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SUMMARY

• The Arctic Ocean is currently on a fast track toward seasonally ice-free conditions 

– expected by the middle of this century.

• Studies tend to be concerned with summer sea ice decline, and with less attention 

on differences and similarities between seasons and regions.

• The Arctic sea ice extent is shrinking in all seasons, but the largest trends are 

currently found in summer, at the end of the melt season.



SUMMARY

What are the regional variations in observed summer and winter sea ice extent loss, and 

how will they play out in the future?

How large, and where, is the recent summer sea ice extent loss, and when may regional seas 

become seasonally ice free?

How large, and where, is the recent winter sea ice extent loss, and to what extent can an 

increasing weight carried by the winter be identified at present?



DEFINITIONS

Concentration – Value 0 to 100%

NASA Team 2019

Extent – Outer edge of grid cells 

containing at least 15% concentration

MASIE 2019



ICE EXTENT / CONCENTRATION

FIG. 1. (a) March (blue), September (red), and annual mean (black) Northern Hemisphere sea ice extent, 1979–

2016. Shaded regions indicate plus and minus one standard deviation. Linear sea ice concentration trends (% 

decade−1) in (b) September and (c) March, 1979–2016. Black contours show the mean sea ice edge.



DATA / METHODS

Two Primary data sources:

1) Historical observations (Walsh et al 2015) – 1950:1978

• Ensemble of 16 different historical sources

• Data available since 1850, restricted to 1950 onward

• Utilized analog filling of gaps in the record

• Missing points in the concentration field were interpolated 

to fill concentration values for missing grid cells

• Missing months were compared to similar months between 

1900 and 2000, and best matches were averaged.

• Known uncertainties:

• Erroneous assignment of data sources

• Coding errors in concentration values



DATA / METHODS

Two Primary data sources:

2) Passive microwave scanning (Cavalieri et al 2015) – 1978:present

• Nimbus-7 scanning multichannel microwave radiometer (SMMR)

• Defense Meteorological Satellite Program Special Sensor 

Microwave Imagers and Sounder (DMSP SSM/I, SSMIS)

• Brightness temperature in 25 x 25 km grid

• Continuous record of daily and monthly values from October 

1978

• Data are generated using the NASA Team algorithm

• Radiance values from sensors with different frequencies

• Different footprint sizes, visit times, and calibrations



DATA / METHODS
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The “Bootstrap” 

algorithm, is based 

on interpolation 

between clusters 

of points in 

scatter plots of 

brightness 

temperatures 

(Comiso, 1986).

The NASA Team 

algorithm is 

based on 

difference ratios 

between 

brightness 

temperatures 

(Cavalieri et al., 

1984).



ASIDE

NASA Team and Boostrap sea ice algorithms are widely relied on. The 

Intergovernmental Panel on Climate Change cites these data sources in their two 

most recent assessment reports (AR4, 2007 and AR5, 2013) to document sea ice 

coverage trends in both the northern and southern hemisphere.

Eisenman et al (2014):  A spurious jump in the satellite record: has 

Antarctic sea ice expansion been overestimated?

In September 2007, NSIDC documented an update to the Bootstrap algorithm for 

consistency with other satellite measurements and the entire data set was 

reprocessed.

Much of the large increase in the reported rate of Antarctic sea ice expansion since 

the IPCC AR4 occurred due to the previously undocumented effect of a change in the 

way the observations are processed.



ASIDE

Eisenman et al (2014):  A spurious jump in the satellite record: has Antarctic sea ice expansion been 

overestimated?



DATA / METHODS

1) central Arctic

2) Canadian 

Archipelago

3) Beaufort Sea

4) Chukchi Sea

5) East Siberian Sea

6) Laptev Sea

7) Kara Sea

8) Barents Sea

9) Greenland Sea

10) Baffin Bay/Gulf of 

St. Lawrence

11) Hudson Bay

12) Bering Sea

13) Sea of Okhotsk

FIG. 2. (a) The Northern Hemisphere regional seas, clockwise from 90°N: 1) central Arctic, 2) Canadian 

Archipelago, 3) Beaufort Sea, 4) Chukchi Sea, 5) East Siberian Sea, 6) Laptev Sea, 7) Kara Sea, 8) 

Barents Sea, 9) Greenland Sea, 10) Baffin Bay/Gulf of St. Lawrence, 11) Hudson Bay, 12) Bering Sea, 

and 13) Sea of Okhotsk. Contribution from each regional sea to the (b) September and (c) March 

Northern Hemisphere sea ice extent trends, 1979–2016.



