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Summary. The Arctic is rapidly approaching seasonally ice-free ("blue") conditions. Using 18 

proxy data to evaluate simulations of past warm climates, we show that enhanced ocean mixing 19 

substantially improves agreement with evidence for a blue Arctic and reveals multiple pathways 20 

for Arctic warming during the Early Pliocene. Our findings highlight the importance of accurately 21 

representing ocean processes in climate models to improve projections of future Arctic climate. 22 
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Abstract. The Arctic Ocean rapidly transitions towards ice-free summers, a "blue" (i.e., summer 28 

sea ice-free) state driven by Arctic amplification of abrupt global warming. To improve climate 29 

projections and better understand the consequences of reduced Arctic sea ice in a warming 30 

climate, it is essential to examine past warm intervals such as the Early Pliocene (~5–4 Ma), 31 

when diminished Arctic sea ice coincided with higher global temperatures. Proxy records from 32 

the Arctic-Atlantic Gateway (AAG) (~70–80°N), combined with climate model simulations, 33 

indicate periodically ice-free summers during this time. Yet, model-data comparisons for the 34 

central Arctic Ocean (>80°N) reveal winter sea ice as a persistent feature. Here, we show that 35 

proxy evidence for a "blue" Arctic is best reproduced when enhanced vertical ocean mixing is 36 

integrated into climate models. Under enhanced mixing, Arctic warming occurs through different 37 

mechanisms depending on the model geography, whereas simulations with standard mixing show 38 

substantially weaker agreement with proxy evidence. We do not interpret enhanced mixing as the 39 

unique solution but rather as a physically motivated sensitivity test that represents unresolved 40 

ocean processes. Our results demonstrate that modifying a single ocean parameterization within 41 

physically plausible boundaries substantially improves proxy-model agreement for a warmer than 42 

modern Early Pliocene, both at the AAG and for the wider Arctic. Combined with published 43 

proxy evidence for a warmer Arctic Ocean interior, our findings underscore the need for 44 

improved representation of ocean dynamics in paleoclimate simulations. Next-generation climate 45 

models should evaluate the sensitivity of simulated "blue" Arctic climates to ocean mixing 46 

alongside other key processes, including cloud microphysics and radiative feedbacks, to increase 47 

confidence in projections of seasonally ice-free Arctic conditions.  48 
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1 Introduction 49 

There is overwhelming agreement that the Arctic Ocean and its surroundings are subject to rapid 50 

and dramatic environmental changes today and over the course of historical and geological time-51 

scales (Slater et al., 2021; Moran et al., 2006; Stein, 2019). Owing to complex feedback processes 52 

that substantially increase a global warming signal within the polar regions, a phenomenon 53 

collectively known as "polar amplification", the Arctic is both a contributor to ongoing climate 54 

change and among those regions that will be most affected by global warming. Among the 55 

implicated changes are massive reduction in Arctic sea ice coverage and melting of glacial ice on 56 

Greenland, which are approaching threshold conditions beyond which rapid global changes are 57 

likely (Pörtner et al., 2019). One of the most dramatic trends observed in the Arctic Ocean during 58 

the recent past is the rapid reduction in Arctic sea ice extent (Kinnard et al., 2011), with 59 

projections suggesting a practically ice-free Arctic in summer months by the 2050s (Notz and 60 

Stroeve, 2016; Kim et al., 2023; Jahn et al., 2024). Although coupled atmosphere-ocean-ice 61 

model simulations suggest that the recent warming in the Northern Hemisphere is responsible for 62 

this decline (Notz and Stroeve, 2016), there is disagreement between proxy data and models 63 

regarding the impact of atmospheric warming versus oceanic heat transport on sea ice decline and 64 

glacial mass loss, with appreciable model-dependency (Slater et al., 2021; Selivanova et al., 2024; 65 

Docquier et al., 2019), highlighting parameterized processes – and the parameter values used to 66 

represent them – as a source of potential uncertainty in climate models. 67 

As we enter uncharted territory in a rapidly warming Arctic as a result of anthropogenic climate 68 

change, it is important to address the impact of parameter uncertainty in climate models, whose 69 

settings are tuned to the modern observational period as a benchmark, and which may therefore 70 

not generalize to substantially different climate states. Parameter uncertainty is one part of 71 

modelling uncertainty as described in the Paleoclimate Modelling Intercomparison Project 72 

https://doi.org/10.5194/egusphere-2026-4723
Preprint. Discussion started: 18 August 2026
c© Author(s) 2026. CC BY 4.0 License.



 

 

4 

 

(PMIP) triangle of model-data discrepancy (Haywood et al., 2016). This uncertainty may become 73 

relevant when applying climate models to past warm climates, where model parameters provide 74 

one source of model spread in simulating a “blue” (i.e., summer sea ice-free) Arctic. Past warm 75 

climates therefore serve as an independent test for the assumption of parameter robustness across 76 

timescales. 77 

In order to improve our understanding of Arctic sea ice variability and continental ice reduction, 78 

particularly in the context of current rapid global warming, and to improve the reliability of 79 

climate model projections of a future Arctic, improvements to proxy- and model-based sea ice, 80 

sea surface temperature (SST) and surface air temperature (SAT) reconstructions from past, 81 

globally warmer climates (Fig. 1) are thus imperative to quantify model-data mismatch as a first 82 

step of addressing sources of modelling uncertainty.   83 

 84 
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Figure 1: Site locations of past Arctic warmth and modelled present-day sea ice. Simulated multiyear 85 

annual minimum (i.e., September) Arctic sea ice concentration (percentage of grid cell area; blue to white 86 

shading) for a pre-industrial reference state. Marine site locations of Ocean Drilling Program (ODP) Site 87 

910 (80.2649°N, 6.5901°E), Site 907 (69.2498°N, -12.6982°W), Site 642 (67.225°N, 02.9283°E), as well 88 

as central Arctic Ocean sediment core PS87/106-1 (81.21267°N, 141.1745°E) are indicated by red circles. 89 

Terrestrial sites from Canada’s High Arctic (Ellesmere Island, Beaver Pond locality at 78.55°N, 90 

82.4167°W) and Siberian Arctic (Lake El’gygytgyn at 67.5°N, 172°E) are indicated by green circles. 91 

Modern land sea mask from observational data indicated via yellowish brown shading. 92 

 93 

The Pliocene epoch (5.33–2.58 million years ago (Ma)) featured a dynamic climate with 94 

pronounced glacial-interglacial cycles, and parts of the Pliocene climate were characterized by 95 

environmental conditions comparable to climate projections for the coming decades to centuries 96 

(Burke et al., 2018; Oldeman et al., 2024; De Nooijer et al., 2020; Mcclymont et al., 2023), with 97 

atmospheric carbon dioxide (CO2) concentrations (~400-500 ppm from the Miocene into the 98 

Pliocene (Sosdian et al., 2018)) comparable to those predicted for the future (Steinthorsdottir et 99 

al., 2021; Berends et al., 2019; Burls et al., 2021b; Herold et al., 2012; Zhang et al., 2013; Super 100 

et al., 2018; Martínez-Botí et al., 2015; Stap et al., 2016), particularly for the Early Pliocene 101 

(Zanclean, ~5.3-3.6 Ma) (Ballantyne et al., 2010; Csank et al., 2011c; Ballantyne et al., 2013; 102 

Knies et al., 2014a; Clotten et al., 2019; De Schepper et al., 2014; Tedford and Harington, 2003). 103 

Despite its relevance, the Arctic Ocean remains, paradoxically, geologically underexplored in 104 

terms of past “warmer-than-present” climate states. Compounding this knowledge gap, the 105 

continental configuration, mountain topography, and global ocean circulation during the Early 106 

Pliocene were different from modern conditions (Steinthorsdottir et al., 2021; Knies et al., 107 

2014b), which complicates the interpretation of proxy-based reconstructed climate patterns – a 108 

problem that can be mitigated by utilising numeric climate models capable of providing 109 
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physically-based representations of past warm climates, while taking into account impacts of 110 

differences of forcings and paleogeography relative to today.  111 

Here, we test the hypothesis that the Arctic Ocean was “blue” (i.e., summer sea ice-free) during 112 

the Early Pliocene. On the climate modelling side we employ COSMOS, a model whose 113 

sensitivity to different characteristics of Pliocene and Miocene climate drivers has been explored 114 

in detail. The geographic reconstructions leveraged by us have been widely employed within the 115 

Pliocene Model Intercomparison Project (PlioMIP) via the mid-Piacenzian Warm Period 116 

configuration (PRISM4; Dowsett et al., 2016) with 400 ppmv of carbon dioxide (simulation 117 

Eoi400; Haywood et al., 2016). Due to the absence of dedicated COSMOS Early Pliocene 118 

simulations within the PlioMIP2 (Haywood et al., 2016) and Miocene Model Intercomparison 119 

Project (MioMIP) frameworks (Burls et al., 2021a) that provide the foundation for the study 120 

presented here, we explore Early Pliocene climate conditions by evaluating climate patterns of 121 

both Late Pliocene and Miocene climate simulations prepared with the COSMOS. We 122 

acknowledge that previous work exists regarding modelling the climate of the Early Pliocene 123 

(Ford et al., 2022), but with a focus on the North Pacific rather than the geographic region we 124 

address in this manuscript. The Early Pliocene differs notably from the Late Pliocene simulations 125 

of PlioMIP2, particularly in terms of higher atmospheric CO₂ concentrations and relatively 126 

limited changes in paleogeography (e.g., a potentially open Central American Seaway (CAS) 127 

(Haywood et al., 2024)). To better capture the impact of these conditions in the research 128 

presented here we supplement our analysis of available Pliocene simulations with Miocene 129 

simulations that incorporate these key characteristics. In the framework of this study, Miocene 130 

simulations are not interpreted as direct reconstructions of the Early Pliocene but as warm-climate 131 

end-member experiments that help constrain the sensitivity of Arctic climate to gateway 132 

geometry and background warmth. Consideration of this aspect highlights the role of a potentially 133 

open CAS during the Early Pliocene for controlling details of processes that cause Arctic warmth. 134 
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To further investigate the influence of Arctic warmth on regional sea ice, we explore a range of 135 

atmospheric CO₂ concentrations and levels of vertical ocean mixing. In this study, enhanced 136 

vertical mixing serves as a surrogate for unresolved ocean processes that could have amplified 137 

high-latitude warming if fully represented in the model, such as stronger ocean mixing associated 138 

with different tidal dissipation under past sea-level configurations. It also provides a means to 139 

assess the limited sensitivity of climate models to prescribed paleogeography and greenhouse gas 140 

forcing. Our choice to employ two model setups for the mid-Piacenzian (mPLIO) and middle 141 

Miocene (MIO) that not only consider modern intensity of vertical mixing in the ocean (as in 142 

simulation PI (pre-industrial), but also enhanced background mixing in the ocean, is informed by 143 

the inference that vertical mixing parameters are weakly constrained, and that their calibration for 144 

a modern climate does not necessarily hold for other climates.  145 

Our comparison of reconstructed and simulated climate patterns indicates that the modeled 146 

climate better matches Early Pliocene proxy data in the AAG when using Late Pliocene (mPLIO) 147 

and Miocene (MIO) boundary conditions – our available model analogue for the Early Pliocene – 148 

combined with enhanced vertical ocean mixing, with comparable improvements in model-data 149 

agreement also seen across the wider Arctic. This increased mixing warms the deep ocean and 150 

boosts meridional heat transport, thereby reducing meridional temperature gradients and 151 

amplifying Arctic warmth in combination with a cascade of feedbacks that impacts surface 152 

energy balance and lead to further warmth, from reduced surface albedo and increased 153 

evaporative coupling of atmosphere and ocean, via water vapor feedback to lapse rate feedback. 154 

