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  The IPCC process: Fourth Assessment Report (AR4) 
  3 working groups: various sources of uncertainties 

  - Physical Science Basis 
  - Impacts, Adaptation and Vulnerability 
  - Mitigation of Climate Change 
    

  Physical and socio-economic modeling 
  - separate vs. coupled 

  Ethics and policy issues 

   



A. Climate change and other natural hazards 
 – global warming 
 – extreme events: atmosphere, ocean, solid earth 
 – which kind of economy do they impact?    

B. Dynamic coupling of the climate  
  and socio-economic systems 
 – endogenous business cycles (EnBCs) vs.  
    “real” business cycles (RBCs) 
 – vulnerability paradox and nonlinear FDT 
 – data studies vs. model studies 

C. Conclusions and bibliography 



Motivation 
1. The rarity of extreme events: an obstacle and an incentive. 
2. Extreme events as a manifestation of complexity. 
3. Means, variances, and extrema: statistical analysis and 

modeling – deterministic and stochastic.  
4. Integrated analysis and modeling: Earth System Modeling 
    (ESM) and beyond – coupling socio-economic and 

     natural phenomena 
5. A new integrated modeling tool: Boolean delay equations 

(BDEs): simpler, more flexible. 
6. Pattern recognition and complex system modeling: 
    a pathway to prediction? 
 Pls. visit the E2C2 web site: http://e2c2.ipsl.jussieu.fr 





  What we started with. 
  What we did. 
  What we found out. 
  What we’d like to know. 



  Who we were and what we started with  



•      EC-funded project bringing together researchers in 
mathematics, physics, environmental and socio-
economic sciences. 

  €1.5M over 3.5 years (March 2005–August 2008). 
  Coordinating institute: Ecole Normale Supérieure. 
  17 ‘partners’ in 9 countries. 
  72 scientists + 17 postdocs/postgrads. 
  PEB: M. Ghil (ENS, Paris, P.I.), S. Hallegatte (CIRED), B. 

Malamud (KCL, London), A. Soloviev (MITPAN, Moscow), 
P. Yiou (LSCE, Gif s/Yvette, Co-P.I.) 
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Number of major natural catastrophes, by year and type 
of event (from Munich Re, Topics Geo 2003) 
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   Extreme events a key manifestation of complex systems.  

   Describe, understand & predict extreme events. 

   Combine expertise in complex systems with broad 

knowledge in the natural and social sciences.  

   Main study areas included:  


   Natural disasters (earthquakes, wildfires, landslides, 
climatic extremes, etc.) 


   Socio-economic crises 

   Interaction between economic & climatic changes  


   Six scientific work-packages bridging the natural and 
social sciences. 


   Outcomes included: 

   Validated data sets 

   Novel insights 

   Forecast algorithms 



Frequency-size distributions for natural hazards  
  probabilistic hazard forecasting  

U.S. Wildfires U.S. & Italian Rockfalls 

Malamud, Turcotte, Guzzetti & 
Reichenbach  (2004, ESPL) 

Malamud, Morein & Turcotte  
(1998, Science) 



The Nile River floods 
Ø  The longest climatic!
    “instrumental” !
     time series!
Ø Pharaoh’s dream &!
    Joseph’s explanation!
    thereof.!
Ø Effects of periodicity!
    & of “long-range!
    dependence (LRD)” !
!

Zippori (Sephoris) mosaic,!
Galilee, 1st-4th century A.D. (photo 
Y. Feliks, GRL cover, April 2005)!



“Rough” vs. “smooth” part of a signal, I 

Ghil et al. (NPG, 2011), Hurst (1951, 1952); (*) Geweke & Porter-Hudak (1983)!

The “classical” record of!
Nile River floods.!
Periodogram of the time  
series of Nile River minima: 
•  GPH(*) estimator (blue) and 
•  fractionally differenced 

 (FD) model (red)!

v Hurst exponent of !
H = 0.88 ± 0.09 (GPH)/!

