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Abstract Wwith ongoing anthropogenic warming, the Arctic is increasingly dominated by thin, first-year sea
ice. Understanding the ice—ocean—atmosphere interactions in warmer climates is therefore essential. We analyze
the Arctic sea-ice energy budget in nine CMIP6-PMIP4 lig127k simulations of the Last Interglacial warm
Arctic. All models show reduced Last Interglacial summer sea ice, but with substantial inter-model spread. We
demonstrate that this arises from differences in surface energy anomalies, which are highly correlated with sea
ice area anomalies (r* of 74%). Ice—albedo feedbacks dominate this response: reduced ice cover exposes more
open ocean, enhances shortwave absorption, and warms the upper ocean. This heat is released in autumn,
delaying sea-ice regrowth. Although modern warming is driven by longwave forcing, our results highlight that
shortwave absorption from reduced albedo is a key driver of summer sea-ice loss, underscoring the need for
accurate representation of surface heat-balance processes in future Arctic projections.

Plain Language Summary As the Earth warms, the Arctic Ocean is expected to be dominated by
thin ice that forms and melts each year, with little thick multiyear ice. To understand the Arctic response under
such conditions, we study the Last Interglacial period, 127,000 years ago, when changes in Earth's orbit caused
the Arctic to receive more sunlight in spring and summer. Using nine state-of-the-art climate models, we
investigate how energy moved between the atmosphere, ocean, and sea ice during this period, compared with
pre-industrial conditions. We examine how much energy reached the surface, how much was reflected or
absorbed, and how this energy was stored in the ocean. We find that differences in summer sea-ice cover
between models are mainly driven by how much of the additional sunlight reaches the surface, and how much
melting the ice changes the proportion that is reflected. Some extra energy is absorbed by the ocean, and later
released in autumn. This delays regrowth, though winter ice area eventually returns. Although today's Arctic
warming is driven mostly by greenhouse gases, our results show that accurately representing surface energy
processes is essential for predicting how quickly summer sea ice will disappear in a warmer future.

1. Introduction

The seasonal melt and regrowth of sea ice, exposing and covering the dark open ocean surface, is the largest
natural change in surface reflectivity on the planet (Perovich & Polashenski, 2012). The high albedo of Arctic sea
ice thus strongly influences the global energy balance, with worldwide climate implications (Duspayev
et al., 2024; IPCC, 2022). Sea-ice loss is a contributor to Arctic amplification, with the Arctic warming at nearly
four times the global average (Rantanen et al., 2022). Ongoing anthropogenic warming is projected to drive the
Arctic to ice-free summers, likely before mid-century (IPCC, 2019). As a result, summer Arctic sea ice may be the
first major ecosystem to disappear due to climate change (Malhi et al., 2020).

Understanding the processes that govern the growth and melt of Arctic sea ice is critical. However, the system is
highly non-linear, involving numerous positive and negative feedbacks (Serreze & Barry, 2011). While direct
observations are challenging in such a remote and extreme environment (Perovich et al., 1999), climate models
offer an opportunity to analyze sea-ice feedbacks (Notz & SIMIP, 2020). Co-ordinated multi-model efforts within
the Coupled Model Intercomparison Project (CMIP) allow robust cross-comparison of sea ice and climate system
responses across simulations (Eyring et al., 2016; Sime et al., 2025). The Last Interglacial (LIG; 130,000—
116,000 years ago) is particularly useful for understanding sea-ice physics during warm conditions, as increased
northern hemisphere spring insolation resulted in a warm Arctic (Kageyama et al., 2021; Otto-Bliesner
et al., 2021; Sime et al., 2025). Proxy records suggest the Arctic was nearly sea-ice-free in summer (Guarino
et al., 2020; Sime et al., 2023; Vermassen et al., 2023). Studying the LIG therefore allows us to investigate the
climate dynamics of the Arctic under the warmer conditions of thin, first-year ice; conditions that are rapidly re-
emerging today (Diamond et al., 2024; Kwok et al., 2020).
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Within CMIP, the Last Interglacial was first represented by the PMIP4 ligl27k experiment (Otto-Bliesner
et al., 2017). This provides a co-ordinated multi-model ensemble with which to analyze how the orbitally driven
insolation changes of the LIG impacted the Arctic sea-ice response. Alongside the direct impact of radiative
anomalies, ocean temperatures play a substantial role in governing sea-ice thermodynamics. Large amounts of
heat can be stored in the upper ocean, and thermal inertia impacts the timing of heat release (Lin et al., 2022;
Ricker et al., 2021). Together, these factors underscore the importance of coupled surface heat exchanges in
shaping the Arctic sea-ice response.

