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Abstract | Although sea ice covers ~9% of the world’s oceans, its presence, and absence, vastly alter the 20 
energetic balance of Earth’s climate. Because of geographic differences, Arctic and Antarctic sea ice have 21 
different dominant properties and processes, which produce different responses to natural variability and 22 
anthropogenic change. In this Review, we survey changes in sea-ice properties and processes of the Arctic 23 
and Antarctic environments. In the Arctic, the melt season has lengthened by ~7.4 days decade-1 (1979-2024). 24 
There has been a corresponding decrease in winter sea-ice thickness (1.6 m mean total over 1980-2023), 25 
summer surface albedo (0.03 decade-1 over 1979-2020), and spring snow depth (2.5 cm decade-1 over 1954-26 
2024). In comparison, corresponding changes in the Antarctic are small overall due to contrasting regional 27 
and temporal trends. From a dynamic perspective, sea-ice motion in both hemispheres has increased, with 28 
0.63 cm s-1 decade-1 in the Arctic (1978-2024) and 0.69 cm s-1 decade-1 in the Antarctic (1982-2024), whereas 29 
trends in polynya occurrence differ by region. Future research should prioritize sea-ice observations that can 30 
inform how the climate system responds to natural variability and anthropogenic change, be standardized to 31 
increase uptake by the broader scientific community, and target process-oriented interactions to support 32 
model development.  33 
 34 
 35 
 36 
 37 
  38 



Introduction 39 

Despite being a thin (<3 m mean) veneer on the ocean, sea ice plays an outsized role in Earth's 40 
climate. Sea ice modulates the energy exchange between the atmosphere and ocean through complex, time-41 
varying processes. In winter, the sea-ice cover insulates the warmer ocean from the cooler atmosphere1, 42 
whereas during the sunlit seasons, sea ice reflects the majority of sunlight back into space2,3. Sea-ice growth, 43 
especially in polynyas4,5, produces bottom water masses that form the lower limb of the ocean’s thermohaline 44 
circulation. Seasonal sea-ice melt drives the redistribution of freshwater and stratifies the upper ocean, which 45 
strongly influences the phenology of primary productivity and the polar marine ecosystem6.  46 

Since the late 1970s, satellite observations have recorded dramatic changes over the ice-covered 47 
oceans (Fig. 1). Arctic sea-ice extent in September has declined by 14% decade−1 over 1979-20247. In 48 
addition to this loss, Arctic sea ice has shifted from a perennial to a seasonal ice regime8,9,10 and continues to 49 
experience an increasingly prolonged melt season11,12,13. Current model projections suggest that a seasonally 50 
ice-free Arctic — defined as 1 million km2 sea-ice area in the summer — is likely imminent by 2050, or even 51 
as soon as 2035, owing to positive feedbacks that enhance sea-ice loss14,15,16. This critical point will carry 52 
significant environmental, geopolitical, economic, and societal consequences17,18,19. In the Antarctic, annual 53 
sea-ice extent has exhibited no significant circumpolar change (1979-2024), but there is a marked increase in 54 
its interannual variability, with extremes shifting from record maximum extent in 2014 to record low extent 55 
in 2023 (Fig. 1). In particular, record lows in summertime sea-ice extent occurred over the last four 56 
consecutive years (2022-2025)20,21,22. 57 

While satellite sea-ice extent represents the longest continuous record of sea-ice observations, it is a 58 
limited metric of polar climate change. There are several unknowns arising from the increasing variability in 59 
sea-ice coverage, such as temperature and cloud feedbacks23,24, ocean heat exchange25, and midlatitude 60 
connections26, which points to a need for a more comprehensive understanding of changing sea-ice properties 61 
and processes. Additional descriptors of the changing state of the sea-ice system, like sea-ice thickness, snow 62 
depth, and surface albedo, have gained interest in climate monitoring and prediction, as they help constrain 63 
feedbacks and disentangle natural versus anthropogenic climate change. For instance, knowledge of sea-ice 64 
thickness is critical to support process studies and seasonal forecasts, as thickness integrates both the 65 
thermodynamic and dynamic processes that control sea-ice growth and decay. As such, sea-ice thickness is 66 
expected to decrease more strongly than sea-ice extent in the Arctic in response to warming27, making it a 67 
valuable marker forestalling the effects of a changing Arctic sea-ice system on the global climate.  68 

In this review, we go beyond trends in sea-ice coverage to summarize how sea-ice properties and 69 
processes have changed in response to climate change and variability. We provide a broad summary of sea-70 
ice changes that complements the long-term record of sea-ice coverage. We bring together results of 71 
changing Arctic and Antarctic thermodynamic and dynamic properties and processes, including sea-ice age, 72 
thickness, sea-ice season and melt season characteristics, snow depth, albedo, motion, surface roughness, and 73 
polynyas. We discuss the potential impacts of their changes on key atmosphere-ice-ocean feedbacks and end 74 
with an outlook on critical knowledge gaps and the joint model-observational priorities that can help lead to a 75 
more holistic understanding of the sea-ice systems and their role in global climate.  76 

 77 

The Arctic and Antarctic sea-ice environments 78 

Most differences between Arctic and Antarctic sea ice (Fig. 2), the dominant drivers of their 79 
variability, and their response to climate change are determined by geography. The high Arctic Ocean is 80 
almost entirely confined by land (Fig. 1). The land restricts sea-ice export and largely insulates the Arctic ice 81 
pack from the impact of storm-driven winds, waves, and warmer waters of the north Atlantic and Pacific 82 
Oceans. Arctic sea-ice circulation is dominated by a persistent gyre in the Canadian Basin, driven by the 83 
Beaufort High28. The ridge created by the Beaufort High and the lower atmospheric pressures over Eurasia 84 
create the Transpolar Drift Stream, a persistent flow that pushes sea ice towards Greenland and the Canadian 85 
Archipelago and serves as the primary egress for Arctic sea ice through Fram Strait. This confinement allows 86 
sea ice to persist in the central Arctic for many years, reaching a mean thickness of several meters8,29. 87 



Freshwater from Arctic rivers is similarly confined, contributing to strong stratification that restricts deep 88 
ocean heat from reaching the ice underside30, thereby permitting ice to grow thermodynamically much thicker 89 
than Antarctic sea ice (Fig. 2). The Arctic peripheral seas, in contrast, are exposed to the open ocean, frequent 90 
storms, and warmer waters, so that their winter sea-ice coverage is moderated by influences analogous to 91 
those in the Antarctic. 92 

In the Antarctic, the seasonal expansion of sea ice is driven by southerlies in the gyres of major 93 
embayments in the Ross and Weddell Seas and the northward Ekman transport within the persistent 94 
westerlies of the Southern Ocean. At its northern boundary, the sea-ice pack is unconstrained by land (Fig. 1). 95 
There, it is shaped by exposure to frequent, strong storms, winds, and waves, which govern the strong 96 
spatiotemporal variability in sea-ice coverage31. The Southern Ocean is weakly stratified, in part, due to the 97 
northward export of surface freshwater content32, so that upward ocean heat flux from the warmer, deeper 98 
waters limits winter sea-ice growth33 . Together, these forces create a dynamic ice pack, with more open 99 
water and leads, thinner ice, and relatively deeper snow than its Arctic cousin (Fig. 2). The deeper snow, 100 
divergent ice cover, and exposure to warm upper ocean drive rapid summer melt predominantly at the ice 101 
underside, with weaker surface melt, and comparatively little sea ice surviving the melt season. However, sea 102 
ice near the continental margins may grow many meters thick from being compressed against the shore. 103 
Buried under heavy snowfall and sheltered by the coast, this ice can persist through summer. 104 

The differences in Arctic and Antarctic geography mediate the impact of both internal and forced 105 
climate variability on sea-ice variability and change. That polar amplification of anthropogenic warming is 106 
much stronger in the Arctic than the Southern Ocean has long been known34. Both the influence of ocean heat 107 
uptake in the vast Southern Ocean35,36 and differences in the strength of atmospheric feedbacks37 contribute to 108 
the contrasting response. Natural climate variability has a larger influence in the Antarctic, with strong 109 
teleconnections between tropical variability (particularly El Niño, Southern Oscillation) and storm tracks that 110 
ring the Antarctic26. These teleconnections may also be mediated through the ocean38,39. 111 

The hemispheric contrasts in observed trends and variability in sea-ice characteristics described in the 112 
following sections all emerge from these geographic differences. These differences include both the nature of 113 
the processes that govern Arctic and Antarctic sea-ice characteristics and in how geography modulates the 114 
atmospheric and oceanic forcing that the sea-ice covers experience. 115 

 116 

Thermodynamic and Dynamic Coupled Properties  117 

Age and thickness are two fundamental properties that characterize sea ice (Fig. 2). The thicker the 118 
sea ice is, the higher the likelihood that it can survive a summer melt season and grow older. Thus, age and 119 
thickness are intricately linked and arise from the interplay between thermodynamic and dynamic processes. 120 
The next section reviews the importance of sea-ice age and thickness in the climate system, the decreasing 121 
trends in the Arctic, and notably high variability in the Antarctic. All trends reported in this review are at least 122 
95% statistically significant unless otherwise noted (Table 1). 123 

