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Sea ice is an important component of the 
climate system as it is responsible for Arctic 
amplification through ice-albedo feedbacks 
and because it controls the exchanges of 
heat and gas at the ocean-water interface. 
Sea-ice formation and melt vary in response 
to incoming energy and depend upon 
stratification and thermal inertia in the upper 
water layer, which are functions of salin-
ity. They also vary in space in relation with 
surface-ocean and atmospheric currents 
that form pack ice in convergence zones and 
redistribute sea ice in subpolar seas. 

Satellite observations of Arctic sea ice are 
continuous since 1979. They show large 
variations of Arctic sea-ice extent at intra-
annual timescales, from summer (September 
~6.3±1.1 106 km2; see limit in Figure 1) to 
winter (March ~15.5±0.5 106 km2), which 
represent about 60% of the change in 
the coverage (see http://nsidc.org/data/
seaice_index). Beyond seasonal variation, a 
multidecadal decreasing trend is recorded, 
with a larger change in summer (13.3% per 
decade) than winter (2.7% per decade). 
The decrease in summer sea-ice extent 
is correlated with the rise of surface air 

temperature (r2~0.63). However, the sea-ice 
decline is non linear and could result, at least 
in part, from internal variability (Swart et al. 
2017). Longer-than-satellite time series are 
therefore needed for a proper assessment 
of trends and to document the full range of 
sea-ice variability under natural forcings and 
feedbacks. 

Reconstructing past sea ice 
The development of time series covering 
centuries to millennia is a challenge. Among 
approaches used to document past sea ice, 
one consists of the compilation of historical 
archives such as ship logs, diaries and any 
sea-ice-related observations (e.g. ACSYS 
2003). Available information encompasses 
a few centuries and mostly covers the sub-
arctic North Atlantic where human popula-
tions have settled. It illustrates variations in 
seasonal extent of sea ice in areas located 
along the winter-spring sea-ice edge, with 
multidecadal variations, for example in the 
Barents Sea (Vinje 2001), or the secular 
trend since the 19th century, for example 
off Iceland (Lamb 1977). The data also show 
clear regionalism, which point to complex 

dynamics of the seasonal sea ice and prevent 
spatial extrapolation from isolated sites.

Another approach to reconstruct Arctic sea-
ice extent uses its relationship with climate 
to derive time series based on the analysis of 
annually resolved climate-related data from 
tree rings and ice cores of circum-Arctic 
regions (Kinnard et al. 2011). This approach 
allowed for the development of a compre-
hensive 1400-year record of late summer 
Arctic sea-ice extent, which suggests natural 
variability ranging mostly from ~9 to 11 106 
km2 (Kinnard et al. 2011). The set of data is, 
however, heterogeneously distributed with 
very rare data points from the Russian Arctic, 
which is the most critical region with respect 
to the recent decline in sea-ice cover. 

Most studies to document past Arctic sea 
ice on a long timescale use biogenic proxies 
from marine sediment cores, based on the 
assumption that sea ice controls environ-
mental conditions such as light, temperature 
and salinity, thus playing a determinant 
role on species’ distribution, primary 
productivity and biogenic fluxes to the sea 
floor (de Vernal et al. 2013a). Microfossils 
routinely recovered in marine sediments, 
such as ostracods or foraminifers, were 
used as paleoceanographic tracers, but 
their relationship to sea ice is indirect (e.g. 
Cronin et al. 2010; Polyak et al. 2013). Among 
marine microorganisms yielding microfossil 
remains, diatoms and dinoflagellates appear 
to be more directly related to sea ice as they 
include taxa associated with sea ice. For 
example, some diatom species blooming 
in spring sea ice produce organic biomark-
ers (IP25), providing direct indications on 
sea-ice occurrence (e.g. Belt et al. 2007). 
Many IP25 time series have been produced 
since 2007, but the curves remain qualitative 
in the absence of calibration (e.g. Belt and 
Müller 2013; Stein et al. 2017). Quantitative 
estimates of sea-ice cover were proposed 
from transfer functions based on the calibra-
tion and the application of modern analogue 
techniques. In particular, regional data sets 
of diatom distributions in the surface sedi-
ments were used to quantitatively estimate 
spring sea-ice concentrations from transfer 
functions, notably in the eastern Baffin Bay 
(Sha et al. 2014). Hemispheric-scale data-
bases of dinoflagellate cyst populations 

Sea-ice observations cover only a few decades, making proxy reconstructions a necessity to document natural 
variability. Proxy data suggest resilient sea ice in the Canadian Arctic, but large variations in seasonal extent in the 
Pacific Arctic and subarctic Atlantic.

