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Abstract

Amplified Arctic warming has led to a pervasive decline in sea ice cover over recent decades, yet the
pattern and governing mechanisms of sea-ice concentration (SIC) state transitions remain unclear.
This study reveals a stepwise reduction in ice extent during 1979-1991, 1992-2006, and 2007-2024, with
pronounced regional SIC contrasts in these transitions. September-mean sea ice in the 70°N-80°N
Arctic belt undergoes sustained and significant retreat across three periods, while localized ice gains
emerge north of Greenland. In February, the Greenland and Barents Seas exhibit persistent ice loss,
whereas the central Arctic Ocean shows significant ice increases. Enhanced ice-albedo feedback,
together with concurrent rises in 2-m air temperature and sea surface temperature, dominates ice loss
across the 70°N-80°N Arctic belt and the Greenland and Barents Seas. Meanwhile, wind-driven ice
convergence promotes localized ice gains north of Greenland in September and within the central
Arctic Ocean in February, with both mechanisms amplified during 2007-2024. These findings
underscore the spatial heterogeneity of Arctic SIC transitions and highlight the complex interplay of
thermodynamic and dynamic processes shaping them.

Keywords: arctic sea ice; stepwise reduction; spatial heterogeneity; thermodynamic forcing; dynamic
convergence

1. Introduction

Arctic sea ice has undergone rapid and unprecedented decline in recent decades, with satellite
and in-situ observations revealing a pronounced contraction of the ice cover [1-3], accompanied by
pervasive thinning of sea ice [4-7]. These changes propagate through the Arctic climate system,
altering atmospheric energy budgets, large-scale circulation and air-sea exchanges [8,9], ocean
stratification and currents [10,11], as well as the marine ecosystem [12].

Arctic sea-ice extent (SIE) has followed a markedly non-stationary trajectory since the beginning
of the satellite era. Between 2001 and 2007, the rate of retreat accelerated markedly relative to previous
decades. In just two summers the September ice extent shrank by over a million square kilometres,
plunging from an already low 2005 value to an unprecedented retreat in 2007 [13]. Five years later,
the 2012 minimum shaved the footprint again, reaching an ice cover barely half the typical size of the
1990s [14]. A partial recovery occurred in 2013-2014, and subsequent summers have exhibited
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interannual variability confined to a low, narrow envelope that remains decisively separated from
the pre-2007 steep decline [15].

Greenhouse gas emissions and the accompanying amplified rise in Arctic surface air
temperature are the primary drivers of long-term ice loss [16,17], yet internal variability strongly
modulate sea ice trends [18]. Atmospheric and oceanic processes dominate these modulations [19,20].
Anomalous large-scale circulation patterns, such as shifts in the position and intensity of cyclonic or
anticyclonic centers, alter momentum and heat fluxes at the ice-ocean interface, thereby modulating
both dynamic and thermodynamic ice changes [20-25]. Concurrently, anomalous poleward oceanic
heat transport [26-28] and variability in upper-ocean stratification [15] exert a sustained influence on
the sea ice cover.

Previous investigations have largely focused on the rapid summer decline of Arctic sea ice and
its underlying causes. This study expands the perspective by examining how mean-state sea ice
concentration (SIC) in September and February have changed through different periods, and by
assessing the combined influence of atmospheric and oceanic conditions on these transitions. The
paper is organized as follows. Section 2 provides an overview of the data used in the analysis. Section
3 characterizes the Arctic sea-ice state transition through a detailed examination of the spatiotemporal
evolution of SIC. Section 4 explores the mechanisms driving these transitions by linking each period’s
ice state to specific atmospheric and oceanic conditions. Section 4 presents the conclusions and
discussion.

