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Observed sea level rise: not uniform!Observed sea level rise: not uniform!

1. Why studying the cryosphere ?1. Why studying the cryosphere ?

Total sea-level trend over 
the period 1993-2015

Ice 
sheets

Glaciers

Thermal expansion of ocean

Chen et al. (2017)

Richer et al. 2020
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1. Why studying the cryosphere ?1. Why studying the cryosphere ?

Wunderling  et al. (2020)

Loss of cryosphere induces an additional warming !Loss of cryosphere induces an additional warming !
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Arctic summer sea ice (ASSI) 
Mountain glaciers (MG)
Greenland Ice Sheet (GIS)
West Antarctic Ice Sheet (WAIS)



  

Collapse of the gulfstreamCollapse of the gulfstream
due to the melt of thedue to the melt of the
Greenland ice sheetGreenland ice sheet

1. Why studying the cryosphere ?1. Why studying the cryosphere ?

Collapse of the gulfstreamCollapse of the gulfstream
due to the melt of thedue to the melt of the
Greenland ice sheetGreenland ice sheet
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© http://www.cnes.fr

2. Greenland vs Antarctica2. Greenland vs Antarctica

North Pole - ArcticNorth Pole - Arctic South Pole - AntarcticaSouth Pole - Antarctica

Greenland
(3 x France)

Sea ice

(<=> ice sheet)

Antarctica
(20 x France)Svalbard

(1 x Belgium)

Ice sheetIce sheet

Sea iceSea ice

Ice capIce cap

Ice capIce cap

GlacierGlacier
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2. Greenland vs Antarctica2. Greenland vs Antarctica

The sea ice variability does not impact on the sea level changes.The sea ice variability does not impact on the sea level changes.

Monthly Sea ice extent (0-1)
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2. Greenland vs Antarctica2. Greenland vs Antarctica

Data : ERA-Interim (1979-2013)

Mean summer 2m-temperature

Warmer climate over Greenland than over AntarcticaWarmer climate over Greenland than over Antarctica

T2m JJA T2m DJF
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2. Greenland vs Antarctica2. Greenland vs Antarctica

Annual mean precipitation (mm/yr)
(Brussels : ~ 800mm/yr)

Wetter climate over Greenland then over AntarcticaWetter climate over Greenland then over Antarctica

Data : NCEP-NCAR v2 (1979-2013)
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2. Greenland vs Antarctica2. Greenland vs Antarctica
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Arctic is warming 4 x faster than Equator due to the albedo feedback (snow/ice is 
disappearing), water vapour feedback (clouds) and lapse rate feedback (surface is 
warming).

Arctic

Antarctica



  

2. Greenland vs Antarctica2. Greenland vs Antarctica

CLIM0028 - Xavier.Fettweis@uliège.be 11/4923/02/26

Arctic is warming 4 x faster than Equator due to the albedo feedback, water vapour 
feedback...

Polar area
Temperate area
Tropical area



  

2. Greenland vs Antarctica2. Greenland vs Antarctica
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Arctic is warming 4 x faster than Equator due to the 3) lapse rate feedback

Tropical area Arctic area

Antarctica was 
“protected” by the 
ozone hole until a 
couple of years

+ it is a land 
vs ocean in Arctic



  

3. Current climate3. Current climate

OceanOcean

BedrockBedrock

Accumulation zoneAccumulation zone
snowfall ++ snowfall ++ 

(SMB >0)(SMB >0)Equilibrium lineEquilibrium line
(SMB = 0)(SMB = 0)

--
++ ++

Ablation zone
Accumulation

zone ++ --

Ablation zoneAblation zone
melt ++ melt ++ 
(SMB <0)(SMB <0)

OceanOcean

GreenlandGreenland AntarcticaAntarctica

Surface mass balance (SMB)   ~Surface mass balance (SMB)   ~ snowfall – melt (Greenland)snowfall – melt (Greenland)
  snowfall – snow drift (Antarctica) snowfall – snow drift (Antarctica)   
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Data : MAR forced par ERA-Interim

Surface massSurface mass
balance over Greenlandbalance over Greenland

(in mm/yr)(in mm/yr)

© http://www.spri.cam.ac.uk/

3. Current climate3. Current climate

Ablation zone
(albedo 30-50%)

