS, in b) the IFS-FESOM historical simulation and in ¢) IFS-AMIP experiment. d), e)
746  andf) are the linear regression pattern of the total precipitation (in mm/day) on to the

747  normalised principal component time series associated with the winter NAO pattern. Over the
748  stippled regions the patterns are significant at 95% level.

749

750  Figure 12a illustrates the winter NAO pattern in ERAS, which represents the leading mode of

751  mean sea level pressure (MSLP) variability over the North Atlantic—European sector. The
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752 positive phase of the NAO is characterized by a low-pressure anomaly centered near Iceland
753 and a high-pressure anomaly centered over the Azores. The associated total precipitation

754  response, derived by regressing precipitation onto the normalized principal component time
755  series of this leading mode, is shown in Figure 12d. It reveals positive precipitation anomalies
756  over Northern and Western Europe and negative precipitation anomalies over Southern and
757  Southwestern Europe, extending over adjacent oceanic regions.

758

759  In the IFS-FESOM simulation, the model successfully captures the strength and location of
760  the low-pressure anomaly center of the winter NAO (Fig. 12b). However, it underestimates
761  the strength of the high-pressure anomaly, and the center of this anomaly appears split, with
762  one center over the Mediterranean Sea and another over the mid-North Atlantic. This

763  deviation from the observed NAO structure results in the model’s inability to capture the

764  negative precipitation anomalies over Southwestern Europe, particularly along the coastlines
765  of Portugal and Spain (Fig. 12¢). In contrast, the model performs well in capturing the positive
766  precipitation anomalies over Northwestern Europe.

767

768  We further examine the NAO in the IFS-AMIP experiments to assess the extent to which

769  these biases are linked to the atmospheric model itself or to coupled ocean—atmosphere

770  interactions. Under observed SST conditions and without two-way coupling, the IFS model
771  simulates the location of the positive MSLP anomaly of the winter NAO more realistically
772  (Fig. 12¢). Consequently, the associated negative precipitation anomalies over Southwestern
773  Europe are better represented compared to IFS-FESOM (Fig. 12f). Although the amplitude of
774  both positive and negative MSLP anomaly centers remains slightly underestimated, the

775  overall NAO structure in IFS-AMIP shows closer agreement with ERAS.

776

777  The findings indicate that biases in SST patterns over the subpolar North Atlantic, along with
778  their interaction with the atmosphere, may contribute to the formation of the southern positive
779  anomaly branch of the winter NAO and its related precipitation response. Additionally,

780  external influences, such as the ENSO teleconnection, may also play a role, as its regional
781  impact over the North Atlantic aligns with the mid-North Atlantic center of the southern NAO
782  signal during this period.

783

784 4.5 Realistic emergence of mesoscale eddies and western boundary currents

785

786  One of the key advantages of kilometre-scale ocean resolution is the explicit representation of

787  mesoscale eddies and their interaction with large-scale circulation features, particularly

25
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788  western boundary currents. Here, we assess the extent to which the IFS-FESOM configuration
789  resolves mesoscale eddy activity and captures its spatial structure and scaling characteristics.
790  We first examine the standard deviation of daily sea surface height (SSH) as a measure of

791  mesoscale eddy activity, comparing the IFS-FESOM simulation with satellite-based

792 observations from the AVISO dataset (Fig. 13). In the observations, elevated SSH variability
793 highlights the primary eddy-rich regions of the global ocean, including the Gulf Stream and
794  Kuroshio current systems, the Agulhas and Benguela regions, and the Southern Ocean.

795

IFS-FESOM

796 ' &siistandand:devlation i

797  Figure 13: The daily SSH standard deviation over the period 1993 to 2014 in a) AVISO and
798  in b) IFS-FESOM Historical simulation highlighting the ocean eddy-rich regions. Units are in
799  meters.

800

801  The IFS-FESOM simulation reproduces both the magnitude and the spatial distribution of
802  SSH variability remarkably well across these regions, indicating that mesoscale eddy activity
803  is realistically represented at the chosen resolution. One notable exception is found in the Gulf
804  Stream region, where the simulated SSH variance exhibits a more zonal orientation than

805  observed, reflecting a more zonally oriented North Atlantic Current in the model.

