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INTRODUCTION
This paper is intended primarily as an 
update to the previous assessment of 
Arctic sea ice published a decade ago 
in Oceanography (Perovich et  al., 2011). 
Over that decade, substantial changes 
in Arctic sea ice have been observed 
(e.g.,  Meier et  al., 2014; Barber et  al., 
2017), with declining sea ice cover being 
one of the clearest indicators of change, 
along with thinning of the ice cover 
(Kwok, 2018). Spring melt is occur-
ring earlier and freeze-up is trending 
later, allowing the ice-ocean system to 
absorb more solar radiation and increas-
ing the energy input into the Arctic. At 
this point, it is highly likely that ice-free 
conditions will emerge in September 
by the middle of the century (e.g.,  Notz 
and SIMIP, 2020). It is only under lim-
ited future emissions scenarios that the 
likelihood of largely sea ice-free condi-
tions during summer can be avoided on 
a regular basis. The impacts of sea ice loss 
are myriad within the Arctic: warmer 
ocean waters, longer fetch, more frequent 
storms, and increased coastal erosion, 
along with associated effects on the Arctic 
ecosystem and human activities in the 
region. The loss of sea ice also amplifies 
Arctic warming, impacting Greenland 
ice mass loss and permafrost thawing. 
The ramifications of sea ice loss outside 

the Arctic are uncertain, with conflicting 
evidence of connections to more extreme 
weather events in the mid-latitudes.

OBSERVING
Ice Concentration and 
Sea Ice Extent
A series of satellite-borne passive micro-
wave sensors provides a consistent and 
nearly complete long-term record of 
sea ice concentration and extent since 
November 1978. Sea ice extent (sum 
of the area with at least 15% concentra-
tion) has been a workhorse in assessing 
the state of the ice cover because of the 
available long, consistent record. Several 
time series of extent have been pro-
duced from passive microwave bright-
ness temperatures via various empirically 
derived sea ice concentration algorithms 
(e.g.,  Comiso, 1986; Spreen et  al., 2008; 
Lavergne et  al., 2019). Here, we use the 
extent record from the US National Snow 
and Ice Data Center (NSIDC) Sea Ice 
Index (Fetterer et al., 2017) derived from 
NASA Team algorithm concentration 
fields (Cavalieri et al., 1999); extent here 
is defined as the total area where concen-
tration is greater than 15%. The concen-
tration product begins in November 1978 
(Cavalieri et  al., 1996), with the most 
recent data (for 2021 in this manuscript) 
augmented by near-real-time processing 

(Maslanik and Stroeve, 1999).
Sea ice concentration and extent are 

declining everywhere in the Arctic, with 
the most pronounced losses in summer 
occurring within the Beaufort, Chukchi, 
East Siberian, and Laptev Seas, and the 
largest ice losses in winter within the 
Barents Sea and the Sea of Okhotsk. 
(Figure 1a,b). Much of the concentra-
tion trend is due to complete loss of ice 
(i.e.,  decline in extent and retreat of the 
ice edge), but some areas within the ice 
pack are also trending toward lower con-
centration. This suggests a less compact 
ice pack that allows more solar absorp-
tion during summer and less resistance to 
wind and other dynamic forcing.

The sea ice extent trend in September, 
when the annual minimum occurs, is 
–12.7% per decade, while winter trends 
are smaller but still statistically signif-
icant (p <0.05) (Figure 1c). Trends for 
1979–2021 are negative and statistically 
significant for all months, with extents 
since 2005 consistently well below nor-
mal, particularly during spring and 
autumn (Figure 1d). The largest depar-
tures from average conditions recently 
have occurred in October, with the largest 
negative anomaly being the October 2020 
extent that was 3.7 standard deviations 
below the 1981–2010 mean.

Despite statistically significant negative 
trends, the overall linear trend is marked 
by strong interannual and decadal vari-
ability. Nevertheless, each decade’s sea 
ice extent has been lower than that of the 
previous decade. The most recent decade 
has seen particularly extreme September 
extents with the record low extent reached 
in September 2012 (3.39 × 106  km2), 
and the second lowest extent occur-
ring in September 2020. Overall, the last 
15 years (2007–2021) have the 15 lowest 
September extents in the 43-year (1979–
2021) satellite record. However, the trend 
has been relatively flat over those years 
(–8,200 ± 57,400 km2 yr–1).

Looking at sea ice extent decade by 
decade, the variability is evident, with 
the strongest trend during the 2001–2010 
decade and the weakest trend in the past 

ABSTRACT. Sea ice is an essential component of the Arctic climate system. The Arctic 
sea ice cover has undergone substantial changes in the past 40+ years, including decline 
in areal extent in all months (strongest during summer), thinning, loss of multiyear ice 
cover, earlier melt onset and ice retreat, and later freeze-up and ice advance. In the past 
10 years, these trends have been further reinforced, though the trends (not statistically 
significant at p <0.05) in some parameters (e.g., extent) over the past decade are more 
moderate. Since 2011, observing capabilities have improved significantly, including 
collection of the first basin-wide routine observations of sea ice freeboard and thick-
ness by radar and laser altimeters (except during summer). In addition, data from a 
year-long field campaign during 2019–2020 promises to yield a bounty of in situ data 
that will vastly improve understanding of small-scale processes and the interactions 
between sea ice, the ocean, and the atmosphere, as well as provide valuable validation 
data for satellite missions. Sea ice impacts within the Arctic are clear and are already 
affecting humans as well as flora and fauna. Impacts outside of the Arctic, while garner-
ing much attention, remain unclear. The future of Arctic sea ice is dependent on future 
CO2 emissions, but a seasonally ice-free Arctic Ocean is likely in the coming decades. 
However, year-to-year variability causes considerable uncertainty on exactly when this 
will happen. The variability is also a challenge for seasonal prediction.
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b decade, 2011–2020 (Table 1). However, 
most of the decadal trends are not statis-
tically significant due to the short time 
period of the data. But change in extent 
is evidenced by the 2011–2020 decade 
being nearly 1 × 106 km2 lower than the 
previous decade and almost 2.5 × 106 km2 
below the first complete decade in the 
record (1981–1990).

Ice Age
Sea ice age provides yet another long-
term indicator of change in the Arctic. 
Age is tracked via Lagrangian parcels 
(Tschudi et  al., 2020), and a data prod-
uct (Tschudi et  al., 2019a,b) for age is 
available beginning in 1985. Older, level 
ice is generally thicker than younger ice 
(ignoring dynamic thickening), so age 
provides a general proxy for thickness. 
Changes in the age distribution within 
the Arctic indicate a substantial loss of 
older ice. While multiyear ice (ice that 
has survived at least one summer melt 
season) and >4-year-old ice extent have 
declined almost since the beginning of 
the record, the last 10 years have seen 
an almost complete disappearance of ice 
>4 years old, with extents persistently 
below 500,000 km2 since 2012 (Figure 2). 
The total area of multiyear ice has shown 
interannual variability since the record 
low extent in 2012, but it has continu-
ously been well below values seen before 
2007. Simply put, sea ice is not remaining 
in the Arctic as long as it once did.

There are two apparent reasons for 
this shorter lifetime of ice in the Arctic. 
One reason is faster ice motion (Kwok 
et al., 2013). This increase in speed is not 
explained by increasing wind forcing or 
currents, but rather it is a greater response 
to forcing by the younger and thinner ice 
cover, as well as a less compact ice pack, 
as noted above in the concentration trend 
data. This leads to increased area export 
(Smedsrud et  al., 2017), though vol-
ume export appears to decrease due to 
thinning (Spreen et  al., 2020). In some 
respects, this can be thought of as a 
potential positive feedback mechanism: 
thinner and less compact ice (due to 

TABLE 1. Statistics on September sea ice extent. Trends are given with two standard devia-
tion ranges; significant trends (p <0.05) are in bold. Percent trends are relative to a 30-year 
(1981–2010) climatological average.