 124 

Sea-ice age 125 

The age of sea ice strongly impacts how it interacts with the climate system. When sea ice persists 126 
from year to year, its thermal and electromagnetic properties evolve40,41. In the Arctic, meltwater flushing 127 
freshens perennial ice42, providing a freshwater source for Arctic coastal communities43and making the ice 128 
mechanically stronger42. The older the sea ice is, the rougher and thicker it tends to be from the cumulative 129 
effects of ice deformation and multiyear growth29. As a result, the spatial and temporal distributions of snow44 130 
and melt ponds45,46 and the partitioning of incident shortwave radiation2,3,47 strongly vary with sea-ice age. 131 
For these reasons, the age of sea ice is often used to define distinct ice regimes in the Arctic and Antarctic. 132 
When a sea-ice floe survives its first summer melt season, it becomes perennial (old) ice, whereas if it 133 
survives two melt seasons, it is considered multiyear ice48.  134 



Since 1984, there has been an unprecedented shift towards a seasonal ice regime in the Arctic10,49 135 
(Fig. 3a). The area of sea ice at least 3 years old in March, the month with the largest ice area, decreased by 136 
0.74% decade-1 over 1984-2024. This loss was accompanied by a corresponding increase (0.63% decade-1) in 137 
first-year and younger ice. 2007 was an exceptional year of perennial ice loss, with a 46% decrease from the 138 
1984-2006 mean8,9,40. From a regional perspective, the greatest losses occurred in the Beaufort, Chukchi, and 139 
East Siberian sectors, while the remaining perennial ice persists in the central Arctic10. Perennial ice is now 140 
younger, with two-to-three-year-old ice making up more than 50% of the perennial ice cover in 2013-2023, 141 
compared to 25% in 1990-2000. The loss of perennial ice has contributed to atmospheric warming50,51,52. and 142 
disrupted the regular functioning of the Arctic marine ecosystem. Seasonal ice is less favorable for sympagic 143 
phytoplankton species and grazers53,54 and is less stable for marine mammal haul-outs6. As perennial ice loss 144 
continues, it is having profound effects on the Arctic coastal communities, ecosystem, and climate system.  145 

 In the Antarctic, there is considerably less perennial ice than in the Arctic, and the perennial ice that 146 
does exist tends to be comparatively younger. Perennial snow and the lack of sustained surface melt make 147 
reliable identification of Antarctic ice age difficult with remote sensing methods; there is no comparable 148 
record of ice age in the Antarctic55. While the western Weddell Sea consistently has perennial ice, other 149 
regions have had irregular periods of perennial ice over 1979-2024. In the Amundsen and Bellingshausen 150 
Seas, perennial ice has been intermittent since the early 1990s, but increasingly less present in the 151 
2010s56,57,58. Active and passive microwave satellite retrievals suggest no significant trends in perennial ice in 152 
April-November over 2013-2023, with the time-series being marked by high interannual variability55. The 153 
time-series of the annual minimum sea-ice area, a proxy for perennial ice area, exemplifies this high 154 
interannual variability (Fig. 3b). Similar high variability has been observed for perennial landfast ice, the 155 
duration of which depends on bathymetry, grounded tabular icebergs, and other local, geographic features 156 
that protect the ice from wind and ocean forcing59.  157 

 158 

Sea-ice thickness 159 

Over long time-scales, the sea-ice thickness distribution integrates both the thermodynamic and 160 
dynamic responses of the sea-ice cover to atmospheric and oceanic forcings60. While mass changes at the 161 
interface between the atmosphere and ocean are governed by thermodynamic processes, sea-ice motion is 162 
responsible for the mechanical redistribution of the sea-ice cover through the formation of leads and pressure 163 
ridges. The thicker the sea ice is, the more resilient it is to summer melt, as more energy is needed to 164 
completely melt the ice. Knowledge of the ice thickness distribution and its variability are thus crucial for 165 
understanding sea-ice processes and informing predictions. Before the turn of the 21st century, sea-ice 166 
thickness monitoring in the Arctic was achieved by compiling ice draft measurements from submarine-based 167 
upward-looking sonars61,62. Satellite altimetry has transformed knowledge of sea-ice thickness by providing 168 
sea-ice thickness estimates at unprecedented spatial and temporal scales63,64,65. In particular, novel techniques 169 
based on the synergy of dual-band altimeter observations are opening new avenues for improved snow depth 170 
and sea-ice thickness estimates66,67. 171 

Within the submarine data release area, which covers ~38% of the Arctic Ocean, an average thinning 172 
of ~1.8 m occurred between 1958 and 200068. Since then, three dedicated polar-orbiting altimetry missions 173 
have provided two decades of basin-wide coverage of Arctic sea-ice thickness. The combined time-series of 174 
submarine and satellite datasets (1975-2023) reveals that winter (fall) ice thickness now hovers around 2.0 m 175 
(1.3 m) from a peak of 3.6 m (2.7 m) in 198068 (Fig. 3c). The Arctic-wide thinning (0.6 m), primarily driven 176 
by the decline in perennial ice between 2003 and 2007, has since slowed as seasonal ice has become more 177 
prevalent (Fig. 3a). This slowdown corresponds with the hiatus in declining sea-ice extent69. 178 

In the Antarctic, no comparable in situ time-series exists, as large-scale observations are sparse. To 179 
date, the most extensive compilation of Antarctic ice thickness remains the ASPeCt database70, which 180 
contains observations from 83 voyages and 2 helicopter flights for 1980–2005 and was more recently updated 181 
to 201971. Additional airborne surveys have provided valuable information on the interannual variability of 182 
ice thickness in the Weddell Sea72. Yet, these datasets offer a limited spatial and temporal view of Antarctic 183 



sea-ice thickness change. Satellite altimetry has made progress in mapping Antarctic sea-ice 184 
thickness73,74,75,76, but, at the time of this writing, different retrievals exhibit inconsistent, long-term changes. 185 
For example, in the Weddell Sea, satellite sea-ice thickness estimates exhibit trends of opposing signs but are 186 
broadly consistent in the coastal regions of the Amundsen and Bellingshausen Seas74–76. Satellite retrievals of 187 
Antarctic ice thickness contain potentially large uncertainties77 due to the complex nature of the Antarctic 188 
snow cover78 and, thus, remain an active area of research. Although these satellite-based assessments differ in 189 
time periods, their differences underscore how the uncertainty in Antarctic sea-ice thickness retrievals is 190 
likely larger than the estimated trends79. Such uncertainty remains difficult to quantify, as it depends on the 191 
retrieval algorithm and assumptions or products used for snow properties (and their associated biases). 192 

 193 

Thermodynamic Properties and Processes  194 

Sea-ice thermodynamics describe the growth and melt of sea ice (Fig. 2), which are influenced by 195 
many factors. Air and ocean temperatures primarily dictate the timing and rate of sea-ice growth and decay 196 
and, as a result, largely determine the length of the sea-ice season. Secondary factors include the state of the 197 
sea-ice surface, which can be bare, snow-covered, ponded, and optically-thin, all of which affect the surface 198 
albedo and solar absorption in the ice-ocean system. In this section, the nature of the Arctic and Antarctic 199 
sea-ice seasons and melt seasons, their snow covers, and surface albedo are presented. These characteristics 200 
are described within the context of known climatologies and observed changes. 201 

 202 

Sea-ice season 203 

The length of the sea-ice season provides a spatial perspective on the interplay between sea-ice 204 
growth and melt processes and, to a lesser extent, ice dynamics. The sea-ice season is defined as the total 205 
number of days that sea ice is present in a given area in a year. A shortening or lengthening of the sea-ice 206 
season has repercussions in the energy exchange between the atmosphere and ocean. A shorter sea-ice season 207 
facilitates atmospheric warming via enhanced air-sea heat exchange in autumn and winter80 and ocean 208 
warming via greater solar absorption in spring and summer81. Thus, examining the sea-ice season length 209 
provides contextual information for understanding how Arctic and Antarctic sea ice are counteracting or 210 
amplifying feedbacks within the climate system.  211 

Updating the analysis from Ref. 82, the Arctic sea-ice season length has dramatically shortened over 212 
1979-2024 (Fig. 4a). For areas where the 1979-2024 average season length is 10 days or longer, the season 213 
has changed by -11.6 days decade-1. The peripheral seas exhibited the largest decrease, with significant trends 214 
exceeding -60 days decade-1 in the northern Barents Sea and far northern Kara Sea, consistent with the trends 215 
reported by Ref. 82. While Arctic sea-ice coverage has decreased in all months, the greatest loss has occurred 216 
in late summer and early autumn83. The decrease in the Arctic sea-ice season length is strongly related to the 217 
long-term changes in its melt season characteristics, the depth of its snow cover, and surface albedo, aspects 218 
of which are discussed below. 219 

In contrast, changes in the Antarctic sea-ice season are more complex and regionally distinct (Fig. 220 
4b). Updating the analysis from Ref. 84 to 1979-2024, there has been a strong reduction in the sea-ice season 221 
in the Amundsen and Ross Sea regions. The positive trends in the northern and western Ross Sea found by 222 
Ref. 84 have reduced to a smaller region of the western Ross Sea. Negative trends have also developed to the 223 
north of the Weddell Sea and spanning parts of the Indian Ocean and Western Pacific regions. The positive 224 
sea-ice season anomalies in the eastern Weddell Sea are new, developing since the 1979-1999 analysis by 225 
Ref. 84. The trend for the entire Antarctic domain is -1.6 days decade-1 for 1979-2024 and, relative to the 226 
Arctic, is weakly related to surface melt, snow depth, and surface albedo changes. Rather, sea-ice advection 227 
and exposure to warm ocean waters are the main factors influencing the length of the Antarctic sea-ice 228 
season. 229 