806  This bias in current orientation is consistent with the cold sea surface temperature bias

807  observed in the subpolar North Atlantic (Fig. 15b) and is a common feature of many coupled
808  climate models. Nevertheless, the overall agreement in SSH variance demonstrates that the

809  model captures the global pattern of eddy activity with high fidelity.
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810

811  Figure 14: Mesoscale eddy mean radius in I-degree boxes for short-lived eddies (lifetime 10-
812 30 days) in FESOM (a) and observations (b) and long-lived (lifetime >30 days) eddies in
813  FESOM (d) and observations (e). Zonal mean radius for short-lived (c) and long-lived (f) eddies
814 ofthe model (solid) and observations (dashed).

815

816  To further evaluate the realism of simulated eddies, we analyse the characteristic radii of both
817  long-lived and short-lived eddies and compare them with observational estimates derived

818  from the META3.2 two-satellite eddy dataset produced by AVISO (Fig. 14). In both

819  observations and the model, long-lived eddies exhibit larger radii than short-lived eddies,

820  consistent with theoretical expectations that more energetic eddies can grow to larger spatial
821  scales.

822

823  The simulated eddy radii follow the expected latitudinal scaling with the first baroclinic

824  Rossby radius of deformation, indicating that the model captures the fundamental dynamical
825  controls on eddy size. Deviations from this scaling occur near the equator, where geostrophic
826  balance breaks down and linear theory is no longer applicable; this behaviour is reproduced by
827  the model. Zonal-mean comparisons show good agreement between simulated and observed
828  eddy radii across most latitudes, with larger discrepancies in polar regions. In the Southern
829  Ocean, observed zonal-mean eddy radii appear larger than those in the model, likely reflecting
830 limitations of satellite observations at high latitudes, where the Rossby radius becomes small
831  and eddy detection is more uncertain.

832

833  An additional advantage of the model is its ability to identify and track eddies beneath sea ice,

834  which is not possible using satellite observations. This capability explains the absence of
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835  observational eddy-radius estimates in polar regions and highlights the added value of high-
836  resolution coupled simulations for diagnosing polar ocean dynamics.

837

838 A notable discrepancy between the model and observations is the presence of two zonal bands
839  ofreduced eddy radii on either side of the equator in the observational dataset, which are less
840  pronounced in the model. The origin of this feature remains unclear and may be related to
841  equatorial current dynamics or to the splitting of the Intertropical Convergence Zone; further
842  investigation is required to clarify its cause.

843

844  Overall, the realistic representation of SSH variability, the correct latitudinal scaling of eddy
845  radii, and the coherent depiction of eddy-rich regions demonstrate that the IFS-FESOM

846  configuration operates in an eddy-rich regime. This explicit representation of mesoscale

847  dynamics provides a physically consistent foundation for improved simulation of western
848  boundary currents and their role in large-scale ocean-climate interactions.

849

850

851 4.6 Improved ocean state with persistent polar mixed-layer depth biases

852

853 We next examine the simulated mean ocean state, focusing on sea surface temperature, sea
854  surface salinity, and mixed-layer depth, which together govern air—sea heat and freshwater
855  exchanges and strongly influence large-scale ocean circulation and climate variability. SST is
856  akey variable for the climate system, as it regulates air—sea heat exchange, sea ice formation,
857  and storm development. Figure 15a shows the observed mean SST climatology from the ESA
858  SST CCI dataset for the historical period 1985-2014 (Merchant et al., 2019), characterized by
859  strong meridional gradients, sharp fronts along western boundary currents, and cold SST

860  anomalies in major upwelling regions.

861
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863  Figure 15: (a) Mean (1985-2014) Sea Surface Temperature (SST) from ESA SST CCI (Merchant
864  etal, 2019); (b) SST mean bias in IFS-FESOM relative to the observations over the period 1985-
865  2014. (c) Mean (1985-2014) Sea Surface Salinity (SSS) from EN4 (Good et al., 2013). (d) SSS mean
866  bias in IFS-FESOM relative to the observations over the period 1985-2014. (e) Mean (1985-2014)
867  winter Mixed-Layer Depth (MLD) from de Boyer Montégut (2022) climatology. (f) MLD winter bias
868  in IFS-FESOM relative to the observations over the period 1985-2014. All biases are computed as
869  model minus observations.

