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Abstract. The decline in summer Arctic sea ice extent has been underway for several decades and is set to continue until
summer Arctic sea ice disappears completely by the middle of the century, according to the latest climate projections. Based
on observations and these climate projections, the rate of sea ice retreat is not linear: the decline in the Arctic sea ice cover
is marked by periods of abrupt sea ice loss. Recent studies suggest that these rapid sea ice loss events (RILEs) will become
increasingly likely in the coming decades. However, the processes driving RILEs remain poorly understood, in particular, the
mechanisms controlling sea ice concentration evolution and the sources and sinks of sea ice mass during these climate events.
Modeling tools that provide process-based analyses and budget decompositions across both historical and future climate sim-
ulations offer a robust framework for understanding the physical sources of these abrupt events. To investigate the processes
behind these events, we characterize 31 September RILEs from the CESM2-lessmelt ensemble under the SSP3-7.0 forcing
scenario across four periods spanning 1990-2065, and apply a two-stage process-based attribution framework to sea ice con-
centration and mass budget tendencies to identify the dominant mechanisms driving sea ice loss from a spatial perspective.
RILEs are found to be a robust and recurrent feature of Arctic sea ice evolution, with a peak in occurrence around 2040, trig-
gered across a wide range of initial sea ice states, from the thick and extensive cover of the early 1990s to the thin and reduced
ice pack of the mid-21st century. Thermodynamic sea ice processes, and basal melt in particular, emerge as the dominant
driver of the most intense and spatially significant sea ice losses during RILEs, while dynamic sea ice processes contribute
a consistently minor fraction. Thermodynamic dominance strengthens as the century progresses and the ice pack thins, with
dynamically dominated regions remaining confined to the vicinity of Greenland, the Canadian Archipelago, and the marginal
ice zone. These results provide new process-level insight into the mechanisms of rapid summer Arctic sea ice loss and set the

groundwork for the development of early warning indicators of the probability of RILE occurrence.
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1 Introduction

The downward trend of the Arctic minimum sea ice extent (SIE) since the beginning of satellite observations is well known
to be mainly associated with increases in greenhouse gas concentrations in the atmosphere (Stroeve and Notz, 2015; Meredith
et al., 2019). However, superimposed on this long-term decrease are episodes of abrupt sea ice loss that occur on decadal-
to-sub-decadal timescales and during which the rate of SIE decline substantially exceeds the contribution from the long-term
forced signal alone (Kay et al., 2011; Swart et al., 2015; Baxter et al., 2019). As an example, September Arctic SIE retreated
more than 4 times faster in the beginning of the 21st century (2003—2012: -2.27 million km?/decade) than it did in the last
decade (2016—2025: -0.5 million km?/decade), while the long-term trend over 19792025 (-0.76 million km?/decade) lies

between these two values.

In addition, climate projections show that sea ice variability will intensify in the coming decades as the mean sea ice state
becomes thinner, increasing the likelihood of extreme sea ice loss events, particularly when strong external forcing aligns with
internally generated climate variations (Goosse et al., 2009; Mioduszewski et al., 2019). An expression of this variability are
Rapid Ice Loss Events (RILEs), characterized by abrupt large-scale reductions in sea ice within a few years. Initially identified
in climate model simulations (Holland et al., 2006), RILEs are plausible outcomes of the real Arctic sea ice evolution, with
growing evidence supporting their potential occurrence in the near future (Doscher and Koenigk, 2013; Rogers et al., 2015;
Auclair and Tremblay, 2018; Sticker et al., 2025). Moreover, the transition to a seasonally ice-free Arctic Ocean is likely to
occur through the onset of a RILE rather than through a gradual decline (Heuzé and Jahn, 2024; Sticker et al., 2025). Regard-
less of whether a RILE will lead to an ice-free Arctic Ocean, such an event will have consequences for ecosystems (Arrigo
and van Dijken, 2011; Wassmann et al., 2011; Post et al., 2013), and will cause changes in the wider Arctic climate (Lawrence
et al., 2008; Wang et al., 2020) and even, potentially, in the mid-latitude atmospheric circulation regimes (Cohen et al., 2019;
Delhaye et al., 2023).

Understanding the physical mechanisms underlying RILE:s is therefore essential, both to improve our ability to anticipate
their occurrence and to support the development of early warning systems. In particular, a better characterisation of the ther-
modynamic and dynamic contributions to sea ice area (SIA) loss during these events could provide valuable insight into the
sources of predictive skill for seasonal-to-decadal sea ice predictions. The processes governing sea ice loss during RILEs re-
main largely unclear, with no consensus in the literature on the conditions that are necessary or sufficient to trigger them. A
recurring framework is that RILEs require a preconditioned, fragile ice cover that is then susceptible to episodic anomalies in
atmospheric circulation, moisture transport, or ocean heat input (Serreze et al., 2016; Arthun et al., 2019; Sumata et al., 2023).
The proposed drivers span a wide range of processes, broadly categorised by their origin —internal climate variability versus
externally forced change—, by the dominant physical component involved —atmosphere versus ocean— and by the nature of
the underlying mechanism —dynamic versus thermodynamic (Holland et al., 2006; Doscher and Koenigk, 2013; Paquin et al.,

2013; Polyakov et al., 2017; Auclair and Tremblay, 2018; Rieke et al., 2023). Preconditioning of the sea ice pack, surface
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energy budget feedbacks, remote teleconnections, and the role of clouds and aerosols have also been identified as potentially
important contributing factors (Holland et al., 2006; Vavrus et al., 2011; Paquin et al., 2013; Ding et al., 2014; Sticker et al.,
2025). While the most likely drivers have already been identified in the literature, a quantified estimate of their relative contri-
butions, the way they interplay and their necessary vs. sufficient roles in triggering rapid events, are still lacking. Notably, the
occurrence of RILEs in the historical period suggests that a thin sea ice cover is not always a necessary precondition for their

onset.

Several studies have explored the roles of thermodynamic and dynamic processes in Arctic sea ice variability and pre-
dictability (Bushuk et al., 2020; Polyakov et al., 2022; Guern-Lepage and Tremblay, 2023; Richaud et al., 2026). Polyakov
et al. (2022) found that thermodynamic factors primarily drive seasonal predictability of Arctic sea ice thickness at large scales,
while dynamic processes dominate regionally, and that their strong interaction complicates the identification of key drivers be-
hind Arctic sea ice predictability. Bushuk et al. (2020) linked the May sea ice predictability barrier to the negative ice growth
feedback, showing that predictability improves in spring when offshore ice motion creates SIC (sea ice concentration) anoma-
lies amplified by the ice-albedo feedback, before summer advection reduces ice thickness predictability as SIC decreases. On
the interannual timescale, sea ice lows are predominantly explained by thermodynamic processes, or by a combination of ther-
modynamic and dynamic processes, with the exception of the 2007 Summer Arctic sea ice minimum, which was primarily

driven by dynamic processes (Richaud et al., 2026).

