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Importance of glaciers 
• Glacier melt water influence over 1 billion people in Asia! 



Numerical ice flow models 

The common ice flow models are: 
• 1D depth-integrated shallow ice 

approximation models; 
• 2D shallow ice/first order (higher order) 

approximation models (flow line; flow 
band); 

• 3D shallow ice/first order 
approximation/full Stokes models; 



Difficulty in data acquisition 

At 5800 m a.s.l. Mt Everest, 2009 



Numerical models 
• 3D models 

 
• 2D first order flow line model (FLM) 
Finite Difference Method; 
Terrain-following coordinate transformation; 

 
• 3D full Stokes models (FSM);  
Finite Element Method; 
P2-P1 element for u, P1 element for T ; 



Physics basis of ice flow 



Boundary conditions 

FSM 

FLM 



Numerical experiments 
• ESD: Geometry induced 

 Steady-state thermo-mechanically decoupled modeling 
 Constant A and compute T once after u converges 
  Haut Glacier d’ Arolla and ice slabs, uniform width 

• ESC: Temperature induced 
 Steady-state (∂T/∂t = 0) thermo-mechanically coupled modeling 
 Update T every time after u with frozen/slip beds 
  Haut Glacier d’ Arolla, uniform width 

• ETC: Time induced 
 Transient (∂T/∂t ≠ 0) thermo-mechanically coupled modeling 
 Update T every time after u with frozen/slip beds 
  Haut Glacier d’ Arolla with different time periods, uniform width 



Numerical experiments 
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Model results: ESD 
Haut Glacier d’ Arolla 

FLM  generally underestimates horizontal velocity u 
FLM  underestimate ice temperature at the downstream basal ice 

ru rT 



Why FLM underestimates u field ? 

Stress balance: 

Shape factor: 

From (Adhikari and Marshall, 2012) 



Impacts of longitudinal stress 
Ice slabs with varied  lengths, 4 km, 6 km, 8 km 



Impacts of longitudinal stress 
Ice slabs with varied slopes, 0.1, 0.2, 0.3 



Why FLM has biased T field ? 

1. Velocity bias 
2. Model simplification 
3. Constant shape factor 

∂u/∂z difference between FSM and FLM 



Model results: ESC 
Temperature coupling could make some model improvements 

ru rT 



Model results: ESC 
Sliding parameter β  = 104 Pa a m-1 

Basal sliding could enhance the model discrepancies 

ru rT 



Model results: ESC 
Sliding parameter β  = 2×104 Pa a m-1 

ru rT 



Model results: ESC 
Sliding parameter β  = 4×104 Pa a m-1 

ru rT 



Model results: ETC 
Frozen bed, 100 years 

ru rT 



Model results: ETC 
Frozen bed, 1000 years 

ru rT 



Model results: ETC 
Slip bed, 100 years 

ru rT 



Model results: ETC 
Slip bed, 1000 years 

ru rT 



Discussion 

• Geometry: 
 FLM produces smaller u in general, probably due to the 

shape factor underestimations 
• Temperature: 
 FLM may become unreliable when glaciers become 

warm and temperate ice zones appear 
• Time: 
 Model time further increase the discrepancies between 

the FLM/FSM model results 



Conclusion 

• We should use FLM with cautions 
• It is more suitable when  
 Glaciers are long 
 Glaciers are flat 
 Glaciers are cold 
 Model time is short 

 
 
 



Thanks! 
 

Questions? 
& 

Suggestions? 
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