2. Data

The SIE and SIC data used in this study were obtained from the OSI-420, OSI-450-a and OSI-430-
a products released by the Ocean and Sea Ice Satellite Application Facility (OSI-SAF) of the European
Organisation for the Exploitation of Meteorological Satellites (EUMETSAT). These products are
generated by merging multi-source passive microwave remote sensing data from the Scanning
Multichannel Microwave Radiometer (SMMR), the Special Sensor Microwave Imager (SSM/I), and
the Special Sensor Microwave Imager/Sounder (SSMIS), and by performing retrievals with the OSI-
SAF algorithm [29,30]. Monthly mean SIC data on 25 km grid spacing for 1979-2024 are used here.

We used an enhanced monthly mean sea-ice motion vectors (ICDC-NSIDCv4.1) covering 1979-
2023 on a 25 km Lambert-Azimuthal Equal Area Grid. This monthly mean data is derived from
NSIDC-0116 [31] and provided in netCDF format (file version fv0.01) by the Integrated Climate Data
Center (ICDC, University of Hamburg). This product integrates SMMR, SSM/I, SSMIS, the Advanced
Very High Resolution Radiometer (AVHRR) and the Advanced Multichannel Scanning Radiometer
Earth Observing System (AMSR-E) data, International Arctic Buoy Programme (IABP) velocity
records, and NCEP/NCAR wind-derived ice-drift fields for the Arctic Ocean.

The diagnostic variables used in this study were sourced from the ERA5 global reanalysis [32]
produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) and distributed
through the Copernicus Climate Change Service (C3S) Climate Data Store (CDS). Monthly mean
fields from 1979 to 2024 were employed, including surface net shortwave radiation (SNSR), 2-m air
temperature (T2m), sea surface temperature (SST), sea level pressure (SLP) and 10-m wind velocity.

3. Results

3.1. Pattern of Arctic Sea-Ice State Transitions

Under the pervasive influence of global warming, Arctic SIE has undergone sustained
contraction, accompanied by pronounced regime shifts in sea ice state [15,33]. As shown in [15], the
rate of summer ice extent decline slowed after 2007, with a weak, statistically insignificant trend
during 2007-2021, in contrast to the much larger and significant negative trends during 1992-2006.
Following [15], Figure 1 illustrates the temporal change of the September and February SIE from 1979
to 2024. During 1979-1991, September and February SIE decreased significantly from an elevated
baseline at respective rates of -0.09x10° km? yr! and -0.05x106 km? yr, respectively. Regime shift to
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accelerated loss (-0.10x10¢ km? yr! in September and -0.07x10° km? yr in February) characterized
1992-2006, after which the ice cover converged to a persistently low state devoid of statistically
significant further decline during 2007-2004.
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Figure 1. Changes of Arctic sea ice extent (SIE, 10° km?) in September (a) and February (b) from 1979 to 2024.
The grey dashed lines show the trends of SIE during 1979-1991, 1992-2006 and 2007-2024.

Transitions in Arctic sea-ice extent are evident during 1979-1991, 1992-2006 and 2007-2024, with
a stepwise reduction persisting through all twelve months (Figure 2). Relative to the 1979-1991
baseline (blue), mean September extent contracted by 0.84x10¢ km? in 1992-2006 (orange) and by
2.55x106 km? in 2007-2024 (green), while the corresponding mean February reductions were 0.68x106
km? and 1.35x10¢ km?, respectively. Accordingly, the spatial distribution of Arctic SIC state transitions
across the three periods are investigated to determine whether the decline proceeds uniformly or
exhibits regionally distinct trajectories.
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Figure 2. 1979-1991, 1992-2006 and 2007-2024 monthly mean Arctic SIE (10° km?).