Beyond the usual thermodynamic vs. dynamic decomposition, the individual contributions of basal, surface, and lateral ice
melt to sea ice loss remain less explored, particularly on decadal-to sub-decadal timescales. Studies have characterized the
Arctic sea ice mass budget across the 21st century (Keen and Blockley, 2018; Keen et al., 2021) and during extreme events
such as sea ice lows (Richaud et al., 2026), revealing a long-term increase in the importance of basal ice melt relative to surface
and lateral ice melt. For sea ice lows specifically, Richaud et al. (2026) found that ice mass loss is predominantly driven by
processes at the ice-ocean interface, either basal melt or reduced basal growth, with the exception of the anomalous summer
of 2007. To our knowledge, no study has yet examined this finer decomposition of melt processes in the context of decadal-to-

sub-decadal abrupt ice loss events such as RILEs.

In this study, we first characterize September RILEs in the CESM2-lessmelt ensemble by their temporal distribution, SIE
trends, and sea ice thickness (SIT) evolution across four distinct periods. We then conduct a systematic process-level attribu-
tion of SIA loss during RILEs, decomposing the negative SIA trend at each grid cell into its thermodynamic and dynamic
components to identify the dominant driver of local sea ice loss across the four periods. In a second stage, grid cells attributed
to thermodynamic processes are further classified into basal and surface melt contributions based on the sea ice mass budget.
The outline of the paper is organized as follows. Section 2 describes the CESM2 model and the CESM2-lessmelt ensemble,
and introduces the attribution methodology. Section 3 presents the probability of RILEs in CESM2-lessmelt, their relationship

to SIE anomalies relative to the ensemble mean, the evolution of SIT during RILEs, and the thermodynamic—dynamic attribu-
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tion across the four periods, including the basal versus surface melt decomposition. Finally, section 4 discusses these results,
synthesizes the dominant mechanisms of rapid Arctic sea ice loss, and section 5 summarizes the key findings and outlines

perspectives for the development of early warning indicators of RILE occurrence.

2 Data and Methods
2.1 Model

This study relies on the CESM2-lessmelt ensemble (Kay et al., 2022), a modified version of the CESM2 Large Ensemble
(Rodgers et al., 2021). CESM2 is a fully coupled Earth system model from the National Center for Atmospheric Research
(NCAR) (Danabasoglu et al., 2020). The model uses CICE v5.1.2 for sea ice representation, featuring mushy-layer thermody-
namics and a five-category ice thickness distribution (Hunke et al., 2013). However, CESM?2 exhibits a systematic thin and low
sea ice cover bias year-round, with sea ice volume (SIV) well below the PIOMAS reanalysis estimates throughout the histor-
ical period, and a summer SIE significantly lower than satellite observations, particularly in the East Siberian Sea (Schweiger
et al., 2011). Despite these mean state biases, the model reproduces well the observed declining trends in Arctic SIE and SIV
over 1979-2014 (DuVivier et al., 2020; Danabasoglu et al., 2020). Arctic near-surface air temperatures are better captured in
CESM2 than in its predecessor, with the model broadly reproducing the regional characteristics of observed Arctic tempera-
tures despite a remaining warm bias over the Arctic Ocean (Mcllhattan and L’Ecuyer, 2025). As demonstrated by Massonnet
et al. (2012), reproducing a correct sea ice state over recent decades is a necessary, though not sufficient, condition for models
to reasonably anticipate future sea ice evolution. The standard CESM2-LE was therefore not used for this study, as its system-
atic sea ice biases would directly affect the characteristics of RILEs, whose characteristics, including their timing, duration,
and triggering mechanisms, are closely tied to the background sea ice thickness and extent. The use of CESM2-lessmelt, which
corrects the bias of CESM2 toward insufficient late-summer Arctic sea ice cover through targeted parameter adjustments (Kay

et al., 2022), provides a closer representation of the Arctic sea ice state towards observations.

The changes in CESM2-lessmelt simulations include an increase in the snow melt onset temperature and an increase in the
albedo of snow on sea ice (Kay et al., 2022). Firstly, the melt onset temperature was increased from -1.5°C to -1.0°C. This
parameter directly dictates when snow grains begin to grow from a dry snow state to a melting snow state. By raising this
temperature threshold, the model delays the initiation of snowmelt, thereby extending the period during which snow remains
frozen on the sea ice surface. Secondly, the dry snow grain radius was reduced from 187.5 pm to 125 um, which increases
the effective dry snow albedo from approximately 0.88 to 0.90. A smaller snow grain radius scatters incoming solar radiation
more efficiently, leading to higher snow albedo. Both modifications, the delayed snowmelt onset and increased snow albedo,
work together to reduce surface sea ice melt, hence the name CESM2-lessmelt, leading to a thicker and more resilient sea ice
cover. These changes are realized without degrading the global simulation including top-of-atmosphere energy balance, surface

temperature, surface precipitation, and major modes of climate variability (Kay et al., 2022).
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We analyze simulations under CMIP6 historical forcing from 1990 to 2014 and under the medium-to-high emission SSP3-
7.0 scenario from 2015 to 2100 (Fig. 1). The CMIP6 historical forcing prescribes an abrupt increase in biomass burning (BB)
emission variability during 1997-2014, which induces excessive Northern Hemisphere warming and a spurious Arctic sea ice
loss-and-recovery signal over 1997-2025 (Fasullo et al., 2022; DeRepentigny et al., 2022). CESM2 is particularly sensitive to
this discontinuity. Five members of the CESM2-lessmelt ensemble (118-122) therefore use the smoothed BB (smbb) config-
uration (DeRepentigny et al., 2022), in which BB emissions are smoothed over 1990-2020 to dampen this signal, while the
remaining four members (112-115) follow the standard CMIP6 forcing. All nine members are used throughout this study. To
investigate RILEs throughout the 21st century, we divide the study period into four sub-periods. The first, referred to as the
early period (1990-2014), is based on historical simulations. The remaining three sub-periods draw on future projections under
the SSP3-7.0 forcing scenario: the mid-early period (2015-2030), covering the near-present; the mid-late period (2030-2045),
representing the close future; and the late period (2045-2064), corresponding to the emergence of a seasonally sea ice-free
Arctic Ocean. The smoothing period (1990-2020) overlaps with both the early (1990-2014) and mid-early (2015-2029) anal-

ysis periods, which may influence results for these two periods.

Sea ice outputs analyzed in this study include Arctic SIE, SIC, SIV, and SIA partitioned by thickness categories, with a focus
on September RILEs. To characterize the processes driving sea ice loss during the melt season (April-August), we examine sea
ice concentration and mass budgets through process-attributed variables: sea ice concentration changes due to thermodynamic
(sidconcth) and dynamic (sidconcdyn) processes, sea ice mass changes due to thermodynamic (sidmassth) and dynamic (sid-
massdyn) processes, and sea ice mass changes due to basal melt (sidmassmeltbot) and surface melt (sidmassmelttop) processes.
By convention, negative tendencies indicate sea ice mass loss (Fig. S2). To gain deeper insight into the processes occurring
during an abrupt sea ice loss event, we also look at SIA partitioned by thickness categories. This is done by analyzing the
variable siitdconc, which provides the fractional area of sea ice coverage per thickness category. This variable quantifies the
proportion of a grid cell’s area covered by sea ice, distributed across different ice thickness categories. In the sea ice model, the
ice thickness distribution (ITD) is discretized into five categories (Bitz et al. (2001)). The five thickness categories follow the
boundaries defined by Lipscomb (2001): cat.1: 0.00-0.64 m, cat.2: 0.64—1.39 m, cat.3: 1.39-2.47 m, cat.4: 2.47-4.57 m, and
cat.5: >4.57 m.