! ± 0.05 (FD)  ! 0.001 0.005 0.020 0.100 0.500

1e
−0
3

1e
−0
2

1e
−0
1

1e
+0
0

1e
+0
1

Frequency

Sp
ec
tru
m

This illustrates the rough part of the record, !
& hence the smooth part of the spectrum.  !



“Rough” vs. “smooth” part of a signal, II 

Ghil et al. (NPG, 2011), Kondrashov, Feliks & Ghil (GRL, 2005)!

The “classical” record of!
Nile River floods.!
Singular-spectrum analysis 
(SSA) + 
Multi-taper method (MTM); 
SSA-MTM Toolkit!

v Spectral peak at 7–8 years!
NAO origin, due to !
Gulf Stream front?!!

This illustrates the smooth part of the record, !
& hence the rough part of the spectrum.  !
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  What we started with. 
  What we did  





  What we started with. 
  What we did. 
  What we found out  



Forecasting algorithm for natural & social systems: 
can we beat statistics-based approaches? 

   Ghil & Robertson, 2002, PNAS; Keilis-Borok. 2002, Annu. Rev. EPS. 



Simple models (ODEs, cellular automata, and BDEs) 
can help us understand and predict  

complex interactions in “real” systems 

SliderSlider--Block ModelBlock Model

Malamud & Turcotte (2000, IEEE Trans. CSE); 
Spyratos, Bourgeron & Ghil (2007, PNAS) Burridge & Knopoff (1967, BSSA) 



Work with B. Coluzzi (ENS, Paris), D. Dee (ECMWF, U.K.), F.-f. Jin (U. Hawaii),  
V. Keilis-Borok (IGPP, UCLA, & MITPAN, Moscow), A.P. Mullhaupt (Wall Street),  
J.D. Neelin (UCLA), P. Pestiaux (Total, France), A.W. Robertson (IRI, Columbia),  
A. Saunders (UCLA & L.A. School District), & I. Zaliapin (U. Nevada, Reno). 



after A. Mullhaupt (1984)  
 and M. Ghil et al. (2008) 



Braid structure, input-"
output degree k = 2"

Four types of networks:"
a)  periodic, k = 1;"
b)  fully connected, k = N – 1;"
c)  random,                             ;"
d)  scale-free,"

Strogatz (Nature, 2001) "



Coupling ExEv’s in the Natural  
  & the Socio-Economic System 

w  Received wisdom:!
!– climate is at equilibrium, except when forced!
!– the economy is at equilibrium, except when hit by a shock!
!– it suffices to study the two systems one at a time!
!– typical integrated assessment models (IAMs) couple weakly !!

w  An alternative point of view:!
!– climate has natural variability on many time scales (years to millennia)!
!–  the economy has endogenous business cycles (EnBCs)!
!–  the coupling of intrinsic variability in the two systems might !
! !    lead to surprises  !

w    Let’s see!!
!!



The need for models with  
endogenous dynamics 

Work with P. Dumas (CIRED, CNRS-EHESS-etc.), 
S. Hallegatte (CIRED and ENM, Météo-France), 

J.-C. Hourcade (CIRED, CNRS-EHESS-etc.) 
A. Groth (LMD, CNRS-ENS-etc.) 

“The currently prevailing paradigm, namely that financial markets tend towards 
equilibrium, is both false and misleading; our current troubles can be largely 
attributed to the fact that the international financial system has been developed 
on the basis of that paradigm.” 

George Soros, 
The New Paradigm for Financial Markets: 
The Credit Crisis of 2008 and What It Means, 
BBS, PublicAffairs, New York, 2008 



  Economic subdisciplines!
!– macroeconomics: national or regional economy as a whole!
!– microeconomics: individual households and firms!
!– econometrics: methodology of both macro- & microeconomics !!

  Macroeconomic variables and indicators!
!– gross domestic product (GDP) – produit intérieur brut (PIB)!
!– production, demand!
!– capital, profits (gross, net)!
!– price level, wages !
!– unemployment rate, number of employed workers!
!– liquid assets (of banks, companies)!
!– consumption, investment, stock!

