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→ migration on water from the near field of the ice sheet to the far field
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GLACIAL ISOSTATIC ADJUSTMENT

The Antarctic Earth structure
Strong lateral variability in Antarctic viscoelastic Earth structure 

SO FAR : Most ice sheet models DO NOT 
CONSIDER THESE LATERAL VARIATIONS

→ WHAT IF WE USE A 
SPATIALLY-VARYING ELRA MODEL ?

• WAIS : Rift system with lower values of elastic lithosphere thickness (𝑇𝑒) and 
asthenosphere viscosity (η).

• EAIS : Continental cratonic lithosphere and asthenosphere.

→ Might play a crucial role in future evolution of the AIS!
Logarithmic upper mantle viscosity 𝜼 (Pa s) 

(Kaufmann et al., 2005)

Elastic lithosphere thickness (km) 
(Chen et al., 2017)

Sea-level fingerprints: Collapse of the West Antarctic

Rapid melting of an ice sheet leads to geographically variable 
sea-level (water depth) change

Elastic sea-level fingerprint of WAIS melt (normalized relative to the effective 
eustatic value of adopted ice history) (Hay et al., 2017)

Water migration from near field of the ice 
sheet to far field: Local sea-surface drop

STABILIZING INFLUENCE 
ON THE ICE SHEET! 

(Gomez et al., 2015)

Gravitational force exerted by smaller ice 
sheet on the ocean decreases.

Post-glacial rebound of 
unloaded crust

GRAVITATIONAL EFFECTEARTH-DEFORMATIONAL EFFECT

Ocean floor uplift

Combination of bedrock and local sea-surface response

• Strong influence on timing and extent of future retreat

• Accelerates or delays external climate forcing!

• Significant impact on future AIS retreat on centennial and millennial timescale

• Influence on ice sheet evolution depends climate forcing strength

① Delay of WAIS collapse 
➔ Stabilizing effect

Including lateral variability in 
Antarctic viscoelastic Earth structure 

SENSITIVITY TO 
SOLID EARTH RESPONSE

SENSITIVITY TO LOCAL 
SEA-LEVEL RESPONSE

Modified from Watts (1983)
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ELASTIC LITHOSPHERE
Equilibrium shape of deformation 
for a point load 𝑞 for a characteristic 

flexural rigidity 𝑫𝒃
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VISCOUS ASTHENOSPHERE
Time response of deformation 

computed from past load history for 
a characteristic relaxation time 𝝉

SIMPLIFIED MODEL
Time-lagged 

relaxation towards 
equilibrium

ELASTIC LITHOSPHERE - RELAXING 
ASTHENOSPHERE MODEL

①

②

Logarithmic Flexural Rigidity 𝐷𝑏 (N m) 

Literature value : 1025 N m

Logarithmic Relaxation Time 𝜏 (yr)

Literature value : 3 kyr
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SPATIALLY-VARYING ELRA MODEL 

N is adjusted by the conservation of mass
constraint to obtain sea-level change

Normalized change in local sea-
level computed for rigid earth

Mitrovica et al. (2011)

GREEN FUNCTION OF GEOID FOR A RIGID EARTH
(Farrell and Clark, 1976)

→ Indicate the change 
in geoid in response to 

a point mass change
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𝑎 = 𝐸𝑎𝑟𝑡ℎ 𝑟𝑎𝑑𝑖𝑢𝑠
𝑀𝐸 = 𝐸𝑎𝑟𝑡ℎ 𝑚𝑎𝑠𝑠
𝜃 = 𝐶𝑜𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒

Example: Collapse of West Antarctic Ice Sheet

Convolution of Green function with all 
masses → net change in geoid 𝑁

𝐸𝐸𝑉 = 𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐸𝑢𝑠𝑡𝑎𝑡𝑖𝑐 𝑉𝑎𝑙𝑢𝑒
𝑉𝐷 = 𝑂𝑐𝑒𝑎𝑛 𝑑𝑒𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 𝑑𝑢𝑒 𝑡𝑜 𝑁

𝐴𝑜 = 𝑂𝑐𝑒𝑎𝑛 𝑎𝑟𝑒𝑎

①

②

Earth rotational effect not considered

Computational 
efficiency !

SIMPLIFIED EARTH MODEL
Hay et al. (2017)

SOLID EARTH RESPONSE GRAVITATIONALLY CONSISTENT SEA-LEVEL RESPONSE

Whitehouse et al. (2019)

Feedback between GIA processes and ice dynamics 

       

Viscoelastic 
uplift: decadal 
to centennial 

timescale

𝑆𝐿 = 𝑁 + 𝐸𝐸𝑉 −
𝑉𝐷
𝐴𝑜

VISCOELASTIC EARTH RESPONSE LOCAL SEA-LEVEL RESPONSENEAR-FIELD SEA-LEVEL FINGERPRINTS OF WAIS MELT

Simple Earth Model

Laterally-varying ELRA (4500 CE)Literature ELRA (4500 CE) Laterally-varying ELRA + Fingerprints Laterally-varying ELRA

Sea-level response

Literature ELRA (5500 CE)

Literature ELRA + Fingerprints (5500 CE) 

Sea-level response

Difference between Laterally-varying 
ELRA and Literature ELRA (7000 CE) 

A simplified Earth model - combination of spatially-varying ELRA 
model and gravitationally-consistent local sea-surface response -
approximates near-field sea-level fingerprints around the AIS

Considering this simplified Earth model 

Weak Earth structures: bedrock uplift initiates 
grounding-line re-advance

Retreat 
delayed 
as 𝜏 ↘

Acceleration of grounding-line 
retreat in EAIS marine sectors

RCP 6.0 and lower: Sea-surface drop associated with 
WAIS retreat reduces future sea-level rise 
contribution from the Antarctic Ice Sheet

Weak Earth structures (𝐷𝑏 & 𝜏 ≪) lead to smaller ice 
discharge (less grounding-line retreat)

CONCLUSIONS

➔ Stabilizing effects for weak forcing and re-enforcing effects for high-emission scenarios!

WAIS 
(weak Earth structure) 

Stabilizing effect in marine 
sectors

EAIS 
(rigid Earth structure)

Re-enforcing effect in marine 
sectors

Including gravitational effect on local 
sea-surface 

② Acceleration of grounding-line retreat in EAIS 
marine sectors ➔ Re-enforcing effect

Reduces future AIS mass 
loss for RCP 2.6, 4.5 and 6.0

Enhances future AIS mass 
loss for RCP 8.5
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