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NASA

https://climate.nasa.gov/climate_resources/155/video-annual-arctic-sea-ice-minimum-1979-2022-with-area-graph/



Global Warming Science 101, Sea ice, Eli Tziperman

Arctic sea ice minimum over past decades

NASA

https://climate.nasa.gov/climate_resources/155/video-annual-arctic-sea-ice-minimum-1979-2022-with-area-graph/



Global Warming Science 101, Sea ice, Eli Tziperman

Arctic sea ice seasonal cycle over past decades
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Notes: chapter introduction paragraphs 
quantifying the state of sea ice: area, concentration, extent, age, thickness

sea ice floes

https://www.shutterstock.com/video/clip-22833073-breaking-melting-ice-floes-arctic-circle-perfect

https://www.shutterstock.com/video/clip-22833073-breaking-melting-ice-floes-arctic-circle-perfect
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workshop #1: characterizing observed changes in Arctic sea ice
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Arctic vs Antarctic sea ice trends142 Chapter 9. Arctic Sea Ice

Figure 9.1: Time series of Arctic sea-ice area (a) and extent (b), and for
Antarctic sea-ice area (c) and extent (d).

where sea-ice concentration is at least 15%. Sea-ice extent therefore con-
tains areas of both sea ice and open ocean, and is by definition larger than
or equal to the sea-ice area. The extent measure also shows strong decline
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Arctic sea ice record over past decades

data from http://nsidc.org/

Sea Ice Age 
1985-2019
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and therefore absorb more SW radiation, warm and further melt the ice
underneath. This can further deepen the depressions, and as a result,
older sea ice which has been subject to this process over several years is
characterized by a rougher surface. Melt ponds that form over such older
ice during the summer therefore tend to be deeper and smaller and the ice
effective albedo larger. As a result of this process, when ice age declines as
it did over the satellite era (Figure 9.4), its surface becomes less rough. This
results in shallower and larger-area melt ponds and therefore in a smaller
effective albedo. This leads to further melting and therefore to an even
smaller ice area, amplifying ice retreat via this positive feedback.

Figure 9.4: Estimated sea-ice age in 1984 and 2018, showing a significant
loss of perennial (multi-year) sea ice over much of the Arctic.

Ice thickness and insulation feedback.
The winter atmosphere above sea ice is typically much colder than the
ocean water underneath the ice, which is at its freezing temperature of
Tf =�1.8C. As a result, heat diffuses through the ice from the relatively
warm ocean toward the cold upper sea-ice surface. Because the ocean just
under the sea ice is already at the freezing temperature, this heat flux away
from the ocean at the base of the sea ice leads to freezing. However, ice
is a good heat insulator and therefore thicker ice leads to slower diffusion
of heat and therefore weaker heat flux away from the ocean below the
ice and toward the cold atmosphere. This weaker heat flux away from
the ocean under thick ice implies a slower freezing for thicker ice. The
upward diffusive heat flux F from the relatively warm ocean to the colder
atmosphere is proportional to the vertical temperature gradient in the ice,
with the proportionality constant being heat conductivity in ice (k , in
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Figure 9.3: Time series of the estimated fraction of sea-ice area that is
covered by different (a) age categories, and (b) thickness categories.

9.2 Processes and feedbacks
How sea ice grows & how it melts.
Sea ice starts growing as small (3–4 mm) crystals suspended in the upper
few cm of the ocean, known as “frazil ice.” In a calm ocean, these later
coagulate into “grease ice,” and then freeze into a smooth-bottom sea-ice
sheet. In a rough ocean, the frazil ice crystals accumulate into “pancake
ice”, composed of roughly circular floes from 30 cm to 3 m, shaped by
collisions between individual floes. Once covered by a first snow or exposed
to cooling, the pancakes merge into a thin layer of rough-bottomed ice
which then grows in thickness leading to older and thicker ice via freezing
from below and snow accumulation from above. Melting can occur via
melt pond formation from above, or via heating and melting by the ocean
below.

Sea-ice area and the albedo feedback.
Sea-ice albedo (reflectivity of shortwave radiation) ranges from 0.5–0.8.
Its large-scale value is affected by the sea-ice concentration and extent, and
by the existence of snow cover which increases the reflectivity relative to
that of exposed ice, among other factors. A smaller sea-ice area leads to
more SW absorption by the ocean near sea-ice floes, which leads to further
melting, creating a positive feedback.

Ice age, roughness and albedo feedback.
The uneven surface height of sea ice, especially of older sea ice, implies that
during the melt season, melt ponds would accumulate in the depressions
in the sea-ice surface. Melt ponds have lower albedo than the ice itself,
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Arctic sea ice record over past decades

data from http://nsidc.org/
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W/(mK)) as given by,

F =�k ∂Tice

∂ z
= k

Tf �Tsurface

h
.

Thus a thicker ice cover implies less upward heat flux from the ocean, or
in other words less growth of sea ice thickness. Clearly this is a negative
feedback on ice thickness growth as the thickness growth is slower for thick
ice. This may be crudely represented by an ice thickness equation which
assumes that the heat flux away from the ocean, and therefore thickness
growth during winter, is proportional to the temperature difference between
the surface and bottom of the ice, and inversely proportional to the ice
thickness,

dh
dt

µ k
Tf �Tsurface

h
.

That this is a negative feedback on sea-ice thickness growth is apparent
from the inverse dependence on ice thickness h on the RHS.

Figure 9.5: Estimated sea-ice thickness in 1979 and 2017, showing overall
thinning and the nearly complete loss of ice over 3–4 meters thick.