N. B. Some of these are in physical units, others are monetary;!
! some are observable (time series), some are not!



01/14/11 Andreas Groth, ENS 3
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Macroeconomic modelingMacroeconomic modeling
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A tale of two theories: the “real” cycle  
and the endogenous cycle theories 

•  In the real cycle theory, business cycles and economic fluctuations 
arise from exogenous “real” (i.e. not monetary) shocks, like changes in 
productivity or in energy prices, or from fiscal shocks. 

 Aside from these exogenous shocks, the economic system is stable: 
 all markets are at equilibrium, and there is no involuntary unemployment. 
 Deviations from equilibrium are damped more or less rapidly. 
 Acting on the economy, therefore (e.g., recovery policies), is not useful. 

•  In endogenous business cycle (EBC) models, cyclical behavior 
originates from endogenous instabilities in the economic system. 

 Several instabilities have been proposed:  
•  profitability-investment instability 
•  delays in investment 
•  income distribution 

 Acting on the economy can, therefore, have positive effects,  
          by stabilizing it or by shifting its mean state. 



NEDyM (Non-equilibrium Dynamic Model) 

•  Represents an economy with one producer, one consumer, one 
goods that is used both to consume and invest. 

•  Based on the Solow (1956) model, in which all equilibrium 
constraints are replaced by dynamic relationships that involve 
adjustment delays. 

•  The NEDyM equilibrium is neo-classical and identical to that in the 
original Solow model. If the parameters are changing slowly, 
NEDyM has the same trajectories as the Solow model. 

•  Because of market adjustment delays, NEDyM model dynamics 
exhibits Keynesian features, with transient trajectory segments, in 
response to shocks. 

•  NEDyM possesses endogenous business cycles! 

Hallegatte, Ghil, Dumas & Hourcade (J. Econ. Behavior & Org., 2008) 



Endogenous dynamics: an alternative 
explanation for business cycles 



Hopf bifurcation (“tipping point”) from stable 
equilibrium to a limit cycle (“business cycle”) 



αinv = 1.7: purely periodic       
  behavior (limit cycle) 

αinv = 2.5: transition to chaos 
 (irregular behavior) 



αinv = 10: irregular orbit 
 (kinky torus) 

αinv = 20: very asymmetric 
 business cycle  
 (relaxation oscillation) 



Endogenous business cycles (EnBCs)  
in NEDyM 

•  Business cycles originate from the profit–investment relationship 
  (oscillations with a 5–6-year period) – Fukuyama (1989–92)?! 

 higher profits => more investments => larger demand => higher profits 

•  Business cycles are limited in amplitude by three processes: 
–  increase in labor costs when employment is high; 

–  constraints in production and the consequent inflation in goods prices 
when demand increases too rapidly; 

–  financial constraints on investment. 

•  EnBC models need to be calibrated and validated 
–  harder than for real business cycle models (RBCs):  

 fast and slow processes =>  
  need a better definition of the business cycles => 
     study of BEA & NBER data! 



Catastrophes and the state of the economy – I 

Business cycle 

A vulnerability paradox: When does a disaster cause  
greater long-term damage to an economy,  

during its expansion phase or during a recession? 
      

Recession 
Expansion 

Hallegatte & Ghil, 2008, Ecol. Econ., 68, 582–592, doi:10.1016/j.ecolecon.2008.05.022 "



Catastrophes and the state of the economy – II 

Business cycle 

Economic losses due to a  
disaster, as a function of the     
        pre-existing economic 

 situation 

Limited losses if the 
disaster affects an 
economy in recession 

A vulnerability paradox:  
A disaster that affects an economy during its  

recession phase… 
      

Recession 
Expansion 



Larger losses if the disaster  
     affects an economy in   

 expansion 

Recession Expansion 

Business cycle 

Economic losses due to a 
disaster, as a function of the 
pre-existing economic situation 

… causes fewer long-term damages  
than if it occurs during an expansion! 