The changes of Arctic SIC exhibits pronounced regional heterogeneity across the three periods
(Figure 3). Inter-period differences in SIC significant at the 95% confidence level, as identified by a
two-sample t-test, are denoted by black hatching in Figure 3. From the first to second period, the
Chukchi and Beaufort seas experience significant SIC reduction (Figure 3b), extented to the third
period, the zone of significant decline encompasses the entire 70°N-80°N circumpolar belt (Figure 3c).
Within this Arctic belt (70°N-80°N, 180°W-180°E), the September-mean SIC falls from 0.36 in 1979-
1991 to 0.13 in 2007-2024, yielding a period anomaly of -0.23. Conversely, north of Greenland (80°N-
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90°N, 310°E-360°E) exhibits a modest yet statistically significant increase in September-mean SIC,
rising from 0.84 in 1979-1991 to 0.88 in 2007-2024 and producing a positive anomalies of 0.04.
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Figure 3. Mean September Arctic sea-ice concentration (SIC, %) for 1979-1991 (a), SIC differences for 1992-2006
(b) and 2007-2024 (c) relative to 1979-1991. The second row presents the same information for February (d-f).

Black hatching denotes grid cells where the difference is significant at the 95% confidence level.

Significant negative February-mean SIC anomalies emerge in the Greenland Sea (70°N-76°N, 10°
W-0°) from the first to second period (Figure 3e). This signal intensifies and expands so that, by the
third period, the domain of significant decline spans both the Barents Sea (70°N-80°N, 35°E-60°E) and
the Greenland Sea (Figure 3f). Regionally, February-mean SIC in the Barents Sea drops from 0.55 in
1979-1991 to 0.26 in 2007-2024, producing a period anomaly of -0.29, while the Greenland Sea
counterpart falls from 0.25 to 0.02, yielding an anomaly of -0.23. By contrast, the central Arctic Ocean
(north of 84°N) exhibits sustained positive SIC anomalies, with area-averaged concentration rising
from 0.95 in 1979-1991 to 0.99 in 2007-2024, equivalent to a 0.04 anomaly.

The stepwise contraction of Arctic sea-ice extent across the three periods is tightly connected to
intensified melt within (i) the 70°N-80°N Arctic belt in September and (ii) the Barents and Greenland
seas in February, with the most pronounced SIC retreat occurring during 2007-2024. The physical
mechanisms responsible for the different regional changes in September and February SIC are
examined in the following section.

3.2. Mechanisms of Sea-Ice Concentration State Transitions

The potential mechanisms behind sea-ice concentration state transitions during 1979-2024 are
examined here. Mean September and February SNSR differences across three periods in Figure 4 are
consistent with the SIC changes. Relative to 1979-1991 (Figure 4a), the increases of September-mean
SNSR expand from the Chukchi and Beaufort seas in 1992-2006 to the 70°N-80°N Arctic belt in 2007-
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2024 (Figures 4b, c), which is consistent with the corresponding SIC decrease (Figures 3b, c). The 2007-
2024 interval exhibits a poleward expansion and pronounced intensification of both SNSR
enhancement and SIC decline relative to 1992-2006. The pervasive retreat of sea ice strengthens ice-
albedo feedback through systematic lowering of surface albedo, which enhances net shortwave
absorption and thereby accelerates ice melt [34].

To quantify the SNSR imprint on SIC, we performed regional averaging for the previously
defined SIC change domains for each period. Within the 70°N-80°N Arctic belt, monthly mean SNSR
from May to September exhibit consistent rises in the subsequent two periods (Figure 5a). September
SNSR averages increase from 5.20 W m2 in 1979-1991 to 5.54 W m= in 1992-2006 and 6.06 W m?2 in
2007-2024, translating to incremental gains of 0.34 W m? and 0.86 W m?2, respectively. This
acceleration is consistent with the intensified SIC retreat between the second and third periods
(Figures 3b, c). Meanwhile, June and July SNSR climbed by 0.70 W m2in 1992-2006 and 1.84 W min
2007-2024 relative to 1979-1991. This radiative surplus is stored within the ocean-ice column and
exerts a delayed influence. Consequently, the amplified June and July forcing preconditions thinner,
more fragmented ice that fosters the pronounced September SIC decline recorded in the subsequent
two periods.

