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Climate change: From basic nonlinear 
physics to policy-relevant science. 



Suki Manabe: 2021 Nobel Prize for Physics



F = ma  E = ω

Comprehensive weather and climate models are based 
on the primitive laws of physics eg

δQ = TdS



We need climate models for:

• Understanding (Of course!)

• Mitigation (How to transition to a decarbonised society.)

• Adaptation (How to make society more resilient to changing extremes of 
weather?)

• Attribution (Were observed weather events caused by climate change?)

• Geoengineering (Is there a Plan B?)

But is it all just computing?



Model Hierarchy
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Charney
Quasi-geostrophic model 

of midlatitude flow

Gill model of tropical 
atmosphere. 

Cane-Zebiak model of El 
Nino  

Stommel box model of 
thermohaline circulation   

3-dimensional 
state space

Intermediate complexity



Sensitivity of Lorenz 1963 to initial conditions

The fractal Lorenz attractor
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dX
dt

= F[X]

⇒
dδ X
dt

= dF
dX

δ X

⇒  the growth of 
small perurbations 
depends on X
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Take anticipatory action when probabilities of 
extreme weather exceed a predetermined threshold. 



Dynamical Core Parametrisations

   
ρ ∂

∂t
+ u.∇

⎛
⎝⎜

⎞
⎠⎟

u = ρg −∇p + µ  ∇2u

  P XTr ;α( )

Resolved scales Unresolved scales

D = P



grid box grid box

Parametrisation based on the assumption that the 
world looks like this…

C.f. Statistical Mechanics



Navier Stokes
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If u(x,t) is the velocity field and p(x,t) is the pressure field
associated with a solution to the Navier-Stokes equations, 
then so is

uτ (x,t) = τ −1/2u( x
τ 1/2 , t

τ
),

pτ (x,t) = τ −1p( x
τ 1/2 , t

τ
)

where τ > 0 is a dimensionless scaling parameter. 



The reality of the situation
(consistent with power-law structures)

grid box grid box



Dynamical Core 
Stochastic 

Parametrisations
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Nature Reviews Physics



Adding noise to Lorenz 63 equations helps stabilize the regimes
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Regime significance

Simulating Regimes in Comprehensive 
Climate Models

Dawson et 
al, 2012

As potential wells, the regimes in 
contemporary climate models are 

too shallow. Both enhanced resolution topography and stochastic 
parametrisations help improve regime significance.

Model resolution





Policy-relevant climate modelling is 
computationally expensive

• High-resolution stochastic atmosphere-ocean dynamical cores
• Ensembles
• Representations of cryosphere, biosphere, chemical cycles

How can we make models cheaper?

Do we need 64-bit precision (default for traditional scientific computation) if 
the computational equations are stochastic?

Currently available HPC constrains what is possible



Explosion of AI has seen development of 16-bit chips  
Can we run high resolution climate models with 16-bit floating-point numbers?

Potential for a substantial (32 times) speed up? 

Too periodic!



3-bit 
deterministic

1-bit 
deterministic

1-bit 
stochastic 

Noise can be a positive resource!



Milan Klouwer

64 bit floats

16 bit floats 

16 bit floats with 
stochastic rounding

Integration of Shallow-Water Equations



Nature 2015



Dynamical Core 
Stochastic 

Parametrisations
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Could Quantum Computers Help? Maybe.

Work in progress:



Physics World

Nature
Il Sole 24



The science of uncertainty + 
ensemble prediction applied to:

• Weather and climate
• Economics
• COVID prediction
• Conflict prediction
• Quantum physics
• Human creativity
• Free will

Comes out in the autumn!


