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 2 

Abstract 27 

Ocean mesoscale eddies, which have a horizontal scale with an order of 100 km, play a 28 

prominent role in global ocean heat transport that regulates the Earth’s climate. Most of climate 29 

models, however, cannot fully resolve the ocean mesoscale eddies because of the constraint of 30 

computational resources. To mitigate this shortcoming, we newly develop an eddy-permitting 31 

climate model, SINTEX-F3, which has the ocean resolution with the order of 25 km. Compared 32 

to other eddy-permitting climate models available from the CMIP6 HighResMIP, the SINTEX-33 

F3 represents a cold bias in the mid-high latitudes and weaker El Niño-Southern Oscillation 34 

(ENSO). Despite the weaker ENSO, the SINTEX-F3 realistically reproduces other tropical 35 

climate phenomena such as the Indian Ocean Dipole and Atlantic Niño/Niña, indicating that 36 

these modes are less dependent on ENSO in the model. In the subtropical-midlatitudes, the 37 

SINTEX-F3 well captures mesoscale sea surface temperature and surface heat flux variability, 38 

particularly in the western and eastern boundary current regions. Furthermore, the SINTEX-39 

F3 simulates the mean state and variability of sea ice in the Antarctic Sea more accurately than 40 

in the Arctic Sea, likely due to improvements in sea ice model physics and the increased ocean 41 

model resolution. While further efforts are needed to address the cold bias and the weaker 42 

ENSO representation, the SINTEX-F3 shows significant potential for simulating and 43 

predicting global ocean and sea ice variability at an eddy-permitting scale. 44 

 45 

46 
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1. Introduction 47 

Ocean mesoscale eddies, which have a horizontal scale with the order of 100 km (Chelton et 48 

al., 2011) and a vertical scale with the order of 1 km (Zhang et al., 2013), contribute to global 49 

transport of momentum (Zhang et al., 2014), heat (Morrison et al., 2016), salinity/freshwater 50 

(Melnichenko et al., 2017), and dissolved gases (Munday et al., 2014) that regulate the Earth’s 51 

climate. The mesoscale eddies are more energetic in the western boundary current regions and 52 

the Southern Ocean where the isopycnals steepen to increase the baroclinicity and the available 53 

potential energy (Griffies et al., 2015). In these regions, the mesoscale eddies transport heat 54 

upward in the process of releasing the available potential energy, partially offsetting the 55 

downward heat transport from the mean ocean circulation. 56 

 Many efforts have been made for understanding a role of ocean mesoscale eddies in the 57 

mean state of climate system, but less has been known about the impact of the mesoscale eddies 58 

on the climate variability over the global oceans. For example, in the eastern tropical Pacific 59 

(e.g., Willett et al., 2006), the ocean mesoscale eddies are generated through the latitudinal 60 

velocity shear between the westward South Equatorial Current and eastward North Equatorial 61 

Counter Current and Equatorial Undercurrent, and propagate westward as the tropical 62 

instability wave (TIW). The TIW is more active during La Niña due to a stronger meridional 63 

sea surface temperature (SST) gradient and baroclinic instability (Yu and Liu, 2003), which 64 

brings anomalous warming to cause a negative feedback. This leads to asymmetricity in the 65 

amplitudes of ENSO with stronger El Niña than La Niña (An, 2008). In the eastern tropical 66 

Indian Ocean, the large negative SST anomaly associated with the positive Indian Ocean 67 

Dipole (IOD), for example, in 1994, enhances the mesoscale eddy activity through the 68 

baroclinic instability and contributes to the decay through the eddy heat transport (Ogata and 69 

Masumoto, 2010), although only a little influence of the mesoscale eddies is found for the other 70 

case of the positive IOD in 1997. In the tropical Atlantic, most of the mesoscale eddies are 71 

located subsurface with their maximum temperature and salinity anomalies below the 72 

pycnocline, accompanied by the inverse SST anomalies (i.e., the cold SST anomalies for the 73 

anticyclonic eddies). A recent study (Aguedjou et al., 2023) suggests that the inverse eddy SST 74 

anomalies may impact both heat flux and precipitation in the Intertropical Convergence Zone 75 

(ITCZ). However, the role of the ocean mesoscale eddies in the tropical climate variability 76 

such as the Atlantic Niño/Niña has been poorly understood. 77 

 In the subtropical and midlatitude oceans, the western and eastern boundary currents 78 

involve more vigorous mesoscale eddies generated mainly through the baroclinic instability, 79 
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but the characteristics of the eddies and their impacts on the overlying atmosphere largely 80 

depend on the regions. In the Gulf Stream region, warm (anticyclonic) eddies form off the 81 

northward meander of the warm Sargasso Sea water, whereas cold (cyclonic) eddies spin off 82 

the southward meander and travel to the south into the Sargasso Sea (Auer, 1987). The warm 83 

eddies tend to increase the surface wind by deepening a marine boundary layer and vice versa, 84 

which leads to wind convergence and divergence across the eddies (Chelton et al., 2004). In 85 

the northwestern Pacific, the warm eddies pinch off from the Kuroshio Extension to the north, 86 

while the cold eddies form to the south from the troughs of the Kuroshio Extension (Itoh and 87 

Yasuda, 2010). Both warm and cold eddies propagate westward as oceanic Rossby waves 88 

affecting the strength of the Kuroshio Extension and recirculation gyre (Qiu and Chen, 2005). 89 

After reaching the Japan coast, the warm eddies tend to move poleward along the subarctic 90 

front and trenches (Itoh and Yasuda, 2010). These eddies transport the heat poleward across 91 

the Kuroshio Extension to counteract the oceanic heat loss from air-sea fluxes north of the 92 

Kuroshio Extension (Dong et al., 2017).  93 

In the Southern Hemisphere, the confluence of the Malvinas Current and the Brazil 94 

Current shapes one of the most energetic regions over the global oceans. Warm eddies are 95 

generated south of the subtropical front through the poleward meander of the Brazil Current, 96 

whereas cold eddies tend to form north of the front (Saraceno and Provost, 2012). The warm 97 

eddies tend to increase the surface wind and the turbulent heat flux from the ocean to the 98 

atmosphere (Pezzi et al., 2021). In contrast to other western boundary current regions, the cold 99 

eddies tend to release more heat to the atmosphere (Leyba et al., 2017), because most of the 100 

cold eddies originate within the very warm subtropical water and propagate southward. In the 101 

Agulhas Current region, the warm eddies form at the retroflection region, and some of the 102 

eddies become Agulhas rings pinched off the Agulhas retroflection loop, losing heat to the 103 

atmosphere (Lutjeharms and Valentine, 1988). The warm eddies also form downstream at the 104 

Agulhas Plateau by intrusion of cold subantarctic surface water. The warm eddies tend to 105 

deepen the atmospheric boundary layer via the increased turbulent heat flux (Messager and 106 

Swart, 2016). However, it is worth noting that only a half of the warm eddies represents higher 107 

wind speed over the warm eddies (Rouault et al., 2016). In the East Australian Current, warm 108 

eddies form by pinch-off of poleward meander of the East Australian Current, but most eddies 109 

do not escape to the south but coalesce with the East Australian Current (Nilsson and Cresswell, 110 

1981). The mesoscale variability arises from an intrinsic instability of the western boundary 111 

current, not from the remote mesoscale signals propagating westward from the South Pacific 112 
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(Bowen et al., 2005). However, the influence of these mesoscale variability onto the overlying 113 

atmosphere remains unclarified. 114 

 In contrast to the western boundary current regions, the ocean mesoscale eddies in the 115 

eastern boundary current regions are less studied but play important roles in the marine 116 

biological activities through changes in the coastal upwelling (Gruber et al., 2011). Most of the 117 

eddies arise from the baroclinic/barotropic instability of the inshore and offshore currents and 118 

contributes to the offshore cooling except within the 50-100 km from the shore (Capet et al., 119 

2008). The eddies undergo distinct seasonal variations in the California upwelling region, and 120 

show large interannual variations in the Benguela and Canary upwelling regions (Chaigneau 121 

et al., 2009). However, the influence of the eddies on the coastal SST variability known as the 122 

coastal Niño/Niña (i.e., Benguela Niño/Niña, Shannon et al., 1986; Ningaloo Niño/Niña, Feng 123 

et al., 2013, Kataoka et al., 2014; California Niño/Niña, Yuan and Yamagata, 2014; Dakar 124 

Niño/Niña, Oettli et al., 2016; Chile Niño/Niña, Xue et al., 2020) has yet been studied. 125 

 In the polar regions, the role of ocean mesoscale eddies is more studied in the Arctic 126 

Sea than the Antarctic Sea. The Arctic eddy activity strengthens near the surface during boreal 127 

summer due to the absence of sea ice cover that prevents the baroclinic instability from 128 

occurring below the sea ice. The subsurface eddy activity, on the other hand, persists all year 129 

long within the deeper halocline and below (e.g., Manley and Hunkins, 1985), owing to the 130 

interior potential vorticity gradient constrained by the Atlantic and Pacific waters (Meneghello 131 

et al., 2021). As the Arctic sea ice declines, the surface eddy activity strengthens to bring more 132 

subsurface warm water to the surface and contributes to the sea ice decline (Manucharyan and 133 

Thompson, 2022; Li et al., 2024). The mesoscale eddies in the Antarctic Sea, on the other hand, 134 

are less studied probably due to shortage of the ocean observations. Using an eddy-resolving 135 

coupled model, Dufour et al., (2017) successfully simulated sea ice polynya events associated 136 

with ocean mesoscale eddies in the Weddell Sea. Resolving the mesoscale eddies and 137 

overflows of the dense continental shelf waters allow the subsurface ocean heat to build up and 138 

destratify the upper ocean thereby melting the sea ice from below. Cheon and Gordon (2019) 139 

also reported the role of ocean cyclonic eddies in the upwelling of warm Weddell Deep Water 140 

and the Maud Rise Polynya in 2017. Since the open-water polynya affects the turbulent heat 141 

flux, radiative flux, cloud, and precipitation locally (Weijer et al., 2017), it is imperative to 142 

resolve the ocean mesoscale eddies for better representation of the atmosphere-ocean-sea ice 143 

interaction in the polar regions. 144 

However, it remains a big challenge to fully resolve the ocean mesoscale eddies from 145 

the tropics to the polar oceans in climate models with reasonable computational resources. This 146 
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is because nominally 1º resolution is sufficient for the ocean model to resolve the mesoscale 147 

eddies near the Equator, but in the subtropics and midlatitudes, much higher resolutions than 148 