0 30 60 90 120 150 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Sep. surface net Difference (W/m’) Difference (W/m’)

shortwave radiation (W/m")
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Figure 4. Mean September surface net shortwave radiation (SNSR, W m-2) for 1979-1991 (a), SNSR differences
for 1992-2006 (b) and 2007-2024 (c) relative to 1979-1991. The second row presents the same information for
February (d-f). Black hatching denotes grid cells where the difference is significant at the 95% confidence level.

In the northern sector of Greenland, the average September SNSR decreased slightly in the
subsequent two periods (Figures 4b, c), corresponding to the increase of SIC in this region (Figures
3b, c). September-mean SNSR north of Greenland drop marginally from 1.51 W m? to 1.46 W m-? and
1.41 W m? across three periods, paralleling the modest SIC increase. The largest radiative deficit
occurs in June, where SNSR falls by 0.27 W m2 and 1.33 W m?2 relative to the first period. This early-
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summer SNSR decrease could precondition a thicker, more resilient ice cover, thereby reinforcing the
September SIE.

It is noteworthy that the increase in SNSR in the 70°N-80°N Arctic belt in September was much
larger than the decrease north of Greenland, which is also consistent with the pattern shown in
Figures 3b and 3c, where SIC decreased substantially across most of the Arctic, with only slight
increases north of Greenland. Despite pronounced spatial heterogeneity, the pan-Arctic SNSR is
dominated by positive anomalies that systematically outpace localized declines, mirroring an
asymmetric sea ice change in which retreats exceed advances. Consequently, sea ice across most of
the Arctic gradually melts under enhanced ice-albedo feedback, leading to a significant reduction in
the mean SIE across three periods.

February-mean SNSR increases slightly from 0.26 W m-2 through 0.29 W m2 to 0.33 W m2in the
Barents Sea and the from 0.81 W m to 0.92 W m2 and then to 0.99 W m= in Greenland Sea across
three periods (Figures 4e, f). These modest positive anomalies align with the contemporaneous SIC
retreat, yet their amplitude is much smaller than the September signal (Figure 6a,b). The central Arctic
Ocean experiences polar night and changes in SNSR in this region are negligible and cannot account
for the modest yet significant SIC increase there. Consequently, the changes of winter sea ice
concentraion must be interrogated through additional drivers, as discussed below.

— 1979-1991
200 —— 1992-2006
—— 2007-2024

6

— 1979-1991 (b)
— 19922006
—— 2007-2024

(a)

) =

=

[ =

Surface net shortwave radiation (W/m?)
N

Surface net shortwave radiation (W/m?)
°®

e

Month Month

1979-1991
1992-2006
2007-2024

() 0 — 1979-1991
— 1992-2006
—— 2007-2024

()

-~ -5
g g
< 5 <
@ @
- -
g S0
& I
20 :
= =
I8 3
£ E-20
& ]
-20
-25
25 1 | | |
1 2 3 4 5 6 7 8 9 1w 1 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month
25 1979-1991 © 163 —— 1979-1991 ®

1992-2006 — 1992-2006
2007-2024

—— 2007-2024

= I g
= n e
E &
P B

b

n
£
&

N
3

Sea surface temperature (°C)
=
=

Sea surface temperature (°C)

&

n
N
&

e

-1.69

1 2 3 4 5 6 7 8 9 0 11 12 1 2 3 4 5 6 7 8 9 10 1 12
Month Month

Figure 5. Monthly mean SNSR (a-b), 2-m air temperature (T2m, c-d) and sea surface temperature (SST, e-f) in
1979-1991 (blue lines), 1992-2006 (orange lines) and 2007-2024 (green lines). The first and second columns are

spatial average over the Arctic belt zone and the northern sector of Greenland, respectively.
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Figure 6. Monthly mean SNSR (a-c), T2m (d-f), SST (g-i) in 1979-1991 (blue lines), 1992-2006 (orange lines) and
2007-2024 (green lines). The first, second and third columns are spatial average over the Barents Sea, the

Greenland Sea and the central Arctic Ocean, respectively.