870

871 Relative to observations, the IFS-FESOM simulation exhibits a warm SST bias of up to

872  approximately 2.5 °C in the Southern Ocean (Fig. 15b), a feature also present in the CMIP6
873  multi-model mean (Fox-Kemper et al., 2021). Warm biases of around 1-1.5 °C are found in
874  eastern boundary upwelling systems such as the Benguela and California regions, with a

875  weaker bias in the Peru-Chile upwelling system. A pronounced cold SST bias of up to -4.5 °C
876  is evident in the northwestern Atlantic. Overall, the magnitude of SST biases in IFS-FESOM
877  however appears reduced compared to the CMIP6 multi-model mean, particularly in

878  midlatitude regions, consistent with improvements in the representation of mesoscale

879  dynamics and boundary currents discussed in Section 4.5.

880

881  Sea surface salinity (SSS) reflects changes in the global water cycle and provides an

882  integrated measure of evaporation-precipitation balance and freshwater input. It also

883  influences stratification in subpolar and polar regions (Caneill et al., 2022). Salinity anomalies
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884  are transported by ocean eddies (e.g., Agulhas, North Brazil Current, Gulf Stream rings),

885  leading to differing SSS biases between eddy-rich and non-eddying models. We compare
886  simulated SSS with the EN4 observational dataset (Good et al., 2013). The observed SSS
887  climatology is characterized by high salinities in subtropical gyres and semi-enclosed basins,
888  and low salinities in the Arctic, near major river outflows, and along the Intertropical

889  Convergence Zone (Fig. 15¢).

890

891  The IFS-FESOM simulation shows pronounced positive SSS biases in the Arctic Ocean (Fig.
892  15d), although salinity in this region is subject to considerable observational uncertainty (Liu
893  etal., 2022). Positive SSS biases are also found in semi-enclosed seas such as the

894  Mediterranean, Baltic, and Red Seas, as well as near the mouths of major rivers. In contrast,
895  the model exhibits a predominantly negative SSS bias across the tropical and subtropical open
896  ocean, like the CMIP6 models. A notable improvement relative to CMIP6 simulations is the
897  absence or strong reduction of the widespread fresh bias in the Southern Ocean (Eyring et al.,
898  2021; Liu et al., 2022), which may be linked to improved representation of advective

899  processes in the Antarctic Circumpolar Current or to changes in simulated evaporation and
900  precipitation.

901

902  The ocean mixed layer forms the interface between the atmosphere and the ocean interior and
903  plays a central role in regulating heat, freshwater, and momentum exchange. We evaluate the
904  simulated mixed-layer depth (MLD) against a climatology derived from in situ observations
905  (de Boyer Montégut, 2023; de Boyer Montégut et al., 2004), mainly from ARGO and World
906  Ocean Databas. Following (Fox-Kemper et al., 2021), we define MLD as the depth where
907  potential density is 0.03 kg m-3 denser than at 10m, with winter MLD as the mean of January-
908  March for Northern Hemisphere and July-September for Southern Hemisphere.

909

910  IFS-FESOM shows deep winter MLD biases of hundreds of meters in the Labrador and

911  Greenland Seas, Mediterranean and Black Seas, and in parts of Antarctic Circumpolar Current
912  (Fig. 15f). The most prominent MLD bias occurs in the Weddell Sea, where the model

913  simulates unrealistically deep winter mixed layers. This bias is absent in the CMIP6 multi-
914  model mean and may be linked to biases in winter sea ice concentration (see Fig. 16, 17) and
915  the potential formation of polynyas. It should be noted, however, that observational

916  constraints on Southern Ocean MLD remain limited due to sparse in situ data (de Boyer

917  Montégut, 2023).

918

919  Taken together, the simulated mean ocean state in IFS-FESOM shows overall improvements

920  in SST and SSS relative to CMIP6-class models, while mixed-layer depth biases persist in
30



https://doi.org/10.5194/egusphere-2026-1289
Preprint. Discussion started: 21 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

921  specific regions, most notably in the Southern Ocean. These results highlight both the benefits
922 of increased resolution for representing ocean structure and the remaining challenges

923 associated with air-sea ice interactions.

924

925 4.7 Contrasting polar sea-ice characteristics and high-latitude climate biases

926

927 We next examine the simulated sea-ice state and associated high-latitude surface climate,

928  focusing on the Arctic and Antarctic regions. Sea ice plays a central role in the climate system
929  through its influence on surface albedo, ocean-atmosphere heat exchange, and freshwater

930 fluxes, and remains a key source of uncertainty in coupled climate models.