YEAR RANGE AVERAGE (106 km2) TREND (103 km2 yr–1) TREND (% Decade–1)

1979–2021 5.99 –81.2 ± 12.9 –12.7 ± 2.0

1981–1990  7.06 –55.6 ± 86.5 –8.5 ± 13.5

1991–2000  6.67 –64.1 ± 118.2 –10.0 ± 18.4

2001–2010  5.51 –197.9 ± 103.2 –30.9 ± 16.1

2011–2020 4.57 –17.6 ± 117.8 –2.7 ± 18.4

FIGURE 1. Arctic sea ice trends for 1979 to 2021. Percent per decade (relative to the 1981–
2010 average) concentration trend for (a) March and (b) September. (c) Percent per decade 
(also relative to the 1981–2010 average) extent trends for March and September with lin-
ear trend lines. (d) Standardized anomalies in Arctic sea ice extent relative to the 1981–2010 
long-term average.
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warming) responds more to forcing and 
moves faster, exiting the Arctic sooner, 
which results in a thinner ice cover.

The other aspect leading to less older 
ice is in situ melting. In particular, in the 
Beaufort and Chukchi Seas, where ice 
once circulated clockwise in the Beaufort 
Gyre, the ice age data show that much 
of the ice is melting out during sum-
mer in that region. This may be due to 
a combination of warmer ocean waters 
and a less compact ice pack (which 
may in turn be due to a thinner, more 
dynamic ice cover).

Ice Thickness and Snow Depth
While we now have over 43 years of con-
sistent observations of sea ice area and 
extent, we do not have a similarly long-
term data record of sea ice thickness. 
Thickness, when combined with ice extent 
or area, provides estimates of ice volume, 
arguably a more important metric of the 
overall amount of ice being lost in the 
Arctic Ocean. Our earliest observations 
of sea ice thickness were primarily based 
on submarine upward-looking sonar 
data collected in the 1980s and 1990s 
(NSIDC, 1998). In regard to satellite- 
based approaches, most are based on 
using radar or laser altimeters. Neither of 
these technologies actually measure the 
sea ice thickness, but instead they mea-
sure either the radar freeboard, or in the 
case of laser altimeter, the snow + ice 
freeboard relative to the water surface. 
Together with estimates of snow depth, 
and snow, ice, and water densities, sea 
ice thickness can then be inferred by 
assuming the sea ice and its overlying 
snow cover are in hydrostatic equilib-
rium (e.g.,  Laxon et  al., 2013). In the 
case of radar altimetry, a further assump-
tion as to the location of the dominant 
backscattering surface is needed. This is 
often assumed to be the snow/ice inter-
face at Ku-band, though this assumption 
is likely only valid for a cold snow pack 
over multi year ice. Altimetric records 
have higher uncertainties for thinner ice. 
For thin ice, the use of passive micro-
wave brightness temperatures at L-band 

have also been used (e.g., Kaleschke et al., 
2012), but these estimates are limited to a 
thickness of about 50 cm, though they can 
be combined with Ku-band radar altime-
ter data from ESA’s CryoSat-2 mission for 
an optimal estimate (Ricker et al., 2017).

The first estimates of sea ice thick-
ness for a substantial part of the Arctic 
(up to 81.5° N) came from the ERS-1 
radar altimeter satellite for 1993 to 2001 
(Laxon et al., 2003). This was followed by 
NASA’s Ice, Cloud, and land Elevation 
Satellite (ICESat) laser altimeter mission; 

however, because of technical problems 
with the lasers, ICESat only provided 
snapshots of Arctic sea ice thickness 
during spring and autumn from 2003 
to 2009. Since 2010, CryoSat-2 has pro-
vided nearly pan-Arctic observations of 
ice thickness. Beginning in 2018, NASA’s 
ICESat-2 laser altimeter began providing 
complementary estimates to CryoSat-2. 
While these different satellite missions 
offer glimpses into sea ice thickness vari-
ability and change, it remains challeng-
ing to blend these data into a consistent 

(a) EASE-Grid Sea Ice Age, v4.1
August 27–September 2, 1985

(c) Extent of Multiyear Ice in the Arctic
Week of Minimum Total Extent, 1985–2021

(a) EASE-Grid Sea Ice Age, QL
September 3–9, 2021

FIGURE 2. Weekly average sea ice age field from the end of summer (week before the annual min-
imum total extent) for (a) 1985 (from Tschudi et al., 2019a) and (b) 2021 (“QL” = QuickLook version 
from Tschudi et al., 2019b). (c) Extent of age of multiyear ice (black) and >4 year old ice (red) within 
the Arctic Ocean domain (inset) for 1985 to 2021. Figure from Meier et al. (2021)
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record of ice thickness. This in part stems 
from different sensors (i.e., laser vs. radar 
altimeter), spatial resolution (i.e.,  larger 
footprint of ERS-1 vs. CryoSat-2 gen-
erates inconsistencies in the dominant 
scattering surface observed), differences 
in assumptions about snow/ice densities, 
and differences in snow depth estimates 
used in thickness retrievals. Because 
snow depth has not yet been accurately 
observed by satellite, a climatology for 
snow depth is often applied. Yet, using 
a climatology can lead to large biases in 
sea ice thickness trends, especially in the 
marginal ice zone. There, snow depth 
is observed to be declining, in part due 
to later autumn freeze-up and thus less 
time for the snow to accumulate on the 
ice (e.g.,  Stroeve et  al., 2020). Figure 3 
shows an example of trends in April ice 
thickness from 2011 to 2020 from the 
CryoSat-2 data record. In this example, 
ice thickness retrievals using snow depth 
and density from Liston et  al. (2020) 
were compared against those using a 
snow depth and density climatology 
(e.g., Warren et al., 1999). Conversion of 
radar freeboard to thickness was based 
on an algorithm from Landy et al. (2020).

What is clear is that thickness trends 
are overall larger in magnitude when 

using a dynamic snow loading data set 
versus a fixed climatology, and there 
are some spatial pattern differences in 
regions with positive or negative thick-
ness trends. However, many regions 
where the trends are statistically signif-
icant at the 95% confidence interval are 
broadly similar regardless of which snow 
data set is used. From this we can con-
clude that during the CryoSat-2 period, 
end of winter ice thickness is declining 
most strongly in the Beaufort, Chukchi, 
East Siberian, Laptev, Lincoln, and East 
Greenland Seas as well as within the 
Canadian Arctic Archipelago and Baffin 
Bay, but thickness is increasing north of 
the Canadian Arctic Archipelago and in 
the Barents and Kara Seas (Figure 3).

For a longer-term perspective, Mallett 
et  al. (2021) showed that using a newly 
developed dynamic snow depth and den-
sity product (Liston et al., 2020), ice thick-
ness declined 60%–100% faster between 
2002 and 2018 compared to using the 
Warren et al. (1999) snow depth and den-
sity climatology. The most recent syn-
thesis of thickness changes using earlier 
submarine and mooring data together 
with measurements from electromagnetic 
induction sensors on helicopters and air-
craft, and airborne and satellite lidar data 

(Lindsay and Schweiger, 2013) found that 
between 1975 and 2012, the mean ice 
thickness declined from 3.59 m to 1.25 m. 
These ice thickness changes are consistent 
with the shift from an Arctic Ocean dom-
inated by multiyear ice to one dominated 
by first-year ice.

As noted above, knowledge of snow 
depth is essential to retrieve ice thickness 
from altimetry. Thus, it is useful to briefly 
comment on progress in monitoring 
snow depth. The first satellite estimates 
were based on use of passive microwave 
brightness temperatures to retrieve snow 
depth over first-year ice (e.g.,  Markus 
et  al., 2011). This was later extended to 
also include multiyear ice (e.g., Rostosky 
et  al., 2018). Another satellite- derived 
method is based on the assumption that 
radar backscatter at Ka-band comes from 
the snow surface, while that from Ku-band 
comes from the ice surface, and thus the 
difference between the two provides an 
estimate of snow depth (e.g.,  Guerreiro 
et  al., 2016; Lawrence et  al., 2018). This 
has been extended to using a combina-
tion of ICESat-2 and CryoSat-2 free-
boards (e.g.,  Kwok et  al., 2020). Other 
approaches attempt to model snow accu-
mulation using atmospheric reanalyses 
combined with various levels of snow 
modeling sophistication (e.g., Blanchard-
Wrigglesworth et  al., 2018; Petty et  al., 
2018; Liston et  al., 2020) in either a 
Lagrangian or Eulerian framework. The 
Liston et al. (2020) approach is currently 
the most sophisticated snow modeling 
system available for providing physically 
constrained estimates of snow depth and 
density. The different approaches pro-
vide differing magnitudes in total snow 
depth and trends, as well as spatial pat-
terns (Zhou et al., 2021). However, most 
of the reanalysis-based approaches show 
negative trends in snow accumulation in 
the marginal ice zone (Figure 4), consis-
tent with later ice formation (see next sec-
tion). Slight positive trends in snow accu-
mulation are seen north of Greenland and 
the Canadian Arctic Archipelago, with 
some data products stretching across the 
pole (see Zhou et al., 2021).

