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Abstract 29 

 30 

Rapid Arctic sea-ice retreat is exposing the upper ocean to intensified mesoscale 31 

variability, yet whether the mechanism by which eddies deliver heat to the ice base 32 

evolves with this retreat remains unclear. Here we use an eddy-resolving coupled model 33 

to examine how basal heat-transfer mechanisms evolve over a century-long simulation 34 

of sea-ice retreat. As the marginal ice zone expands, eddy-driven ocean-to-ice heat flux 35 

intensifies and contributes an increasing share of the sea-ice heat budget. A 36 

decomposition of this eddy-driven flux into thermal, mechanical, and covariance 37 

components shows that the thermal and mechanical terms remain substantial across 38 

contrasting ice states, but neither exhibits a systematic increase across marginal ice 39 

regimes during sea-ice retreat. The overall strengthening is instead driven by the growth 40 

of the covariance term. As sea ice thins and retreats, intensified friction-velocity 41 

fluctuations become more tightly coupled to upper-ocean temperature anomalies, 42 

allowing mesoscale variability to transfer heat more efficiently to the ice base. These 43 

results reveal a state-dependent mesoscale pathway for Arctic sea-ice loss that is not 44 

captured by mean-gradient-based parameterizations in current climate models. 45 

 46 

Introduction  47 

 48 

Arctic sea ice is declining at an unprecedented rate, reshaping the high-latitude ocean–49 

ice–atmosphere system (1-5). As the ice cover retreats and thins, the upper Arctic Ocean 50 

absorbs more solar radiation and receives enhanced lateral heat transport through the 51 

Atlantic and Pacific gateways, progressively increasing the oceanic heat available 52 

beneath the ice (6-10). On multi-decadal timescales, ocean-to-ice heat flux (OHF) is 53 

projected to exceed atmospheric forcing as the dominant driver of summer sea-ice loss 54 

(11). Yet it remains unclear whether this growing oceanic heat supply simply 55 

accelerates basal melt or also alters the dominant pathway by which heat is delivered 56 

to the ice base. 57 

 58 

The marginal ice zone (MIZ), where fragmented and mobile sea ice interacts with the 59 

open ocean, has expanded substantially as Arctic sea ice has retreated and has become 60 

a key region of ocean-to-ice heat exchange (12). Within the MIZ, mesoscale eddies 61 

arising from ocean dynamical instabilities play an important role in redistributing heat 62 

and regulating its delivery to the ice base (13-19). Eddy activity is also projected to 63 

intensify as sea ice declines (20). By creating localized and intermittent pathways for 64 

oceanic heat to reach the underside of the ice, these eddies modulate basal melt (21-22) 65 

and influence sea-ice distribution within the MIZ (23-24). However, whether eddies 66 
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simply enhance ocean-to-ice heat transfer or whether the mechanisms of eddy-driven 67 

ocean-to-ice heat transfer themselves evolve as sea ice retreats remains unresolved. 68 

 69 

Current climate models, limited by coarse horizontal resolution, parameterize rather 70 

than explicitly resolve mesoscale dynamics in the Arctic Ocean (25-26). Such 71 

parameterizations represent eddy effects through time-mean gradients and therefore do 72 

not explicitly capture covariance between friction-velocity fluctuations and thermal-73 

driving anomalies at the ice–ocean interface. As sea ice thins and retreats, the 74 

mechanisms by which eddies transfer heat to the ice base may change in ways that 75 

mean-state parameterizations cannot represent. 76 

 77 

Here we use the eddy-resolving global coupled model AWI-CM3, with 2-km ocean 78 

resolution in the Arctic, to diagnose how the mechanistic pathways of eddy-driven 79 

ocean-to-ice heat transfer evolve across contrasting sea-ice states in a century-long 80 

simulation. By decomposing eddy-driven OHF into thermal, mechanical and 81 

covariance components, we show that sea-ice retreat reorganizes the internal structure 82 

of eddy-driven heat transfer, with an emerging dynamic–thermal coupling at the ice 83 

base becoming the primary source of intensification. This covariance-driven pathway, 84 

which is not explicitly represented in current climate-model parameterizations, may 85 

become increasingly important for future basal heat transfer in the Arctic marginal ice 86 

zone. 87 

 88 

Intensification of eddy-driven ocean-to-ice heat flux during sea ice retreat 89 

 90 

Arctic sea-ice area declines throughout the twenty-first century in the AWI-CM3 91 

simulation, with September showing the steepest reductions and approaching ice-free 92 

conditions by the end of the century (Fig. 1a). To examine how ocean-to-ice heat 93 

transfer evolves with this decline, we define three reference periods that represent 94 

contrasting ice states rather than predictions of specific future conditions: a Modern 95 

state (2004–2013), a Mid-term state (2050–2059), and a Long-term state (2090–2099). 96 

Simulated sea-ice variability agrees well with observations from the National Snow and 97 

Ice Data Center (NSIDC), with anomaly correlations of R = 0.73 for both annual-mean 98 

and September sea-ice area over 1989–2019 (Extended Data Fig. 1). Across all three 99 

reference periods, sea-ice loss is most pronounced in summer (June–August) (Extended 100 