To assess the influences of surface temprature on SIC changes, September and February mean
T2m (Figure 7) and SST (Figure 8) during 1979-1991, along with differences in 1992-2006 and 2007-
2024 relative to 1979-1991 are displayed respectively. September-mean T2m and SST exhibit
significant warming in the latter two periods, and the anomalies intensify and expand in the 70°N-
80°N Arctic belt from 1992-2006 to 2007-2024 (Figures 7b, c and 8b, c). Monthly variations in T2m and
SST confirm pronounced August-September increases in the latter two periods (Figures 5c, e).
Relative to 1979-1991, September-mean T2m in the 70°N-80°N Arctic belt rises by 0.61 °C and 2.29 °C,
while SST increases by 0.30 °C and 1.45 °C in 1992-2006 and 2007-2024, respectively. Amplified
September thermal anomalies coincide with a much larger SIC decline in 2007-2024 relative to 1992-
2006. In the northern sector of Greenland, the September-mean T2m (Figures 7b, ¢, and 5d) and SST
(Figures 8b, c and 5f) changes across three periods are not significant. The observed September SIC
increase north of Greenland is not linked to variations in T2m or SST.
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Figure 7. Mean September T2m (°C) for 1979-1991 (a), T2m differences for 1992-2006 (b) and 2007-2024 (c) relative
to 1979-1991. The second row presents the same information for February (d-f). Black hatching denotes grid cells
where the difference is significant at the 95% confidence level.
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Figure 8. Mean September SST (°C) for 1979-1991 (a), SST differences for 1992-2006 (b) and 2007-2024 (c) relative
to 1979-1991. The second row presents the same information for February (d-f). Black hatching denotes grid cells
where the difference is significant at the 95% confidence level.

In February, both T2m and SST exhibit significant warming in the Barents and Greenland seas
during the latter two periods, and the anomalies intensify from the second to the third period (Figures
7e, f and 8e, f). Monthly variations in T2m (Figures 6d, e) and SST (Figures 6g, h) confirm pronounced
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December-March increases in the latter two periods. Relative to 1979-1991, February-mean Barents
Sea changes in 1992-2006 and 2007-2024 are 0.70 °C and 5.56 °C for T2m, and 0.23 °C and 0.78 °C for
SST, respectively, while the corresponding Greenland Sea changes are 0.58 °C and 2.02 °C for T2m,
and 0.41 °C and 1.05 °C for SST. Amplified February surface warming in 2007-2024 relative to 1992-
2006 coincide with a much larger SIC decline in the Barents and Greenland seas during the same
period.

In the central Arctic Ocean, February-mean T2m exhibits a -1.47 °C anomaly in 1992-2006 and a
1.91 °C increase in 2007-2024 relative to 1979-1991 (Figures 7e, f and 6f). The cooling in 1992-2006
aligns with increased February SIC in this region, but this relationship breaks down in the third
period. Meanwhile, February-mean cooling of SST is not significant in both periods (Figures 8e, f and
6i). These thermal perturbations are insufficient to explain the observed February SIC increase in the
central Arctic Ocean especially in 2007-2024.

In general, concurrent intensification of SNSR, T2m and SST exerts a synergistic control on the
SIC decline in the 70°N-80°N Arctic belt in September and the Barents and Greenland Seas in
February. All surface-energy anomalies strengthen from 1992-2006 to 2007-2024, coinciding with the
most pronounced SIC decline in the latter period. In contrast, the September SIC gain north of
Greenland and the February SIC increase in the central Arctic Ocean cannot be reconciled with the
weak, and sometimes opposite, thermal perturbations, implicating dynamical processes (e.g., wind-
driven ice convergence) beyond local surface temperature changes.