0.1º are required for resolving the mesoscale eddies on the continental shelfs and in the polar 149 

regions (Hallberg et al., 2013). Most of climate models used for recent climate research have 150 

the ocean resolutions of nominally 1/2º to 1º owing to the constraint of the computational 151 

resources. Therefore, most of the models cannot fully resolve the ocean mesoscale eddies but 152 

emulate the effect of eddies, for example, on lateral mixing by a simplified parameterization 153 

(Gent and McWilliams, 1990). 154 

To address the resolution issues, the 6th phase of the Coupled Model Intercomparison 155 

Project (CMIP6) has recently launched the High Resolution Model Intercomparison Project 156 

(HighResMIP; Haarsma et al., 2016) where the eddy-permitting climate models with the ocean 157 

resolution of about 1/4º are developed for the comparison with the eddy-parameterized lower 158 

resolution models. For example, in the tropical Pacific, the spatial pattern of ENSO improves 159 

with the increased ocean model resolution, likely due to the improved mean state and 160 

associated surface thermodynamic feedback process (Liu et al., 2022). This also leads to better 161 

representation of the atmospheric teleconnection to the North Pacific (Williams et al., 2024). 162 

In the Gulf Stream region, the high-resolution coupled models tend to capture the simultaneous 163 

cross-covariance between the SST and turbulent heat flux, closer to the observation (Bellucci 164 

et al., 2021). In the Kuroshio region, however, only two high-resolution coupled models 165 

represent some improvement of the Kuroshio Extension intensity and enhanced warming trend 166 

in the past (An et al., 2023). In the polar regions, the increased ocean model resolution shows 167 

limited benefits in simulating the historical changes in the Antarctic sea ice (Selivanova et al., 168 

2024a) compared to the Arctic sea ice (Selivanova et al., 2024b). These results indicate the 169 

pros and cons of the increased ocean model resolution and the need of further improvement of 170 

ocean and sea ice model physics as well as the model resolution. 171 

Despite these previous findings, the role of ocean mesoscale eddies in the interannual 172 

climate variability have not been fully understood. Therefore, this study aims to address the 173 

following research questions: Can the eddy-permitting models better simulate the interannual 174 

climate variability over the global ocean and sea ice than the eddy-parameterized models? If 175 

so, what are possible reasons for the better representation of interannual climate variability in 176 

the eddy-permitting models? What are the remaining issues for the eddy-permitting models to 177 

better simulate the interannual climate variability? For this purpose, we develop an eddy-178 

permitting climate model and compare the control simulations under the constant radiative 179 

forcing with those in the previously developed eddy-parameterized climate model and other 180 
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available climate models from the CMIP6 HighResMIP. This paper is organized as follows: In 181 

Sect. 2, we describe the observation data and reanalysis product, climate model configurations, 182 

and climate indicators. In Sect. 3, we compare the eddy-parameterized and eddy-permitting 183 

models for the climate variability in the tropics, western and eastern boundary current regions, 184 

and the polar regions. In Sect. 4, we discuss possible reasons for the mean state and variability 185 

biases in the eddy-permitting models. In Sect. 5, we conclude the main results and suggest 186 

future work on addressing the remaining issues. 187 

 188 

2. Methodology 189 

2.1. Observation data and reanalysis product 190 

For comparison with climate model simulations, we used monthly high-resolution SST using 191 

the optimum interpolation version 2 (OI.v2) provided by NOAA (OISST2_hi; Reynolds et al., 192 

2007). It has a 0.25º x 0.25º horizontal resolution over the analysis period of 1982-2022. We 193 

also used daily sea ice concentration (SIC) from Nimbus-7 SMMR and DMSP SSM/I-SSMIS 194 

passive microwave data, version 2 provided by NSIDC (NSIDC_Nimbus; DiGirolamo et al., 195 

2022). The SIC data has the same horizontal resolution and period with the SST data. 196 

Furthermore, we used quality-controlled ocean potential temperature and salinity objective 197 

analyses with Gouretski and Reseghetti (2010) XBT corrections and Gouretski and Cheng 198 

(2020) XBT corrections provided by UK Met Office (EN4; Good et al., 2013). It has a 1º x 1º 199 

horizontal resolution with 31 vertical levels over the period of 1982-2022. For the atmospheric 200 

variables, we employed monthly sea level pressure (SLP), net surface heat flux, zona wind 201 

speed at 10 m, and shortwave and longwave radiations at the top of the atmosphere from the 202 

ERA5 reanalysis product (Hersbach et al., 2020).  It has a 0.25º x 0.25º horizontal resolution 203 

over the period of 1982-2022. 204 

 205 

2.2. SINTEX-F2 and SINTEX-F3 models 206 

As a reference for the eddy-parameterized coupled model, we used the second version of the 207 

Scale Interaction Tropical Experiment-Frontier (SINTEX-F2; Masson et al., 2012, Sasaki et 208 

al., 2012) model. The oceanic component of the SINTEX-F2 is based on the Nucleus for 209 

European Modeling of the Ocean (NEMO3.4; Madec, 2008) system which comprises the 210 

Ocean Parallelise (OPA9) ocean model and the Louvain-la-Neuve sea ice model (LIM2; 211 

Fichefet and Morales Maqueda, 1997). The NEMO3.4 has a horizontal resolution of nominal 212 

0.5º with 31 vertical levels in the rescaled z* height coordinate. In the OPA9, the vertical eddy 213 
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viscosity and diffusivity coefficients are computed from a turbulent kinetic energy (TKE) 214 

closure model after several modifications (Blanke and Delecluse, 1993; Madec et al., 1998). 215 

The lateral turbulence Is also associated to an eddy-induced velocity using a parameterization 216 

of mesoscale eddy-induced turbulence (Gent and McWilliams, 1990). The OPA9 was 217 

initialized with monthly climatology of ocean temperature and salinity in January from the 218 

Levitus dataset (Levitus, 1982) with no motion. The LIM2 includes the sea ice dynamics based 219 

on the viscous-plastic (VP; Hibler, 1979) rheology and the modified three-layer (two-layer sea 220 

ice and one-layer snow) thermodynamic formulation (Semtner, 1976). The atmospheric 221 

component of the SINTEX-F2 is based on the 5th version of the ECMWF and MPI-M in 222 

Hamburg (ECHAM5.4; Roeckner et al., 2003) atmospheric model. The ECHAM5.4 has a 223 

horizontal resolution of T106 (approximately 125 km at the Equator) with 31 vertical levels up 224 

to 1 hPa. It also adopted Nordeng (1994) parameterization for cumulous convection. The 225 

surface heat flux, momentum, and freshwater are exchanged between the atmosphere and ocean 226 

every two hours with no flux correction using the third version of the Ocean Atmosphere Sea 227 

Ice Soil (OASIS3; Valcke et al., 2004) coupler. 228 

 To compare with the eddy-parameterized coupled model, we developed the third 229 

version of the eddy-permitting SINTEX-F (SINTEX-F3) model. The oceanic component of the 230 

SINTEX-F3 is based on the NEMO4.0 (Madec, 2019) system which comprises the OPA ocean 231 

model and the SI3 (Vancoppenolle et al., 2023) sea ice model. The major differences with the 232 

NEMO3.4 include the new sea ice model and the ocean model parameterization for the vertical 233 

mixing induced by the internal waves (St. Laurent et al., 2002) and surface waves (Qiao et al., 234 

2010).  The NEMO4.0 has a horizontal resolution of nominal 0.25º with 75 vertical levels in 235 

the rescaled z* height coordinate. The OPA uses the TKE turbulent closure model (Blanke and 236 

Delecluse, 1993; Madec, 1998) for the vertical eddy viscosity and diffusivity coefficients. For 237 

the lateral mixing, the OPA used a bilaplacian mixing which explicitly calculates the fourth 238 

order diffusion on tracers and momentum. The OPA was initialized with monthly climatology 239 

of ocean temperature and salinity in January from the World Ocean Atlas 2013 (WOA13; 240 

Locarnini et al., 2013, Zweng et al., 2013) dataset with no motion. The SI3 includes the sea ice 241 

dynamics based on the elastic-viscous-plastic (EVP; Bouillon et al., 2013) rheology, multiple 242 

ice categories to represent subgrid-scale ice thickness (Thorndike et al., 1975), and multi-layer 243 

halo-thermodynamics including brine dynamics (Vancoppenolle et al., 2009). The atmospheric 244 

component of the SINTEX-F2 is based on the ECHAM6 (Giorgetta et al., 2013) atmospheric 245 

model. The ECHAM6 has a horizontal resolution of T255 (approximately 60 km at the 246 

Equator) with 95 vertical levels up to 0.01 hPa and adopted Nordeng (1994) parameterization 247 
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for cumulous convection. The major differences with the ECHAM5 invlove land processes 248 

based on the land vegetation JSBACH (Raddatz et al., 2007) model, the modified radiation 249 

schemes, the computation of surface albedo, and the triggering condition for convection. The 250 

surface heat flux, momentum, and freshwater are exchanged between the atmosphere and ocean 251 

every one hour with no flux correction by using the (OASIS-MCT; Valcke et al., 2013) coupler. 252 