2.2 RILE detection

We define a RILE as a period lasting at least 4 years, during which the trend in the 5-year running mean minimum SIE is lower
or equal to -0.3 million km? per year, and apply this definition to the nine CESM2-lessmelt members (Auclair and Tremblay,
2018; Sticker et al., 2025). Applying this definition year-round, a total of 156 RILEs are detected across all months over the
full 1990-2064 period in the CESM2-lessmelt ensemble. Focusing on September, a total of 31 RILEs are identified over the
1990-2064 period, distributed across the four defined periods as follows: 9 in the early period (1990-2015), 6 in the mid-early
period (2015-2030), 10 in the mid-late period (2030-2045), and 6 in the late period (2045-2065). Notably, all RILEs identified
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in the final period from 2045-2065 result in September SIE reaching ice-free Arctic Ocean conditions. All ensemble members
exhibit at least one RILE, with a maximum of five RILEs detected in a single member. Among the 9 RILEs identified in the
early period, 6 occur in members using the standard CESM2 BB emission forcing, while the remaining 3 are found in members

employing the smbb modification.

September Arctic Sea Ice Extent - CESM2-lessmelt

8 CESM2-lessmelt members (9)
A =— Ens. Mean
I = (Qbservations (NSIDC)

Sea Ice Extent (milion km?)
B
-

2000 2020 2040 2060 2080

Figure 1. September Arctic sea ice extent for 9 members of CESM2-lessmelt, timeseries 1990-2100. Observations are from NSIDC sea ice

index (Fetterer et al., 2017) with area pole-filling.

2.3 Thermodynamic and dynamic attribution for sea ice loss during RILEs

A two-stage attribution framework is developed to identify the dominant processes responsible for September SIC decline dur-
ing RILEs. Specifically, the framework aims to disentangle the relative contributions of thermodynamic vs. dynamic processes
during the RILE at the grid-cell level. To this end, a quantitative comparison is made between the decline in September SIC
over the RILE period, which reflects the time evolution of the sea ice state, and the trend in the seasonally integrated SIC
tendency terms, which reflect the time evolution of SIC tendency due to process specific drivers during the RILE. The SIC

tendency terms (and their decomposition into thermodynamical vs. dynamical processes) are available as standard outputs in
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Framework for identifying the dominant physical regime during a RILE

(a) Dynamics-dominant (b) Thermodynamics-dominant (c) Discordant

RILE period RILE period RILE period
time

Thermodynamics Dynamics

Dynamics

SIC tendency (% / y)
SIC tendency (% / y)
SIC tendency (% / v)

Dynamics Thermodynamis Thermodynamics

Figure 2. Schematic illustration of the attribution categories used in this study. Each panel shows the temporal evolution of the SIC tendency
(% yr—') due to thermodynamic (red) and dynamic (blue) processes over the course of a RILE. (a) Dynamics-dominant: dynamic processes
drive both the accelerating trend and the largest integrated sea ice loss. (b) Thermodynamics-dominant: thermodynamic processes dominate
both the trend and total loss. (c) Discordant: the process driving the accelerating trend differs from the process dominating the total integrated

sea ice loss.

the CESM2-lessmelt experiments analyzed here.

A strong correspondence is found across all RILEs between trends in September SIC and trends in the April-August inte-
grated SIC tendency (r=0.83-0.93, depending on the RILE considered). This relationship is expected, since the SIC state in

September is, by definition, the time integral of the SIC tendency over the melting season plus the initial winter (March) state:

dSICs, dSIC d .
Sep Mar = / sidconc dt’ (1)

dt dt dt

melt season

where % denotes the linear trend estimated over the duration of the RILE, and sidconc = sidconcth + sidconcdyn is the total

sea ice concentration tendency, with contributions from thermodynamic (sidconcth) and dynamic (sidconcdyn) processes.

Alongside relating the total SIC trend to the two drivers, we also examine the relationship between the drivers themselves.
We find that, over the identified RILEs, the evolution of SIC tendency due to thermodynamic processes is strongly anticor-
related with the evolution of SIC tendency due to dynamic processes (r=-0.82 to -0.74 across the domain, depending on the
RILE), indicating that the two processes play highly complementary roles. In regions of strong ice export or divergence, ice
is thinner and open water increases, creating favorable conditions for late-winter and early-spring basal and lateral ice growth.

Conversely, in areas of convergence, the thicker ice pack is more susceptible to surface or bottom melting.

Based on these trends, the grid cells are categorized into three possible categories: (a) dynamics-dominant, (b) thermodynamics-

dominant and, (b) discordant (Fig. 2). A grid cell is categorized as "dynamics-dominant" if the following conditions are simu-
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latenously met: (i) the SIC tendency from dynamics becomes significantly more negative over the course of the RILE, with a
net change below -0.1%/year; (ii) the time evolution of SIC tendency from dynamics explains more than 20% of the SIC trend
during the RILE,; (iii) the SIC tendency from dynamics is, during the RILE, more negative than the SIC tendency from thermo-
dynamics; and (iv) the total sea ice loss due to dynamic processes integrated over the melt season (April-August) exceeds that
due to thermodynamic processes. In that case, the role of dynamical processes increases during the RILE in a region where it
is already predominant, and it primarily explains the SIC change; the RILE is therefore labelled as "dynamics-dominant" for
that grid cell (Fig. 2a). Likewise, a grid cell is categorized thermodynamics-dominant"” (Fig. 2b) following the same reasoning
but swapping the roles of dynamics and thermodynamics. A grid cell is categorized as "discordant" when one type of process
(e.g., dynamics) explains the SIC trend during the RILE and increases in importance over the course of the RILE, satisfying
conditions (i), (ii), and (iii) above, but the other type of process remains more important in absolute terms, i.e., condition (iv)
(Fig. 2c). This twofold approach allows us to identify both which process dominates total sea ice loss and which process is

increasingly contributing to it, thereby gaining importance over the course of the RILE.

To summarize, the dynamics-dominant category indicates regions where dynamics exert a strong control on SIC loss and
where their effect is amplified during a RILE, suggesting regions where ice divergence and advection are the primary mecha-
nisms of ice loss. The thermodynamics-dominant category indicates regions where thermodynamics exert a strong control on
the SIC loss and where their effect is amplified during a RILE, thus identifying regions where basal and surface melting driven
by oceanic and atmospheric fluxes predominantly dominate ice loss. The discordant category corresponds to a transitional
state where thermodynamics take an increasing role (e.g. through the ice-albedo feedback) in a background state marked by
strong dynamics-induced sea ice loss, or where the dynamics play an increasing role (e.g. through mechanical weakening) in a

background state marked by strong thermodynamics-induced sea ice loss.

The thermodynamic and dynamic decomposition of SIC changes offers a first-order picture of the processes involved in
RILEs, but a more complete understanding requires going further, by extending it to sea ice mass changes and, especially,
isolating the contributions of surface and basal melt within the thermodynamic component. Sea ice loss can occur without any
noticeable change in area, for instance, when ice thins progressively without retreating. Conversely, area can decrease with-
out mass loss, due to ridging or rafting of sea ice. Therefore, area-based metrics may underestimate or misattribute the true
magnitude of thermodynamics and dynamics processes. Incorporating sea ice mass allows us to better constrain the relative
contributions of dynamic and thermodynamic to the overall sea ice loss during RILEs. We therefore examine trends and total
changes in sea ice mass loss attributed to thermodynamic and dynamic processes, following the same approach as for sea ice

concentration changes.

