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A new dynamical mechanism for major climate shifts.

Anastasios A. Tsonis, Kyle Swanson, & Sergey Krawts

Department of Mathematical Sciences, Atmospherierfes Group, University of
Wisconsin-Milwaukee, Milwaukee WI 53201-0413

Abstract We construct a network of observed climate indingbe period 1900-2005
and investigate their collective behavior. The lssndicate that this network
synchronized several times in this period. We fimat in those cases where the
synchronous state was followed by a steady increaie coupling strength between the
indices, the synchronous state was destroyed, aftieh a new climate state emerged.
These shifts are associated with significant chamgeglobal temperature trend and in
ENSO variability. The latest such event is knowrthesgreat climate shift of the 1970s.
We also find the evidence for such type of behawidwo climate simulations using a
state-of-the-art model. This is the first time ttlas mechanism, which is consistent with
the theory of synchronized chaos, is discoveraphysical system of the size and

complexity of the climate system.

1. Introduction

One of the most important and mysterious eventedant climate history is the climate
shift in the mid-1970sGraham,1994]. In the northern hemisphere 500-hPa atmagphe
flow the shift manifested itself as a collapse @kasistent wave-3 anomaly pattern and
the emergence of a strong wave-2 pattern. Thewhsgtaccompanied by sea-surface
temperature (SST) cooling in the central Pacifid emarming off the coast of western
North America Miller et al., 1994]. The shift brought sweeping long-range clearig

the climate of northern hemisphere. Incidentalfierd'the dust settled,” a new long era
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of frequent El Niflos superimposed on a sharp gltdmaperature increase has begun.
While several possible triggers for the shift hheen suggested and investigated
[Graham, 1994Miller et al., 1994;Graham et al.1994], the actual physical mechanism
that led to the shift is not known. Understanding tlynamics of the above phenomena is
essential for our ability to make useful predictafrclimate change. A major obstacle to
this understanding is the extreme complexity ofdimaate system, which makes it
difficult to disentangle causal connections leadim¢he observed climate behavior. Here
we present a novel approach, which reveals an t@aponew mechanism in climate
dynamics and explains several aspects of the obdetimate variability in the late 20

century.

2. Methods and Results from Observations

First we construct a network from four major clima@tdices. The network approach to
complex systems is a rapidly developing methodaledych has proven to be useful in
analyzing such systems’ behaviédljert and Barabasi2002;Strogatz 2001]. In this
approach, a complex system is presented as a sehpécted nodes. The collective
behavior of all the nodes and links (the topolofthe network) describes the dynamics
of the system and offers new ways to investigatirbperties. The indices represent the
Pacific Decadal Oscillation (PDO), the North AtlanDscillation (NAO), the El
Niflo/Southern Oscillation (ENSO), and the Northifa©scillation (NPO) Barnston
and Livezey1987;Hurell, 1995;Mantua et al. 1997;Trenberth and Hurre||1994].
These indices represent regional but dominant mofielemate variability, with time

scales ranging from months to decades. NAO and AléG@he leading modes of surface
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pressure variability in northern Atlantic and Paxc@®ceans, the PDO is the leading mode
of SST variability in the northern Pacific and EN& major signal in the tropics.
Together these four modes capture the essencaratelvariability in the northern
hemisphere. Each of these modes involves differeghanisms over different
geographical regions. Thus, we treat them as nealisub-systems of the grand climate
system exhibiting complex dynamics. Indeed, sonthef dynamics have been
adequately explored and explained by simplified eldwvhich represent subsets of the
complete climate system and which are governedhéy own dynamics. For example,
ENSO has been modeled by a simplified delayedlasmilin which the slower
adjustment time-scales of the ocean supply thesystith the memory essential to
oscillation [Elsner and Tsonjsl993;Schneider et al2002;Marshall et al, 2001;Suarez
and Schopfl1998]. Monthly-mean values in the interval 19000@ are available for all

indices.

In our approach, the four climate indices are agglita form a network of interacting
nodes. A commonly used measure to describe vammatiothe network’s topology is the

mean distancd(t) [Onnela et al.2005].

