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• Noise-induced transitions
– Seen in laboratory rotating fluid experiments
– A mechanism for stratospheric polar vortex splits?

• Noise-induced rectification (or drift)
– Stommel’s mixed-layer demon in an ocean general 

circulation model

• Noise-induced variability
– Excitation of El Niño oscillations in a coupled 

general circulation model



Noise-induced transitions
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(Wang et al. 1999)

Thermohaline circulation transitions

Gradual increase in 
the imposed fresh 
water flux into the 

North Atlantic in an 
ocean general 

circulation model with 
idealised geometry: Time (years)



Noise-induced transitions

Seen in laboratory rotating fluid 
experiments



(Read et al. 1998)

The rotating annulus

(Williams et al. 2003) 
(Dalin et al. 2004)(Ravela et al. 2009)





(Most of) the gravity-wave spectrum 
is unresolved in climate models…
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scale motions
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gravity 
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(van der Hoven 1957)
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The rotating annulus





short-scale 
inertia-gravity 

waves

large-scale 
baroclinic 

wave

(Williams et al. 2008)
www.youtube.com/ 
RotatingAnnulus



Simple flow regimes are exhibited

(Williams et al. 2010)



‘Noise’-induced transitions in the lab

without 
gravity 
waves:

with 
gravity 
waves:



additive 
global 

uniformly-
distributed 
white noise 

(purely 
baroclinic)

Crude stochastic gravity-wave 
parameterisation in the 

quasi-geostrophic (QG) equations

+ η

– η

advection Ekman layer dissipation lid

where:
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Impacts of the random noise

upper-layer potential vorticity at mid radius



Impacts of the random noise

(Williams, Haine & Read 2004)

upper-layer stream function



30-member ensembles initiated 
identically near 1↔2 boundary

(Williams, Haine & Read 2004)



‘Noise’-induced transitions in the lab

without 
gravity 
waves:

with 
gravity 
waves:

Ω (rad/s)

Ω (rad/s)

3.4

2.7



Noise-induced transitions

A mechanism for stratospheric 
polar vortex splits?



Arctic polar vortex split



Antarctic polar vortex split

Ricaud et al. (2005)



Venus’s south polar vortex
12th
April 
2006

13th 14th

16th 17th 19th

“The dipole coquettishly became a tripole for a while”
(F. Taylor 2010; A&G)



A simple conceptual model
To explain stratospheric vacillations, Holton & Mass (1976) proposed a quasi-
geostrophic model of the nonlinear interactions between the zonal-mean zonal flow 
(U) and a large-scale wave (X, Y).  The model exhibits bi-stability.

Ruzmaikin et al. (2003) coarsely discretized the model in height to obtain

where h = planetary wave forcing (geopotential height perturbation at tropopause)
Λ = UR / ∆z = vertical shear of radiative equilibrium flow.

The qualitative dynamics are unaltered and the bi-stability is retained by the coarse 
discretization.



Regime diagram

2 stable 
states:

1 stable 
state:

1 stable 
state:



Equilibrium solutions for Λ = 1 m/s/km

stable

unstable

stable



Add gravity-wave drag noise

Gaussian white noise:

Birner & Williams (JAS; 2008)



Typical solution for U(t)
noise activated

First 
Passage 

Time 
(FPT)

Birner & Williams (JAS; 2008)



Λ = 1m/s/km
h = 200 m
σa = 1 m/s/day

Distribution of First Passage Times

PDF of 
FPT

PDF of 
log(FPT)

median = 70 days

Birner & Williams (JAS; 2008)



Median First Passage Time (MFPT)

σa

Birner & Williams (JAS; 2008)



Cumulative distributions of FPT

median
mode

mean

2 months

1 month

3 months

Birner & Williams (JAS; 2008)



Transition probabilities

threshold
10 days

threshold
100 days

σa

Birner & Williams (JAS; 2008)

threshold
20 days



Fokker-Planck equation

(e.g. Sura, 2002; Sura et al., 2005)

For a system governed by

the F-P equation is

X

X
X



Evolution of p(x,t)
U

when σa = 3 m/s/day

X

Y

days

Birner & Williams (JAS; 2008)



Noise-induced rectification (or drift)

mean state 
without noise

mean state 
with noise

Stommel’s mixed-layer demon in an 
ocean general circulation model



• Air-sea moisture fluxes contain structures too small to 
be explicitly captured by coupled climate models

• To mimic the impacts of these structures, perturb E–P
with uncorrelated multiplicative noise drawn from 
U(0.5,1.5) and compare to a control run

• Use the SINTEX-G coupled GCM
– atmosphere is ECHAM4.6 @ T30L19

– ocean is ORCA2 (OPA8.2) @ 2° x 0.5-2° x 31 levels

– sea-ice is LIM

– coupler is OASIS2.4 with flux exchange every 3 hours

• 100-year integrations initiated from the Levitus (1982) 
ocean observations

Coupled GCM experiments



Conjectured impacts

equator ~30°N

3) Hadley cell 
weakens, 
giving…

tropo-
sphere

mixed 
layer

ocean 
interior 1) mixed layer 

deepens

2) surface 
ocean cools

4) reduced 
precipitation 
over ITCZ, 

and…

5) increased 
precipitation in 
the subtropics

(Williams 2010)



Net upward water flux (control)
mm/day

(Williams 2010)



Net upward water flux (anomaly)
mm/day

(Williams 2010)



Noise-induced variability

Excitation of El Niño oscillations in a 
coupled general circulation model



Coupled GCM experiments
• FAMOUS (Jones et al 2005) is a coarse-resolution 

version of HadCM3:
– atmosphere: 7.5°x 5°x 11L x 1 hour
– ocean: 3.75°x 2.5°x 20L x 12 hour

• Unlike in HadCM3, there is no ENSO in FAMOUS
• Compare three FAMOUS runs, each lasting 2000 years:

– a control run
– a run in which the vertical diffusion coefficient in the ocean 

mixed layer is perturbed by multiplicative noise drawn from 
U(-0.1, +0.1) with a decorrelation timescale of ~20 days but 
no spatial correlations

– the same, but with depth-coherent noise

• This is a crude stochastic representation of diapycnal
mixing caused by mesoscale eddies



Niño-3 power spectra

(Joshi, Williams & Smith 2010)



Summary

• Noise-induced transitions are seen in 
laboratory rotating fluid experiments

• Noise induced transitions are a plausible 
mechanism for stratospheric polar vortex splits

• Noise-induced rectification of the ocean mixed 
layer via Stommel’s demon is seen in an ocean 
general circulation model

• El Niño oscillations are excited by stochastic 
noise in a coarse coupled general circulation 
model that otherwise lacks an ENSO cycle