Consequently, while the pre-industrial (PI) reference simulation maintains near freezing SST, 155 

extensive sea ice cover, and substantial ice thickness, our Pliocene and Miocene simulations show 156 

significantly reduced or absent sea ice in the AAG region, with comparable warming-driven 157 

improvements of model bias with respect to reconstructions found across the Arctic. Notably, 158 

however, even with enhanced mixing, all simulations presented here show that the broader Arctic 159 

Ocean remains ice-covered during winter months – indicating that the “blue” Arctic during the 160 
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Early Pliocene was a pattern focused on the summer season rather than a year-round 161 

phenomenon. 162 

2 The Early Pliocene in the Arctic Ocean  163 

During the Early Pliocene, when global CO2 reached ~470 ppm (Martínez-Botí et al., 2015; Stap 164 

et al., 2016), tectonic boundary conditions in the Arctic Ocean were different from those of today, 165 

with small and shallow conduits between the Arctic Ocean and the World Ocean, except for the 166 

deep AAG (i.e., the Fram Strait). The Bering Strait possibly opened at the Miocene–Pliocene 167 

transition, around 5.5–5.3 Ma (Hall et al., 2023; Gladenkov et al., 2002), with flooding facilitated 168 

by large-scale tectonic events and/or eustatic sea-level rise (Marincovich Jr, 2000). The Barents 169 

Sea shelf was subaerially exposed in the Early Pliocene (Knies et al., 2014b), with major parts 170 

probably subsiding below sea level not before the middle Pleistocene (~0.7 Ma) (Patton et al., 171 

2024). Shallow conduits through the Canadian Arctic Archipelago might not yet have existed in 172 

the Early Pliocene (Matthiessen et al., 2009), and the Bering and Fram Straits might have been 173 

the only gateways to the Arctic Ocean, with eustatic sea level varying on average by ±20 m 174 

around the modern level (Miller et al., 2011). A synthesis of Early Pliocene global environments 175 

(Salzmann et al., 2011) shows a northwards shift of temperate and boreal vegetation zones in the 176 

Pliocene in response to a warmer and wetter climate. Similar findings for the later part of the 177 

Pliocene have been derived from a reconstruction of mid-Piacenzian geography (Salzmann et al., 178 

2013), and the importance of vegetation changes during the mid-Pliocene has been highlighted 179 

(Haywood et al., 2013). Simulations in PlioMIP2 have shown that this flattening of present-day 180 

climatic gradients permitted the expansion of evergreen forest to the shore of the Arctic Ocean 181 

(Stepanek et al., 2020) and provided wider geographic ranges for Asian mammalian communities 182 

(Tedford and Harington, 2003; Rybczynski et al., 2013). Relatively small-scale glaciations during 183 

the Early Pliocene were succeeded by a progressive intensification of glaciation in the latest 184 
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Pliocene (Jansen et al., 2000; Kleiven et al., 2002; Knies et al., 2014a; De Schepper and 185 

Mcclymont, 2025).  186 

Evolution of central Arctic Ocean paleoceanography during the Early Pliocene is inferred from 187 

records in cores recovered by the Ocean Drilling Program (ODP) at the marginal Arctic Ocean 188 

and Nordic Seas. A compilation of data available from previous work (Fig. 2) shows that the few 189 

available reconstructions of Early Pliocene sea ice and SST indicate warm temperatures 190 

consistent with at least seasonally ice-free summer conditions prior to 4-4.5 Ma (Brigham-Grette 191 

and Carter, 1992; Cronin et al., 1993; Robinson, 2009; Knies et al., 2014a; Clotten et al., 2019). 192 

More specifically, absence of the highly branched isoprenoid (HBI) IP25, a source-specific 193 

biomarker for seasonal Arctic sea ice due to its production by certain Arctic sympagic (sea ice-194 

associated) diatoms (Belt et al., 2013; Brown et al., 2014), and distributions of glycerol dialkyl 195 

glycerol tetraethers (GDGTs) and hydroxylated GDGTs, demonstrate ice-free conditions during 196 

summers, with summer SST ranging from ~5–10°C between ~5.3 and ~4.0 Ma in the marginal 197 

Arctic Ocean (ODP Site 910) (Knies et al., 2014a) (Fig. 2). However, we note that in nearby ODP 198 

Site 911, two out of three studied samples between 5.0 and 4.0 Ma show the presence of IP25, 199 

suggesting some seasonal sea ice in the study area (Clotten et al., 2019). In the western Nordic 200 

Seas (ODP Site 907, Iceland Sea) IP25 - inferred sea ice coverage appeared as early as ~4.5 Ma 201 

(Clotten et al., 2019) with alkenone-based SSTs ranges between ~8 and 13°C from ~5.3 to 4.5 Ma 202 

(Herbert et al., 2016) (Fig. 2). In the eastern Nordic Seas (ODP Site 642, Vøring Plateau) 203 

alkenone-based SST reconstruction ranges between ~11 and 16°C from ~5.3 to 4.2 Ma (Bachem 204 

et al., 2017). Further, the relatively high SSTs at ODP Sites 910 and 907 are consistent with warm 205 

summer periods recorded in Alaska (Reinink‐Smith and Leopold, 2005) and Ellesmere Island, 206 

Arctic Canada (Csank et al., 2011c; Tedford and Harington, 2003).  207 
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 208 

Figure 2. Climate proxy observations in the Arctic-Atlantic gateway (AAG) during the Pliocene 209 

epoch. Ice-rafted debris (IRD; wt.%, coarse fraction 100–1000 μm) recorded in ODP Site 911 (Knies et al., 210 

2014a). Concentration of highly branched isoprenoid IP25 (in µg/g Sed.) in ODP Site 910 (circles) and Site 211 

907 (squares) (Knies et al., 2014a; Clotten et al., 2019). Spring sea ice concentration (SpSIC in %) for ODP 212 

Site 910 (Rahaman et al., 2020) was calculated using a regional biomarker-based calibration (Smik et al., 213 

2016). Sea surface temperatures (SST, in ⁰C) derived from glycerol dialkyl glycerol tetraethers (GDGTs) in 214 

ODP Site 910 and long-chain alkenones in ODP 907 (Knies et al., 2014a; Herbert et al., 2016) and global 215 

benthic 18O LR04-stack (Lisiecki and Raymo, 2005). SST derived from long-chain alkenones in Arctic 216 

Ocean (AO) is indicated for the Late Miocene (PS87/106-1) (Stein et al., 2016). Major key tectonic and 217 

palaeoenvironmental events are indicated by vertical continuous (certain) and stippled (uncertain) arrows: 218 

1. Sub-aerial exposure of the Barents Sea (Patton et al., 2024). 2. Northward throughflow of Pacific waters 219 

into the Arctic Ocean through the Bering Strait (Hall et al., 2023). 3. Modern East Greenland Current 220 

(Clotten et al., 2019). INHG: Intensification of Northern Hemisphere Glaciation. “Winter sea ice”: Modern 221 

(pre-industrial) winter sea ice extent in the Arctic Ocean established at ~2.6 million years ago (Knies et al., 222 
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2014a). “Blue Arctic”: Interval during the Early Pliocene with summer ice-free conditions in the Arctic 223 

Ocean. 224 

During the Early Pliocene, the latter hosted modern-type boreal forests that are located at 225 

latitudes ~15 to 20° further south in modern times, and summer temperatures were 10 °C higher 226 

than today (Csank et al., 2011c; Ballantyne et al., 2010; Rybczynski et al., 2013). These findings 227 

are consistent with reported alkenone-based SST estimates of ~4–7 °C from the Late Miocene 228 

Arctic Ocean (Fig. 2) (Stein et al., 2016). These reconstructed proxy-based temperature estimates 229 

are also considerably warmer than those reproduced by several Late Pliocene model simulations 230 

at high latitudes (Haywood et al., 2024; Haywood et al., 2020; Haywood et al., 2013). Together, 231 

these findings support the notion that, during the Early Pliocene, between 4.5 and ~5.3 Ma, and 232 

extended into the Late Miocene, the Arctic Ocean experienced largely ice-free summers, with 233 

only the central part of the Arctic Ocean remaining ice-covered during winter months (Ballantyne 234 

et al., 2013; Stein et al., 2016). 235 

 236 

3 Materials and methods  237 

We explore the response of simulated Pliocene and Miocene climate to different ocean vertical 238 

mixing parameter settings. Our aim is to quantify the skill of our climate simulations to reproduce 239 

different aspects of the reconstructed paleoenvironment of the Early Pliocene, and across the 240 

wider Pliocene-Miocene framework. Our analysis will also trace the different pathways of excess 241 

heat reaching the Arctic in dependence of the background paleogeography implemented in our 242 

models. The methods employed to this end are outlined below. 243 

 244 

 245 
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3.1 Model description  246 

The COmmunity earth System MOdelS (COSMOS) suite (Jungclaus et al., 2006) is a numeric- 247 

and algorithm-based quantitative representation of the state and dynamics of the coupled 248 

atmosphere-land surface-ocean-sea ice system and has been extensively applied to various 249 

climate states since the Cretaceous, across the Cenozoic, through the Quaternary, and into the 250 

future. In particular, the COSMOS has been applied in numerous Pliocene and Miocene climate 251 

modeling studies (Stepanek and Lohmann, 2012; Haywood et al., 2020; Haywood et al., 2013; 252 

Stepanek et al., 2020; Burls et al., 2021b; Hossain et al., 2021; Stärz et al., 2017) employing 253 

different model configurations with and without vegetation dynamics (Stepanek et al., 2020; 254 

Stepanek and Lohmann, 2012), and with different sets of ocean mixing parameterizations 255 

(Lohmann et al., 2022). The behavior of the COSMOS in response to external climate forcing 256 

across various background climates and paleogeographies is therefore well characterized, 257 

including its climate metrics such as polar amplification and climate sensitivity, and the role of 258 

vegetation dynamics and related feedbacks in a changing Arctic. 259 

The COSMOS has been assembled from two major components – one for ocean and sea ice 260 

dynamics, and one for atmosphere and land surface dynamics. The ocean component MPIOM 261 

(Marsland et al., 2003) is a z-coordinate global general circulation model with free surface, 262 

employing Boussinesq and hydrostatic approximations at 40 unevenly-spaced vertical levels. It 263 

includes a viscous-plastic rheology Hibler-type sea-ice component. In our model setup the 264 

MPIOM is formulated on a bipolar curvilinear Arakawa-C grid of a formal horizontal resolution 265 

of ~1.8°x3.0° (longitude/latitude). Its characteristics include increased resolution in major 266 

deepwater formation regions of the North Atlantic-Arctic realm (Fig. 3) (Marsland et al., 2003), 267 

that enhances the realism of the simulation of physical processes in the North Atlantic and 268 

towards the Arctic. Its sea ice component considers the insulating effects of snow (Marsland et 269 

al., 2003). 270 
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271 

Figure 3. Arctic refinement of horizontal resolution on the GR30 ocean grid employed in this study. 272 

Shown is the geometry for scalar ocean grid cells on which quantities presented in this study (temperature, 273 

sea ice) are present. Effective resolution (that is the square root of grid cell area, taking into account that 274 

grid cell borders are slightly curved) illustrated via color shades, grid cell borders indicated by thin lines, 275 

land indicated by grey shading. Statistics of grid geometries in specific latitude bands, presented in the 276 

table, are computed for ocean cells only. We show the case for a modern geography. While the grid itself is 277 

kept constant across simulations presented in this study, bathymetry and the land-sea distribution changes 278 

for Pliocene and Miocene simulations. 279 

 280 

The atmosphere component ECHAM5 (Roeckner et al., 2003) is a global model of general 281 

circulation of the atmosphere with a spectral dynamical core. It is formulated on a vertical hybrid 282 

sigma-pressure coordinate and a horizontal Gaussian grid. For this study the model employs 19 283 

vertical levels and a grid resolution of 3.75°x3.75°. It features a cloud microphysics scheme and 284 

the capability to simulate mixed-phase clouds (Roeckner et al., 2006) and includes a 285 
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representation of the atmospheric boundary layer (Roeckner et al., 2003) that is important for 286 

simulating the positive lapse rate feedback in the Arctic (Pithan and Mauritsen, 2014). In the fully 287 

coupled atmosphere-ocean setup the included hydrological discharge scheme (Hagemann and 288 