Feedback due to ice thickness and mobility and Arctic storms.
Sea ice has been thinning for a few decades (possibly since the 1960s,
Figure 9.5), and once thin enough, it is prone to being broken by wind and
ocean waves and being transported out of the Arctic by atmospheric storms.
This leads to a mostly thin new ice the following year, again prone to being
exported, presenting a positive feedback on ice thinning. The strong sea-ice
minima of 2007 and 2012 were forced, among other factors, by unusual
atmospheric weather patterns that led to strong Arctic sea-ice export.
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Figure 9.3: Time series of the estimated fraction of sea-ice area that is
covered by different (a) age categories, and (b) thickness categories.
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Sea ice formation: frazil to pancakes to new ice
Frazil ice, Grease ice, Pancake ice, First-year ice, Old ice, multi-year ice 
http://www.antarctica.gov.au/about-antarctica/environment/sea-ice/development-of-sea-ice

Frazil ice 

http://www.antarctica.gov.au/about-antarctica/environment/sea-ice/development-of-sea-ice
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Frazil ice 

pancake ice 
https://blogs.egu.eu/divisions/cr/2018/04/27/image-of-the-week-making-pancakes/

http://www.antarctica.gov.au/about-antarctica/environment/sea-ice/development-of-sea-ice
https://blogs.egu.eu/divisions/cr/2018/04/27/image-of-the-week-making-pancakes/
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Maturing sea ice: rafting, ridging

1 m by 3 m rafted ice

Stephen F. Ackley, Peter Wagner, Hongjie Xie 2007

https://www.semanticscholar.org/author/Stephen-F.-Ackley/32269550
https://www.semanticscholar.org/author/Peter-Wagner/49903073
https://www.semanticscholar.org/author/Hongjie-Xie/145108977
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ridging, 
wikipedia

https://www.semanticscholar.org/author/Stephen-F.-Ackley/32269550
https://www.semanticscholar.org/author/Peter-Wagner/49903073
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Maturing sea ice: rafting, ridging

1 m by 3 m rafted ice

Stephen F. Ackley, Peter Wagner, Hongjie Xie 2007

ridging, 
wikipedia

 ridging, https://earthobservatory.nasa.gov/features/SeaIce  

https://www.semanticscholar.org/author/Stephen-F.-Ackley/32269550
https://www.semanticscholar.org/author/Peter-Wagner/49903073
https://www.semanticscholar.org/author/Hongjie-Xie/145108977
https://earthobservatory.nasa.gov/features/SeaIce
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Figure 2.20 | Changes in Arctic and Antarctic sea ice 
area. (a) Three time series of Arctic sea-ice area (SIA) for 
March & Sept, 1979–2020 (passive microwave satellite 
era). SIA range for 1850–1978 indicated by vertical bar on 
left. (b) Three time series of Antarctic sea ice area for Sept 
& February (1979–2020). In (a & b), decadal means for the 
first and most recent decades of obs shown by horizontal 
grey (1979–1988) and black (2010–2019) lines. SIA values 
have been calculated from sea ice concentration fields.

Observed sea ice records since 1980/1900

IPCC, AR6 2021
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The SROCC stated further that it was virtually certain that Arctic sea 
ice had thinned, concurrent with a shift to younger ice. Lower sea ice 
volume in 2010–2012 compared to 2003–2008 was documented in 
AR5 (medium confidence). There was high confidence that, where the 
sea ice thickness had decreased, the sea-ice drift speed had!increased. 

Proxy records are used in combination with modelling to assess Arctic 
paleo sea ice conditions to the extent possible. For the Pliocene, 
limited proxy evidence of a reduced sea ice cover compared to 
‘modern’ winter conditions (Knies et!al., 2014; Clotten et!al., 2018) 
and model simulations of a largely ice-free Arctic Ocean during 
summer (Howell et!al., 2016; Feng et!al., 2019; F. Li et!al., 2020) imply 
medium confidence that the Arctic Ocean was seasonally ice covered. 
Over the LIG, sparse proxy reconstructions (Stein et!al., 2017; Kremer 
et!al., 2018) and proxy evidence from marine sediments (Kageyama 
et!al., 2021b) provide medium confidence of perennial sea ice cover. 

Over the past 13 kyr proxy records suggest extensive sea-ice 
coverage during the Younger Dryas (at the end of the LDT), followed 
by a decrease in sea ice coverage during the Early Holocene, and 
increasing sea-ice coverage from the MH to the mid-15th century 
(De Vernal et!al., 2013; Belt et!al., 2015; Cabedo-Sanz et!al., 2016; 
Armand et!al., 2017; Belt, 2018). There is limited evidence that the 
Canadian Arctic had less multiyear sea ice during the Early Holocene 
than today (Spolaor et!al., 2016). For more regional details on paleo 
arctic sea ice see Section 9.3.1.1. 

Pan-Arctic SIE conditions (annual means and late summer) during the 
last decade were unprecedented since at least 1850 (Figure!2.20a; 
Walsh et!al., 2017, 2019; Brennan et!al., 2020), while, as reported 
in SROCC, there remains medium confidence that the September 
(late! summer) Arctic sea ice loss during the last decade was 
unprecedented during the past 1 kyr. Sea-ice charts since 1850 
(Walsh et!al., 2017, 2019) suggest that there was no significant trend 
before the 1990s, but the uncertainty of these estimates is large and 
could mask a trend, a possibility illustrated by Brennan et!al. (2020), 
who found a loss of Arctic sea ice between 1910 and 1940 in an 
estimate based on a data assimilation approach.

There has been a continuing decline in SIE and Arctic sea ice area 
(SIA) in recent years (Figure 2.20a). To reduce grid-geometry 
associated biases and uncertainties (Notz, 2014; Ivanova et!al., 2016; 
Meier and Stewart, 2019) SIA is used in addition to, or instead of SIE 
herein (see also section 9.3.1). A record-low Arctic SIA since the start 
of the satellite era (1979) occurred in September 2012 (Figure 2.20a). 
Decadal SIA means based on the average of three different satellite 
products decreased from 6.23 to 3.76 million km2 for September and 
14.52 to 13.42 million km2 for March SIA (Figure 2.20a). Initial SIA 
data for 2020 (OSISAF) are within the range of these recent decadal 
means or slightly below (Figure 2.20a). SIA has declined since 1979 
across the seasonal cycle (Figure 9.13). Most of this decline in SIA has 
occurred after 2000, and is superimposed by substantial interannual 
variability. The sharp decline in Arctic summer SIA coincides with 
earlier surface melt onset (Mortin et! al., 2016; Bliss et! al., 2017), 
later freeze-up, and thus a longer ice retreat and open water period 
(Stammerjohn et!al., 2012; Parkinson, 2014; Peng et!al., 2018).