Data Fig. 2a), when the marginal ice zone is most extensive and ocean-to-ice heat 101 

exchange is most active. We therefore focus on summer to examine how eddy-driven 102 

heat-transfer processes differ among contrasting ice states. Summer sea-ice area 103 

decreases from about 8.5 to 4 million km² across the three states, accompanied by a 104 

pronounced poleward retreat of the marginal ice zone (MIZ; sea ice concentration (SIC) 105 

< 80%) (Fig. 1b). Over the same period, sea surface temperature (SST) rises and sea-106 
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surface eddy kinetic energy (EKE) more than doubles (Fig. 1c,d; Extended Data Fig. 107 

2b,c), indicating a progressively more energetic upper ocean as ice cover declines. 108 

 109 

As sea ice retreats, the marginal ice zone expands from the Atlantic inflow sector into 110 

the broader Arctic interior (Fig. 2a), accompanied by widespread thinning along the 111 

expanding ice edge (Extended Data Fig. 3). Ocean-to-ice heat flux (OHF) intensifies 112 

and extends poleward with the MIZ (Fig. 2b). In the Modern and Mid-term states, 113 

elevated OHF is largely confined to the Barents Sea and Fram Strait, where warm 114 

Atlantic inflow promotes basal melt. By the Long-term state, regions of high OHF 115 

extend across the Eurasian Basin and onto continental shelves, closely following the 116 

widened MIZ. Within this expanding zone, eddy-driven OHF increases in both 117 

magnitude and spatial extent, accompanied by intensified sea-surface EKE (Fig. 2c; 118 

Extended Data Fig. 4a,b). Areas where eddy contributions exceed 50% of total OHF 119 

are initially restricted to narrow bands along the ice edge in the Modern state, but 120 

expand across much of the MIZ by the Long-term state, particularly in the Barents Sea, 121 

Eurasian Basin, Chukchi Shelf and Baffin Bay. Within a fixed analysis domain 122 

encompassing the Modern MIZ (purple line in Fig. 2c), a sea-ice heat-budget analysis 123 

(Fig. 2d) is consistent with this transition: in the Modern and Mid-term states, 124 

atmosphere-to-ice heat flux exceeds OHF and eddy contributions are minor, whereas 125 

by the Long-term state OHF approaches the magnitude of atmospheric flux, with eddy-126 

driven OHF becoming a substantial contributor (~26% of total OHF within the analysis 127 

domain). 128 

 129 

The increase in eddy contribution is not spatially uniform across sea-ice concentration 130 

regimes (Fig. 3). The high-SIC region (>80%) retreats, whereas all MIZ regimes 131 

(<20%, 20–60%, and 60–80%) expand (Fig. 3a). Sea-ice thickness decreases in both 132 

the high-SIC and MIZ regions (Fig. 3b). In the high-SIC region, atmosphere-to-ice heat 133 

flux remains the dominant heat source across all three states and continues to exert a 134 

strong influence in regions with SIC above 60% (Fig. 3c). By contrast, in lower-SIC 135 

regions (<60%), OHF rivals or exceeds atmospheric flux as the primary driver of ice 136 

melt. The eddy fraction of total OHF increases across all SIC regimes, but most strongly 137 

in the <20% and 20–60% regimes (Fig. 3c). Across all three states, both the eddy-driven 138 

fraction of total OHF and sea-surface EKE increase as SIC decreases (Fig. 3c,d), with 139 

the largest eddy contributions and highest EKE consistently occurring in the least ice-140 

covered regions. Because these lower-SIC regions also expand in area (Fig. 3a), they 141 

further amplify the Arctic-wide contribution of eddy-driven OHF. Within the MIZ, 142 

stable sea ice (lifetime ≥30 days) is concentrated mainly in the 20–60% and 60–80% 143 

SIC regimes, whereas the <20% regime is dominated by short-lived ice (Extended Data 144 

Fig. 5). We therefore focus the mechanistic analysis on partially ice-covered regimes 145 

(20–80% SIC), where persistent sea ice interacts most directly with eddy-driven ocean-146 

to-ice heat transfer. 147 

 148 

Mechanistic evolution of eddy-driven ocean-to-ice heat flux 149 
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The intensification of eddy-driven OHF documented above indicates that basal heat 150 

transfer in the MIZ becomes increasingly sensitive to mesoscale variability as sea ice 151 

retreats. To identify the source of this intensification, we decompose eddy-driven OHF 152 

into three mechanistic components: a thermal term (𝑢∗̅̅ ̅ ௗܶ′), representing transient 153 

thermal-driving anomalies acting on the mean friction velocity; a mechanical term 154 

(𝑢∗′ ௗܶ̅̅ ̅), reflecting friction-velocity fluctuations acting on the mean thermal driving; and 155 

a covariance term ( 𝑢∗′ ௗܶ′ ), representing the temporal coupling between friction-156 

velocity fluctuations and thermal-driving anomalies (Fig. 4a). In both Low-mid MIZ 157 