September and February mean SLP and 10-m wind vectors (Figure 9) together with satellite-
derived sea-ice drift (Figure 10) reveal that the high-pressure anomaly established over the central
Arctic after 1991 modulates sea ice advance in both seasons. In September, the SLP rise and wind
convergence towards north of Greenland in 1992-2006 and 2007-2024 (Figures 9b,c) enhances the
wind-driven sea ice convergence (Figures 10b,c) and raises September SIC there relative to 1979-1991.
In February, an anomalous SLP increase over the Arctic Ocean (Figure 9e) intensifies basin-scale
anticyclonic circulation, driving wind-driven ice convergence into the central Arctic Ocean (Figure
10e) and producing a corresponding SIC increase. As the high-pressure centre migrates north of
Russia, both convergence and SIC are further amplified in 2007-2024 (Figures 9f and 10f).

120°E 120°E 120°E
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120°E 120°E
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Feb. sea level pressure (hPa) Difference (hPa) Difference (hPa)

Figure 9. Mean September sea level pressure (SLP, hpa, shaded) and 10-m wind velocity (m s-1, vectors) for
1979-1991 (a), SLP and 10-m wind velocity differences for 1992-2006 (b) and 2007-2024 (c) relative to 1979-1991.
The second row presents the same information for February (d-f).
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Figure 10. Mean September sea ice velocity (m s, vectors) for 1979-1991 (a), sea ice velocity differences for 1992-
2006 (b) and 2007-2024 (c) relative to 1979-1991. The second row presents the same information for February (d-
f).

4. Conclusions and Discussion

Arctic SIE has shifted from gradual retreat during 1979-1991 to accelerated loss in 1992-2006, and
subsequently stabilized at a persistently low level after 2007. A stepwise reduction in ice extent
characterizes the three periods, each transition exhibiting pronounced regional heterogeneity in the
magnitude and pattern of SIC change. This study quantifies the spatial distribution of the mean-state
SIC in September and February across the three periods and investigates the physical mechanisms
driving these transitions by synergistically analyzing SNSR, T2m, SST, SLP, 10-m wind fields and sea
ice drift. The main findings are summarized below.

e  The stepwise contraction of Arctic SIE across 1979-1991, 1992-2006 and 2007-2024 is primarily
attributable to intensified melt within the 70°N-80°N Arctic belt in September and within the
Barents and the Greenland seas in February, with the most pronounced SIC reductions occurring
during 2007-2024. Over the same intervals, the September SIC north of Greenland and February
SIC in the central Arctic Ocean exhibit a modest yet statistically significant increase.

° Concurrent increases in SNSR, T2m, and SST prevail across the 70°N-80°N Arctic belt in summer
and Barents and Greenland seas in winter across three periods, with accelerations most
pronounced in 2007-2024. These synchronized surface-energy anomalies drive the observed
stepwise SIC retreat, culminating in the record ice losses of 2007-2024.

e  The SIC increase north of Greenland and in the central Arctic Ocean is inconsistent with weak
or opposing thermal anomalies, implicating dynamical drivers. High-pressure anomaly over the
central Arctic in 1992-2006 and 2007-2024 intensifies anticyclonic circulation, driving wind-
driven ice convergence into these regions and sustaining the observed SIC increase. As the high-
pressure centre migrates north of Russia, both convergence and SIC are further amplified in the
central Arctic Ocean in 2007-2024.

Arctic sea ice change is not simply a linear response to external forcing but is modulated by
complicated internal variability. Our study reveals marked regional heterogeneity in mean-state SIC
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changes across three periods, with enhanced ice-albedo feedback and surface temperature
dominating the basin-wide decline, while localized increases coincide with wind-induced ice
convergence. This study focuses on the mean-state SIC changes across three periods, while the
divergent rates of change are not addressed here and will be investigated further. Since 2007, pan-
Arctic ice extent has remained at a persistently low level without significant reduction, implying a
quasi-equilibrium state maintained by the compensating effects of internal variability and regional
feedback processes [33,35]. Quantifying the mechanisms that sustain this low state and disentangling
the relative contributions of atmospheric versus oceanic drivers remain essential steps toward refined
projections of future Arctic sea ice change.
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