Variability of Arctic sea-ice cover at decadal 
to millennial scales: the proxy records
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Figure 1: Map of the Arctic Ocean with limit of minimum sea-ice-cover extent (mean from 1980 to 2000; minima 
of 2012 and 2007), main currents paths (white arrows) and location of cores used to illustrate the circum-Arctic 
sea-ice-cover variations during the Holocene (Fig. 2).
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allowed the application of modern analogue 
techniques for quantitative reconstructions 
of seasonal sea ice at many sites in the Arctic 
and subarctic seas (de Vernal et al. 2013b; 
See examples in Fig. 2). 

The limitation of marine sea-ice proxies 
Regardless of the approach, the marine-
based sea-ice records suffer from several 
caveats: 

(1) The temporal windows of proxy-data. A 
sediment slice (1 cm usually) may represent 
decades to centuries or millennia, depend-
ing on sedimentation rates (mm per year to 
cm per thousand years) and bioturbation. 
This is problematic in the central Arctic 
Ocean where accumulation rates are particu-
larly low.

(2) The "modern" relationships between the 
proxies and sea ice are defined from the 
comparison of surface sediment samples 
and recent observations, which usually do 
not encompass the same time window. 
This is an important source of errors when 
calibrating transfer functions and applying 
modern analogue techniques. 

(3) Each record has first a local to regional 
value. The spatial distribution of marine-core 
records of past sea ice is not dense enough 
for extrapolation at the scale of the Arctic 
Ocean and subarctic seas. The rarity of 
quantitative sea-ice estimates in the Russian 
Arctic, where the largest variability is pres-
ently recorded, is a critical issue.

(4) Year-round ice-free conditions and 
seasonal sea ice can be assessed from many 
proxies, but perennial or multiyear sea ice is 
more difficult to reconstruct. One ostracod 
taxon parasite of sea-ice nematode was used 

to assess multiyear sea ice in the central 
Arctic (Cronin et al. 2013), but perennial 
ice cover is usually deduced from nega-
tive evidence (nil productivity of primary 
producers).

Circum-Arctic sea ice during the Holocene
Despite limitations, the marine data provide 
clues on sea-ice cover variations with time 
windows ranging from decades to centuries, 
thus yielding smoothed records. At the scale 
of the Holocene, proxy-data suggest limited 
variations in general, with likely resilient 
perennial sea ice in the central Arctic Ocean, 
but greater variations in the seasonal sea 
ice as expressed in terms of spring sea-ice 
concentration (Sha et al. 2014) or number 
of months of sea ice (de Vernal et al. 2013b) 
in the Arctic and subarctic seas which are 
within the limits of winter sea ice. In other 
words, the variability of sea-ice cover as 
reconstructed from marine proxies illus-
trates more the seasonality of its extent and 
concentration than the actual changes in the 
Arctic-wide extent of sea ice. The amplitude 
of local changes during the mid- and late 
Holocene seems to be mostly comprised 
within the range of interannual variations as 
recorded during the last decades. At some 
sites, variations from a dominant mode to an-
other (low to high sea ice) is recorded with a 
pacing ranging from multidecadal to millen-
nial scales that may, however, depend upon 
the time resolution achieved by the analyses. 
The records based on a standardized quanti-
tative approach, allowing comparison at the 
circum-Arctic scale, show limited changes 
and persistent sea ice in the Canadian Arctic, 
but large-amplitude changes closer to the 
Pacific and Atlantic gateways (de Vernal et al. 
2013b; Fig. 2), where inter-basin exchanges 
(freshwater and heat fluxes) seem to result 
in a higher variability in sea ice cover. They 

also suggest diachronous, if not opposite, 
changes in the western (Pacific) Arctic versus 
eastern (Atlantic) Arctic at millennial scales, 
which might well illustrate shifts from domi-
nant Arctic dipole pattern (Wang et al. 2009) 
to strong polar vortex leading to more stable 
Arctic sea-ice cover.
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Figure 2: Reconstructed sea-ice cover versus ages during the Holocene. The thin lines correspond to estimates and the thick lines are the smoothed values, which better 
illustrate millennial-scale variations.
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