2

d(t) = d
O = NN Do (1’

Heret denotes the time in the middle of a sliding windoiwvidth 22, N=4; i,j=1,..., N,

and di} =./2(1- ‘/’5 ‘) , Where /’i; is the cross-correlation coefficient between nades

and;j in the interval [t&4/2, t+4/2], andD ' is theNxN distance matrix. The sum is taken
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over the upper triangular part (or the distinctredats ofD '). The above formula uses the
absolute value of the correlation coefficient besgatihe choice of sign of indices is
arbitrary. The distance can be thought as the geerarrelation between all possible
pairs of nodes and is interpreted as a measutedyinchronization of the network’s
components. Synchronization between nonlinear (et)auscillators occurs when their
corresponding signals converge to a common, alibegular, signal. In this case, the
signals are identical and their cross-correlattomaximized. Thus, a distance of zero
corresponds to a complete synchronization andtardie of~/2 signifies a set of

uncorrelated nodes.

Figure 1a shows the distance as a function of fona window length of t = 11 years,
with tick marks corresponding to the year in theldhe of the window. The correlations
(and thus distance values for each year) were ctedphased on the annual-mean indices
constructed by averaging the monthly indices okemteriod of November—March. The
dashed line parallel to the time axis in Figured@mesents the 95% significance

level associated with the null hypothesis thatahgerved indices are sampled from a
population of a 4-dimensional AR-1 process drivgralspatially (cross-index) correlated
Gaussian noise; the parameters of the AR-1 modkthencovariance matrix of the noise
are derived from the full time series of the obserindices. This test assumes that the
variations of the distance with time seen in Figlaieare due to sampling associated with
a finite-length (11-yr) sliding window used to coatg the local distance values.
Retaining overall cross-correlations in construgtine surrogates makes this test very

stringent. Nevertheless, we still find that fiveaéis (1910s, 1920s, 1930s, 1950s, and



95 1970s) when distance variations fall below the 3gfificance level. We therefore
96 conclude that these features are not likely touretd sampling limitations but they
97 represent statistically significant synchronizatewents. Note that the window length
98 wused in Figure 1ais a compromise between beingdowugh to estimate correlations
99 but not too long to “dilute” transitions. Neverthss$, the observed synchronizations are
100 insensitive to the window size in a widerange @f 7 t 15 yr.
101
102 Animportant aspect in the theory of synchronizatetween coupled nonlinear
103 oscillators is coupling strength. It is vital totadghat synchronization and coupling are
104 not interchangeable; for example, it is triviaktanstruct a pair of coupled simple
105 harmonic oscillators whose displacements are iniguare (and hence perfectly
106 uncorrelated), but whose phases are strongly cdugknassche et al2003]. As such,
107 coupling is best measured by how strongly the phatdifferent modes of variability
108 arelinked. The theory of synchronized chaosiptedhat in many cases when such
109 systems synchronize, an increase in coupling betweeoscillators may destroy the
110 synchronous state and alter the system’s behadeady et al. 1995;Pecora et al.
111 1997]. In view of the results above, the questiarstarises as to how the synchronization
112 events in Figure la relate to coupling strengtiwbenh the nodes. It should be noted that
113 in this study we are interested in the complete&Byamization among the nodes, rather
114 than weaker types of synchronization, such as psysehronizationBoccaletti et al.
115 2002;Maraun and Kurths2005] or clustered synchronizatiathjou and Kurths2006],
116 which are also important in climate interactions.

117
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For our purposes here, if future changes in the@hatween pairs of climate modes can
be readily predicted using only information abdwé turrent phase, those modes may be
considered strongly couple8inirnov and Bezruchk@003]. Unfortunately, in climate
data analysis we are limited by the fact that datasparse and the phase might not be
well known. One standard way to circumvent thesétdi is to use symbolic dynamics.
For any given time series point, we can defineralsic phase by examining the
relationship between that point and its nearestrieighbors in time. As shown in Figure
2, if the 3 points are sequentially increasing,car assign to the middle point a phase of
0, while if they are sequentially decreasing, asghaf . Intermediate values then follow.
Notice that this procedure is totally non-parantets it does not compare the actual
values of the points aside from whether a poifdnger or smaller than its neighbors. The
advantage of this approach is that it is blindIteatdow frequency variability, i.e.,

decadal scale and longer. Use of symbolic dynamiappropriate in this case, as we are

primarily interested in changes in the synchrogiand coupling of climate modes over
decadal time scalesThe symbolic phasé,fn may then constructed for each of the six
climate time series considered here, and is repted as the trigonometric pair