Both the SINTEX-F2 and SINTEX-F3 models were run over 100 years under the 253 

atmospheric radiative forcing set to be constant at the 1850 level in the pre-industrial era. We 254 

removed the first 32 years as a spin-up period, then analyzed the 42 years from the spin-up 255 

period for comparison with the observation and reanalysis product. Considering the model drift 256 

over the analysis period (e.g., 0.36 ºC and -0.47 ºC for the global mean surface air temperature 257 

of SINTEX-F2 and SINTEX-F3), we remove a linear trend from the variables. Details of the 258 

SINTEX-F2 and SINTEX-F3 configurations are summarized in Table 1. 259 

 260 

2.3. CMIP6 HighResMIP models 261 

For comparison with the SINTEX-F2 and SINTEX-F3 models, we adopted 13 available 262 

climate models participating in the High Resolution Model Intercomparison Project 263 

(HighResMIP; Haarsma et al., 2016) endorsed by CMIP6. The models include CESM1-264 

CAM5-SE-LR and CESM1-CAM5-SE-HR (Hurrell et al., 2020; Chang et al., 2020), CMCC-265 

CM2-HR4 and CMCC-CM2-VHR4 (Cherchi et al., 2019), ECMWF-IFS-LR, ECMWF-IFS-266 

MR, and ECMWF-IFS-HR (Roberts et al., 2018), HadGEM3-GC31-LL, HadGEM3-GC31-267 

MM, HadGEM3-GC31-HM and HadGEM3-GC31-HH (Roberts et al., 2019), and MPI-ESM1-268 

2-HR and MPI-ESM1-2-XR (Gutjahr et al., 2019), respectively. Details of each model 269 

configuration and resolution are summarized in Table 2. Depending on the ocean model 270 

resolutions, we categorize 13 models into 3 low-resolution (CMIP6-LR) models with the ocean 271 

resolution of nominal 1º and 10 high-resolution (CMIP6-HR) models with the ocean 272 

resolutions of nominal 0.1º-0.4º. We analyzed the first 42 years of the 100 years control 273 

simulation under the 1950’s constant radiative forcing (control-1950) after the 30-50 years 274 

spin-up period. 275 

 276 

2.4. Climate indicators 277 

To characterize global ocean and sea ice variability on an interannual timescale, we adopted 278 

the conventionally used climate indices based on the area-averaged SST and area-aggregated 279 

sea ice extent (SIE), respectively. In the tropics, we used the NINO3.4 index (170ºW-120ºW, 280 
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5ºS-5ºN) for ENSO, the Dipole Mode index (50ºE-70ºE, 10ºS-10ºN minus 90ºE-110ºE, 10ºS-281 

Eq) for the IOD, and the ATL3 index (20ºW-Eq, 3ºS-3ºN) for the Atlantic Niño/Niña. In the 282 

western boundary current regions, we calculated the area-averaged SST index over the Agulhas 283 

Retroflection Current (15ºE-30ºE, 42ºS-40ºS), Brazil-Malvinas Current (55ºW-52ºW, 45ºS-284 

36ºS), East Australian Current (150ºE-155ºE, 40ºS-30ºS), Gulf Stream (75ºW-40ºW, 35ºN-285 

48ºN), and Kuroshio-Oyashio (142ºE-147ºE, 36ºN-41ºN) regions. In the eastern boundary 286 

current regions, we calculated the area-averaged SST index over the Dakar Niño/Niña (21ºW-287 

17ºW, 9ºN-14ºN), Benguela Niño/Niña (8ºE-14ºE, 20ºS-10ºS), Ningaloo Niño/Niña (108ºE-288 

115ºE, 28ºS-22ºS), California Niño/Niña (120ºW-130ºW, 20ºN-30ºN), and Chile Niño/Niña 289 

(80ºW-70ºW, 35ºS-20ºS). In the polar regions, we calculated the Antarctic and Arctic SIE, 290 

which is the total area of the SIC greater than 15%. For all indices, we calculate the detrended 291 

anomalies by subtracting the monthly climatology and linear trend using the least-squares 292 

method. 293 

 294 

3. Results 295 

3.1 Mean state bias 296 

A brief understanding of model bias in the mean state allows us to better interpret the model 297 

bias in global ocean and sea ice variability on an interannual timescale. Figure 1 displays annual 298 

mean of the observed SST and climate model biases (i.e., model minus observation). Compared 299 

to the observed SST (Fig. 1a), the SINTEX-F2 (Fig. 1b) shows warm SST biases in the tropics, 300 

the western and eastern boundary current regions, and the Southern Ocean, whereas the model 301 

shows cold SST biases in the midlatitude open waters and the Arctic Sea. The warm biases 302 

remarkably reduce in the SINTEX-F3 (Fig. 1c), but cold biases prevail in the mid-high latitude 303 

oceans. On the other hand, the CMIP6-LR (Fig. 1d; average of 3 models) shows cold biases 304 

over global oceans except the Southern Ocean with a warm bias. The model biases decrease in 305 

the CMIP6-HR partly due to a greater number of models participating in the CMIP6-HR (Fig. 306 

1e; average of 13 models), but the warm biases slightly appear in the tropical and subtropical 307 

oceans. Inspecting each climate model (Fig. S1), the spatial patterns of the warm and cold 308 

biases in the SINTEX-F3 (Fig. S1b) resemble those in the MPI-ESM1-2-XR (Fig. S1p). The 309 

MPI-ESM1-2-XR represents stronger cold bias than the lower-resolution MPI-ESM1-2-HR 310 

(Fig. S1o). Since both models employ the same atmospheric model but difference ocean and 311 

sea ice models, a source of the cold bias in the SINTEX-F3 could be attributed to the radiation 312 
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imbalance in the same atmospheric model (i.e., ECHAM6), as will be described later in Sect. 313 

4. 314 

 The SST bias in the high latitudes is closely related to the sea ice bias in the climate 315 

models. In the Antarctic Sea, the observation data (Fig. 2a, b) shows that the SIE reaches its 316 

minimum in February and maximum in September. The SINTEX-F2 underestimates the 317 

observed SIE by about a half, mostly due to low SIC and warm SST biases in the Southern 318 

Ocean (Figs. 1b, 2c). In contrast, the SINTEX-F3 (Fig. 2b) reasonably captures the observed 319 

SIE, although the model overestimates austral winter SIE probably due to the high SIC bias in 320 

the Pacific and Atlantic sectors (Figs. 1c, 2d). The CMIP6-LR (Fig. 2b, e), on the other hand, 321 

represents larger SIE and SIC biases in the Antarctic Sea. The CMP6-HR (Fig. 2b, f) captures 322 

the observed SIE fairly well, although the model underestimates the SIC in the Indian sector 323 

that offsets the high SIC bias in the northern Weddell Sea and the Ross Sea. Among the CMIP6-324 

HR models (Fig. S2), the spatial pattern of the SIC bias in the SINTEX-F3 (Fig. S2c) resembles 325 

that in the MPI-ESM1-2-HR (Fig. S2o).  326 

 In the Arctic Sea, the observation data (Fig. 3a, b) shows that the SIE reaches its 327 

minimum in September and maximum in March. The SINTEX-F2 (Fig. 3b, c) captures the 328 

observed SIE fairly well, although the model overestimates the SIC in the Greenland Sea and 329 

Barents Sea. The Arctic SIE is simulated to be larger in the SINTEX-F3 (Fig. 3b, d), mostly 330 

due to high SIC bias in the Bering Sea, Okhotsk Sea, and Baffin Bay as well as the Greenland 331 

Sea and Barents Sea. This is related to cold bias in those regions (Fig. 1c). The spatial pattern 332 

of the SIC bias in the CMIP6-LR (Fig. 3e) looks similar to the SINTEX-F3 (Fig. 3d), whereas 333 

the high SIC bias reduces remarkably in the CMIP6-HR (Fig. 3f), closer to the observed SIE. 334 

Among the CMIP6-HR models (Fig. S3), the spatial pattern of the SIC bias in the SINTEX-F3 335 

(Fig. S3c) resembles that in the MPI-ESM1-2-XR (Fig. S3p). The difference in the SIC bias 336 

between the Antarctic and Arctic Seas suggests that a source of sea ice bias is related not only 337 

to the atmospheric model but to the ocean and sea ice models in the polar regions.  338 

 339 

3.2. Tropical climate variability 340 

Interannual climate variations in the tropics, which are described by the SST variability in some 341 

specific regions, affect global climate through atmospheric teleconnection. Figure 4 shows 342 

monthly standard deviation of the SST variability associated with three major climate 343 

phenomena in the tropics. The observed ENSO, which is measured by the NINO3.4 index, 344 

shows a strong seasonality with its peak in December (Fig. 4a). The SINTEX-F2 captures the 345 
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SST variability from April to July, but represents a weaker peak than the observation data. The 346 

SINTEX-F3 also captures the SST variability in June and July, but fails in simulating the peak 347 

in boreal winter. Both the CMIP6-LR and CMIP6-HR, on the other hand, reasonably simulate 348 

the observed SST variability with its peak in boreal winter, although both models show no 349 

distinct differences in the amplitude of the SST variability. 350 

 The IOD, which is determined with the Dipole Mode index, undergoes a strong 351 

seasonal variation with its peak in October (Fig. 4b). Both the SINTEX-F2 and SINTEX-F3 352 

capture the observed SST variability very well, but tend to simulate the peak in August, two 353 

months earlier than the observation. Given the partial interaction between the IOD and ENSO, 354 

the weaker IOD signals simulated in the SINTEX-F2 and SINTEX-F3 may be attributed to the 355 

models’ underestimation of ENSO strength (Fig. 4a). On the other hand, both the CMIP6-LR 356 

and CMIP6-HR simulate the peak of the SST variability in October and September, 357 

respectively, overestimating the amplitude of the observed SST variability. 358 

 The observed Atlantic Niño/Niña, which is evaluated with the ATL3 index, represents 359 

its peak in June (Fig. 4c). While the SINTEX-F2 fails to capture both the peak amplitude and 360 

the seasonal phase, the SINTEX-F3 shows some improvement, reproducing a modest peak in 361 