(20–60% SIC) and High MIZ (60–80% SIC), the thermal and mechanical terms 158 

dominate eddy-driven OHF in the Modern state, whereas the covariance term 159 

contributes a smaller fraction of eddy-driven OHF (Fig. 4a). As sea ice retreats, the 160 

thermal and mechanical terms remain substantial but show no systematic increase, 161 

whereas the covariance term increases substantially and becomes a major contributor—162 

and is the only component that grows coherently across the three ice states (Fig. 4a).  163 

 164 

The origin of this reorganization becomes clearer from the evolution of the underlying 165 

thermal and mechanical drivers. From the Modern to the Long-term state, friction-166 

velocity anomalies, 𝑢∗′ , increase markedly, whereas the mean friction velocity, 𝑢∗̅̅ ̅, 167 

remains relatively stable and both the mean thermal driving, ௗܶ̅̅ ̅, and thermal-driving 168 

anomalies, ௗܶ′ , decrease (Fig. 4b, c). This weakening of local thermal contrast does not 169 

indicate a cooling upper Arctic Ocean, because basin-averaged SST increases from the 170 

Modern to the Long-term state (Fig. 1c). Instead, it reflects the poleward migration of 171 

the MIZ into colder background waters (Extended Data Fig. 6), while stronger friction-172 

velocity variability compensates for the weaker thermal driving. As sea ice thins and 173 

becomes more mobile, mesoscale variability is transmitted more effectively into ice–174 

ocean friction-velocity variability: for a given EKE, 𝑢∗′ is systematically larger in the 175 

Long-term state (Fig. 4d). When these amplified friction-velocity fluctuations become 176 

temporally aligned with thermal-driving anomalies, the covariance term, 𝑢∗′ ௗܶ′ , 177 

strengthens. This coherence becomes pronounced in the Long-term state across much 178 

of the Arctic (Extended Data Fig. 7). The thermal term weakens because it depends on 179 ௗܶ′ , which decreases across ice states. The mechanical term shows a modest increase in 180 

the High MIZ, where amplified 𝑢∗′  partly compensates for declining ௗܶ̅̅ ̅ , but the 181 

increase is limited. Both contributions therefore remain important but are increasingly 182 

outpaced by the covariance term. 183 

 184 

The covariance-driven intensification operates across the expanding MIZ, but the 185 

balance between the amplitude of 𝑢∗′  and its coherence with ௗܶ′  differs between SIC 186 

regimes. Both controls strengthen as sea ice retreats, yet their relative importance varies 187 

with SIC. In the Low-mid MIZ, the temporal correlation between 𝑢∗′ and ௗܶ′ is strong 188 

and spatially extensive (Extended Data Fig.7), making coherence the main driver of 189 

covariance-term growth in this regime. In the High MIZ, the correlation is weaker, but 190 𝑢∗′ is substantially larger for a given level of EKE, and this advantage increases from 191 

the Modern to the Long-term state (Fig. 4d). This contrast is consistent with differences 192 
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in ice conditions. In the Low-mid MIZ, sparse ice can drift more freely with the surface 193 

ocean, reducing ice–ocean relative velocity and thereby limiting friction-velocity 194 

fluctuations. In the High MIZ, ice is denser but remains mobile, providing sufficient 195 

mechanical resistance to sustain larger ice–ocean friction-velocity fluctuations while 196 

still responding to mesoscale forcing. Together, these complementary effects allow the 197 

covariance-driven pathway to intensify across the full width of the MIZ as sea ice 198 

retreats.  199 

 200 

In addition to friction-velocity fluctuations, the covariance term also depends on the 201 

processes that sustain summer thermal-driving anomalies. Mixed-layer temperature 202 

variability in the MIZ is driven primarily by atmospheric heat flux, which remains the 203 

dominant source of upper-ocean warming across all three ice states (Extended Data Fig. 204 

8). At the same time, horizontal and vertical eddy heat advection both intensify and 205 

expand with the widening MIZ (Extended Data Fig. 4c, d), providing an additional 206 

source of upper-ocean thermal variability along the ice edge and adjacent shelf seas. 207 

The covariance-driven pathway therefore links two processes: atmosphere-driven 208 

upper-ocean thermal anomalies and eddy-driven friction-velocity fluctuations at the ice 209 

base. Sea-ice retreat strengthens the latter while the former persists, allowing their 210 

temporal coupling to become an increasingly effective pathway for basal heat transfer. 211 

Ultimately, sea-ice retreat increases not simply the exposure of the ice base to oceanic 212 

heat, but the efficiency with which mesoscale variability transfers that heat across the 213 

ice–ocean interface. 214 

 215 

Discussion 216 

 217 

Our results show that Arctic sea-ice retreat does not simply increase eddy-driven ocean-218 

to-ice heat transfer, but changes how mesoscale variability couples to the ice base. In 219 

the modern MIZ, eddy-driven OHF is mainly supported by thermal and mechanical 220 

terms, whereas covariance plays a minor role. As the MIZ expands and sea ice becomes 221 

thinner and more mobile, the covariance term becomes the fastest-growing component, 222 

linking atmosphere-sustained upper-ocean thermal anomalies with eddy-amplified 223 

friction-velocity fluctuations at the ice base. Thus, thermal and mechanical controls 224 

remain important, but basal heat transfer becomes increasingly sensitive to the temporal 225 

coupling between dynamic and thermal anomalies. This evolution suggests a potential 226 

positive feedback: as sea ice thins and retreats, the upper ocean becomes more 227 

dynamically active, intensifying covariance-driven ocean-to-ice heat transfer, which 228 

may promote further basal melt and MIZ expansion. At the same time, this feedback is 229 

likely self-limiting, operating only where sea ice remains sufficiently thick and dense 230 

to sustain ice–ocean friction-velocity fluctuations against mesoscale forcing. 231 