 230 

Melt season characteristics 231 



The onset of melt marks an inflection point in the seasonal cycle in which the mean sea-ice area and 232 
thickness begin decreasing. The Arctic and Antarctic melt seasons distinctly differ in their duration, intensity, 233 
and ice melt85. In the Arctic, melt onset typically begins at the snow surface and is often initiated by enhanced 234 
downwelling longwave radiation from synoptic weather systems and the advection of warm, cloudy air 235 
masses86,87,88. Arctic melt typically begins with freeze/thaw cycling within the snow layer, known as early 236 
melt onset. Following early melt onset, a period of sustained surface melt, known as continuous melt, 237 
begins11. The initiation of early and continuous melt onset precedes the dramatic albedo changes3 associated 238 
with more advanced stages of surface melt, like melt ponding89. Under the ice, bottom melt starts at a similar 239 
time to surface melt with regional and interannual differences90,91. In contrast, Antarctic melt onset tends to 240 
start at the bottom of the ice, often from solar heat input in open water within the divergent ice pack or with 241 
advection of ice into warmer, more northerly waters92,93,85. Surface melt in the Antarctic is more muted 242 
relative to its Arctic counterpart94,92. Antarctic sea ice tends to melt primarily from the bottom-up and 243 
internally95, while Arctic sea ice melts both from the top-down and bottom-up90.  244 

In the Arctic, high-frequency changes in passive microwave brightness temperatures are used to 245 
identify dates of surface melt onset, freeze onset and melt season length11,96,97. The Arctic melt season begins 246 
in late spring in the seasonal ice zone and progresses northward to the central Arctic by early summer12,13; 247 
however, significant trends in the Arctic melt season have occurred over 1979-202411. North of 65°N, surface 248 
melt onset has trended earlier (~1.8 days decade-1) and freeze-up has trended later (~5.6 days decade-1), with 249 
an overall lengthening of the Arctic melt season by ~7.4 days decade-1 (Fig. 4c). Later freeze onset is 250 
occurring in all regions excluding the central Arctic98, which is consistent with the observed patterns of 251 
Arctic sea-ice loss99 (Fig. 1). In regions where earlier sea-ice retreat coincides with periods of high net 252 
radiation, sea surface temperatures have increased through an ice-albedo feedback100,101, which has further 253 
delayed sea-ice freeze-up102,99.  254 

Unlike the Arctic, the melt season in the Antarctic is relatively short (shorter by ~one month) and 255 
rapid85, yet, the Antarctic summer sea-ice retreat is larger, by 5 million square kilometers58,83. The majority 256 
(~39%) of surface melt occurs as diurnal freeze-thaw cycling, while less than 2% of melt events are 257 
continuous melt103,104. Accordingly, there have been no significant trends in ephemeral or continuous surface 258 
melt onset dates based on the passive microwave satellite record104,105 (Fig. 4d). The high variability in 259 
surface melt onset dates104,105,106 together with the record minimums in Antarctic sea-ice extent in 2022-260 
202520,21,22 suggest that surface melt onset has little-to-no relationship with Antarctic sea-ice coverage. 261 
Rather, openings within the divergent Antarctic ice pack may allow sufficient solar absorption to cause a 262 
positive albedo feedback and rapid bottom and internal ice melt92,93,107. Additionally, ocean warming likely 263 
contributed to the recent record losses in Antarctic sea-ice coverage in 2022-202520,108.  264 

 265 

Snow depth 266 

Snow is one of the most reflective109 and insulating110,111, natural materials on Earth. These unique 267 
properties of snow, and the vast expanse of snow-covered regions, make snow a key component of the sea-ice 268 
and climate systems112. During the sunlit seasons, snow shields the sea-ice surface from solar radiation2,3, 269 
reducing sea-ice melt and solar heating of the ice-ocean system101. Snow on sea ice is also a critical 270 
component of polar marine ecosystems, creating low-light conditions for sympagic algae53,113 and vital 271 
denning habitat for marine mammals114,115. Although sea-ice growth is inhibited by the presence of 272 
snow116,117, sometimes, the weight of the snow cover depresses the sea-ice surface below sea level, flooding 273 
the base of the snowpack. Upon freezing, the resultant snow-ice provides a positive mass contribution to sea 274 
ice118. Thus, snow and sea-ice conditions are intricately linked in a number of ways44,119.  275 

In the central Arctic, the best evidence suggests spring snow cover has thinned by -2.5 cm decade−1 276 
over 1954-2024, from a mean depth of 36 cm in the 1950s (Fig. 4e). The greatest thinning has occurred in the 277 
Beaufort and Chukchi Seas120. There, the loss of perennial ice40,8 and later freeze-up11 has reduced snow 278 
accumulation in September-November, the peak in the snowfall cycle120. In contrast, snow depth in the 279 
Lincoln Sea and Fram Strait has had no significant change, which may in part be due to the proximity of the 280 



North Atlantic storm track121,122,123, which brings frequent, heavy snowfall, resulting high year-to-year snow 281 
depth variability124,125.  282 

Although the 1954-2013 snow accumulation time-series in the central Arctic suggests no significant 283 
change in snowfall120, the 1980-2016 precipitation time-series shows an increasing proportion of precipitation 284 
is coming in the form of rain126. As a consequence, there have been more rain-on-snow events, trending 4-6 285 
days decade−1 earlier in spring (1980-2017); these events might contribute to a 0.5 cm decade−1 thinning of 286 
the spring snow cover127, which has important implications for surface albedo and subsequent melt rates. In 287 
the Arctic, most snow melts away each summer128,129,130, leading to the formation of melt ponds and lower 288 
albedo of the surface45,131. Hence, the maximum snow depth attained by spring governs the duration of a 289 
highly-reflective surface in summer, during peak insolation125.  290 

Unlike the Arctic, snow in the Antarctic tends to persist throughout the melt season, forming a high-291 
albedo, perennial snowpack118. The greater snow load on thinner Antarctic sea ice facilitates widespread 292 
flooding and snow-ice formation, and salt wicking up into the snow118,132,133. Freeze-thaw cycling leads to ice 293 
layers throughout the snowpack and superimposed ice formation at the base. Together, these phenomena 294 
create a more complex vertical substrate relative to Arctic snow, which poses considerable challenges for 295 
accurate remote sensing retrievals of Antarctic snow depth134. The time-series of Antarctic snow depth is 296 
substantially more limited due to limited remote sensing retrievals and the scarcity of in situ observations. 297 
Moreover, flooding and snow-ice formation complicate autonomous measurements by buoys135, yielding 298 
cumulative snow accumulation rather than snow depth136. In the Weddell Sea, one of the more sampled 299 
regions by buoys, no significant trend has been observed in snow accumulation over 2013-2024 (Fig. 4f).  300 

Advances in altimetry73 and passive microwave137 remote sensing are starting to reveal a more 301 
complete picture of snow’s spatiotemporal patterns in the Antarctic. In the Ross Sea, where some of the 302 
thinnest snow occurs73, passive microwave retrievals suggest that snow has thinned in all seasons over 2002-303 
2020137. Other spaceborne observations have shown no trends due to their relatively short time-series. While 304 
these early glimpses from spaceborne measurements are promising for monitoring snow, they are subject to 305 
possibly large uncertainties, which highlights the need for surface-based validation and snow monitoring 306 
efforts.  307 

 308 

Albedo 309 

The ice-albedo feedback is one of the most consequential phenomena in Earth’s changing climate. 310 
With diminishing sea-ice coverage, the reflective sea-ice cover is replaced by dark ocean, enhancing the 311 
absorption of solar radiation, which, in turn, can melt ice further. With sea-ice loss, the climate system gains 312 
energy through a positive feedback, and the planet warms138,139,140,141. Both the presence of sea ice142,140 and 313 
the state of its surface (for example, snow-covered, ponded, bare) govern the surface albedo in the polar 314 
seas3,143,144. Thus, trends in albedo can be considered in two parts: the changes associated with the loss or gain 315 
of sea ice itself, and the changing state of the sea-ice surface, such as thinning snow or increasing melt pond 316 
coverage over time.  317 

The ice-albedo feedback is also modulated by the presence and optical properties of clouds. The 318 
modulation is considerable; at least half of variability in sea-ice albedo is ‘masked’ by cloud cover141,145,146. 319 
However, in terms of decadal trends in polar ice-albedo feedback, cloud-masking effects appear to vary much 320 
less than the surface albedo changes resulting from sea-ice coverage and property variation. For this reason, 321 
the focus here is on sea-ice surface albedo and its variability, though emphasizing that clouds are critically 322 
important in the energy budget of sea-ice regions.  323 

