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Summary 29-9-2020: SST variability

The red noise spectrum serves as a null-hypothesis for SST variability!

dXt = ��Xtdt+ �dWtOcean mixed layer temperature:

Continuous: Ornstein-Uhlenbeck process
Discrete: red noise or AR(1) process

Wiener process

Xt = e��t(X0 + �

Z t

0
e�sdWs)



Period (years)

‘Energy’

Understanding Dansgaard-Oeschger events?

Mitchell, 1978

Clement et al., Rev. Geophysics (2008)



Spectral characteristics 

Schultz, Paleoceanography (2002)

13-50 kyr BP same but omitting 
31-36 kyr BP

red noise spectrum

Which processes determine the preference  
for the millennial time scale? 



Abraham, R. H. and Shaw, C. D., 
Dynamics, the Geometry of Behavior,  

(1988)

Dynamical systems approach

The Taylor-Couette Flow 



Taylor vortices wavy vortices

Transition behavior   

Taylor vortices Wavy vortices



Geometry of motion! 
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Dynamical systems theory   

Steady --> Periodic --> Quasi-periodic --> … --> Irregular (Chaotic) … -> Turbulent

Bifurcation Theory Ergodic theory
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Earth System Models
(CMIP4, 5 and 6)

Conceptual Models

# Scales

# Processes

Earth System Models of 
Intermediate Complexity 

(EMICs)

Climate Box Models

Intermediate Complexity 
Ocean/Atmosphere models

High- resolution 
Climate Models

chapter 6

Application to Climate Variability

‘Minimal’ Model: 
‘just enough’ processes to capture phenomenon under study



Stochastic dynamical systems approach    

Hierarchy of 
models

Behavior (statistics) 
over the  

full parameter  
space

Geometrical  
view of motion

Dynamical system

One person’s signal is another person's noise



Global 
Climate Models

Conceptual Models

Level of 
Realism

Level of Understanding

Observations

Theory   
development

increasing 
understanding

increasing 
realism

commitment  to
extensive data 

analysis

commitment  to
extensive additional 

modeling

Important aspect: 
“determining 

causal relations”
 

Important aspect:  “tracing 
mechanisms through  the model 

hierarchy”

Towards understanding …



Question time



Climate variability on Greenland during the last 
100,000 years

Clement et al., Rev. Geophysics (2008)

time (kyr)



Wind stress



Surface Circulation 



Heat Flux 



Fresh water flux 



Along Atlantic N-S section:  

 Salinity 
(ppt)

Temperature
(C)



Meridional Overturning Circulation (MOC)  

MOC: Volume transport in latitude/depth  (is observable) 
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Meridional overturning streamfunction (Sv)

Model determined

latitude



Changes in the MOC

Smeet et al., Ocean Science, (2014)

observations (RAPID-MOCHA)�
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z

mean ~ 19 Sv 
sd ~ 5 Sv



Connection MOC and meridional heat 
transport 

Johns et al., JClim, (2010)



The Stommel model

Stommel, Tellus, (1961)

Tp, SpTe, Se
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Cessi, JPO, (1994)



Dimensionless model
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Dynamical systems: theory 

dx

dt
= f(x, t,�)
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<latexit sha1_base64="42DE+VWEYsykyJI7c9qLtlH7Eq4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSESqeil48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWusBr0m/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y/eXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfP7OOjWY=</latexit><latexit sha1_base64="42DE+VWEYsykyJI7c9qLtlH7Eq4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSESqeil48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWusBr0m/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y/eXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfP7OOjWY=</latexit><latexit sha1_base64="42DE+VWEYsykyJI7c9qLtlH7Eq4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSESqeil48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWusBr0m/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y/eXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfP7OOjWY=</latexit><latexit sha1_base64="42DE+VWEYsykyJI7c9qLtlH7Eq4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSESqeil48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWusBr0m/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y/eXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfP7OOjWY=</latexit>