Previous work by Kageyama et al. (2021) studied an ensemble of models to assess sea-ice conditions in the Last
Interglacial. However, at the time, data for a surface heat budget were limited to three models, and only net short-
and longwave radiation was considered. Other studies have quantified heat budgets—including oceanic and
atmospheric components—for individual models, for example, IPSL-CM6A-LR (Sicard et al., 2022); or shown
the importance of model physics for determining the surface heat budget, for example, prognostic melt pond
parameterizations in HadGEM3-GC3.1-LL (Diamond et al., 2024). These thermodynamic effects subsequently
impact sea-ice melt and growth throughout the year (Keen et al., 2021). However, models show a wide range of
variation in their sea-ice characteristics, both for future projections and paleoclimates (Kageyama et al., 2021;
Notz & SIMIP, 2020; Notz et al., 2016). Robust conclusions independent of individual model behavior therefore
require an analysis of model ensembles (Holland & Hunke, 2022). Here, we analyze an ensemble comprising the
majority of models that simulated lig/27k, including the models referred to above. We establish anomalies in the
energy budget that includes both surface radiative and ocean mixed-layer heat components, and the resultant sea
ice response. In a novel approach for the Last Interglacial, we also calculate the latent heat required to explain the
anomalies in sea ice melt and growth. This allows us to identify causal links between sea-ice evolution and energy
exchange processes across models that share identical boundary conditions, but differ in their physical param-
eterizations and resulting heat budgets.

2. Method

This study uses a multi-model ensemble of CMIP6-PMIP4 simulations to quantify how changes in surface ra-
diation, ocean heat storage, and sea-ice processes together determine the Arctic sea-ice energy budget during the
Last Interglacial, relative to pre-industrial conditions. Anomalies in seasonal climatologies, expressed as lig!27k—
piControl, are used to isolate the forced Last Interglacial response from mean-state variability. When Multi-
Model Mean (MMM) results are quoted, the ensemble range (min-max) is indicated in square brackets.

The piControl simulations were run as part of CMIP6 (Eyring et al., 2016). These simulations use invariant solar,
greenhouse gases, ozone, tropospheric aerosol, volcanic, and land-use forcing for the year 1850 and are spun up
for several hundred years to attain a steady state. The lig/27k simulations fully comply with the standard CMIP6-
PMIP4 experimental protocol for LIG climate simulations, as described by Otto-Bliesner et al. (2017). The
lig127k simulations were forced using constant 127k astronomical parameters (Berger & Loutre, 1991), and
constant atmospheric trace GHG concentrations derived from ice core records (Otto-Bliesner et al., 2017). All
other boundary conditions, including ice sheets, topography, vegetation, aerosol, volcanic activity, and solar
constant, are identical to piControl.