Our framework refines these primary attributions based on concentration changes through two distinct pathways depending
on the initial classification. For cells attributed to thermodynamic dominance, we subdivide the thermodynamic contribution

into surface versus basal melt processes. A cell is classified as surface-melt dominant if the surface melt trend is negative,
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stronger than basal melt, and accounts for a larger absolute contribution to sea ice loss. Basal melt dominance is established
through symmetric criteria. If neither melt type clearly dominates, the cell retains its thermodynamic classification without
further subdivision. For cells initially classified in the discordant category, we apply a mass-based reattribution procedure to
complement the area-based attribution. If thermodynamic mass changes show negative trends, dominate over dynamic trends,
and contribute more in absolute terms, the cell is reattributed to the first category (thermodynamics-dominant), and subjected
to the surface/basal melt subdivision. Similarly, if dynamic mass changes meet similar criteria, the cell is reattributed to the
second category (dynamics-dominant). If neither process achieves mass-based process dominance, the cell remains in its orig-

inal discordant category, indicating a contribution from both processes or a weaker signal in the sea ice loss.

Final attribution maps are constructed by aggregating the individual cell-level attribution results across all RILEs belonging
to a given period, using a frequency-based approach combined with a binomial significance test. For each September RILE
in the ensemble, every Arctic grid cell is assigned an attribution category based on the two stage method decomposition
framework. Then, for each grid cell, the frequency of occurrence of each attribution category is computed across all RILEs
within the period. Cells for which fewer than 50% of the RILEs in the period detected a negative trend are excluded from the
composite. Among the remaining cells, the category with the highest frequency of occurrence is assigned as the composite
attribution; cells where two or more categories occur with equal frequency are assigned to a "no consensus" category. The
robustness of the dominant category is assessed using a one-sided binomial significance test, under the null hypothesis that
occurrences are distributed uniformly among the number of categories observed at a given cell. A cell is considered to exhibit
a statistically significant dominant attribution when the p-value falls below 0.05 and the dominant category accounts for more
than 50% of the contributing RILEs; such cells are marked with black dots on Fig. 7 and Fig. 9. The statistical significance of
this test is inherently limited by the small number of RILEs per period, ranging from 6 to 10.

3 Results
3.1 Likelihood of RILEs

We characterize the probability of occurence of a RILE as the fraction of members experiencing a RILE in a given year,
computed over 1990-2100 for CESM2-LE (50 members, Fig. 3a) and CESM2-lessmelt (9 members, Fig. 3b). RILEs occur
predominantly between July and December throughout the simulation run, with a probability peak around 2040 in CESM2-
lessmelt in September. This result not only identifies the most likely timing for a RILE in CESM2-lessmelt but also highlights
that RILEs can occur as early as the 1990s—2000s during summer months, well before the probability peak around 2040.
The presence of such early events raises questions about the respective roles of external forcing and internal preconditioning
in triggering RILEs. While forcing sets the long-term trajectory of sea ice loss, early occurrences suggest that a favorable
triggering event alone may be sufficient to initiate a RILE. In CESM2-LE, the peak of probability occurs around 2000 and
corresponds to a notable acceleration in sea ice decline linked to increased variability in prescribed BB emissions driven by

summertime aerosol-cloud interactions according to DeRepentigny et al. (2022) linked with lower than observed sea ice extent.
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The second peak of RILE probability arise around 2025 for CESM2-LE, still 15 years earlier than CESM2-lessmelt simulations

that are showing a more realistic Arctic sea ice mean state.

(a) CESM2-LE (b) CESM2-lessmelt
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Figure 3. Density of RILE occurrence by month and year for (a) CESM2-LE (50 members) and (b) CESM2-lessmelt (9 members), both
under the SSP3-7.0 emission scenario over 1990-2100. For each month and year, the density is computed as the fraction of ensemble
members experiencing a RILE. CESM2-LE is included here for comparison purposes only, to illustrate how correcting the systematic sea
ice bias in CESM2 toward insufficient late-summer Arctic sea ice cover shifts the timing and distribution of RILEs toward a more realistic
representation. The analysis in the remainder of the paper is based exclusively on CESM2-lessmelt. The dotted red vertical line indicates the

year 2026.

The role of internal variability in RILE onset is important to consider. If a RILE is primarily internally driven, it could
appear as a transient departure from the mean state, with the system subsequently recovering, manifesting as an abrupt event
in SIE. To investigate whether RILEs represent a response attempting to return to the system’s mean state (Fig. 1, black line),
we calculate the SIE anomaly at the onset of each RILE relative to the ensemble mean (Fig.4, blue bars). While the majority
of RILEs initiate under positive anomaly conditions compared to the ensemble mean, nearly a quarter begin with negative
anomalies with respect to the ensemble mean. Across all 156 RILEs detected year-round in CESM2-lessmelt, 77.6% begin
with a positive anomaly; however, half of the RILEs have a positive anomaly between 0 and 1 million km?, while the 27.6%
left exceed 1 million km?. The remaining 22.4% begin with negative anomalies; however, Fig. 4 reveals that these are not only
a minority but also clustered very close to the ensemble mean (0 to -1.75 million km?), making them effectively near average
onset conditions as well. This is even more pronounced for September RILEs, where negative anomalies represent only 13% of
cases and remain within 0 to -0.25 million km? of the mean. Moreover, a non-negligible fraction (38.8%) of September RILEs
begin with strongly positive anomalies exceeding 1 million km? (Fig. 4, blue bars). Taken together, these findings indicate
that RILEs predominantly initiate when SIE is near or above the ensemble mean, with only a small minority beginning under

slightly below-average conditions.
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Figure 4. Sea ice extent anomaly compared to ensemble mean at the onset of RILEs from CESM2-lessmelt ensemble over the period 1990-

2095 for all months in grey and September only in dark blue. The red dashed line marks zero anomaly, i.e. the ensemble mean.

3.2 Beyond sea ice concentration: the role of thickness in RILEs

RILEs are not only characterized by abrupt SIE decreases but also by abrupt SIV decreases. Among the 31 September RILEs of
the 9 CESM2-lessmelt members, some RILEs not only exhibit strong negative trends in SIE, but also show substantial declines
in SIV, with trends from -0.7 to -2.6 x10% km?/yr in the early period with a median SIV loss of 1.2x10% km?/yr (Fig. 5). In
contrast, the late period displays RILEs with much weaker volume trends (-0.2 to -0.5 x103 km3/yr), suggesting that these are
primarily extent-driven rather than volume-driven events. The mid-periods reveal a transitional trend in SIV loss between the
early and late phases, with the median rate shifting from -1x10% km?/yr (mid-early) to -0.4x10% km?3/yr (mid-late). The early
period exhibits the highest variability in SIV trends alongside the strongest rate of volume decline, yet paradoxically shows the
lowest variability and least negative SIE trends. In contrast, SIE trend severity and variability increase through the mid periods
before stabilizing in the late period, while SIV trends follow the opposite trajectory, becoming progressively lower toward the

late period.