June. The CMIP6-LR, on the other hand, represents a stronger peak in July, whereas the 362 

CMIP6-HR captures the observed peak in June with a comparable magnitude. Both models 363 

show distinct differences in the amplitude of the SST variability, suggesting the importance of 364 

higher ocean resolutions for better representation of the Atlantic Niño/Niña. Since the Atlantic 365 

Niño/Niña also partly interacts with ENSO, the weaker Atlantic Niño/Niña signals in the 366 

SINTEX-F2 and SINTEX-F3 may also be related to the weaker ENSO signals simulated in the 367 

models (Fig. 4a). 368 

 To explore the impact of ENSO over global oceans, we calculated the regression of 369 

December-February SST anomalies onto the NINO3.4 index (Fig. 5). The observed SST shows 370 

warmer temperature in the central-eastern tropical Pacific and colder temperature in the 371 

western tropical Pacific, representing a canonical El Niño pattern. It is also associated with 372 

warmer temperature in the western Indian Ocean. Both the SINTEX-F2 and SINTEX-F3 (Fig. 373 

5b, c) reproduce the observed SST pattern, but the simulated amplitude is much weaker in the 374 

SINTEX-F3, as expected from the weaker NINO3.4 index (Fig. 4a). Both the CMIP6-LR and 375 

CMIP6-HR (Fig. 5d, e), on the other hand, reasonably capture the observed SST pattern with 376 

comparable magnitudes. Among the CMIP6-HR models (Fig. S4), the MPI-ESM1-2-XR (Fig. 377 

5p) shows the weakest SST pattern, resembling the SINTEX-F3 (Fig. S4c). These results 378 
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suggest that similar SST bias in both models (Fig. S1c, p) may have some links to simulation 379 

of weaker El Niño/La Niña, as will be detailed later in Sect. 4. 380 

 To evaluate the general atmospheric teleconnection associated with ENSO, we 381 

regressed December-February SLP anomalies onto the NINO3.4 index (Fig. 6). The reanalysis 382 

product (Fig. 6a) shows lower pressure in the central and eastern tropical Pacific and higher 383 

pressure in the western tropical Pacific, representing a weaker Walker Circulation associated 384 

with El Niño. In the mid-high latitudes, this is associated with a stronger Aleutian Low in the 385 

North Pacific and a weaker Amundsen Sea Low in the Southern Ocean. The SINTEX-F2 (Fig. 386 

6b) captures the atmospheric teleconnection albeit a weaker amplitude, whereas the SINTEX-387 

F3 (Fig. 6c) represents much weaker teleconnection to the extratropical region, which is mostly 388 

due to a weaker ENSO simulated in the model (Fig. 5c). Both the CMIP6-HR and CMIP6-LR 389 

(Fig. 6d, e), on the other hand, reasonably simulate the teleconnection pattern in the reanalysis 390 

product, as anticipated from the SST regression maps (Fig. 5d, e). Among the CMIP6-HR (Fig. 391 

S5), the MPI-ESM1-2-XR (Fig. 5p) simulates a weaker atmospheric teleconnection, similar to 392 

the SINTEX-F3. These results suggest that realistic simulation of the NINO3.4 index is 393 

required for better presentation of the atmospheric teleconnection associated with ENSO. 394 

 The SST teleconnection associated with the IOD (Fig. S6) also shows similar 395 

tendencies. The observation data (Fig. S6a) shows that a positive (negative) IOD, which is 396 

characterized by the colder temperature in the eastern tropical Indian Ocean and warmer 397 

temperature in the western tropical Indian Ocean, is associated with a canonical El Niño (La 398 

Niña) in the tropical Pacific. The association with El Niño is well reproduced in the SINTEX-399 

F2 (Fig. S6b) and some of the CMIP6-LR and CMIP6-HR models. The SINTEX-F3 (Fig. S6c), 400 

on the other hand, simulates the IOD with no significant SST signals in the tropical Pacific. 401 

This is also seen in the other CMIP6-LR and CMIP6-HR models such as the ECMWF-IFS-LR 402 

(Fig. S6h), HadGEM3-GC31-HM (Fig. S6m), HadGEM3-GC31-HH (Fig. S6n), and MPI-403 

ESM1-2-XR (Fig. S6p). These results suggest that some low- and medium-resolution ocean 404 

models like the SINTEX-F3 are capable of capturing inherent IOD dynamics that allow it to 405 

develop independently of El Niño/La Niña events. 406 

 For the Atlantic Niño/Niña, the observation data (Fig. S7a) represents that the Atlantic 407 

Niño (Niña), which is characterized by warmer (cooler) temperature in the central and eastern 408 

tropical Atlantic, is associated with a weak La Niña (El Niño) in the tropical Pacific. The 409 

SINTEX-F2 (Fig. S7b) simulates a weaker Atlantic Niño/Niña than the observation data, but 410 

there are no significant SST signals in the tropical Pacific. The SINTEX-F3 (Fig. S7c), on the 411 

other hand, simulates a weaker Atlantic Niño associated with a weak La Niña in the tropical 412 
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Pacific, closer to the observation data. Some of the CMIP6-LR and CMIP6-HR models (e.g., 413 

Fig. 7Sf, h, i, o) capture the association with a weak La Niña, while others simulate the Atlantic 414 

Niño independently. These results also suggest that the Atlantic Niño/Niña can occur in the 415 

absence of El Niño/La Niña in some of the low- and high-resolution ocean models. 416 

 417 

3.3. Climate variability in the western boundary current regions 418 

In the western boundary current region, ocean mesoscale eddies play prominent roles in 419 

generating the SST variability locally and affecting the overlying atmosphere. Figure 7 displays 420 

the monthly standard deviation of the SST anomalies averaged over the western boundary 421 

current regions. The Agulhas Retroflection Current and Brazil-Malvinas Current regions (Fig. 422 

7a, b) exhibit a remarkable increase in the SST variability from the low- to high-resolution 423 

ocean models, closer to the observation. In the East Australian Current region (Fig. 7c), the 424 

CMIP6-HR shows a similar increase in the SST variability, while the SINTEX-F3 exhibits 425 

both increase and decrease relative to the SINTEX-F2, resulting in a closer agreement with the 426 

observation. In contrast, both SINTEX-F3 and CMIP6-HR overestimate the SST variability in 427 

the Gulf Stream and Kuroshio-Oyashio regions (Fig. 7d, e). 428 

 To describe how reasonably the ocean and atmospheric variability is simulated in the 429 

western boundary current regions, we calculated the regression of the January-March mean 430 

SST, net surface heat flux, and SLP anomalies onto the SST anomalies averaged over the 431 

Agulhas Retroflection Current region (see black boxes in Figs. 8-10) as an example of the 432 

western boundary current. Note that the box region corresponds to a region with the highest 433 

SST variability along the Agulhas Retroflection Current. The observation data (Fig. 8a) shows 434 

significantly warmer SST south of South Africa, and the SST signal is higher in the box region. 435 

The SINTEX-F2 (Fig. 8b) and CMIP6-LR (Fig. 8d) simulate a zonally-elongated structure of 436 

warmer SST, but these low-resolution ocean models cannot simulate the higher SST signal in 437 

the box region. The SINTEX-F3 (Fig. 8c), similar to the CMIP6-HR (Fig. 8e), captures the 438 

enhanced SST signal within the box region, although it fails to reproduce the zonally-elongated 439 

structure of the warmer SST. The limited higher SST are simulated by some of the CMIP6-HR 440 

models (Fig. S8). These results suggest that better representation of the higher SST variability 441 

in the Agulhas Retroflection Current region may be related to the increased ocean model 442 

resolutions. 443 

 We obtain similar results for the net surface heat flux regressions (Fig. 9). The 444 

reanalysis product (Fig. 9a) represents negative values in the Agulhas Retroflection Current 445 
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region, indicating that more heat comes out of the ocean driving the atmosphere. This is mostly 446 

due to the increase in the turbulent heat fluxes associated with the warmer SST. The negative 447 

values in the Agulhas Retroflection Current region are also found for both the low- and high-448 

resolution ocean models (Fig. 9b-e), but the amplitude and spatial pattern in the SINTEX-F3 449 

(Fig. 9c) and CMIP6-HR (Fig. 9e) resemble those in the reanalysis product. We also find the 450 

strong negative values in the Agulhas Retroflection Current region among the CMIP6-HR 451 

models (Fig. S9). These results indicate that realistic simulation of the higher SST variability 452 

in the Agulhas Retroflection Current region (Fig. 8c, e) leads to better representation of the air-453 

sea interaction in the region. 454 

 The SLP regressions, on the other hand, do not show remarkable differences in the 455 

amplitude and spatial patterns (Fig. 10). The reanalysis product (Fig. 10a) represents higher 456 

SLP values south of the Agulhas Retroflection Current region. The higher SLP values south of 457 

the Agulhas Retroflection Current region are also found in the low- and high-resolution ocean 458 

models (Fig. 10b-e). Both models represent comparable magnitude and spatial pattern of the 459 

higher SLP values. We can also find the similar structure of the higher SLP values among the 460 

CMIP6-HR models (Fig. S10) except the CMCC-CM2-HR4 (Fig. S10f). These results indicate 461 

that the increased ocean resolution has a limited impact on the large-scale atmospheric 462 

variability in the Agulhas Retroflection Current region. 463 

 We also obtain similar results in the Brazil-Malvinas Current region where the SST 464 

variability improves with remarkable increase from the low- to high-resolution ocean models. 465 

The high-resolution ocean models (SINTEX-F3 and CMIP6-HR models; Fig. S11) tend to 466 

capture a fine structure of the SST variability with higher amplitude in the confluence zone of 467 

the Brazil-Malvinas Current than the low-resolution ocean models (SINTEX-F2 and CMIP6-468 