TRENDS / VARIABILITY

• Annual mean decreased by 2.0 x 106 km2 from 1979-2017 = 2 Mm2 ~~ area of Greenland.

• Summer extent loss is largest along North American and Russian coasts. Five regions account for 89% of the 

September extent loss variability since 1979 (---). 

• Winter extent loss occurs farther south in to the Atlantic and Pacific.

• Shelf regions see no trend in extent gain or loss during the winter, despite negative trends in central Arctic. 

• Artic regions that connect to the Atlantic see year-round extent loss. The Barents Sea has contributed 95% of the 

observed March extent loss since 1979, will continue to carry the trend of winter extent variability. 

• Bering Sea showed a positive trend in extent gain.
SLIDE 16



TRENDS / VARIABILITY

FIG. 3. Monthly sea ice extent for the Northern 

Hemisphere and its individual seas in successive 10-

yr periods from 1950 to 2013. The three thin red lines 

indicate the sea ice extent in 2014–16. 

FIG. 4. Monthly trends in sea ice extent for the Northern 

Hemisphere and its individual seas, 1979–2016. Bars 

indicate 95% confidence intervals.
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LONG TERM VARIABILITY

FIG. 5. (a) Northern 

Hemisphere sea 

ice extent, 1950–

2013 (Walsh et al. 

2015), for 

September (red), 

March (blue), and 

the annual mean 

(black). The vertical 

dashed line 

indicates 1979. The 

mean (b) 

September and (c) 

March sea ice edge 

for the 1950–99 

(blue) and 2000–13 

periods (red).• Separated into two time periods: 1950-1999 and 2000-2013

• The 15 smallest annual mean sea ice extents from 1950-2016 all appear during the last 15 years.

• The 10 smallest extents appear within the 12 last years.

• March retreat (left plot) is generally smaller than September retreat (right plot). Note Greenland and Barents Seas 

(Divine and Dick 2006 MDO)*. 

September March



LONG TERM VARIABILITY

FIG. 6. Anomalous Northern Hemisphere 

sea ice extent (blue) in (a) September and 

(b) March, 1950–2013 (Walsh et al. 2015). 

Anomalous sea ice extent (red) in the 

Beaufort, Chukchi, East Siberian, Laptev, 

and Kara Seas in (a) (summer mode 

regions) and Barents Sea, Greenland Sea, 

Baffin Bay/Gulf of St. Lawrence, and Sea of 

Okhotsk in (b) (winter mode regions).

September Extent – Shelf regions make up 89% of 

interannual variance.

March Extent – Exterior regions make up 85% of 

interannual variance.



LONG TERM VARIABILITY

FIG. 7. Monthly trends in sea ice 

extent for the Northern Hemisphere 

regional seas, 1979–2016. The 

regions are ordered from left to right 

along the x axis in a clockwise 

direction through the Arctic Ocean 

from the central Arctic in the north 

and southward to the Atlantic, North 

American, and Pacific domains (i.e., 

against the main Atlantic water flow in 

the Arctic Ocean). On the y axis, 

months are ordered from March to 

March, and centered around 

September.

TABLE 1



MODES OF VARIABILITY

• Summer Mode: Regions with the largest sea ice 

extent variability and trend in summer months. 

Typically ice-covered in winter. 

• Winter Mode: Regions with the largest sea ice 

extent variability and trend in winter months. 

Typically ice free in summer.

• Transition Mode: Where winter/summer modes 

spatially connect - sea ice extent variability in both 

summer and winter. NH as a whole is in transition 

mode because of overall negative trend. 

The gradual transformation between the different 

modes suggests that regions may change from 

one mode to another in the future, or that they 

may have done so in the past.