APRIL SEA ICE THICKNESS TREND 2011–2020
(a) CS2+SMLG (b) CS2+aW99

FIGURE 3. Trends in April sea ice thickness in meters per decade between 2011 and 2020 
derived from CryoSat-2 (CS2) freeboard retrievals using the Landy et  al. (2020) algorithm with 
(a) SnowModel-LG (SMLG) snow depth and density (Liston et al., 2020) and (b) snow depth and den-
sity climatology (adjusted W99; Warren et al., 1999; Laxon et al., 2003). Stippling indicates signifi-
cance at p <0.05. Figure provided by J. Landy (University of Bristol)
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Melt Onset and Freeze-up
The sensitivity of microwave emissivity to 
the presence of liquid water in the snow-
pack has also allowed for the mapping of 
changes in the timing of melt onset and 
freeze-up (e.g., Markus et al., 2009; Bliss 
and Anderson, 2018; Peng et  al., 2018). 
As expected in a warming Arctic, the melt 
season is starting earlier than it once did, 
with the largest changes observed in the 
marginal seas of the Arctic, with trends 
on the order of 10–20 days earlier each 
decade (Figure 5). Slight delays in melt 
onset occur in the central Arctic (two to 
five days later each decade). Earlier melt 
onset has been linked to advection of 
warm, moist air masses into the Arctic 
(Kapsch et al., 2013; Mortin et al., 2016).

Trends in autumn freeze-up are in 
general larger than those of melt onset, 
with particularly large delays in freeze-up 
observed in the Beaufort, Chukchi, and 
East Siberian Seas (up to a month later 
each decade in the northern Chukchi 
Sea; Figure 5). Freeze-up is both a mea-
sure of when the surface refreezes and 
also when new ice forms. Despite more 
modest trends in melt onset compared 
to freeze-up, earlier melt onset lowers the 
surface albedo earlier in the melt season, 
helping to enhance the ice-albedo feed-
back (e.g.,  Stroeve et  al., 2014). Earlier 
formation of melt ponds and open water 
areas results in absorption of more of the 
sun’s energy, in turn fostering more ice 
melt. The heat gained in the ocean mixed 
layer as a result of earlier melt onset 
and earlier ice retreat is strongly linked 
to the timing of ice formation and thus 
freeze-up (e.g., Stroeve et al., 2016, 2014).

Finally, earlier melt onset allows for 
earlier formation of melt ponds, and 
thus trends toward earlier melt pond for-
mation would be expected. This may be 
especially important given the role melt 
ponds may play in the amount of ice left 
at the end of summer (e.g.,  Liu et  al., 
2015). Tracking of melt ponds with sat-
ellite data remains challenging given the 
relatively coarse spatial resolution of sat-
ellite data. However, in the past decade 
substantial progress has been made using 

optical satellite imagery, such as from 
NASA’s Moderate Resolution Imaging 
Spectroradiometer (MODIS) instrument 
(e.g.,  Tschudi et  al., 2008; Rösel et  al., 
2012; Lee et  al., 2020), as well as data 
from the Medium Resolution Imaging 
Spectrometer (MERIS) satellite (Zege 
et  al., 2015). Data from each has pro-
duced melt pond estimates at different 
spatial and temporal resolutions, mak-
ing an intercomparison between prod-
ucts difficult. For long-term trends, only 
Lee et al. (2020) have developed products 
through 2020, whereas the other prod-
ucts end in 2011 or 2012. Overall, no sta-
tistically significant trends toward earlier 

melt pond development are observed in 
any of the data products between 2000 
and 2011, though Lee et al. (2020) show 
positive trends during July and August 
when the record is extended to 2020.

DRIVERS OF SEA ICE CHANGES
While the overall long-term decline in 
Arctic sea ice extent is clear (Figure 1), 
how well a particular year tracks with 
the linear trend depends strongly 
on atmospheric circulation patterns 
(e.g., Parkinson and Comiso, 2013; Ding 
et  al., 2019). Earlier studies show link-
ages between atmospheric modes of vari-
ability, such as the Arctic Oscillation 

(a) April Snow Depth Trend 1981–2020 (b) October Snow Depth Trend 1981–2020
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Only statistically significant trends (at p <0.05) are shown in color; gray indicates trends that are not 
significant. Figure provided by R. Mallett (University College London)

(a) Melt Onset Trend 1979–2021 (b) Freeze-Up Trend 1979–2021
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FIGURE 5. Melt onset (a) and freeze-up (b) trends. Data updated from Markus et al. (2009)
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(e.g., Rigor et al., 2002), and summer sea 
ice extent. However, in recent years, low 
summer extents have continued regard-
less of the atmospheric mode. One rea-
son for this is that today’s Arctic ice is 
considerably thinner than it was four 
decades ago. Higher temperatures and 
a thinner ice cover serve to precondi-
tion the ice cover to be more sensitive 
to seasonal weather patterns (e.g.,  Babb 
et  al., 2015). Thus, an unusually warm 
summer (e.g.,  Stroeve et  al., 2008), or a 
strong cyclone (Parkinson and Comiso, 
2013), can result in large reductions 
in both volume and extent regardless 
of the atmospheric mode. Conversely, a 
colder than average summer may reduce 
ice melt and permit a relatively thin ice 
cover to survive.

Another factor in sea ice change is 
warming of the ocean, which also acts as 
a positive sea ice-albedo feedback: loss of 
ice results in more solar absorption in the 
ocean and warming of the water, which 
melts more ice (e.g., Perovich et al., 2007). 
One study found a fivefold increase in 
summer solar heat absorption in the 
northern Chukchi Sea between 1987 and 
2017 (Timmermans et  al., 2018). There 
is also evidence in the Eurasian Basin 
that the halocline between the colder, 
fresher surface waters and the warmer, 
saltier Atlantic Water below is weaken-
ing and contributing to sea ice loss in 

the region (e.g.,  Polyakov et  al., 2017, 
2020; Ricker et  al., 2021). Earlier snow 
melt onset and melt pond formation are 
also part of a positive feedback mech-
anism, as they decrease surface albedo 
and increase solar absorption by the ice 
(e.g., Perovich et al., 2007).

The variability in forcing and the 
changing Arctic sea ice response to that 
forcing make seasonal forecasting chal-
lenging. Forecasts of September sea ice 
with one- to three-month lead times 
have shown varying but limited skill 
(e.g.,  Blanchard-Wrigglesworth et  al., 
2015; Hamilton and Stroeve, 2016). 
Forecasting may be becoming more diffi-
cult with the thinner ice cover. When the 
Arctic Ocean was covered by thick ice, 
an unusually warm summer may have 
melted a relatively large volume of ice, 
but this would not have been reflected 
in a change in extent to the degree that it 
would be now.

There is still much to learn about the 
complex processes of the sea ice cover 
and their interactions with the ocean 
and atmosphere. While satellite data 
have greatly expanded our knowledge 
of these processes, field observations are 
still essential to validate satellite data 
and models and to better understand 
small-scale processes. One of the most 
momentous undertakings in the history 
of Arctic science occurred in the past 

decade: the Multidisciplinary Drifting 
Observatory for the Study of Arctic 
Climate (MOSAiC; Shupe et  al., 2020). 
The German icebreaker Polarstern was 
frozen into the ice and drifted across the 
Arctic from October 2019 to September 
2020, collecting ice, ocean, atmosphere, 
and biogeochemistry data through a full 
annual cycle. The data are still being pro-
cessed and substantial results have yet to 
be reported. But the data collected prom-
ise to be a treasure trove for future under-
standing of the changing Arctic sea ice.