LR models; Fig. S11). This leads to more negative surface heat flux values (Fig. S12) 469 

associated with the increased evaporation from the ocean surface in the confluence zone, 470 

although some of the CMIP6-HR models (MPI-ESM1-2-HR and MPI-ESM1-2-XR; Fig. S12o, 471 

p) show positive surface heat flux values. On the other hand, both low- and high-resolution 472 

models can simulate the strengthening of the anticyclonic circulation southeast of the 473 

confluence zone (Fig. S13). This contributes to the reduced evaporation associated with the 474 

southwestward advection of warm and wet air from the subtropics, counteracting the negative 475 

surface heat flux values in the confluence zone (Fig. S12). Therefore, the negative surface heat 476 

flux values in the confluence zone are caused by the warm SST values, and the increased ocean 477 

resolution is crucial for realistically simulating the air-sea interaction in the western boundary 478 

current regions. 479 
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 480 

3.4. Climate variability in the eastern boundary current regions 481 

The eastern boundary current is not so strong as the western boundary current, but coastal air-482 

sea interaction in the eastern boundary current involves the ocean mesoscale eddies and plays 483 

an important role in developing the coastal Niño/Niña. Figure 11 shows the monthly standard 484 

deviation of the SST variability in the coastal Niño/Niña region (see the definition in Sect. 2.4). 485 

The SST variability associated with the Dakar Niño/Niña increases during the peak season of 486 

February-April with the increased ocean model resolution, closer to the observation (Fig. 11a). 487 

We also find a moderate increase of the SST variability associated with the Benguela 488 

Niño/Niña during the peak season of March-May (Fig. 11b). The other three coastal Niño/Niña 489 

(Fig. 11c-e), on the other hand, do not represent much increase but neutral state or decrease in 490 

the SST variability with the increased ocean model resolution, except the California Niño/Niña 491 

in the SINTEX-F3 (Fig. 11d). Since these coastal Niño/Niña are more influenced by ENSO 492 

because of the proximity to the tropical Pacific, the influence of the ocean mesoscale eddies on 493 

the SST variability may be overwhelmed by the large-scale atmospheric and oceanic 494 

teleconnection associated with ENSO. 495 

 Figures 12-14 show the regressions of SST, net surface heat flux, and SLP anomalies 496 

onto the SST anomalies averaged over the Dakar Niño/Niña region (see black boxes in Figs. 497 

12-14) as an example of the eastern boundary current region. The observation data (Fig. 12a) 498 

shows a basin-wide warmer SST in the North Atlantic which peaks off Dakar. Both the low- 499 

and high-resolution ocean models (Fig. 12b-e) capture the basin-wide warmer SST in the North 500 

Atlantic, but the SST variability off Dakar is simulated to be higher in the high-resolution ocean 501 

models (Fig. 12c, e). We also find the higher SST variability among most of the CMIP-HR 502 

(Fig. S14) except the CESM1-CAM5-SE-HR (Fig. S14e). The increased ocean resolution 503 

appears to help better simulate the coastal SST variability associated with the Dakar Niño/Niña. 504 

 We find similar tendencies for the net surface heat flux regressions (Fig. 13). The 505 

reanalysis product (Fig. 13a) shows negative values off Dakar. This corresponds well to the 506 

higher SST variability there (Fig. 12a). This is mostly due to increase in the turbulent heat flux, 507 

indicating the ocean driving the atmosphere. The low-resolution ocean models (Fig. 13b, d) 508 

cannot simulate the significantly negative surface heat flux values, but the high-resolution 509 

ocean models (Fig. 13c, e) capture the negative values off Dakar properly, although the 510 

SINTEX-F3 does not simulate significantly positive values in the subtropical open ocean. The 511 

negative values are also well captured among the CMIP6-HR models (Fig. S15) except the 512 
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CESM1-CAM5-SE-HR (Fig. S15e). These results indicate that better representation of the SST 513 

variability associated with Dakar Niño/Niña leads to that of the surface heat flux variability off 514 

Dakar. 515 

 Both the low- and high-resolution ocean models, however, represent no distinct 516 

difference in the atmospheric variability associated with the Dakar Niño/Niña. The reanalysis 517 

(Fig. 14a) shows negative SLP values in the North Atlantic. This leads to weakening of the 518 

trade winds and shoaling of the mixed layer thereby absorbing shortwave radiation more 519 

efficiently, responsible for development of the warmer SST there (Oettli et al., 2016). Both 520 

low- and high-resolution ocean models (Fig. 14b-e) well reproduce the negative SLP values 521 

with comparable magnitude and spatial pattern. Most of the CMIP6-HR models (Fig. S16) 522 

except the CMCC-CM2-HR4 (Fig. S16f), ECMWF-IFS-HR (Fig. 16j), and HadGEM3-GC31-523 

HH (Fig. 16n) well capture the negative SLP values in the North Atlantic. These results indicate 524 

that the increased ocean model resolution has little impact on the large-scale atmospheric 525 

variability in the North Atlantic. 526 

 We also obtain similar results in the Benguela Niño/Niña region where the SST 527 

variability shows moderate improvement with the increased ocean model resolution. The high-528 

resolution ocean models (SINTEX-F3 and CMIP6-HR; Fig. S17) tend to simulate higher SST 529 

variability near the west coast of Angola and Namibia than the low-resolution ocean models 530 

(SINTEX-F2 and CMIP6-LR; Fig. S17). This leads to negative surface heat flux values (Fig. 531 

S18) associated with the increased evaporation from the ocean surface, although some of the 532 

models (SINTEX-F3, MPI-ESM1-2-HR, MPI-ESM-1-2-XR; Fig. S18c, o, p) show the positive 533 

values. The SLP regressions (Fig. S19), on the other hand, show weakening of the subtropical 534 

high, the St. Helena High, in the South Atlantic, which brings warm and dry air from the tropics 535 

to suppress the evaporation, counteracting the negative surface heat flux values near the west 536 

coast of Angola and Namibia (Fig. S18). There are small differences in the SLP values between 537 

the high and low-resolution models, so the increased ocean model resolution is important for 538 

reproducing the air-sea interaction in the eastern boundary current regions. 539 

 540 

3.5 Polar climate variability 541 

In the polar regions, not only the increased ocean model resolution but also the improved sea 542 

ice model physics influence the representation of sea ice variability. Figure 15 shows the 543 

monthly standard deviation of the Antarctic and Arctic SIE anomalies. The observation data 544 

(Fig. 15a) shows that Antarctic SIE variability peaks in austral summer. Antarctic SIE 545 
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variability increases remarkably with the increased ocean model resolution, although the high-546 

resolution ocean models overestimate the observed SIE variability (Fig. 15a). The Arctic SIE 547 

variability, on the other hand, reaches its peak in boreal fall (Fig. 15b). The Arctic SIE 548 

variability decreases remarkably from the CMIP6-LR to the CMIP6-HR, closer to the 549 

observation. The SINTEX-F3 shows higher SIE variability than the SINTEX-F2, 550 

overestimating the observation. These results indicate that the impact of the increased ocean 551 

model resolution and the improved sea ice model physics on the representation of the sea ice 552 

variability appears to differ between the Antarctic and the Arctic Sea. 553 

 To evaluate how reasonably the sea ice and atmospheric variability is simulated in the 554 

models, we regressed the SIC with net surface heat flux, and SLP anomalies onto the Antarctic 555 

SIE anomalies during austral summer (Figs. 16-18). Observations (Fig. 16a) indicate higher 556 

SIC in the Weddell Sea and Ross Sea. While the low-resolution ocean models (Fig. 16b, d) 557 

significantly underestimate the SIC in these regions, the high-resolution ocean models (Fig. 558 

16c, e) better capture both the amplitude and spatial pattern of the observed high SIC. However, 559 

among the CMIP6-HR models (Fig. S20), there remains considerable diversity in the strength 560 

and spatial pattern of the simulated SIC. 561 

 We obtain similar results for the net surface heat flux (Fig. 17). The reanalysis product 562 

(Fig. 17a) shows negative values in the Weddell Sea and the Ross Sea, corresponding well to 563 

the higher SIC values (Fig. 16a). This indicates that more heat comes out of the ocean and sea 564 

ice to the atmosphere, contributing to the sea ice increase there. The low-resolution ocean 565 

models (Fig. 17b, d) simulate the negative values much weaker, but the high-resolution ocean 566 

models (Fig. 17c, e) can capture the amplitude and spatial pattern of negative values well. 567 

Among the CMIP6-HR models (Fig. S21), the models with higher SIC values tend to simulate 568 

the larger negative values of the net surface heat flux. These results indicate that better 569 

representation of the Antarctic sea ice variability is closely related to that of the surface heat 570 

flux variability in the Antarctic Sea. 571 

 The atmospheric circulation variability is also improved in the high-resolution ocean 572 

models. The reanalysis product (Fig. 18a) represents negative SLP values over Antarctica and 573 

positive values in the midlatitudes, exhibiting a positive phase of the Southern Annular Mode 574 

(SAM; Thompson and Wallace 2000). The positive SAM leads to strengthening of the 575 

westerlies thereby inducing the northward cold Ekman transport from the polar ocean on a 576 

seasonal timescale (Ferreira et al. 2015), contributing to the sea ice expansion. The SINTEX-577 

F2 (Fig. 18b) fails in simulating the SLP variability, but the SINTEX-F3 (Fig. 18c) and CMIP6-578 

LR (Fig. 18d) capture the spatial pattern well, although the statistical significance for the 579 
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CMIP6-LR is limited due to a smaller number of models. The high-resolution ocean models 580 

(Fig. 18c, e), on the other hand, reasonably capture the positive SAM structure in the mid-high 581 

latitudes, which is statistically significant. There is a large diversity in the spatial pattern and 582 

amplitude of the SLP values among the CMIP6-HR models (Fig. S22), but the models with a 583 

positive SAM (Fig. S22g, l, m) tend to simulate the higher SIC values in the Weddell Sea and 584 