 232 

The emergence of the covariance pathway has important implications for climate-233 



 7 

model development. Current coarse-resolution models can reproduce the broad 234 

trajectory of Arctic sea-ice decline (27–30), but many represent unresolved eddy effects 235 

primarily through parameterizations tied to mean-state gradients and therefore do not 236 

explicitly capture the covariance pathway identified here. Our results suggest that this 237 

limitation may be less consequential under modern conditions, when covariance 238 

contributions are small, but may become increasingly important as sea ice thins and the 239 

covariance term grows. The implication is not only one of model resolution. Even if a 240 

model reproduces the correct total OHF, it may do so through an incorrect combination 241 

of mechanisms and could therefore respond inaccurately as ice conditions move beyond 242 

the range over which present-day parameterizations were developed. Capturing the 243 

state-dependent coupling between interfacial friction-velocity variability and thermal-244 

driving anomalies at the ice base may therefore be necessary to represent the changing 245 

efficiency of ocean-to-ice heat transfer under continued warming. Future projections of 246 

Arctic sea-ice loss may thus depend not only on simulated ocean heat near the ice 247 

margin, but also on how efficiently mesoscale variability transfers that heat to the ice 248 

base. 249 

 250 

Several limitations should be acknowledged. Our analysis is based on a single eddy-251 

resolving coupled simulation under the SSP5-8.5 scenario and therefore does not 252 

constrain the precise timing or spatial pattern of future sea-ice loss. The mechanism 253 

identified here should instead be interpreted as a state-dependent process emerging as 254 

the ice cover thins and the MIZ expands. In addition, the continuum sea-ice formulation 255 

in AWI-CM3 does not resolve floe-scale processes such as lateral melting, which may 256 

modify ice–ocean coupling (31–35). The decomposition framework also isolates 257 

pathways within the bulk OHF parameterization and does not explicitly represent 258 

smaller-scale processes such as under-ice turbulent mixing or meltwater-driven 259 

stratification. Testing this mechanism across other eddy-resolving models and with 260 

emerging under-ice observations will be necessary to assess the generality of the 261 

covariance-driven pathway across Arctic regions and ice states. 262 

 263 

Despite these limitations, our results identify a state-dependent pathway by which sea-264 

ice retreat can increase the efficiency of ocean-to-ice heat transfer. The emergence of 265 

this covariance-driven pathway highlights a mechanism that is not explicitly 266 

represented in many current climate-model parameterizations and that may become 267 

increasingly important for the future mass balance of the Arctic marginal ice zone. 268 
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 299 

Fig. 1 | Long-term changes in Arctic sea-ice, sea surface temperature (SST), and 300 

eddy kinetic energy (EKE). a, Time series of Arctic sea-ice area from the high-301 

resolution coupled simulation, showing annual means (red solid curve) and September 302 

minima (red dashed curve), with a linear fit to the annual-mean series (blue). Agreement 303 

with NSIDC observations is shown in Extended Data Fig. 1. Vertical dashed lines 304 

indicate the three reference periods analyzed here: the Modern (2004–2013), Mid-term 305 

(2050–2059), and Long-term (2090–2099) states. b, Summer (June–August) Arctic 306 

sea-ice area for the three reference periods. Inset, circumpolar ocean bathymetry and 307 

summer-mean marginal ice zone extent (MIZ; SIC < 80%) in 2010, 2055, and 2095, 308 

with boundaries color-coded by period. c, Arctic-mean summer SST in each period. d, 309 

Arctic-mean summer sea-surface EKE in each period. The decline in summer sea ice is 310 

accompanied by warmer surface waters and stronger eddy activity, consistent with a 311 

progressively more energetic upper ocean as sea ice retreats. 312 

 313 
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 314 

Fig. 2 | Long-term changes in Arctic summer sea-ice concentration, ocean-to-ice 315 

heat flux, eddy contribution to ocean-to-ice heat flux, and sea-ice heat budget. a, 316 

Summer (June–August) sea-ice concentration in 2010, 2055, and 2095 from the 317 

coupled simulation with 2-km ocean resolution in the Arctic. Regional domains are 318 

labeled as follows: A, Barents Sea; B, Eurasian Basin; C, Canadian Basin; D, Laptev 319 

Sea; E, Chukchi Shelf; and F, Baffin Bay. The light red contour marks the 1,000-m 320 

isobath. b, Spatial distribution of ocean-to-ice heat flux (OHF) for the three time slices. 321 

Black contours indicate the marginal ice zone (MIZ; SIC < 80%). c, Eddy contribution 322 

to OHF, expressed as the ratio of eddy-driven OHF to total OHF. The purple dashed 323 

line marks the northern boundary of the sea-ice heat-budget analysis shown in panel d. 324 

d, Components of the sea-ice heat budget for the Modern (2004–2013), Mid-term 325 