1) central Arctic

2) Canadian 

Archipelago

3) Beaufort Sea

4) Chukchi Sea

5) East Siberian Sea

6) Laptev Sea

7) Kara Sea *

8) Barents Sea *

9) Greenland Sea *

10) Baffin Bay/Gulf of 

St. Lawrence

11) Hudson Bay *

12) Bering Sea

13) Sea of Okhotsk



MODES OF VARIABILITY

Factors considered when defining Summer/Winter modes:

• Freshwater runoff / salinity stratification – affects Arctic 

Basin seas.

• Ice albedo feedback – open ocean absorbs more heat, 

melts ice, decreases reflective area of ice (summer 

mode regions).

• Sea ice divergence along the coasts.

• Mobile sea ice cover

• Above average export in Fram Strait (Smedsrud et al 

2016).

• Atmospheric variability – North Atlantic Oscillation

1) central Arctic

2) Canadian 

Archipelago

3) Beaufort Sea

4) Chukchi Sea

5) East Siberian Sea

6) Laptev Sea

7) Kara Sea *

8) Barents Sea *

9) Greenland Sea *

10) Baffin Bay/Gulf of 

St. Lawrence

11) Hudson Bay *

12) Bering Sea

13) Sea of Okhotsk



MODES OF VARIABILITY

1. Past variability

• Barents Sea, Baffin Bay, and Gulf of St. Lawrence used to 

have partial summer sea ice cover. They are now ice 

free in the summer, and can be said to have completed 

the “transition” mode. There is no variability in the 

summer months because they are always zero, thus 

these areas are classified under the winter mode. 

• Other seas have remained the same since 1950.  

2. Present state

• Sea ice extent decline is currently largest in summer

• Regions gradually trend to less ice coverage.

• As regions become ice free in the summer, they 

transition to winter mode. 

1) central Arctic

2) Canadian 

Archipelago

3) Beaufort Sea

4) Chukchi Sea

5) East Siberian Sea

6) Laptev Sea

7) Kara Sea *

8) Barents Sea *

9) Greenland Sea *

10) Baffin Bay/Gulf of 

St. Lawrence

11) Hudson Bay *

12) Bering Sea

13) Sea of Okhotsk



MODES OF VARIABILITY

FIG. 8. Regionally normalized sea ice extent 

change in (top) September and (bottom) March. 

Arrows represent regional change in sea ice extent 

between the 1950–99 mean (arrow tail) and the 

2000–13 mean (arrowhead). Dots indicate no 

change in regional max and min sea ice extent 

between the two periods. A normalized extent of 1 

(0) indicates complete (no) sea ice cover. The 

hatched area illustrates the transition mode 

between summer and winter variability; that is, a 

region reaching no summer sea ice [0 in (top)] 

enters the transition mode (hatched region); when 

the ice cover starts to decrease in winter, the 

region enters winter mode at (bottom).

Summer Mode: Regions with the largest sea ice 

extent variability and trend in summer months. 

Typically ice-covered in winter. 

Winter Mode: Regions with the largest sea ice 

extent variability and trend in winter months. 

Typically ice free in summer.

Transition Mode: Where winter/summer modes 

spatially connect - sea ice extent variability in both 

summer and winter. NH as a whole is in transition 

mode because of overall negative trend. 



MODES OF VARIABILITY – SEASONAL 
ASYMMETRY

Seasonal asymmetry exists in extent trends between the melt and freezing seasons. 

▪ Melt season: April-August

▪ Freezing season: October-February

A. Summer mode regions:

• Most ice loss is carried by summer months (note necessity for distinction*)

• Larger trends in late melt season 

• Asymmetrical around September 

B. Winter mode regions:

• Largely symmetric around September.

• Disconnected from each other – climate forcing is much different 

SLIDE 12



MODES OF VARIABILITY – SEASONAL 
ASYMMETRY

FIG. 9. Number of yearly RIGEs, 

that is, an increase in sea ice 

extent of at least 106 km2 over a 

weeklong period, 1979–2016. 

The RIGEs are computed as a 

weekly running mean, so the 

number of occurrences can 

imply either a consecutive 

number of weeklong periods 

where at least 106 km2 of sea 

ice form in a row, or it can also 

occur at different times during 

winter. Note that there were no 

RIGEs between 1979 and 1987.