This diversity in SIV trends across events motivates a closer examination of how SIT is distributed and evolves during RILEs.
Our analysis shows that in the early periods, RILEs involve both a decline in total SIA and a redistribution of ice toward thinner
thickness categories, while in later periods, as the ice pack has already thinned, RILEs are dominated primarily by large area
losses with little remaining thickness redistribution to occur. To analyze this behavior, we first examine the SIA by thickness
category and its evolution throughout the century from 1990 to 2065. Over the course of the century, the nine simulations

exhibit remarkably similar trends. In the early 1990s, the fractional area of sea ice, defined here as the proportion of total
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SIA occupied by each thickness category, is relatively evenly distributed across categories. Starting in the 2000s, however, the
thinnest category (cat. 1, 0.00-0.64m) begins to dominate, increasing from a minor fraction to between 40% and 60% of total
SIA, while thicker categories occupy a progressively reduced share (Fig. S1). As the Arctic approaches near ice-free conditions
by the mid-21st century, the total STA shrinks to the point where all thickness categories, including the thinnest ones, occupy

similarly small fractions, reflecting the near-complete disappearance of the ice pack.

Trends during September RILEs
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Figure 5. Boxplots of September SIE (left, 10°%km?y ') and SIV (right, 103km®y ") trends during RILEs across four periods: early(1990—
2015, n=9), mid-early (2015-2030, n=6), mid-late (2030-2045, n=10), late(2045-2065, n=6), where n is the number of RILEs per period.
The box spans the interquartile range (IQR, 25th—75th percentile), with the horizontal line indicating the median; whiskers extend to 1.5
times the Interquartile Range, and open circles denote outliers beyond this range. Individual RILEs are shown as filled circles. The dashed

horizontal line at zero is shown for reference.

The evolution of the SIT distribution during RILEs reveals distinct characteristics across the four periods. In the early pe-
riod (1990-2014), RILEs begin with a mean total area of 5.1 million km? distributed relatively uniformly across thickness
categories, and end with a marked redistribution toward thinner ice: the thinnest category (cat. 1, SIT < 0.64 m) increases its
fractional contribution by more than 10%, while total area decreases marginally (Fig. 6). All other categories decrease both in
fractional contribution and total area, with category 3 (1.39-2.47 m) experiencing the largest fractional loss, declining from
19 &+ 6% to 12 £ 3% of total SIA (mean =+ standard deviation across RILEs within the period). This indicates that during
early-period RILEs, sea ice is primarily redistributed from thicker to thinner categories or lost during the RILE period. The

mid-early period (2015-2030) follows a similar pattern but with a thinner sea ice state compared to the early period, with
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category 1 expanding from a mean start area of 37% to nearly half of the total ice-covered area as thicker categories progres-
sively diminish. In contrast, the mid-late (2030-2045) and late (2045-2064) periods are characterized by substantial area losses
across all thickness categories, especially the thinnest category that represents more than half of the sea ice area, rather than
redistribution, driving the system toward near ice-free conditions in the mid-late period and fully ice-free conditions in the
late period, with total area dropping below 1 million km?. This shift in the thickness distribution of the ice being lost reflects
the overall thinning of the Arctic ice pack over time and explains the weaker volume decline observed during the later events,

when the initial SIV is already lower (~3 x103km?).

Early (1990-2015) Mid-early (2015-2030) Mid-late (2030-2045) Late (2045-2065)

n=29 n==6 n=10

13%+4%
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26%%2%
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Mean Sea Ice Area
by Thickness Category (106 km?)

21%%4%

28%+10%

18%%3%

39%+7%
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L
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42%%11%

8%:
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Left bar = mean area at start of RILE | Right bar = mean area at end of RILE

BN cat 1: 0.00-0.64 m BN cat2:0.64-1.39m BN cat 3:1.39-2.47m cat 4: 2.47-4.57 m cat5: > 4.57m

Figure 6. Mean and standard deviation of Arctic SIA by thickness categories at the start (left bars) and end (right bars) of RILEs across
four periods; early period (1990-2015), mid-early period (2015-2030), mid-late period (2030-2045) and late period (2045-2065). Each
color represents a thickness category ranging from thin ice (<0.64 m) to very thick ice (>4.57 m). Percentages within the bars indicate the
contribution of each category to the total SIA. Black error bars represent the standard deviation of the total sea ice area (sum of all thickness

categories) across RILEs within each period.

3.3 Mechanisms driving sea ice decline during RILEs
3.3.1 First-stage attribution: concentration-based

The preceding analysis establishes the large-scale characteristics of RILEs in terms of SIE, volume, and thickness distribution.
While sea ice state variables characterize how RILEs unfold, they do not allow one to pinpoint why the sea ice cover changes
the way it does, specifically, whether a given change in concentration or mass is driven by thermodynamic or dynamic pro-

cesses. We now shift focus from characterising what the ice cover looks like during these events to understanding where sea
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ice is lost and which processes are responsible, by applying a process-based attribution method (see Sect. 2.3) decomposing

SIC changes into their thermodynamic and dynamic contributions.

Early (1990-2015) (n = 9 RILEs) Mid-early (2015-2030) (n = 6 RILEs)
= \3_| -l =
¢ [Th-trend & Dyn-total: 34%) ) [Th-trend & Dyn-total: 20%)|
[Dyn-frend & Th-total: 7%) [Dyn-frend & Th-total: 11%)

No consensus: 9%) 9 No consensus: 12%

/:MD
Si}/ifici% 9% of trend cells

Late (2045-2065) (n = 6 RILEs)
]

7
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No consensus: 5%)
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Figure 7. Composite attribution maps of Arctic SIC trends during September RILEs for each period. At each grid cell, the dominant attri-
bution category is determined by the majority across all RILEs within the period, provided that at least 50% of RILEs show a negative SIC
trend at that cell. Black dots indicate cells where the majority winner is statistically significant (binomial test, p < 0.05). Grey cells indicate

no consensus among RILEs. n denotes the number of RILEs in each period.
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The attribution maps of SIC change due to thermodynamic and dynamic processes only (Fig. 7) reveal a consistent domi-
nance of thermodynamic processes across all four RILE periods, with thermodynamics-attributed regions accounting for 39%
to 69% of grid cells experiencing September sea ice decline. Dynamic processes contribute to 5% to 11% of the grid cells,
while the discordant category (Th/Dyn-total & Dyn/Th-total in Fig. 7) represents 18% to 41% of the total, the rest in grey

shows no-consensus zone where variability is high between RILEs of the same period.