Zn = (COSfn ,sinfn) . Changes in this pair from year to year are isgred as

DZ. . =(cosf - cosf ,sinf - sinf ).ltis straightforward to construct
a least squares estimatorldZ of the type
DZ:'S;,rl =MZ, (2)

whereZ, denotes a vector of all six possible phase pairtoations between our climate

indices ,and wher®l = [DZnn+1 Zn'I[ Zn Zn'] ™ is the least squares predictor matrix
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calculated using all possible combinations folyakrs. A measure of the coupling then is

simpIyHD et -DZ 2, where strong coupling is associated with smdlles of this

n,n+l

n,n+l

guantity, i.e., good prediction.

This quantity is plotted in Figure 1b. Figures hddd show the global temperature and
El Nino index in our period. The vertical brokends in all panels correspond to the
times when the network went out of synchronizatiigure 1 tells a remarkable story.
First let's consider the event in 1910s. The nekwaynchronizes at about 1910. At that
time the coupling strength begins to increase. Exaly the network comes out of the
synchronous state sometime in late 1912 early 1Bi&.destruction of the synchronous
state coincides with the beginning of a sharp dltdraperature increase and a transition
from weak to strong El Nino events. The networleesa new synchronization state in
the early 1920s but this is not followed by an @ase in coupling strength. In this case
no major shifts are observed in the behavior obgleemperature and ENSO. Then the
system enters a new synchronization state in thg £330. Initially this state was

followed by a decrease in strength coupling andnaiga major shifts are observed.
However, in the early 1940s the still present syobus state is subjected to an increase
in coupling strength, which soon destroys it. As siynchronous state is destroyed, a new
shift in both temperature trend and ENSO variabitobserved. The global temperature
enters a cooling regime and El Ninos become mushflequent and weaker. The
network synchronizes again in 1950. This stateliswed by a decrease in coupling
strength and, as was the case in 1920 and in #88§s, no major shifts occur. Finally,

the network synchronizes again in the mid 1970ss $tate is followed by an increase in
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coupling strength and incredibly, as in the cage®@0 and 1940, the climate shifts
again. The global temperature enters a warmingmmegind El Ninos become frequent
and strong. The fact that around 1910, 1940, anlehate 1970s climate shifted to a
completely new state indicates that synchronizawdowed by an increase in coupling
between the modes leads to the destruction ofytiiehsonous state and the emergence of

a new state, in agreement with the theory.

3. Model Results

According to the theory of synchronized chaos sltfts in systems of nonlinear
coupled oscillators are caused by bifurcationhasbupling parameter changes. Thus,
the coupling strength acts as an external parametdifying the system. In our case the
coupling strength is estimated from the data and this not clear whether its variability
is dictated by some external forcing acting ongyxgtem or it is intrinsic. In order to
further investigate this issue we considered twiaugations of a state-of-the-art coupled
ocean/atmosphere model. The particular model wemehere is the GFDL CM2.1
coupled ocean/atmosphere modeéFPL CM2.1 development tea@006]. The first
simulation is an 1860 pre-industrial conditions @@r control run and the second is the
SRESAIB, which is a “business as usual”’ scenarib @0, levels stabilizing at 720
ppmv at the close of the 21st century [IPCC, 20Bidm these model outputs we
construct the same indices and their network. lEg@rand 4 are similar to Figure 1 but
for the second century of the control run and tiécntury simulations, respectively.
We only show results of thd%century of the control run. Thé'tentury is not

considered to avoid the effect of transients. 3, 4", and %' century it appears that



186 the internal variability of the model shuts sigeéintly down, which inhibits

187  synchronization. In Figure 4 the dominant tren@ 8€/century caused by the radiative
188 forcing is removed to better delineate the shifttemperature regimes, which are

189 superimposed onto it. The general mechanism obdénvhe actual data is observed in
190 both simulations. In the control run we observeésynchronization events around years
191 120-130, years 139-148, and years 180-188. Onplaae, the first two events are