0 events 

1979-1987



MODES OF VARIABILITY – SEASONAL 
ASYMMETRY

Wood et al 2013
Fig. 3 Stratification associated with the 
Mackenzie River plume. (a) Wave Glider 
temperature section obtained on 1–4 August 
2011 on the shoreward boundary of the plume at 
147°W. (b) Hydrographic transect obtained 26–
27 July along 140°W confirms the presence of a 
strongly stratified surface layer 6–8 m thick. Data 
from the 2011 Joint Ocean Ice Study carried out 
on the Canadian ice-breaker CCGC Louis S. St.-
Laurent and provided by the Department of 
Fisheries and Oceans Canada.

TIMMERMANS, JAYNE 2016
FIG. 2. (a) Conservative Temperature Θ (°C), (b) 
Absolute Salinity SA (g kg−1), and (c) potential 
density σ0 (kg m−3) profiles from the Arctic (~75°N, 
155°W, separated by less than 10 km and less than 1 
day in April 2007) and Pacific (~35°N, 145°E in the 
vicinity of the Kuroshio Extension frontal zone, 
separated by about 70 km and 10 days in September 
2013) Oceans. Profiles with and without 
intrusions/interleaving are shown (the superscripts 
“I” on the legend labels indicate the profile with the 
intrusion); profiles are from a drifting Ice-Tethered 
Profiler (ITP 6) (Arctic) and Argo float (number 
5904027; Pacific). 



MODES OF VARIABILITY – SEASONAL 
ASYMMETRY

Other asymmetric events

• Atlantic heat inhibits freezing.

• Advection of ice through Greenland Sea.

• Odden ice tongue / Norwegian Atlantic Current

• Baffin Bay - sea ice variability depends largely on 

atmospheric conditions including the North Atlantic 

Oscillation.

• The Bering Sea and Sea of Okhotsk have 

atmospherically driven sea ice formation in the north, 

and the ice melts when it drifts southward into warmer 

water.

SLIDE 8



FUTURE PERSPECTIVES

• If the Northern Hemisphere sea ice 

loss persists, the Arctic Ocean will 

become seasonally ice free, and 

further reduction of sea ice extent 

will have to be increasingly concerned 

with wintertime change.

• Summer mode regions will 

accordingly shift via transition mode 

into winter mode.

Space for time

▪ Different seas are at different 

stages—the modes—as part of 

one overall transformation in 

time. Figure 7 represents a spatial 

domain for a shift from Summer 

→ transition → winger modes



FUTURE PERSPECTIVES

• The Arctic shelf seas may thus 

become seasonally ice free within the 

next decade, consistent with model 

projections of Arctic summer sea ice.

• Given continued future warming, all 

the summer mode regions will 

eventually enter the transition mode 

and thus be ice free for parts of the 

year.

• Negative winter trends in the present 

winter mode regions will also persist 

in a climate that warms further, until 

these regions become ice free year-

round.



CONCLUSIONS

What are the regional variations in observed summer and winter sea ice extent loss, and how will they play out in the 

future?

Summer and winter modes. The NH summer variability and trends dominate in the Arctic shelf seas. Current summer 

mode regions are characterized by larger trends in the melt season compared to the freezing season, indicating that melt 

starts earlier whereas freeze-up happens relatively quickly.

How large, and where, is the recent summer sea ice extent loss, and when may regional seas become seasonally ice free?

The Kara Sea and Hudson Bay are currently about to leave the summer mode because they have lost nearly all summer sea 

ice. By extrapolating current linear trends we find that the Arctic shelf seas in summer mode may become completely ice 

free in summer during the 2020s.

How large, and where, is the recent winter sea ice extent loss, and to what extent can an increasing weight carried by the 

winter be identified at present?

The recent NH winter sea ice extent loss is significant and increasing, but still less extensive than in summer. The winter 

variability and loss generally take place in the seas farther south, in the Barents Sea, Greenland Sea, Baffin Bay/Gulf of St. 

Lawrence, and Sea of Okhotsk.

Winter sea ice extent loss in the current winter mode regions will also persist with continued warming, until these regions 

become completely ice free throughout the year, possibly onward from the 2050s.
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