Data were obtained from nine General Circulation Models (GCMs), where all necessary radiation and sea-ice
outputs for both lig/27k and piControl were available from the Earth System Grid Federation (Cinquini et al.,
2014; https://esgf.github.io/nodes.html). An overview of the models is shown in Supporting Information S1 and
further details can be found in Kageyama et al. (2021). Each model uses a variation of one of the sea-ice com-
ponents: five models for CICE (Hunke et al., 2025); three models for LIM3 (Rousset et al., 2015); one model for
COCO04, a combined ocean/sea-ice component model (Hasumi, 2006). In all cases, the region of interest was set
to latitudes 60°N and higher, with a land mask applied. The orbital changes during the LIG mean that a fixed-
angle calendar results in months of differing lengths compared with the pre-industrial (Bartlein & Sha-
fer, 2019; Joussaume & Braconnot, 1997). However, available data are in standard-CMIP fixed-months, so
adjustment to a fixed-angle would introduce incorrect lengths for melt and growth seasons, and associated energy
budget calculations. Therefore, we follow the convention of not applying a paleo-calendar adjustment for an
energy budget analysis (Otto-Bliesner et al., 2017; Pedersen et al., 2017).
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2.1. Sea Ice Energy Budget

This study initially follows the approach that Kageyama et al. (2021) applied to three models, by quantifying the
heat fluxes between the atmosphere and the ocean or sea-ice surface. For all flux calculations, we define positive
values to indicate increasing energy into the Earth's surface. From the canonical equation of Maykut and
Untersteiner (1971):

Qatmos = (Sy =Sp) +(Ly — L) — 6, )]

where Qo is the net atmospheric heat flux (Wm™2), § | is the downwelling shortwave radiative flux (Wm™?), Sy
is the upwelling shortwave radiative flux (Wm™2), L | is the downwelling longwave radiative flux (Wm™2), L;is

the upwelling longwave radiative flux (Wm™2), and ©; is the net turbulent (sensible + latent) heat flux (Wm™).

In terms of the GCMs, standardized CMOR output (Balaji et al., 2018; Doutriaux et al., 2025), the equivalent
terms are:

Qatmos = (rsds — rsus) + (rlds — rlus) — (hfss + hfls) 2)

S, represents the incoming insolation, modulated by shortwave absorption in the atmosphere. S; represents re-
flected shortwave radiation, controlled by the surface albedo. ©; relates to the transfer of heat from the surface to
the atmosphere, including via state changes such as sublimation (Hunke et al., 2025; Maykut & Unter-
steiner, 1971). For each model, monthly data were available and a mean seasonal climatology of the terms in
Equation 1 was calculated from the full production run. To understand the impact of anomalies in these terms,
they were compared to anomalies in the energy required to melt or grow the sea ice each month, due to the latent
heat of fusion. We define this quantity as A;.,. Note that A, is a change in the internal store of heat within sea ice,
and should not be confused with the latent heat component in ©,, which represents a flux between the ice and the
atmosphere. A, is not a model output, and so was calculated from the change in sea-ice volume over each month
(derived from sea-ice concentration, siconc, and thickness, sithick) and the bulk physical properties of sea
ice: a latent heat of fusion set to 4;, = 3.34 X 10° Jkg™!, and density of p;,, = 917 kgm™>, in line with the sea-ice
model components (Hunke et al., 2025). Finally, A is scaled by total area and time per month to be presented in
Wm™2, and thus comparable to the fluxes in Equation 1. Therefore, for a given month:

ASIV X pie X 44
ice = A XK: = (3)
where A, is the energy required for a change in sea-ice volume due to the latent heat of fusion (Wm™2); ASIV is
the monthly change in sea-ice volume (m?); p,.. is the density of sea ice (917 kgm™); A, is the latent heat of

fusion of sea ice (3.34 x 10° Jkg_l); A is the total area over which ASIV is calculated (m?); and ¢ is the time in
seconds in the month for which ASIV is calculated (s).