Though details of sea ice processes and 
interactions with the ocean and atmo-
sphere are still not completely under-
stood, the shrinking and thinning of 
Arctic sea ice has a clear fingerprint from 
rising concentrations of atmospheric 
greenhouse gases. Notz and Stroeve 
(2016) examined the linear relation-
ship between September sea ice decline 
and cumulative CO2 concentrations. 
When this evaluation was expanded to 
all months of the year, it indicated that 
all calendar months demonstrate a clear 
linear relationship, though the relation-
ship is strongest in September. Updating 
this analysis through 2021 shows that 
the linear relationship still holds today 
(Figure 6). Thus, the long-term fate 
of sea ice will be determined by which 
emission scenario (denoted in the IPCC 
AR6 Report as Shared Socioeconomic 
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Figure 6b provided by M. McCrystal (University of Manitoba)
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Pathways [SSPs]) is realized within Earth’s 
climate in the coming decades. Although 
the target for limiting global warming 
is 1.5°C, the warming in the Arctic will 
greatly exceed this amount, with warm-
ing as large as 6°C in autumn and winter. 
If the planet warms to 2.0°C, the warming 
will exceed 8°C in the Arctic (Figure 6b).

IMPACTS OF CHANGES
The loss of sea ice has myriad impacts 
within the Arctic. A comprehensive 
assessment of such impacts is beyond the 
scope of this paper, but they are detailed in 
various assessment reports (e.g.,  AMAP, 
2017) and other studies (e.g., Post et al., 
2019). Here, we provide brief examples of 
some of the impacts.

Less sea ice has led to longer fetch, 
more coastal wave action, and, coupled 
with permafrost thaw, more coastal ero-
sion (e.g., Overeem et al., 2011; Fritz et al., 
2017), results that threaten Indigenous 
communities and other human infra-
structure in the north. Earlier retreat 
and later advance of ice is opening up 
shipping routes, and as sea ice declines 
further, shipping through the Arctic 
will become more viable in the future 
(Mudryk et al., 2021).

The loss of ice has fostered earlier and 
more widespread phytoplankton blooms 
(e.g.,  Hill et  al., 2018). Double blooms 
(Ardyna et  al., 2014), as well as large 
under-ice blooms (Arrigo et  al., 2012), 
have been observed in recent years. A lack 
of ice during Bering Sea winters resulted 
in substantial effects on the regional 
ecosystem, including seabird die-offs 
(e.g., Duffy-Anderson et al., 2019). There 
are also well-known negative impacts 
on the megafauna of the Arctic, such as 
polar bears (Pagano and Williams, 2021), 
although habitats are expanding for non-
ice species, such as killer whales and some 
fishes (Stafford et al., 2022, in this issue).

While the impacts within the Arctic 
are clearly visible, the influence of sea ice 
and Arctic change outside of the Arctic is 
far more uncertain. Francis and Vavrus 
(2012) first proposed a connection 
between Arctic sea ice loss and warming 

and mid-latitude weather extremes via a 
slowing jet stream. Their analysis indi-
cated a detectable change in the jet stream 
pattern that they related to the warming 
and sea ice loss. However, almost imme-
diately, other studies found contradictory 
results (e.g.,  Barnes, 2013). Since then, 
myriad studies have provided contradic-
tory information. Synthesis studies have 
tried to reconcile the conflicting research 
(e.g.,  Overland et  al., 2016), but the 
debate continues, with studies both sup-
porting (e.g., Cohen et al., 2021) and con-
tradicting (Blackport and Screen, 2021) 
the hypothesis.

SUMMARY
It is difficult to produce an assessment of 
Arctic sea ice because changes are hap-
pening so rapidly—this document will 
likely be out of date shortly after publica-
tion. In some ways, the story is the same 
as in the previous report published in 
Oceanography (Perovich, 2011): the rap-
idly changing Arctic is marked by sea 
ice loss. On the other hand, substantial 
developments have emerged in the past 
10 years. There was a new record low 
September ice extent in 2012 and several 
other extreme low years since then. The 
oldest ice, already in steep decline 10 years 
ago, has virtually disappeared and shows 
no signs of recovery. Since 2011, there 
have also been substantial new observ-
ing capabilities, particularly from altim-
eters, providing the most complete satel-
lite estimates of freeboard and thickness 
ever, though there remains important 
uncertainty in the retrievals (particularly 
due to snow properties). The Arctic sea 
ice is showing a consistent response to 
warming across the myriad observations: 
decreases in concentration and extent, 
a younger and thinner ice cover, earlier 
melt, and later freeze-up.

New projections of sea ice cover con-
firm an ultimate dependence on future 
emissions scenarios, though consider-
able uncertainty will continue in year-to-
year variability. Extending the still rela-
tively short records of observations of ice 
thickness and snow depth and reducing 

uncertainties in their estimates will help 
constrain model projections. And future 
improvements in models (e.g.,  param-
eterizations, vertical/horizontal resolu-
tion) should also yield more precise pro-
jections. A controversial line of research 
has emerged in the last 10 years, positing 
a connection between Arctic warming 
and sea ice loss and mid-latitude weather 
extremes. Despite numerous studies, 
the connection remains uncertain and 
debated within the scientific commu-
nity. More data, particularly on weather 
extremes, and improved modeling may 
help to resolve this question in the future.

What is certain is the impact of sea ice 
loss within the Arctic. Even 10 years ago, 
the impacts of sea ice loss on the regional 
climate, local communities, and the eco-
system were clear and have become only 
more so since then. 

REFERENCES
AMAP (Arctic Monitoring and Assessment 

Programme). 2017. Snow, Water, Ice and Permafrost 
in the Arctic (SWIPA) 2017. AMAP, Oslo, Norway, 
283 pp.

Ardyna, M., M. Babin, M. Gosselin, E. Devred, 
L. Rainville, and J.-É. Tremblay. 2014. Recent 
Arctic Ocean sea ice loss triggers novel fall phy-
toplankton blooms. Geophysical Research 
Letters 41:6,207– 6,212, https://doi.org/ 10.1002/ 
2014GL061047.

Arrigo, K.R., D.K. Perovich, R.S. Pickart, Z.W. Brown, 
G.L. Van Ducken, M.M. Mills, M.A. Palmer, 
W.M. Balch, F. Bahr, N.R. Bates, and others. 2012: 
Massive phytoplankton blooms under Arctic sea 
ice. Science 336:1408, https://doi.org/10.1126/
science.1215065.

Babb, D.G., R.J. Galley, D.G. Barber, and S. Rysgaard. 
2015. Physical processes contributing to an ice 
free Beaufort Sea during September 2012. Journal 
of Geophysical Research: Oceans 121:267–283, 
https://doi.org/10.1002/2015JC010756.

Barber, D., W.N. Meier, S. Gerland, C.J. Mundy, 
M. Holland, S. Kern, Z. Li, C. Michel, D.K. Perovich, 
and T. Tamura. 2017. Arctic sea ice. Pp. 104–136 
in Snow, Water, Ice, and Permafrost in the Arctic 
(SWIPA) 2017. AMAP, Oslo, Norway.

Barnes, E.A. 2013. Revisiting the evidence link-
ing Arctic amplification to extreme weather 
in midlatitudes. Geophysical Research 
Letters 40:4,728– 4,733, https://doi.org/10.1002/
grl.50880.

Blackport, R., and J.A. Screen. 2020. Weakened evi-
dence for mid-latitude impacts of Arctic warm-
ing. Nature Climate Change 10:1,065–1,066, 
https://doi.org/ 10.1038/ s41558-020-00954-y.