In the Arctic, clear-sky albedo has decreased by 0.03 decade−1 over 1979-2020 (Fig. 4g). This 324 
decrease is predominantly driven by the reduction in Arctic sea-ice coverage. As such, the hiatus in Arctic 325 
sea-ice decline from 2007 to 202469 may result in a more muted trend in surface albedo over 2007-2024. 326 
Nonetheless, for 1979-2020, the largest albedo decrease (-0.05 decade−1) has occurred in the Barents and 327 
Kara Seas, which spatially coincides with the largest increase in annual mean temperature in the Arctic, 328 



exceeding 1.25°C decade−1 (1979-2021)147. The Beaufort and Chukchi Seas also exhibited a large decrease in 329 
albedo (-0.04 decade−1), which results from the feedback of perennial ice loss, a more widespread open 330 
ocean, more solar absorption, and enhanced ocean warming100,101.  331 

The central Arctic and Lincoln Sea exhibited the smallest albedo decrease (-0.02 decade−1) owing to 332 
more continuous sea-ice coverage. In areas where ice concentrations remained 80% or greater, the detrended 333 
June-July albedo and fraction of ponded sea ice are strongly correlated (r = -0.77). Although melt pond 334 
coverage drives year-to-year anomalies in midsummer albedo, the magnitudes are collectively determined by 335 
the areal coverage and optical properties of snow, bare ice, and ponded ice. As shown in model 336 
simulations148, early melt pond formation leads to a diminished late-summer sea-ice extent through a positive-337 
albedo feedback. Furthermore, while natural climate variability has an important, yet diminishing role in 338 
governing the interannual changes in summer snow depth125, emerging critical questions revolve around the 339 
future magnitude and phase of precipitation over the sea ice and its impact on surface albedo. CMIP6 model 340 
projections point towards a wetter and increasingly rain-dominated Arctic by the end of the century, with 341 
negative implications for the surface reflectivity of the remaining sea-ice cover149. 342 

Relative to the Arctic, the pan-Antarctic trends in clear-sky albedo are considerably more muted at 343 
0.002 decade−1 (1979-2020) (Fig. 4h). The small trend is a result of the sea-ice surface state remaining 344 
relatively invariable due to a persistent snow cover and because of disparate trends between regions. For 345 
example, in the Bellingshausen and Amundsen Seas, the albedo has significantly decreased by 0.04 decade−1. 346 
There, decreasing October-May sea-ice coverage has exposed more open ocean, thereby decreasing the 347 
surface albedo during the sunlit months. In contrast, the east Antarctic sectors exhibited a positive trend of 348 
0.03 decade−1 (1979-2020), though the significance of the trend was limited to the northerly areas of the ice 349 
pack in 0-60°E longitudes. Because snow tends to persist throughout the Antarctic melt season118 and melt 350 
onset dates have not changed104,105, trends in Antarctic albedo are presumably caused by changes in the 351 
spatiotemporal patterns of the sea-ice cover rather than its surface state.  352 

 353 

Dynamic Processes and Properties  354 

Sea ice is a dynamic medium, and its dynamics modulate the energy exchange between the 355 
atmosphere and ocean. Sea ice moves in response to the winds and ocean currents, drifting in large-scale 356 
patterns shaped by low and high air pressures, ocean gyres, and land. Its motion brings about mechanical 357 
redistribution of the sea-ice cover, forming ridges, rafted ice, and shear zones (Fig. 2). Unlike thermodynamic 358 
processes, which shape the sea-ice cover over relatively long time-scales, dynamic processes can occur 359 
rapidly, on the order of hours150. These dynamic features create variable undulations in the sea-ice surface, 360 
which have cascading thermodynamic and dynamic effects on the atmosphere, sea ice, and ocean. In some 361 
situations, the presence of strong winds or warm, upwelling water creates large, persistent openings within 362 
the ice pack called polynyas, which serve as biological hotpots and sea-ice factories in the polar and sub-363 
polar seas. This section presents the observed changes in sea-ice motion (drift), surface roughness, and 364 
polynyas.  365 

 366 

Sea-ice motion  367 

 Sea-ice motion affects the momentum exchange between the atmosphere and ocean151,152, sediment153 368 
and pollutant transport154,155,156, and residence time of sea ice in polar regions157. Sea ice typically moves 4-5° 369 
from the geostrophic winds due to the Coriolis effect158,159, with variations depending on the sea-ice 370 
thickness, internal stress and consolidation of the pack ice160, atmospheric and ocean drag161,162, speed and 371 
direction of the underlying ocean flow151,152, and proximity to land158. Near the coast, the response of sea-ice 372 
motion to geostrophic winds is usually weaker158, with shear zones often existing between the landfast and 373 
drifting pack ice. As sea ice seasonally evolves, the speed and direction of sea ice also evolve, with floes in 374 
marginal ice zones often undergoing free drift in summer152. Sea-ice motion also varies with atmospheric 375 



variability (for example, the Arctic Oscillation159, Southern Annular Mode163), as surface winds are the 376 
dominant force behind sea-ice drift. 377 

 Much work has been done in characterizing the seasonal and climatological patterns, variability159, 378 
and trends in Arctic sea-ice motion160,164,165,166. While the data and methods across studies differ, the trends 379 
show the same thing: the drift of Arctic sea ice has increased160,164,165,166. Buoy data show that Arctic ice drift 380 
has significantly increased by 0.74 cm s−1 decade−1 in winter and 0.59 cm s−1 decade−1 in summer over 1979-381 
2009165. The increase in drift is attributed to kinematic processes that promote ice thinning and a 382 
mechanically weaker ice pack, with openings in the ice pack contributing to a positive ice-albedo feedback165. 383 
Others have attributed the increased drift solely to thinner sea ice160,165 or a combination of that and stronger 384 
wind forcing166, with regional variations in their influence.  385 

Revisiting the passive microwave satellite record for 1978-2024, ice drift in February-March has 386 
increased by 0.63 cm s−1 decade−1 (Fig. 5a). The spatial pattern of trends suggests a strengthening of the 387 
Beaufort Gyre circulation and Transpolar Drift Stream, which might lead to more dynamic openings in the 388 
ice pack. More openings increase heat flux to the atmosphere in winter and solar absorption in the ocean in 389 
spring, both of which contribute to Arctic warming. Increased drift speeds also have implications for the rate 390 
of sea-ice export out of the Arctic, as the largest trends occur in Fram Strait (1.34 cm s−1 decade−1) and Baffin 391 
Bay/Nares Strait (0.95 cm s−1 decade−1), two major export gateways167,168. 392 

Relative to the Arctic, the understanding of patterns, trends, and variability in Antarctic ice motion is 393 
more limited due to scarcity of observations. Furthermore, the dynamic nature of an unbound ice edge creates 394 
large uncertainties in satellite retrievals of sea-ice motion. Thus, most time-series begin in 1982 or later, when 395 
passive microwave retrievals are more temporally frequent. These time-series show that large-scale ice 396 
motion largely influences the extent of the Antarctic ice pack, and the sea-ice motion itself is strongly 397 
affected by atmospheric variability163,169,170. Geostrophic winds alone explain ~60% of the variance in 398 
wintertime drift169. Antarctic ice motion during the 1992-2010171 and 1982-2015169 periods exhibited spatially 399 
variable trends and are related to the trends in the large-scale wind fields169,171.  400 

Over 1982-2024, the pan-Antarctic ice drift for September-October has significantly increased by 401 
0.69 cm s−1 decade−1 (Fig. 5b). The largest trends occur along the Antarctic ice edge (0.79 cm s−1 decade−1), 402 
where the eastward ice drift is driven by westerly winds and the Antarctic Circumpolar Current170. Near the 403 
coast in the Indian Ocean, sea-ice drift has increased by 0.87 cm s−1 decade−1, being driven by a 0.64 cm s−1 404 
decade−1 increase in the zonal, westward drift. In contrast, trends in the Ross Sea are dominated by northerly 405 
ice advection, with the drift exhibiting a significant increase of 0.52 cm s−1 decade−1 (1982-2024). These 406 
results underscore the strong regional differences in atmospheric forcing and sea-ice response, which points 407 
to a need for better understanding of atmosphere-ice interactions and their role in regional Antarctic sea-ice 408 
variability. 409 

 410 

Surface roughness  411 

Surface roughness describes the variation in the sea-ice surface, which undulates with ridges, rubble, 412 
hummocks, snow drifts, melt ponds, and pans of undeformed ice. This variation governs the transfer of 413 
kinematic energy from the atmosphere to the ocean, which, in the broader context of ocean circulation, 414 
strongly influences upper ocean stratification and mixing in polar regions151,152, 161,162. From a thermodynamic 415 
perspective, surface roughness affects the surface energy balance of the sea-ice system by influencing wind-416 
driven snow redistribution172 and, in the Arctic, melt pond coverage45,46,173, which, in turn, modifies the 417 
surface albedo and sea-ice melt rates. Hence, surface roughness plays an important role in the polar climate 418 
system by modulating dynamic and thermodynamic processes year-round. 419 