Over the past two decades, first-year sea ice has become more 
dominant and the oldest multiyear ice (older than 4 years) which 
in March 1985 made up 33% of the Arctic sea-ice cover, has nearly 
disappeared, making up 1.2% in March 2019 (Perovich et! al., 
2020). The loss of older ice is indicative of a thinning overall of ice 
cover (Tschudi et! al., 2016), but also the remaining older ice has 
become thinner (E. Hansen et!al., 2013). Since in situ ice thickness 
measurements are sparse, information about ice thickness is mainly 
based on airborne and satellite surveys. Records from a combination 
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Figure 2.20 | Changes in Arctic and Antarctic sea ice area. (a) Three time 
series of Arctic sea-ice area (SIA) for March and September from 1979 to 2020 
(passive microwave satellite era). In addition, the range of SIA from 1850–1978 is 
indicated by the vertical bar to the left. (b) Three time series of Antarctic sea ice 
area for September and February (1979–2020). In both (a) and (b), decadal means 
for the three series for the first and most recent decades of observations are shown 
by horizontal lines in grey (1979–1988) and black (2010–2019). SIA values have 
been calculated from sea ice concentration fields. Available data for 2020 (OSISAF) is 
shown in both (a) and (b). Further details on data sources and processing are available 
in the chapter data table (Table 2.SM.1).
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Figure 2.20 | Changes in Arctic and Antarctic sea ice area. (a) Three time 
series of Arctic sea-ice area (SIA) for March and September from 1979 to 2020 
(passive microwave satellite era). In addition, the range of SIA from 1850–1978 is 
indicated by the vertical bar to the left. (b) Three time series of Antarctic sea ice 
area for September and February (1979–2020). In both (a) and (b), decadal means 
for the three series for the first and most recent decades of observations are shown 
by horizontal lines in grey (1979–1988) and black (2010–2019). SIA values have 
been calculated from sea ice concentration fields. Available data for 2020 (OSISAF) is 
shown in both (a) and (b). Further details on data sources and processing are available 
in the chapter data table (Table 2.SM.1).

SPM

Summary for Policymakers

10

1900 1920 1940 1960 1980 2000
!20

!10

0

10

20

Year

 (1
022

 J)

Change in global average upper ocean heat content(c)

Global average sea level change

1900 1920 1940 1960 1980 2000
!50

0

50

100

150

200

Year

(m
m

)

(d)

Arctic summer sea ice extent

1900 1920 1940 1960 1980 2000
4

6

8

10

12

14

Year

(m
illi

on
 k

m
2 )

(b)

Northern Hemisphere spring snow cover

1900 1920 1940 1960 1980 2000
30

35

40

45

Year

(m
illi

on
 k

m
2 )

(a)

Figure SPM.3 |  Multiple observed indicators of a changing global climate: (a) Extent of Northern Hemisphere March-April (spring) average snow cover; (b) 
extent of Arctic July-August-September (summer) average sea ice; (c) change in global mean upper ocean (0–700 m) heat content aligned to 2006!2010, 
and relative to the mean of all datasets for 1970; (d) global mean sea level relative to the 1900–1905 mean of the longest running dataset, and with all 
datasets aligned to have the same value in 1993, the first year of satellite altimetry data. All time-series (coloured lines indicating different data sets) show 
annual values, and where assessed, uncertainties are indicated by coloured shading. See Technical Summary Supplementary Material for a listing of the 
datasets. {Figures 3.2, 3.13, 4.19, and 4.3; FAQ 2.1, Figure 2; Figure TS.1}

IPCC, AR5 2013

Trend started 
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Figure SPM.3 | extent of Arctic July-August-
September (summer) average sea ice; (colored lines 
indicating different data sets)



Global Warming Science 101, Sea ice, Eli Tziperman

Notes:  section 9.1 

Sea ice feedbacks: 
albedo, age-roughness-albedo, thickness-mobility, thickness-insulation 

(use following slide)
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Sea ice feedbacks
Albedo feedback:
Smaller sea ice area ➨ more SW absorption by ocean near sea ice ➨ ocean warming 
➨ increased melting ➨ a powerful positive feedback that can accelerate melting. 
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Sea ice feedbacks
Albedo feedback:
Smaller sea ice area ➨ more SW absorption by ocean near sea ice ➨ ocean warming 
➨ increased melting ➨ a powerful positive feedback that can accelerate melting. 
Sea ice age-roughness-melt ponds-albedo feedback:
Melt ponds accumulate in sea ice depressions, have a lower albedo than ice, and 
absorb more SW, warm, & further melt ice underneath. ➨ Older sea ice has a rougher 
surface, smaller & deeper melt ponds and a higher effective albedo. 
Ice age declines ➨ surface becomes less rough ➨ shallower & larger-area melt ponds 
➨ a smaller effective albedo ➨ further melting and to an even lower ice age area.
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➨ increased melting ➨ a powerful positive feedback that can accelerate melting. 
Sea ice age-roughness-melt ponds-albedo feedback:
Melt ponds accumulate in sea ice depressions, have a lower albedo than ice, and 
absorb more SW, warm, & further melt ice underneath. ➨ Older sea ice has a rougher 
surface, smaller & deeper melt ponds and a higher effective albedo. 
Ice age declines ➨ surface becomes less rough ➨ shallower & larger-area melt ponds 
➨ a smaller effective albedo ➨ further melting and to an even lower ice age area.
Ice thickness and insulation feedback:
Upward diffusive heat flux through the ice:

as a result, sea ice thickness equation:
thicker ice ➨ slower growth ➨ negative albedo.
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sea ice can lead to freezing. However, ice is a good heat insulator, and therefore
thicker ice leads to a weaker heat flux away from the ocean below the ice and
toward the cold atmosphere. This weaker heat flux away from the ocean under
thick ice implies a slower freezing under thicker ice. The upward diffusive heat
flux ' from the relatively warm ocean to the colder atmosphere is proportional
to the vertical temperature gradient in the ice, with the proportionality constant
being heat conductivity in ice (, in Wm�1K�1) as given by
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:

The negative sign after the first equality represents the fact that temperature in
the ice increases downward while the heat flux is upward. In the second equality
we estimate the temperature gradient within the sea ice layer with the tempera-
ture at the surfaceof the iceminus the freezing temperature at its bottom,divided
by the ice thickness I. Thus, a thicker sea ice cover implies less upward heat flux
from the ocean, or in other words slower growth of thickness. Clearly this is a
OFHBUJWF GFFECBDL on ice thickness growth as the thickness growth is slower for
thick ice. The rate of latent heat release per unit area due to freezing at the ice
base, in terms of the ice thickness growth rate, is ⇢JDF-G EI=EU, where the ice den-
sity is ⇢JDF and the latent heat of freezing is -G . If we equate that to the heat flux
diffusing upward through the ice away from the ice bottom, we find an equation
for the sea ice thickness of the form

⇢JDF-G
EI
EU

D 
5G �5surface

I
:

The negative feedback on sea ice thickness growth is apparent from the inverse
dependence of the thickness rate of growth (LHS) on the ice thickness I (RHS).

Feedback due to ice thickness, mobility, and Arctic storms

Sea ice has been thinning for a few decades (Figure 9.5), possibly since the
1960s, and once thin enough, it is prone to being broken by wind and ocean
waves and being transported out of the Arctic by atmospheric storms.This leads
to a mostly thin new ice the following year, again prone to being exported, pre-
senting a QPTJUJWF GFFECBDL on ice thinning.The strong sea iceminima of 2007 and

ARCTIC SEA ICE j 163

----1

---0

---+1

sea ice can lead to freezing. However, ice is a good heat insulator, and therefore
thicker ice leads to a weaker heat flux away from the ocean below the ice and
toward the cold atmosphere. This weaker heat flux away from the ocean under
thick ice implies a slower freezing under thicker ice. The upward diffusive heat
flux ' from the relatively warm ocean to the colder atmosphere is proportional
to the vertical temperature gradient in the ice, with the proportionality constant
being heat conductivity in ice (, in Wm�1K�1) as given by

' D �
@5ice

@[
D �

5surface �5G
I

:

The negative sign after the first equality represents the fact that temperature in
the ice increases downward while the heat flux is upward. In the second equality
we estimate the temperature gradient within the sea ice layer with the tempera-
ture at the surfaceof the iceminus the freezing temperature at its bottom,divided
by the ice thickness I. Thus, a thicker sea ice cover implies less upward heat flux
from the ocean, or in other words slower growth of thickness. Clearly this is a
OFHBUJWF GFFECBDL on ice thickness growth as the thickness growth is slower for
thick ice. The rate of latent heat release per unit area due to freezing at the ice
base, in terms of the ice thickness growth rate, is ⇢JDF-G EI=EU, where the ice den-
sity is ⇢JDF and the latent heat of freezing is -G . If we equate that to the heat flux
diffusing upward through the ice away from the ice bottom, we find an equation
for the sea ice thickness of the form

⇢JDF-G
EI
EU

D 
5G �5surface

I
:

The negative feedback on sea ice thickness growth is apparent from the inverse
dependence of the thickness rate of growth (LHS) on the ice thickness I (RHS).

Feedback due to ice thickness, mobility, and Arctic storms

Sea ice has been thinning for a few decades (Figure 9.5), possibly since the
1960s, and once thin enough, it is prone to being broken by wind and ocean
waves and being transported out of the Arctic by atmospheric storms.This leads
to a mostly thin new ice the following year, again prone to being exported, pre-
senting a QPTJUJWF GFFECBDL on ice thinning.The strong sea iceminima of 2007 and

ARCTIC SEA ICE j 163



Global Warming Science 101, Sea ice, Eli Tziperman

Sea ice feedbacks
Albedo feedback:
Smaller sea ice area ➨ more SW absorption by ocean near sea ice ➨ ocean warming 
➨ increased melting ➨ a powerful positive feedback that can accelerate melting. 
Sea ice age-roughness-melt ponds-albedo feedback:
Melt ponds accumulate in sea ice depressions, have a lower albedo than ice, and 
absorb more SW, warm, & further melt ice underneath. ➨ Older sea ice has a rougher 
surface, smaller & deeper melt ponds and a higher effective albedo. 
Ice age declines ➨ surface becomes less rough ➨ shallower & larger-area melt ponds 
➨ a smaller effective albedo ➨ further melting and to an even lower ice age area.
Ice thickness and insulation feedback:
Upward diffusive heat flux through the ice:

as a result, sea ice thickness equation:
thicker ice ➨ slower growth ➨ negative albedo.
Thickness-mobility feedback:
Thinner sea ice ➨ can be broken by wind & waves & transported out of Arctic by 
winds/currents ➨ thinner new ice in following year
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workshop 2: how much heat is needed to melt sea ice
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workshop 3: thickness-insulation feedback

leave for HW
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• Surface consists of bare, 
white ice and melt ponds  
• White ice surface shows 

stable albedo  
• Areal fraction (and type) of 

melt pond determine large-
scale ice albedo Hajo Eicken

Seasonal reduction of ice albedo due to melt ponds 
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Hajo Eicken

• Pond shrinkage and albedo 
increase with age 

• Pond shrinkage and albedo 
increase with roughening 
through deformation

Ice roughness and ponding
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workshop 4: 
Sea ice age, roughness, melt ponds and albedo



Global Warming Science 101, Sea ice, Eli Tziperman

Hajo Eicken

Citations (normalized) of “sea 
ice” in news media related to 
coverage of climate change, 
polar bears, access to the 
Arctic.