Closing the surface energy budget would require the oceanic heat flux and the conductive heat flux of the ice: F,
and G, respectively, as per Maykut and Untersteiner (1971). However, these are not direct model outputs. Instead,
we calculated mixed-layer heat content based on sea-surface temperature (SST) and mixed-layer depth (tos and
mlotst, respectively), which were available for all models except HiddGEM3-GC3.1-LL and MIROC-ES2L.
Physical parameters were taken as constants in line with the ocean model components: seawater density of
Pew = 1,025 kgm_3 and seawater specific heat of C;,, = 3,993 Jkg™'°C~! (Madec et al., 2024; Pemberton
et al., 2017). Again, this was scaled to be in units of Wm™2, so that:

AT Xd X pg, X Cyy
Hmixed=$ (4)

where H,;..q is the energy change in the mixed layer due to the specific heat capacity of seawater (W m~2); AT is
the monthly change in mixed-layer temperature (°C); d is the mixed-layer depth (m); p,, is the density of seawater
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(1,025 kg m™3); Cy, is the specific heat capacity of seawater (3,993 Jkg~! °C~!); and 1 is the time in seconds in the
month for which AT is calculated (s).

Note that we do not need to scale by area, since the mixed-layer depth, rather than volume, is used.

3. Results
3.1. Sea Ice Response

Summer sea ice was substantially reduced in the lig/27k (Figure 1b) relative to piControl, despite a similar area
during the winter (Figure 1a). The MMM piControl summer minimum sea ice area (SIA) is 5.68 Mkm? [inter-
model range: 4.04-8.52], while for the lig/27k it is reduced to 2.06 Mkm? [0.40-3.49]. However, this simulated
lig]127k MMM is still positively biased relative to proxy reconstructions that suggest near ice-free summers
during the Last Interglacial (Sime et al., 2023; Vermassen et al., 2023). Only HadGEM3-GC3.1-LL is seasonally
ice-free for the majority of its ligI27k run, with 93% of years below the 1.0 Mkm? threshold. EC-Earth3 and
CESM2 are seasonally ice-free for a substantial portion of the run (39% and 19%, respectively). A further three
models (IPSL-CM6A-LR, NESM3, and NorESM1-F) are ice-free for less than 10% of the run years. The final
three models (ACCESS-ESM1-5, EC-Earth3-LR, and MIROC-ES2L) are never ice-free. While there are sub-
stantial summer ligl27k—piControl sea ice reductions across all models, winter reductions are much smaller.
Indeed, three models (MIROC-ES2L, NESM3, and NorESM1-F) show increased winter SIA (Figure 1c).

3.2. Surface Radiative Fluxes

During the Last Interglacial, differences in orbital parameters led to changes in the seasonal and spatial distri-
bution of incoming solar energy. All models use identical Top of Atmosphere (TOA) insolation forcing per
experiment (Eyring et al., 2016), with anomalies over the region of interest (>60°N) peaking at 72 Wm~? in June,
and reaching a minimum of —56 Wm~2 in September. However, model differences in atmospheric physics lead to
differences in downwelling short- and longwave radiation at the surface (Smith et al., 2020), shown in Figure 2b.
Shortwave anomalies dominate the surface heat budget during the melt season (Figure 2c); the magnitude of net
longwave anomalies remains below 6.0 Wm™2 [5.2-9.4] for all months (not shown). While many factors
including snowfall and ice age impact the albedo across the Arctic Ocean basin, the principal driver is the area of
open ocean versus sea ice (Perovich & Polashenski, 2012). Hence the seasonality in SIA anomalies is closely
related to the seasonality in albedo (Figure 2d). The MMM annual minimum albedo falls to 14.8% [10.20%—
16.90%] in lig127k, approximately half of the minimum piControl albedo (26.4% [21.5%—38.5%]). As thin first-
year ice regrows faster than thicker multiyear ice (Lin et al., 2022), winter SIA is similar between lig/27k and
piControl. Similarly, winter maximum albedo is relatively unchanged between lig/27k and piControl (Figure 2d).
A lower summer surface albedo means a higher fraction of the downwelling shortwave energy is absorbed by the
surface (Calmer et al., 2023). Q... thus peaks in June at 45.3 Wm™2 [31.6-64.3]. This is substantially greater,
and 1 month later, than the insolation-driven shortwave downwelling anomaly. Similarly, this albedo response
offsets the negative downwelling anomalies in autumn, so that Q,,,,,, anomalies only fall to —21.1 Wm™2 [—-11.6
to —29.9].