Since the 1980s, there has been an increasing prevalence of seasonal ice in the Arctic8,10, and 420 
seasonal ice is typically smoother than perennial sea ice174,175,176. With the shift to a seasonal ice regime, the 421 
surface roughness characteristics of Arctic sea ice may be changing. Seasonal ice is mechanically weaker and 422 
therefore deforms more easily, which promotes the generation of roughness, but the resulting roughness 423 



features are typically smaller and less persistent than those formed in multiyear ice. In the Lincoln Sea, a 424 
region characterized by perennial ice, a stark decrease in both the mean ridge density (-2.33 n km decade−1) 425 
and ridge height (-0.14 m decade−1) has occurred over 2004-2023176. Upward-looking sonar in Fram Strait 426 
has also captured the marked reduction (52%) in thicker (4+ m), deformed ice since 200749. For seasonal ice, 427 
the decreasing trend in surface roughness has been more muted. Airborne retrievals of ridge density, height, 428 
and spacing over seasonal ice show little change over 1993-2023 in the Transpolar Drift176. These results 429 
underscore the greater homogeneity of seasonal ice relative to perennial ice, as well as its high interannual 430 
variability. Seasonal ice deformation largely depends on synoptic events, which are sporadic in nature and 431 
result in high interannual variability177,178.  432 

In the Antarctic, the surface roughness characteristics of sea ice are under-studied. Consequently, it is 433 
unknown if decadal changes in roughness characteristics have occurred. The sea-ice regime is largely 434 
seasonal, and thus surface roughness characteristics may exhibit high inter-annual variability. In situ 435 
observations reveal that both Antarctic multiyear ice and summertime first-year sea ice exhibit the greatest 436 
surface roughness, nearly three times that of first-year ice in autumn179. The seasonal difference in surface 437 
roughness may exceed regional differences179. Although Antarctic sea ice is considerably smoother relative to 438 
Arctic sea ice180, the sea ice surface roughness in both hemispheres is ultimately dependent on the same thing: 439 
the age of the ice and the floe’s deformation history.  440 

 441 

Polynyas  442 

Polynyas are openings within the sea-ice pack, ranging from 100s of meters to 100s of kilometers in 443 
size, that persist anywhere from a few days to several months4,5,181. Their presence promotes phytoplankton 444 
productivity182,183,184,185, creates breathing holes and migration routes for marine mammals, and serves as a 445 
major feeding habitat for fish, birds, and marine mammals186,187. The occurrence of polynyas depends on 446 
winds, ocean currents, tides, and bathymetric features (like seamounts), which can diverge the sea-ice pack, 447 
melt the sea ice, or a combination of the two4,5,181. Most polynyas form when strong winds advect sea ice 448 
away, leaving behind open water next to coasts or landfast ice188. Others form from warm, upwelled water189. 449 
The newly exposed open water and thin ice in polynyas are a major heat and moisture source to the cooler 450 
atmosphere above190,191,192. The large heat loss in these areas facilitates rapid sea-ice growth, which is a key 451 
mechanism for deepwater formation and ventilation193,194,195,196.  452 

 In the Arctic, the occurrence of wintertime (December-March) polynyas has significantly increased 453 
by 1.4 days decade−1 based on the passive microwave satellite record (1979-2023). Within this trend, there 454 
are strong latitudinal differences (Fig. 5c). North of 59°N, the ~2.4 days decade−1 increase is primarily driven 455 
by the greater persistence of the North Water polynya in Baffin Bay and, to a lesser extent, coastal polynyas 456 
near Franz Josef Land and Hudson Strait. South of 59°N, polynya occurrence has significantly decreased by 457 
~1.6 days decade−1. The decrease is predominantly caused by less persistence in the Gulf of St. Lawrence 458 
polynya, which typically forms from strong winds and the upwelling of warm seawater197. Although no 459 
significant change in polynya occurrence was observed in the Sea of Okhotsk, ice production decreased by 460 
11.4 ± 10.4% over 1988-2008198. The decrease was attributed to warm autumn air temperatures, which 461 
slowed the advance of the sea-ice cover198. 462 

In the Antarctic, there has been a significant 0.7 day decade−1 increase in polynya occurrence over the 463 
full annual cycle over 1979-2023. However, the trends in polynya occurrence show large regional differences 464 
(Fig. 5d). The most persistent polynyas occur in the eastern longitudes199, where they have become longer-465 
lasting and larger200. In particular, polynyas in the Pacific coastal sector increased in persistence by ~3.2 days 466 
decade−1 over 1979-2023. In contrast, polynya occurrence has decreased by ~2.2 days decade−1 in the 467 
Amundsen and Bellingshausen sector, where a decreasing trend in polynya area was previously observed 468 
(1979-2022) and attributed to long-term sea-ice loss200.  469 

Of all Antarctic polynyas, the highest ice production occurs in the Ross Ice Shelf Polynya region201. 470 
There, polynyas have been less persistent, declining at a rate of ~0.5 days decade−1 over 1979-2023. While 471 
this result is consistent with the observed reduction in polynya area and ~30% decrease in ice production in 472 



March-October (1992-2005)201, polynya areas in the Ross sector can exhibit a cyclical, multiyear pattern 473 
related to the Amundsen Sea Low and Southern Annular Mode200. While not significant, there has been an 474 
intermittent reemergence of the Weddell polynya in the 2010s which may be linked to the Southern Annular 475 
Mode202, although the polynya has been considerably smaller in size than it was in the 1970s203.   476 

 477 

The future sea-ice environment  478 

Sea-ice changes are influenced by a variety of dynamic and thermodynamic processes involving 479 
different elements, from the ocean to the atmosphere, and operating across different time-scales. The key 480 
atmosphere-ice-ocean processes at play predominantly occur at high latitudes, where the most pronounced 481 
climatic changes have been observed and are projected to continue. As a central component of polar 482 
environments involved in numerous feedback loops37, sea ice is expected to undergo substantial 483 
transformations in the coming decades. 484 

This section reviews the state of knowledge on projected Arctic and Antarctic sea-ice changes (Fig. 485 
6). A recurring theme in this discussion is that the knowledge of projected change in sea-ice properties and 486 
processes is acutely more limited than that of sea-ice coverage. One reason for this limitation is that future 487 
changes are estimated using climate models, which cannot account for all sea-ice properties and processes or, 488 
in many cases, their time-evolving aspects (such as sea-ice density evolution). This limitation arises from 489 
several factors, including model design constraints (for example, most sea-ice models lack parameterizations 490 
for landfast ice formation like grounding or anchoring at icebergs), computational constraints, insufficient 491 
spatial resolution (accurate representation of polynyas requires detailed modeling of coastal and katabatic 492 
winds), and/or inconsistencies in observations which, in turn, affect the interpretation of model results. 493 

Hemispheric sea-ice extent and area remain the two main diagnostics for the future evolution of the 494 
Arctic and Antarctic sea-ice states15,204. On large spatial and temporal scales, Arctic sea-ice extent is tightly 495 
linked to the climatic forcing, be it the global mean surface temperature or the cumulated CO2 emissions or 496 
the atmospheric CO2 concentrations. Antarctic sea-ice extent and area show less evident relationships to the 497 
large-scale radiative and temperature forcing. However, these diagnostics are limited when it comes to better 498 
understanding regional changes, seasonal changes, and the context in which these changes occur because the 499 
energy exchange between the atmosphere, sea ice, and ocean is both modulated by and drives changes in sea-500 
ice properties and processes. 501 

 502 

Future sea-ice age and thickness 503 

As sea-ice loss continues into the 21st century, sea ice is expected to become increasingly thinner and 504 
younger (Fig. 6). Few studies have focused on projections of sea-ice thickness, and, as of this writing, none 505 
have evaluated projected Arctic sea-ice age or either in the Antarctic. While some climate models project that 506 
the mean September Arctic sea-ice thickness will be less than 0.5 m by the end of the 21st century205,206, 507 
several CMIP3 and CMIP5 models simulate thick ice in regions where thick ice is not observed207,208. Given 508 
the large inter-model spread and critical role of sea-ice thickness in sea-ice survivability, efforts are needed to 509 
develop observation-based diagnostics of sea-ice thickness to help pinpoint model deficiencies. 510 

 511 

Future sea-ice thermodynamics 512 

For the Arctic, climate models project that the retreat of sea ice will continue year-round and 513 
ultimately lead to ice-free conditions15,209. A direct consequence of this retreat is that, for a given location of 514 
the Arctic Ocean, sea-ice retreat will occur earlier210, sea-ice freeze-up will occur later211, and the duration of 515 
the open-water season will lengthen212,213,214 (Fig. 6). The projected increase in open water duration is 516 
dominated by delayed freeze-up rather than earlier ice melt211,215,216, although there is large inter-model spread 517 
in freeze-up dates, attributable to model differences210. As of this writing, there is no equivalent analysis of 518 
the future seasonality of Antarctic sea ice due to the relatively larger uncertainties and inter-model spread204. 519 



Even so, CMIP6 shows modest improvements in simulating monthly Antarctic sea-ice coverage relative to 520 
comparisons with observations and CMIP5 simulations204. 521 