state vector

vector field

parameter

time

x 2 Rd ; d :
<latexit sha1_base64="2BIt8kn5o1axav7CdL0/2JR0Akk=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSiKCopuiG5dV7AOaWGYmk3boZBJmJmIJce/GX3HjQhG3foA7/8ZJm4W2HrhwOOde7r0Hx5wpbdvf1tz8wuLScmmlvLq2vrFZ2dpuqSiRhDZJxCPZwUhRzgRtaqY57cSSohBz2sbDi9xv31GpWCRu9CimXoj6ggWMIG2kXqWaujiA9xl0mYBuiPQA4/Q6u/XhAzwz5cNTaLrsmj0GnCVOQaqgQKNX+XL9iCQhFZpwpFTXsWPtpUhqRjjNym6iaIzIEPVp11CBQqq8dPxMBveN4sMgkqaEhmP190SKQqVGITad+blq2svF/7xuooMTL2UiTjQVZLIoSDjUEcyTgT6TlGg+MgQRycytkAyQRESb/MomBGf65VnSOqw5hl8dVevnRRwlsAv2wAFwwDGog0vQAE1AwCN4Bq/gzXqyXqx362PSOmcVMzvgD6zPH/UgmZs=</latexit><latexit sha1_base64="2BIt8kn5o1axav7CdL0/2JR0Akk=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSiKCopuiG5dV7AOaWGYmk3boZBJmJmIJce/GX3HjQhG3foA7/8ZJm4W2HrhwOOde7r0Hx5wpbdvf1tz8wuLScmmlvLq2vrFZ2dpuqSiRhDZJxCPZwUhRzgRtaqY57cSSohBz2sbDi9xv31GpWCRu9CimXoj6ggWMIG2kXqWaujiA9xl0mYBuiPQA4/Q6u/XhAzwz5cNTaLrsmj0GnCVOQaqgQKNX+XL9iCQhFZpwpFTXsWPtpUhqRjjNym6iaIzIEPVp11CBQqq8dPxMBveN4sMgkqaEhmP190SKQqVGITad+blq2svF/7xuooMTL2UiTjQVZLIoSDjUEcyTgT6TlGg+MgQRycytkAyQRESb/MomBGf65VnSOqw5hl8dVevnRRwlsAv2wAFwwDGog0vQAE1AwCN4Bq/gzXqyXqx362PSOmcVMzvgD6zPH/UgmZs=</latexit><latexit sha1_base64="2BIt8kn5o1axav7CdL0/2JR0Akk=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSiKCopuiG5dV7AOaWGYmk3boZBJmJmIJce/GX3HjQhG3foA7/8ZJm4W2HrhwOOde7r0Hx5wpbdvf1tz8wuLScmmlvLq2vrFZ2dpuqSiRhDZJxCPZwUhRzgRtaqY57cSSohBz2sbDi9xv31GpWCRu9CimXoj6ggWMIG2kXqWaujiA9xl0mYBuiPQA4/Q6u/XhAzwz5cNTaLrsmj0GnCVOQaqgQKNX+XL9iCQhFZpwpFTXsWPtpUhqRjjNym6iaIzIEPVp11CBQqq8dPxMBveN4sMgkqaEhmP190SKQqVGITad+blq2svF/7xuooMTL2UiTjQVZLIoSDjUEcyTgT6TlGg+MgQRycytkAyQRESb/MomBGf65VnSOqw5hl8dVevnRRwlsAv2wAFwwDGog0vQAE1AwCN4Bq/gzXqyXqx362PSOmcVMzvgD6zPH/UgmZs=</latexit><latexit sha1_base64="2BIt8kn5o1axav7CdL0/2JR0Akk=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSiKCopuiG5dV7AOaWGYmk3boZBJmJmIJce/GX3HjQhG3foA7/8ZJm4W2HrhwOOde7r0Hx5wpbdvf1tz8wuLScmmlvLq2vrFZ2dpuqSiRhDZJxCPZwUhRzgRtaqY57cSSohBz2sbDi9xv31GpWCRu9CimXoj6ggWMIG2kXqWaujiA9xl0mYBuiPQA4/Q6u/XhAzwz5cNTaLrsmj0GnCVOQaqgQKNX+XL9iCQhFZpwpFTXsWPtpUhqRjjNym6iaIzIEPVp11CBQqq8dPxMBveN4sMgkqaEhmP190SKQqVGITad+blq2svF/7xuooMTL2UiTjQVZLIoSDjUEcyTgT6TlGg+MgQRycytkAyQRESb/MomBGf65VnSOqw5hl8dVevnRRwlsAv2wAFwwDGog0vQAE1AwCN4Bq/gzXqyXqx362PSOmcVMzvgD6zPH/UgmZs=</latexit>

dimension

f(x,�)
<latexit sha1_base64="Xk/HkvQddX3FmgkzJS8KJN9pf6g=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJliEClJmRNBl0Y3LCvYBnaFk0kwbmnmQZMQyDLjxV9y4UMStP+HOvzGdzkJbD4QczrmH5B4v5kwqy/o2SkvLK6tr5fXKxubW9o65u9eWUSIIbZGIR6LrYUk5C2lLMcVpNxYUBx6nHW98PfU791RIFoV3ahJTN8DDkPmMYKWlvnmAUsfzkZ/V8vshO0UO1/EBPumbVatu5UCLxC5IFQo0++aXM4hIEtBQEY6l7NlWrNwUC8UIp1nFSSSNMRnjIe1pGuKASjfNd8jQsVYGyI+EPqFCufo7keJAykng6ckAq5Gc96bif14vUf6lm7IwThQNyewhP+FIRWhaCBowQYniE00wEUz/FZERFpgoXVtFl2DPr7xI2md1W/Pb82rjqqijDIdwBDWw4QIacANNaAGBR3iGV3gznowX4934mI2WjCKzD39gfP4AEDGWfw==</latexit><latexit sha1_base64="Xk/HkvQddX3FmgkzJS8KJN9pf6g=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJliEClJmRNBl0Y3LCvYBnaFk0kwbmnmQZMQyDLjxV9y4UMStP+HOvzGdzkJbD4QczrmH5B4v5kwqy/o2SkvLK6tr5fXKxubW9o65u9eWUSIIbZGIR6LrYUk5C2lLMcVpNxYUBx6nHW98PfU791RIFoV3ahJTN8DDkPmMYKWlvnmAUsfzkZ/V8vshO0UO1/EBPumbVatu5UCLxC5IFQo0++aXM4hIEtBQEY6l7NlWrNwUC8UIp1nFSSSNMRnjIe1pGuKASjfNd8jQsVYGyI+EPqFCufo7keJAykng6ckAq5Gc96bif14vUf6lm7IwThQNyewhP+FIRWhaCBowQYniE00wEUz/FZERFpgoXVtFl2DPr7xI2md1W/Pb82rjqqijDIdwBDWw4QIacANNaAGBR3iGV3gznowX4934mI2WjCKzD39gfP4AEDGWfw==</latexit><latexit sha1_base64="Xk/HkvQddX3FmgkzJS8KJN9pf6g=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJliEClJmRNBl0Y3LCvYBnaFk0kwbmnmQZMQyDLjxV9y4UMStP+HOvzGdzkJbD4QczrmH5B4v5kwqy/o2SkvLK6tr5fXKxubW9o65u9eWUSIIbZGIR6LrYUk5C2lLMcVpNxYUBx6nHW98PfU791RIFoV3ahJTN8DDkPmMYKWlvnmAUsfzkZ/V8vshO0UO1/EBPumbVatu5UCLxC5IFQo0++aXM4hIEtBQEY6l7NlWrNwUC8UIp1nFSSSNMRnjIe1pGuKASjfNd8jQsVYGyI+EPqFCufo7keJAykng6ckAq5Gc96bif14vUf6lm7IwThQNyewhP+FIRWhaCBowQYniE00wEUz/FZERFpgoXVtFl2DPr7xI2md1W/Pb82rjqqijDIdwBDWw4QIacANNaAGBR3iGV3gznowX4934mI2WjCKzD39gfP4AEDGWfw==</latexit><latexit sha1_base64="Xk/HkvQddX3FmgkzJS8KJN9pf6g=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJliEClJmRNBl0Y3LCvYBnaFk0kwbmnmQZMQyDLjxV9y4UMStP+HOvzGdzkJbD4QczrmH5B4v5kwqy/o2SkvLK6tr5fXKxubW9o65u9eWUSIIbZGIR6LrYUk5C2lLMcVpNxYUBx6nHW98PfU791RIFoV3ahJTN8DDkPmMYKWlvnmAUsfzkZ/V8vshO0UO1/EBPumbVatu5UCLxC5IFQo0++aXM4hIEtBQEY6l7NlWrNwUC8UIp1nFSSSNMRnjIe1pGuKASjfNd8jQsVYGyI+EPqFCufo7keJAykng6ckAq5Gc96bif14vUf6lm7IwThQNyewhP+FIRWhaCBowQYniE00wEUz/FZERFpgoXVtFl2DPr7xI2md1W/Pb82rjqqijDIdwBDWw4QIacANNaAGBR3iGV3gznowX4934mI2WjCKzD39gfP4AEDGWfw==</latexit>