(2050–2059), and Long-term (2090–2099) states in the region south of the boundary 326 

shown in c. Numbers above the bars indicate the percentage contribution of eddy-driven 327 
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OHF to total OHF. As the MIZ expands, eddy-driven OHF becomes an increasingly 328 

important component of the Arctic summer sea-ice heat budget. 329 

 330 

 331 

 332 

Fig. 3 | Simulated changes in Arctic sea-ice area, sea-ice thickness, sea-ice heat 333 

budget components, and eddy kinetic energy (EKE) across sea-ice concentration 334 

(SIC) regimes in summer. a, b, Sea-ice area and sea-ice thickness binned by SIC 335 

(<20%, 20–60%, 60–80%, and >80%) for the Modern (2004–2013), Mid-term (2050–336 

2059), and Long-term (2090–2099) states. Percentages in panel a indicate the fractional 337 

area of each SIC bin relative to the total Arctic Ocean area within the analysis domain; 338 

the remainder corresponds to open water. c, Sea-ice heat-budget components averaged 339 

within each SIC bin. Percentages indicate the contribution of eddy-driven OHF to total 340 

OHF. d, Sea-surface EKE for each SIC bin. The increasing contribution of eddy-driven 341 

OHF is associated with the expansion of partially ice-covered regions, concurrent sea-342 

ice thinning, and intensified eddy activity within the MIZ. 343 
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 344 

Fig. 4 | Mechanistic evolution of eddy-driven ocean-to-ice heat transfer across sea-345 

ice states in summer. a, Decomposition of eddy-driven OHF into thermal (𝑢∗̅̅ ̅ ௗܶ′ ), 346 

mechanical (𝑢∗′ ௗܶ̅̅ ̅), and covariance (𝑢∗′ ௗܶ′) terms, shown as stacked contribution ratios 347 

in the Low-mid (20–60% SIC) and High (60–80% SIC) MIZ during the Modern (MD), 348 

Mid-term (MT), and Long-term (LT) states. b, c, Thermal component ( ௗܶ̅̅ ̅ and ௗܶ′) and 349 

mechanical components (𝑢∗̅̅ ̅ and 𝑢∗′) in the Low-mid (b) and High (c) MIZ. Panels a–350 

c use daily data with eddy-driven OHF above 10 W/m². d, EKE-bin-averaged 𝑢∗′  in 351 

the Low-mid (dotted) and High (dashed) MIZ regimes across the three states. The 352 

covariance term increases systematically across ice states, driven mainly by amplified 353 

friction-velocity fluctuations and stronger coupling between friction-velocity 354 

fluctuations and thermal-driving anomalies at the ice base.  355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 
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Methods 491 

 492 

Description of model simulations 493 

The AWI Climate Model 3 (AWI-CM3) is a fully coupled climate model. Its ocean 494 

component, the Finite volumE Sea ice–Ocean Model (FESOM2), developed at AWI, 495 

uses Arakawa B-grid finite-volume discretization on unstructured triangular meshes, 496 

allowing spatially variable resolution where needed (36). The computational mesh 497 

design follows the approach of ref. 37, which aims to distribute mesh nodes over the 498 

global ocean as efficiently as possible. Two criteria are used to determine the horizontal 499 

resolution. The first is eddy-resolving resolution based on the local baroclinic Rossby 500 

radius (Extended Data Fig. 9), for which half of the Rossby radius calculated from PHC 501 

climatology is adopted as the target scale. The second is enhanced resolution in regions 502 

of strong ocean variability. Relying only on the local Rossby radius would produce an 503 

excessively coarse mesh in the tropics, where the Rossby radius can exceed 200 km, 504 

and an excessively fine mesh at high latitudes. To avoid unrealistically high resolution, 505 

a minimum grid-spacing threshold is imposed. To better resolve the tropics and other 506 

eddy-active regions, the mesh is also adapted to observed sea surface height variance 507 

as a proxy for ocean variability. In this configuration, the ocean resolution ranges from 508 

about 2 km in the Arctic Ocean and shelf seas to 6–7 km in regions of strong variability, 509 

with a maximum grid spacing of 25 km. The model setup includes 13 million surface 510 

nodes and 60 vertical levels.  511 

 512 

The atmospheric component of AWI-CM3 is OpenIFS, based on the European Centre 513 

for Medium-Range Weather Forecasts Integrated Forecasting System (IFS). The 514 

atmospheric configuration uses a Tco639 computational grid, corresponding to a 515 

horizontal resolution of approximately 16 km.  516 

 517 

The model spin-up was conducted in two stages. First, the ocean model was forced by 518 

atmospheric reanalysis for approximately 100 years. After this adjustment, the final 519 

ocean state was used to initialize the fully coupled AWI-CM3 simulation, which was 520 

integrated from 1920 to 2014 using historical CMIP6 forcing and then continued from 521 

2015 to 2100 under the SSP5-8.5 forcing scenario. 522 

 523 

Observation-based dataset 524 

Sea-ice concentration observations are taken from the NSIDC Climate Data Record of 525 