Gauging societal interest 



Global Warming Science 101, Sea ice, Eli Tziperman

Hajo Eicken

Impacts of sea ice 
changes 
• Use of sea ice as platform 
by marine mammals (walrus, 
seals) 
• Use of sea ice as a 
platform for hunting by 
Iñupiaq & Siberian Yupik 
hunters 

Polar bear making its way across the Arctic 
sea ice floe © MARTIN JAKOBSSON 
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workshop 5: future projections
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SPM

 Summary for Policymakers

21

Figure SPM.7 |  CMIP5 multi-model simulated time series from 1950 to 2100 for (a) change in global annual mean surface temperature relative to 
1986–2005, (b) Northern Hemisphere September sea ice extent (5-year running mean), and (c) global mean ocean surface pH. Time series of projections 
and a measure of uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution 
using historical reconstructed forcings. The mean and associated uncertainties averaged over 2081!2100 are given for all RCP scenarios as colored verti-
cal bars. The numbers of CMIP5 models used to calculate the multi-model mean is indicated. For sea ice extent (b), the projected mean and uncertainty 
(minimum-maximum range) of the subset of models that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea 
ice is given (number of models given in brackets). For completeness, the CMIP5 multi-model mean is also indicated with dotted lines. The dashed line 
represents nearly ice-free conditions (i.e., when sea ice extent is less than 106 km2 for at least five consecutive years). For further technical details see the 
Technical Summary Supplementary Material {Figures 6.28, 12.5, and 12.28–12.31; Figures TS.15, TS.17, and TS.20}
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Hajo Eicken

The Arctic sea-ice cover: Model projections 
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Hajo Eicken

The Arctic sea-ice cover: Model projections 

Massonnet et al 2012
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Hajo Eicken

The Arctic sea-ice cover: Model projections 

Massonnet et al 2012

Davy & Outten 2020

https://journals.ametsoc.org/search?f_0=author&q_0=Richard+Davy


Global Warming Science 101, Sea ice, Eli Tziperman

TS

Technical Summary

92

areas of projected decreases in evaporation include southern Africa 
and northwestern Africa along the Mediterranean. Soil moisture drying 
in the Mediterranean and southern African regions is consistent with 
projected changes in Hadley Circulation and increased surface tem-
peratures, so surface drying in these regions as global temperatures 
increase is likely with high confidence by the end of this century under 
the RCP8.5 scenario. In regions where surface moistening is projected, 
changes are generally smaller than natural variability on the 20-year 
time scale. A summary of the projected changes in the water cycle from 
the CMIP5 models is shown in TFE.1, Figure 1. {12.4.5; Box 12.1}

TS.5.5.5 Projected Long-term Changes in the Cryosphere

It is very likely that the Arctic sea ice cover will continue shrinking and 
thinning year-round in the course of the 21st century as GMST rises. 
At the same time, in the Antarctic, a decrease in sea ice extent and 
volume is expected, but with low confidence. The CMIP5 multi-model 
projections give average reductions in Arctic sea ice extent for 2081–
2100 compared to 1986–2005 ranging from 8% for RCP2.6 to 34% 
for RCP8.5 in February and from 43% for RCP2.6 to 94% for RCP8.5 in 
September (medium confidence) (Figure TS.17). A nearly ice-free Arctic 
Ocean (sea ice extent less than 106 km2 for at least five consecutive 
years) in September before mid-century is likely under RCP8.5 (medium 
confidence), based on an assessment of a subset of models that most 
closely reproduce the climatological mean state and 1979–2012 trend 
of the Arctic sea ice cover. Some climate projections exhibit 5- to 
10-year periods of sharp summer Arctic sea ice decline—even steeper 

than observed over the last decade—and it is likely that such instances 
of rapid ice loss will occur in the future. There is little evidence in global 
climate models of a tipping point (or critical threshold) in the transition 
from a perennially ice-covered to a seasonally ice-free Arctic Ocean 
beyond which further sea ice loss is unstoppable and irreversible. In 
the Antarctic, the CMIP5 multi-model mean projects a decrease in sea 
ice extent that ranges from 16% for RCP2.6 to 67% for RCP8.5 in 
February and from 8% for RCP2.6 to 30% for RCP8.5 in September 
for 2081–2100 compared to 1986–2005. There is, however, low con-
fidence in those projections because of the wide inter-model spread 
and the inability of almost all of the available models to reproduce the 
overall increase of the Antarctic sea ice areal coverage observed during 
the satellite era. {12.4.6, 12.5.5}

It is very likely that NH snow cover will reduce as global temperatures 
rise over the coming century. A retreat of permafrost extent with rising 
global temperatures is virtually certain. Snow cover changes result 
from precipitation and ablation changes, which are sometimes oppo-
site. Projections of the NH spring snow covered area by the end of the 
21st century vary between a decrease of 7 [3 to 10] % (RCP2.6) and 25 
[18 to 32] % (RCP8.5) (Figure TS.18), but confidence is those numbers 
is only medium because snow processes in global climate models are 
strongly simplified. The projected changes in permafrost are a response 
not only to warming, but also to changes in snow cover, which exerts a 
control on the underlying soil. By the end of the 21st century, diagnosed 
near-surface permafrost area is projected to decrease by between 37% 
(RCP2.6) to 81% (RCP8.5) (medium confidence). {12.4.6}
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Figure TS.17 |  Northern Hemisphere (NH) sea ice extent in September over the late 20th century and the whole 21st century for the scenarios RCP2.6, RCP4.5, RCP6.0 and RCP8.5 
in the CMIP5 models, and corresponding maps of multi-model results in 2081–2100 of NH September sea ice extent. In the time series, the number of CMIP5 models to calculate 
the multi-model mean is indicated (subset in brackets). Time series are given as 5-year running means. The projected mean sea ice extent of a subset of models that most closely 
reproduce the climatological mean state and 1979–2012 trend of the Arctic sea ice is given (solid lines), with the minimum to maximum range of the subset indicated with shading. 
Black (grey shading) is the modelled historical evolution using historical reconstructed forcings. The CMIP5 multi-model mean is indicated with dashed lines. In the maps, the CMIP5 
multi-model mean is given in white and the results for the subset in grey. Filled areas mark the averages over the 2081–2100 period, lines mark the sea ice extent averaged over 
the 1986–2005 period. The observed sea ice extent is given in pink as a time series and averaged over 1986–2005 as a pink line in the map. Further detail regarding the related 
Figures SPM.7b and SPM.8c is given in the TS Supplementary Material. {Figures 12.18, 12.29, 12.31}