f(x, t,�)
<latexit sha1_base64="F6VAhRxRDFckpN1iMvgDju452tY=">AAACBnicbVDLSgMxFM34rPU16lKEYBEqlDIjgi6LblxWsA/oDCWTZtrQzIPkjliGWbnxV9y4UMSt3+DOvzGdzkJbD4Qczrn3Jvd4seAKLOvbWFpeWV1bL22UN7e2d3bNvf22ihJJWYtGIpJdjygmeMhawEGwbiwZCTzBOt74eup37plUPArvYBIzNyDDkPucEtBS3zzCqeP52M+q+f2Q1TDUsCP0hAE57ZsVq27lwIvELkgFFWj2zS9nENEkYCFQQZTq2VYMbkokcCpYVnYSxWJCx2TIepqGJGDKTfM1MnyilQH2I6lPCDhXf3ekJFBqEni6MiAwUvPeVPzP6yXgX7opD+MEWEhnD/mJwBDhaSZ4wCWjICaaECq5/iumIyIJBZ1cWYdgz6+8SNpndVvz2/NK46qIo4QO0TGqIhtdoAa6QU3UQhQ9omf0it6MJ+PFeDc+ZqVLRtFzgP7A+PwBu7eXXQ==</latexit><latexit sha1_base64="F6VAhRxRDFckpN1iMvgDju452tY=">AAACBnicbVDLSgMxFM34rPU16lKEYBEqlDIjgi6LblxWsA/oDCWTZtrQzIPkjliGWbnxV9y4UMSt3+DOvzGdzkJbD4Qczrn3Jvd4seAKLOvbWFpeWV1bL22UN7e2d3bNvf22ihJJWYtGIpJdjygmeMhawEGwbiwZCTzBOt74eup37plUPArvYBIzNyDDkPucEtBS3zzCqeP52M+q+f2Q1TDUsCP0hAE57ZsVq27lwIvELkgFFWj2zS9nENEkYCFQQZTq2VYMbkokcCpYVnYSxWJCx2TIepqGJGDKTfM1MnyilQH2I6lPCDhXf3ekJFBqEni6MiAwUvPeVPzP6yXgX7opD+MEWEhnD/mJwBDhaSZ4wCWjICaaECq5/iumIyIJBZ1cWYdgz6+8SNpndVvz2/NK46qIo4QO0TGqIhtdoAa6QU3UQhQ9omf0it6MJ+PFeDc+ZqVLRtFzgP7A+PwBu7eXXQ==</latexit><latexit sha1_base64="F6VAhRxRDFckpN1iMvgDju452tY=">AAACBnicbVDLSgMxFM34rPU16lKEYBEqlDIjgi6LblxWsA/oDCWTZtrQzIPkjliGWbnxV9y4UMSt3+DOvzGdzkJbD4Qczrn3Jvd4seAKLOvbWFpeWV1bL22UN7e2d3bNvf22ihJJWYtGIpJdjygmeMhawEGwbiwZCTzBOt74eup37plUPArvYBIzNyDDkPucEtBS3zzCqeP52M+q+f2Q1TDUsCP0hAE57ZsVq27lwIvELkgFFWj2zS9nENEkYCFQQZTq2VYMbkokcCpYVnYSxWJCx2TIepqGJGDKTfM1MnyilQH2I6lPCDhXf3ekJFBqEni6MiAwUvPeVPzP6yXgX7opD+MEWEhnD/mJwBDhaSZ4wCWjICaaECq5/iumIyIJBZ1cWYdgz6+8SNpndVvz2/NK46qIo4QO0TGqIhtdoAa6QU3UQhQ9omf0it6MJ+PFeDc+ZqVLRtFzgP7A+PwBu7eXXQ==</latexit><latexit sha1_base64="F6VAhRxRDFckpN1iMvgDju452tY=">AAACBnicbVDLSgMxFM34rPU16lKEYBEqlDIjgi6LblxWsA/oDCWTZtrQzIPkjliGWbnxV9y4UMSt3+DOvzGdzkJbD4Qczrn3Jvd4seAKLOvbWFpeWV1bL22UN7e2d3bNvf22ihJJWYtGIpJdjygmeMhawEGwbiwZCTzBOt74eup37plUPArvYBIzNyDDkPucEtBS3zzCqeP52M+q+f2Q1TDUsCP0hAE57ZsVq27lwIvELkgFFWj2zS9nENEkYCFQQZTq2VYMbkokcCpYVnYSxWJCx2TIepqGJGDKTfM1MnyilQH2I6lPCDhXf3ekJFBqEni6MiAwUvPeVPzP6yXgX7opD+MEWEhnD/mJwBDhaSZ4wCWjICaaECq5/iumIyIJBZ1cWYdgz6+8SNpndVvz2/NK46qIo4QO0TGqIhtdoAa6QU3UQhQ9omf0it6MJ+PFeDc+ZqVLRtFzgP7A+PwBu7eXXQ==</latexit>