931

932  Figure 16 shows the climatology and biases of sea ice concentration (SIC) in the IFS-FESOM
933 historical simulation relative to observations. In the Arctic, the model exhibits a persistent
934  positive SIC bias, particularly in the Nordic and Barents Seas (Fig. 16a). This bias is closely
935 linked to an overestimation of sea ice extent, with the model simulating ice cover that extends
936  further south than observed. The excess Arctic sea ice results in reduced ocean-atmosphere
937  heat exchange and contributes to a pronounced cold surface temperature bias over the

938 northern high latitudes, consistent with the near-surface temperature biases discussed in

939  Section 4.2. Despite this cold bias, the Arctic SIC performance represents an improvement
940  relative to the CMIP6 multi-model mean, as reflected in the performance metrics summarized
941  inTable 1.

942

943 In contrast to the Arctic, the Antarctic sea ice biases show a more complex spatial structure.
944 During the Southern Hemisphere winter (September), the model simulates negative SIC biases
945  over the eastern Weddell Sea and adjacent regions, while positive SIC biases are found to the
946  west of the Weddell Sea (Fig. 16b). Although the positive SIC bias can largely be attributed to
947  the model's simulation of a larger SIC extent compared to observations, the negative SIC bias
948  coincides with a pronounced warm sea surface temperature bias in the same region (Fig. 15b),
949  suggesting enhanced oceanic heat fluxes and the formation of polynyas that inhibit sea ice
950  growth.

951
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952

953  Figure 16: The difference between IFS-FESOM model and observed (OSI-SAF) sea ice

954 concentration (SIC) based on climatology (Lavergne et al., 2019) from 1985-2014 period for
955  Arctic winter (a) Antarctic winter (b) Arctic summer (c) and Antarctic summer (d). The red
956  solid and dashed linse show the climatological sea ice extent (where SIC is 15%) from

957  observations (OSI-SAF) and the IFS-FESOM respectively.

958

959  During the Antarctic summer (March), the model generally underestimates sea ice

960  concentration and extent across much of the Southern Ocean (Fig. 16d). This discrepancy may
961  Dbe attributed to the relatively higher temperatures over the Antarctic during summer as

962  represented in the model (Suppl. Fig. 3). This may also be attributed to the air-sea ice

963  fractional coupling scheme implemented in this simulation, which could potentially inhibit sea
964  ice formation or retention during the summer months (further explanation follows).

965

966  Beyond sea-ice concentration, the coupled IFS-FESOM simulation exhibits pronounced

967  regional biases in sea-ice thickness (Fig. 17). In the Arctic, ice thickness is systematically

968  overestimated, with the largest positive biases occurring in the central to western Arctic and
969  exceptionally strong maxima over the channels and gaps of the Canadian Arctic Archipelago,
970  particularly in the Queen Elizabeth Islands region (Fig. 17a,c). The Arctic thickness bias

971  increases with integration time (not shown), indicating a progressive departure from the

972  observed mean state. In contrast, Antarctic sea ice is systematically thinner than observed
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(Fig. 17b,d), most clearly during the winter growth season, while the spatial pattern of ice

concentration remains comparatively realistic (Fig. 16b). These opposing hemispheric

thickness biases persist throughout the coupled integration and are robust across averaging

periods.
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Figure 17: The difference between the IFS-FESOM model and observed (GEOMAS) sea ice
thickness (Zhang and Rothrock, 2003) based on climatology from 1999-2014 period for Arctic

winter (a) Antarctic winter (b) Arctic summer (c) and Antarctic summer (d). The dark blue

solid line shows the climatological sea ice thickness of 1.5meters in IFS-FESOM.