The future of snow on sea ice is dictated by competing processes such as air temperature, which 522 
controls the vapor holding capacity of the air through the Clausius-Clapeyron relationship and the eventual 523 
phase of precipitation (liquid or solid), poleward atmospheric moisture transport217, and the presence of sea 524 
ice as a platform for snow accumulation. While the interplay between these processes is complex, model 525 
projections generally agree that, despite a projected increase in snowfall, Arctic snow depth on sea ice will 526 
decrease through the 21st century (Fig. 6) due to delayed ice freeze-up218,219,220,221 though there is large inter-527 
model spread in CMIP6 simulations222. Nevertheless, snow is expected to have a increasing influence on the 528 
sea-ice mass budget in the future, as thinner sea ice is more thermodynamically sensitive to an overlying 529 
snow cover1. Future snow loss and the associated increases in under-ice light levels will have repercussions 530 
for the Arctic marine ecosystem223. In the Antarctic, the future evolution of snow on sea ice has not yet been 531 
examined. However, CMIP6 models show snow-ice formation is a major source of uncertainty in the 532 
evolution of Antarctic sea-ice mass balance, with inter-model spread being as large as the multi-model mean 533 
signal224. 534 

The future state of other key thermodynamic features such as sea-ice albedo and melt pond coverage 535 
have had limited study225,226. Based on 30 ensemble members from the Community Earth System Model 536 
(CESM), the June Arctic surface albedo is projected to decrease by 1% decade-1 over 1920-2080 (RCP8.5 537 
forcing) as a result of earlier melt, longer snow-free conditions, and enhanced melt ponding226 (Fig. 6). As 538 
projected sea-ice loss continues into the 21st century, the effect of more open ocean on solar absorption 539 
surpasses that from the changes in the sea-ice surface state226. CMIP5 and CMIP6 models also show a 540 
projected decrease in Arctic surface albedo, albeit with large inter-model spread due to differences in the 541 
treatment of sea-ice properties and processes (for example, implicit vs. explicit melt ponding225) and other 542 
model differences226,227,228. As of this writing, no equivalent study on Antarctic surface albedo projections has 543 
been conducted.  544 

 545 

Future sea-ice dynamics 546 

As sea ice continues to thin, climate model projections suggest that the positive trend in winter Arctic 547 
sea-ice drift will continue to increase throughout the 21st century229, but summer drift will decrease. While 548 
future positive winter trends can be confidently attributed to wind stress and internal stress terms (from 549 
thinner ice) that counteract surface tilt force changes, the origins of future negative summer trends are less 550 
clear and may be related to smoother sea ice. The negative trend may be linked to the projected increase in 551 
sea surface height over the Arctic Ocean229. However, the observed positive trend in ice drift from buoys in 552 
summer is not captured by climate models230,231, which calls to attention the caution needed in the 553 
interpretation of future summer trends. There is, to our knowledge, no analysis of projected drift changes for 554 
the Antarctic. The relationship between projected drift and projected sea-ice roughness is also absent and a 555 
topic of future study.  556 

For the outlook of polynyas, there is considerable uncertainty due to model capabilities and localized 557 
processes that influence polynya behavior. In the Antarctic, only half of 27 CMIP6 models simulate off-shore 558 
polynyas, and the areas of the polynyas are largely underestimated232. For coastal Antarctic polynyas, the 559 
simulated areas vary by at least a factor of 2.5, with model resolution being attributed to their differences232. 560 
Scrutiny of the model resolution, physics, component couplings, and methodology of polynya identification 561 
is crucial for appropriate model interpretation. In an analysis of 25 ensemble members, CESM2 projects a 562 
significant decrease in polynya frequency in the Ross Sea into the late 21st century (SSP3-7.0 forcing)233. The 563 
westward shift and deepening of the Amundsen Sea Low weakens winds and reduces ice export out of the 564 
Ross Sea, while local shoaling of the ocean mixing layer reduces ocean heat flux, all of which facilitates a 565 
more stable ice cover and thus rarer occurrence of polynyas in the model simulations233. These results 566 
underscore the importance of examining local atmosphere-ice-ocean feedbacks, which can shed light on 567 
future polynya conditions.  568 



 569 

Summary and future perspectives  570 

At the time of this writing, there is a ramp-up of observational activities leading to the 5th 571 
International Polar Year (IPY) in 2032-2033, which presents a tremendous opportunity for coordinated, bi-572 
polar observations of the Arctic and Antarctic sea-ice environments. In this regard, now is the key time to 573 
consider what the sea-ice research needs are. Here, we provide an overview of the known changes in Arctic 574 
and Antarctic sea ice, major knowledge gaps, and recommendations for future sea-ice research that will 575 
advance knowledge and predictive capabilities of sea ice and its role in Earth’s changing climate. 576 

In summary, there have been profound changes in the state of the Arctic sea-ice cover in response to 577 
anthropogenic climate change. Arctic sea ice is less extensive, younger, thinner, less reflective, and has a 578 
thinner snow cover owing to the lengthening sea-ice melt season. Because of thinner sea ice, the Arctic sea-579 
ice cover is more dynamic, drifting at higher velocities than in the 1980s. Collectively, these structural and 580 
dynamical changes modify air–sea exchange, ocean stratification, and large-scale atmospheric circulation, 581 
exerting strong influences on the global climate system. Notably, there are regional differences in the long-582 
term changes in Arctic sea-ice conditions, as exemplified by polynyas. Some regions have exhibited more 583 
frequent polynya openings (like Baffin Bay) while others exhibited less (Gulf of St. Lawrence) over the last 584 
four decades. These regional differences point to the need for better understanding of the geographically-585 
dominant interactions between the atmosphere, sea ice, ocean, and ecosystem and their subsequent impacts 586 
on local-to-global scales. 587 

In the Antarctic, the long-term changes in sea-ice properties and processes are less clear because of 588 
limited in situ observations, large uncertainties in satellite retrievals of specific variables, and considerable 589 
regional differences in dominant atmosphere-ice-ocean interactions. Sea-ice extent, age, and thickness show 590 
large year-to-year variability and, in some cases (such as with thickness), the uncertainties in the retrievals 591 
and resulting differences between retrieval algorithms exceed the magnitude of estimated trends. The timing 592 
of melt onset has exhibited no significant change, nor has snow depth in the Weddell Sea. There are regional 593 
differences in the long-term changes in surface albedo, which are attributed to changes in sea-ice areal 594 
coverage. Additionally, Antarctic sea-ice dynamics, characterized by strong deformation, divergence, and 595 
wind-driven redistribution, govern the sea-ice thickness distribution and seasonal persistence, yet remain 596 
insufficiently constrained by observations. 597 

Because of the regional variability of Antarctic sea-ice trends and their drivers, attention should focus 598 
on key areas to resolve how differences in sea-ice properties and processes respond to and modulate regional 599 
differences in atmosphere and ocean forcing. Particular attention should be directed toward the Weddell Sea, 600 
which is the primary origin of Antarctic perennial ice and exerts a disproportionate influence on the 601 
circumpolar summer sea-ice extent. Variability and trends in this region strongly modulate the Antarctic sea-602 
ice state. Over 2022-2025, the Weddell Sea has experienced pronounced anomalies, including record low sea-603 
ice extent, changes in ice drift and deformation patterns, and shifts in atmosphere-ocean forcing, all of which 604 
challenge the previous perception of relative stability in this sector. This region also has an outsized influence 605 
on deep-water formation and global overturning circulation. The Ross Sea, on the other hand, has exhibited 606 
the largest variability in winter ice extent, and the Amundsen, Bellingshausen, and eastern Ross Seas have 607 
intermittently experienced near complete loss of summer sea ice. Improved observational coverage and 608 
process-understanding in these often contrasting regions are critical for constraining Antarctic-wide trends 609 
and enhancing predictive capability. 610 

The marked loss of global sea ice has wide-ranging socioeconomic consequences, from coastal 611 
erosion in Arctic communities to global food security19. While CMIP6 models point towards continued loss 612 
of sea ice, the large inter-model spread in the rate of loss is indicative of the large uncertainties present in 613 
both near- and far-future projections. These uncertainties manifest in the even larger inter-model spread of 614 
projected sea-ice properties and processes. Reducing these uncertainties requires strategic alignment between 615 
observational priorities and model development so that societies can be in a stronger position of preparedness 616 
for future environmental changes. It is not possible to observe all sea-ice properties and processes to the level 617 



of detail needed for perfect climate model simulations due to practical constraints. Therefore, we recommend 618 
prioritizing observations of sea-ice variables that are expected to change now and in the coming decades and 619 
can inform how the climate system is responding to natural variability and anthropogenic climate change. 620 
While all sea-ice properties and processes have levels of importance from different perspectives, from the 621 
perspective of understanding Earth’s climate, sea ice thickness and surface albedo, and the sea-ice 622 
characteristics vital to interpreting their spatiotemporal patterns, are of utmost priority.  623 

Sea-ice thickness is a promising metric for evaluating models, as their ability to capture the 624 
springtime ice thickness distribution is strongly related to their ability to reasonably predict the sea-ice areal 625 
loss in summer234,235,236. Furthermore, Earth system models that exhibit a strong relationship between spring 626 
sea-ice thickness and summer areal loss show a smaller spread in projected sea-ice loss237,238. Thus, there is 627 
strong motivation in advancing sea-ice thickness model-observation assessments, as reliable projections of 628 
sea-ice thickness are informative for shipping, ecosystem disruption, and other socioeconomic aspects. To 629 
enable robust model assessments focused on sea-ice thickness, progress in the following activities is 630 
requisite: a comprehensive evaluation and uncertainty quantification of existing sea-ice thickness products; 631 
dedicated validation programs to advance knowledge of complex snow and sea-ice conditions to constrain 632 
retrieval uncertainties78,134,239; investigations of snow’s influence on the sea ice mass budget; and the 633 
development of a standardized time-series of sea-ice thickness for both poles, with particular attention to 634 
inter-satellite sensor calibration. 635 

