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Sea levels have been much higher than today with similar CO2 and temperatures   



Models struggle to simulate this retreat
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Grounding zone melt boosts ice sheet sensitivity

grounded
ice

bed
50 km

ocean

ice shelf
ice shelf

grounded
ice

ocean

       
50kmbed



Grounding zone melt boosts ice sheet sensitivity
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Grounding zone melt boosts ice sheet sensitivity
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Grounding zone melt boosts ice sheet sensitivity
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Significant seawater intrusion has 
dramatic consequences for ice dynamics



Melt feedbacks on seawater intrusions
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T2 = 1.9∘C (M = 0.38) T2 = 2∘C (M = 0.4)
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A small change in ocean temperature leads to a large response in grounding 
zone melting, with significant implications for ice dynamics 

with melt feedback
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prograde bedslopes can also have unbounded 
intrusion - less stable than we think? 

melt feedback makes unbounded intrusion easier on 
retrograde bedslopes - candidate mechanism to explain 

warm period retreat? 
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Models struggle to simulate this retreat
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MICI questioned, but still ice shelf collapse still real possibility

NASA

Lai et al. , 2020

NASA
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When ice shelves collapse — the biggest uncertainty in SLR projections?

What is SLR 
by 2100?

Which ice shelves collapse before 
2100 and when?

Edwards et al. 2021 — CMIP Sun et al. 2020 — ABUMIP (no ice shelves)
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Tensile resistive 
stress Rxx

Ice overburden 
pressure

Water pressure 
in crevasse

z d

Stress intensity = tensile resistive stress + water pressure + ice overburden 

Lai et al. results based on LEFM

Crevasse depth set by stress intensity = ice fracture toughness 150 MPa   F ≈
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— surface fracture
— surface fracture + vertical temp gradient
— basal fracture
— basal fracture + vertical temp gradient
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dimensionless resistive stress ∼ Rxx /H
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dimensionless resistive stress ∼ Rxx /H

thinning 
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dimensionless resistive stress ∼ Rxx /H

thinning 

‘CREVASSE TIMESCALE’

If a column of ice thins according to 
present day thinning rate , how 
long before unstable fracture occurs?

dH/dt
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less likely to crevasse

(1) surface crevasses less likely than basal crevasses(!)

(2) temperature profile really matters  

— surface fracture
— surface fracture + vertical temp gradient
— basal fracture
— basal fracture + vertical temp gradient

dimensionless resistive stress ∼ Rxx /H
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 to crevasse!?



Rxx = 2B(T )ϵ1/n
xx

: strain rateϵxx
: Glen flow coefficientn

: tensile resistive stressRxx

B(T)

-30 0-15

5

0

10

~ order of magnitude variation in viscosity 

across expected range of temperatures

Why is warmer ice less likely to crevasse?

Temp (C)

Stress intensity = tensile resistive stress + water pressure + ice overburden 



surface

base

Linear profile based on diffusion dominated heat transfer…

u . ∇T = ∇ . (κ∇T)

Pe =
H2 |u |

Lκi

…but really advection dominates

advection dominantdiffusion dominant
100 101 10210-110-2



Flowline description of ice shelf temperature (Sergienko et al. ,2013)
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Grounding line temperature 
advected downstream

basal temperature (freezing)

diffusive part, restricted to 
boundary layer of width ℓ =

κ
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along flow line co-ordinate 

dimensionless vertical co-ordinate 

appropriate for advection dominant flow
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Pine Island (high melt rates)

Flowline description of ice shelf temperature (Sergienko et al. ,2013)
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‘Crevasse timescale’

high melt rate  little absolute change in temp profile →
Crevasse timescale 38 yearsτ ≈

No melt change (dashed): 36 yearsτ0 ≈



‘Crevasse timescale’

low melt rate  large absolute change in temp profile →
Crevasse timescale 308 yearsτ ≈

No melt change (dashed): 200 yearsτ0 ≈
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: time to through-crevasseτ
: time to through-crevasse if 

temp profile does not change
τ0

EXPECT LARGE DIFFERENCE IN 
‘CREVASSE TIMESCALE’

COLD WATER (LOW MELT RATE) 
CAVITY ICE SHELVES
- Low thinning rates (high )
- Large adjustment temp profile (high )
- Low strain rates (high )

τ0
τ/τ0

τ

WARM WATER (HIGH MELT RATE) 
CAVITY ICE SHELVES
- Low thinning rates (high )
- Large adjustment temp profile(high )
- High strain rates (low )
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τ/τ0

τ



Pine Island (warm cavity)

102

‘crevasse timescale’

< 10 103 104

Ross (cold cavity)*

— missing data

*lower bound

EXPECT LARGE DIFFERENCE IN 
‘CREVASSE TIMESCALE’

COLD WATER (LOW MELT RATE) 
CAVITY ICE SHELVES
- Low thinning rates (high )
- Large adjustment temp profile (high )
- Low strain rates (high )

τ0
τ/τ0

τ

WARM WATER (HIGH MELT RATE) 
CAVITY ICE SHELVES
- Low thinning rates (high )
- Large adjustment temp profile(high )
- High strain rates (low )
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Melt feedback result in grounding zone tipping points 
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Very different ‘collapse’ timescales for 
cold and warm water ice shelves Temp profile change, thinning and strain rates all contribute



‘Sensitivity boosting’ in ice sheets: 
tipping points and time-scales aleey@bas.ac.uk

@abraleey

Alex Bradley with Ian Hewitt and C. Yao Lai
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Stress intensity 

Crevasse depth

Stress intensity = tensile resistive stress + water pressure + ice overburden 
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Stress intensity 
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Ice fracture toughness
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