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Talk outline

Introduction/motivation

Ice sheet model: a building block for experiments to make 
quantitative future predictions of the ice sheets

Statistical model: a framework for designing experiments to 
make quantitative future predictions of the ice sheets



‘Model’ – an overloaded word

Some examples of models:
• DEM (digital elevation model)
• Ice sheet model (or simulator)
• Statistical model
• Kate Moss• Kate Moss
Better to say ‘simulator’ or ‘computer model’ or ‘ice sheet 

model’ than simply ‘model’ when referring to a model 
that simulates ice sheet dynamics by using a computer 
to solve equations



Motivation: What the Intergovernmental Panel for 
Climate Change (IPCC) had to say…

• “Dynamical processes related to ice flow not included in 
current [computer] models but suggested by recent 
observations could increase the vulnerability of the ice 
sheets to warming, increasing future sea level rise. 
Understanding of these processes is limited and there is 
no consensus on their magnitude.” IPCC, 2007no consensus on their magnitude.” IPCC, 2007

• In other words, the ice sheet models used prior to 2007 
could not represent some important processes that 
may lead to significant sea level rise

• This motivates 2 big projects to improve model-based 
predictions of future ice sheet contribution to sea level: 
SeaRise (in America) and Ice2Sea (EU)



Marine ice sheet instability and grounding 
line motion



Greenland 
outlet 
glacier 

speedup
(Rignot, 
2006)



Simulator=reality?
Simulator: Reality:

No, not really.



Sources of error in simulator 
predictions

• Simulator structure (choice and form of equations to be 
solved, missing physical processes)

• Incorrect initialisation or forcing data (e.g. initial ice 
thickness and temperature structure)

• Values of ‘tunable’ parameters• Values of ‘tunable’ parameters
• Problems with numerics (e.g. truncation error)
• Bugs in the code or compiler



Can a simulator make a useful prediction 
about real ice sheet behaviour?

Potentially, if:
1. The simulator’s outputs relate to properties of the real 

system
2. The simulator has been initialised appropriately
3. The simulator has been validated
4. The simulator has been verified

Still need to intelligently handle errors if we want to make a 
quantitative prediction



Verification and validation
Verification:
• The simulator does what you think 

you’ve told it to do
How to verify the simulator:
• Comparison against analytical 

solutions or known good models
• Independence of numerics (e.g. grid 

resolution)
• Highly idealised experiments for which 

behaviour is intuitively clear

Validation:
• The simulator outputs closely agree 

with real system behaviour
How to validate the model:
• Run the simulator for a period over 

which observations of the real system 
are available, and compare simulator 
outputs against observations.

Why it might fail validation:
• Simulator structure (choice and form of behaviour is intuitively clear

Why it might fail verification:
• Problems with numerics (e.g. 

truncation error)
• Bugs in the code or compiler

• Simulator structure (choice and form of 
equations to be solved, missing 
physical processes)

• Incorrect initialisation or forcing data 
(e.g. initial ice thickness and 
temperature structure)

• Values of ‘tunable’ parameters
• Problems with numerics (e.g. 

truncation error)
• Bugs in the code or compiler
• Observational error



A crucial finding is the strong dependency of 
models using a fixed grid on numerical details 
such as the horizontal grid size . This implies 
that we should be very wary about grounding 
line predictions from such models.

Andreas Vieli and Tony Payne “Assessing the ability of numerical ice sheet 
models to simulate grounding line migration” JGR 2005



Adaptive Mesh Refinement

Nests, doubling 
resolution
dx = 6.3km, 
dx = 3.1km, 
dx = 1.6km  

Base domain 
dx = 12.5km

dx = 1.6km  
etc… 



Steady state grounding line position with 
progressively doubling resolution

Mesh refinement with g.l. 

retreat

Fixed grid with g.l. 
parameterisation
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Moving grid

Schoof solution

Resolution

12.5km 400m 25m

Mesh refinement with g.l. 
feedback and g.l. 
parameterisation

advance
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In the absence of a statistical 
model/framework…

The scientist simply tunes the simulator parameters, maybe 
even validates the simulator against observations, then 
runs the simulator (perhaps several times) and presents 
the prediction.

This implies either:
• Perfect simulator assumption (this is certainly wrong for • Perfect simulator assumption (this is certainly wrong for 

every simulator I’ve worked with so far).
Or:
• Model predictions are simply ‘plausible’, not necessarily 

even likely, and should not be treated as quantitative 
predictions.  This does still have some value…



Using an ice sheet model to investigate 
alternatives to the ‘Zwally’ hypothesis



accelerations of 10-20%, 
coincident with periods of 

Zwally et. al (2002)

coincident with periods of 
increased surface melting 



horiz. velocity
model: ~35 cm day-1

obs: 32 cm day-1

horiz. velocity
model: ~25 cm day-1

obs: 25 cm day-1

Initial, steady-state for isothermal model (Ubed / Usfc = 0.3)

km downstream from SC          



A

polythermal model, U bed / Usfc = 0.8

A

~12 km**From model, we conclude that 2x acceleration init iated 7-12 km downstream 
from SC could be responsible for the accelerations observed at SC **



What is a ‘statistical framework’?