For both hemispheres, surface albedo is an indicator and amplifier of anthropogenic climate change. 636 
This variable is a useful metric for evaluating the strength of the ice-albedo feedback in Earth system models 637 
and identifying deficiencies in model physics228,240. Moreover, surface albedo may become an equally 638 
promising metric as sea ice thickness for improving sea-ice predictions using data assimilation241. Unlike the 639 
sea ice thickness record, stable satellite records exist of surface albedo for both hemispheres (such as Ref. 640 
242). Yet, uncertainty quantification of satellite-derived albedos is limited by the disparate, point-scale nature 641 
of in situ observations over sea ice. Unknown uncertainties reduce the utility of satellite-based observations 642 
for assessment of Earth system models and data assimilation in forecast models, hindering pathways to more 643 
reliable predictions. Thus, we recommend the gathering, standardized processing and synthesis of existing in 644 
situ observations to enable robust uncertainty quantification of satellite retrievals, whether it be surface 645 
albedo or other sea-ice properties with sparse sampling, like snow depth. Of similar value is high spatial 646 
resolution retrievals of sea-ice properties from airborne and spaceborne sensors, which, when compiled and 647 
processed in a consistent way, can provide a vital bridge between in situ point measurements and coarser-648 
resolution satellite products.  649 

The prioritization of sea-ice observations can also be aided by model sensitivity studies to help 650 
determine the level of detail needed in representing sea-ice properties in process, forecast, and climate 651 
models. For instance, a sensitivity study on the effects of different treatments of the sea-ice surface state 652 
(implicit vs. explicit snow, melt ponds) on albedo feedbacks can guide what types of sampling (temporal, 653 
spatial) and field measurements (snow depth, melt pond albedo) are required to improve specific model 654 
physics. Moreover, sensitivity studies can help reveal the importance of both positive and negative feedbacks 655 
associated with changing sea-ice properties. This information, in turn, can inform the experimental design of 656 
observational programs, like those in the upcoming 5th IPY, to maximize scientific return. 657 

Because of the Arctic’s and Antarctic’s geography, the atmosphere-ice-ocean interactions unique to 658 
each environment affect which sea-ice processes dominate. As a result, Arctic sea ice is expected to respond 659 
differently to climate change than Antarctic sea ice. Better understanding is needed of the mechanisms that 660 
contribute to hemispheric differences in sea-ice properties, how those relationships evolve in response to 661 
climate change, and what impacts changing sea-ice properties have in modifying the energy exchange within 662 
the polar and global climate systems. New knowledge in these areas can be achieved through joint 663 
observational and modeling efforts that inform and are informed by bi-polar observing programs. Bi-polar 664 
observing programs with standardized observables are essential for pinpointing regional-to-hemispheric 665 
differences in sea-ice properties and their roles in atmosphere-ice-ocean-ecosystem interactions.  666 



Other major knowledge gaps include the relationships of changing sea-ice conditions to other parts of 667 
the cryosphere (like ice shelf stability) and other Earth system components (the ecosystem). These knowledge 668 
gaps can be remedied through tightly coordinated, interdisciplinary field studies that focus on process-669 
oriented interactions between system components and support model development, as was done for the 2019-670 
2020 Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) expedition)243. In this 671 
regard, it is the act of bringing disciplinary components together at the earliest stage to identify specific 672 
interdisciplinary science questions that can be realistically addressed by a field program. The scientific 673 
success of such coordination relies on advanced and inclusive planning, standardized observing protocols, 674 
and adherence to open science principles before, during, and after data collection. All of these aspects greatly 675 
increase the scientific, operational, and community return on investments.  676 

Lastly, it is prudent to consider what sea-ice properties and processes we will have no or limited 677 
access to in the future, but, if the measurements were collected within the next 5 years, could greatly benefit 678 
research in the coming decades. Thoughts of the future underpin the international collaboration necessary for 679 
advancing sea-ice research today. In light of the upcoming 5th IPY, the timing is perfect for making major 680 
advances in sea-ice research that can have global significance.  681 
 682 
  683 
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Data availability 1261 
The data used to compute trends can be downloaded from the following references and websites.  1262 

● Bootstrap sea-ice concentrations: Ref. 244 1263 
● Melt onset and freeze-up dates, with data publicly available for download at 1264 

https://earth.gsfc.nasa.gov/cryo/data/arctic-sea-ice-melt: Ref. 11. 1265 
● Snow depth: 1266 

○ North Pole drifting ice station data: Ref. 245. 1267 
○ Compilation of historical observations of Arctic snow depth: Ref. 246. 1268 
○ Cold Regions Research and Engineering Laboratory Ice Mass Balance Buoys: Perovich, D., 1269 

J. Richter-Menge, and C. Polashenski, Observing and understanding climate change: 1270 
Monitoring the mass balance, motion, and thickness of Arctic sea ice, http://imb-crrel-1271 
dartmouth.org, 2025.  1272 

○ Snow buoy data and processing: 1273 
■ Data download: Ref. 247 and on PANGAEA: 1274 

https://www.pangaea.de/?q=snow+buoy&f.method%5B%5D=Snow+buoy. 1275 
■ Data processing: Ref. 135.    1276 

○ Operation IceBridge, resampled to 25 km: The snow radar data are available at: https:// 1277 
○ doi.org/10.5067/FAZTWP500V70, processed, and made available courtesy of Dr. Ron 1278 

Kwok. 1279 
○ ICESat-2 and CryoSat-2 25-km gridded retrievals, resampled to in situ measurement 1280 

locations: Ref. 248 1281 
● Surface albedo: Ref. 242. 1282 
● Arctic sea-ice age: Ref. 249. 1283 
● Arctic sea-ice motion: Ref. 250. 1284 
● Sea-ice concentration from the NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice 1285 

Concentration, for polynya analysis using an 85% concentration threshold and 7-day threshold for 1286 
January-March Arctic results and an 85% concentration threshold and 36-day threshold for annual 1287 
Antarctic results: Ref. 251. 1288 
 1289 
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Figures 1294 

 1295 
Fig. 1 | Change in sea ice extent over 1979 – 2024. Maps of a) Arctic and b) Antarctic sea ice extent. 1296 
Contours show the 1981-2010 median sea ice extent for February and October (magenta) and September and 1297 
February (gold) corresponding to winter maximum and summer minimum extents in the Arctic and Antarctic, 1298 
respectively. White and light blue shaded areas compare the extent of monthly sea ice extents in late summer 1299 
(September in the Arctic and February in the Antarctic) during record high and low years (panels c and d). 1300 
The time-series of annual average sea ice extent are shown for the c) Arctic and d) Antarctic. The Arctic’s 1301 
dominant negative trend (-0.55 million km2 y-1, p < 0.001) contrasts with the pattern of Antarctic sea ice 1302 
extent change. Sea ice extents were computed from Bootstrap algorithm sea ice concentrations updated from 1303 
Ref. 244. 1304 
 1305 



 1306 
Fig. 2 | Sea-ice properties and processes of the 1980s-2000s in the (a) Arctic and (b) Antarctic 1307 
environments.  1308 

1. Sea-ice thickness substantially differs between hemispheres, with Arctic sea ice being thicker than that 1309 
in the Antarctic.  1310 

2. Arctic sea ice tends to have greater surface roughness than Antarctic sea ice, owing to more perennial 1311 
ice in the Arctic, which has had more time to undergo deformation and the rounding of ridges with 1312 
summer melt.  1313 

3. The mean snow depth in spring in the Arctic is nearly half of that in the Antarctic.  1314 
4. In the Arctic, melt tends to start at the surface and is typically initiated by enhanced downwelling 1315 

longwave radiation from stormy conditions or warm air masses. In the Antarctic, melt begins at the 1316 
bottom of the sea ice from ocean heating. Its surface melt is generally restricted to ephemeral, partial 1317 
melt of the snow cover. 1318 

5. Most snow melts away in the Arctic, forming melt ponds on the surface. In the Antarctic, the snow 1319 
cover persists and, if sufficiently deep relative to the ice thickness, causes flooding and snow-ice 1320 
formation.  1321 

6. The surface albedo of Arctic sea ice is generally lower than that of Antarctic sea ice due to the presence 1322 
of melt ponds, which allow more sunlight into the upper ocean, compared to the perennial snow cover 1323 
of Antarctic sea ice.  1324 

7. Sea ice in the Arctic tends to persist throughout summer, becoming perennial ice, whereas in the 1325 
Antarctic, there is a seasonal ice regime, where most sea ice melts away each summer.  1326 

8. The peak snowfall in the western and central Arctic tends to occur in autumn, whereas heavy, frequent 1327 
snowfall occurs throughout the sea-ice growth season in the Antarctic.  1328 

 1329 



Note to peer reviews, the figure will be re-drawn by the Nature team following acceptance. 1330 
 1331 