The temporal evolution of attribution categories reveals an increase of thermodynamics dominance in later RILEs. Ther-
modynamic attribution increases from 39% (early period) to 69% (mid-late and late periods), primarily because discordant
(th-trend & dyn-total) regions from early and mid-early periods become thermodynamically attributed in later periods. In the
early periods, thermodynamic dominance is concentrated in the marginal seas, from the Beaufort Sea to the region north of
Svalbard, before expanding toward the central Arctic Ocean and eventually north of Greenland in the late periods. By the latest
period, this central region represents the only remaining area of sea ice, as the marginal seas have become seasonally ice-free.
Discordant categories exhibit contrasting temporal patterns. The th-trend & dyn-total category, in which dynamic processes
dominate the total sea ice loss while thermodynamic processes show a stronger accelerating trend, accounts for 34% of the
declining sea ice area in the early period and 20% in the mid-early period, appearing predominantly in a region near the North
Pole and close to Greenland. By mid-late to late periods, this category reduces to 8-9%, persisting along north of Greenland
in the Lincoln Sea and in the proximity of the Canadian Arctic Archipelago. In contrast, the dyn-trend & th-total category,
in which thermodynamic processes dominate absolute ice loss but dynamic trends are accelerating, increases from 7% of the
area in the historical period to 9-11% in later periods. This category appears primarily in marginal ice zones. The expansion of
this category suggests that, as the ice pack thins and becomes more mobile, dynamic processes gain importance and become
comparable to thermodynamic processes. In contrast, pure dynamic attribution declines from RILEs in the early to late period,
a trend that could be explained by the increase of thermodynamic role: regions previously dominated exclusively by dynamics
transition to mixed-process regimes, where both thermodynamic melting and ice advection contribute substantially. Dynami-
cally dominated regions remain spatially consistent across all four periods, confined to north of Greenland and the Canadian

Archipelago and along the margins of the ice pack.

The statistical significance of attribution maps within each period is assessed as described in Sect. 2.3. The fraction of sig-
nificantly attributed grid cells ranges from 9% in the mid-early period to 42% in the mid-late period, with the lower value
in the mid-early period likely reflecting greater spatial variability across RILEs. Across all four periods, thermodynamically
dominated regions consistently show the highest significance, while discordant regions — where dynamic processes dominate

the total sea ice loss — also exhibit significant grid cells, particularly in the earliest period.
Since sea ice loss is not spatially uniform across the Arctic, we assess the distribution of September SIC trends across grid

cells categorized into thermodynamically dominated, dynamically dominated, and discordant regions (grouping both discordant

categories). For each of the 31 RILEs, we pool the SIC trends of all grid cells belonging to each category and represent
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their distributions as probability density functions (Fig. 8). Across all four periods, thermodynamically dominated regions
consistently exhibit the most severe SIC trends, while dynamically dominated and discordant regions are associated with trends
closer to zero. This indicates that thermodynamic processes are not only the dominant driver of total SIA loss during RILE:,
but also the process most strongly associated with the most intense local SIC decline. In the early and both mid-periods, the
mean SIC trend in thermodynamically dominated regions is approximately -8.8% yr~! (early and mid-early) and -8.4% yr—1
(mid-late), substantially more negative than in dynamically dominated regions (-5.1 to -5.7% yr~!) and discordant regions (-4.6
t0 -6.7% yr—1). In the late period, the distributions of thermodynamic and dynamic regions converge, with means of -7.8 and
-7.1% yr—!, respectively. The reduction in the fraction of very negative trend cells in the late period, despite continued overall

sea ice decline, is consistent with a thinner and less extensive ice pack in which extreme local trends become less spatially

prevalent. As the ice retreats, there is less area over which intense melt can occur.

Distribution of September SIC trends by attribution category and era

Early (1990-2015) Mid-early (2015-2030) Mid-late (2030-2045) Late (2045-2065)
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Figure 8. Probability density functions of September SIC trends by attribution category across the four periods: early (1990-2015), mid-early
(2015-2030), mid-late (2030-2045), and late (2045-2065). Each distribution pools area-weighted SIC trends from all grid cells attributed to
thermodynamic (red), dynamic (blue), and discordant (orange) categories across all RILEs within the period. Dashed vertical lines indicate

the mean of each distribution. Values of o and n in the legend denote the standard deviation and the total number of grid cells, respectively.

3.3.2 Second-stage attribution: sea ice mass-based

In this section, we refine the four concentration-based attribution categories by incorporating the sea ice mass budget and
decomposing the thermodynamic component into its surface and basal melt contributions. Two additional categories are intro-
duced: one for grid cells where sea ice decline during the RILE is dominated by basal melt (Fig. 9, orange), and one where
surface melt is the dominant process (Fig. 9, yellow). Basal melt refers to ice loss at the ice-ocean interface, and tends to
dominate in regions where warm Atlantic or Pacific water masses, though subducted below the surface, progressively release
heat upward to the ice base, or where surface waters in recently ice-free areas warm through atmospheric heating and albedo
feedback. Surface melt, in contrast, occurs at the ice-atmosphere interface and is primarily driven by absorbed shortwave,
longwave radiation, and turbulent heat fluxes from the atmosphere, becoming particularly active during summer months when

solar insolation is at its peak.
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Figure 9. Same as Fig. 7, but based on sea ice mass tendencies. The thermodynamic category is further subdivided into surface ice melt and

basal ice melt where consensus is reached, and left as thermodynamic undefined (red) otherwise. n denotes the number of RILEs in each

period.

The sub-attribution maps (Fig. 9) confirm the dominant role of thermodynamic processes across all four periods, with basal
melt emerging as the major driver of September sea ice decline during RILEs. Yet, the contribution of basal melt decreases,
going from 60% in the early period to 31% in the late period. Dynamic processes account for a small but stable fraction of

the diminishing ice pack, ranging from 6 to 13% of the area across the four periods. Surface melt plays a comparatively minor
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role, with the fraction of attributed grid cells reaching a maximum of 2% across all periods. The mass-based reattribution stage
reduces markedly the proportion of discordant grid cells relative to the main attribution, with the remaining discordant cate-
gories collectively accounting for approximately 9—11% of the declining sea ice area during RILEs. The sea ice mass budget
therefore provides useful additional constraints for resolving ambiguous cases in the area-based decomposition. In contrast,
the fractional area assigned to the no-consensus category, i.e. cells where two or more categories occur with equal frequency,
increases slightly at the sub-attribution stage relative to the main attribution, which is consistent with the larger number of
categories considered at this level. This fraction remains similar for the early, mid-early, and mid-late periods (12%, 13%, and
10%, respectively), but rises to 24% in the late period, likely reflecting the increased spatial variability of melt processes as the

Arctic Ocean approaches nearly ice-free conditions.

The spatial distribution of the sub-attribution shows a shift in the dominant melt processes across the four RILE periods,
transitioning from RILEs dominated by basal melt in the earliest period toward an increasingly complex interplay between
basal and surface melt contributions in the later periods. In the early and mid-early periods, basal melt dominates continuously
across the interior of the sea ice pack, while dynamic processes remain localised in the marginal ice zone. By the mid-late
period, a region where both basal and surface melt contribute substantially to sea ice loss (Fig. 9) expands from the Beaufort
and Chukchi Seas toward the central Arctic. Concurrently, the marginal ice zone in this period is characterised by grid cells
where both thermodynamic and dynamic processes contribute to sea ice decline, while dynamic attribution remains prominent
north of Greenland in the Lincoln Sea and in the vicinity of the Canadian Arctic Archipelago. In the late period, basal melt
remains the dominant process (31% of trend cells), but the fraction of grid cells assigned to the undefined thermodynamic
category, regions where neither basal nor surface melt can be identified as the primary driver, increases to 28%, concentrated
in the central Arctic north of the Barents Sea. This spatial shift suggests that, as the sea ice cover thins and retreats toward the

central Arctic, surface melt contributions during RILE periods become increasingly important.