Three models have high Q,,,, peak anomalies compared to the MMM: EC-Earth3, EC-Earth3-LR, and
HadGEM3-GC3.1-LL (Figure 2c). For both EC-Earth3 models, this is driven by a drop in albedo significantly
larger than the MMM (Figure 2d), despite a downwelling shortwave, S|, anomaly that is below the MMM
(Figure 2b). For HadGEM3-GC3.1-LL, both the downwelling and albedo anomalies are close to the MMM.
Instead, the key factor is the timing of the albedo change (Figure 2d): spring/summer albedo reduction occurs very
rapidly, due to the particular explicit melt pond scheme in the HadGEM3-GC3.1-LL sea ice model (Diamond
et al., 2024; Guarino et al., 2020). This leads to the maximum albedo reduction occurring while the downwelling
insolation anomaly is still near its peak, leading to a higher peak Q,,,,,- By definition, the upwelling shortwave
(81; Equation 1) anomaly is closely linked to the albedo response. Across models, the average and spread of the
albedo-driven anomaly of S is larger than the insolation driven anomaly, S|: MMM of 32.0 Wm~2 [11.9-68.0]
and 28.7 Wm~2 [18.7-40.0], respectively.

We find a strong relationship (Figure 3) between peak Q,,,,s anomaly (the maxima in Figure 2c¢) and annual
minimum SIA anomaly (the minima in Figure 2a). The inter-model 12 is 74% (p = 0.0029). Averaging the EC-
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Figure 1. Winter maximum and summer minimum sea-ice area for lig/27k and piControl. Panel (a) shows the multi-model mean (MMM) distribution of sea-ice
concentration during the lig/27k winter maximum, and the 15% concentration contours for the lig/27k and piControl. Panel (b) shows the same for the summer
minimum. Panel (c) shows the mean sea ice area (SIA) per model for the lig/27k. Bars show the 5th-95th percentile of SIA from each model's full lig/27k run. Vertical
black dashed lines show the MMM. Panel (d) shows the same for the piControl, with observations shown as vertical red dashed lines. Observations are the average of the
10 years starting in 1979, from the National Snow and Ice Data Center (Fetterer et al., 2025).

Earth models to reduce data inter-dependency does not meaningfully change the result, 1> = 71%; p = 0.0090. The
ice-albedo feedback means that the ST component of Q... is both a cause and response to reduced SIA (Perovich
& Polashenski, 2012). However, we find the relationship between this component alone and minimum SIA
anomalies to be weaker, at an 1 of 49%. This suggests that including both the initial insolation anomaly and the
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Figure 2. Seasonal climatologies of sea ice area (SIA) and radiative flux anomalies. Panel (a) shows the anomalies in SIA.
Panel (b) shows the anomalies in downwelling shortwave radiation (S]) from insolation anomalies (attenuated by
atmospheric processes). Panel (c) is the total heat flux, Q,,,..,,» anomaly (as defined in Equation 1). Panel (d) is the resultant
anomaly in albedo across the Arctic Ocean basin.

albedo response is necessary in explaining sea-ice loss. Note that while the SIA anomaly is strongly correlated to
the energy anomaly, it does not explain the absolute level of sea ice. EC-Earth-LR, for example, has a large SIA
and Q,,,,,s anomaly but from a high pre-industrial baseline (Figure 1) and so is not ice-free (Figure 3).

3.3. The Ocean Mixed Layer

A greater expanse of (low albedo) open ocean during Last Interglacial spring and summers means that a portion of
the Q.. anomalies acts to warm the ocean mixed layer (Dai et al., 2019). Full ocean temperature data were not
readily available for the majority of the models, so a complete energy budget of the ocean is beyond the scope of
this paper. However, we gain insight by comparing Q ;.. and A,.., which we defined as the change in latent heat
required to produce the anomalies in sea growth and melt (as detailed in the Method, Equation 3). The difference
between the two is the energy available for exchange with the mixed layer of the ocean (Sicard et al., 2022), which
we define as the residual energy.

