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High latitudes, especially the Arctic, will 
experience largest climate changes
- in surface air temperature

* Sea ice-albedo 
feedback

* Effect of sea ice on 
clouds
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High latitudes, especially the Arctic, will 
experience largest climate changes

- In air temperature
- In atmos. circulation
- in sea level
- in salinity
... 

* Impact on oceanic fresh 
water balance

* Polar-subpolar exchanges



NH winter sea ice extent 1900 - 2100

IPCC AR4 Chapter 10



NH summer sea ice extent 1900 - 2100

IPCC AR4 Chapter 10



Rückgang des arktischen Meereises: 
Beobachtung vs. Modelle

Notz, 2008; based on Stroeve et al., 2007

21 globale Klimamodelle des IPCC-Reports 2007
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Observations

Courtesy Annette Rinke

 1900-2100: September ice extent 

Notz, 2008; based on Stroeve et al., 2007

21 global climate models of CMIP3 2007
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Observations

a) Arctic sea ice in climate models is not sensitive enough

b) Natural variability is crucial, even on a 50 years time-scale

i. Natural variability is not faithfully reproduced by climate models

ii. The phase of the natural long-term variability does not match the observed

Notz, 2008; based on Stroeve et al., 2007

21 global climate models of CMIP3 2007



September NH Sea Ice Extent from IPCC AR4 models that have good annual 
cycle of sea ice extents (6 out of 23)

Gray line = Control Run    Red line = Observations 
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„Events like 2007 do occur in models. 
Of course not at the same point in time as 
observed. 
Maybe significantly, events occur later in the 
models than observed.“







This model has very little initial sea ice volume.



Sea ice thickness reconstruction
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Trend: 110 km3/a
±10 km3/a

Johannesen et al., 2004

Reconstruction 
based on 
Kauker et al., 
2008



CMIP3 vs. NAOSIM sea ice volume trends
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AWI-wichtigste Daten
MRI   CGCM2 1900-2000

Trends (km3/yr): -55, -68, -79, -84, -73
( Ensemble mean: -71; std. 11)

(1950-2000: -132, +5, -88, -97, -219; std.=81)
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Gerdes and 
Köberle, 2007



Arctic sea ice volume 
decreases ...

Sea ice net growth rate 
decreases ...

2000 20002100 2100

Vfinal-Vinitial= (net growth rate – export rate)*∆t



Estimates in km3/year taken 
from Serreze et al., 2006

Arctic Ocean freshwater balance

Bering 
(2500)

Run-off (3200)

P - E (2000)

Canadian Arctic 
Archipelago (3200)

Fram Strait 
liquid (1900)

Fram Strait sea 
ice (2300)

Arctic 
Ocean
(liquid and 
solid)



Changes end of 21st century 
A1B scenario in IPSL model 

(from Arzel et al. 2008) 

Future Arctic Ocean freshwater  balance

Bering (-
25%)

Run-off (+59%)

P-E (+32%)

Canadian Arctic 
Archipelago (+68%)

Fram Strait 
liquid (+120%)

Fram Strait sea 
ice (-34%)

Arctic 
Ocean 
(liquid and 
solid)



Atmosphere

Sea ice

Arctic Ocean

Anticipated changes in Arctic Ocean fresh water balance
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Anticipated changes in Arctic Ocean fresh water balance

Atmosphere

Sea ice

Arctic Ocean



Fresh water content (rel. 35)  (2080 – 2100) – (1980 – 2000) 

CCSM MPI



Changes are happening today...
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Changes are happening today...

PolarView, September 1 
University Bremen



PolarView, September 4 
University Bremen



Area of multiyear ice is shrinking

Kwok et al., JGR, 2009



Freeboard is decreasing

2003 2007

Farrell et al., 2009



TIFAX & PAMARCMIP campaigns



Ice thickness in Fram Strait decreases
Haas et al., 
2008



Sea ice thickness in Fram Strait in 
NAOSIM hindcast

1990: around 3m

2010: around 1.5m

1990: 0.12 Sv

2010: 0.09 Sv

Arctic sea ice export 
decreases with thickness 

in Fram Strait

1990 2000 2010



Is FWC already increasing due to smaller sea ice export?

    1992-1999 IPY 2006-2008

Rabe et al., 2011
BMBF project „Nordatlantik“



25 m

0 m

    1992-1999 2006-2008
Is FWC already increasing due to smaller sea ice export?

Rabe et al., 2011
BMBF project „Nordatlantik“



SLP anomaly caused by 2007 SST und SIC 

Contribution to the 
Arctic dipole 
pattern.

Possibly a positive 
feedback?

Blüthgen et al., 2011



Shifts in atmospheric patterns

Sea ice regulates heat fluxes, water fluxes, momemtum fluxes, 
and fluxes of matter (e.g. contaminants) between ocean and 
atmosphere. 

Zhang et al., 
2009



B1

A1B

A2

2011 - 2030 2046 - 2065 2080 - 2099
In the long run, some things are „certain“ (all 
climate models and all scenarios agree):

• it is getting warmer
•meridional atmospheric moisture transport is 
increasing
•run-off is increasing
•sea ice is retreating
•sea ice volume is decreasing
•sea ice export/net-thermodynamic growth is 
decreasing

...
 



How will Arctic sea ice develop in the 
next decades?

Regional patterns (ocean, sea ice, SLP) are 
uncertain on all time scales.

Many recent changes seem to anticipate 
response to increasing GHG concentrations.

Natural long term variability can weaken 
(temporarily reverse) trends.
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