 1332 

 1333 
Fig. 3 | Arctic and Antarctic estimates of sea-ice age and mean Arctic sea-ice thickness. a | The fractional 1334 
coverage of Arctic sea ice of different ages249 for 1984-2024. b | The area of remaining sea ice244 at the end of 1335 
the Antarctic melt season244, representative of Antarctic sea ice that is at least one year old, for 1979-2024. c | 1336 
The Arctic compilation of submarine, surface-based, airborne, and satellite sea-ice thickness measurements 1337 
for 1975-2023. Figure adapted from figure 6 in ref. 68, with permission from Drs. Sahra Kacimi Ron Kwok. 1338 
Uncertainty in Antarctic thickness changes from satellite estimates remains greater than any observed 1339 
circumpolar trends. Arctic sea-ice age and thickness have declined since the 1980s and 1970s, respectively.  1340 
 1341 
 1342 
 1343 
 1344 



 1345 



Fig. 4 | Trends in sea-ice thermodynamic characteristics for 1979-2024. The sea-ice season length244 over 1346 
1979-2024 for the a | Arctic and b | Antarctic. c | Trends in the Arctic date of continuous melt onset11, defined 1347 
as the day after which sustained surface melting conditions occur. d | Trends in the Antarctic date of 1348 
temporary melt onset104, defined as the first occurrence of temporary surface snowmelt. The snow depth time-1349 
series (see data availability) for the e | Arctic from 1954 to 2024 using a combination of airborne and satellite 1350 
retrievals, in situ surveys, and autonomous drifting buoys, and the f | Weddell Sea over 2013-2024 from 1351 
autonomous drifting buoys. g | Trends in clear-sky surface albedo242 in summer relative to 1979-1998 for the 1352 
Arctic. h | Trends in clear-sky surface albedo242 in summer relative to 1979-1998 for the Antarctic. In all map 1353 
panels, hatching indicates regions with statistically significant trends (p < 0.001).  1354 

 1355 

 1356 
Fig. 5 | Changes in sea-ice motion and polynya occurrence in the Arctic and Antarctic. Trends in the 1357 
sea-ice motion250 over a | the Arctic (1978-2024), and b | the Antarctic (1982-2024). Vector arrows in black 1358 
signify areas with at least 95% statistical significance, whereas light grey vector arrows are not statistically 1359 
significant. Trends in polynya occurrence251 over 1979-2023 for two contrasting regions in the c | Arctic and 1360 
d | Antarctic.  1361 
 1362 
 1363 
 1364 
 1365 



 1366 
Fig. 6 | Possible future sea-ice properties and processes of the a) Arctic and b) Antarctic environments.  1367 

1. Sea ice will become thinner in both hemispheres, with the shift to a seasonal ice regime in the Arctic 1368 
and an increasingly shorter sea-ice growth season in the Antarctic. Thinner sea ice is more responsive 1369 
to wind and ocean forcing, creating a more dynamic, less consolidated sea-ice cover.  1370 

2. The sea-ice covers in both hemispheres may become smoother over time as with the loss of 1371 
hummocky, multiyear ice. Smoother sea ice modifies the energy exchange between the atmosphere 1372 
and ocean, as well as the distribution of snow and melt ponds on its surface.  1373 

3. The snow covers of both sea-ice environments will likely thin, owing to later sea-ice formation in the 1374 
Arctic, which misses the peak snowfall, and, in the Antarctic, possibly more snow-ice formation as a 1375 
result of a thinner sea-ice cover. Thinner snow may allow sea ice to grow thicker in autumn in a 1376 
negative feedback. However, thinner snow will also allow more solar radiation to penetrate the sea-1377 
ice covers and underlying ocean earlier in spring, which will cause a positive feedback.  1378 

4. Melt onset will occur earlier in both hemispheres. In the Arctic, earlier surface melt will hasten sea-1379 
ice melt through a positive albedo feedback. In the Antarctic, earlier bottom melt may enhance 1380 
flooding. 1381 

5. More melt ponding may occur in the Arctic as a result of less hummocky ice, which will hasten 1382 
surface, internal, and bottom ice melt, leading to floe degradation. In the Antarctic, if air temperatures 1383 
are sufficiently warm, flooding and bottom melt may promote internal melting of the sea-ice cover 1384 
until floes disintegrate.  1385 

6. Both hemispheres will have lower surface albedos, which will increase light levels and solar heating 1386 
in the upper ocean in summer and cause subsequent ecosystem shifts and disruptions. 1387 

7. The duration of open water season will increase in both hemispheres, leading to more wave action, 1388 
coastal erosion, and solar heating of the ocean. In the Arctic, later sea-ice freeze-up will be the 1389 



primary contributor to the lengthening of the open water season. In the Antarctic, it is uncertain how 1390 
melt and freeze onset timing will change.  1391 

8. In both hemispheres, the precipitation cycles will likely shift and contain more ephemeral rainfall 1392 
events throughout the sea-ice growth season, which will contribute to a more vertically-complex 1393 
snowpack on Arctic and Antarctic sea ice.  1394 

 1395 
Note to peer reviews, the figure will be re-drawn by the Nature team following acceptance. 1396 
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 1399 
 1400 
Table 1 | Summary of trends in sea-ice properties and processes reported in this review. 1401 

Variable Source Data  Domain Trend Season Period Data 

Reference 

Sea-ice 

extent 

Passive microwave, 

sea ice concentration 

satellite retrieval 

Arctic -4.8% 

decade-1 

Annual 1979-

2024 

Ref. 252 

Passive microwave, 

sea ice concentration 

satellite retrieval 

Antarctic No 

significant 

trend 

Annual 1979-

2024 

Ref. 252 

Age 

(multiyear 

ice 

coverage) 

Passive microwave, 

ice type satellite 

retrieval 

Arctic -0.74% 

decade-1 

Spring 1984-

2024 

Ref. 9 

Passive microwave, 

minimum 

summertime area 

from ice 

concentration 

satellite retrieval 

Antarctic No 

significant 

trend 

Summer 1979-

2024 

Ref. 251 

Thickness Submarine, 

satellite/airborne 

radar & laser 

altimetry, ice 

thickness retrieval 

Arctic, 

submarine data 

release area 

1.6 m total Winter 1980-

2023 

Ref. 68 

n/a Antarctic n/a n/a n/a n/a 

Sea-ice 

season 

Passive microwave, 

sea ice concentration 

satellite retrieval 

Arctic -11.6 days 

decade-1 

n/a 1979-

2024 

Ref. 252 

Passive microwave, 

sea ice concentration 

satellite retrieval 

Antarctic -1.6 days 

decade-1 

n/a 1979-

2024 

Ref. 252 

Melt onset Passive microwave, 

melt onset satellite 

retrieval 

Arctic 

(continuous melt 

onset) 

1.8 days 

decade-1 

n/a 1979-

2024 

Ref. 11 

Passive microwave, 

melt onset satellite 

retrieval 

Antarctic 

(temporary melt 

onset) 

No 

significant 

trend 

n/a 1979-

2024 

Ref. 104 

Freeze 

onset 

Passive microwave, 

freeze onset satellite 

retrieval 

Arctic 5.6 days 

decade-1 

n/a 1979-

2024 

Ref. 11 

n/a Antarctic n/a n/a n/a n/a 



Melt 

season 

length 

Passive microwave, 

melt onset & freeze 

onset satellite 

retrieval 

Arctic 7.4 days 

decade-1 

n/a 1979-

2024 

Ref. 11 

n/a Antarctic n/a n/a n/a n/a 

Snow 

depth 

In situ, autonomous 

buoy, & 

airborne/satellite 

retrievals 

Arctic -2.5 cm 

decade-1 

Spring 1954-

2024 

See Data 

Availability 

Section 

Autonomous buoy Antarctic 

(Weddell Sea) 

No 

significant 

trend 

Spring 2013-

2024 

Refs. 135, 

136 

Albedo Passive reflectance 

imaging, satellite 

retrieval 

Arctic -0.030 

decade-1 

Summer 1979-

2020 

Ref. 242 

Passive reflectance 

imaging, satellite 

retrieval 

Antarctic 0.002 

decade-1 

Summer 1979-

2020 

Ref. 242 

Motion 

(drift) 

Passive microwave, 

satellite retrieval 

Arctic 0.63 cm s-1 

decade-1 

Spring 1978-

2024 

Ref. 9 

Passive microwave, 

satellite retrieval 

Antarctic 0.69 cm s-1 

decade-1 

Spring 1982-

2024 

Ref. 9 

Polynya 

occurrence 

Passive microwave, 

sea-ice 

concentration 

satellite retrieval 

Arctic (north of 

59°N) 

2.4 days 

decade−1 

Winter 1979-

2023 

Ref. 251 

Passive microwave, 

sea-ice 

concentration 

satellite retrieval 

Arctic (south of 

59°N) 

-1.6 days 

decade−1 

Winter 1979-

2023 

Ref. 251 

Passive microwave, 

sea-ice 

concentration 

satellite retrieval 

Antarctic 

(Pacific sector) 

3.2 days 

decade−1 

Annual 1979-

2023 

Ref. 251 

Passive microwave, 

sea-ice 

concentration 

satellite retrieval 

Antarctic 

(Amundsen/Bell

ingshausen 

sector) 

-2.2 days 

decade−1 

Annual 1979-

2023 

Ref. 251 
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