Catastrophes and the state of the economy – III 

Hallegatte & Ghil, 2008, Ecol. Econ., 68, 582–592, doi:10.1016/j.ecolecon.2008.05.022 "



Calibration Economic  
dynamics 

Mean GDP losses  
(% of baseline GDP) 

No investment flexibility 
αinv = 0 

Stable equilibrium 0.15% 

Low investment flexibility 
αinv = 1.0 

Stable equilibrium 0.01% 

High investment flexibility 
αinv = 2.5 

Endogenous business 
cycle 

0.12% 



Need a more objective, quantitative 
description of the “typical business 
cycle.” To do so we use two 
complementary approaches: 
1.  synchronization methods from 
   dynamical systems (“chaos”); and 
2. Advanced methods of time series  
   analysis (SSA and M-SSA) 

Bureau of Economic Analysis, 
www.bea.gov; 1947–2005.   
9 variables:  
gross domestic product (GDP), 
investment, consumption, 
employment rate (in %), price, 
total wage, imports, exports, and  
change in private inventories. 

Groth, Ghil, Hallegatte and Dumas, submitted  

Adaptive filtering, via multichannel !
singular-spectrum analysis (M-SSA);"

vertical shaded bars are NBER-defined recessions"

Raw data, detrended and standardized"

9-channel SSA (D = 9, M = 24 quarters)"



Stack spectrum of reconstructed 
components (RCs) 
2 distinct periodicities:  
a) the dominant business cycle (5 years) 
b) a 3-year cycle. 

Dumas, Ghil, Groth & Hallegatte, "
Math. Social Sci., to appear. "

Spread of points around the “mean cycle”: 
nonlinear fluctuation-dissipation theorem? 



U.S. recessions 
Ø  The longest economic!
    “instrumental” !
     time series, 1937–2008!
Ø  72 years/12 cycles =!
    6 years; more generally !
    5–6 years!
Ø M-SSA simply allows one to!
    average in a systematic way!
    over a “typical” business!
    cycle & thus describe its!
    “stylized facts”!

National Bureau of Economic Research 
(NBER), via TIME magazine!



Groth, Ghil, Hallegatte and Dumas, submitted  

(a) Local variance fraction of PCs 1 2

0

0.2

0.4

0.6

0.8

1

(b) Local variance fraction of PCs 3 100

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
0

0.2

0.4

0.6

0.8

1

Consider the local variance 
fraction 
with D = 9, M = 100, and" the PCs:"

The “signal” fraction  
is largest during  
the recessions 

The “noise” fraction  
is largest during  
the expansions  

Vertical shaded bars are NBER-defined recessions"



Conclusions and outlook:  
a hierarchy of economic models and  

data analysis methods 
1.  The highly idealized NEDyM model exhibits fairly realistic, endogenous business 

cycles (EBCs): period = 5–6 years, seasaw shape, good phasing of indices. 
2.  NEDyM displays a vulnerability paradox:  

 - extreme-event consequences depend on the state of the economy; 
 - they are more severe during an expansion than a recession. 

3.  This paradox is supported by 
 - consequences of Izmit (Marmara) earthquake, 1999;  
 - reconstruction process after the 2004 and 2005 hurricane seasons in Florida. 

4.  U.S. economic data (BEA, 1947–2005) tentatively support a nonlinear 
fluctuation-dissipation theorem (FDT) à la Ruelle. 

5.  EBC model calibration is an issue => sequential data-assimilation methods are 
being developed by P. Dumas and A. Groth. 

6.  Need a better, quantitative characterization of business cycles: U.S. + Euro- 
data, synchronization and spectral methods (A. Groth, L. Sella, G. Vivaldo) 

7.  Need more detailed, regional and sectorial models: B. Coluzzi, M. G., S.H., and G. 
Weisbuch are using simplified, Boolean models to study the economy as a 
network of businesses (suppliers and clients, etc.). 



The deeper motivationsThe deeper motivations
of of economiceconomic mod modelingeling



  What we started with. 
  What we did. 
  What we found out. 
  What we’d like to know  



•  Are extreme events similar in nature to all other events, only larger? "
"(cf. Scott Fitzgeraldʼs “The Great Gatsby”)"

•  Do standard statistical theories of extreme-value distribution do justice 
to all types of phenomena, or are there differences? "
"- “deterministic” vs. “stochastic” processes"

•  Can long-tailed distributions of events and periodic features "
"co-exist in a time series?"