Gates, 2001; Hagemann and Dümenil, 1997) redirects excess precipitation along the orographic 289 

slope back to the ocean and closes the hydrological cycle between land and atmosphere. The 290 

internally coupled land surface component JSBACH (Raddatz et al., 2007) implements various 291 

land surface processes, among them dynamic vegetation, enabling the simulation of climate-292 

vegetation feedbacks (Brovkin et al., 2009). Vegetation dynamics in the model are particularly 293 

useful for climate states that differ significantly from today, and for which no global vegetation 294 

distribution exists that is consistent with simulated climate conditions and that could be provided 295 

as a climate-consistent boundary condition (Stepanek et al., 2020). While both MioMIP and 296 

PlioMIP provide vegetation distributions as a climate model forcing, there is generally no 297 

adaptation of these fields provided for applications in climates with different degrees of warmth 298 

in the model due to, for example, modification of the employed CO2 forcing, or, in the case of our 299 

study, use of enhanced ocean vertical mixing. In our simulations, consistency between climate 300 

and model vegetation is automatically achieved via vegetation dynamics, and presence of 301 

climate-vegetation dynamics is assured. 302 

To enable ensembles of multi-millennial simulations to reach quasi-equilibrium for very different 303 

climate states, spatial resolution in the COSMOS is kept low. Various improvements of the 304 

representation of physical processes at coarse spatial resolution are considered by the COSMOS 305 

via dedicated parameterizations. On the ocean side, these include a formulation of isopycnal 306 

mixing following Redi (1982), a parameterization of tracer transport by unresolved mesoscale 307 

eddies via eddy-induced velocity (Gent et al., 1995), and a parameterization of vertical mixing 308 

and diffusion after Pacanowski and Philander (PP) (Pacanowski and Philander, 1981), which 309 

represents a common mixing scheme in paleoclimate research due to its straightforward 310 
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incorporation and computational efficiency. Other mixing parameterization schemes exist, but all 311 

of them possess limitations that lead to uncertainty in climate simulations. Further improvements 312 

of the simulation of ocean dynamics address flow along ocean bottom structures via a slope-313 

convection algorithm, and consideration of partial grid cells that improve the realism of 314 

prescribed ocean bathymetry. In the atmosphere, small-scale features of land surface orography 315 

are considered via a sub-gridscale parameterization of gravity wave drag. 316 

 317 

3.2 Experimental design 318 

While the Early Pliocene is less well sampled based on climate models, the Late Pliocene is quite 319 

well understood from the viewpoint of a multi-model perspective due to the mid-Piacenzian 320 

Warm Period having featured as the core time slice of the PlioMIP2. We take inferences from 321 

that modelling intercomparison as a foundation for discussing problems in model skill that we 322 

will then apply to the Early Pliocene. Generally, the magnitude of reconstructed North Atlantic 323 

temperature anomalies for the mid-Piacenzian is reproduced by only a small number of models 324 

(McClymont et al., 2020), with the majority being too cold (Dowsett et al., 2013; Salzmann et al., 325 

2013). It is noteworthy that this tendency towards underestimation of Arctic warmth exists even 326 

though the PlioMIP2 mid-Piacenzian Warm Period continental configuration contains a closed 327 

Bering Strait. While this geographic feature warms the North Atlantic to Arctic region via 328 

enhanced ocean heat transport (Otto-Bliesner et al., 2017), the realism of a closed Bering Strait 329 

during the mid-Piacenzian still remains debated (Haywood et al., 2020; Hall et al., 2023). Within 330 

the context of the Pliocene, it has been furthermore shown that models fail to reproduce ice-free 331 

Arctic summers when Arctic feedbacks and polar amplification are suppressed (Salzmann et al., 332 

2013). 333 
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These previous findings close our argumentative chain to study the impact of enhanced vertical 334 

mixing in the ocean on agreement between modelled and reconstructed climate patterns of the 335 

Pliocene to Miocene. Since no equivalent enhanced ocean mixing sensitivity simulations exist 336 

within the controlled PlioMIP2 ensemble (Haywood et al., 2016), we consider the COSMOS 337 

climate simulations presented here as being among the best available tests for our hypothesis that 338 

enhanced ocean vertical mixing may improve agreement between proxy evidence and models. 339 

Two lines of evidence suggest the COSMOS as a robust tool to further examine the impact of 340 

adapted ocean mixing parameters on the state of the Arctic and agreement between climate model 341 

and proxy-evidence. The COSMOS has a climate sensitivity of 4.7°C per doubling of carbon 342 

dioxide (Stepanek et al., 2020), well above the average of PlioMIP2 ensemble models (Haywood 343 

et al., 2020). Simulated Arctic and global mid-Piacenzian near surface air temperature anomaly of 344 

the COSMOS are close to the ensemble mean (Haywood et al., 2020; De Nooijer et al., 2020). 345 

This indicates that Pliocene Arctic warmth in the COSMOS is at least average, and not on the 346 

cooler side, compared to similar models under equivalent forcing and geography. Therefore, a 347 

model-data mismatch in the COSMOS can be taken as indicative of a widespread limitation of 348 

Arctic warmth across the PlioMIP2 ensemble in comparison to Pliocene proxy records, rather 349 

than to be considered as an issue with the COSMOS itself. As a second line of evidence, this 350 

study explicitly demonstrates that COSMOS reproduces the key characteristics of pre-industrial 351 

Arctic sea ice and sea surface temperatures in the context of the Coupled Model Intercomparison 352 

Project (CMIP) Phase 5 and Phase 6 model ensembles. These ensembles provide extensive 353 

evaluation data through simulations from numerous models, including more recent generations 354 

(Sect. 4.1). We use model geographies and climate forcings that have been prepared in the 355 

framework of the PlioMIP2 (Haywood et al., 2016) and MioMIP efforts (Burls et al., 2021b). The 356 

PlioMIP2 and MioMIP reference simulations, named here mPLIO400 and MIO450 (where the 357 

former has 400 ppm of CO2 prescribed, and the latter 450 ppm), bracket the Early Pliocene and 358 
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provide an envelope of climate patterns around the period of interest, reflecting uncertainty in 359 

details of geographic boundary conditions and model forcings. The long tectonic history of the 360 

CAS closure (detailed in Section 4.1) is used as the main argument to test the “blue” Arctic 361 

hypothesis with the MIO (open CAS) and mPLIO (closed CAS) setups. This aspect of modified 362 

low-latitude gateway differences between the Miocene and the Pliocene thus addresses the link 363 

between Pliocene and Miocene simulations and provides quantification of a gateway impact 364 

(Haywood et al., 2024). The absence of a compatible and commonly accepted modeling protocol 365 

for an Early Pliocene time slice in PlioMIP2, which could serve as a direct counterpart to our 366 

proxy reconstructions (Fig. 2), necessitates such an indirect modeling approach. We note, 367 

however, that the upcoming PlioMIP3 considers an Early Pliocene time slice (Haywood et al., 368 

2024), which differs from our mPLIO400 simulation by featuring increased concentrations of 369 

CO2 (490 ppm) and the presence of a Central American Seaway (CAS). Once these simulations 370 

are produced and released to the community, an additional perspective on Early Pliocene climate 371 

will become available.  372 

A key component of the simulation of processes in the ocean considered in this study is the ocean 373 

vertical mixing scheme of the COSMOS that simulates diapycnal mixing via two parameters that 374 

represent background viscosity and diffusivity, respectively. In this study and in selected 375 

simulations these two parameters are increased in comparison to the modern standard setting. The 376 

rationale is that an Arctic Ocean with less sea ice than today is governed by fundamentally 377 

different dynamics of heat and momentum exchange between the ocean and atmosphere. For 378 

example, the presence of enhanced eddy kinetic energy in regions of low sea ice cover (Von 379 

Appen et al., 2022) and weakened Arctic stratification due to enhanced shear-driven turbulent 380 

mixing in regions where atmosphere and ocean interact more intensely under reduced sea ice 381 

conditions (Polyakov et al., 2020). Yet, we note that during past warm climates also other latitude 382 

bands than the Arctic may have experienced conditions favourably to more enhanced ocean 383 
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vertical mixing (e.g., Lohmann et al., 2022). By implementing increased vertical ocean mixing in 384 

COSMOS, Lohmann et al. (2022), who also provide a more detailed explanation of the modelling 385 

methodology this study is built on, observed strong polar warming and reduced seasonality, in 386 

particular at high latitudes. We note here that from the three different mixing settings employed 387 

by Lohmann et al. (2022) we only consider the one with the weakest modification of background 388 

parameters. Even at this weak increase of parameter values the model version with enhanced 389 

ocean vertical mixing shows strong warming and much reduced Arctic summer sea ice. This 390 

finding is consistent with previous work studying the impact of ocean vertical mixing on the 391 

Arctic in a modern climate and based on a different modelling system (Liang and Losch, 2018). 392 

The enhanced-mixing experiments employed by us are not intended as a direct estimate of Early 393 

Pliocene diffusivity, but as a sensitivity experiment testing the climatic impact of unresolved 394 

ocean mixing processes within physically plausible bounds. 395 

3.3 Model spinup and data treatment 396 

Here, by employing global coupled atmosphere-ocean-land surface simulations that are part of, or 397 

related to, the PlioMIP2 (Haywood et al., 2016) and MioMIP (Burls et al., 2021a) simulations 398 

performed with COSMOS (Stepanek et al., 2020; Lohmann et al., 2022; Hossain et al., 2020), we 399 

analyze different past warm climate states. Modelled sea ice concentration (SIC, in %), sea ice 400 

thickness (SIT, in m), SST (in °C), and near-surface air temperatures (SAT, in °C) is compared to 401 

available Arctic marine sites and terrestrial Pliocene/Miocene sections. For each simulation, we 402 

have spun up the model for 1,850 model years. Thereafter, we evaluate the following 100 years of 403 

model output regarding the analyses presented here.  404 

For the presentation of results in the following section, we note that spatial resolution on the 405 

employed ocean grid has appreciable regional bias in the Atlantic-Arctic realm (Fig. 3). 406 

Therefore, except for ocean meridional streamfunction, that is model-internally already brought 407 

to a regular latitude-depth grid, all ocean model outputs have been interpolated (conservative 408 
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remapping; Climate Data Operators (CDO), Schulzweida et al., 2023) to a regular grid before 409 

conducting analyses presented in this manuscript. An exception to this rule is point-wise 410 

interpolation of ocean- and sea ice conditions to geographic core location. Here, inverse distance 411 

weighted interpolation (CDO) has been applied directly to data on the original ocean grid. Choice 412 

for the interpolation algorithm at core location is accommodating the derivation of interpolated 413 

information at ODP Site 910 close to the coastline in the Miocene ocean model setup. There, 414 

traditional conservative or bilinear interpolation algorithms would lead to unavailability of 415 

quantitative information at a core location. Target resolution of spatially resolved interpolations is 416 

1x1°, except for data used in a model data comparison with other CMIP models, where we 417 

employ a finer quarter-degree target resolution for comparison with models that have very 418 

different, and partly much higher, spatial resolution. 419 

To better understand dynamics that lead to the simulated sea ice, ocean temperature and air 420 

temperature states, we also analyze heat flux between ocean and atmosphere and overturning 421 

streamfunction. Furthermore, we derive implied meridional heat transports that are useful for 422 

tracing the pathway heat towards the Arctic. We compute implied meridional heat transport for 423 

the total atmosphere-ocean system (Equ. 1) as well as separately for the ocean (Equ. 2) and the 424 

atmosphere (Equ. 3). To this end, we zonally integrate the monthly mean net top-of-the-425 

atmosphere radiative imbalance (Equ. 1) and the net heat flux between ocean and atmosphere 426 