Blanchard-Wrigglesworth, E., R.I. Cullather, W. Wang, 
J. Zhang, and C.M Bitz. 2015. Model forecast skill 
and sensitivity to initial conditions in the sea-
sonal Sea Ice Outlook. Geophysical Research 
Letters 42:8,042–8,048, https://doi.org/ 10.1002/ 
2015GL065860.

https://doi.org/10.1002/2014GL061047
https://doi.org/10.1002/2014GL061047
https://doi.org/10.1126/science.1215065
https://doi.org/10.1126/science.1215065
https://doi.org/10.1002/2015JC010756
https://doi.org/10.1002/grl.50880
https://doi.org/10.1002/grl.50880
https://doi.org/10.1038/s41558-020-00954-y
https://doi.org/10.1002/2015GL065860
https://doi.org/10.1002/2015GL065860


Oceanography |  Vol.35, No.3–418

Blanchard-Wrigglesworth, E., M. Webster, S.L. Farrell, 
and C.M. Bitz. 2018. Reconstruction of snow on 
Arctic sea ice. Journal of Geophysical Research: 
Oceans 123(5):3,588–3,602, https://doi.org/ 
10.1002/ 2017JC013364.

Bliss, A.C., and M.R. Anderson. 2018. Arctic sea 
ice melt onset timing from passive microwave- 
based and surface air temperature- based 
methods. Journal of Geophysical Research: 
Atmospheres 123(17):9,063–9,080, https://doi.org/ 
10.1029/2018JD028676.

Cavalieri, D.J., C.L. Parkinson, P. Gloersen, and 
H.J. Zwally. 1996, updated yearly. “Sea Ice 
Concentrations from Nimbus-7 SMMR and 
DMSP SSM/I-SSMIS Passive Microwave Data, 
Version 1.” NASA National Snow and Ice Data 
Center Distributed Active Archive Center, Boulder, 
CO, https://doi.org/10.5067/8GQ8LZQVL0VL.

Cavalieri, D.J., C.L. Parkinson, P. Gloersen, 
J.C. Comiso, and H.J. Zwally. 1999. Deriving 
long-term time series of sea ice cover from 
satellite passive-microwave multisensor 
data sets. Journal of Geophysical Research: 
Oceans 104(7):15,803–15,814, https://doi.org/ 
10.1029/1999JC900081.

Cohen, J., L. Agel, M. Barlow, C.I. Garfinkel, and 
I. White. 2021. Linking Arctic variability and change 
with extreme winter weather in the United States. 
Science 373(6559):1,116–1,121, https://doi.org/ 
10.1126/science.abi9167.

Comiso, J.C. 1986. Characteristics of Arctic win-
ter sea ice from satellite multispectral microwave 
observations. Journal of Geophysical Research: 
Oceans 91(C1):975–994, https://doi.org/10.1029/
JC091iC01p00975.

Ding, Q., A. Schweiger, M. L’Heureux, E.J. Steig, 
D.S. Battisti, N.C. Johnson, E. Blanchard-
Wrigglesworth, S. Po-Chedley, Q. Zhang, K. Harnos, 
and others. 2019. Fingerprints of internal driv-
ers of Arctic sea ice loss in observations and 
model simulations. Nature Geoscience 12:28–33, 
https://doi.org/ 10.1038/ s41561-018-0256-8.

Duffy-Anderson, J.T., P. Stabeno, A.G. Andrews, 
K. Cieciel, A. Deary, E. Farley, C. Fugate, 
C. Harpold, R. Heintz, D. Kimmel, and others. 
2019. Responses of the northern Bering Sea and 
southeastern Bering Sea pelagic ecosystems 
following record-breaking low winter sea ice. 
Geophysical Research Letters 46(16):9,833–9,842, 
https://doi.org/ 10.1029/2019GL083396

Fetterer, F., K. Knowles, W.N. Meier, M. Savoie, and 
A.K. Windnagel. 2017, updated daily. “Sea Ice 
Index, Version 3.” National Snow and Ice Data 
Center, Boulder, CO, accessed October 1, 2021, 
https://doi.org/10.7265/N5K072F8.

Francis, J.A., and S.J. Vavrus. 2012. Evidence link-
ing Arctic amplification to extreme weather in mid- 
latitudes. Geophysical Research Letters 39(6), 
https://doi.org/10.1029/2012GL051000.

Fritz, M., J. Vonk, and H. Lantuit. 2017. Collapsing 
Arctic coastlines. Nature Climate Change 7:6–7, 
https://doi.org/10.1038/nclimate3188.

Guerreiro, K., S. Fleury, E. Zakharova, F. Rémy, and 
A. Kouraev. 2016. Potential for estimation of 
snow depth on Arctic sea ice from CryoSat-2 and 
SARAL/AltiKa missions. Remote Sensing of the 
Environment 186:339–349, https://doi.org/10.1016/ 
j.rse.2016.07.013.

Hamilton, L.C., and J. Stroeve. 2016. 400 predictions: 
The SEARCH sea ice outlook 2008–2015. Polar 
Geography 39(4):274–287, https://doi.org/10.1080/ 
1088937X.2016.1234518.

Hill, V., M. Ardyna, S.H. Lee, and D.E. Varela. 2018. 
Decadal trends in phytoplankton production in the 
Pacific Arctic Region from 1950 to 2012. Deep Sea 
Research Part II 152:82–94, https://doi.org/10.1016/ 
j.dsr2.2016.12.015.

Kaleschke, L., X. Tian-Kunze, N. Maaß, M. Mäkynen, 
and M. Drusch. 2012. Sea ice thickness retrieval 
from SMOS brightness temperatures during 
the Arctic freeze-up period. Geophysical 
Research Letters 39(5), https://doi.org/ 10.1029/ 
2012GL050916.

Kapsch, M.L., R. Graversen, and M. Tjernström. 2013. 
Springtime atmospheric energy transport and the 
control of Arctic summer sea-ice extent. Nature 
Climate Change 3:744–748, https://doi.org/10.1038/
nclimate1884.

Kwok, R., G. Spreen, and S. Pang. 2013. Arctic sea 
ice circulation and drift speed: Decadal trends and 
ocean currents. Journal of Geophysical Research: 
Oceans 118(5):2,408–2,425, https://doi.org/10.1002/
jgrc.20191.

Kwok, R. 2018. Arctic sea ice thickness, volume, and 
multiyear ice coverage: Losses and coupled vari-
ability (1958–2018). Environmental Research 
Letters 13(10):105005, https://doi.org/ 10.1088/ 
1748-9326/aae3ec.

Kwok, R., S. Kacimi, M.A. Webster, N.T. Kurtz, and 
A.A. Petty. 2020. Arctic snow depth and sea ice 
thickness from ICESat-2 and CryoSat-2 free-
boards: A first examination. Journal of Geophysical 
Research Oceans 125(3):e2019JC016008, 
https://doi.org/ 10.1029/ 2019JC016008.

Landy, J.C., A.A. Petty, M. Tsamados, and J.C. Stroeve. 
2020. Sea ice roughness overlooked as a key 
source of uncertainty in CryoSat-2 ice free-
board retrievals. Journal of Geophysical 
Research 125(5):e2019JC015820, https://doi.org/ 
10.1029/2019JC015820.

Lavergne, T., A. Macdonald Sørensen, S. Kern, 
R. Tonboe, D. Notz, S. Aaboe, L. Bell, G. Dhukjær, 
S. Eastwood, C. Gabarro, and others. 2019. 
Version 2 of the EUMETSAT OSI SAF and ESA CCI 
sea-ice concentration climate data records. 
The Cryosphere 13:49–78, https://doi.org/10.5194/
tc-13-49-2019.

Lawrence, I.R., M.C. Tsamados, J.C. Stroeve, 
T.W.K. Armitage, and A.L. Ridout. 2018. Estimating 
snow depth over Arctic sea ice from cali-
brated dual-frequency radar freeboards. 
The Cryosphere 12:3,551–3,564, https://doi.org/ 
10.5194/tc-12-3551-2018.

Laxon, S., N. Peacock, and D. Smith. 2003. High inter-
annual variability of sea ice thickness in the Arctic 
region. Nature 425(6961):947–950, https://doi.org/ 
10.1038/nature02050.

Laxon, S.W., K.A. Giles, A.L. Ridout, D.J. Wingham, 
R. Willatt, R. Cullen, R. Kwok, A. Schweiger, 
J. Zhang, C. Haas, and others. 2013. CryoSat-2 
estimates of Arctic sea ice thickness and volume. 
Geophysical Research Letters 40:732–737, 
https://doi.org/ 10.1002/ grl.50193.