•  Can we gain confidence in predicting extreme events from "
"deterministic and stochastic models of the underlying mechanisms?"

•  Topics for Panel Discussion?"
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Keilis-Borok, Gascon, Soloviev + 3 (2003,  
in T. Beer & A. Ismail-Zadeh, Eds., Kluwer)  

Forecasting algorithm example for social systems 

• Data from L.A.P.D. 



 Michael Ghil (ENS & UCLA)

with B. Coluzzi,  A. Groth & G. Weisbuch (ENS),


P. Dumas, S. Hallegatte & J.-Ch. Hourcade (CIRED),

L. Sella, P. Terna & G. Vivaldo (U. of Torino)


Pls. see these sites for further info. 
http://www.atmos.ucla.edu/tcd/ (TCD and IPCC) 
http://www.environnement.ens.fr/  

OECD Global Science Forum  
Wkshop on Complexity Science & Public Policy Erice, 5–7 Oct. 2008 



Extreme Events:  
Causes and Consequences (E2C2) 

WP4: Economic impacts of extremes 



Singular Spectrum Analysis (SSA)

Spatial EOFs SSA

x – space s – lag 

k

λ

Statistical dimension

Pairs  oscillations
(nonlinear) sine + cosine pair

Colebrook (1978); Weare & Nasstrom (1982);
Broomhead & King (1986: BK); Fraedrich (1986)

Vautard & Ghil (1989: VG) 
Physica, 35D, 395-424 

BK+VG: Analogy between Mañe-Takens embedding
              and the Wiener-Khinchin theorem 

Cφ(x,y)=Eφ(x,ω)φ(y,ω)

=
1
T

Z T

o
φ(x, t)φ(y, t)dt

CX(s)=EX(t + s,ω)φ(s,ω)

=
1
T

Z T

o
X(t)X(t + s)dt

11/28



Singular Spectrum Analysis (SSA)

SSA decomposes (geophysical & other) 
time series into 

Temporal EOFs (T-EOFs) and 
Temporal Principal Components (T-PCs), 
based on the series’ lag-covariance matrix

Selected parts of the series can be 
reconstructed, via 

Reconstructed Components (RCs)

Time series

RCs

T-EOFs

Selected References:

 Vautard & Ghil (1989, Physica D); 

 Ghil et al. (2002, Rev. Geophys.)

• SSA is good at isolating oscillatory behavior via paired eigenelements.
• SSA tends to lump signals that are longer-term than the window into 

– one or two trend components.

•
12/28



Energy Scenarios Level of Greenhouse Gas 
& Aerosol Concentration 

Climate Models Global Temperature  
Rise 

Impact Models 
Impacts on Human  

Welfare 

Hillerbrand & Ghil, Physica D, 237 (2008): 2132–2138, doi:10.1016/j.physd.2008.02.015. 



The mathematical theory of large deviations is connected to 
stochastic processes, martingales, parabolic PDEs, and 
maximum principles. Could it help us with our applications? 

Burridge & Knopoff (1967, BSSA) 



♥ John M. Keynes’s 
home in Bloomsbury 

♥ Photo with lover 
 Duncan Grant 

photos M.G., May 2008 



♥ Feed the world today 
or…  

♥ … keep today’s 
climate for tomorrow? 

Davos, Feb. 2008, photos by TIME Magazine, 11 Feb. ‘08; 
see also Hillerbrand & Ghil, Physica D, 2008, 237, 2132–2138, 
doi:10.1016/j.physd.2008.02.015 . 



The The Biofuel Biofuel MythMyth
 Fine illustration of

the moral dilemmas (*).
 Conclusion:

“festina lentae,”
as the Romans (**)

    used to say..

(**) ~ Han dynasty

(*) Hillerbrand & Ghil, Physica D, 2008,
doi:10.1016/j.physd.2008.02.015,
available on line.