Compared to the main attribution based on SIC changes, the fraction of grid cells exhibiting statistically significant frequency-
based attribution decreases at the sub-attribution level in all periods except the mid-early one, where it increases from 10% to
15%. In the early and mid-late periods, the significant cells are predominantly attributed to basal melt, and also to dynamic
processes localized in the Lincoln Sea close to the Greenland coast, indicating robust inter-RILE agreement on these dominant
mechanisms. In the late period, the fraction of significant cells collapses from 31% in the main attribution to near zero at
the sub-attribution level (Fig. 9), suggesting that, while thermodynamic processes are consistently identified as the dominant
driver, the specific partitioning between basal and surface melt varies considerably across RILEs and cannot be robustly con-
strained given the small number of contributing events (n = 6) and the increased spatial heterogeneity of melt processes in a

near-ice-free Arctic Ocean.

It is important to note that the dominance of basal melt in the attribution framework does not imply that surface melt plays

no role in sea ice loss during RILEs. The seasonal cycle of sea ice mass budget components shows that surface melt contributes
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meaningfully to sea ice loss from May to August across all four periods, with a consistent but secondary contribution relative
to basal melt (Fig. S3). This confirms that surface processes are active during RILEs and cannot be dismissed as negligible,
even though they do not emerge as the dominant driver in the attribution framework. Spatially, one might expect surface melt
to dominate at lower latitudes within the Arctic domain, where solar insolation is strongest during summer, while basal melt
would dominate on the Atlantic side and in the central Arctic, where oceanic heat storage and warm water intrusions provide
sustained heat flux to the ice base. However, our results show that basal melt dominates across nearly the entire Arctic domain

in all four periods, with the exception of the Canadian Archipelago.

4 Discussion

The improved representation of the Arctic sea ice state in CESM2-lessmelt simulations reveals that RILEs can occur through-
out the entire 21st century, with a peak in probability around 2040 for September RILEs (Fig. 3). This temporal distribution
implies that RILEs are not associated with a particular sea ice regime: they emerge under a wide range of mean states, from the
comparatively extensive and thick ice cover of the 1990s and early 2000s to the markedly reduced and thinner ice conditions of
the mid-century. This finding raises fundamental questions regarding the respective roles of preconditioning, externally forced
change, and internal climate variability in triggering these events. Previous work using CCSM3 has shown that RILEs result
from the combination of a thinning ice cover and a growing intrinsic variability in September SIE, with natural SIE variability
playing a critical role in initiating individual events (Holland et al., 2008a). The occurrence of RILEs in CESM2-lessmelt as
early as 1990-2015, when SIE variability is already higher than at the beginning of the 20th century yet the ice cover remains
more extensive and thicker than in later periods, is consistent with this picture: internal variability alone appears sufficient to
trigger rapid sea ice loss even in the early period. However, the dominant mechanisms likely differ across periods, as the mean
sea ice state varies considerably. In the early period, changes in forcing variability and anomalous ocean heat transport may
play a larger role (Holland et al., 2008a; DeRepentigny et al., 2020, 2022), while in later periods, the increased sensitivity of a

thinner ice pack to internal variability may become the primary driver of rapid sea ice loss.

Internal variability represents a major source of uncertainty in projections of Arctic sea ice loss, particularly over the coming
decades. As the ice cover thins under continued anthropogenic forcing, its sensitivity to internal climate fluctuations increases,
such that natural variability can produce sea ice changes of a magnitude comparable to the externally forced signal (Holland
et al., 2008a; Pasha Karami et al., 2023). Using a suite of single-model large ensembles, Bonan et al. (2021) showed that inter-
nal variability accounts for 40-60% of the total uncertainty in projections of September SIA change over the next decade, while
scenario uncertainty only becomes dominant toward the end of the century. Furthermore, this contribution is state-dependent,
increasing to approximately 80% of total uncertainty at low SIV regimes, consistent with the growing sensitivity of a thinner
ice cover to internal climate perturbations (Bonan et al., 2021). In accordance with this, RILEs are a robust feature of future
projections in the CESM2-lessmelt ensemble throughout the mid-early to late periods, reflecting the dominant role of internal

variability over scenario uncertainty in driving rapid ice loss on decadal timescales. However, internal variability is not only
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relevant towards the end of the 21st century. Pasha Karami et al. (2023) demonstrated that over 70% of the September SIA
loss between the extreme high of 1996 and the extreme low of 2007 was attributable to internal variability, with half of this
contribution arising from interdecadal modes. Consistently, the occurrence of RILEs in some CESM2-lessmelt members as
early as the 1990s, as well as their occurrence in low-emission scenarios (Sticker et al., 2025), demonstrates that sufficiently

large internal variability alone can trigger rapid ice loss even under moderate forcing relative to late 21st century levels.

A related question concerns whether the initial sea ice state influences RILE occurrence. In the CESM2-lessmelt ensemble,
RILEs occur preferentially when the SIE of an individual member lies above the ensemble mean, though they are not excluded
from occurring at or below it (Fig. 4). This raises the possibility that RILEs partly reflect a model tendency for members
with anomalously high SIE to return toward the ensemble mean trajectory. However, the occurrence of RILEs at or below
the ensemble mean demonstrates that this mechanism alone is insufficient to explain their full distribution, and that internal
variability can trigger rapid sea ice loss independently of the initial sea ice state. RILEs therefore emerge across a range of
initial sea ice conditions, reflecting the combined influence of external forcing, which sets the long-term thinning trajectory,

and internal variability, which determines the timing and magnitude of individual events.

RILEs differ not only in their onset timing, and thus their initial sea ice state, but also in the intensity of their SIV loss trends
throughout the event. For instance, RILEs in early and mid-early periods can exhibit a loss rate in SIV 3 to 4 times greater
than that of RILEs in mid-late and late periods, suggesting that some of these events are not solely driven by areal changes but
also involve changes in ice thickness (Fig. 5). This result led us to further investigate the behavior of SIT distribution during
these rapid melt events. The results discussed above highlight that SIA alone provides an incomplete picture of the physical
changes occurring during these events. As noted by Stroeve and Notz (2018) and Massonnet et al. (2018), the stability of
the Arctic sea ice cover is closely tied to the thickness distribution of the ice pack: a thicker, more heterogeneous ice cover
responds differently to thermodynamic forcing than a thin, homogeneous one, with compensating negative feedbacks, such as
enhanced winter ice growth in areas that became ice-free during summer, playing a key role in stabilizing the system. As the ice

pack thins under continued warming, these stabilizing feedbacks weaken, and the nature of RILEs could change fundamentally.

Analysis of the fractional SIA by thickness category revealed distinct redistribution patterns during RILEs. In the early pe-
riod, the initial thickness distribution is relatively uniform across the five model thickness categories. By the end of the events,
the total SIA has declined by approximately 2 million km? on average over RILE durations of 5 to 8 years. This areal loss is
primarily driven by the reduction of the thickest ice categories (>2.47m), while the area of the thinnest ice (0-0.64 m) remains
approximately constant or increases in absolute values, with its fractional contribution to the total SIA more than doubling in
some cases. A similar pattern emerges in RILES of the mid-early period, though it initiates with a higher proportion of thin
ice categories. In contrast, in the last two periods, RILEs do not exhibit significant thickness redistribution; instead, they are
primarily characterized by the decline of thin ice. This highlights the distinct nature of RILEs: early-century events not only

reduce total ice area and volume but also redistribute ice from thick to thin categories, whereas mid-century events primarily
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eliminate thin ice.

