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Gradual? past transitions
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Ice sheets through time

11/19/19
3

Berends (2018)
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Milankovitch phasing

(Ruddiman, 2000)

Switch: internal mechanism or external driven?
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40-100 kyr transition (MPT)
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Transition 40-100 kyr

Blue bar is first minimum after 100 ky interglacial (black arrow)
Orange line connects max ice volume in 100 ky cycle 6
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CO2
and
MPT

7

dCO2/dt=

0.5 ppm/10000 yrs

Stap et al. 2016
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Sea level versus Temperature
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Blue: 1-D model Sea level vs. Temperature (rel. to PD)

No ice on Grl or Ant (~ 
70 m)

Glacial maxima (~ 100 
m)
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Sea level versus Temperature

Blue: 1-D model Sea level vs. Temperature (rel. to PD)

v

No ice on Grl or Ant (~ 70 m)

Glacial maxima (~ 100 m)
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Temperature, CO2, sea level 

Dutton et al. Science 2015

Click to edit Master title style
• Click to edit Master text styles

– Second level
• Third level

– Fourth level
» Fifth level

11/20/19 11

Click to edit Master title style
• Click to edit Master text styles

– Second level
• Third level

– Fourth level
» Fifth level

11/20/19 11

Twee graden doelstelling

11Krause et al. 1989
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Atmosphere

Ocean

Ice	sheet

Surface	mass	balance

Basal	mass	balance

Calving	flux

Solid	Earth

M
arine-term

inating	
glaciers

Ice	deformation
Ice	flow	approximation,	numerical	grid,	
boundary	conditions,	ice	viscosity,	…

Ice	thermodynamics
Heat	equation,	surface	temperature,	
geothermal	heat	flux,	…

Basal	sliding
Sliding	law,	basal	temperature,	basal	
hydrology,	basal	drag	coefficient,	…

Ice Sheets as part of the Earth system

Goelzer et al. 2017
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Tipping point?

Temperature
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+1.5 - 3
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Antarctica+Greenland

Antarctica more constrained, Greenland decay rate faster

Shepherd et al 2012

Click to edit Master title style
• Click to edit Master text styles

– Second level
• Third level

– Fourth level
» Fifth level

11/20/19 15

Click to edit Master title style
• Click to edit Master text styles

– Second level
• Third level

– Fourth level
» Fifth level

11/20/19 15

Click to edit Master title style
• Click to edit Master text styles

– Second level
• Third level

– Fourth level
» Fifth level

11/20/19 16

Click to edit Master title style
• Click to edit Master text styles

– Second level
• Third level

– Fourth level
» Fifth level

11/20/19 16

Greenland and Antarctica
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An ice sheet

17
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Why Changes in Antarctica?

Adapted from Mouginot et al. 2014
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Geometrical conditions Greenland and 
Antarctica

Fretwell et al,2013
Morlighem et al. 2017
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Where is the on-going change?

20
Rignot et al. 2008, 2011
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Dynamical imbalance

Vaughan and Arthern, 2007
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How can ice change it’s mass

accumulation

calving
 flow lines

241±38 km3/yr

524±21 km3/yr

 accumulation  = calving + ablation + bottom melt

sheet

shelf

equilibrium line

ablation
300±32 km3/yr

bottom melt
32±3 km3/yr

net balance -49 ± 54 km3/yr

Butressing effect

Lubrication effect

CLIMATE

DYNAMICS

22
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Surface meltwater of shelves

23Trusel et al. 2015

Pine Island ~ 0.2 m/yr

RCP8.5

RCP4.5
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Long-term projections

AR5

Medium Confidence <2100 Low Confidence>2100
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More attention to extremes

WMO, 2019
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Blue curve moves
as a function of time

time
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When HCE recur 
once per year on 
average

Black
Already now

White
After 2100
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Wrap up
• Sea level is a strong signal for emission reductions because of long 

term projections (Plan B)

• Accelerated Ice sheets mass loss

• Extremes are getting more and more important in the discussion

– Increased adaptation needed at many locations within decades

– Mitigation benefits large at mid-latitudes
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Current INDC 2.6 – 3.1 K 

Rogelj et al. 2016