autonomous 

non-autonomous 



Attractor

dx

dt
= �x

<latexit sha1_base64="cAozIb/of7Ae9rdW5OH+EOq/zqo=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEN5ZEBN0IRTcuK9gLtKFMJpN26GQSZk6kJcRXceNCEbc+iDvfxmmbhbb+MPDxn3M4Z34/EVyD43xbK6tr6xubpa3y9s7u3r59cNjScaooa9JYxKrjE80El6wJHATrJIqRyBes7Y9up/X2I1Oax/IBJgnzIjKQPOSUgLH6dqUXKkKzYJxnAeT4Gp/hcd+uOjVnJrwMbgFVVKjRt796QUzTiEmggmjddZ0EvIwo4FSwvNxLNUsIHZEB6xqUJGLay2bH5/jEOAEOY2WeBDxzf09kJNJ6EvmmMyIw1Iu1qflfrZtCeOVlXCYpMEnni8JUYIjxNAkccMUoiIkBQhU3t2I6JCYNMHmVTQju4peXoXVecw3fX1TrN0UcJXSEjtEpctElqqM71EBNRNEEPaNX9GY9WS/Wu/Uxb12xipkK+iPr8wfvbJRH</latexit><latexit sha1_base64="cAozIb/of7Ae9rdW5OH+EOq/zqo=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEN5ZEBN0IRTcuK9gLtKFMJpN26GQSZk6kJcRXceNCEbc+iDvfxmmbhbb+MPDxn3M4Z34/EVyD43xbK6tr6xubpa3y9s7u3r59cNjScaooa9JYxKrjE80El6wJHATrJIqRyBes7Y9up/X2I1Oax/IBJgnzIjKQPOSUgLH6dqUXKkKzYJxnAeT4Gp/hcd+uOjVnJrwMbgFVVKjRt796QUzTiEmggmjddZ0EvIwo4FSwvNxLNUsIHZEB6xqUJGLay2bH5/jEOAEOY2WeBDxzf09kJNJ6EvmmMyIw1Iu1qflfrZtCeOVlXCYpMEnni8JUYIjxNAkccMUoiIkBQhU3t2I6JCYNMHmVTQju4peXoXVecw3fX1TrN0UcJXSEjtEpctElqqM71EBNRNEEPaNX9GY9WS/Wu/Uxb12xipkK+iPr8wfvbJRH</latexit><latexit sha1_base64="cAozIb/of7Ae9rdW5OH+EOq/zqo=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEN5ZEBN0IRTcuK9gLtKFMJpN26GQSZk6kJcRXceNCEbc+iDvfxmmbhbb+MPDxn3M4Z34/EVyD43xbK6tr6xubpa3y9s7u3r59cNjScaooa9JYxKrjE80El6wJHATrJIqRyBes7Y9up/X2I1Oax/IBJgnzIjKQPOSUgLH6dqUXKkKzYJxnAeT4Gp/hcd+uOjVnJrwMbgFVVKjRt796QUzTiEmggmjddZ0EvIwo4FSwvNxLNUsIHZEB6xqUJGLay2bH5/jEOAEOY2WeBDxzf09kJNJ6EvmmMyIw1Iu1qflfrZtCeOVlXCYpMEnni8JUYIjxNAkccMUoiIkBQhU3t2I6JCYNMHmVTQju4peXoXVecw3fX1TrN0UcJXSEjtEpctElqqM71EBNRNEEPaNX9GY9WS/Wu/Uxb12xipkK+iPr8wfvbJRH</latexit><latexit sha1_base64="cAozIb/of7Ae9rdW5OH+EOq/zqo=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEN5ZEBN0IRTcuK9gLtKFMJpN26GQSZk6kJcRXceNCEbc+iDvfxmmbhbb+MPDxn3M4Z34/EVyD43xbK6tr6xubpa3y9s7u3r59cNjScaooa9JYxKrjE80El6wJHATrJIqRyBes7Y9up/X2I1Oax/IBJgnzIjKQPOSUgLH6dqUXKkKzYJxnAeT4Gp/hcd+uOjVnJrwMbgFVVKjRt796QUzTiEmggmjddZ0EvIwo4FSwvNxLNUsIHZEB6xqUJGLay2bH5/jEOAEOY2WeBDxzf09kJNJ6EvmmMyIw1Iu1qflfrZtCeOVlXCYpMEnni8JUYIjxNAkccMUoiIkBQhU3t2I6JCYNMHmVTQju4peXoXVecw3fX1TrN0UcJXSEjtEpctElqqM71EBNRNEEPaNX9GY9WS/Wu/Uxb12xipkK+iPr8wfvbJRH</latexit>