Accumulation zone
(albedo ~ 70-80%)
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© Ian Joughin, EGU

Ablation zone over GreenlandAblation zone over Greenland

Dirty bare iceDirty bare ice

BédièreBédière

3. Current climate3. Current climate
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Data : MAR forced by ERA-Interim

3. Current climate3. Current climate

SMB over Antarctica vs Greenland (in mm/yr)SMB over Antarctica vs Greenland (in mm/yr)

Less accumulation but no ablation zone

1979-2012
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BedrockBedrock

GreenlandGreenland AntarcticaAntarctica

Total mass balance (TMB)  ~Total mass balance (TMB)  ~ SMB – icebergs (Greenland)SMB – icebergs (Greenland)
          SMB – icebergs – basal melting (Antarctica) SMB – icebergs – basal melting (Antarctica)   

icebergsicebergs

iceshelvesiceshelves

Basal meltBasal melt

3. Current climate3. Current climate

OceanOcean

--
++ ++

Ablation
zone

Accumulation
zone ++ --

OceanOcean

Ice sheet is in equilibrium if TMB ~ 0
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Total mass balance (TMB)  ~Total mass balance (TMB)  ~ SMB – icebergs (Greenland)SMB – icebergs (Greenland)
          SMB – icebergs – basal melting (Antarctica) SMB – icebergs – basal melting (Antarctica)   

3. Current climate3. Current climate
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Antarctica

Greenland



  

3. Current climate3. Current climate

© http://thefabweb.com/

Alt : ~900mAlt : ~900m

Alt : ~300mAlt : ~300m

Alt : ~600mAlt : ~600m

The Elephant Foot Glacier (North-East Greenland)The Elephant Foot Glacier (North-East Greenland)
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© http://fr.cdn.v5.futura-sciences.com/

Ice-shelf over AntarcticaIce-shelf over Antarctica

3. Current climate3. Current climate

© http://upload.wikimedia.org//
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3. Current climate3. Current climate

Slater et al. (2020)

IMBIE2 et al. (2019)

Current contribution of both Greenland and AntarcticaCurrent contribution of both Greenland and Antarctica

Greenland

Antarctica

Mass loss from the end of the 1990s!Mass loss from the end of the 1990s!
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3. Current climate3. Current climate
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Retreat of Greenland glaciers: -1000 GT over 1985-2022Retreat of Greenland glaciers: -1000 GT over 1985-2022



  

OceanOcean OceanOcean
BedrockBedrock

Ice sheetIce sheet ----
++ ++

Ablation 
zone

Ablation 
zone

Accumulation 
zone

TundraTundra

In a warmer climate: snowfall + 5% by +1°C
melt + 25% by +1°C

HigherHigher ELA ELA

4. Future projections: Greenland4. Future projections: Greenland
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With the ice dynamicsWith the ice dynamics

OceanOcean OceanOcean
BedrockBedrock

----
++

Retreat of the ice sheet and thinningRetreat of the ice sheet and thinning

x

OceanOcean OceanOcean
BedrockBedrock

----
++

x

Higher slope Higher slope 
=> instability=> instability

ThinningThinning

4. Future projections: Greenland4. Future projections: Greenland
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1. Melt acceleration due to the1. Melt acceleration due to the
melt-albedomelt-albedo positive feedback  positive feedback 

Temperature +Temperature +

melt + and albedo –melt + and albedo –

Darker snowDarker snow

Absorbed energy +Absorbed energy +

Temperature ++Temperature ++

Ablation zoneAblation zone
 (albedo 30-50%) (albedo 30-50%)

Accumulation zoneAccumulation zone
(albedo 70-80%)(albedo 70-80%)

TundraTundra

4. Future projections: Greenland4. Future projections: Greenland
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  Cumulated height change over 2000-2100

temperature +temperature +

melt +melt +

elevation –elevation –

temperature ++ (+1°C/100m)temperature ++ (+1°C/100m)

By coupling MAR with an ice sheet model, 
this increase the melt by 10 % in 2100

(Le Clech't et al., 2019) (m)

4. Future projections: Greenland4. Future projections: Greenland

2. Melt acceleration due to the2. Melt acceleration due to the
melt-elevationmelt-elevation positive feedback  positive feedback 
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Before

After



  

4. Future projections: Greenland4. Future projections: Greenland

3. Melt acceleration due to the3. Melt acceleration due to the
decrease of the melt water retention capacitydecrease of the melt water retention capacity
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4. Future projections: Greenland4. Future projections: Greenland

4. Potential melt acceleration due to4. Potential melt acceleration due to
changes in atmospheric circulation (1/3)changes in atmospheric circulation (1/3)

AA

NAO < 0
Very uncertain ...

