
Stochastic climate model 

(different time & length scales)



Brownian Motion: visible under the 
Mikroscope: Motion of particles

pulses, irregular
Living?
Pulses from all directions, random



Physics of the 20th century

• The matter the world is made of
• views: Elementary particles, quantum 

mechanics, relativity theory
• Limit of divisibility (Democritus, Aristotle): 

Matter is not a continuous whole: "The 
world cannot be composed of infinitely 
small particles".



Brownian Motion

Einstein,Orstein, Uhlenbeck, Wiener, Fokker, Planck et al.

dx/dt = f(x) + g(x) dw/dt



Brownian motion

is the random movement of particles, caused 
by their bombardment on all sides by 
molecules. 

This motion can be seen in the behavior of 
pollen grains placed in a glass of water

Because this motion often drives the 
interaction of time and spatial scales, it is 
important in several fields.



Following an idea of 
Hasselmann one can divide 
the climate dynamics into 
two parts. These two parts are 
the slowly changing climate 
part and rapidly changing 
weather part. The weather part 
can be modeled by a 
stochastic process such as 
white noise 



Climate variability • Brownian Particle: Climate
• Molecules: Weather



Distributions !

Extreme	events	and	synop$c	variability	in	the	
context	of	paleoclimatology			

e.g.	
Rimbu,	N.,	G.	Lohmann,	M.	Ionita,	2014:	Interannual	to	mulLdecadal	Euro-AtlanLc	blocking	variability	
during	winter	and	its	rela$onship	with	extreme	low	temperatures	in	Europe.	J.	Geophys.	Res.	Atmos.,	119,	
doi:10.1002/2014JD021983.	(link)	
		
Rimbu,	N.,	G.	Lohmann,	M.	Werner,	and	M.	Ionita,	2016:	Links	between	central	Greenland	stable	isotopes,	
blocking	and	extreme	climate	variability	over	Europe	at	decadal	to	mulLdecadal	Lme	scales.	Climate	
Dynamics,	doi:10.1007/s00382-016-3365-3	(link)		
		
Ionita,	M.,	P.	Scholz,	G.	Lohmann,	M.	Dima,	and	M.	Prange,	2016:	Linkages	between	atmospheric	blocking,	
sea	ice	export	through	Fram	Strait	and	the	Atlan$c	Meridional	Overturning	Circula$on.	ScienLfic	Reports	
6:32881,	DOI:	10.1038/srep32881	(link)	
		
Zhang,	P.,	M.	Ionita,	G.	Lohmann,	D.	Chen,	H.	Linderholm,	2016:	Can	tree-ring	density	data	reflect	summer	
temperature	extremes	and	associated	circula$on	paeerns	over	Fennoscandia?	Climate	Dynamics,		DOI	
10.1007/s00382-016-3422-y	
		
	

Probabilities

Climate

Brownsche Partikel: Klima
Moleküle: Wetter



 Predictability



  
  Coarse graining -> Stochastic



Lattice Boltzmann Method

l Simple “mesoscopic” rules yield 
complex behavior

l Recently established as CFD alternative 
in engineering

l Have been proven to simulate Navier-
Stokes equations

l Velocity space discretized
l Explicit method, simple update rule:

Function of
Fluid viscosity

Force
terms



Skandinavien

Westeuropa

Examples of Resolution
(global spectral model, zoom onto Europe)



Ocean circulation models 
and boundary conditions



"for the physical modelling of Earth's climate, quantifying variability 
and reliably predicting global warming"

"for groundbreaking contributions to our understanding of complex systems" 
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Attribution (model world)
greenhouse gas emissions

no greenhouse gas emissions

observed changes are consistent with 
modeled response to external forcing, 
inconsistent with alternative explanations

Nobel Price, 2021
Hasselmann



Attribution (model world)
greenhouse gas emissions

no greenhouse gas emissions

observed changes are consistent with 
modeled response to external forcing, 
inconsistent with alternative explanations

Critics:
• Time series too short
• Estimates of natural variability

based only on models 
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276 CHAPTER 8. BROWNIAN MOTION, WEATHER AND CLIMATE

Exercise 51 – Climate sensitivity and variability in the Stochastic Climate Model

As in exercise 50, imagine that the temperature of the ocean mixed layer of depth h is governed

by
dT

dt
= ��T + Qnet + f(t) , (8.44)

where the air-sea fluxes due to weather systems are represented by a white-noise process with

zero average < Qnet >= 0 and �-correlated in time < Qnet(t)Qnet(t + ⌧ ) >= �(⌧ ). The

function f(t) is a time dependent deterministic forcing. Assume furthermore that f(t) = c ·u(t)

with u(t) as unit step or the so-called Heaviside step function and solve (13.51). What is the

relationship of the dissipation (through � ) and the fluctuations (through the spectrum S(!)) ?

Solution

Since Q(t) is a stochastic process, it has to be solved for the moments. Because < Qnet >=

0, < T (t) > can be solved using the Laplace transform:

< T (t) > = L
�1

{F (s)}(t) = L
�1

⇢
< T (0) >

s + �
+

c

s
·

1

s + �

�
(8.45)

= T (0) · exp(��t) +
c

�
(1 � exp(��t)) (8.46)

because we have < T (0) >= T (0). As equilibrium response, we have

�T = lim
t!1

< T (t) >=
c

�
. (8.47)

The fluctuation can be characterized by the spectrum (exercise 50)

S(!) =< T̂ T̂ ⇤ >=
1

�2 + !2
. (8.48)

and therefore, the spectrum and the equilibrium response are closely coupled (fluctuation-dissipation

theorem).

Noise Forcing
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Stochastic climate model (Hasselmann, 1976)

microscope

particles
light

Disorderly, random motion 
collision with molecules



https://www.awi.de/fileadmin/user_upload/AWI/Forschung/Klimawissenschaft/Dyna
mik_des_Palaeoklimas/RandomSystems/index.html













https://www.awi.de/fileadmin/user_upload/AWI/Forschung/Klimawissensch
aft/Dynamik_des_Palaeoklimas/BrownianMotion/index.html

https://www.awi.de/fileadmin/user_upload/AWI/Forschung/Klimawissenschaft/Dy
namik_des_Palaeoklimas/RandomSystems/index.html



Climate Sensitivity: CS=











Displayed on a common 1/4o mesh

CMIP5 mesh

Satellite

CMIP6 (HiRes) mesh

Frontier mesh

Indistinguishable from observations!  

How realistic is the 
model?

Ocean velocity