Passive Microwave Sea Ice Concentration, which provides daily satellite-derived 526 

retrievals from SMMR, SSM/I and SSMIS on a 25 km × 25 km polar stereographic grid 527 

from 1978 to the present (https://nsidc.org/data/). The overlapping period 1989–2019 528 

is used to evaluate the simulated interannual variability of Arctic sea-ice area against 529 

observations. 530 

 531 

Eddy Kinetic Energy (EKE) Calculation 532 

Eddy kinetic energy (EKE) is calculated from daily velocity anomalies relative to the 533 

seasonal mean for each year: 534 
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𝑢′ = 𝑢 − 𝑢̅ (1) 535 ݒ′ = ݒ −  536 (2) ݒ̅

where u and v are the daily zonal and meridional velocity components, respectively, 537 

and 𝑢̅ and ̅ݒ represent their corresponding seasonal means for the given year. 538 

 539 

The daily EKE is then calculated as: 540 ܧܭܧ = 12 (𝑢′2 +  541 (3) (2′ݒ

Finally, the seasonal mean ̅̅ܧܭܧ ̅̅ ̅̅  is obtained by averaging EKE over the given season. 542 

 543 

Arctic sea-ice heat budget 544 

The Arctic sea ice heat budget is evaluated using the equation (11): 545 ௗௗ௧ ܥܪ = ௢௖௡ܨ + ௔௧௠ܨ +  ௥௘௦௜ௗ௨௔௟ (4) 546ܨ

where HC represents the heat content of the snow and ice, ܨ௢௖௡ is the ocean-to-ice heat 547 

flux, ܨ௔௧௠  is the atmosphere-to-ice heat flux, and ܨ௥௘௦௜ௗ௨௔௟  is the residual term 548 

accounting for the difference between ௗௗ௧ ܥܪ  and the sum of the oceanic and 549 

atmospheric heat fluxes. The ܨ௥௘௦௜ௗ௨௔௟ term accounts for contributions from sea ice 550 

export across the boundaries of the heat budget calculation domain in the Arctic Ocean. 551 

 552 

The sea ice heat content HC is calculated from the latent heat energy stored in sea ice 553 

within a given region. 554 ܥܪ = ܣܫܵ ∙ ݉௜௖௘ ∙ ௜௖௘ߩ ∙  ௙ (5) 555ܮ

where SIA indicates the sea ice area, ݉௜௖௘ indicates the sea ice thickness, ߩ௜௖௘ ~917 556 

kg/m3 indicates density of ice, and ܮ௙~334000 J/Kg indicates the latent heat of fusion 557 

of ice. This calculation assumes that changes in sea ice heat content are primarily 558 

governed by thermodynamic processes, such as melting and freezing, rather than 559 

dynamic processes like ice advection or deformation. This assumption is justified by 560 

the dominant role of thermodynamic processes in seasonal sea ice variability, 561 

particularly in the Arctic, where sea-surface energy fluxes and ocean heat uptake exert 562 

a significant influence on ice melt and growth (38-39). Furthermore, both observational 563 

analyses and numerical modeling studies have demonstrated that thermodynamic 564 

mechanisms are the primary drivers of long-term sea ice decline in response to climate 565 

warming (5,40). 566 

 567 

To evaluate the ocean-to-ice heat flux (OHF) consistently across different reference 568 

periods, we employ a physically consistent bulk parameterization. The OHF represents 569 

the heat transferred from the uppermost ocean mixed layer to the sea ice base, 570 

formulated as (41-42): 571 ܱܨܪ = ுܥ∗௣𝑢ܥ௢௖௘௔௡ߩ ௗܶ (6) 572 

where ߩ௢௖௘௔௡ ~1023 kg/m3 is the reference density of the mixed layer; ܥ௣ ~3980 573 

J/(kg·K) is the specific heat capacity of seawater; 𝑢∗  √|߬௜௖௘−௢௖௘௔௡|/ߩ௢௖௘௔௡  is the 574 
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friction velocity calculated from the ice–ocean stress ߬௜௖௘−௢௖௘௔௡ = ௗ|𝑢௜௖௘ܥ௢௖௘௔௡ߩ −575 𝑢௢௖௘௔௡|(𝑢௜௖௘ − 𝑢௢௖௘௔௡) , where ܥௗ ~0.0055 is the ice-ocean drag coefficient, and 576 𝑢௜௖௘  and 𝑢௢௖௘௔௡  are the sea-ice and surface-ocean velocity vectors, respectively;  577 ܥு~0.0057 is the heat transfer coefficient; the thermal driving ௗܶ = 5ܶ௠ − ௙ܶ denotes 578 

the instantaneous thermal driving, defined as the ocean temperature at 5-m depth ( 5ܶ௠) 579 

relative to the freezing point ( ௙ܶ). The choice of 5-m depth for temperature diagnosis 580 

accounts for the physical thickness of the sea-ice pack, ensuring that the temperature 581 

reflects the thermal state of the water immediately beneath the ice base rather than the 582 

immediate sea surface, which may be affected by intense localized brine rejection or 583 

skin layer effects.  584 

 585 

To identify the origin of shifting ocean–ice interactions, the total ܱܨܪ is decomposed 586 

into two components: the mean ocean-ice heat flux (ܱܨܪ௠௘௔௡) and the eddy ocean-ice 587 

heat flux (ܱܨܪ௘ௗௗ௬ ), such that ܱܨܪܱ    ܨܪ௠௘௔௡  + ܱܨܪ௘ௗௗ௬ . The ܱܨܪ௠௘௔௡  is 588 

obtained from the seasonal mean friction velocity (𝑢∗̅̅ ̅) and mean thermal driving ( ௗܶ̅̅ ̅) 589 

for the given year. The residual of the total and mean heat flux represents ܱܨܪ௘ௗௗ௬. 590 