The interpretation of the bias stems from the coupling formulation and thermodynamic

principles of sea ice. Sea ice is coupled fractionally between atmosphere and ocean through

sea-ice concentration, while the atmospheric surface scheme uses a fixed 1.5 m ice thickness

for ice-covered regions. Hence the surface fluxes are computed using uniform thermal

resistance, independent of simulated ice-thickness distribution, affecting vertical heat

conduction representation.
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990

991  Conductive heat flux through sea ice varies inversely with thickness: thin ice allows strong
992 upward heat flux, while thick ice insulates the ocean (Liu and Zhang, 2025; Maykut, 1986).
993  Therefore, a fixed 1.5 m thickness can misrepresent winter heat loss when ice is much thicker
994 or thinner. Over thick ice, excessive heat loss occurs as the atmosphere treats it as too thin,
995  while over thin ice, winter heat loss is suppressed as it's treated as overly insulating. This
996  thickness-dependent response explains the contrasting hemispheric behaviour. In the Arctic,
997  where multi-year thick ice dominates, enhanced winter heat loss leads to progressive ice
998  thickening over time. In the Antarctic, where sea ice is predominantly seasonal with less than
999 1.5 thickness and more sensitive to oceanic heat fluxes, suppressed winter growth yields

1000  systematically thinner ice.

1001

1002  Although surface and conductive heat fluxes are not explicitly diagnosed here, the sign and

1003  hemispheric contrast of the simulated thickness biases are consistent with the expected

1004  thermodynamic response to the fixed-thickness assumption. A targeted flux diagnosis would

1005  be a useful next step to quantify this contribution.

1006

1007 4.8 Realistic AMOC strength and large-scale overturning circulation

1008

1009  We finally assess the representation of the Atlantic Meridional Overturning Circulation

1010  (AMOC), a key component of the global ocean circulation that transports heat from low to

1011  high latitudes and strongly influences the climate of the North Atlantic region and Europe.

1012 Figure 18a shows the climatology of the AMOC stream function in depth coordinates from the

1013 IFS-FESOM historical simulation. The model simulates a maximum AMOC strength of

1014 approximately 20 Sv at depths of 1000-1200 m and around 35°N, associated with the upper

1015 overturning cell.

1016

1017  Compared to earlier FESOM configurations at lower resolution, the simulated AMOC

1018  strength is enhanced by approximately 1-2 Sv, indicating a strengthening of the overturning

1019  circulation with increasing horizontal resolution. This behaviour is consistent with improved

1020  representation of boundary currents and mesoscale processes discussed in Section 4.5.

1021  To further evaluate the realism of the simulated AMOC, we compare the modelled

1022 overturning strength at 26.5°N with observations from the RAPID array (Fig. 18b). The

1023 simulated AMOC strength at this latitude lies within the observed range, with values of

1024 approximately 17-20 Sv, and captures the correct order of magnitude of the observed

1025  circulation.

1026
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1027  The time evolution of the AMOC at 26.5°N shows a gradual weakening over the historical
1028  period, which is consistent with the expected response of the overturning circulation to

1029  anthropogenic forcing. While the observational record remains relatively short, the simulated
1030  decline is comparable in magnitude to trends inferred from the RAPID observations.

1031  Overall, the realistic magnitude of the AMOC and its sensitivity to increased resolution
1032 indicate that the IFS-FESOM configuration provides a credible representation of large-scale
1033 overturning dynamics, supporting its suitability for investigating the role of mesoscale

1034 processes in ocean—climate interactions.
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1038  Figure 18: a) Atlantic Meridional Overturning circulation stream function (in Sv) on
1039 depth space from the IFS-FESOM EERIE historical simulation and b) is the time
1040  series of the monthly mean AMOC stream function between 0 to 1500m time at 26.5N
1041 (in blue) and the same from the observed RAPID observations array (in red).

1042
1043 5 Discussion:

1044 The kilometre-scale IFS-FESOM simulation demonstrates a substantial improvement in
1045  climate performance relative to typical CMIP6-class models. Across a broad range of

1046  atmospheric and oceanic fields, biases are generally reduced compared to the CMIP6 multi-
1047  model mean (Table 1). Long-standing errors, such as warm SST biases in eastern boundary
1048  upwelling regions and the cold bias in the subpolar North Atlantic, are present but noticeably
1049  diminished. Large-scale circulation metrics, including near-surface winds and sea-level
1050  pressure, show particularly noticeable improvements, while cloud cover biases are reduced
1051  globally. Tropical precipitation biases, including the double ITCZ, persist but with reduced
1052 magnitude. In the ocean, temperature and salinity fields outside the polar regions compare
1053  more closely with observations than in standard-resolution models. These results indicate that
1054  resolving mesoscale ocean dynamics and employing a ~10 km atmospheric grid can improve