192 followed by an increase in coupling strength wheslentually destroys the synchronous
193 states. This marks a shift in both the global terajpee trend and ENSO variability. The
194 third event is not followed by a coupling strengtbrease and when it is destroyed there
195 are no noticeable shifts. There is a temperaturer(bt an ENSO variability) shift in the
196 mid 170s which is not associated with this mechanis the forced simulation we

197 Dbasically observe two events. One in years 2022208l another one in years 2065-
198 2072 (with an interruption in the middle). Duringth events the coupling strength

199 increases until the synchronous states are destrbélgre again these events are

200 associated with marked temperature trend and ENSi@bility shifts. We thus find this
201 mechanism present in observations and in modellatrons. The fact that this

202 mechanism is present in the control run will indéceinat the shifts are not caused by
203 some kind of bifurcation (which will require extatnnfluences) but rather it is an

204 intrinsic property of the climate system. The prege mechanism seems to be rather
205 robust. For example, we still identify the mechamia a larger network that includes
206 PNA, WP, and TNA possibly because of their regidiga to the four major modes used
207 here. Thus, larger networks may not offer additiam@rmation (however, if new nodes

208 do not represent significant modes of variabilitgit addition may mask the
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mechanism). In addition, we identify the mechanismetworks with three nodes as long
as they represent all three major regions (tropiogh Pacific and north Atlantic; i.e.
ENSO, NAO and either PDO or NPO). It appears thatkey to this mechanism is not
the inclusion of many nodes but the interplay &f tfew) most dominant modes of

climate variability in the northern hemisphere.

4. Conclusions

The above observational and modeling results sudgigesollowing intrinsic mechanism
of the climate system leading to major climatetshiirst, the major climate modes tend
to synchronize at some coupling strength. Whensymehronous state is followed by an
increase in the coupling strength, the networkischyonous state is destroyed and after
that climate emerges in a new state. The wholeteuarks a significant shift in climate.
It is interesting to speculate on the climate Shifer the 1970s event. The standard
explanation for the post 1970s warming is thatrttthative effect of greenhouse gases
overcame shortwave reflection effects due to aésgbtann and EmanugR006].
However, comparison of the 2035 event in th& @dntury simulation and the 1910s
event in the observations with this event, suggastalternative hypothesis, namely that
the climate shifted after the 1970s event to aedaffit state of a warmer climate, which

may be superimposed on an anthropogenic warming.tre

AcknowledgementsWe thank J.B. Elsner and three reviewers for ttwical

comments and suggestions. AAT and KLS are suppbrtedSF grant ATM-0438612,

10



231 SKis supported by DOE grant DE-FG-03-01ER63260@nNASA grant NNG-06-
232 AG66G-1.

233

234 References

235 Albert, R., and A.-L. Barabasi (2002), Statistioechanics of complex networkRev.
236 Mod. Phys/4, 47-101.

237 Barnston, A.G., and R.E. Livezey (1987) Classifmatseasonality, and persistence of
238 low-frequency atmospheric circulation pattefdan. Wea. Rew15 1083-1126.
239 Boccaletti, S., J. Kurths, G. Osipov, D.J. Vallagarand C.S. Zhou (2002), The

240 synchronization of chaotic systeflsys. Report866, 1-101.

241 Elsner, J.B., and A.A. Tsonis (1993), Nonlinear ayics established in the ENSO.
242 Geophys. Res. Left0, 213-216.

243 GFDL CM2.1 development team (2006), GFDL's CM2 glbtoupled climate models,
244 Parts 1-4J.Clim. 19, 643-740.

245 Graham, N.E. (1994), Decadal scale variabilityhea tropical and North Pacific during
246 the 1970s and 1980s: Observations amdkhresultsClim. Dyn.10, 135-162.
247 Graham, N.E., T.P. Barnett, R. Wilde, M. Ponatad 8. Schubert (1994), On the roles
248 of tropical and mid-latitude SSTs in forcing irdanual to interdecadal variability
249 in the winter Northern Hemisphere circulationClim.7, 1500-1515.

250 Heagy, J.F., L.M. Pecora, and T.L. Carroll (19%)prt wavelength bifurcations and
251 size instabilities in coupled oscillator systefdBys. Rev. Let#4, 4185-4188.
252  Hurrell, J.W. (1995), Decadal trends in the NortieAtic oscillation regional

253 temperature and precipitatidBcience269, 676-679.