(Equ. 2), both conservatively interpolated to a regular grid, and accumulate the result 427 

meridionally from the North Pole southward to latitude φ. This construction assumes closure of 428 

the energy balance, as is inherent to the definition of an implied heat transport. For the 429 

atmosphere (Equ. 3)  we derive the result as the residual between implied total and oceanic heat 430 

transports. We deliberately depart from the common convention of integrating from south to 431 

north (Trenberth and Caron, 2001) when deriving the cumulative meridional heat transport across 432 
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latitudes. Because our study focuses on the Arctic, we consider closure of the energy budget there 433 

to be more important than achieving closure in the Southern Hemisphere and integrate rather 434 

from north to south. By construction, this ensures that the heat transport at the North Pole is 435 

exactly zero, even in the presence of non-zero residual trends in the oceanic and atmospheric 436 

energy budgets as generally the case in climate simulations. 437 

𝑀𝐻𝑇𝑡𝑜𝑡𝑎𝑙(𝜑) = ∫ (𝑅𝑆𝑊 + 𝑅𝐿𝑊)𝑑𝐴𝑎𝑡𝑚
𝜑

−90
 (1) 438 

𝑀𝐻𝑇𝑜𝑐𝑒𝑎𝑛(𝜑) = ∫ 𝐹𝑜𝑎𝑑𝐴𝑜𝑐𝑒𝑎𝑛
𝜑

−90
 (2) 439 

𝑀𝐻𝑇𝑎𝑡𝑚(𝜑) = 𝑀𝐻𝑇𝑡𝑜𝑡𝑎𝑙(𝜑) − 𝑀𝐻𝑇𝑜𝑐𝑒𝑎𝑛(𝜑) (3) 440 

Here, φ denotes latitude, and MHTtotal, MHTocean, and MHTatm represent the total, oceanic, and 441 

atmospheric meridional heat transport, respectively. RSW and RLW are the net shortwave and net 442 

longwave radiative fluxes at the top of the atmosphere, and Foa is the net heat flux across the 443 

atmosphere–ocean interface. dAatm and dAocean denote the area of atmosphere and ocean grid cells 444 

in the meridional integration. 445 

When discussing effects of simulations with and without enhanced ocean vertical mixing we 446 

address the potential problem of a seasonal offset between sea ice distribution and SST seasonal 447 

minima and maxima (Khoo et al., 2025). For our analysis, we therefore consider the winter/spring 448 

and summer SIC seasons as January–May and May–September, respectively. Furthermore, for a 449 

description of COSMOS model performance in comparison to other models (see Section 4.1) we 450 

consider boreal winter (DJF) and summer (JJA) for SST, and cold season (NDJFMA) and 451 

summer season (ASO) for SIC. These definitions stem from our model intercomparison of 452 

COSMOS to various CMIP models presented previously for the Southern Ocean (Khoo et al., 453 

2025) and are reused here towards enabling a direct comparison of our inferences on COSMOS 454 

model performance for the Arctic with that for the Antarctic. When considering the 455 
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minimum/maximum of temperature and sea ice we refer to September and March, respectively, in 456 

order to reduce the overlap of different expression of seasonality between different months. 457 

 458 

3.4 Compilation of CMIP pre-industrial simulations for a model-intercomparison 459 

The COSMOS have been extensively applied across a wide range of Cenozoic climate states 460 

(Section 3.1). This makes them a valuable tool for comparative exploration of Earth's climate‘s 461 

response to different forcings, boundary conditions, and feedbacks. To contextualize our 462 

inferences about Arctic environmental conditions within the broader context of climate and 463 

palaeoclimate research we perform a comparison of key metrics of simulated pre-industrial 464 

control (piControl) warm- and cold-season Arctic SIC and SST with findings from other climate 465 

models. Here, we focus on the North Atlantic to Arctic Ocean as the primary region of interest. . 466 

As benchmark we use similar simulations prepared with various CMIP5 and CMIP6 models 467 

available from the Earth System Grid Federation (Cinquini et al., 2014; https://esgf-468 

metagrid.cloud.dkrz.de/). Respective results in Figs. 4-7 are presented at a common regular 469 

quarter-degree grid to accommodate various different model resolutions in the various CMIP 470 

iterations while maintaining the presentation of high spatial detail in the Arctic from individual 471 

simulations. Since the COSMOS has emerged within the generation of CMIP5 models, a fair 472 

comparison of models should focus on the CMIP5 ensemble. Yet, to bridge the gap to more 473 

recent modelling efforts, and to make our results also interpretable in the context of newer 474 

paleoclimate models, we also present a comparison of the COSMOS’ pre-industrial climate to the 475 

CMIP6 ensemble of piControl simulations. Our compilation of available CMIP model output – 476 

including the specific models and datasets used here for the preindustrial-related part of the 477 

intercomparison – has been presented and documented in detail in the framework of the study by 478 

Khoo et al. (2025), who compare the COSMOS to other CMIP (and PMIP) models with a focus 479 
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on Southern Hemisphere high latitudes, specifically the Weddell Sea across the Holocene, the 480 

Last Glacial Maximum, and the Last Interglacial; readers interested in that perspective are 481 

referred to their supplement. Here, we perform the equivalent analysis for the Arctic for pre-482 

industrial conditions, applying the same season definition as outlined in Section 3.3 (following 483 

Khoo et al., 2025). Taken together, both studies document performance of the COSMOS for polar 484 

sea surface temperature and sea ice conditions in relation to models from CMIP5 and CMIP6.  485 

4 Results 486 

Our modelling results are based on climate model output that has been simulated with established 487 

boundary conditions for the pre-industrial (PI), the mid-Piacenzian (~3 Ma) (mPLIO) (Dowsett et 488 

al., 2016), and the Miocene (~15 Ma) (MIO) (Hossain et al., 2020). By employing a multi-proxy, 489 

multi-parameter, multi-site model-proxy comparison, covering the periods from the Late Miocene 490 

to the Late Pliocene, we evaluate the impact of non-resolved processes in the ocean model that 491 

would warm the Arctic via enhanced ocean vertical mixing. To this end we quantify the quality of 492 

proxy-model agreement on the seasonal cycle of sea ice in simulations at the AAG with and 493 

without enhanced vertical mixing, thereafter extending the analysis to the wider Arctic realm 494 

across the Pliocene-Miocene by considering additional proxy sites. First, however, we evaluate 495 

the realism of the pre-industrial Arctic sea-ice distribution and sea surface temperatures simulated 496 

by COSMOS through comparison with published datasets from different generations of CMIP. 497 

This provides a broader context for interpreting our modelling results within palaeoclimate 498 

modelling, where climate models with substantially different characteristics from COSMOS are 499 

widely used (Stepanek et al., 2020; Haywood et al., 2020). 500 

 501 

 502 
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4.1 Model intercomparison for pre-industrial climate and implications for Early Pliocene 503 

warmth 504 

With a documented climate sensitivity of 4.7°C per doubling of carbon dioxide, a metric that is 505 

minorly impacted by background geography and climate (Stepanek et al., 2020), the COSMOS 506 

are at the warmer end of the likely range of climate sensitivity published for both the CMIP5 507 

generation of climate models, as assessed in the Intergovernmental Panel on Climate Change 508 

(IPCC) Fifth Assessment Report (AR5) (Flato et al., 2014), and the CMIP6 generation, as 509 

assessed in the IPCC Sixth Assessment Report (AR6) (Sherwood et al., 2020). To place our 510 

findings on COSMOS's performance in simulating a "blue Arctic" in the broader context of 511 

climate modeling, we compare its simulation of the pre-industrial Arctic climate with 512 

corresponding results from other CMIP models. We find that the COSMOS simulates Arctic sea 513 

surface temperatures and sea ice distribution in line with other pre-industrial simulations based on 514 

similar resolution and model generation (Figs. 4-7). In comparison to both the CMIP5 and 515 

CMIP6 ensembles, the COSMOS simulate a comparably compact PI Arctic cold season sea ice 516 

distribution (NDJFMA, Fig. 4). There are only minor regions of disagreement between the 517 

simulation of Arctic sea ice beyond the 2σ-threshold of all models (e.g. north of Greenland and in 518 

the Canadian Arctic Archipelago for CMIP6; Fig. 4). In the following we address different 519 

definitions of seasons for SST and SIC since seasonality between sea ice and ocean surface 520 

temperature is shifted. Boreal winter (DJF) SST (Fig. 5) illustrates relatively limited cold season 521 

sea ice extent in COSMOS linked to more pronounced extension of Atlantic warmth towards the 522 

Arctic. The entire region between ODP Site 642, ODP Site 907, and ODP Site 910 is warmer than 523 

the CMIP ensemble mean. Site locations considered here for a comparison of modelled and 524 

reconstructed climate (Fig. 1) are mostly outside regions where COSMOS deviates from the 525 

simulated SST and SIC of both CMIP5 and CMIP6 ensembles. With respect to the CMIP6 526 
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ensemble, largest deviations are found in the region between Bering Strait and the Canadian 527 

Arctic to Labrador Sea on the one hand, and in the region between ODP Site 907 and Svalbard on 528 

the other hand (Fig. 5). The latter deviation occurs in the presence of substantial model-spread in 529 

CMIP. Boreal summer sea ice (ASO; Fig. 6) is in the COSMOS more compact, in particular in 530 

the western region of the AAG. Regions of deviation are constrained to the north of Greenland 531 

and the Canadian Arctic Archipelago, and are found near the coast of Chukchi Sea to Beaufort 532 

Sea in comparison to CMIP6 (Fig. 6). Boreal summer SSTs (ASO) show that, while the 533 

COSMOS are a bit colder than the model ensembles in the central Arctic Ocean (Fig. 7) and show 534 

substantial deviation to CMIP6 (but not CMIP5) models, except for the eastern Barents Sea to 535 

Kara Sea, the COSMOS largely simulate a warmer North Atlantic to Arctic realm, in particular at 536 

the AAG. While the CMIP6 ensemble is more successful in simulating warmer eastern Arctic 537 

marginal seas than the CMIP5 ensemble (i.e. around ODP Site 910), the simulated PI boreal 538 

summer and winter conditions are in the COSMOS already on the warmer side, suggesting that 539 

the COSMOS’ cold bias in the Arctic may actually be milder than that identified for other CMIP5 540 

or CMIP6 models (Zhang et al., 2023). This comparison of COSMOS to CMIP model ensembles' 541 

PI state of the Arctic indicates that, for recent climate, the AAG in this model is clearly on the 542 

warm side.  543 

Drawing on previous findings from PlioMIP, we can extend our assessment of COSMOS's 544 

relative performance for the recent Arctic to the Pliocene. COSMOS has been shown to behave 545 

similarly to other models participating in PlioMIP with respect to the simulated Arctic climate. It 546 

exhibits a comparatively high climate sensitivity (PlioMIP1: Haywood et al., 2013; PlioMIP2: 547 

Haywood et al., 2020) and lies within the warmer half of the model ensemble in terms of Arctic 548 

conditions (de Nooijer et al., 2020). This provides confidence that the Pliocene Arctic sea surface 549 
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temperatures simulated by COSMOS are broadly consistent with those produced by other climate 550 

models used in Pliocene climate research and, if anything, tend to be on the warmer side. 551 

Extending this comparison to Pliocene Arctic sea ice, COSMOS simulates a relatively small sea-552 

ice extent during the mid-Piacenzian Warm Period compared with other PlioMIP2 models (de 553 

Nooijer et al., 2020), a tendency that is even more pronounced relative to the PlioMIP1 ensemble 554 