Lee, S., J. Stroeve, and A. Khan. 2020. Machine 
learning approaches to retrieve pan-Arctic melt 
ponds from satellite imagery. Remote Sensing of 
Environment 247:111919, https://doi.org/10.1016/ 
j.rse.2020.111919.

Lindsay, R., and A.J. Schweiger. 2013, updated 2017. 
“Unified Sea Ice Thickness Climate Data Record, 
1947 Onward, Version 1.” National Snow and Ice 
Data Center, Boulder, CO, https://doi.org/10.7265/
N5D50JXV.

Liston, G.E., P. Itkin, J. Stroeve, M. Tschudi, 
J.S. Stewart, S.H. Pedersen, A.K. Reinking, and 
K. Elder. 2020. A Lagrangian snow-evolution sys-
tem for sea-ice applications (SnowModel-LG): 
Part I. Model description. Journal of Geophysical 
Research 125(10):e2019JC015913, https://doi.org/ 
10.1029/2019JC015913.

Liu, J., M. Song, R.M. Horton, and Y. Hu. 2015. 
Revisiting the potential of melt pond frac-
tion as a predictor for the seasonal Arctic sea 

ice extent minimum. Environmental Research 
Letters 10(9):054017, https://doi.org/ 10.1088/ 
1748-9326/10/5/054017.

Mallett, R.D.C., J.C. Stroeve, M. Tsamados, 
J.C. Landy, R. Willatt, V. Nandan, and G.E. Liston. 
2021. Faster decline and higher variability in the 
sea ice thickness of the marginal Arctic seas. 
The Cryosphere 15:2,429–2,450, https://doi.org/ 
10.5194/tc-15-2429-2021.

Markus, T., J.C. Stroeve, and J. Miller. 2009. 
Recent changes in Arctic sea ice melt onset, 
freeze-up, and melt season length. Journal of 
Geophysical Research 114(C2), https://doi.org/ 
10.1029/2009JC005436.

Markus, T., D.J. Cavalieri, and A. Ivanoff. 2011. 
Algorithm Theoretical Basis Document: Sea Ice 
Products: Updated December 2011. Cryospheric 
Sciences Laboratory, NASA Goddard Space Flight 
Center, 14 pp., https://nsidc.org/sites/nsidc.org/files/
files/amsr_atbd_seaice_dec2011.pdf.

Maslanik, J., and J. Stroeve. 1999. “Near-Real-
Time DMSP SSMIS Daily Polar Gridded Sea Ice 
Concentrations, Version 1.” NASA National Snow 
and Ice Data Center Distributed Active Archive 
Center, Boulder, CO, https://doi.org/10.5067/
U8C09DWVX9LM.

Meier, W.N., G. Hovelsrud, B. van Oort, J. Key, 
K. Kovacs, C. Michel, M. Granskog, S. Gerland, 
D. Perovich, A.P. Makshtas, and J. Reist. 2014. 
Arctic sea ice in transformation: A review 
of recent observed changes and impacts 
on biology and human activity. Reviews of 
Geophysics 52(3):185–217, https://doi.org/ 
10.1002/2013RG000431.

Meier, W.N., D. Perovich, S. Farrell, C. Haas, 
S. Hendricks, A.A. Petty, M. Webster, D. Divine, 
S. Gerland, L. Kaleschke, and others. 2021. Sea 
ice. Pp. 34–40 in NOAA Arctic Report Card 2021. 
T.A. Moon, M.L. Druckenmiller, and R.L. Thoman, 
eds, https://doi.org/10.25923/y2wd-fn85.

Mortin, J., G. Svensson, R.G. Graversen, M.L. Kapsch, 
J.C. Stroeve, and L.N. Boisvert. 2016. Melt onset 
over Arctic sea ice controlled by atmospheric 
moisture transport. Geophysical Research 
Letters 43:6,636–6,642, https://doi.org/ 10.1002/ 
2016GL069330.

Mudryk, L.R., J. Dawson, S.E.L. Howell, C. Derksen, 
T.A. Zagon, and M. Brady. 2021. Impact of 1, 
2 and 4 °C of global warming on ship naviga-
tion in the Canadian Arctic. Nature Climate 
Change 11:673–679, https://doi.org/10.1038/
s41558- 021- 01087-6.

Notz, D., and J. Stroeve. 2016. Observed Arctic sea-
ice loss directly follows anthropogenic CO2 emis-
sion. Science 354(6313):747–750, https://doi.org/ 
10.1126/science.aag2345.

Notz, D., and SIMIP Community. 2020. Arctic 
sea ice in CMIP6. Geophysical Research 
Letters 47(10):e2019GL086749, https://doi.org/ 
10.1029/2019GL086749.

NSIDC (National Snow and Ice Data Center). 1998, 
updated 2006. “Submarine Upward Looking Sonar 
Ice Draft Profile Data and Statistics, Version 1.” 
National Snow and Ice Data Center, Boulder, CO, 
https://doi.org/10.7265/N54Q7RWK.

Overeem, I., R.S. Anderson, C.W. Wobus, 
G.D. Clow, F.E. Urban, and N. Matell. 2011. Sea 
ice loss enhances wave action at the Arctic 
coast. Geophysical Research Letters 38(17), 
https://doi.org/ 10.1029/ 2011GL048681.

Overland, J.E., K. Dethloff, J.A. Francis, R.J. Hall, 
E. Hanna, S.-J. Kim, J.A. Screen, T.G. Shepherd, and 
T. Vihma. 2016. Nonlinear response of mid-latitude 
weather to the changing Arctic. Nature Climate 
Change 6:992–999, https://doi.org/10.1038/
NCLIMATE3121.

https://doi.org/10.1002/2017JC013364
https://doi.org/10.1002/2017JC013364
https://doi.org/10.1029/2018JD028676
https://doi.org/10.1029/2018JD028676
https://doi.org/10.5067/8GQ8LZQVL0VL
https://doi.org/10.1029/1999JC900081
https://doi.org/10.1029/1999JC900081
https://doi.org/10.1126/science.abi9167
https://doi.org/10.1126/science.abi9167
https://doi.org/10.1029/JC091iC01p00975
https://doi.org/10.1029/JC091iC01p00975
https://doi.org/10.1038/s41561-018-0256-8
https://doi.org/10.1029/2019GL083396
https://doi.org/10.7265/N5K072F8
https://doi.org/10.1029/2012GL051000
https://doi.org/10.1038/nclimate3188
https://doi.org/10.1016/j.rse.2016.07.013
https://doi.org/10.1016/j.rse.2016.07.013
https://doi.org/10.1080/1088937X.2016.1234518
https://doi.org/10.1080/1088937X.2016.1234518
https://doi.org/10.1016/j.dsr2.2016.12.015
https://doi.org/10.1016/j.dsr2.2016.12.015
https://doi.org/10.1029/2012GL050916
https://doi.org/10.1029/2012GL050916
https://doi.org/10.1038/nclimate1884
https://doi.org/10.1038/nclimate1884
https://doi.org/10.1002/jgrc.20191
https://doi.org/10.1002/jgrc.20191
https://doi.org/10.1088/1748-9326/aae3ec
https://doi.org/10.1088/1748-9326/aae3ec
https://doi.org/10.1029/2019JC016008
https://doi.org/10.1029/2019JC015820
https://doi.org/10.1029/2019JC015820
https://doi.org/10.5194/tc-13-49-2019
https://doi.org/10.5194/tc-13-49-2019
https://doi.org/10.5194/tc-12-3551-2018
https://doi.org/10.5194/tc-12-3551-2018
https://doi.org/10.1038/nature02050
https://doi.org/10.1038/nature02050
https://doi.org/10.1002/grl.50193
https://doi.org/10.1016/j.rse.2020.111919
https://doi.org/10.1016/j.rse.2020.111919
https://doi.org/10.7265/N5D50JXV
https://doi.org/10.7265/N5D50JXV
https://doi.org/10.1029/2019JC015913
https://doi.org/10.1029/2019JC015913
https://doi.org/10.1088/1748-9326/10/5/054017
https://doi.org/10.1088/1748-9326/10/5/054017
https://doi.org/10.5194/tc-15-2429-2021
https://doi.org/10.5194/tc-15-2429-2021
https://doi.org/10.1029/2009JC005436
https://doi.org/10.1029/2009JC005436
https://nsidc.org/sites/nsidc.org/files/files/amsr_atbd_seaice_dec2011.pdf
https://nsidc.org/sites/nsidc.org/files/files/amsr_atbd_seaice_dec2011.pdf
https://doi.org/10.5067/U8C09DWVX9LM
https://doi.org/10.5067/U8C09DWVX9LM
https://doi.org/10.1002/2013RG000431
https://doi.org/10.1002/2013RG000431
https://doi.org/ https://doi.org/10.25923/y2wd-fn85
https://doi.org/10.1002/2016GL069330
https://doi.org/10.1002/2016GL069330
https://doi.org/10.1038/s41558-021-01087-6
https://doi.org/10.1038/s41558-021-01087-6
https://doi.org/10.1126/science.aag2345
https://doi.org/10.1126/science.aag2345
https://doi.org/10.1029/2019GL086749
https://doi.org/10.1029/2019GL086749
https://doi.org/10.7265/N54Q7RWK
https://doi.org/10.1029/2011GL048681
https://doi.org/10.1038/NCLIMATE3121
https://doi.org/10.1038/NCLIMATE3121