A comparison between Q,,,,,.,, and A;., (Figure 4) reveals that there are periods where radiative anomalies are well
matched to the energy required for sea-ice latent heat anomalies (December—May); periods where there is
additional radiative flux (June—August); and periods where radiative flux alone is insufficient to explain the
change in growth/melt anomalies (September—November). From December to May, SIA anomalies remain small
(Figure 2a), so downwelling shortwave radiation acts on the same area of open ocean in both the lig/27k and
piControl. Consequently, there is little residual energy anomaly: Q.. and A, are closely matched for
December—May (Figure 4). Between June and August there is more open ocean (SIA anomalies become
increasingly negative; Figure 2a). This allows for greater residual energy—shown by increasing differences
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Figure 3. Linear regression over the peak total heat flux, Q,,,s,» anomaly and the anomaly in the summer minimum sea ice
area (SIA), per model. Marker shape indicates the proportion of the model run that is ice-free (percentage of model years with
summer SIA below 1.0 Mkm?). Gray shading is the 95% confidence interval of the regression. The 12 is 74% (p = 0.0029).
between Q,,,,,s and A, in Figure 4—which warms the ocean surface. This leads to a strong relationship between
anomalies in melt-season residual energy and peak SSTs, r* = 81% (Figure S1 in Supporting Information S1). The
thermal inertia of the ocean (Markus et al., 2009) means this heat is slowly released between September and
November, so the difference between Q.. and A, turns negative. While the SIA recovers faster during the LIG
growth season—due to the negative insolation anomalies, and more rapid growth of thin first-year ice (Lin
504 Anomalies
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B Net Long Wave
404 B Turbulent Fluxes
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—— Qatmos
301
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2 20
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2 I
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Figure 4. Comparison of radiative flux anomalies (stacked colored bars) versus energy calculated to explain the latent heat
required for sea-ice volume anomalies, A, (light blue bars). Black lines are the total heat flux anomalies, Q... that is, the
sum of shortwave, longwave, and turbulent flux anomalies. The difference between Q,,,,,; and A;., represents radiative energy
anomalies that are not directly leading to melt/growth anomalies.
POLLOCK ET AL. 7of 12

sdpy) SUORIPUOD pue SWS 18U} 89S *[9202/0/9T] U0 ARiq1T8UIUO /811 80UB|[BOXT 818D PUR UiesH Joj@Inuisu| UON ‘IDIN Aq T8202T 195202/620T 0T/10pwod e |imAreiq1iutjuo sandnBe//sdny wo.y papeo|umod ‘9 ‘9202 'L008v6T

- Rojm

35UBD17 SUOLILLIOD A 81D 3|edljdde ay) Ag peusenob a1e saie YO ‘asn Jo sani Joj AriqiauljuQ A8|IM uo



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL120781

et al., 2022)-release of ocean heat restricts the growth from September to November compared to growth ex-
pected from the anomalies in Q,,,,, alone (Figure 4, months September—-November). Growth, and SIA, subse-
quently recovers in the late winter and spring. SST anomalies reflect this seasonality, with MMM anomalies
below 0.5°C [—0.25°C-0.85°C] from Jan to May, before warming to 2.5°C [1.22°C—4.66°C] in August, sub-
sequently falling back below 0.5°C [—0.17°C-1.18°C] by November. Anomalies in ocean heat transport into the
region of interest (>60°N) were calculated for four models where data was available. These were either negative
(EC-Earth3, IPSL-CM6A-LR) or small relative to Q,,,,,, (<7 Wm™2 equivalent annual average, EC-Earth3-LR,
HadGEM3-GC3.1-LL), which reinforces the strong relationship between residual energy and SSTs shown in
Figure S1 in Supporting Information S1.