(Howell et al., 2016). Although the PlioMIP2 configuration of COSMOS has a higher 555 

equilibrium climate sensitivity (ECS) than its PlioMIP1 counterpart – reflecting the use of 556 

dynamic vegetation rather than the prescribed vegetation employed in PlioMIP1 and highlighting 557 

the influence of modelling methodology on simulated Pliocene warmth – PlioMIP2 also includes 558 

a larger number of models with relatively high ECS. Consequently, the ensemble-mean reduction 559 

in Pliocene Arctic sea-ice extent relative to the pre-industrial is greater in PlioMIP2 than in 560 

PlioMIP1, a pattern that is likewise reproduced by COSMOS (Stepanek et al., 2012; Haywood et 561 

al., 2013; Howell et al., 2016; de Nooijer et al., 2020; Haywood et al., 2020; Stepanek et al., 562 

2020). 563 

Another aspect impacting the degree of warmth in the Pliocene Arctic is the state of the CAS. The 564 

exact timing of the gateway’s closure is, however, uncertain (Montes et al., 2015; Haug and 565 

Tiedemann, 1998; Osborne et al., 2014). The shoaling of the CAS to <100 m water depth at 4.6 566 

million years ago (Haug and Tiedemann, 1998) coincides with intensification of the Gulf Stream 567 

and the introduction of warmer and more saline water masses to high northern latitudes. The final 568 

closure of the CAS occurred prior to the intensification of Northern Hemisphere glaciation, 569 

around 2.7 million years ago (Sarnthein et al., 2009; Bartoli et al., 2005; Osborne et al., 2014). A 570 

modelling study where the CAS was closed during the Early to Late Pliocene led to a warmer 571 

Arctic (Lunt et al., 2008b), which is explicitly considered by our Late Pliocene model setup. 572 
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Extending this analysis to the Miocene, we find that in the MioMIP1 the COSMOS produce 573 

Arctic temperature anomalies (both for SST and SAT) that are consistently among the warmest in 574 

their respective groups presented by Burls et al. (2021b). We note, however, that a direct 575 

comparison of models with each other is more difficult in MioMIP1 owing to differences in 576 

geographies and carbon dioxide levels employed. Nevertheless, these results suggest that also for 577 

the Miocene we can assume that the climate states derived by means of the COSMOS may be 578 

among the closest matches of modelled Arctic conditions (that generally are warmer than models 579 

suggest) in comparison to proxy data. 580 

 581 

 582 

Figure 4. Model-intercomparison. Comparison of boreal cold season (NDJFMA) PI SIC simulated with 583 

COSMOS (left column) in comparison to CMIP5- (bottom) and CMIP6-class (top) models. CMIP 584 
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ensemble means (without COSMOS, middle column) and ensemble standard deviation (stddev) (right 585 

column) shown for reference. In the left column, disagreement between COSMOS and the ensemble 586 

beyond a 2σ-treshold indicated by stippling. Differences in land-sea masks shown in dark grey, modern 587 

observed coastlines and continents shown by black lines and light gray shading, respectively. Location of 588 

proxies included in the model-data comparison indicated by red (ocean) and green (land) circles, see text 589 

for details. Purple lines in left and middle columns show the sea ice border (15%-isoline) for COSMOS and 590 

CMIP ensembles, respectively. 591 

 592 

Figure 5. Model-intercomparison. As Figure 4, but for boreal winter (DJF) SST.  593 

 594 

 595 
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 596 

 597 
 598 
Figure 6. Model-intercomparison. As Figure 4, but for boreal sea ice summer season (ASO) SIC. 599 
 600 
 601 
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 602 
 603 
Figure 7. Model-intercomparison. As Figure 4, but for boreal summer (JJA) SST. 604 

 605 

The fact that even the comparably warm COSMOS are unable to reproduce reconstructed warm 606 

and low Arctic sea ice conditions of the mid-Piacenzian Warm Period (de Nooijer et al., 2020) 607 

and the warm Arctic of the Miocene (Burls et al., 2021b), suggests that this model is a suitable 608 

example to highlight the importance of mechanisms that could increase simulated warmth 609 

towards plausibly reconciling models and proxy reconstructions (De Nooijer et al., 2020; Howell 610 

et al., 2016). This suggests that model–proxy discrepancies in our simulations of Late Pliocene to 611 

Late Miocene Arctic SST and SIC, both at the location of ODP Site 910 and across the wider 612 

Arctic, may reflect a systematic underestimation of North Atlantic and Arctic warmth in climate-613 

model simulations of past warm periods relative to geological proxy reconstructions. These 614 
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findings underscore the need to better understand causes of model–data discrepancies in the 615 

Arctic. With this study, our analysis focuses on the potential role of missing or inadequately 616 

represented processes in climate models, and in particular the choice of ocean vertical mixing 617 

parameters, which has been identified as a key control on high-latitude climate and sea ice (Zhang 618 

and Steele, 2007; Allende et al., 2024; Lohmann et al., 2022). 619 

 620 

4.2 Testing a “blue” Arctic for the Early Pliocene with a numerical approach 621 

Based on the proxy-based findings documented in Figure 2 and acknowledging the uncertainty in 622 

the Early Pliocene paleoceanography of the central Arctic Ocean, we test the hypothesis of a 623 

summer sea-ice-free (“blue”) Arctic Ocean during the Early Pliocene by performing several 624 

sensitivity experiments with COSMOS as described in Section 3 (Stepanek et al., 2020). Our 625 

climate model data set consists of five simulations (Table 1) that cover the pre-industrial (PI) 626 

period at 280 ppm CO2, the mid-Piacenzian (~3 Ma) at 400 ppm CO2 and the middle Miocene 627 

(~15 Ma) at 450 ppm CO2, respectively, complemented by dedicated additional simulations with 628 

enhanced vertical ocean mixing that increase northward heat transport and remove some of the 629 

cold bias (Lohmann et al., 2022). Together, these simulations provide a climatic representation of 630 

comparably cold (pre-industrial), warm (Pliocene with standard ocean vertical mixing), and very 631 

warm (Miocene with standard ocean vertical mixing, and Pliocene and Miocene with enhanced 632 

ocean vertical mixing) conditions in the Arctic that can be tested against the climate proxy data 633 

for the Early Pliocene compiled in Figure 2. Specifically, we find that, although, under standard 634 

mixing, COSMOS is able to reproduce a global mid-Piacenzian climate that is ~3°C warmer than 635 

today and shows appreciable Arctic amplification (Stepanek et al., 2020), it has difficulties 636 

reproducing the strongly-reduced meridional temperature gradient that has been inferred from 637 

proxy records (Dowsett et al., 2013). The effects of enhanced ocean vertical mixing in our 638 
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simulations include an increase in the heat capacity of the Earth System (Lohmann, 2020) and a 639 

reduced meridional temperature gradient in combination with a warmer deep ocean (Lohmann et 640 

al., 2022). The warming effect of a closed Central American Seaway (CAS) on the Arctic, which 641 

has been shown to promote warmer Arctic conditions (Lunt et al., 2008b; see Section 4.1), is 642 

already incorporated in our Pliocene simulations through the presence of an intact Isthmus of 643 

Panama and is therefore also accounted for in our model-data comparison. 644 

 645 

Table 1: Climate simulations employed for the study of Arctic sea ice and sea surface temperature, 646 

spanning the periods Miocene, Pliocene, and pre-Industrial (PI). Details of model setups are described 647 

in the text and are based on information from referenced literature (Hossain et al., 2020; Lohmann et al., 648 

2022; Stepanek et al., 2020; Stärz et al., 2017). We consider the climatic impact of atmospheric carbon 649 

dioxide concentrations (CO2), in the range from 280 ppm to 450 ppm, and of ocean vertical mixing at 650 

modern standard and at enhanced intensity. Enhanced mixing refers to an increase in the values of 651 

background viscosity and background diffusivity by a factor of five. This is the lowest value considered in 652 

previous work (Lohmann et al., 2022).  Simulations are attributed with a subjective categorization of the 653 

state of the Arctic, ranging from cold via warm to very warm climates. For reference, we list in brackets 654 

simulated absolute average SST (°C) in the Arctic (>66°N) for annual mean, boreal winter (Dec-Feb), and 655 

boreal summer (Jun-Aug), respectively. Prior to computation of these measures, simulated climate data has 656 

been interpolated from the native ocean model grid to a regular 1x1° resolution using a conservative 657 

remapping algorithm. Annual mean meridional temperature gradients in the Northern Hemisphere (MTG) 658 

from (Lohmann et al., 2022). More information on large-scale temperature and sea ice patterns available 659 

from (Lohmann et al., 2022), in particular their Table 2. 660 

 661 

 662 
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 663 
Simulation Time reference Geography, 

most relevant 

differences from 

modern in this 

study 

CO2 

(ppm) 

Ocean mixing Arctic 

climate 

MTG 

/°C 

PI recent climate modern 280 standard 

cold 

(-0.73; -1.03; 

-0.34) 

42.8 

mPlio400 
mid-Piacenzian 

(~3.0 Ma) 

PRISM4 

(Dowsett et al., 

2016)), 

closed Bering 

Strait 

400 standard 

warm 

(1.15; 0.04; 

2.58) 

37.7 

mPlio400
mix 

 

mid-Piacenzian 

(~3.0 Ma) 

PRISM4 

(Dowsett et al., 

2016)), 

closed Bering 

Strait 

400 enhanced 

very warm 

(1.72; 0.29; 

3.62) 

36.0 

Mio450 
middle Miocene 

(~15 Ma) 

(Herold et al., 

2008) with 

adaptations, 

open Central 

American 

Seaway 

450 standard 

very warm 

(2.18; 0.36; 

4.36) 

37.7 

Mio450
mix 

middle Miocene 

(~15 Ma) 

(Herold et al., 

2008) with 

adaptations, 

open Central 

American 

Seaway 

450 enhanced 

very warm 

(2.40; 0.58; 

4.98) 

37.0 

 664 

In Figure 8, we present a multi-proxy, multi-epoch comparison of simulated and reconstructed 665 

conditions of the Arctic at the Miocene-Pliocene boundary. Here we compare proxy data from 666 

different stages of the Miocene-Pliocene period with climate simulations of the respective time 667 

slice. By evaluating both simulations with standard modern and enhanced ocean vertical mixing 668 

parameter settings, we quantify the impact of enhanced ocean vertical mixing on the agreement 669 

between climate model simulations and geological record. The results in Figure 8 show that 670 

across the wider Arctic realm the presence of enhanced ocean vertical mixing greatly improves 671 

the agreement between reconstructed and simulated climate across the period from the Late 672 

Miocene to the Late Pliocene. In contrast, simulations using standard modern background mixing 673 
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parameters, despite incorporating elevated CO₂ concentrations and reconstructed paleogeographic 674 

boundary conditions, predict relatively moderate oceanic and near-surface atmospheric warming 675 

and sea ice reduction relative to the pre-industrial control state. These simulations fail to 676 

reproduce the degree of warming inferred from the geological record. While the amplitude of the 677 

reduction in model-bias vs. reconstruction is dependent on region, period and proxy-archive, in 678 

our model enhanced vertical mixing in the ocean unequivocally leads to increased SST and SAT 679 

and reduced sea ice at all available proxy sites. For Late Miocene Central Arctic Ocean August 680 

SST at PS87/106, annual SST for Early and Late Pliocene at ODP 907A, and for terrestrial 681 

proxies at El'gygytgyn and Beaver Pond, the reduction of the underestimation of SST/SAT is in 682 

the range of 11% - 20% (Fig. 8). Warming is widespread in the range of 1-2°C and, thus, 683 

substantial. At ODP Site 907 in the Nordic Seas (Fig. 1), where our model simulations do not 684 

indicate presence of substantial amounts of sea ice in either Early Pliocene or Late Miocene 685 

winter or summer, the consideration of increased ocean vertical mixing nevertheless reduces the 686 

model-proxy mismatch by 0.7°C (Fig. 8). In the AAG region (ODP Site 910) we find a profound 687 

impact of enhanced ocean vertical mixing on spring sea ice (72% reduction), while the 688 

reconstruction suggests no presence of sea ice (indicated by a lack of the respective bar being 689 

shown; cf. Fig. 8, bar plot for location ODP 910). Indeed, only the simulation with enhanced 690 

ocean vertical mixing leads to an absolute sea ice concentration below 15%, which we consider as 691 

ice free conditions. While there is a lack of central Arctic temperature records for the Early 692 