Oceanography  |  December 2022 19

Pagano, A.M., and T.M. Williams. 2021. Physiological 
consequences of Arctic sea ice loss on large 
marine carnivores: Unique responses by polar 
bears and narwhals. Journal of Experimental 
Biology 224(Suppl_1):jeb228049, https://doi.org/ 
10.1242/jeb.228049.

Parkinson, C.L., and J.C. Comiso. 2013. On the 
2012 record low Arctic sea ice cover: Combined 
impact of preconditioning and an August storm. 
Geophysical Research Letters 40(7):1,356–1,361, 
https://doi.org/10.1002/grl.50349.

Peng, G., M. Steele, A.C. Bliss, W.N. Meier, and 
S. Dickinson. 2018. Temporal means and variabil-
ity of Arctic sea ice melt and freeze season climate 
indicators using a satellite climate data record. 
Remote Sensing 10:1328, https://doi.org/10.3390/
rs10091328.

Perovich, D.K., B. Light, H. Eicken, K.F. Jones, 
K. Runciman, and S.V. Nghiem. 2007. Increasing 
solar heating of the Arctic Ocean and adja-
cent seas, 1979–2005: Attribution and role 
in the ice- albedo feedback. Geophysical 
Research Letters 34(19), https://doi.org/ 10.1029/ 
2007GL031480.

Perovich, D.K. 2011. The changing Arctic sea 
ice cover. Oceanography 24(3):162–173, 
https://doi.org/ 10.5670/oceanog.2011.68.

Petty, A.A., M. Webster, L. Boisvert, and T. Markus. 
2018. The NASA Eulerian Snow on Sea Ice 
Model (NESOSIM) v1.0: Initial model devel-
opment and analysis. Geoscience Model 
Development 11:4,577–4,602, https://doi.org/ 
10.5194/gmd-11-4577-2018.

Polyakov, I.V., A.V. Pnyushkov, M.B. Ashik, 
T.M. Baumann, E.C. Carmack, I. Goszczko, 
J. Guthries, V.V. Ivanov, T. Kanzow, R. Krishfield, 
and others. 2017. Greater role for Atlantic inflows 
on sea-ice loss in the Eurasian Basin of the 
Arctic Ocean. Science 356(6335):285–291, 
https://doi.org/ 10.1126/science.aai8204.

Polyakov, I.V., T.P. Rippeth, I. Fer, M.B. Alkire, 
T.M. Baumann, E.C. Carmack, R. Ingvaldsen, 
V.V. Ivanov, M. Janou, S. Lind, and others. 2020. 
Weakening of cold halocline layer exposes 
sea ice to oceanic heat in the eastern Arctic 
Ocean. Journal of Climate 33(18):8,107–8,123, 
https://doi.org/ 10.1175/JCLI-D-19-0976.1.

Post, E., R.B. Alley, T.R. Christensen, M. Macias-Fauria, 
B.C. Forbes, M.N. Gooseff, A. Iller, J.T. Kerby, 
K.L. Laidre, M.E. Mann, and others. 2019. The 
polar regions in a 2°C warmer world. Science 
Advances 5(12), https://doi.org/10.1126/sciadv.
aaw9883.

Ricker, R., S. Hendricks, L. Kaleschke, X. Tian-
Kunze, J. King, and C. Haas. 2017. A weekly 
Arctic sea-ice thickness data record from 
merged CryoSat-2 and SMOS satellite data. 
The Cryosphere 11:1,607–1,623, https://doi.org/ 
10.5194/tc-11-1607-2017.

Ricker, R., F. Kauker, A. Schweiger, S. Hendricks, 
J. Zhang, and S. Paul. 2021. Evidence for an 
increasing role of ocean heat in Arctic winter sea 
ice growth. Journal of Climate 34(13):5,215–5,227, 
https://doi.org/10.1175/JCLI-D-20-0848.1.

Rigor, I., J.M. Wallace, and R.L. Colony. 2002. 
Response of sea ice to the Arctic Oscillation. 
Journal of Climate 15(18):2,648–2,663, 
https://doi.org/ 10.1175/ 1520- 0442 (2002) 015 
<2648: ROSITT> 2.0.CO;2.

Rösel, A., L. Kaleschke, and G. Birnbaum. 2012. Melt 
ponds on Arctic sea ice determined from MODIS 
satellite data using an artificial neural network. 
The Cryosphere 6:431–446, https://doi.org/10.5194/
tc-6-431-2012.

Rostosky, P., G. Spreen, S.L. Farrell, T. Frost, 
G. Heygster, and C. Melsheimer. 2018. Snow depth 
retrieval on Arctic sea ice from passive micro-
wave radiometers—Improvements and extensions 

to multiyear ice using lower frequencies. Journal 
of Geophysical Research: Oceans 123:7,120–7,138, 
https://doi.org/10.1029/2018JC014028.

Shupe, M.D., M. Rex, K. Dethloff, E. Damm, 
A.A. Fong, R. Gradinger, C. Heuzé, B. Loose, 
A. Makarov, W. Maslowski, and others. 2020. 
The MOSAiC expedition: A year drifting with the 
Arctic sea ice. Pp. 1–8 in NOAA Arctic Report 
Card 2020. R.L. Thoman, J. Richter-Menge, and 
M.L. Druckenmiller, eds, https://doi.org/ 10.25923/ 
9g3v-xh92.

Smedsrud, L.H., M.H. Halvorsen, J.C Stroeve, 
R. Zhang, and K. Kloster. 2017. Fram Strait 
sea ice export variability and September 
Arctic sea ice extent over the last 80 years. 
The Cryosphere 11(1):65–79, https://doi.org/ 
10.5194/tc-11-65-2017.

Spreen, G., L. Kaleschke, and G. Heygster. 2008. Sea 
ice remote sensing using AMSR-E 89 GHz chan-
nels. Journal of Geophysical Research 113(C2), 
https://doi.org/10.1029/2005JC003384.

Spreen, G., L. de Steur, D. Divine, S. Gerland, 
E. Hansen, and R. Kwok. 2020. Arctic sea 
ice volume export through Fram Strait 
from 1992 to 2014. Journal of Geophysical 
Research 125(6):e2019JC016039, https://doi.org/ 
10.1029/2019JC016039.

Stafford, K.M., E.V. Farley, M. Ferguson, K.J. Kuletz, 
and R. Levine. 2022. Northward range expansion 
of subarctic upper trophic level animals into the 
Pacific Arctic region. Oceanography 35(3–4):158–
166, https://doi.org/10.5670/oceanog.2022.101.

Stroeve, J., A. Frei, J. McCreight, and D. Ghatak. 
2008. Arctic sea-ice variability revisited. Annals 
of Glaciology 48:71–81, https://doi.org/ 10.3189/ 
172756408784700699.

