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Composite systemsComposite systems
can be can be ““non complexnon complex””
only under only under very very 
strong hypothesesstrong hypotheses
(equilibrium, weak and (equilibrium, weak and 
local interactions, local interactions, 
negligibility of negligibility of 
extreme events)extreme events)……

……widely used in widely used in 
““traditionaltraditional”” statistical statistical 
mechanics, but mechanics, but very very 
rarely satisfied in naturerarely satisfied in nature, , 
and in particular in the and in particular in the 
heliohelio--geophysical system!geophysical system!

Origin of Origin of 
complexitycomplexity……



Failure of the Failure of the ““traditionaltraditional”” approach hypotheses yields approach hypotheses yields 
(macroscopic) stochasticity(macroscopic) stochasticity, formation of , formation of hierarchical patternshierarchical patterns, , 
multimulti--scale dynamicsscale dynamics
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(macroscopic) stochasticity(macroscopic) stochasticity

multimulti--scalescale

patternspatterns
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•• Complexity and the complex ionosphere.Complexity and the complex ionosphere.

•• The complex evolution of The complex evolution of total electron contenttotal electron content..

CONTENTSCONTENTS



Time evolution of the Time evolution of the vertical total electron content (TEC)vertical total electron content (TEC) on the top of on the top of 
GPS ground stationsGPS ground stations (located in (located in TromsTromsøø, 69.66N, 18.94E and , 69.66N, 18.94E and ManausManaus, , 
12.15N, 86.25W), days 296 to 308 of year 2003 (from October 23 t12.15N, 86.25W), days 296 to 308 of year 2003 (from October 23 to o 
November 3November 3), including the days of the ), including the days of the ““2003 Halloween Storm2003 Halloween Storm””..

(1(1’’ IGS data, after singleIGS data, after single--station solution station solution ““verticalizationverticalization”” by Luigi Ciraolo (IFACby Luigi Ciraolo (IFAC--CNR))CNR))

TTVV((tt))

24 h24 h

ff -- ααsmoothsmooth--raugh  raugh  ““transisionstransisions””
sudden sudden 
““unexpectedunexpected””
peakspeaks
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Wavelet Wavelet 
decompositiondecomposition: : 
the peaks of TEC the peaks of TEC 
appear as appear as 
enhancement of enhancement of 
““powerpower””
distributed over distributed over 
many time scalesmany time scales
(peaks have a (peaks have a 
fine structure).fine structure).

•• MultiMulti--scale analysisscale analysis
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ManausManaus (12.15N, 86.25W)(12.15N, 86.25W)



MultiMulti--scale statistics of scale statistics of 
the TEC evolutionthe TEC evolution: how : how 
does the PDF of TEC does the PDF of TEC 
fluctuations vary with fluctuations vary with 
(time) scale?(time) scale?

Kurtosis of fluctuationsKurtosis of fluctuations: : 
the TEC is the TEC is intermittentintermittent. . 
Extreme eventsExtreme events grow grow 
more and more importantmore and more important
for for smaller and smaller smaller and smaller 
time scalestime scales, but this , but this 
““scalescale--covariancecovariance””
depends on locationdepends on location
(hence, on local (hence, on local 
geophysics).geophysics).
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LIMITATIONS, COMMENTS AND DEVELOPMENTSLIMITATIONS, COMMENTS AND DEVELOPMENTS

•• Verticalization procedureVerticalization procedure: the single: the single--station solution station solution àà la Ciraolola Ciraolo
used here could have some used here could have some mapping function problems in the mapping function problems in the 
Equatorial regionEquatorial region, even if the , even if the fine scale structurefine scale structure should not be should not be 
affected by those problems.affected by those problems.

•• Strong statistical basis is necessaryStrong statistical basis is necessary: it will be crucial to : it will be crucial to 
elaborate systematically TEC data from elaborate systematically TEC data from all the possible different all the possible different 
locationslocations, for a whole solar cycle and under very , for a whole solar cycle and under very different heliodifferent helio--
geophysical conditionsgeophysical conditions..

•• MultiMulti--scale statistics and Space Weatherscale statistics and Space Weather: since we are interested : since we are interested 
in the in the most irregular configurationsmost irregular configurations, we must find the relationship , we must find the relationship 
between the appearance of the between the appearance of the intermittency in the TECintermittency in the TEC and the and the 
heliohelio--geophysical conditions.geophysical conditions.
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•• Complexity and the complex ionosphere.Complexity and the complex ionosphere.

•• The complex evolution of total electron content.The complex evolution of total electron content.
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•• Information theory and Information theory and scintillation dynamicsscintillation dynamics..
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DynamicalDynamical analysis tools are needed!analysis tools are needed!
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ACE

LinkLink the features of the Sunthe features of the Sun--
Earth forcing with those of Earth forcing with those of 
the irregular ionospherethe irregular ionosphere

Putting together Putting together SolarSolar--WindWind
time seriestime series……
……and a time series and a time series 
describing describing GPS phase GPS phase 
scintillationscintillation..



