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Global warming of the twentieth century was non-uniform, with two periods of 
fast warming (1910-1940, 1970-2010) and a pause in between (1940-1970). In 
general, there exist two major explanations for this multudecadal climate 
variability, with the latter being either due to non-uniformities in the external 
forcing, or the result of internal climate variability. These three periods, 
however, were characterized by major changes in their overall climate regime 
(in particular, non-zonality of atmospheric circulation and character of ENSO), 
which adds weight to the interpretation involving internal climate variability. 
Hereafter, we will refer to the phases of multidecadal climate variability as 
“climate regimes,” and to the transitions between climate regimes as “regime 
shifts.” 
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We analyzed four climate indices (DJFM means), arguably representing 
distinctive oscillating climate subsystems, very likely coupled with one another: 
NAO (North Atlantic), PDO/NPI (North Pacific ocean/atmosphere), ENSO 
(tropical Pacific) to study their collective behavior. The statistical measures of 
this collective behavior we used emphasized the fast timescale behavior 
dominated by interannual variability (even in the slow PDO index). How this 
was achieved will become more clear later. 
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We start with the concept of synchronization in a system of coupled limit-cycle 
oscillators. The instantaneous state of each oscillator is represented by a dot 
in the complex plane. The amplitude and phase of each oscillator corresponds 
to the radius and and angle in polar coordinates. The color of each oscillator 
corresponds to its natural frequency. If the oscillators are not coupled each 
oscillator settles down onto its limit cycle and rotates with its natural frequency. 
When they are coupled, however, they self-organized and rotate as a 
synchronized group with locked amplitudes and phases. The idea in our works 
is that such synchronization may occur also in a small number of nonlinear 
oscillators. 
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We construct a least-squares estimator of the next-year phase of each index 
given the phases of the current year, based on the entire available time series 
of our four climate indices. The coupling strength is then defined based on the 
smallness of the regression residual in a given year, with the smaller residual 
corresponding to stronger coupling (more prediction skill of the next-year 
phase by our least-square linear model), and vice versa. 
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The results of this analysis in observations and a climate model are visualized 
in Figs. 2, 3 and 4 of Tsonis et al. (2007) 
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Yellow: synchronization but no coupling increase. Green Synchronization with 
the coupling increase 
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One can break down contributions from different pairs of indices to the 
distance and coupling network measures. This analysis identifies the NAO as 
the major dynamical constituent of the climate regime shifts. 
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The broken line is the distance of the network. The dotted line indicates the 
95% confidence level for the distance based on surrogate data analysis. For 
the distance a value of less than 1.0 signifies statistically significant 
synchronization. Solid line is the coupling measure. Network is synchronized 
1932-1943 but the coupling during 1932-1938 is decreasing (NOTE that 
according to the definition of coupling higher values mean greater prediction of 
phases error or weaker coupling). No change of regime is observed. Then 
coupling begins to increase from 1938 on, until the network de-synchronizes 
around 1943 and a change in regime (temperature trend and ENSO variability) 
follows.  
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Contribution to synchronization broken down to all pair components in the 
network. The broken line is the distance as it was in the previous slide. The 
solid line is the correlation between the two indices of a given pair in a sliding 
window of 11 years. Recall from above that an absolute correlation value of 
0.5 (which corresponds to a value of distance of 1.0)  is more or less the 
threshold of synchronization. So, in this case the pairs contributing to 
synchronization are those with absolute values greater than 0.5 (i.e. >0.5 or 
<-0.5). Those pairs are ENSO-PDO, ENSO-NAO, PDO-NPI, PDO-NAO, NAO-
NPI. 
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Contribution to coupling broken down to all pair components in the network. 
The broken line is the distance as it was in the previous slides. The solid line is 
the coupling between the two indices of a given pair. Recall from above that 
decreasing values indicate coupling getting stronger. So, in this case the pairs 
strongly  contributing to synchronization are ENSO-NAO, PDO-NAO, NAO-
NPI 
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Mention Marcia’s  and your follow-up research and papers 
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