Stroeve, J.C., T. Markus, L. Boisvert, J. Miller, and 
A. Barrett. 2014. Changes in Arctic melt season 
and implications for sea ice loss. Geophysical 
Research Letters 41:1,216–1,225, https://doi.org/ 
10.1002/2013GL058951.

Stroeve, J., A. Crawford, and S. Stammerjohn. 2016. 
Using timing of ice retreat to predict timing of fall 
freeze-up in the Arctic. Geophysical Research 
Letters 43(12):6,331–6,340, https://doi.org/ 10.1002/ 
2016GL069314.

Stroeve, J., G.E. Liston, S. Buzzard, L. Zhou, R. Mallett, 
A. Barrett, M. Tschudi, M. Tsamados, P. Itkin, and 
J.S. Stewart. 2020. A Lagrangian snow evolution 
system for sea ice applications (SnowModel-LG): 
Part II. Analyses. Journal of Geophysical 
Research 125(10):e2019JC015900, https://doi.org/ 
10.1029/2019JC015900.

Timmermans, M.-L., J. Toole, and R. Krishfield. 2018. 
Warming of the interior Arctic Ocean linked to 
sea ice losses at the basin margins. Science 
Advances 4(8), https://doi.org/10.1126/sciadv.
aat6773.

Tschudi, M.A., J.A. Maslanik, and D.K. Perovich. 2008. 
Derivation of melt pond coverage on Arctic sea 
ice using MODIS observations. Remote Sensing 
of Environment 112:2,605–2,614, https://doi.org/ 
10.1016/ j.rse.2007.12.009.

Tschudi, M., W.N. Meier, J.S. Stewart, C. Fowler, 
and J. Maslanik. 2019a. “EASE-Grid Sea Ice Age, 
Version 4.” NASA National Snow and Ice Data 
Center Distributed Active Archive Center, Boulder, 
CO, accessed October 8, 2021, https://doi.org/ 
10.5067/ UTAV7490FEPB.

Tschudi, M., W.N. Meier, and J.S. Stewart. 2019b. 
“Quicklook Arctic Weekly EASE-Grid Sea Ice Age, 
Version 1.” NASA National Snow and Ice Data 
Center Distributed Active Archive Center, Boulder, 
CO, accessed October 8, 2021, https://doi.org/ 
10.5067/ 2XXGZY3DUGNQ.

Tschudi, M.A., W.N. Meier, and J.S. Stewart. 2020. An 
enhancement to sea ice motion and age products 
at the National Snow and Ice Data Center (NSIDC). 
The Cryosphere 14:1,519–1,536, https://doi.org/ 
10.5194/tc-14-1519-2020.

Warren, S.G., I.G. Rigor, N. Untersteiner, V.F. Radionov, 
N.N. Bryazgin, Y.I. Aleksandrov, and R. Colony. 
1999. Snow depth on Arctic Sea ice. Journal of 
Climate 12(6):1,814–1,829, https://doi.org/ 10.1175/ 
1520- 0442 (1999) 012 <1814: SDOASI> 2.0.CO;2.

Zege, E., A. Malinka, I. Katsev, A. Prikhach, 
G. Heygster, L. Istomina, G. Birnbaum, and 
P. Schwarz. 2015. Algorithm to retrieve the 
melt pond fraction and the spectral albedo of 
Arctic summer ice from satellite optical data. 
Remote Sensing of Environment 163:153–164, 
https://doi.org/ 10.1016/ j.rse.2015.03.012.

Zhou, L., J. Stroeve, S. Xu, A. Petty, R. Tilling, 
M. Winstrup, P. Rotosky, I.R. Lawrence, G.E. Liston, 
A. Ridout, M. Tsamados, and V. Nandan. 2021. Inter-
comparison of snow depth over Arctic sea ice from 
reanalysis reconstructions and satellite retrieval. 
The Cryosphere 15(1):345–367, https://doi.org/ 
10.5194/ tc-15-345-2021.

AUTHORS
Walter N. Meier (walt@nsidc.org) is Senior Research 
Scientist, National Snow and Ice Data Center (NSIDC), 
Cooperative Institute for Research in Environmental 
Sciences (CIRES), University of Colorado Boulder, CO, 
USA. Julienne Stroeve is Senior Research Scientist, 
NSIDC, CIRES, University of Colorado Boulder, CO, 
USA; Professor, University of Manitoba Centre for 
Earth Observation Science, Winnipeg, Canada; and 
Professor, Earth Sciences Department, University 
College London, UK.

ARTICLE CITATION
Meier, W.N., and J. Stroeve. 2022. An updated 
assessment of the changing Arctic sea ice cover. 
Oceanography 35(3–4):10–19, https://doi.org/10.5670/
oceanog.2022.114.

COPYRIGHT & USAGE
This is an open access article made available under 
the terms of the Creative Commons Attribution 4.0 
International License (https://creativecommons.org/
licenses/by/4.0/), which permits use, sharing, adapta-
tion, distribution, and reproduction in any medium or 
format as long as users cite the materials appropri-
ately, provide a link to the Creative Commons license, 
and indicate the changes that were made to the 
original content.

https://doi.org/10.1242/jeb.228049
https://doi.org/10.1242/jeb.228049
https://doi.org/10.1002/grl.50349
https://doi.org/10.3390/rs10091328
https://doi.org/10.3390/rs10091328
https://doi.org/10.1029/2007GL031480
https://doi.org/10.1029/2007GL031480
https://doi.org/10.5670/oceanog.2011.68
https://doi.org/10.5194/gmd-11-4577-2018
https://doi.org/10.5194/gmd-11-4577-2018
https://doi.org/10.1126/science.aai8204
https://doi.org/10.1175/JCLI-D-19-0976.1
https://doi.org/10.1126/sciadv.aaw9883
https://doi.org/10.1126/sciadv.aaw9883
https://doi.org/10.5194/tc-11-1607-2017
https://doi.org/10.5194/tc-11-1607-2017
https://doi.org/10.1175/JCLI-D-20-0848.1
https://doi.org/10.1175/1520-0442(2002)015<2648:ROSITT>2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015<2648:ROSITT>2.0.CO;2
https://doi.org/10.5194/tc-6-431-2012
https://doi.org/10.5194/tc-6-431-2012
https://doi.org/10.1029/2018JC014028
https://doi.org/10.25923/9g3v-xh92
https://doi.org/10.25923/9g3v-xh92
https://doi.org/10.5194/tc-11-65-2017
https://doi.org/10.5194/tc-11-65-2017
https://doi.org/10.1029/2005JC003384
https://doi.org/10.1029/2019JC016039
https://doi.org/10.1029/2019JC016039
https://doi.org/10.5670/oceanog.2022.101
https://doi.org/10.3189/172756408784700699
https://doi.org/10.3189/172756408784700699
https://doi.org/10.1002/2013GL058951
https://doi.org/10.1002/2013GL058951
https://doi.org/10.1002/2016GL069314
https://doi.org/10.1002/2016GL069314
https://doi.org/10.1029/2019JC015900
https://doi.org/10.1029/2019JC015900
https://doi.org/10.1126/sciadv.aat6773
https://doi.org/10.1126/sciadv.aat6773
https://doi.org/10.1016/j.rse.2007.12.009
https://doi.org/10.1016/j.rse.2007.12.009
https://doi.org/10.5067/UTAV7490FEPB
https://doi.org/10.5067/UTAV7490FEPB
https://doi.org/10.5067/2XXGZY3DUGNQ
https://doi.org/10.5067/2XXGZY3DUGNQ
https://doi.org/10.5194/tc-14-1519-2020
https://doi.org/10.5194/tc-14-1519-2020
https://doi.org/10.1175/1520-0442(1999)012<1814:SDOASI>2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012<1814:SDOASI>2.0.CO;2
https://doi.org/10.1016/j.rse.2015.03.012
https://doi.org/10.5194/tc-15-345-2021
https://doi.org/10.5194/tc-15-345-2021
mailto:walt%40nsidc.org?subject=
https://doi.org/10.5670/oceanog.2022.114
https://doi.org/10.5670/oceanog.2022.114
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