x(t): trajectory



Pullback Attractor
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x

dx

dt
= �x+ t

<latexit sha1_base64="bcWmlQbBl9kR9f6PuYcLgkCobb4=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEsiQi6EYpuXFawF2hDmUwm7dDJJMycSEuIG1/FjQtF3PoW7nwbp5eFVn8Y+PjPOZw5v58IrsFxvqzCwuLS8kpxtbS2vrG5ZW/vNHScKsrqNBaxavlEM8ElqwMHwVqJYiTyBWv6g+txvXnPlOaxvINRwryI9CQPOSVgrK691wkVoVkwzLMAcnyJT/AQH2PAXbvsVJyJ8F9wZ1BGM9W69mcniGkaMQlUEK3brpOAlxEFnAqWlzqpZgmhA9JjbYOSREx72eSCHB8aJ8BhrMyTgCfuz4mMRFqPIt90RgT6er42Nv+rtVMIL7yMyyQFJul0UZgKDDEex4EDrhgFMTJAqOLmr5j2iYkETGglE4I7f/JfaJxWXMO3Z+Xq1SyOItpHB+gIuegcVdENqqE6ougBPaEX9Go9Ws/Wm/U+bS1Ys5ld9EvWxzdP95V4</latexit><latexit sha1_base64="bcWmlQbBl9kR9f6PuYcLgkCobb4=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEsiQi6EYpuXFawF2hDmUwm7dDJJMycSEuIG1/FjQtF3PoW7nwbp5eFVn8Y+PjPOZw5v58IrsFxvqzCwuLS8kpxtbS2vrG5ZW/vNHScKsrqNBaxavlEM8ElqwMHwVqJYiTyBWv6g+txvXnPlOaxvINRwryI9CQPOSVgrK691wkVoVkwzLMAcnyJT/AQH2PAXbvsVJyJ8F9wZ1BGM9W69mcniGkaMQlUEK3brpOAlxEFnAqWlzqpZgmhA9JjbYOSREx72eSCHB8aJ8BhrMyTgCfuz4mMRFqPIt90RgT6er42Nv+rtVMIL7yMyyQFJul0UZgKDDEex4EDrhgFMTJAqOLmr5j2iYkETGglE4I7f/JfaJxWXMO3Z+Xq1SyOItpHB+gIuegcVdENqqE6ougBPaEX9Go9Ws/Wm/U+bS1Ys5ld9EvWxzdP95V4</latexit><latexit sha1_base64="bcWmlQbBl9kR9f6PuYcLgkCobb4=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEsiQi6EYpuXFawF2hDmUwm7dDJJMycSEuIG1/FjQtF3PoW7nwbp5eFVn8Y+PjPOZw5v58IrsFxvqzCwuLS8kpxtbS2vrG5ZW/vNHScKsrqNBaxavlEM8ElqwMHwVqJYiTyBWv6g+txvXnPlOaxvINRwryI9CQPOSVgrK691wkVoVkwzLMAcnyJT/AQH2PAXbvsVJyJ8F9wZ1BGM9W69mcniGkaMQlUEK3brpOAlxEFnAqWlzqpZgmhA9JjbYOSREx72eSCHB8aJ8BhrMyTgCfuz4mMRFqPIt90RgT6er42Nv+rtVMIL7yMyyQFJul0UZgKDDEex4EDrhgFMTJAqOLmr5j2iYkETGglE4I7f/JfaJxWXMO3Z+Xq1SyOItpHB+gIuegcVdENqqE6ougBPaEX9Go9Ws/Wm/U+bS1Ys5ld9EvWxzdP95V4</latexit><latexit sha1_base64="bcWmlQbBl9kR9f6PuYcLgkCobb4=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEsiQi6EYpuXFawF2hDmUwm7dDJJMycSEuIG1/FjQtF3PoW7nwbp5eFVn8Y+PjPOZw5v58IrsFxvqzCwuLS8kpxtbS2vrG5ZW/vNHScKsrqNBaxavlEM8ElqwMHwVqJYiTyBWv6g+txvXnPlOaxvINRwryI9CQPOSVgrK691wkVoVkwzLMAcnyJT/AQH2PAXbvsVJyJ8F9wZ1BGM9W69mcniGkaMQlUEK3brpOAlxEFnAqWlzqpZgmhA9JjbYOSREx72eSCHB8aJ8BhrMyTgCfuz4mMRFqPIt90RgT6er42Nv+rtVMIL7yMyyQFJul0UZgKDDEex4EDrhgFMTJAqOLmr5j2iYkETGglE4I7f/JfaJxWXMO3Z+Xq1SyOItpHB+gIuegcVdENqqE6ougBPaEX9Go9Ws/Wm/U+bS1Ys5ld9EvWxzdP95V4</latexit>

x(t): trajectory



Phase portraits, 2D linear dynamical systems
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Elementary transitions (co-dim 1 bifurcations)

€ 

dx
dt

= λ − x 2



Elementary transitions (co-dim 1 bifurcations)

€ 

dx
dt

= λ − x 2

Saddle-node ( non-existence )

dx
dt

= λx − x3

λ

x

Pitchfork 
 ( symmetry-breaking )

dx

dt
= �x� x2

Transcritical ( exchange of stability )

stable

unstable



Why determine full bifurcation diagrams?

Interpretation sensitivity studies



Software

d < 10 : Matcont, Content, PyDSTool, and several more 

10 <  d < 100 : AUTO

100< d < 10^7 : Specialized, tailored codes 
                 (similar setup as AUTO, but with different solvers)

http://indy.cs.concordia.ca/auto/

http://indy.cs.concordia.ca/auto/


Equilibria dimensionless Stommel model

ẏ = �V 0(y) ; V (y) = �(Fy � y2
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Equilibria dimensionless Stommel model

µ2 = 6.25

↵ = 380

dy

dt
= F � y(1 + µ2(1� y)2)
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The salt-advection feedback

T

strong damping of heat anomalies

no damping of salinity anomalies



Tipping phenomena

Bifurcation 

tipping Rate-induced


tipping

Noise-induced

tipping



Question time



Transitions and probability density function

F (t) = F̄ + �⇠(t)Effects of noise: 



Mean escape time from a to c



Synchronization

� = 0.0125 � = 0.0175

Effects of noise + periodic forcing: 

F (t) = F̄ +A sin(!t) + �⇠(t)



Stochastic resonance: mechanism
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Stochastic resonance

Liz Gonzales (You Tube)

http://www.adgie.f9.co.uk/azimuth/stochastic-resonance/Javascript/StochasticResonanceEuler.html


Results in an EMIC

Ganopolski & Rahmstorf, PRL,  (2002)

freshwater
forcing ‘noise’

temperature

time (years)

20,000

0

+ periodic forcing
1500 year 

period
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Early warning of saddle node bifurcations? 

Xt = e��t(X0 + �

Z t

0
e�sdWs)
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Xn+1 = ↵Xn + Zn+1

↵ = e���t, Zn = �dWn
<latexit sha1_base64="VsrJgYMR3aZpdwp2w1wjejKyL8E="></latexit><latexit sha1_base64="VsrJgYMR3aZpdwp2w1wjejKyL8E="></latexit><latexit sha1_base64="VsrJgYMR3aZpdwp2w1wjejKyL8E="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="xoe53MG/saflFOzZhXPuvXyh1n8="></latexit><latexit sha1_base64="xoe53MG/saflFOzZhXPuvXyh1n8="></latexit><latexit sha1_base64="eW+N547eMlCk7IUNT5O2pJJM1eA="></latexit><latexit sha1_base64="VsrJgYMR3aZpdwp2w1wjejKyL8E="></latexit><latexit sha1_base64="VsrJgYMR3aZpdwp2w1wjejKyL8E="></latexit><latexit sha1_base64="VsrJgYMR3aZpdwp2w1wjejKyL8E="></latexit><latexit sha1_base64="VsrJgYMR3aZpdwp2w1wjejKyL8E="></latexit><latexit sha1_base64="VsrJgYMR3aZpdwp2w1wjejKyL8E="></latexit><latexit sha1_base64="VsrJgYMR3aZpdwp2w1wjejKyL8E="></latexit>