11



254 IPCC: Climate change 2001- The scientific basisat@oution of working group | to the
255 third assessment report of the IntergovernmeraaePon Climate Change.
256 Houghton, J. H. et al., (eds) (Cambridge UnivgrBitess 2001).

257 Mann, M.E., and K.A. Emanuel (2006), Atlantic haame trends linked to climate
258 changd0OS Trans. AG37, 233.

259 Mantua, N.J., S.R. Hare, Y. Zhang, J.M. Wallace, BrC. Francis (1997), A Pacific
260 interdecadal climate oscillation with impacts amson productionBull. Amer.
261 Meteor. Soc78, 1069-1079.

262 Maraun, D., and J. Kurths (2005), Epochs of phaseience between El Nino/Southern
263 Oscillation and Indian monso@eophys. Res. LeB2, L15709,

264 doi:10.1029/2005GL023225

265 Marshall J., et al. (2001), North Atlantic climatariability: Phenomena, impacts and
266 mechanismbat. J. Climatol.21, 1863-1898.

267 Miller, A.J., D.R. Cayan, T.P. Barnett, N.E. Crahand J.M. Oberhuber (1994), The
268 1976-77 climate shift of the Pacific Oce@teanography, 21-26.

269 Onnela, J.-P., J. Saramaki, J. Kertesz, and K. IK86K5), Intensity and coherence of
270 motifs in weighted complex networkiBhys. Rev. EL, 065103.

271 Pecora, L.M., T.L. Carroll, G.A. Johnson, and DA&r (1997), Fundamentals of

272 synchronization in chaotic systems, concepts,agmiicationsChaos7, 520-543.
273 Schneider, N., A.J. Miller, and D.W. Pierce (200@patomy of North Pacific Decadal
274 Variability.J. Clim 15, 586-605.

275 Smirnov, D.A., and Bezruchko (2003), Estimationndéraction strength and direction

276 from short and noisy time serid¥hys. Rev. B8, 046209 (2003).

12



277

278

279

280

281

282

283

284

285

286

Strogatz, S.H. Exploring complex networks (200ature410 268-276.
Suarez, M.J., and P.S. Schopf (1998), A delaydadraoscillator for ENSOJ. Atmos.
Sci.45, 549-566.

Trenberth, K.E., and J.W. Hurrell (1994), Decadal@spheric-ocean variations in the
PacificClimate Dyn9, 303-319.

Vanassche, P., G.G.E. Gielen, and W. Sansen (2@x}avioral modeling of
(coupled) harmonic oscillator&EE Trans. Comp. Des. Int. Cir22,
1017-1027.

Zhou, C.S., and J. Kurths (2006), Dynamical weigimnd enhanced synchronization in

adaptive complex networlhys. Rev. Letf6, 164102.

13



287
288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

Figure captions
Fig. 1 (a) The distance (see definition in text) of awwk consisting of four observed

major climate modes as a function of time. Thigatise is an indication of
synchronization between the modes with smalleadist implying larger
synchronization. The parallel dashed line represtdra 95% significance level associated
with a null hypothesis of spatially correlated remise. (b) Coupling strength between the
four modes as a function of time. (c) The globaiperature record. (d) Global-SST
ENSO index. The vertical lines indicate the timeewhhe network goes out of
synchronization (see text for discussion).

Fig. 2: The six states for the symbolic phase construciitye points in each triplet
correspond to three consecutive points in a timeseand their relative vertical

positions to each other indicate their respectaleas.

Fig. 3: Same as Figure 1 but for a control run of GFDL CM#&odel with 1860 pre-
industrial conditions. See text for discussion.

Fig. 4: Same as Figure 1 but for the GFDL CM2.1 SRESAIButation. See text for

discussion.

14



")

1940 1960 1980

1920

10113 uonoipsld eseuyd

0.45-

,,
oot
(=] (=] o

,
o —
c o ° ¢o
ainjeledwsa] edqo|

0.2

0.3

o o

303

15



AN

27/3 T 47t/3 5m/3

304



305

306

17



307

18