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
-3

-2

-1

0

1

2

3

JJA NAO Linear (JJA NAO)

Ju
n

-J
u

l-
A

u
g

 N
A

O
 in

d
e

x 
(-

)

Climate Climate 
changes ??changes ??

DD

NAO > 0
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NAO index: normalised pressure difference between the Azores High and the Icelandic Low



  

4. Future projections: Greenland4. Future projections: Greenland

4. Potential melt acceleration due to4. Potential melt acceleration due to
changes in atmospheric circulation (2/3)changes in atmospheric circulation (2/3)

JJA 2m temperature
anomaly in the 2000s (°C)
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Who is right ?Who is right ?
  

Are these changes due to global warming 
or climate variability ?

Delhasse et al. 2020
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4. Future projections: Greenland4. Future projections: Greenland

4. Potential melt acceleration due to4. Potential melt acceleration due to
changes in atmospheric circulation (3/3)changes in atmospheric circulation (3/3)

Surface height changes en 2100:

   normal circulation changed circulation

m

If the current change in general If the current change in general 
circulation persists in future,circulation persists in future,

the melt of the GrIS should be multiplied by 2!the melt of the GrIS should be multiplied by 2!

July 2019:
40°C in Belgium and 

record of melt afterwards
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4. Future projections: Greenland4. Future projections: Greenland

5. Potential melt acceleration due to5. Potential melt acceleration due to
changes in clouds (1/2)changes in clouds (1/2)
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In the In the accumulationaccumulation zone,  zone, 
melt is driven by infrared radiationmelt is driven by infrared radiation

In the In the ablationablation zone,  zone, 
melt is driven by solar radiationmelt is driven by solar radiation

Role of cloudsRole of clouds
- warming in the accumulation zone (greenhouse effect)- warming in the accumulation zone (greenhouse effect)
- cooling in the ablation zone (parasol effect)- cooling in the ablation zone (parasol effect)

+ liquid clouds (grey) vs solid clouds (white)+ liquid clouds (grey) vs solid clouds (white)

    

4. Future projections: Greenland4. Future projections: Greenland

5. Potential melt acceleration due to5. Potential melt acceleration due to
changes in clouds (2/2)changes in clouds (2/2)
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4. Future projections: Greenland4. Future projections: Greenland

AR5 (IPCC, 2013): SLR= ~ 11+/-3 cm

AR6 (IPCC, 2021): SLR ~ 15+/-6 cm

Future projections of the Greenland ice sheet
surface mass balance using MAR-ULiège

360GT = 1mm sea level rise max SLR ~ 25 cm

2019

Hofer et al. (2020)
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4. Future projections: Greenland4. Future projections: Greenland

After the retreat, a new stable state could be reached without iceberg discharges.

The tipping point will be then mainly driven by SMB and ELA:

SMB < 0 is expected for the end of this century
● but such anomaly should persist during several centuries to reach a tipping point.
● but no surprise as there is non-chaotic change!  

SMB simulated by MAR-CESM2-SSP585
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4. Future projections: Greenland4. Future projections: Greenland

Tipping points of the Greenland ice sheet:Tipping points of the Greenland ice sheet:

ELA

1500m

3000m

2000                  2100                        …

Altitude of the ice sheet

0m

3000m

2000                  2100                        …

1500m

Peak of global warmingPeak of global warming

Return to a Return to a 
normal climatenormal climate

Robinsson et al. (2012)

Example of equilibrium states
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4. Future projections: Greenland4. Future projections: Greenland

2000 in 3000
(more likely)

in 3000
(Paris agreement)

in 3000
(business as usual)

Ref: Aschwanden et al. (2019)

Example of reached tipping points...
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© IPCC 2013 (AR5, WG1, Fig 13.14)

Sea level rise after a temperature anomaly of X°C during 1000 yearsSea level rise after a temperature anomaly of X°C during 1000 years

Likely irreversibility if Likely irreversibility if ΔΔTT > 2-3°C > 2-3°C
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Greenland 
collapse

4. Future projections: Greenland4. Future projections: Greenland

More recent 
studies (AR6, 2021)

+ 7m
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4. Future projections: Antarctica4. Future projections: Antarctica

Kittel et al. (2021)

The SMB is projected to increase except over the ice shelves...The SMB is projected to increase except over the ice shelves...