However, the seasonality of SST anomalies alone is not well aligned with the residual energy as they do not take
into account anomalies in the volume of water in the mixed layer. SST anomalies modulated by mixed-layer depth
anomalies (Method, Equation 4) are a better proxy for specific heat (Patrizio & Thompson, 2021). During the
lig127k there is earlier and greater shoaling of the mixed layer than the piControl, shown in Figure S2 in Sup-
porting Information S1, due to the earlier and more extensive influx of fresh water from ice melt (Randelhoff
et al., 2017). The magnitude of the specific heat anomalies calculated by Equation 4 matches the residual energy
well during the period of mixed layer shoaling (Figure S3 in Supporting Information S1), as heat exchange
between the mixed layer and the deeper ocean is limited (Cole & Roemer, 2024). There are larger discrepancies
during the period of deepening of the mixed layer, as data for the temperature of the entrained water was not
available for most models, and so excluded in this approach. However, the phasing remains aligned throughout
the year reflecting the causal relationship between the two.

Lastly, we consider the final potential heat store within the surface energy budget and determine bounds for the
average specific heat of the sea ice (Sicard et al., 2022). Details of the approach are in Supporting Information S1.
Assuming a bulk sea-ice salinity of 2%o in both experiments, 12.5 Wm™? less radiation is required to heat the
lower volume of lig]127k ice compared to the piControl. However, the specific heat capacity of ice depends on its
temperature and salinity; younger and consequently more saline ice has a higher specific heat capacity. Assuming
2%o salinity in piControl and 5%o for the younger lig127k ice (Griewank & Notz, 2015) yields an upper bound of
7.5 Wm™2 additional energy required to warm lig/27k ice during melt season compared to piControl. In both
cases anomalies during the growth season are small (Figure S4 in Supporting Information S1). Thus the potential
impact is limited compared to other reservoirs of energy, but without sea-ice salinity and temperature tracers from
the models, the exact scale and direction of impact cannot be verified.

4. Discussion and Conclusion

With ongoing global warming, the Arctic is transitioning from a region dominated by thick, multiyear ice to one
characterized by thinner first-year ice, and substantially reduced summer ice cover (Granskog et al., 2018; Kacimi
& Kwok, 2022). Given the complexity of sea-ice growth and melt (Keen et al., 2021), our current understanding
of the region may become outdated as this progresses (Krumpen et al., 2025; Sumata et al., 2023). Previous
studies have shown that CMIP6 models tend to overestimate sea ice in the LIG while more accurately representing
the Pre-Industrial (Notz & SIMIP, 2020; Otto-Bliesner et al., 2021; Sime et al., 2023; Vermassen et al., 2023),
which aligns with the ensemble used here (Figure 1). Our analysis shows that the correlation between surface
energy anomalies and SIA anomalies remains high across a large range of energies. This study also highlights the
importance of the ocean mixed layer as a store of heat in warmer climates, delaying winter freeze-up (Figure 4), a
process which is known to be extending the melt season in the modern-day Arctic (Markus et al., 2009; Stroeve
et al., 2014). The strong relationship between Q,;,,,s and the reduction in summer SIA (Figure 3) and between the
residual energy and ocean warmth (Figure S1 in Supporting Information S1) highlight the importance of radiative
energy in driving sea-ice loss through both direct and indirect means.

The importance of the albedo feedback during the LIG summer has been demonstrated previously for individual
models (Diamond et al., 2024; Sicard et al., 2022). Here we show that, across a wide range of models, the lig/27k—
piControl anomalies in energy absorbed at the surface during the summer due to changes in albedo, ST, are larger
than the anomalies due to the initial insolation differences, S| (MMM of 32.0 Wm™2 and 28.7 Wm™2, respec-
tively). Through June-July-August, the diminishing sea-ice cover exposes more low-albedo open ocean, which
takes up heat. This leads to increasing summer SST anomalies, accelerating the ongoing sea-ice melt. Models
with higher residual energy show greater ocean surface warming (Figure S1 in Supporting Information S1). The
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lig127k increase in mixed-layer heat content is partially compensated by earlier shoaling of the layer, due to
earlier influx of freshwater from ice melt (Randelhoff et al., 2017), which reduces the total store of heat in the
mixed layer. Nevertheless, the autumn growth is delayed as this heat is released (Markus et al., 2009; Stroeve
et al., 2014). However, in lig]27k the reduced growth season insolation (Figure 2b)—and the rapid growth of thin
first-year sea ice (Lin et al., 2022)—outweighs the additional ocean heat release, allowing lig/27k winter SIA to
recover to near-piControl levels. Consequently, while the initial insolation anomalies are close to zero when
averaged over the whole year, large negative SIA anomalies are seen in the summer (piControl SIA MMM of
5.68 Mkm? compared to 2.06 Mkm? for the ligl27k) while winter SIA anomalies remain small.