� ! 0
<latexit sha1_base64="u/SVPzdCy2+R/Hk+/4YxZ9AzHMw=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWwVWZEUGXRTcuK9gLdIZyJs20oUlmSDJKGQq+ihsXirj1Odz5NqbtLLT1h8DHf87hnPxRypk2nvftlFZW19Y3ypuVre2d3T13/6Clk0wR2iQJT1QnAk05k7RpmOG0kyoKIuK0HY1upvX2A1WaJfLejFMaChhIFjMCxlo99ygYgBCAA8UGQwNKJY/Ywz236tW8mfAy+AVUUaFGz/0K+gnJBJWGcNC663upCXNQhhFOJ5Ug0zQFMoIB7VqUIKgO89n5E3xqnT6OE2WfNHjm/p7IQWg9FpHtFGCGerE2Nf+rdTMTX4U5k2lmqCTzRXHGsUnwNAvcZ4oSw8cWgChmb8VkCAqIsYlVbAj+4peXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRFCOntErenOenBfn3fmYt5acYuYQ/ZHz+QNZXZUR</latexit><latexit sha1_base64="u/SVPzdCy2+R/Hk+/4YxZ9AzHMw=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWwVWZEUGXRTcuK9gLdIZyJs20oUlmSDJKGQq+ihsXirj1Odz5NqbtLLT1h8DHf87hnPxRypk2nvftlFZW19Y3ypuVre2d3T13/6Clk0wR2iQJT1QnAk05k7RpmOG0kyoKIuK0HY1upvX2A1WaJfLejFMaChhIFjMCxlo99ygYgBCAA8UGQwNKJY/Ywz236tW8mfAy+AVUUaFGz/0K+gnJBJWGcNC663upCXNQhhFOJ5Ug0zQFMoIB7VqUIKgO89n5E3xqnT6OE2WfNHjm/p7IQWg9FpHtFGCGerE2Nf+rdTMTX4U5k2lmqCTzRXHGsUnwNAvcZ4oSw8cWgChmb8VkCAqIsYlVbAj+4peXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRFCOntErenOenBfn3fmYt5acYuYQ/ZHz+QNZXZUR</latexit><latexit sha1_base64="u/SVPzdCy2+R/Hk+/4YxZ9AzHMw=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWwVWZEUGXRTcuK9gLdIZyJs20oUlmSDJKGQq+ihsXirj1Odz5NqbtLLT1h8DHf87hnPxRypk2nvftlFZW19Y3ypuVre2d3T13/6Clk0wR2iQJT1QnAk05k7RpmOG0kyoKIuK0HY1upvX2A1WaJfLejFMaChhIFjMCxlo99ygYgBCAA8UGQwNKJY/Ywz236tW8mfAy+AVUUaFGz/0K+gnJBJWGcNC663upCXNQhhFOJ5Ug0zQFMoIB7VqUIKgO89n5E3xqnT6OE2WfNHjm/p7IQWg9FpHtFGCGerE2Nf+rdTMTX4U5k2lmqCTzRXHGsUnwNAvcZ4oSw8cWgChmb8VkCAqIsYlVbAj+4peXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRFCOntErenOenBfn3fmYt5acYuYQ/ZHz+QNZXZUR</latexit><latexit sha1_base64="u/SVPzdCy2+R/Hk+/4YxZ9AzHMw=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWwVWZEUGXRTcuK9gLdIZyJs20oUlmSDJKGQq+ihsXirj1Odz5NqbtLLT1h8DHf87hnPxRypk2nvftlFZW19Y3ypuVre2d3T13/6Clk0wR2iQJT1QnAk05k7RpmOG0kyoKIuK0HY1upvX2A1WaJfLejFMaChhIFjMCxlo99ygYgBCAA8UGQwNKJY/Ywz236tW8mfAy+AVUUaFGz/0K+gnJBJWGcNC663upCXNQhhFOJ5Ug0zQFMoIB7VqUIKgO89n5E3xqnT6OE2WfNHjm/p7IQWg9FpHtFGCGerE2Nf+rdTMTX4U5k2lmqCTzRXHGsUnwNAvcZ4oSw8cWgChmb8VkCAqIsYlVbAj+4peXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRFCOntErenOenBfn3fmYt5acYuYQ/ZHz+QNZXZUR</latexit>

At saddle node:

AR(1): 

