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D = P

The Canonical Numerical Ansatz 



 grid box  grid box 

é ie the world looks like this 



 grid box  grid box 

é then the Canonical Numerical Ansatz for 

solving the underlying PDEs   

would be well posed 

é or this 



But reality is 
ƳƻǊŜ ƭƛƪŜ ǘƘƛǎΧ 
(Nastrom and 
Gage, 1985)!  



The reality of the situation 

grid box  grid box 

 cannot be described by a simple deterministic formula  



Small 
tendency 

Medium 
tendency 

Large 
tendency 

Coarse-graining                       
(Shutts and Palmer, 2007) 

 
!ǎǎǳƳŜ ¢мнтф όмсƪƳύ ƳƻŘŜƭ Ґ άǘǊǳǘƘέΦ  
 
Assume  T159  coarse-ƎǊŀƛƴ άƳƻŘŜƭέ ƎǊƛŘΦ  
 
Bar= Subset of T159 total temperature 
parametrisation tendencies driven by 
T1279 coarse-grain fields. 
 
CurveҐ /ƻǊǊŜǎǇƻƴŘƛƴƎ άǘǊǳŜέ ǎǳō-T159-
scale tendency conditioned on T1279 
coarse-grain averaged fields. 
 
Ie when the parametrisations think the 
sub-grid pdf is a thin hat function, the 
reality is a much broader pdf.  
 
The standard deviation increases with 
parametrised tendency ς consistent with 
multiplicative noise stochastic schemes.  

Callado-Palarès and Shutts, 2013.  
 



9ŀǊǘƘΩǎ ¢ƻǇƻƎǊŀǇƘȅ Ƙŀǎ tƻǿŜǊ [ŀǿ {ǘǊǳŎǘǳǊŜ ¢ƻƻ 
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Å Discretisation errors 
Å Convergence errors 
Å Round-off errors 

Å Errors in the functional form of P 
Å9ǊǊƻǊǎ ƛƴ ǘƘŜ ŀǎǎǳƳŜŘ ǾŀƭǳŜǎ ƻŦ ʰ 



Dynamical Core  Parametrisations  

Truncation Scale (7 to 8 orders of 
magnitude above viscous scale!) 

Resolved scales Unresolved scales 
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Dynamical 
Core 

 ñPhysicsò 

Computationally cheap 

stochastic-dynamic 

model providing 

specific realisations of 

sub-grid processes  

bƻǘ ǎǳŎƘ ŀ άōǊƛŎƪ ǿŀƭƭέ ƛƴǘŜǊŦŀŎŜΦ hƴƭȅ ƳŀƪŜǎ ǎŜƴǎŜ ƛƴ 
an ensemble context. But forecasts should only made in 

an ensemble context in any case! 



Probability of an ñonòcell 

proportional to CAPE and 

number of adjacent ñonò cells 

ï ñonò cells feedback to the 

resolved flow 

Stochastic  

Cellular 

Automaton 

for 

Convection 

Palmer 1997 



 Stochastic Cellular Automata 



Stochastic multicloud model based on a Markov chain lattice 
model. An extension of an Ising-type spin-flip model used for 

phase transitions in material science  



ÅMultiplicative 
Noise ς όмҌʶύt 
ÅOperational since 

1999 
ÅImproved forecast 

reliability 
ÅReduced 

systematic error 

Originally based on CA 
pattern generators, 

now spectral.  
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Assume Y 
unresolved 

Approximate 
sub-grid 
tendency by U 

Deterministic: U = Udet  
 

Additive: U = Udet + ew,r 
 

Multiplicative: U = (1+er) Udet 

 

Where: 
Udet = cubic polynomial in X 
ew,r  = white / red noise 
Fit parameters from full model 

Skill in simulating climate pdf 

Arnold et al, 2013  

Worse 



Stochastic Parametrisation  

Triangular 

Truncation  

Partially Stochastic   

AǊŜ ǿŜ άƻǾŜǊ-ŜƴƎƛƴŜŜǊƛƴƎέ ƻǳǊ ŘȅƴŀƳƛŎŀƭ ŎƻǊŜǎ ōȅ 
using double-precision bit-reproducible 
computations for high wavenumbers?  



iv Towards the cloud-resolved model  

Problem: 

 

Models make inefficient use of 

available HPC capability (elapsed 

time < 10% of peak time) and HPC 
is itself becoming increasingly 

energy intensive and hence 

expensive (100MWs for a bit 

reproducible exaflop machine?!) 



Triangular 

Truncation  

 Reduced Precision 

arithmetic 



Motivation 

ÅMove less information 
 

real(kind=8)  :: a    ! I am 8 Bytes  

real(kind=4)  :: b    ! I am 4 Bytes  

 
ÅFit more information into cache 
 
ÅLower precision arithmetic is faster 

 

a = a+a- a*a*a    ! Wow, time flies!  

b = b+b- b*b*b    ! T hat was fast!  

Oliver Fuhrer -  Met Swisse 



In terms of speed, energy 

consumption and size, 

inexact computer chips like 

this prototype, are about 15 

times more efficient than 
today's microchips. 

This comparison shows frames produced with video-processing software on traditional processing elements (left), 

inexact processing hardware with a relative error of 0.54 percent (middle) and with a relative error of 7.58 percent 
(right). The inexact chips are smaller, faster and consume less energy. The chip that produced the frame with the 

most errors (right) is about 15 times more efficient in terms of speed, space and energy than the chip that 

produced the pristine image (left). 

Superefficient inexact chips  

Krishna Palem. 

Rice, NTU 

Singapore 

http:// news.rice.edu/2012/05/17/computing-experts-unveil-superefficient-inexact-chip/ 



Towards the Stochastic 
Dynamical Core?  

Inexactness of chip  

Triangular 

Truncation  



Emulator of Stochastic Chip/Reduced Precision 

10% probability of bit flip  

The emulator is used on 50% of numerical workload: 
 
All floating point operations in grid point space 
 
All floating point operations in the Legendre transforms between wavenumbers 31 and 85.  
 
Cost approx that of T73 
 

50% probability of 
bit flip  



Imprecise L96 is more accurate than 
parametrised L96 

 
Hugh McNamara personal communication 

20% fault rate on Y variables 



Weather forecasts with imprecise processing 

Peter Düben, Personal Communication 