Pliocene, we find that for the Late Miocene at site PS87/106 (Stein et al., 2016) SSTs are 693 

increased by 1.3°C if enhanced ocean vertical mixing is considered in our model (Fig. 8). In 694 

north-eastern Siberia at Lake El’gygytgyn (Brigham-Grette et al., 2013) we find that Early 695 

Pliocene warmest month SAT is increased by 1.5°C when enhanced ocean vertical mixing is 696 

considered (Fig. 8). For the reconstruction from the proxy site Beaver Pond on Ellesmere Island  697 

(Fig. 1) the simulation with enhanced mixing approaches the reconstructed Early Pliocene warm 698 
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season SAT within the documented proxy uncertainty range. These results demonstrate that 699 

processes in climate models that lead to a warmer Arctic via more vigorous mixing of the ocean 700 

are viable candidates for exploring causes of model-proxy mismatches in past warm Arctic 701 

climates. Our results also suggest that the sensitivity of simulated climate to enhanced ocean 702 

vertical mixing is particularly strong for regions proximal to seasonal sea ice limits at the AAG, 703 

where related feedbacks play a larger role. 704 

 705 

 706 
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Figure 8. Multi-period, multi-proxy, and multi-parameter model-data comparison in the wider 707 

Arctic realm across the Pliocene to Miocene. Considering both marine (red circles) and terrestrial (green 708 

circles) proxy-sites we show the degree of agreement between reconstructed (yellow bars) (Herbert et al., 709 

2016; Knies et al., 2014a; Csank et al., 2011a; Csank et al., 2011b; Stein et al., 2016; Brigham-Grette et al., 710 

2013) and modelled environmental conditions in simulations with standard (blue bars) and enhanced 711 

vertical mixing (red bars). Environmental conditions considered in our comparison include absolute (abs.) 712 

or anomalies wrt. to recent conditions (anom.) of sea ice concentration (SIC, %), sea surface temperature 713 

(SST, °C) and surface air temperature (SAT, °C) for Late Miocene (LM), Early Pliocene (EP), and Late 714 

Pliocene (LP). Model comparison is performed strictly within Pliocene and Miocene epochs, respectively. 715 

This means that an Early Pliocene reconstruction is compared to the simulation from the PlioMIP 716 

framework, i.e. to the mid-Piacenzian Warm Period. Analyzed months or seasons of modelled 717 

environmental conditions have been selected in agreement with seasonal attribution of the reconstruction as 718 

documented for the respective proxy data point. The periods shown here refer to March-May (MAM), 719 

March-September (MJJAS), July (J), August (A), or annual mean (ann.). Scales of bar plots differ between 720 

shown proxy sites, with the maximum magnitude of bar plots at each proxy location being defined by the 721 

height of the largest bar, proxy or modelled. Placement of bar plots on the maps is arbitrary and optimized 722 

for contrast with the background map, that represents the observed modern continental outline. Affiliation 723 

of a bar plot to a specific core location is indicated by arrows. 724 

 725 

4.3 Seasonal sea ice and temperature variability at the AAG (ODP Site 910) 726 

Turning to the AAG, where we have inference on both reconstructed SST and SIC, we can shed 727 

more light on the impact of enhanced ocean vertical mixing on the modelled seasonal cycle of 728 

these quantities. Results from climate simulations obtained at ODP Site 910 can reproduce the 729 

proxy-based climate only with specific boundary conditions. The annual pre-industrial SIC (50-730 

90 %), SIT (~1-2 m) and SST (~ -2⁰C) model results (Fig. 9) correspond to modern and proxy-731 
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based observation in the eastern Fram Strait (Pieńkowski et al., 2021). However, drastically 732 

different conditions are simulated for the mPLIO and MIO experiments with various forcings, yet 733 

showing small but distinct differences (Fig. 9). Simulation results with CO2 forcing of 400 ppm 734 

and 450 ppm for Pliocene and Miocene, respectively, suggest winter/spring (January–May) SIC 735 

of 10–40% and SIT of < 0.4 m at ODP 910 (Fig. 9), yet ice-free conditions only during summer 736 

months (May–September). With enhanced ocean vertical mixing both SIC and SIT are reduced 737 

(to <10% and 0.1 m, respectively), reflecting more effective transport of heat from low to high 738 

latitudes and stronger local processes fostering warming. The inclusion of enhanced ocean 739 

vertical mixing thus mitigates the well-known cold bias of climate models with respect to the 740 

geologic record (Dowsett et al., 2013). While the model results from mPLIO400 and MIO450 741 

with standard vertical mixing predict up to 40% sea ice coverage in spring, very much reduced 742 

from recent conditions, this is inconsistent with the absence of the spring sea ice proxy IP25 in the 743 

ODP 910 sediments (Fig. 2). On the other hand, the simulations forced with enhanced vertical 744 

ocean mixing for both the mPLIO and MIO set ups reveal extremely thin (<0.1 m) winter sea ice 745 

coverage, with SST varying between 4.7 °C and 0.9 ⁰C in the coldest month of the year, in line 746 

with the sea ice proxy data. Interestingly, in a parallel site (ODP 911) on the Yermak Plateau, 747 

very low IP25 concentration (0.003 µg/g Sediment) was detected in two out of three samples 748 

(Clotten et al., 2019) supporting the presence of some sea ice during the winter months on the 749 

Yermak Plateau. Furthermore, proxy-based summer SSTs of 5 to 10 ⁰C (Fig. 2) are similar to 750 

results derived from the mPLIO/MIO simulations with enhanced vertical ocean mixing (max. 751 

~10°C; Fig. 9) whereby, for our mid-Piacenzian Warm Period simulation with standard mixing, 752 

the temperatures are rather on the colder side (max. ~8°C).   753 
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 754 

Figure 9. Seasonal cycle in the Arctic-Atlantic Gateway. Simulated seasonal cycle of sea ice 755 

concentration (SIC; top), sea ice thickness (SIT; middle), and sea surface temperature (SST; bottom) at the 756 

location of ODP Site 910 (80.2649⁰N, 6.5901⁰E) for various simulations with differing geographies 757 

(modern, Pliocene, Miocene), mixing parameterizations (standard and enhanced vertical mixing), and 758 

carbon dioxide forcing. Simulation names identify the affiliation of a simulation to preindustrial (PI), mid-759 

Piacenzian (mPlio), or middle Miocene (Mio) characteristic geography. Concentrations of carbon dioxide 760 

indicated by superscripts following the affiliation key. Simulations, where vertical mixing differs from 761 

standard conditions, are identified via the key “mix”. See Table 1 for details of model setups. Grey lines 762 

indicate 0°C iso-therm, 0 m iso-thickness, and 0% and 15% (sea ice border) iso-concentration, respectively. 763 

Data shown in the graph has been interpolated from the native grid of the ocean model to the core’s 764 

geographic location by employing the inverse distance weighted remapping algorithm (Climate Data 765 

Operators; (Schulzweida, 2023).  766 

 767 

  768 
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4.4 A 'blue' Arctic Ocean during the Early Pliocene — Geographic distribution of Arctic 769 

sea ice and temperature under enhanced ocean mixing 770 

The simulations that refer to the mid-Piacenzian (~3 Ma) at 400 ppm CO2, and to the middle 771 

Miocene (~15 Ma) at 450 ppm CO2, both with enhanced ocean vertical mixing (mPlio400mix, 772 

Mio450mix), resemble best the climate proxy data at ODP Site 910 for sea ice and SST 773 

reconstruction (Figs. 2,9). We propose that by extrapolating findings from both, well constrained 774 

model simulations for the entire Arctic Ocean, a consistent environmental scenario for SIC, SIT, 775 

and SST can be presented for the Early Pliocene (~4.5 – 5.33 Ma). Figure 10 illustrates these 776 

environmental conditions for both winter (March) and summer (September) for three simulations 777 

(PI, mPlio400mix, Mio450mix), respectively. In contrast to the pre-industrial (PI) simulation, 778 

which exhibits extensive sea ice concentration (SIC) and sea ice thickness (SIT), the Mio450mix 779 

simulation produces notably lower maximum SIT values (dmax = 0.8 m), compared to the 780 

mPlio400mix simulation (dmax = 1.6 m). During the Pliocene (mPlio400mix), the thickest sea ice 781 

is found in the East Siberian and Laptev Seas, whereas in the Miocene (Mio450mix), maximum 782 

ice thickness shifts towards the central Arctic Ocean and the Greenland margin (Fig. 10). 783 

Meridional heat transport into the Arctic Ocean is considerably stronger in winter during the 784 

mPlio400mix simulation, due to the enhanced vertical mixing and overturning as we will show in 785 

Section 4.5. For both mPlio400mix and Mio450mix simulations, the Arctic Ocean is free of sea 786 

ice during summer (September), which supports previous data-model reconstructions for the mid-787 

Pliocene warmth (Ballantyne et al., 2013; Csank et al., 2011c; Ballantyne et al., 2010; Dowsett et 788 

al., 2016; Dowsett et al., 2013; Dowsett et al., 1996), while our Pliocene simulation with standard 789 

ocean vertical mixing still shows presence of sea ice above the 15% threshold and ample extent of 790 

SST below 0°C (not shown). 791 
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While the PI reference state shows extensive sea ice concentration in the summer, with SIT in the 792 

range of 3 m across large parts of the Arctic Ocean and >8 m in Nares Strait, a “blue” Arctic 793 

Ocean during the summer is simulated regardless of the boundary conditions defined for the 794 

mPlio400mix and Mio450mix simulations. Maximum warmth is simulated for the Mio450mix, 795 

with no SSTs at the freezing point (0°C) across the entire Arctic Ocean (Fig. 10). The results 796 

clearly show that, while different boundary conditions (e.g. gateways, carbon dioxide) control the 797 

seasonality of sea ice, enhanced ocean mixing in the simulations is critical for the presence or 798 

absence of sea ice in the Pliocene Arctic Ocean. 799 

 800 

Figure 10. A “blue” Arctic Ocean during past warm periods. Geographic distribution of sea surface 801 

temperature (colorful shading), sea ice thickness (blue-white shading), and sea ice concentration (brown, 802 
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light red, and dark red iso-lines) for various simulations with differing geographies (modern, Pliocene, 803 

Miocene), mixing parameterizations (standard and enhanced vertical mixing), and carbon dioxide forcing. 804 

Simulation names identify the affiliation of a simulation to preindustrial (PI), mid-Piacenzian (mPlio), or 805 

middle Miocene (Mio) characteristic geography. Prescribed concentrations of carbon dioxide indicated by 806 

superscripts following the affiliation key. Simulations with modified vertical mixing identified via the key 807 

“mix”. See Table 1 for details of model setups. Shown is model output for the region of the Arctic Ocean 808 

and for the months of March (upper row) and September (lower row) that has been interpolated from the 809 

ocean model’s native grid to a regular 1°x1° resolution using the conservative remapping algorithm 810 

(Climate Data Operators; (Schulzweida, 2023). Conservative remapping has been chosen to retain details of 811 

the model’s land-sea-mask. Continents indicated by light gray shading (modern observed) and dark gray 812 

shading (model). The isolines shown refer to 0°C isotherm (white), 15% iso-concentration (brown), 50% 813 

iso-concentration (light red), and 75% iso-concentration (dark red), respectively. Locations of sites 814 

considered in this study indicated by green (for terrestrial) and red (for marine) records, see Fig. 1 and text 815 

for details. Unevenness of spatial resolution owes to the ocean model grid, that has high detail in the North 816 