1055  the simulated mean climate state in long coupled integrations.
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1056 A key outcome of this experiment is the ability of the coupled km-scale model to maintain
1057  climate stability over the full simulation period. Following a 50-year high-resolution spin-up,
1058  the coupled system exhibits only weak drift in global ocean temperature and salinity, with
1059  magnitudes considerably smaller than those reported in lower-resolution experiments (Fig.
1060  13). This suggests that increased resolution can alleviate some of the long-standing

1061  equilibration challenges in coupled climate models, likely through improved representation of
1062  ocean circulation and mixing. The demonstrated stability of this centennial-scale simulation
1063  represents an important step forward and highlights the feasibility of long-term global

1064  integrations at kilometre-scale resolution.

1065  Despite these overall improvements, persistent high-latitude biases highlight key challenges.
1066  In Antarctica, a pronounced warm near-surface temperature bias was traced to an error in
1067  snow initialization. In the Southern Ocean, particularly the Weddell Sea region, warm biases,
1068  reduced sea-ice concentration, and excessively deep winter mixed layers indicate overly

1069  strong convection and polynya-like behaviour. Notably, such an extreme Weddell Sea mixed-
1070  layer bias is not present in the CMIP6 multi-model mean, suggesting that the higher resolution
1071  or coupling strategy employed here may expose new sensitivities in Southern Ocean processes
1072 that require targeted investigation. Sparse observations complicate validation, but the

1073 magnitude of the bias warrants closer examination of ocean mixing and ice-ocean interactions.

1074 In contrast, the Arctic exhibits a cold bias linked to excessive sea-ice extent, particularly in the
1075  Nordic and Barents Seas. While similar biases are common in CMIP6 models, their

1076  magnitude is reduced in the present simulation (see Table 1). The Antarctic warm bias and
1077  Arctic cold bias partially offset each other in the global mean surface temperature, resulting in
1078  arealistic global temperature evolution. However, this compensation is fortuitous and

1079  emphasizes the need for improved sea-ice thermodynamics and coupling strategies to reduce

1080  regional errors in both hemispheres.

1081  Persistent warm biases in near-surface air temperature and sea surface temperature over
1082  continental shelves during summer have also been quantified for this simulation, reaching up
1083  to 6 °C in SST and 4 °C in air temperature (Delpech et al., 2025). These biases have been
1084  attributed to the absence of tidal mixing associated with the dissipation of barotropic tides on
1085  continental shelves at the global scale, highlighting the need for further model developments

1086  to represent these processes.

1087  Beyond the mean state, the km-scale configuration shows notable skill in representing internal
1088  climate variability. ENSO is simulated with realistic spatial structure, temporal variability, and

1089  seasonal phase locking, although the model exhibits slightly enhanced variance compared to
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1090  observations. ENSO-related teleconnections, including precipitation and sea-level pressure
1091  responses over the Pacific and North Atlantic, are realistically represented, though some land-
1092  based teleconnections remain weaker than observed. These results suggest that resolving
1093  finer-scale air—sea interactions contributes to a more faithful representation of coupled modes

1094  of variability.

1095  The eddy-rich ocean component produces a dynamically active circulation that closely

1096  resembles observations. Mesoscale eddy activity is realistically simulated across major current
1097  systems, and eddy size distributions broadly follow theoretical expectations based on the

1098  Rossby radius. One remaining limitation is a slightly too-zonal Gulf Stream pathway, which
1099  contributes to residual cold biases in the subpolar North Atlantic. Large-scale ocean

1100  circulation is also well captured: the Atlantic Meridional Overturning Circulation exhibits a
1101  realistic strength and vertical structure, with values at 26.5°N comparable to RAPID

1102 observations and a gradual weakening under historical forcing.

1103 The ocean mixed-layer depth remains a key area for improvement. While stratification is
1104  generally reasonable across most basins, excessively deep winter mixed layers in known deep-
1105  convection regions, particularly the Weddell Sea, point to sensitivities in convective and ice—
1106  ocean processes at high resolution. Importantly, despite these intense regional convection
1107  events, the coupled system remains stable and does not exhibit runaway drift, reinforcing the

1108  robustness of the km-scale configuration.