V ar[X] =
�2

1� ↵2
<latexit sha1_base64="rqmvz5r+7oB0GGVTRzxk9NpS4Ew=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FiSIuhGKLpxWcFeIInlZDpph04uzEyEEvoGbnwVNy4UcevWnW/jpM1CW38Y+OY/5zBzfj/hTCrL+jZKS8srq2vl9crG5tb2jrm715ZxKghtkZjHouuDpJxFtKWY4rSbCAqhz2nHH13n9c4DFZLF0Z0aJ9QLYRCxgBFQ2uqZx20QTtfDl9gNBJDMlWwQwn19ktn4FLvAk2F+65lVq2ZNhRfBLqCKCjV75pfbj0ka0kgRDlI6tpUoLwOhGOF0UnFTSRMgIxhQR2MEIZVeNt1ngo+008dBLPSJFJ66vycyCKUch77uDEEN5XwtN/+rOakKLryMRUmqaERmDwUpxyrGeTi4zwQlio81ABFM/xWTIehclI6wokOw51dehHa9Zmu+Pas2roo4yugAHaITZKNz1EA3qIlaiKBH9Ixe0ZvxZLwY78bHrLVkFDP76I+Mzx/u75tS</latexit><latexit sha1_base64="rqmvz5r+7oB0GGVTRzxk9NpS4Ew=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FiSIuhGKLpxWcFeIInlZDpph04uzEyEEvoGbnwVNy4UcevWnW/jpM1CW38Y+OY/5zBzfj/hTCrL+jZKS8srq2vl9crG5tb2jrm715ZxKghtkZjHouuDpJxFtKWY4rSbCAqhz2nHH13n9c4DFZLF0Z0aJ9QLYRCxgBFQ2uqZx20QTtfDl9gNBJDMlWwQwn19ktn4FLvAk2F+65lVq2ZNhRfBLqCKCjV75pfbj0ka0kgRDlI6tpUoLwOhGOF0UnFTSRMgIxhQR2MEIZVeNt1ngo+008dBLPSJFJ66vycyCKUch77uDEEN5XwtN/+rOakKLryMRUmqaERmDwUpxyrGeTi4zwQlio81ABFM/xWTIehclI6wokOw51dehHa9Zmu+Pas2roo4yugAHaITZKNz1EA3qIlaiKBH9Ixe0ZvxZLwY78bHrLVkFDP76I+Mzx/u75tS</latexit><latexit sha1_base64="rqmvz5r+7oB0GGVTRzxk9NpS4Ew=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FiSIuhGKLpxWcFeIInlZDpph04uzEyEEvoGbnwVNy4UcevWnW/jpM1CW38Y+OY/5zBzfj/hTCrL+jZKS8srq2vl9crG5tb2jrm715ZxKghtkZjHouuDpJxFtKWY4rSbCAqhz2nHH13n9c4DFZLF0Z0aJ9QLYRCxgBFQ2uqZx20QTtfDl9gNBJDMlWwQwn19ktn4FLvAk2F+65lVq2ZNhRfBLqCKCjV75pfbj0ka0kgRDlI6tpUoLwOhGOF0UnFTSRMgIxhQR2MEIZVeNt1ngo+008dBLPSJFJ66vycyCKUch77uDEEN5XwtN/+rOakKLryMRUmqaERmDwUpxyrGeTi4zwQlio81ABFM/xWTIehclI6wokOw51dehHa9Zmu+Pas2roo4yugAHaITZKNz1EA3qIlaiKBH9Ixe0ZvxZLwY78bHrLVkFDP76I+Mzx/u75tS</latexit><latexit sha1_base64="rqmvz5r+7oB0GGVTRzxk9NpS4Ew=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FiSIuhGKLpxWcFeIInlZDpph04uzEyEEvoGbnwVNy4UcevWnW/jpM1CW38Y+OY/5zBzfj/hTCrL+jZKS8srq2vl9crG5tb2jrm715ZxKghtkZjHouuDpJxFtKWY4rSbCAqhz2nHH13n9c4DFZLF0Z0aJ9QLYRCxgBFQ2uqZx20QTtfDl9gNBJDMlWwQwn19ktn4FLvAk2F+65lVq2ZNhRfBLqCKCjV75pfbj0ka0kgRDlI6tpUoLwOhGOF0UnFTSRMgIxhQR2MEIZVeNt1ngo+008dBLPSJFJ66vycyCKUch77uDEEN5XwtN/+rOakKLryMRUmqaERmDwUpxyrGeTi4zwQlio81ABFM/xWTIehclI6wokOw51dehHa9Zmu+Pas2roo4yugAHaITZKNz1EA3qIlaiKBH9Ixe0ZvxZLwY78bHrLVkFDP76I+Mzx/u75tS</latexit>

⇢n = ↵n
<latexit sha1_base64="IpQwDFXCZyhjGH2MvZSbnJxXHv0=">AAAB+nicbZDLSgMxFIYz9VbrrdWlm2ARXJUZEXQjFN24rGAv0I7lTJrphGaSIckoZeyjuHGhiFufxJ1vY9rOQlt/CHz85xzOyR8knGnjut9OYWV1bX2juFna2t7Z3StX9ltaporQJpFcqk4AmnImaNMww2knURTigNN2MLqe1tsPVGkmxZ0ZJ9SPYShYyAgYa/XLlZ6KZF/gS9wDnkRwb72qW3Nnwsvg5VBFuRr98ldvIEkaU2EIB627npsYPwNlGOF0UuqlmiZARjCkXYsCYqr9bHb6BB9bZ4BDqewTBs/c3xMZxFqP48B2xmAivVibmv/VuqkJL/yMiSQ1VJD5ojDl2Eg8zQEPmKLE8LEFIIrZWzGJQAExNq2SDcFb/PIytE5rnuXbs2r9Ko+jiA7RETpBHjpHdXSDGqiJCHpEz+gVvTlPzovz7nzMWwtOPnOA/sj5/AFseJNy</latexit><latexit sha1_base64="IpQwDFXCZyhjGH2MvZSbnJxXHv0=">AAAB+nicbZDLSgMxFIYz9VbrrdWlm2ARXJUZEXQjFN24rGAv0I7lTJrphGaSIckoZeyjuHGhiFufxJ1vY9rOQlt/CHz85xzOyR8knGnjut9OYWV1bX2juFna2t7Z3StX9ltaporQJpFcqk4AmnImaNMww2knURTigNN2MLqe1tsPVGkmxZ0ZJ9SPYShYyAgYa/XLlZ6KZF/gS9wDnkRwb72qW3Nnwsvg5VBFuRr98ldvIEkaU2EIB627npsYPwNlGOF0UuqlmiZARjCkXYsCYqr9bHb6BB9bZ4BDqewTBs/c3xMZxFqP48B2xmAivVibmv/VuqkJL/yMiSQ1VJD5ojDl2Eg8zQEPmKLE8LEFIIrZWzGJQAExNq2SDcFb/PIytE5rnuXbs2r9Ko+jiA7RETpBHjpHdXSDGqiJCHpEz+gVvTlPzovz7nzMWwtOPnOA/sj5/AFseJNy</latexit><latexit sha1_base64="IpQwDFXCZyhjGH2MvZSbnJxXHv0=">AAAB+nicbZDLSgMxFIYz9VbrrdWlm2ARXJUZEXQjFN24rGAv0I7lTJrphGaSIckoZeyjuHGhiFufxJ1vY9rOQlt/CHz85xzOyR8knGnjut9OYWV1bX2juFna2t7Z3StX9ltaporQJpFcqk4AmnImaNMww2knURTigNN2MLqe1tsPVGkmxZ0ZJ9SPYShYyAgYa/XLlZ6KZF/gS9wDnkRwb72qW3Nnwsvg5VBFuRr98ldvIEkaU2EIB627npsYPwNlGOF0UuqlmiZARjCkXYsCYqr9bHb6BB9bZ4BDqewTBs/c3xMZxFqP48B2xmAivVibmv/VuqkJL/yMiSQ1VJD5ojDl2Eg8zQEPmKLE8LEFIIrZWzGJQAExNq2SDcFb/PIytE5rnuXbs2r9Ko+jiA7RETpBHjpHdXSDGqiJCHpEz+gVvTlPzovz7nzMWwtOPnOA/sj5/AFseJNy</latexit><latexit sha1_base64="IpQwDFXCZyhjGH2MvZSbnJxXHv0=">AAAB+nicbZDLSgMxFIYz9VbrrdWlm2ARXJUZEXQjFN24rGAv0I7lTJrphGaSIckoZeyjuHGhiFufxJ1vY9rOQlt/CHz85xzOyR8knGnjut9OYWV1bX2juFna2t7Z3StX9ltaporQJpFcqk4AmnImaNMww2knURTigNN2MLqe1tsPVGkmxZ0ZJ9SPYShYyAgYa/XLlZ6KZF/gS9wDnkRwb72qW3Nnwsvg5VBFuRr98ldvIEkaU2EIB627npsYPwNlGOF0UuqlmiZARjCkXYsCYqr9bHb6BB9bZ4BDqewTBs/c3xMZxFqP48B2xmAivVibmv/VuqkJL/yMiSQ1VJD5ojDl2Eg8zQEPmKLE8LEFIIrZWzGJQAExNq2SDcFb/PIytE5rnuXbs2r9Ko+jiA7RETpBHjpHdXSDGqiJCHpEz+gVvTlPzovz7nzMWwtOPnOA/sj5/AFseJNy</latexit>