Ross Sea. 585 

 In the Arctic region, on the other hand, the increased ocean resolution and the improved 586 

sea ice model have little impacts on simulation of the sea ice variability and the associated 587 

atmospheric variability. Figures S23-25 show regressions of the SIC, net surface heat flux, and 588 

SLP anomalies onto the Arctic SIE anomalies during boreal fall. The observation data (Fig. 589 

S23a) shows higher SIC values in the Kara Sea, Laptev Sea, East Siberian Sea, Chukchi Sea, 590 

and Beaufort Sea, but only the CESM1-CAM5-SE-LR (Fig. S23d), CESM1-CAM5-SE-HR 591 

(Fig. S23e), and MPI-ESM1-2-XR (Fig. S23p) models capture the spatial pattern of the higher 592 

SIC values in those regions. Other models tend to simulate higher SIC values in the Barents 593 

Sea and Greenland Sea. Both the reanalysis product and model simulations (Fig. S24) do not 594 

show robust signals of the surface heat flux in the Kara Sea, Laptev Sea, East Siberian Sea, 595 

Chukchi Sea, and Beaufort Sea, so the linkage between the surface heat flux variability and the 596 

sea ice variability is weak in those marginal seas. We also find the negative SLP values (Fig. 597 

S25) associated with the higher SIC values in the above marginal seas, but only the CESM1-598 

CAM5-SE-LR (Fig. S25d) out of the above three successful models with realistic SIC values 599 

capture the negative SLP values there. These results suggest that the Arctic sea ice variability 600 

in those marginal seas may be driven by the ocean and sea ice processes rather than the 601 

atmospheric variability, which needs better representation of ocean and sea ice physics in the 602 

models. 603 

  604 

4. Discussions 605 

 We have demonstrated some improvement in the mean state of SST and SIC from the 606 

low- to high-resolution ocean models, but among the high-resolution ocean models, the 607 

SINTEX-F3 represent the largest cold bias in the mid-high latitude oceans. To clarify a possible 608 

source of the cold SST bias, we describe the zonally-averaged ocean potential temperature, 609 

salinity, and potential density as a function of the depth over the analysis period (Figs. S26-610 

28). Intriguingly, we find that the cold temperature bias in the SINTEX-F3 (Fig. S20c) is 611 

confined only in the upper 200-300 m, while the subsurface ocean shows a warm temperature 612 

https://doi.org/10.5194/egusphere-2025-2258
Preprint. Discussion started: 28 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 20 

bias compared to the observation data (Fig. S26a). The vertical structure of temperature bias in 613 

the SINTEX-F3 resembles that in the MPI-ESM1-2-HR (Fig. S26o) and MPI-ESM1-2-XR 614 

(Fig. S26p), although there is some difference in the Antarctic Sea south of 60ºS. 615 

 The SINTEX-F3 (Fig. S27c) also shows fresher bias mostly in the upper 200-300 m of 616 

the midlatitude oceans and above the 1000 m of the polar oceans, whereas the model represents 617 

saltier bias in the deeper ocean compared to the observation (Fig. S27a). The fresher bias in 618 

the upper 1000 m of the polar region leads to lower density bias (Fig. S28c) compared to the 619 

observation (Fig. S28a), indicating the stronger stratification in the polar oceans. The stronger 620 

stratification prevents the mixed layer from entraining the warm subsurface water, contributing 621 

to the cold near-surface temperature bias in the polar oceans. The cold temperature bias in the 622 

upper 200-300 m between 60ºS and 60ºN (Fig. S26c), on the other hand, contributes to the 623 

higher density bias (Fig. S28c), indicating the weaker stratification in the tropics and 624 

midlatitudes. The weaker stratification enhances the mixed-layer deepening thereby entraining 625 

the subsurface cold water, contributing to the cold temperature bias in the tropics and 626 

midlatitudes. 627 

 Since the cold bias is confined in the upper ocean, the source of cold bias may originate 628 

from the atmospheric model. In this study, we analyzed the simulation results for all models 629 

after the 30-50 year spin-up period because of the constraint of computational resources for 630 

model simulations. Considering the ocean adjustment time, the spin-up periods are too short 631 

for the ocean models to drift from the initial ocean state. One may wonder if there exists the 632 

radiation imbalance at the top of the atmosphere in the climate models. To verify this possibility, 633 

we estimated the net downward radiation at the top of the atmosphere and the land/ocean 634 

surface, and their differences (Table 3). The SINTEX-F3 shows a comparable magnitude of 635 

the net downward radiation (0.56 W m-2) at the top of the atmosphere against the ERA5 636 

reanalysis product (0.50 W m-2), which is about a half as small as the SINTEX-F2 (1.17 W m-637 
2) . The net surface heat flux in the SINTEX-F3 is considerably lower (1.14 W m-2) than in the 638 

SINTEX-F2 (1.63 W m-2), indicating less heat entering the ocean and land. Moreover, the 639 

difference between the top-of-the-atmosphere radiation and the net surface heat flux is more 640 

negative in the SINTEX-F3 (-0.58 W m-2), about 26% larger in magnitude than in the SINTEX-641 

F2 (-0.46 W m-2). This increased heat loss in the SINTEX-F3 appears to contribute to the colder 642 

SST bias associated with a cooler atmospheric state compared to the SINTEX-F2. 643 

 The other possible reason for the cold bias in the SINTEX-F3 lies in differences in the 644 

radiative forcing used for running the control simulations. Both the SINTEX-F2 and SINTEX-645 

F3 adopted the constant radiative forcing in the preindustrial period of 1850, whereas the 646 
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CMIP6 models used the forcing in 1950. For example, the CO2 concentration for the SINTEX-647 

F3 is set to 285 ppm, which is lower by around 10 % than 311 ppm for the CMIP6 models. 648 

Also, we calculated the model bias against the observation data during the satellite period of 649 

1982-2022, which is a warmer period than the preindustrial era. 650 

 Although the SINTEX-F3 represents a cold SST bias in the mean state, it better 651 

simulates interannual climate variability over the global oceans except the tropical Pacific than 652 

the SINTEX-F2. The cold SST bias may have limited impacts on the simulation of the 653 

interannual climate variability over the global oceans except the tropical Pacific, but the impact 654 

on ENSO cannot be ignored. For example, the SINTEX-F3 shows colder SST, shallower 655 

thermocline, and weaker trade winds (except July, August, and December) in the western 656 

tropical Pacific (Fig. S29a, c, e). The smaller warm water volume above the thermocline in the 657 

western tropical Pacific leads to weaker atmospheric convection and air-sea interaction thereby 658 

inducing weaker SST variability.  In the eastern tropical Pacific, on the other hand, the 659 

SINTEX-F3 shows warmer SST (except May-July), shallower thermocline, and weaker trade 660 

winds than the observation/reanalysis product and the SINTEX-F2 (Fig. S29b, d, f). This leads 661 

to stronger ocean stratification that prevents vertical ocean processes from affecting the SST 662 

variability in the eastern tropical Pacific. These results suggest that a cold SST bias in the global 663 

oceans may contribute to a weaker Walker Cell and air-sea interaction in the tropical Pacific, 664 

responsible for the development of El Niño/La Niña. We need further efforts in improving the 665 

cold SST bias by reducing the radiation imbalance in the atmospheric model of the SINTEX-666 

F3. 667 

 668 

5. Conclusions 669 

This study has demonstrated the pros and cons of the eddy-permitting models in simulating 670 

interannual climate variability over global oceans. Most of the eddy-permitting models show 671 

the limited improvement of simulation for the tropical climate variability such as ENSO (c.f., 672 

Liu et al., 2022), the IOD, and Atlantic Niño/Niña, indicating the limited benefits of the 673 

increased ocean model resolutions in the tropics. In the western and eastern boundary current 674 

regions, on the other hand, most of the models with the increased ocean model resolutions 675 

better capture the amplitude and spatial pattern of the SST variability and the associated surface 676 

heat flux variability (c.f., Bellucci et al., 2021), although the models show no distinct difference 677 

in the simulation of the associated large-scale atmospheric variability. The results suggest that 678 

accurately representing ocean mesoscale eddies is crucial for realistically simulating the SST 679 
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and surface heat flux variability, particularly in the western and eastern boundary current 680 

regions. This is especially important for capturing the coastal Niño/Niña phenomena in certain 681 

eastern boundary areas. However, we should note the limited improvement of simulations in 682 

some of the extratropical regions. For example, the Kuroshio-Oyashio and Gulf Stream regions 683 

represent the limited improvement in simulation of the SST variability (An et al., 2023). These 684 

regions are more subject to westward-propagating ocean mesoscale eddies that originate from 685 

the central North Pacific and North Atlantic. 686 

Furthermore, we find that models with higher ocean model resolutions more accurately 687 

reproduce the sea ice variability associated with atmospheric variability in the Antarctic Sea 688 

(see Selivanova et al., 2024a). This improvement is attributed not only to higher ocean model 689 

resolutions, but also to improved physics in the sea ice models. However, these higher-690 

resolution ocean models do not significantly improve the simulation of Arctic sea ice 691 

variability (see Selivanova et al., 2024b). Arctic sea ice variability is more strongly influenced 692 

by the state of ocean and sea ice, suggesting the need for further refinement of both sea ice 693 

model physics and ocean model resolution, in addition to land surface processes in the regions. 694 

Further efforts in improving the model physics and resolutions for better representation of 695 

interannual climate variability are required and underway. 696 

 697 

Code Availability 698 

Sample codes to analyze and describe the model output will be available in an open website 699 

before publication. 700 

 701 

Data Availability 702 

The observed SST data is available from the NOAA’s OISSTv2 website 703 

(https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html, Reynolds et al. 2007). The 704 

SIC data is also available from the NSIDC website 705 

(https://doi.org/10.5067/MPYG15WAA4WX, DiGirolamo et al., 2022). The subsurface ocean 706 

temperature and salinity data can also be obtained from the UK Met Office’s EN4 website 707 