To further understand how RILEs develop, we characterized sea ice loss during RILEs in terms of its driving processes for
the first time. The Arctic sea ice state is governed by a balance between thermodynamic (sea ice melt/growth) and dynamic (sea
ice import/export) contributions (Holland et al., 2008b). We found that negative trends in September SIC strongly correlate (r
= 0.89-0.93) with total SIC melt trends, confirming that September sea ice conditions largely reflect melt-season processes.
In CESM2 model, SIC changes can be decomposed into dynamic and thermodynamic components, enabling a first attribution
of SIC loss to these processes, initially based on areal dimensions. Our results show that thermodynamic processes dominate
sea ice concentration decline across all four RILEs period, accounting for 39-69% of the area affected by sea ice loss, while
dynamic processes contribute 5—11%. The remaining fraction of the SIA decline occurs in regions where no single process
emerges as dominant. Previous studies have identified thermodynamic processes as the primary driver of rapid Arctic sea ice
loss, with dynamic processes playing a negligible direct role (Holland et al., 2006; Doscher and Koenigk, 2013). Regions
where no single process dominates in the attribution analysis are likely regions where comparable contributions from both
thermodynamic and dynamic processes occur, or where the signal in the process attribution is less clear. This ambiguity in
attribution often arises in areas with minimal or near-zero sea ice trends (not shown). Analysis of the distribution of Septem-
ber SIC trends by attribution category confirms that discordant regions are predominantly associated with slight to moderate

sea ice loss, while the most strongly negative trends are predominantly found in thermodynamically dominated regions (Fig. 8).

While concentration-based attribution already provides insight into the processes driving sea ice loss during RILEs, a com-
plementary mass-based analysis further confirms the dominant role of thermodynamic processes, expanding the fraction of sea
ice loss regions attributed to thermodynamic forcing. Within this thermodynamic contribution, basal melt consistently emerges
as the dominant mechanism of sea ice loss across all RILEs. This dominance likely reflects the combined action of two mech-
anisms: the ice-albedo feedback, through which expanding open-water areas increase solar heat absorption in the upper ocean,
and reorganizations of ocean circulation and associated heat transport, both of which enhance oceanic heat flux to the ice base

and drive basal melt.

For the early period, however, the ice-albedo feedback is less likely to explain the RILEs. Occurring when the Arctic Ocean
is still largely covered by thick, extensive sea ice, the contribution of solar radiation absorbed through leads is likely minimal.
It is worth noting that the early period coincides with a period of enhanced variability in biomass burning (BB) emissions
identified in CESM2 (DeRepentigny et al., 2022). That study attributes the enhanced simulated adecline in September sea ice
between 1997 and 2014 to this increased BB variability, driven by nonlinear aerosol—cloud interactions: years with low BB-
related aerosol burdens reduce cloud optical depth and produce a warming effect that outweighs the cooling induced during
years with high aerosol burdens, resulting in a net warming of the surface. This highlights the sensitivity of Arctic sea ice to

aerosol emission variability. However, the fact that four members using a smoothed BB emission forcing still exhibit RILEs
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during this early period indicates that such events are not solely attributable to this aerosol forcing.

Finally, for the RILE in the latest period in the century, large regions near the ice edge exhibit ambiguous attribution between
surface and basal melt. This ambiguity may indicate that, by this period, atmospheric warming has become sufficient to drive
surface melt rates comparable to those of basal melt, or alternatively, that other thermodynamic mechanisms such as lateral melt
have gained relative importance at a spatial scale. Regarding the late period, the six RILEs identified all result in September
SIE reaching Arctic Ocean ice-free conditions. This is consistent with previous studies showing that early ice-free days always
occur during rapid ice loss events (Heuzé and Jahn, 2024), and that around a third of RILEs in Sticker et al. (2025) study lead
to seasonally ice-free conditions, suggesting that RILEs are important role in the transition toward a seasonally ice-free Arctic

Ocean.

These findings are consistent with the causal analysis of Docquier et al. (2024), who demonstrate using the Liang-Kleeman
information flow method that surface air temperature is the dominant driver of summer Arctic SIE across five CMIP6 large
ensembles, with its influence being particularly pronounced during periods of rapid sea ice decline. This supports the thermody-
namic dominance identified here, though our results further suggest that this atmospheric forcing acts primarily through basal
melt rather than surface melt, pointing to ocean heat uptake as the key intermediary between atmospheric warming and sea ice
loss during RILEs. Furthermore, we also showed a strengthening of the thermodynamic-severity in SIC decline coupling from
the early to the late period. Docquier et al. (2024) show that the causal influence of surface air temperature on summer SIE

increases over time in conjunction with a growing frequency of sea ice lows and rapid sea ice decline events.

The dominance of basal ice melt in the attribution framework should not be interpreted as finding an absence of surface
melt during RILEs. The seasonal cycle of sea ice mass budget components shows that surface melt contributes meaningfully
to sea ice loss from May to August across all periods, albeit as a secondary process relative to basal melt (Fig. S3). The ther-
modynamic dominance of basal melt therefore reflects the primary mechanism of the most intense and spatially coherent sea
ice loss during RILEs, rather than the exclusive process at play. Moreover, both models and observations consistently point
toward an increasing dominance of basal melt over surface melt in the Arctic sea ice mass budget, suggesting that the basal
melt dominance identified here is consistent with the broader literature (Carmack et al., 2015; Keen et al., 2021; Richaud et al.,

2026).

5 Conclusions

The accelerating loss of Arctic summer sea ice represents one of the most striking manifestations of ongoing climate change,
with thermodynamic and dynamic processes jointly shaping the pace and spatial pattern of this decline. Using the CESM2-

lessmelt ensemble under the SSP3-7.0 scenario, we showed that RILEs are a robust and recurrent feature of Arctic sea ice
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evolution throughout 1990-2065, with a peak in occurrence around 2040. Their distribution across the full simulation pe-
riod from the historical era, where the forced signal remains modest, to the mid-to-late 21st century, where a thinning ice cover
amplifies the role of internal variability, underscores the dual nature of their triggering: externally forced thinning sets the back-
ground conditions, while internal variability provides the perturbation necessary to initiate individual events. Our two-stage
555 attribution framework revealed that thermodynamic sea ice processes dominate SIA loss during RILEs across all four periods,
accounting for 46-71% of attributed grid cells, while dynamic sea ice processes contribute a consistently minor fraction of
6—11%. A further decomposition of the thermodynamic signal identified basal melt as the primary driver, with its relative con-
tribution decreasing from the early (64%) to the late period (32%) as the ice cover thins and surface melt becomes increasingly
relevant.
560
A more complete characterisation of RILE evolution would require a detailed investigation of their precursors, including at-
mospheric and oceanic preconditioning, surface energy budget feedbacks, and remote climate drivers. Advanced understanding
of the ocean—ice—atmosphere interactions driving these rapid sea ice decline is essential to reduce uncertainties in projections
of Arctic sea ice loss and its broader climatic consequences. Further work combining modeling, observational constraints on
565 basal and surface ice melt, and large ensemble approaches will be critical to refining our understanding of the mechanisms
behind those Arctic RILEs in a warming world and ultimately to developing reliable early warning systems of imminent rapid
loss events, with important implications for Arctic ecosystem management, shipping route planning, and climate adaptation

strategies.
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