V ar[X] ! 1 ; ⇢n ! 1
<latexit sha1_base64="teY2bzFCFVOza9aVxDcPU6snKGM=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ARXJUZERXcFN24rGAv0BlKJs20oZlkSM4opdQnceOruHGhiLjr25heFrb1wIGP/z+H5PxRKrgBzxs5uZXVtfWN/GZha3tnd8/dP6gZlWnKqlQJpRsRMUxwyarAQbBGqhlJIsHqUe927NcfmTZcyQfopyxMSEfymFMCVmq5FzWim40QB5p3ukC0Vk844DKGPn7G17YD3VUtOef7GLfcolfyJoWXwZ9BEc2q0nJ/graiWcIkUEGMafpeCuGAaOBUsGEhyAxLCe2RDmtalCRhJhxM7hviE6u0cay0bQl4ov7dGJDEmH4S2cmEQNcsemPxP6+ZQXwVDrhMM2CSTh+KM4FB4XFYuM01oyD6FgjV3P4V0y7RhIKNtGBD8BdPXobaWcm3fH9eLN/M4sijI3SMTpGPLlEZ3aEKqiKKXtAb+kCfzqvz7nw539PRnDPbOURz5Yx+AWl+oeo=</latexit><latexit sha1_base64="teY2bzFCFVOza9aVxDcPU6snKGM=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ARXJUZERXcFN24rGAv0BlKJs20oZlkSM4opdQnceOruHGhiLjr25heFrb1wIGP/z+H5PxRKrgBzxs5uZXVtfWN/GZha3tnd8/dP6gZlWnKqlQJpRsRMUxwyarAQbBGqhlJIsHqUe927NcfmTZcyQfopyxMSEfymFMCVmq5FzWim40QB5p3ukC0Vk844DKGPn7G17YD3VUtOef7GLfcolfyJoWXwZ9BEc2q0nJ/graiWcIkUEGMafpeCuGAaOBUsGEhyAxLCe2RDmtalCRhJhxM7hviE6u0cay0bQl4ov7dGJDEmH4S2cmEQNcsemPxP6+ZQXwVDrhMM2CSTh+KM4FB4XFYuM01oyD6FgjV3P4V0y7RhIKNtGBD8BdPXobaWcm3fH9eLN/M4sijI3SMTpGPLlEZ3aEKqiKKXtAb+kCfzqvz7nw539PRnDPbOURz5Yx+AWl+oeo=</latexit><latexit sha1_base64="teY2bzFCFVOza9aVxDcPU6snKGM=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ARXJUZERXcFN24rGAv0BlKJs20oZlkSM4opdQnceOruHGhiLjr25heFrb1wIGP/z+H5PxRKrgBzxs5uZXVtfWN/GZha3tnd8/dP6gZlWnKqlQJpRsRMUxwyarAQbBGqhlJIsHqUe927NcfmTZcyQfopyxMSEfymFMCVmq5FzWim40QB5p3ukC0Vk844DKGPn7G17YD3VUtOef7GLfcolfyJoWXwZ9BEc2q0nJ/graiWcIkUEGMafpeCuGAaOBUsGEhyAxLCe2RDmtalCRhJhxM7hviE6u0cay0bQl4ov7dGJDEmH4S2cmEQNcsemPxP6+ZQXwVDrhMM2CSTh+KM4FB4XFYuM01oyD6FgjV3P4V0y7RhIKNtGBD8BdPXobaWcm3fH9eLN/M4sijI3SMTpGPLlEZ3aEKqiKKXtAb+kCfzqvz7nw539PRnDPbOURz5Yx+AWl+oeo=</latexit><latexit sha1_base64="teY2bzFCFVOza9aVxDcPU6snKGM=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ARXJUZERXcFN24rGAv0BlKJs20oZlkSM4opdQnceOruHGhiLjr25heFrb1wIGP/z+H5PxRKrgBzxs5uZXVtfWN/GZha3tnd8/dP6gZlWnKqlQJpRsRMUxwyarAQbBGqhlJIsHqUe927NcfmTZcyQfopyxMSEfymFMCVmq5FzWim40QB5p3ukC0Vk844DKGPn7G17YD3VUtOef7GLfcolfyJoWXwZ9BEc2q0nJ/graiWcIkUEGMafpeCuGAaOBUsGEhyAxLCe2RDmtalCRhJhxM7hviE6u0cay0bQl4ov7dGJDEmH4S2cmEQNcsemPxP6+ZQXwVDrhMM2CSTh+KM4FB4XFYuM01oyD6FgjV3P4V0y7RhIKNtGBD8BdPXobaWcm3fH9eLN/M4sijI3SMTpGPLlEZ3aEKqiKKXtAb+kCfzqvz7nw539PRnDPbOURz5Yx+AWl+oeo=</latexit>



Observations? 

Ditlevsen & Johnson , GRL,  (2010)



Summary 

Stochastic resonance has been proposed as a mechanism 
for the Dansgaard-Oeschger events, but this theory has several 

problems   

Possibly just noise induced transitions in the AMOC  
(Occam’s Razor)