This term captures sub-seasonal ocean-to-ice heat-transfer variability, which in the 591 

eddy-resolving MIZ simulated here primarily reflects mesoscale processes, consistent 592 

with previous operational definitions (16, 17, 20). To isolate the specific mechanistic 593 

drivers within this residual, we apply a Reynolds decomposition to the daily velocity 594 

and temperature fields, whereby ܱܨܪ௘ௗௗ௬ is explicitly partitioned as: 595 ܱܨܪ௘ௗௗ௬ = ̅̅∗ு(𝑢ܥ௣ܥ௢௖௘௔௡ߩ ̅ ௗܶ′ + 𝑢∗′ ௗܶ̅̅ ̅ + 𝑢∗′ ௗܶ′)   (7) 596 

In this formulation, the prime symbols denote daily deviations from the seasonal mean. 597 

This allows the total eddy-driven flux to be quantified through three distinct pathways: 598 

a thermal term (𝑢∗̅̅ ̅ ௗܶ′) driven by transient thermal anomalies, a mechanical term (𝑢∗′ ௗܶ̅̅ ̅) 599 

driven by high-frequency friction-velocity fluctuations, and a covariance term (𝑢∗′ ௗܶ′) 600 

arising from the synchronous temporal coupling of dynamic and thermal fluctuations. 601 

We retain daily grid points with eddy-driven OHF above 10 W/m². Below this threshold, 602 

the flux signal is weak relative to the diagnosed heat-transfer events, and the fractional 603 

contributions of the three decomposition terms become numerically sensitive as the 604 

total flux approaches zero. The results presented are insensitive to the choice of 605 

threshold over the range 5–20 W/m² (not shown). 606 

 607 

The atmospheric-ice heat flux ܨ௔௧௠ is derived from four primary components: 608 ܨ௔௧௠ = ௦௘௡௦௜௕௟௘ܨ+ௌௐܨ + ௟௔௧௘௡௧ܨ +  ௅ௐ (8) 609ܨ

where ܨௌௐ  represents the net absorbed shortwave radiation, ܨ௦௘௡௦௜௕௟௘  denotes the 610 

sensible heat flux, ܨ௟௔௧௘௡௧ corresponds to the latent heat flux, and ܨ௅ௐ represents the 611 

net longwave radiative flux. 612 

 613 

Eddy heat advection calculation 614 

To quantify the specific contribution of eddies to temperature variations within the 615 

mixed layer, we calculate the eddy heat advection by considering both horizontal and 616 

vertical components. The horizontal velocity components (𝑢, v) and ocean temperature 617 
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(ܶ) are integrated and averaged over the mixed-layer depth (MLD), where the MLD is 618 

defined according to the Levitus criterion as the depth where the potential density 619 

increases by 0.125 kg/m3 relative to the surface value. This MLD is determined by the 620 

specific yearly summer-average for each reference state. The horizontal eddy heat 621 

advection is thus defined as ∇ ∙ (࢜′ܶ′) = డ(௨′்′)డ௫ + డ(௩′்′)డ௬ , where the variables represent 622 

these MLD-averaged anomalies. For the vertical component, డ(௪′்′)డ௭  , the vertical 623 

velocity (ݓ) and temperature are evaluated specifically at the base of the mixed layer 624 

to capture the cross-interfacial transport. Consistent with the ܱܨܪ decomposition, this 625 

eddy heat advection is defined as the residual between the total instantaneous heat 626 

advection and the seasonal mean component, thereby isolating the heat transport driven 627 

by transient mesoscale fluctuations from the background mean advection. To maintain 628 

consistency with other heat-flux terms (W/m2), the horizontal component is scaled by 629 

the mixed-layer depth ( ∇ெ௅஽ܪ௣ܥ௢௖௘௔௡ߩ ∙ (࢜′ܶ′) ), while the vertical component 630 

represents the eddy heat flux evaluated at the mixed-layer base (ߩ௢௖௘௔௡ܥ௣ݓ′ܶ′|௭=ெ௅஽). 631 

 632 
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 660 

Extended Data Fig. 1 | Evaluation of simulated Arctic sea-ice area anomalies 661 

against observations. Annual-mean and September Arctic sea-ice area anomalies, 662 

calculated relative to the 1989–2019 mean for each dataset, from the coupled simulation 663 

(red) and NSIDC observations (green) over 1989–2019. Correlations of R   0.73 for 664 

both annual-mean and September anomalies indicate that the simulation captures the 665 

observed large-scale variability and long-term decline of Arctic sea ice. 666 

 667 

 668 

 669 

 670 

 671 

 672 

Extended Data Fig. 2 | Seasonal variations in Arctic sea-ice area, sea surface 673 

temperature (SST), and eddy kinetic energy (EKE). Monthly variations in a, sea-ice 674 

area, b, sea surface temperature, and c, sea surface EKE for the Modern (2004–2013), 675 