Except in some areas (Peninsula and ice shelves),
SMB should remain positive and even 
a lot of more positive!

 => Antarctic = sea level drop ?? 
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4. Future projections: Antarctica4. Future projections: Antarctica

Ice shelvesIce shelves

Topography below see level Pollard et al. (2015)

Critical areasCritical areas
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Apocalypse 
glaciers



  

4. Future projections: Antarctica4. Future projections: Antarctica

Larsen B collapse (31 Jan - 7 Larsen B collapse (31 Jan - 7 
Mar 2002) Mar 2002) (Source: P. Kuipers Munneke)(Source: P. Kuipers Munneke)

A collapse of most of small ice shelves A collapse of most of small ice shelves 
before 2100 is very likely!before 2100 is very likely!

=> no contribution to the sea level!=> no contribution to the sea level!
=> but decrease of the buttressing=> but decrease of the buttressing

=> increase of ice dynamics=> increase of ice dynamics
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4. Future projections: Antarctica4. Future projections: Antarctica

Brunt ice shelf (24 Jan 2023) Brunt ice shelf (24 Jan 2023) 
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1500 km²



  

4. Future projections: Antarctica4. Future projections: Antarctica

Source: http://www.antarcticglaciers.org/ 

Glacier acceleration due to an ice shelf collapseGlacier acceleration due to an ice shelf collapse
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Ice shelfIce shelf
= buttress of = buttress of 
a cathedrala cathedral

(Arc-Boutant (Arc-Boutant 
in French)in French)



  

4. Future projections: Antarctica4. Future projections: Antarctica
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Hanna et al. (2013)

Problem with unstable grounding linesProblem with unstable grounding lines

Increasing slope Decreasing slope

Warm ocean 
water



  Ice discharge generally increases with increasing ice thickness at the grounding line

2 positive feedbacks… (Pattyn, 2018)2 positive feedbacks… (Pattyn, 2018)

4. Future projections: Antarctica4. Future projections: Antarctica
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~ 800m

No more 
buttressing 
effect



  

4. Future projections: Antarctica4. Future projections: Antarctica

Sea level rise (Pattyn et al., 2020)

Instability of the Instability of the 
Glacier Thwaites?Glacier Thwaites?

Tipping point already Tipping point already 
reached ?reached ?

Moore et al. (2018)

Geoengineering !
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5. Sea level rise5. Sea level rise

© IPCC 2021 (AR6, Figs 9.27 and  9.28)
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AR6 (2021): ~+2m!
AR5 (2013): +0.8m
SROCC (2019): +1 mWest Antarctic collapse



  

5. Sea level rise5. Sea level rise

© IPCC 2021 (AR6, Fig 9.26)
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5. Sea level rise5. Sea level rise

© IPCC 2021 (AR6, Fig SPM8)
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Long term 
sea level rise

in 2300

Greenland ice sheet: +27cm+27cm with the current state

Committed (long term)
sea level rise



  

5. Conclusions5. Conclusions

GreenlandGreenland

- Changes dominated by the surface melt.- Changes dominated by the surface melt.
- Tipping point can be reached if the global warming - Tipping point can be reached if the global warming 
exceeds 3°Cexceeds 3°C

AntarcticaAntarctica

- Snowfall increase should dampen the sea level rise.- Snowfall increase should dampen the sea level rise.
- Potential instability of marine ice sheets ?- Potential instability of marine ice sheets ?

  Sea level rise is not uniformSea level rise is not uniform

Arctic is currently melting Arctic is currently melting 
at a higher rate than projected at a higher rate than projected 

But large unknowns But large unknowns 
remain for Antarctica!remain for Antarctica!

Parlmer et al. (2020)
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