Atlantic to Arctic Ocean, but relatively coarse resolution in the North Pacific (see Fig. 3). Maxima of sea 817 

ice concentration (cmax) and of sea ice thickness (dmax) in the entire Northern Hemisphere indicated by 818 

annotations in brackets and rounded to two decimals. Ice thickness below 1 mm not shown. For the two 819 

months presented here, the results of simulations Mio450 and Mio450
mix are rather similar, and we only show 820 

results for simulation Mio450
mix. 821 

 822 

4.5 Transport pathways of enhanced-mixing-induced excess heat into the Arctic  823 

Our simulations demonstrate that enhanced ocean vertical mixing consistently increases Arctic 824 

warmth across two paleogeographic configurations spanning the Early Pliocene (Table 1), 825 

improving the agreement of simulated and reconstructed Arctic conditions in many aspects as 826 

described above (Fig. 8). We thereby show that the response of the Arctic Ocean to enhanced 827 

ocean vertical mixing is that of an overall warming and reduced sea ice. We now identify 828 
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mechanisms that link enhanced ocean vertical mixing in our simulations with increased Arctic 829 

Ocean warmth. When analyzing in unison the response of (1) Atlantic Meridional Overturning 830 

Circulation (AMOC) (Fig. 11), (2) meridional heat transport in ocean and atmosphere (Fig. 12), 831 

and (3) heat exchange between ocean and atmosphere in the North Atlantic to Arctic realm (Fig. 832 

13) in Pliocene and Miocene geographies, we find that the mechanisms behind the response of 833 

Arctic sea ice to enhanced ocean vertical mixing fundamentally differ between the Pliocene and 834 

Miocene simulations presented here. This difference is linked to the dominant overturning regime 835 

in the ocean, Miocene vs. Pliocene. 836 

For the Pliocene we find a clear direct link of enhanced ocean vertical mixing in the ocean, 837 

increased strength and expansion of the AMOC, increased strength of northward meridional heat 838 

transport in the ocean, and overall increased heat flux from ocean to atmosphere in the North 839 

Atlantic to Arctic realm. Enhanced ocean vertical mixing increases, both in strength and depth, 840 

the Pliocene North Atlantic Deepwater (NADW) conveyor (Fig. 11), leading to increased heat 841 

convergence in the north. The net heat-exchange anomaly between ocean and atmosphere 842 

resulting from enhanced ocean vertical mixing is, across most of the North Atlantic–Arctic 843 

region, characterised by increased heat transfer from ocean to the atmosphere. An exception are 844 

parts of the eastern Arctic Basin, including the Norwegian, Barents, and Kara seas, where the 845 

ocean-to-atmosphere heat-flux anomaly indicates that slightly less heat is transferred to the 846 

atmosphere under enhanced mixing despite the reduction in sea-ice cover (Fig. 13). For the 847 

Pliocene, the impact of enhanced ocean vertical mixing on Arctic climate is therefore a 848 

combination of increased northward ocean meridional heat transport (Fig. 12) and local 849 

feedbacks, where the latter leads to an overall amplification of the impact of low-latitude heat 850 

supply via the ocean route on Arctic warmth in both atmosphere and ocean. 851 
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For the Miocene we find a distinctly different process linking enhanced ocean vertical mixing 852 

with Arctic warmth. It is evident that the increased mixing leads to a weaker and shallower 853 

NADW conveyor belt (Fig. 11). This is directly linked to reduced northward meridional ocean 854 

heat transport if compared to conditions in the Miocene setup with standard modern mixing 855 

parameters, where the ocean heat transport to the north is already lowered with respect to the pre-856 

industrial setup (Fig. 12). We find not only compensation of reduced northward meridional ocean 857 

heat transport by an increase in the respective atmospheric pathway, known as the Bjerknes 858 

compensation (Bjerknes, 1964), but we find in fact overcompensation, indicating that the 859 

atmosphere route of heat towards the north is much more important with enhanced ocean vertical 860 

mixing in the Miocene. In that case, enhanced mixing brings substantial amounts of heat via the 861 

atmosphere route towards the Arctic Ocean, which generates substantial warming and, in 862 

combination with locally amplifying feedbacks, gives rise to the lowest extent of sea ice found in 863 

any of the simulations studied here. In fact, the reduced northward heat transport via the ocean 864 

route leads to lower heat content in the Arctic realm in the upper ocean (not shown), highlighting 865 

how potent vertical mixing is in distributing heat to the Arctic even indirectly via processes that 866 

influence the atmosphere route and local feedbacks.  867 
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 868 

Figure 11. Streamfunction of the Atlantic Meridional Overturning Circulation (AMOC). Zonally 869 

integrated meridional volume transport in units of Sverdrup (Sv) shown for various simulations with 870 

standard and enhanced ocean vertical mixing. Positive (red hue) values illustrate clockwise circulation from 871 

the viewpoint of Europe, while negative (blue hue) values show counterclockwise flow. Upper AMOC cell 872 

with clockwise circulation is indicative of the North Atlantic Deep Water conveyor, while the lower 873 

AMOC cell with counterclockwise circulation illustrates the inflow of deep water of southern origin, in 874 

particular Antarctic Bottom Water. Various AMOC statistics annotated in semitransparent boxes. These 875 

values are computed for the region defined by dotted blue (20°N threshold) and dashed red lines, where the 876 

latter indicates a depth of 520 m, which is the depth of the first ocean model layer that is fully located 877 
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below the commonly assumed 500 m depth threshold for AMOC strength. Bottom topography estimated 878 

from the streamfunction (depths below the lowest level where the streamfunction is a finite value unequal 879 

to zero). 880 

 881 

Figure 12. Meridional heat transport (MHT) in ocean, atmosphere, and the total. We show total 882 

meridional heat transport in ocean and atmosphere (Total (ocean+atm)) computed from top-of-the-883 

atmosphere radiative imbalance; implied ocean meridional heat transport (Ocean (implied)) derived from 884 

ocean-atmosphere heat flux; atmosphere meridional heat transport (Atmospheric (residual)) derived as the 885 

difference between both aforementioned quantities. Total transport shown with faint lines to highlight the 886 

individual transport routes that are of interest. Transports in units of petawatt (PW) and positive towards the 887 

north. See Section 3.3 for details.  888 
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 889 

Figure 13. Heat flux anomaly ΔQnet between ocean and atmosphere in the North Atlantic to Arctic 890 

realm resulting from enhanced ocean vertical mixing. Shown are anomalies between a simulation with 891 

enhanced ocean vertical mixing and the respective reference simulation with standard mixing parameters. 892 

Negative values (blue hue) imply increased heat flux from the ocean to the atmosphere, and vice versa. 893 

Grey fill indicates the land sea mask in the model for the respective model geography, Pliocene and 894 

Miocene, respectively. 895 

 896 

5. Discussion 897 

5.1 Enhanced vertical ocean mixing improves Arctic model-proxy agreement 898 

The spring sea ice proxy IP25 is absent (below detection limit) in the Early Pliocene (~4.5 – 5.33 899 

Ma) both on the Yermak Plateau (ODP 910) and in the Iceland Sea (ODP 907) (Fig. 2) (Clotten et 900 

al., 2019; Knies et al., 2014a). Only after ~4.5-4.0 Ma did a substantial expansion of Arctic sea 901 

ice occur. Sea ice reached its modern winter maximum extension in the AAG for the first time 902 

during the culmination of the Northern Hemisphere glaciation, ca. 2.6 million years ago (Knies et 903 

al., 2014a). This implies that summer sea-ice free conditions prevailed in the eastern AAG only 904 
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during the Early Pliocene between ~5.3 and 4.5 Ma. Parallel SST values ranging between 5 and 905 

10 ⁰C in ODP 910 and 8 to 13 ⁰C in ODP 907 support this inference (Fig. 2). Results from climate 906 

simulations obtained at ODP Site 910 can reproduce this climate proxy-based scenario only with 907 

specific boundary conditions. The annual pre-industrial SIC (50-90 %), SIT (~1-2 m) and SST (~ 908 

-2⁰C) model results (Fig. 9) correspond to modern and proxy-based observation in the eastern 909 

Fram Strait (Pieńkowski et al., 2021). However, drastically different conditions are simulated for 910 

the mPLIO and MIO experiments with various forcings yet showing small but distinct differences 911 

(Fig. 9). 912 

In our model, simulations with a comparatively moderate enhancement of vertical mixing 913 

(Lohmann et al., 2022) most accurately reproduce sea ice extent and SST reconstructions from 914 

the eastern AAG (Fig. 2), the overall warmer Arctic realm suggested by various marine and 915 

terrestrial proxies from the late Miocene to the Late Pliocene (Fig. 8), and reconstructed reduced 916 

meridional temperature gradients (Lohmann et al., 2022). This suggests that the strength of ocean 917 

mixing exerts a greater influence on Arctic sea ice conditions than the prescribed atmospheric 918 

CO2 concentrations alone.  919 

 920 

5.2 Physical mechanisms and limitations of enhanced mixing as an explanation 921 

We emphasize that enhanced vertical ocean mixing may compensate for other model limitations 922 

in representing key processes related to meridional heat transport, surface albedo and emissivity, 923 

the latter two particularly in the Arctic. Among the likely modulators of the Earth's radiative 924 

balance – and contributors to Arctic amplification – are cloud cover and atmospheric water vapor, 925 

both of which influence regional temperature responses and may help explain a warmer Arctic 926 

Ocean (Lohmann et al., 2022). For mPLIO and MIO simulations that are controlled by geography 927 

and greenhouse gases alone, it has been found that annual mean cloud cover is globally mostly 928 
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reduced, but actually increased in the Arctic (Lohmann et al., 2022). In simulations with 929 

enhanced ocean vertical mixing, cloud cover is reduced globally and across most of the Arctic but 930 

increased closer to the North Pole (cf. Lohmann et al. (2022), their Supplement Figure S9), 931 

illustrating the complex pattern of cloud cover changes in a warming Arctic. While in a modern 932 

Arctic with pronounced Arctic sea ice the overall annual net-effect of clouds is that of a warming 933 

(Intrieri et al., 2002), in a “blue” Arctic with less ice cover we can expect the shortwave radiative 934 

impact of clouds, that results in surface cooling, to become more relevant. The net role of clouds 935 

in a warmer Arctic, overall warming vs. overall cooling, may therefore depend on model-specific 936 

details of cloud properties. The impact of cloud model parameters on the extent of warmth in the 937 

Arctic of the Last Interglacial has been recently demonstrated (Akima et al., 2026). Therefore, 938 

enhancing the representation of Earth system processes that decrease high-latitude albedo and 939 

emissivity — while incorporating the latest insights into Pliocene geographic configurations — 940 

could be a viable approach to aligning climate models more closely with the geologic record of 941 

past warm Arctic climates.  942 

 943 

While the assumed CO2 alone is able to increase Arctic temperatures in the presence of mPLIO 944 

boundary conditions (i.e. mid-Pliocene paleogeography) (Stepanek et al., 2020; Lunt et al., 2008), 945 

simulated temperature anomalies are still far too small in comparison to the geological record 946 

(Figs. 2,8,9) (Dowsett et al., 2013). Our simulations with enhanced vertical mixing can mitigate 947 

this bias. Physical processes that can plausibly be assumed to have mixed the ocean more 948 

efficiently during past greenhouse climate states include changes in tidal dissipation due to 949 

altered continental and shelf configurations, invigorated tropical atmospheric circulation, and 950 

increased storm activity (Fedorov et al., 2013; Lohmann et al., 2022). Alternatively, a reduced 951 

meridional temperature gradient, with invigorated warmth in the Arctic, created by vertical 952 
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mixing, may only mitigate other model limitations. For example, simulations by Lohmann et al. 953 