Mid-term (2050–2059), and Long-term (2090–2099) states from the coupled simulation 676 

with 2-km ocean resolution in the Arctic. The progressively deeper summer sea-ice 677 

minimum is accompanied by rising SST and stronger eddy activity, highlighting June–678 

August as the key season for ocean–ice interactions in this study. 679 

 680 

 681 

 682 

 683 
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 684 

Extended Data Fig. 3 | Long-term changes in Arctic summer sea-ice thickness 685 

(SIT). Spatial distribution of summer (June–August) sea-ice thickness in 2010, 2055, 686 

and 2095. Black contours indicate the marginal ice zone (MIZ; SIC < 80%). Thick sea 687 

ice retreats poleward and thins substantially as the MIZ expands, with basin-wide 688 

thinning most pronounced in the Long-term state. 689 

 690 

 691 

 692 

 693 
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 694 

Extended Data Fig. 4 | Long-term changes in Arctic summer eddy kinetic energy 695 

(EKE), eddy-driven ocean-to-ice heat flux (OHF eddy), and eddy heat advection. 696 

Spatial distribution of a, sea-surface EKE, b, eddy-driven OHF, c, horizontal eddy heat 697 

advection within the mixed layer, and d, vertical eddy heat advection at the base of the 698 

mixed layer in 2010, 2055, and 2095. Black contours indicate the marginal ice zone 699 

(MIZ; SIC < 80%). The poleward expansion of elevated sea-surface EKE and eddy-700 

driven OHF follows the migrating MIZ and is accompanied by intensified horizontal 701 

and vertical eddy heat advection along the ice edge and adjacent shelf seas. 702 

 703 

 704 

 705 

 706 

 707 
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 708 

Extended Data Fig. 5 | Probability distribution of short-lived (<30 days) and stable 709 

(≥30 days) sea ice across sea-ice concentration (SIC) regimes. Short-lived ice 710 

dominates the <20% SIC regime across all three states, whereas stable ice is more 711 

prevalent in the 20–60% and 60–80% SIC regimes. These distributions support our 712 

focus on the 20–60% and 60–80% SIC regimes as the primary domain of persistent 713 

MIZ dynamics. 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 
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 725 

Extended Data Fig. 6 | Spatial evolution of summer mean thermal driving. Maps 726 

show summer mean ௗܶ̅̅ ̅ = 5ܶ௠ − ௙ܶ௥௘௘௭௜௡௚  in 2010, 2055 and 2095. Black contours 727 

mark the marginal ice zone (MIZ; SIC < 80%). The weakening of ௗܶ̅̅ ̅ within the MIZ 728 

reflects the poleward migration of the ice margin into colder background waters, despite 729 

the increase in basin-averaged SST (Fig. 2c).  730 

 731 

 732 

 733 

 734 

 735 

 736 

Extended Data Fig. 7 | Temporal correlation between friction-velocity fluctuations 737 

and thermal-driving anomalies at the ice–ocean interface. Spatial distribution of the 738 

temporal correlation coefficient (R) between daily 𝑢∗′ and ௗܶ′ during summer (June–739 

August) in 2010, 2055, and 2095. Black contours indicate the marginal ice zone (MIZ; 740 

SIC < 80%). The poleward expansion of stronger correlation in the Long-term state 741 

indicates increasingly coherent friction-velocity fluctuations and thermal-driving 742 

anomalies at the ice base as sea ice retreats. 743 
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 753 

Extended Data Fig. 8 | Atmospheric heat flux and mixed-layer temperature 754 

tendency in the marginal ice zone (MIZ). a, Density scatter plots of summer 755 

atmospheric heat flux (ܨ௔௧௠ ) versus mixed-layer temperature tendency (݀ ெܶ௅஽/݀756 ݐ 

within the 20–80% SIC regime for 2010, 2055, and 2095. The tendency ݀ ெܶ௅஽/݀ݐ is 757 

calculated as the net heat storage rate over the ∼90-day summer period (June–August), 758 

expressed in W/m2 as ߩ௢௖௘௔௡ܥ௣ܪெ௅஽∆ܶ/∆ݐ. Numbers indicate sample size, Pearson 759 

correlation coefficient, and regression slope. b, Spatial distribution of atmospheric heat 760 

flux for the three years. c, Spatial distribution of mixed-layer temperature tendency. 761 

Black contours indicate the marginal ice zone (MIZ; SIC < 80%). The strong correlation 762 

(R   0.60-0.77) indicates that atmospheric heat flux remains closely linked to upper-763 

ocean warming across all three ice states, even as the MIZ expands. 764 

 765 

 766 
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 773 

Extended Data Fig. 9 | Spatial resolution of the global climate model AWI-CM3. 774 

Horizontal grid spacing in AWI-CM3 ranges from approximately 25 km in the tropics 775 

to about 2 km in the Arctic Ocean, enabling explicit simulation of mesoscale processes 776 

in polar regions. 777 
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