(https://www.metoffice.gov.uk/hadobs/en4/, Good et al. 2013). The atmospheric variables can 708 

be downloaded from the ECMWF and Copernicus Climate Data Store 709 

(https://doi.org/10.24381/cds.f17050d7, Hersbach et al., 2020). The HighResMIP model 710 

output can be downloaded from any of the CMIP6 ESGF nodes (https://esgf-711 

ui.ceda.ac.uk/cog/search/cmip6-ceda/, Haarsma et al., 2016). 712 
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Tables 1071 

 SINTEX-F2 SINTEX-F3 
Atmosphere-Land ECHAM5.4 

T106 (approx. 125 km) 
31 levels (top 1 hPa) 
Cumulous convection: 
Nordeng (1994) 

ECHAM6-JSBACH 
T255 (approx. 60 km) 
95 levels (0.01 hPa) 
Cumulous convection: 
Nordeng (1994) 

Ocean-Sea Ice NEMO3.4-LIM2 
Vertical mixing and diffusion: 
TKE closure model 
Lateral mixing: 
Gent and McWilliams (1990)  

NEMO4.0-SI3 
Vertical mixing and diffusion: 
TKE closure model 
Lateral mixing: 
Bilaplacian mixing 

Coupler OASIS3 OASIS3-MCT 
Radiative forcing Pre-industrial level in 1850 Pre-industrial level in 1850 
Time step Atmosphere: 360 sec 

Ocean: 2400 sec 
Coupler: 7200 sec 

Atmosphere: 90 sec 
Ocean: 900 sec 
Coupler: 3600 sec 

Control simulation 100 years 100 years 
CPU cores 128 cores (AMD EPYC 7742) 2238 cores (Same) 
CPU times 2 hour per 1 year simulation 24 hour per 1 year simulation 
Output size 12 GB per 1 year simulation 

(daily and monthly output) 
360 GB per 1 year simulation 
(daily and monthly output) 

 1072 

Table 1 Configurations for the SINTEX-F2 and SINTEX-3 coupled models. 1073 
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Model Atm+Lnd Ocn+Sea Ice Atm 
Res 
 (km) 

Ocn 
Res  
(deg) 

Class 

CESM1-CAM5-SE-LR* CAM5.2 POP2 100 1º LR 
CESM1-CAM5-SE-HR   25 0.25º HR 
CMCC-CM2-HR4 CAM4 NEMO3.6+CICE4 100 0.25º HR 
CMCC-CM2-VHR4   25 0.25º HR 
ECMWF-IFS-LR* IFS cycle 

43r1 
NEMO3.4+LIM2 50 1º LR 

ECMWF-IFS-MR   50 0.25º HR 
ECMWF-IFS-HR   25 0.25º HR 
HadGEM3-GC31-LL* GA/GL7.1 NEMO3.6+CICE5.1 250 1º LR 
HadGEM3-GC31-MM   100 0.25º HR 
HadGEM3-GC31-HM   50 0.25º HR 
HadGEM3-GC31-HH   50 0.1º LR 
MPI-ESM1-2-HR ECHAM6.3 MPIOM1.6.3 100 0.4º HR 
MPI-ESM1-2-XR   50 0.4º HR 

 1075 

Table 2 List of CMIP6 HighResMIP models used in this study. The models with 1076 

asterisks correspond to the low-resolution (CMIP6-LR) models with the ocean 1077 

resolution of 1º, whereas the models without asterisks are categorized into the 1078 

high-resolution (CMIP6-HR) models with the ocean resolutions of 0.1-0.4º. Note 1079 

that we categorize the models into the LR and HR models based on the ocean 1080 

model resolutions. 1081 

  1082 

https://doi.org/10.5194/egusphere-2025-2258
Preprint. Discussion started: 28 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 37 

Model Qtoa Qsfc Qtoa-Qsfc 
ERA5 0.50 5.79 -5.29 
SINTEX-F2 1.17 1.63 -0.46 
SINTEX-F3 0.56 1.14 -0.58 
CESM1-CAM5-SE-LR* N/A 1.41 N/A 
CESM1-CAM5-SE-HR N/A 1.20 N/A 
CMCC-CM2-HR4 1.87 0.70 1.17 
CMCC-CM2-VHR4 2.15 0.54 1.61 
ECMWF-IFS-LR* -0.60 1.47 -2.07 
ECMWF-IFS-MR -0.89 1.15 -2.04 
ECMWF-IFS-HR -0.74 1.03 -1.77 
HadGEM3-GC31-LL* 0.21 1.13 -0.92 
HadGEM3-GC31-MM -0.00 0.85 -0.85 
HadGEM3-GC31-HM 0.01 0.83 -0.82 
HadGEM3-GC31-HH 0.05 0.88 -0.83 
MPI-ESM1-2-HR 0.45 0.97 -0.52 
MPI-ESM1-2-XR 0.30 0.90 -0.60 

 1083 

Table 3 Annual mean of globally averaged net top-of-the-atmosphere radiation 1084 

(Qtoa; in W m-2) and net surface heat flux (Qsfc; in W m-2) for the ERA5 1085 

reanalysis (1982-2023) and climate models (42 years after the spin up period). 1086 

Positive values indicate the heat going down from the top. The models with 1087 

asterisks correspond to the low-resolution (CMIP6-LR) models. 1088 
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Figures 1090 

 1091 
Figure 1 (a) Annual mean of the observed sea surface temperature (SST, in ºC) during 1982-1092 

2022 from the OISST2_hi dataset. (b) Difference in the annual mean SST (in ºC) between the 1093 

SINTEX-F2 model and the OISST2_hi (i.e., model minus observation). (c-e) Same as in (b), 1094 

but for the SINTEX-F3, CMIP6-LR, and CMIP6-HR models. The LR in the bottom left of the 1095 

panel stands for the low-resolution model, whereas the HR means the high-resolution model. 1096 
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 1098 
Figure 2 (a) Annual mean of the observed sea ice concentration (SIC; in %) in the Antarctic 1099 

Sea from the NSIDC_Nimbus dataset. (b) Monthly climatology of the Antarctic sea ice extent 1100 

(SIE; in 106 km2) for the NSIDC_Nimbus (black) dataset, and the SINTEX-F2 (red), SINTEX-1101 

F3 (blue), CMIP6-LR (magenta), and CMIP6-HR (light blue) models. The color shades 1102 

indicate plus and minus one standard deviation of the model spreads. Here we defined the 1103 

Antarctic SIE as the total area with the SIC above 15% in the Southern Hemisphere. (c-f) 1104 

Differences in the annual mean SIC between the SINTEX-F2, SINTEX-F3, CMIP6-LR, and 1105 

CMIP6-HR models and the NSIDC_Nimbus dataset (i.e., model minus observation). The LR 1106 

in the bottom left of the panel stands for the low-resolution model, whereas the HR corresponds 1107 

to the high-resolution model. 1108 
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 1110 
Figure 3 Same as in Fig. 2, but for the Arctic Sea. Here we defined the Arctic SIE as the total 1111 

area with the SIC above 15% in the Northern Hemisphere. 1112 
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 1114 
Figure 4 (a) Monthly standard deviation of the NINO3.4 index (170ºW-120ºW, 5ºS-5ºN; in 1115 

ºC) for the OISST2_hi (black) dataset, and the SINTEX-F2 (red), SINTEX-F3 (blue), CMIP6-1116 

LR (magenta), and CMIP6-HR (light blue) models. The color shades indicate plus and minus 1117 

one standard deviation of the model spreads. (b-c) Same as in (a), but for the Dipole Mode 1118 

index (50ºE-70ºE, 10ºS-10ºN minus 90ºE-110ºE, 10ºS-Eq; in ºC) of the Indian Ocean Dipole 1119 

and the ATL3 index (20ºW-Eq, 3ºS-3ºN; in ºC) of the Atlantic Niño/Niña.  1120 
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 1122 

Figure 5 (a) Spatial pattern of December-February mean SST anomalies (in ºC/σ) regressed 1123 

onto the standardized NINO3.4 index for the OISST2_hi dataset. Color indicates a statistically 1124 

significant value that exceeds 90 % confidence level using a Student’s t-test. A black box 1125 

indicates a region in which we calculated the NINO3.4 index. (b-e) Same as in (a), but for the 1126 

SINTEX-F2, SINTEX-F3, CMIP6-LR, and CMIP6-HR models. The LR in the bottom left of 1127 

the panel stands for the low-resolution model, whereas the HR corresponds to the high-1128 

resolution model. Note that because of the limited number of the CMIP6-LR models (i.e., 3 1129 

models), we did not apply statistical test to the regression values for the CMIP6-LR models. 1130 
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 1132 

Figure 6 (a) Spatial pattern of December-February mean SLP anomalies (in hPa/σ) regressed 1133 

onto the standardized NINO3.4 index for the ERA5 reanalysis product. Color indicates a 1134 

statistically significant value that exceeds 90 % confidence level using a Student’s t-test. A 1135 

black box indicates a region in which we calculated the NINO3.4 index. (b-e) Same as in (a), 1136 

but for the SINTEX-F2, SINTEX-F3, CMIP6-LR, and CMIP6-HR models. The LR in the 1137 

bottom left of the panel stands for the low-resolution model, whereas the HR corresponds to 1138 

the high-resolution model. Note that because of the limited number of the CMIP6-LR models 1139 

(i.e., 3 models), we did not apply statistical test to the regression values for the CMIP6-LR 1140 

models. 1141 
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 1143 
Figure 7 (a) Monthly standard deviation of the SST anomalies (in ºC) averaged over the 1144 

Agulhas Retroflection Current (15ºE-30ºE, 42ºS-40ºS) region for the OISST2_hi (black) 1145 

dataset, and the SINTEX-F2 (red), SINTEX-F3 (blue), CMIP6-LR (magenta), and CMIP6-HR 1146 

(light blue) models. Color shades indicate plus and minus one standard deviation of the model 1147 

spreads. (b-e) Same as in (a), but for the SST anomalies (in ºC) averaged over the Brazil-1148 