(2022) have shown that contributions from both planetary albedo and effective emissivity 954 

contribute to enhanced warmth at high latitudes. Our results are in line with earlier hypotheses 955 

that reduced meridional temperature gradients of the Pliocene resulted from decreased reflectivity 956 

of the Earth system and from increased meridional heat transport (Ballantyne et al., 2013; Csank 957 

et al., 2011c; Ballantyne et al., 2010). 958 

By analyzing differences in meridional heat transport across ocean and atmosphere components 959 

of the Earth System, the strength of the AMOC, and the heat flux between ocean and atmosphere 960 

in the North Atlantic to Arctic realm as a response to enhanced ocean vertical mixing, we show 961 

that the impact of a more vigorously stirred ocean on high latitude climate may strongly depend 962 

on the geography present in the model. From the viewpoint of ocean circulation, we see that the 963 

most relevant difference between the employed Pliocene and Miocene setups is the state of ocean 964 

gateways. While the Bering Strait is closed in both setups, a state that has been shown to increase 965 

meridional ocean heat transport in the Atlantic Ocean and warmth in the North Atlantic realm 966 

(Otto-Bliesner et al., 2017; Stepanek et al., 2020), a relevant difference in ocean gateways 967 

between both model setups is that of the CAS and of the Tethys. While enhanced ocean vertical 968 

mixing increases ocean heat transport towards the North in the Pliocene, the respective ocean heat 969 

transport increase in a geography configuration characteristic for the Miocene is rather towards 970 

the south. This can be explained by vertical mixing enhancing ocean heat transport in the 971 

preferred direction the climate state has previously been primed for. For the Pliocene this 972 

direction is more northward, for the Miocene it is rather southward (Fig. 12). State-dependency of 973 

the impact of enhanced ocean vertical mixing on the direction of meridional heat transport in the 974 

ocean can be understood in the larger context of the evolution of the interhemispheric partition of 975 

meridional heat transport directions across the Cenozoic. Gateway configuration was more 976 
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favourable to southward ocean heat transport in the early Cenozoic with open Drake Passage and 977 

CAS. Over time, and together with gateway reconfiguration, meridional ocean heat transport 978 

oriented towards the north, with the modern state of gateways favouring a strong northward heat 979 

transport across all latitudes of the Atlantic Ocean basin (Bice et al., 2000). Assuming that the 980 

CAS was open during the Early Pliocene to an extent that allowed ocean heat transport to still be 981 

sufficiently impacted, our findings suggest that at that time enhanced ocean vertical mixing may 982 

have caused Arctic warmth via a more indirect atmospheric route rather than via the obvious 983 

pathway of enhanced northward ocean meridional heat transport. 984 

There are other possible mechanisms that could provide similarly plausible explanations for a 985 

warmer Arctic, including different cloud and vegetation types in other background climates 986 

(Arima et al., 2026; Lohmann et al., 2022). Although near-surface warming may also arise from 987 

atmospheric processes related to clouds (Ceppi and Nowack, 2021), enhanced ocean vertical 988 

mixing has been shown to reduce discrepancies between reconstructed (Lear et al., 2015) and 989 

simulated deep-ocean temperatures, particularly for the Miocene (Lohmann et al., 2022). Because 990 

deep-ocean temperatures are closely linked to the efficiency of vertical heat exchange across the 991 

water column, one may infer that ocean mixing processes play a crucial role in explaining the 992 

vertical temperature structure in warm past climates. This motivates consideration of processes 993 

and model mechanisms that increase ocean vertical mixing in warm climates in future research. 994 

 995 

5.3 Towards resolving ocean mixing processes: parameterization and future model 996 

development 997 

We argue that ocean model processes that enhance the vertical distribution of heat in the water 998 

column and that reduce the dependence on parameterized vertical mixing constitute a promising 999 

direction for future paleoclimate research. Ocean vertical mixing parameterizations act as 1000 
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surrogates for unresolved sub-grid scale vertical processes, including shear-driven turbulence, 1001 

diapycnal mixing, convective adjustment, and boundary layer turbulence (Zhu et al., 2022). 1002 

Separately, the effects of unresolved mesoscale eddies, which also indirectly influence diapycnal 1003 

mixing via submesoscale processes and interal wave generation, are addressed through 1004 

parameterizations such as that by Gent-McWilliams (Gent, 1995). While enhanced vertical 1005 

mixing is employed here in a paleoclimatic context, its influence on high-latitude warming has 1006 

also been demonstrated for the recent climate (Lohmann, 2020). To reproduce observed large-1007 

scale circulation patterns and water-mass properties, parameter values must be constrained by 1008 

prior knowledge, theoretical considerations, or plausible ranges. If the dynamics of warm 1009 

climates differ from those for which parameter values were originally defined, and if models fail 1010 

to reproduce reconstructed conditions such as those of the Early Pliocene, the unmodified 1011 

applicability of parameters derived from modern calibration must be questioned. 1012 

However, this is a common problem amongst climate models employed for paleoclimate research 1013 

at tectonic timescales (Zhu et al., 2024), where the demand to spin up climate models to 1014 

substantially different climate states, regularly including paleogeographic configurations very 1015 

different from today, necessitates employing models at lower spatial resolution than commonly 1016 

done for CMIP-style simulations of recent to near-future climates. 1017 

 1018 

Several limitations of our study should be acknowledged. First, the Early Pliocene is bracketed by 1019 

Pliocene and Miocene simulations rather than represented by a dedicated time-slice experiment. 1020 

This could be remedied by more modelling groups running the dedicated Early Pliocene 1021 

experiment of PlioMIP3 (Haywood et al., 2024). Second, proxy coverage of the Arctic Ocean 1022 

remains spatially sparse, highlighting the necessity for better coverage for reconstructions of past 1023 

Arctic environmental conditions across space and time. Third, enhanced vertical mixing is 1024 
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implemented through a parameter perturbation intended to represent unresolved ocean processes 1025 

rather than a direct reconstruction of Early Pliocene mixing rates (Wang et al., 2019; Chen et al., 1026 

2024; Song et al., 2022). Consequently, our conclusions concern the plausibility and dynamical 1027 

consistency of a seasonally ice-free Arctic Ocean rather than a unique reconstruction of Early 1028 

Pliocene climate conditions. 1029 

The development of models capable of dynamically representing mixing-related 1030 

processes (e.g. eddies, wave-braking, different tidal dynamics in altered basin geometries) at a 1031 

computational efficiency sufficient to equilibrate climate models when simulating past warm 1032 

climates much different from today will therefore be central to advancing reconstructions of past 1033 

warm Arctic climates and exploring the causes for model–proxy mismatches. This study 1034 

underscores the value of combining boundary conditions and forcing experiments from 1035 

intercomparison projects (e.g. PlioMIP, MioMIP) with parameter-adjustment analyses (Lohmann 1036 

et al., 2022; Otto-Bliesner et al., 2017; Mikolajewicz et al., 2025; Ramos et al., 2022; Kapsch et 1037 

al., 2022), which remains essential for constraining model behavior against geological evidence. 1038 

 1039 

6. Conclusions 1040 

In conclusion, this study provides new insights into the Arctic climate during the Early Pliocene. 1041 

We demonstrate that the Arctic Ocean was ice-free during summer under atmospheric CO₂ 1042 

concentrations comparable to present-day levels if we consider the impact of more vigorous 1043 

mixing in the ocean as plausible. However, our results also indicate that sea ice remained a 1044 

persistent feature during winter, even under these warm climate conditions. The continued 1045 

mismatch between Arctic proxy records and climate model simulations that are based solely on 1046 

reconstructed geography and elevated CO₂ levels highlights the critical role of meridional heat 1047 
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transport, which in our simulations is amplified by enhanced vertical mixing. We explicitly hint 1048 

to other unresolved processes contributing to shaping Arctic sea ice dynamics.  1049 

Both proxy evidence and model output here suggest that the Arctic climate system of the Early 1050 

Pliocene operated under fundamentally different dynamics than today’s Arctic, despite similar 1051 

atmospheric CO₂ concentrations. These dynamics are not necessarily captured by climate models 1052 

developed, tested, and calibrated for the modern climate system. This discrepancy may stem from 1053 

unresolved physical processes in the models (e.g., enhanced vertical mixing by tides or other 1054 

mechanisms) or inaccuracies in the representation of Arctic geography. Enhanced ocean mixing 1055 

should therefore be viewed as one physically plausible mechanism capable of reducing model–1056 

proxy mismatch rather than as the unique explanation for Early Pliocene Arctic warmth. 1057 

Resolving these uncertainties is essential for accurately constraining future Arctic climate 1058 

trajectories in a rapidly warming world. Our results demonstrate that the climatic impact of 1059 

enhanced vertical ocean mixing depends strongly on gateway configuration. To assess the 1060 

robustness of these heat transport pathways across models, future studies should extend this 1061 

analysis using multi-model ensembles. In addition, paleoclimate simulations with climate models 1062 

that rely less on vertical mixing to parameterize unresolved ocean processes would help 1063 

disentangle the mechanisms driving past warm Arctic climates. Our findings provide a strong 1064 

rationale for further investigation within the PlioMIP3 Early Pliocene multi-model ensemble 1065 

(Haywood et al., 2024). 1066 

 1067 

 Code and data availability 1068 

Software employed in the context of creating simulations, analyses, and plots for the purpose of 1069 

the study contains the following elements: 1070 

1. COSMOS suite of Earth System Models 1071 

https://doi.org/10.5194/egusphere-2026-4723
Preprint. Discussion started: 18 August 2026
c© Author(s) 2026. CC BY 4.0 License.



 

 

53 

 

a) software 1072 

COSMOS has been formerly developed by the Max Planck Institute for Meteorology in 1073 

Hamburg/Germany (MPI-Met; https://mpimet.mpg.de/en). We have access to this 1074 

software package, that includes model source code and accompanying scripts to 1075 

compile, set up and run the model, via an agreement with the MPI-Met. The model is 1076 

not publicly available. Copies of the software must be requested and obtained directly 1077 

from the MPI-Met. Distribution of the software is subject to a license agreement. 1078 

b) COSMOS climate model output 1079 

The climate model output created by us and employed in the context of this study is 1080 

available upon request. Some of the variables analyzed here have already been made 1081 

available to the community via 1082 

i. the PlioMIP2 model output server (access available upon request by Julia Tindall, 1083 

School of Earth and Environment, University of Leeds) 1084 

ii. a data publication (https://doi.pangaea.de/10.1594/PANGAEA.927137) linked to 1085 

the publication by Lohmann et al. (2022) available at 1086 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020PA003953 1087 

2. Climate Data Operators 1088 

Analysis of the output of the software has been largely performed based on Climate Data 1089 

Operators (CDO) that are available to the public via 1090 

https://code.mpimet.mpg.de/projects/cdo or software distribution channels 1091 

3. Python-scripts 1092 

We have created various scripts to analyze the output of the software and to produce the 1093 

various plots employing publicly available python packages. 1094 

Some analyses in the python scripts process model data via calls to the CDO. These python 1095 

scripts are made available upon request. Towards creating a model-intercomparison of 1096 
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COSMOS with other common climate models, scripts that derive Figures 4-7 do not only 1097 

process and visualize COSMOS model output but also refer to corresponding climate model 1098 

output of the piControl simulation of various CMIP3/CMIP5/CMIP6 models. Any CMIP 1099 

model output used by these scripts is generally available to the public and has been obtained 1100 

from the Earth System Grid Federation. The search catalog is available at https://esgf-1101 

metagrid.cloud.dkrz.de/search. Simulations employed are referenced in the manuscript, a 1102 

more detailed overview is available from the supplement to the manuscript by Khoo et al. 1103 

(2025) available at https://cp.copernicus.org/articles/21/299/2025/cp-21-299-2025-1104 

supplement.pdf, in particular their Table S4. 1105 
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