Solar Wind time seriesSolar Wind time series: the : the zz component of component of 
the IMFthe IMF and the and the ion densityion density, as , as measured by measured by 
the satellite ACEthe satellite ACE (data source: (data source: 
http://spidr.ngdc.noaa.gov/spidr/http://spidr.ngdc.noaa.gov/spidr/). ). 
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GPS scintillation data collected with GPS scintillation data collected with 
a a GSV4004, produced by GPS Silicon GSV4004, produced by GPS Silicon 
ValleyValley, maintained in , maintained in TromsTromsøø by the by the 
University of BathUniversity of Bath (UK). (UK). 

Period considered: from Period considered: from 
November 5 to November 5 to 
November 15 of 2004.November 15 of 2004.
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Due to the Due to the patchy nature patchy nature 
of radio scintillationof radio scintillation, , 
scintillation indices do scintillation indices do 
not describe the not describe the ““state of state of 
scintillationscintillation”” on the top on the top 
of a location, but just of a location, but just 
along the radio link along the radio link 
raypathraypath..

Definition of an Definition of an effective effective 
scintillation indexscintillation index on the top of a on the top of a 
station:station:
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What response delayWhat response delay of the effective phase scintillation index of the effective phase scintillation index 
should be expected to the evolution of the should be expected to the evolution of the BBzz or of the or of the NNii as as 
measured at the position of ACE?measured at the position of ACE?

Information theory applied to dynamical systemsInformation theory applied to dynamical systems: given two : given two 
processes described by the time series processes described by the time series XX((tt) and ) and YY((tt), the ), the timetime--
delayed mutual information delayed mutual information MM((XX,,YY;;ττ)) indicates indicates how strongly how strongly YY((tt++ττ) ) 
is is ““dependentdependent”” on the value of on the value of XX((tt)) ::
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BBzz delayed mutual information with phase scintillation: the delayed mutual information with phase scintillation: the 
maximum response of maximum response of σσφφ to the IMF zto the IMF z--componentcomponent takes place takes place 
between 1 and 5 hoursbetween 1 and 5 hours, with another peak at , with another peak at 8 hours8 hours delay.delay.
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NNii delayed mutual information with phase scintillation: the delayed mutual information with phase scintillation: the 
maximum response of maximum response of σσφφ to the Solar Wind ion density to the Solar Wind ion density takes takes 
place with a delay of place with a delay of 1111--12 hours12 hours, while a smaller maximum , while a smaller maximum 
appears after appears after 15 hours15 hours..



Chicago, August 7Chicago, August 7--16, 200816, 2008

•• Probabilities are all calculated by Probabilities are all calculated by ““histogramminghistogramming””,  hence ,  hence 
assuming the time statistics to coincide with the ensemble assuming the time statistics to coincide with the ensemble 
statistics. This is correct statistics. This is correct only for stationary time seriesonly for stationary time series, which is , which is 
not the case in stormy situations.not the case in stormy situations.

•• Strong statistical basis is necessaryStrong statistical basis is necessary: it will be crucial to collect : it will be crucial to collect 
and elaborate scintillation data from many different locations, and elaborate scintillation data from many different locations, for for 
a whole solar cycle and under very different helioa whole solar cycle and under very different helio--geophysical geophysical 
conditions.conditions.

LIMITATIONS, COMMENTS AND DEVELOPMENTSLIMITATIONS, COMMENTS AND DEVELOPMENTS

•• Mutual information may give an indication of the delay between Mutual information may give an indication of the delay between 
processes, but processes, but consistent theoretical modelsconsistent theoretical models of the forcing are of the forcing are 
necessary to make predictions: necessary to make predictions: what really happens to what really happens to σσφφ at at t t + + τ τ 
after what happens at after what happens at tt in the solar wind?in the solar wind?
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•• Space Weather could take great advantage from complexity Space Weather could take great advantage from complexity 
scince tools: the scince tools: the geospacegeospace is an is an intrinsically complex structureintrinsically complex structure
forced by a forced by a turbulent agentturbulent agent (the Sun) via an (the Sun) via an intrinsically complex intrinsically complex 
chain of mechanismschain of mechanisms..

•• MultiMulti--scale analysisscale analysis, , phase space explorationphase space exploration, , information theoryinformation theory
are all well based tools, theoretically, but need are all well based tools, theoretically, but need giant well assorted giant well assorted 
collections of datacollections of data, which is the real challange., which is the real challange.

•• GalileoGalileo’’s approach: learn how to s approach: learn how to disentangle different effects of disentangle different effects of 
different causesdifferent causes asking asking the right questionthe right question to Nature, avoiding to Nature, avoiding 
confusing mix up of thingsconfusing mix up of things..

•• Dynamical interpretationDynamical interpretation: this mathematics gives lots of : this mathematics gives lots of 
““valuesvalues””, that remain speechless if one does not interpret them , that remain speechless if one does not interpret them 
dyanically.dyanically.
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