In the current context, a statistical framework or model is a way of 
describing the relationship between an ice sheet model and the real 
system.  This framework is used , along with the ice sheet model 
and observations of the real system, in the design of computer 
experiments .  The computer experiment provides some information 
about the real system, such as a quantitative prediction of the future 
contribution of the ice sheets to sea level.  This usually involves 
carrying out and analysing ensembles of simulations.carrying out and analysing ensembles of simulations.

Ensembles of simulations are becoming more common in climate 
modelling and ice sheet modelling, but a statistically rigorous 
approach is not always taken and outcomes can depend strongly on 
experimental design.



Structuring and quantifying the relationship 
between simulator and real system

A possible approach to describing 
structural uncertainty is the best input 
approach with Gaussian form for the 
error distribution.  

One approach is to break down the 
discrepancy (between simulator 
outputs and system values) into 
‘parametric’ and ‘structural’ 
uncertainty by assuming that there uncertainty by assuming that there 
exists a ‘correct’ set of parameter 
values. It then follows from the 
definition of conditional probability 
that:

Prescribing the structural error variance 
matrix is challenging, but allows the ice 
sheet modeller’s expert judgements on 
the model to be formally captured



Learning about parametric uncertainty: 
tuning or calibration?

Traditional approach:
• Tune the model (typically by intuitive adjustment of the 

parameters) to find a single set of parameters that give a good 
match to observations

Bayesian calibration provides a formal means of using observations to 
learn about likely parameter valueslearn about likely parameter values

1. Use expert judgement to define a prior distribution over parameter 
space (can be uniform distribution)

2. A combination of simulations and observations can be used to 
generate a likelihood function for a given parameter set (whereas 
"probability" allows us to predict unknown outcomes based on 
known parameters, "likelihood" allows us to estimate unknown 
parameters based on known outcomes)

3. A posterior distribution over parameter space can be calculated 
from the prior and the likelihood function using Bayes theorem



Validation or calibrated prediction?

Traditional approach:
1. Validate the tuned ice sheet model (preferably not with the same 

data set used to tune it)
2. Make a point prediction (i.e. a single simulation) of future ice sheet 

behaviour (this is actually a crude form of calibrated prediction)

All-Gaussian Bayesian calibrated prediction (and this is certainly not All-Gaussian Bayesian calibrated prediction (and this is certainly not 
the only way to go) is not explained in detail here but makes use of:

• Probability calculus 
• Expert knowledge captured in the structural error variance matrix 
• Observations
• An ensemble of ice sheet model runs
• Explicit statement of assumptions
The result can be presented probabilistically over key system variables 

(ultimately, in our case, sea level rise).



Further reading

A good (but unfinished) overview:
http://en.wikipedia.org/wiki/Computer_experiment

A more complete but somewhat technical introduction to 
the statistics:the statistics:

http://www.maths.bris.ac.uk/~mazjcr/modelLimitations.pdf

A good book on the subject:
Santner, Thomas (2003). The Design and Analysis of 

Computer Experiments. Berlin: Springer. ISBN 
0387954201. 



Observations of ice sheets

Observations can be used to:
• Build/extend the simulator’s structure (learn about and 

quantify real processes represented by the simulator)
• Initialise the simulator
• Tune the simulator (learn about parameter space)• Tune the simulator (learn about parameter space)
• Validate the simulator (show that it does an acceptable 

job of reproducing reality)

Note: if you have used a data set to construct and or tune 
the model, it is not statistically valid to use the same data 
set to validate the model.



Dye tracing through the marginal regions of the Greenland 
ice sheet (summer 2009) can help us to learn about basal 
hydrological processes to be represented in the simulator.



Antarctic ice sheet thinning rates (rates shown are 
derived from ICESat) can be used as targets for 
simulator tuning or validation



Future simulator developments

• Grid refinement and grounding line 
parameterisations to be implemented in 
full 3d ice sheet models, should solve 
grounding line issue enabling marine ice grounding line issue enabling marine ice 
sheet predictions

• Not sure about greenland, but higher order 
dynamics should help a bit…



What can be done for the next IPCC 
report (AR5)?

• SeaRise – try to quantify worst case scenario by 
prescribing extremes for processes not currently well 
represented in the models

• Ice2sea – model developments to improve predictions, 
starting to think about quantifying uncertainty, but 
Ice2sea will outlive the AR5 deadlineIce2sea will outlive the AR5 deadline

• Not yet clear whether a formal statistical framework will 
be used in either project

• Robust quantitative predictions should be achievable for 
the AR6 (personal opinion)



Summary

In order to make predictions about the contribution 
of ice sheets to sea level rise that will be both 
rigorous and informative to policy makers we 
need:

• Developments to the simulators themselves 
(such developments are well underway)

• To establish a statistical framework for making 
predictions using ice sheet simulators