Figure TS.17 | Northern Hemisphere (NH) sea ice extent in September over the late 20th century and the 
whole 21st century for the scenarios RCP2.6, RCP4.5, RCP6.0 and RCP8.5 in the CMIP5 models, and 
corresponding maps of multi-model results in 2081–2100 of NH September sea ice extent. In the time 
series, the number of CMIP5 models to calculate the multi-model mean is indicated (subset in brackets). 
Time series are given as 5-year running means. The projected mean sea ice extent of a subset of models 
that most closely reproduce the climatological mean state and 1979–2012 trend of the Arctic sea ice is 
given (solid lines), with the minimum to maximum range of the subset indicated with shading. Black (grey 
shading) is the modelled historical evolution using historical reconstructed forcings. The CMIP5 multi-model 
mean is indicated with dashed lines. In the maps, the CMIP5 multi-model mean is given in white and the 
results for the subset in grey. Filled areas mark the averages over the 2081–2100 period, lines mark the sea 
ice extent averaged over the 1986–2005 period. The observed sea ice extent is given in pink as a time 
series and averaged over 1986–2005 as a pink line in the map.
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IPCC, AR5 2013
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Figure 9.13 | Arctic sea ice historical records and CMIP6 projections. (Left) Absolute anomaly of 
monthly-mean Arctic sea ice area during the period 1979 to 2019 relative to the average monthly-mean 
Arctic sea ice area during the period 1979 to 2008. (Right) Sea ice concentration in the Arctic for 
March and September, which usually are the months of maximum and minimum sea ice area, 
respectively. First column: Satellite-retrieved mean sea ice concentration during the decade 1979–1988. 
Second column: Satellite-retrieved mean sea ice concentration during the decade 2010–2019. Third 
column: Absolute change in sea ice concentration between these two decades, with grid lines indicating 
non-significant differences. Fourth column: Number of available CMIP6 models that simulate a mean 
sea ice concentration above 15 % for the decade 2045–2054. 

Observations and RCP projections

IPCC, AR6 2021
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With respect to seasonal changes in the sea ice cover, the winter sea 
ice loss causes a!decrease in the average sea ice age and fraction of 
multi-year ice, as assessed by SROCC (very high confidence), and also 
of the ocean area covered intermittently by sea ice (Bliss et!al., 2019). 
In contrast, the seasonal ice zone (covered by sea ice in winter but not 
in summer) has expanded regionally (Bliss et!al., 2019) and over the 
whole Arctic (Steele and Ermold, 2015), because the loss of summer 
sea ice area is larger than the loss of winter sea ice area. Arctic sea 
ice retreat includes an earlier onset of surface melt in spring and 
a! later freeze up in autumn, lengthening the open water season in 
the seasonal sea ice zone (Stroeve and Notz, 2018). However, there is 
low agreement in quantification of regional trends of melt and freeze 
onset between different observational products (Bliss et!al., 2017; 
Smith and Jahn, 2019).

Reconstructions of Arctic sea ice coverage put the satellite period 
changes into centennial context. Direct observational data coverage 
(Walsh et!al., 2017) and model reconstructions (Brennan et!al., 2020) 
warrant high confidence that the low Arctic sea ice area of summer 
2012 is unprecedented since 1850, and that the summer sea ice loss is 
significant in all Arctic regions except for the Central Arctic (Cai!et!al., 
2021). Direct winter observational data coverage before 1953 is too 
sparse to reliably assess Arctic sea ice area. Since 1953, the years 
2015 to 2018 had the four lowest values of maximum Arctic sea ice 
area, which usually occurs in March (high confidence) (Figure!2.20). 
Reconstructions of Arctic sea ice area before 1850 remain sparse, 
and as in SROCC, there remains medium confidence that the current 
sea ice levels in late summer are unique during the past 1 kyr 
(Section!2.3.2.1.1; Kinnard et!al., 2011; De Vernal et!al., 2013b).

The observed fluctuations and trends of the Arctic sea ice cover 
arise from a!combination of changes in natural external forcing and 
anthropogenic forcing, internal variability and internal feedbacks 
(e.g.,!Notz and Stroeve, 2018; Halloran et!al., 2020). New paleo-proxy 
techniques indicate regional sea ice changes over epochs and 
millennia and allow possible drivers to be assessed. Biomarker!IP25 
(Belt et! al., 2007) together with other sedimentary biomarkers 
(Belt, 2018) provide local temporal information on seasonal sea 
ice coverage, permanent sea ice coverage and ice-free waters, with 
occasional ambiguous contrasting results (Belt, 2019). These records 
and other proposed paleo proxies, including bromine in ice cores 
(Spolaor et!al., 2016), dinocyst assemblages (e.g.,!De Vernal et!al., 
2013b) and driftwood (e.g.,!Funder et!al., 2011), provide evidence of 
sea ice fluctuations that exceed internal variability (high confidence).

The inferred sea ice fluctuations over millennia can be related 
to Northern Hemisphere temperature evolution and give rise to 
Arctic-wide fluctuations in sea ice coverage in the paleorecord 
(Section!2.3.2.1.1). On a!regional scale, fluctuations include decreased 
sea ice cover during the Allerød warm period (14.7–12.9 ka) in the 
Laptev (Hörner et!al., 2016) and Bering Seas (Méheust et!al., 2018); 
an extensive sea ice cover during the Younger Dryas (around 12!ka) 
in the Bering (Méheust et! al., 2018), Kara (Hörner et! al., 2018), 
Laptev (Hörner et!al., 2016) and Barents (Belt et!al., 2015) Seas, and 
at the Yermak Plateau (Kremer et!al., 2018); little sea ice during the 
early Holocene, when Northern Hemisphere summer insolation was 
higher than today (8000 to 9000 years before present), in the North 
Icelandic Shelf area (Cabedo-Sanz et!al., 2016; Xiao et!al., 2017), Sea 
of Okhotsk (Lo et!al., 2018), Canadian Arctic (Spolaor et!al.,!2016), 