1109  Key limitations of this study should be acknowledged. The use of a single high-resolution
1110 configuration prevents a clean attribution of improvements to resolution alone, as opposed to
1111 model formulation or tuning. Planned multi-resolution experiments with [IFS—FESOM will
1112 help disentangle these effects. At the same time, specific issues identified here, including the
1113 Antarctic snow initialization error and sea-ice biases, provide clear targets for future

1114  development. The reduction of several long-standing regional biases nevertheless suggests

1115  that resolving mesoscale processes yields tangible benefits for climate fidelity.

1116  Conclusions

1117  This study demonstrates that global coupled climate simulations at kilometre-scale resolution
1118  are feasible over multi-decadal to centennial timescales and can be conducted without strong
1119  climate drift. The IFS-FESOM configuration achieves a more realistic representation of the
1120  mean climate state and key modes of variability than typical CMIP6-class models, with

1121  notable improvements in large-scale circulation, mesoscale ocean dynamics, ENSO

1122 behaviour, and Atlantic overturning strength.
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1123 At the same time, higher resolution does not eliminate all biases. Instead, it exposes new
1124 sensitivities, particularly in polar regions, where sea-ice processes, ocean mixing, and

1125  coupling strategies play a dominant role, and in coastal regions, where unresolved processes
1126  such as tidal mixing can influence the local climate state. These results highlight that

1127  advancing toward km-scale Earth system models must be accompanied by continued

1128  development of physical parameterizations and coupling approaches, especially for ice-ocean-

1129  atmosphere interactions.

1130 Overall, our findings indicate that eddy-rich, kilometre-scale coupled models provide a

1131  physically richer and more faithful framework for simulating the climate system. As

1132 computational resources expand, such configurations offer a promising pathway toward next-
1133 generation climate models capable of delivering improved regional and global climate

1134 projections.

1135  Code Availability

1136 The ocean and sea-ice model FESOM2.5 is available at

1137  https://doi.org/10.5281/zenodo.10225420 (Rackow et al., 2023) and from GitHub at

1138 https://github.com/FESOM/fesom2. The atmospheric model IFS is proprietary software
1139  available subject to a licence agreement with ECMWF, with access granted to member-state
1140  weather services and approved research partners. The IFS code without data assimilation
1141  modules is also available under an openlIFS licence for educational and academic purposes
1142 (http://www.ecmwf.int/en/research/projects/openifs). The IFS cycle used in this study was
1143  CY48RI.

1144  Data Availability

1145  The model simulation data used in this study are openly available from the World Data Center
1146  for Climate (WDCC). The coupled spin-up simulation is available at https://www.wdc-
1147  climate.de/ui/entry?acronym=DKRZ LTA 1344 dsg0001 (Ghosh et al., 2024). The historical
1148  simulation data are available at https://doi.org/10.26050/WDCC/EERIE_FESOM _hist v1
1149 (Ghosh et al., 2025a), and the SSP2-4.5 scenario simulation data are available at

1150  https://doi.org/10.26050/WDCC/EERIE_FESOM_s245_v1 (Ghosh et al., 2025b).

1151

1152 ERAS reanalysis data were obtained from the Copernicus Climate Data Store

1153 (https://cds.climate.copernicus.eu). Observed sea surface height data from AVISO were
1154  obtained from the Copernicus Marine Data Store (https://marine.copernicus.cu).

1155  Observational mixed-layer depth climatologies were obtained from the dataset of de Boyer
1156  Montégut (2023), available at https://doi.org/10.17882/91774.

1157

1158  Precipitation observations were taken from the Multi-Source Weighted-Ensemble

1159  Precipitation (MSWEP) dataset, available at https://www.gloh20.org. Satellite-based total
1160  cloud cover observations were obtained from the ESA Climate Change Initiative (ESA-CCI)
1161 Cloud dataset, available via the CEDA archive at

1162 https://catalogue.ceda.ac.uk/uuid/fb3750f56254440387318788b3ed7817.

1163

1164  Top-of-atmosphere radiative fluxes and cloud radiative effect data were obtained from the
1165  CERES EBAF dataset, available at https://ceres.larc.nasa.gov/data/. Sea-ice concentration
1166  observations were obtained from the OSI SAF climate data record (OSI-450), available at
1167  https://osi-saf.ecumetsat.int. Sea-ice thickness observations from the GIOMAS dataset were
1168  obtained from https://psc.apl.washington.edu/zhang/Global_seaice/data.html.
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