There is a large spread in the net heat fluxes between the surface and the atmosphere, Q... (Equation 1), across
the models studied. The peak in Q,,,,,, ranges from 31.6 Wm~2 (MIROC-ES2L) to 64.3 Wm~2 (EC-Earth3). The
lig127k summer SIA anomaly strongly depends on the Qs peak (> = 74%; Figure 3) indicating that inter-
model differences in summer sea-ice loss are largely explained by the spread in the surface energy balance.
Therefore, accurate simulation of sea ice requires accurate representation of the processes that influence Q,;,,,s-
Cloud physics is a known source of large model discrepancy in the radiation reaching the surface (Arima
et al., 2025; Kim et al., 2024; McCusker et al., 2023). Here we find that the surface radiation from insolation
anomalies ranges by more than a factor of two, from 18.70 Wm™2 to 40.0 Wm™2 (EC-Earth3 and NESM3,
respectively, Figure 2c), despite all models having the same TOA insolation. Consequently, cloud and aerosol
feedbacks play a role in sea-ice characteristics by influencing the energy balance (Sicard et al., 2022; Smith
etal., 2020). Similarly, S1 is the largest component of the anomalies in Q.- The ST term is closely linked to ice-
albedo feedbacks, meaning the parametrization of sea-ice physics is an important factor determining sea-ice loss.
While EC-Earth3, for example, has the lowest insolation anomaly at the surface, its highly sensitive albedo
parametrization results in the highest Q... energy anomaly, and consequently the greatest reduction in SIA of all
the models studied (Figure 2). HadGEM3-GC3.1-LL highlights the importance of the timing, as well as the scale,
of the albedo response. While the magnitude of the albedo reduction is close to the ensemble average, it occurs
more rapidly due to the prognostic melt pond scheme, and thus peaks while the surface insolation anomaly is still
high (Diamond et al., 2021). This leads to a higher peak in Q,,,,, and consequently larger reduction in SIA.

While current and future Arctic sea-ice loss is principally caused by a year-round increase in longwave radiation
from greenhouse gases (Docquier et al., 2024), rather than seasonal shortwave insolation changes, our study
highlights the critical role of the surface energy balance in controlling summer sea-ice retreat. In particular, the
enhanced spring and summer absorption of shortwave radiation due to reduced albedo not only has an immediate
effect on sea ice, but influences ocean surface temperatures which subsequently delays autumnal growth. In
lig127k, this delay occurs at a time of year when the insolation anomalies are negative (Figure 2b), a countering
effect that is not present in the observed lengthening of the present-day melt season with potential implications for
future winter sea-ice recovery (Stroeve et al., 2014). Variations in model physics that influence downwelling
shortwave radiation at the surface, and the subsequent albedo response, will therefore contribute to variation in
both the summer sea-ice loss, and the timing of the growth season. Understanding the behavior of sea ice in the
Last Interglacial allows us to examine these mechanisms in a regime of thin, seasonal sea ice. By studying these
processes in a past warm climate, we can better anticipate how similar feedbacks may amplify Arctic sea-ice loss
under future warming.

Acronyms

TOA Top of Atmosphere

SIA Sea Ice Area

MMM Multi-Model Mean

LIG Last Interglacial

ESGF Earth System Grid Federation
GCM General Circulation Model

SST Sea Surface Temperature
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