Arctic sea-ice historical records and CMIP6 projections
Anomaly time series, maps of seasonal sea-ice concentration and changes, and projected sea-ice metrics in SSP2-4.5

Figure! 9.13 | Arctic sea ice historical records and Coupled Model Intercomparison Project Phase 6 (CMIP6) projections. (Left) Absolute anomaly of 
monthly-mean Arctic sea ice area during the period 1979 to 2019 relative to the average monthly-mean Arctic sea ice area during the period 1979 to 2008. (Right) Sea!ice 
concentration in the Arctic for March and September, which usually are the months of maximum and minimum sea ice area, respectively. First column: Satellite-retrieved 
mean sea ice concentration during the decade 1979–1988. Second column: Satellite-retrieved mean sea ice concentration during the decade 2010–2019. Third column: 
Absolute change in sea ice concentration between these two decades, with grid lines indicating non-significant differences. Fourth column: Number of available CMIP6 models 
that simulate a!mean sea ice concentration above 15 % for the decade 2045–2054. The average observational record of sea ice area is derived from the UHH sea ice area 
product (Doerr et!al., 2021), based on the average sea ice concentration of OSISAF/CCI (OSI-450 for 1979–2015, OSI-430b for 2016–2019) (Lavergne et!al., 2019), NASA 
Team (version!1, 1979–2019) (Cavalieri et!al., 1996) and Bootstrap (version 3, 1979–2019) (Comiso, 2017) that is also used for the figure panels showing observed sea ice 
concentration. Further details on data sources and processing are available in the chapter data table (Table!9.SM.9).
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Figure 9.15 | Antarctic sea ice historical records and CMIP6 projections. (Left) Absolute anomaly 
of observed monthly mean Antarctic sea ice area during the period 1979–2019 relative to the average 
monthly mean Antarctic sea ice area during the period 1979–2008. (Right) Sea ice coverage in the 
Antarctic as given by the average of the three most widely used satellite-based estimates for September 
and February, which usually are the months of maximum and minimum sea ice coverage, respectively. 
First column: Mean sea ice coverage during the decade 1979–1988. Second column: 2010–2019. Third 
column: Absolute change in sea ice concentration between these two decades, with grid lines indicating 
non-significant differences. Fourth column: Number of available CMIP6 models that simulate a mean 
sea ice concentration above 15% for the decade 2045–2054.

Observations and RCP projections

IPCC, AR6 2021
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The SROCC assessed that the regional trends are closely related 
to meridional wind trends (high confidence). This is the case as the 
regional trends in the maximum northward extent of the ice cover 
(Figure!9.15) are determined by the balance between the northward 
advection of the ice that is formed in polynyas near the continental 
margin, and the lateral and subsurface melting through oceanic heat 
fluxes. The advection of the sea ice is strongly correlated with winds 
and cyclones (Schemm, 2018; Vichi et!al., 2019; Alberello et!al., 2020). 
Accordingly, the increasing sea ice area in the Ross Sea can be linked 
to a! strengthening of the Amundsen Sea low (e.g.,! Holland et! al., 
2017b, 2018), while other regional sea ice trends in the austral autumn 
can be linked to changes in westerly winds, cyclone activity and the 
Southern Annular Mode (SAM) in summer and spring (Doddridge and 
Marshall, 2017; Holland et!al., 2017a; Schemm, 2018). In addition to 
the wind-driven changes, increased near-surface ocean stratification 
(Section!9.2.1.3) has contributed to the observed increase in sea ice 
coverage (e.g.,!Purich et!al., 2018; L. Zhang et!al., 2019) as it tends 
to cool the surface ocean (Sections 9.2.1.1 and 9.2.3.2). The changes 
in stratification result partly from surface freshening (De! Lavergne 
et!al., 2014), associated with increased northward sea ice advection 
(Haumann et!al., 2020) and/or melting of the Antarctic ice sheet (medium 
confidence) (e.g.,!Haumann et!al., 2020; Jeong et!al., 2020; Mackie 
et!al., 2020), and amplified by local ice–ocean feedbacks (Goosse and 
Zunz, 2014; Lecomte et!al., 2017; Goosse et!al., 2018). In the Amundsen 
Sea, strong ice shelf melting can cause local sea ice!melt next to the 
ice shelf front by entraining warm circumpolar deep water to the ice 
shelf cavity and surface ocean (medium confidence) (Sections!9.2.3.2 
and 9.4.2.2; Jourdain et!al., 2017; Merino et!al., 2018). It has also been 
suggested that the observed regional increase in sea ice coverage since 

1979 results from a! long-term Southern Ocean surface cooling trend 
(e.g.,!Kusahara et!al., 2019; Jeong et!al., 2020) but the importance of 
this mechanism for the observed sea ice evolution is unclear owing 
to intricate feedbacks between sea ice! change and surface cooling 
(Haumann et! al., 2020). The importance of changing wave activity 
(Section!9.6.4.2; Kohout et!al., 2014; Bennetts et!al., 2017; Roach et!al., 
2018b) on sea ice is unclear due to limited process understanding. In 
summary, there is!high confidence that regional Antarctic trends are 
primarily caused by changes in sea ice drift and decay, with medium 
confidence in a!dominating role of changing wind pattern. The precise 
relative contribution of individual drivers remains uncertain because 
of limited observations, disagreement between models, unresolved 
processes, and temporal and spatial remote linkages caused by sea ice 
drift (Section!9.2.3.2; Pope!et!al.,!2017).

Recent research has confirmed SROCC assessment of atmospheric and 
oceanic drivers of the sea ice decline from 2014 to 2017, which can be 
linked to changes in both subsurface ocean heat flux (Meehl et!al., 2019; 
Purich and England, 2019) and atmospheric circulation, with the latter 
partly related to teleconnections with the tropics (Meehl!et!al.,!2019; 
Purich and England, 2019; G. Wang et!al., 2019). In!the Weddell Sea, 
these changes caused in 2017 the re-emergence of the largest polynya 
over the Maud Rise since the!1970s (Section!9.2.3.2; Campbell et!al., 
2019; Jena et!al., 2019; Turner!et!al.,!2020).