Malvinas Current (55ºW-52ºW, 45ºS-36ºS), East Australian Current (150ºE-155ºE, 40ºS-30ºS), 1149 

Gulf Stream (75ºW-40ºW, 35ºN-48ºN), and Kuroshio-Oyashio (142ºE-147ºE, 36ºN-41ºN) 1150 

regions. 1151 
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 1153 
Figure 8 (a) Spatial pattern of January-March mean SST climatology (gray contour, C.I. 2 ºC) 1154 

and SST anomalies (in ºC/σ) regressed onto the standardized SST index over the Agulhas 1155 

Retroflection Current (15ºE-30ºE, 42ºS-40ºS; black box)  region for the OISST2_hi data. Color 1156 

indicates a statistically significant value that exceeds 90 % confidence level using a Student’s 1157 

t-test. (b-e) Same as in (a), but for the SINTEX-F2, SINTEX-F3, CMIP6-LR, and CMIP6-HR 1158 

models. The LR in the bottom left of the panel stands for the low-resolution model, whereas 1159 

the HR corresponds to the high-resolution model. Note that because of the limited number of 1160 

the CMIP6-LR models (i.e., 3 models), we did not apply statistical test to the regression values 1161 

for the CMIP6-LR models. 1162 

  1163 

https://doi.org/10.5194/egusphere-2025-2258
Preprint. Discussion started: 28 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 46 

 1164 
Figure 9 (a) Spatial pattern of January-March mean net surface heat flux climatology (gray 1165 

contour, C.I. 30 W m-2/σ) and net surface heat flux anomalies (in W m-2/σ) regressed onto 1166 

the standardized SST index over the Agulhas Retroflection Current (15ºE-30ºE, 42ºS-40ºS; 1167 

black box)  region for the ERA5 reanalysis product. Color indicates a statistically significant 1168 

value that exceeds 80 % confidence level using a Student’s t-test. Positive surface heat flux 1169 

values indicate the heat going into the ocean. (b-e) Same as in (a), but for the SINTEX-F2, 1170 

SINTEX-F3, CMIP6-LR, and CMIP6-HR models. The LR in the bottom left of the panel 1171 

stands for the low-resolution model, whereas the HR corresponds to the high-resolution model. 1172 

Note that because of the limited number of the CMIP6-LR models (i.e., 3 models), we did not 1173 

apply statistical test to the regression values for the CMIP6-LR models. 1174 
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 1176 
Figure 10 (a) Spatial pattern of January-March mean SLP climatology (gray contour, C.I. 2 1177 

hPa) and SLP anomalies (in hPa/σ) regressed onto the standardized SST index over the 1178 

Agulhas Retroflection Current (15ºE-30ºE, 42ºS-40ºS; black box)  region for the ERA5 1179 

reanalysis product. Color indicates a statistically significant value that exceeds 90 % 1180 

confidence level using a Student’s t-test. (b-e) Same as in (a), but for the SINTEX-F2, 1181 

SINTEX-F3, CMIP6-LR, and CMIP6-HR models. The LR in the bottom left of the panel 1182 

stands for the low-resolution model, whereas the HR corresponds to the high-resolution model. 1183 

Note that because of the limited number of the CMIP6-LR models (i.e., 3 models), we did not 1184 

apply statistical test to the regression values for the CMIP6-LR models. 1185 
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 1187 
Figure 11 (a) Monthly standard deviation of the SST anomalies (in ºC) averaged over the 1188 

Dakar Niño/Niña (21ºW-17ºW, 9ºN-14ºN) region for the OISST2_hi (black) dataset, and the 1189 

SINTEX-F2 (red), SINTEX-F3 (blue), CMIP6-LR (magenta), and CMIP6-HR (light blue) 1190 

models. Color shades indicate plus and minus one standard deviation of the model spreads. (b-1191 

e) Same as in (a), but for the SST anomalies (in ºC) averaged over the Benguela Niño/Niña 1192 

(8ºE-14ºE, 20ºS-10ºS), Ningaloo Niño/Niña (108ºE-115ºE, 28ºS-22ºS), California Niño/Niña 1193 

(120ºW-130ºW, 20ºN-30ºN), and Chile Niño/Niña (80ºW-70ºW, 35ºS-20ºS) regions. 1194 
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 1196 
Figure 12 (a) Spatial pattern of February-April mean SST climatology (gray contour, C.I. 1 1197 

ºC) and SST anomalies (in ºC/σ) regressed onto the standardized Dakar Niño/Niña SST index 1198 

(DNI; 21ºW-17ºW, 9ºN-14ºN in a black box) for the OISST2_hi data. Color indicates a 1199 

statistically significant value that exceeds 90 % confidence level using a Student’s t-test. (b-e) 1200 

Same as in (a), but for the SINTEX-F2, SINTEX-F3, CMIP6-LR, and CMIP6-HR models. The 1201 

LR in the bottom left of the panel stands for the low-resolution model, whereas the HR 1202 

corresponds to the high-resolution model. Note that because of the limited number of the 1203 

CMIP6-LR models (i.e., 3 models), we did not apply statistical test to the regression values for 1204 

the CMIP6-LR models. 1205 
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 1207 
Figure 13 (a) Spatial pattern of February-April mean net surface heat flux climatology (gray 1208 

contour, C.I. 20 W m-2/σ) and net surface heat flux anomalies (in W m-2/σ) regressed onto 1209 

the standardized Dakar Niño/Niña SST index (DNI; 21ºW-17ºW, 9ºN-14ºN in a black box) for 1210 

the ERA5 reanalysis product. Color indicates a statistically significant value that exceeds 80 % 1211 

confidence level using a Student’s t-test. Positive surface heat flux values indicate the heat 1212 

going into the ocean. (b-e) Same as in (a), but for the SINTEX-F2, SINTEX-F3, CMIP6-LR, 1213 

and CMIP6-HR models. The LR in the bottom left of the panel stands for the low-resolution 1214 

model, whereas the HR corresponds to the high-resolution model. Note that because of the 1215 

limited number of the CMIP6-LR models (i.e., 3 models), we did not apply statistical test to 1216 

the regression values for the CMIP6-LR models. 1217 
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 1219 
Figure 14 (a) Spatial pattern of February-April mean SLP climatology (gray contour, C.I. 1.5 1220 

hPa) and SLP anomalies (in hPa/σ) regressed onto the standardized Dakar Niño/Niña SST 1221 

index (DNI; 21ºW-17ºW, 9ºN-14ºN in a black box) for the ERA5 reanalysis product. Color 1222 

indicates a statistically significant value that exceeds 90 % confidence level using a Student’s 1223 

t-test. (b-e) Same as in (a), but for the SINTEX-F2, SINTEX-F3, CMIP6-LR, and CMIP6-HR 1224 

models. The LR in the bottom left of the panel stands for the low-resolution model, whereas 1225 

the HR corresponds to the high-resolution model. Note that because of the limited number of 1226 

the CMIP6-LR models (i.e., 3 models), we did not apply statistical test to the regression values 1227 

for the CMIP6-LR models. 1228 
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 1230 
Figure 15 (a) Monthly standard deviation of Antarctic sea ice extent (SIE; in 106 km2) for the 1231 

NSIDC_Nimbus (black) dataset, and the SINTEX-F2 (red), SINTEX-F3 (blue), CMIP6-LR 1232 

(magenta), and CMIP6-HR (light blue) models. Color shades indicate plus and minus one 1233 

standard deviation of the model spreads. (b) Same as in (a), but for the the Arctic SIE. 1234 
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 1236 
Figure 16 (a) Spatial pattern of December-February mean sea ice concentration anomalies 1237 

(SIC; in %/σ)  regressed onto the standardized Antarctic sea ice extent (SIE) anomalies for 1238 

the NSIDC_Nimbus dataset. Color indicates a statistically significant value that exceeds 90 % 1239 

confidence level using a Student’s t-test. (b-e) Same as in (a), but for the SINTEX-F2, 1240 

SINTEX-F3, CMIP6-LR, and CMIP6-HR models. The LR in the bottom left of the panel 1241 

stands for the low-resolution model, whereas the HR corresponds to the high-resolution model. 1242 

Note that because of the limited number of the CMIP6-LR models (i.e., 3 models), we did not 1243 

apply statistical test to the regression values for the CMIP6-LR models. 1244 
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 1246 
Figure 17 (a) Spatial pattern of December-February mean net surface heat flux anomalies (in 1247 

W m-2/σ) regressed onto the standardized Antarctic sea ice extent (SIE) anomalies for the 1248 

ERA5 reanalysis. Color indicates a statistically significant value that exceeds 80% confidence 1249 

level using a Student’s t-test. (b-e) Same as in (a), but for the SINTEX-F2, SINTEX-F3, 1250 

CMIP6-LR, and CMIP6-HR models. The LR in the bottom left of the panel stands for the low-1251 

resolution model, whereas the HR corresponds to the high-resolution model. Note that because 1252 

of the limited number of the CMIP6-LR models (i.e., 3 models), we did not apply statistical 1253 

test to the regression values for the CMIP6-LR models. 1254 
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 1256 
Figure 18 (a) Spatial pattern of December-February mean sea level pressure anomalies (SLP; 1257 

in hPa/σ) regressed onto the standardized Antarctic sea ice extent (SIE) anomalies for the 1258 

ERA5 reanalysis. A white dot indicates a statistically significant value that exceeds 90 % 1259 

confidence level using a Student’s t-test. (b-e) Same as in (a), but for the SINTEX-F2, 1260 

SINTEX-F3, CMIP6-LR, and CMIP6-HR models. The LR in the bottom left of the panel 1261 

stands for the low-resolution model, whereas the HR corresponds to the high-resolution model. 1262 

Note that because of the limited number of the CMIP6-LR models (i.e., 3 models), we did not 1263 

apply statistical test to the regression values for the CMIP6-LR models. 1264 
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