The AR5 (Collins et!al., 2013) and SROCC found low confidence in future 
projections of Antarctic sea ice. This includes the projected mitigation 
of the sea ice loss by stratospheric ozone recovery (Smith!et!al., 2012) 
and by an increased freshwater input from melting of the Antarctic 

Antarctic sea-ice historical records and CMIP6 projections
Anomaly time series, maps of seasonal sea-ice concenration and changes, and projected sea-ice metrics in SSP2-4.5

Figure!9.15 | Antarctic sea ice historical records and Coupled Model Intercomparison Project Phase 6 (CMIP6) projections. (Left) Absolute anomaly of 
observed monthly mean Antarctic sea ice area during the period 1979–2019 relative to the average monthly mean Antarctic sea ice area during the period 1979–2008. 
(Right)!Sea ice coverage in the Antarctic as given by the average of the three most widely used satellite-based estimates for September and February, which usually are the 
months of maximum and minimum sea ice coverage, respectively. First column: Mean sea ice coverage during the decade 1979–1988. Second column: Mean sea ice coverage 
during the decade 2010–2019. Third column: Absolute change in sea ice concentration between these two decades, with grid lines indicating non-significant differences. Fourth 
column: Number of available CMIP6 models that simulate a!mean sea ice concentration above 15% for the decade 2045–2054. The average observational record of sea ice area 
is derived from the UHH sea ice area product (Doerr et!al., 2021), based on the average sea ice concentration of OSISAF/CCI (OSI-450 for 1979–2015, OSI-430b for 2016–2019) 
(Lavergne et!al., 2019), NASA Team (version 1, 1979–2019) (Cavalieri et!al., 1996) and Bootstrap (version 3, 1979–2019) (Comiso, 2017) that is also used for the figure panels 
showing observed sea ice concentration. Further details on data sources and processing are available in the chapter data table (Table!9.SM.9).



Global Warming Science 101, Sea ice, Eli Tziperman

Notes:  section 9.2, detection of climate change 
(use following three slides)
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Anthropogenic climate change detection

Specify N: sea ice area time series segment-length in years. 

Scan a long model sea ice area time series, calculate trends by a linear fit to 
September area time series in each N-year interval: .area = a × year + b

The slope, , is used to calculate the decadal trend, .a T = 10a

Bin the decadal trends; calculate PDF from number of occurrences in each bin a 

function of decadal trend amplitude . Normalize PDF so .T ∫
∞

0
PDF(T ) dT = 1

Probability of encountering an N-year trend within  is . (T, T + ΔT ) PDF(T )ΔT

Repeat for different time intervals N, from two to a hundred years, to find the PDF 
as a function of time interval and trend amplitude. 
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using a fixed preindustrial CO2, showing 3 example four-year trends.  
Trends are calculated as the least-square line fit to the points in the 
year-range in question.
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Sea ice area time series from a “control” run of a climate model, 
using a fixed preindustrial CO2, showing 3 example four-year trends.  
Trends are calculated as the least-square line fit to the points in the 
year-range in question.

4 year trends
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Figure 9.7: Detection and attribution of sea ice 
trends.  The probability density function of multi-
year trends in the annual minimum sea ice area, as 
a function of the trend magnitude, when examining 
intervals of 41 yr in a long run of a climate model. 
The observed trend, over a similar interval, is 
marked by the vertical gray bar. 

[Following Vinnikov et al 1999 Fig 3]

Figure 9.8: Detection and attribution of 
sea ice trends.  The probability density 
function of multi-year trends in the annual 
sea ice minimum area, as a function of the 
trend magnitude (showing only trends that 
correspond to sea ice decline) and the 
interval length, in a long run of a climate 
model. The observed trend is marked by a 
red  symbol.

The probability of encountering a trend in  over a 40-yr period in the 
absence of Anthropogenic climate change, is . The PDF at the observed 
trend (vertical bar) is  zero ➨ the observed trend is not due to natural variability.

(T, T + ΔT )
PDF(T )ΔT

≈
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workshop 6: detection of climate change
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Hajo Eicken

(1) Unusual weather pattern: persistent 
southerly winds brought warm air and 
moved ice towards North Pole in 2007  
(2) Submarine data indicate 40% 
reduction in ice thickness between 
1950s & 1990s ➡ Long-term ice 
thinning in line with Arctic warming driven 
by impact of greenhouse gases on 
longwave radiation balance  
(3) Thinner, more mobile ice cover more 
susceptible to extreme summer retreat  
(4) Warming of water north of Alaska as 
a result of thinned & reduced ice cover 
melts back ice from below in summer 
(>2 m of summer bottom melt north of 
Alaska!); less clouds in 2007  
(5) Warm inflow of water through Bering 
Strait(?)

1/28/09 Arctic Sea Ice Change 4

Explaining the 2007 record minimum Arctic

sea-ice summer extent

(1) Unusual weather pattern with persistent
southerly winds brought warm air and
moved ice towards North Pole in 2007

(2) Longer-term ice thinning in line with
Arctic warming driven by impact of
greenhouse gases on longwave radiation
balance

(3) Thinner, more mobile ice cover more
susceptible to episodes of extreme
summer retreat

(4) Warming of water north of Alaska as a
result of thinned & reduced ice cover
melts back ice from below in summer
(>2 m of summer bottom melt north of
Alaska!); less clouds in 2007

(5) Warm inflow of water through Bering
Strait (?)

Processes leading to 2007 Arctic sea ice minimum
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workshop #7: animation…!
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Sea ice summary

1. Significant melting of Arctic summer sea ice since ~1980 
(1970?). Significant reduction in area, extent, age, & thickness

2. No change in overall Antarctic summer sea ice; different trends 
in different sectors

3. Feedbacks: 
a) albedo…: positive feedback
b) melt ponds become smaller with sea ice age: positive
c) thickness-mobility: positive
d) thickness slows bottom freezing: negative

4. Storms, waves fracturing, sea ice export
5. Climate change detection/attribution using a long model run
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The End


