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La realidad existe de manera independiente de la mente humana.La naturaleza es regular, al menos en alguna medida.El ser humano es 
apaz de 
omprender la naturaleza.
Al pare
er, ante la turba
ión que nos 
rea el 
uestionar estas a�rma
iones, los
ientí�
os de hoy en día hemos de
idido obviar su dis
usión, junto 
on la tras
en-den
ia que ésta 
onlleva.
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Overview
The main motivation of this study is to 
hara
terize the natural ele
tromagneti
phenomena o

urring in the Earth-ionosphere 
avity, with the aim of extra
tinginformation from the natural pro
esses whi
h are involved in its generation andpropagation.This story starts at the end of the XIX 
entury, with various s
ientists start-ing to think on the Earth as a global ele
tromagneti
 
ir
uit. A great histori
alreview of the beginnings of this topi
 was made by Besser [4℄. The study of theele
tromagneti
 natural noise re
overed its interest with the work by Williams [5℄,who related the S
humann resonan
e parameters with the global temperature, set-ting the basis to study the global 
limate by means of the ele
tromagneti
 naturalemissions. Re
ently, several studies prove that these phenomena 
an be employedfor predi
tion of natural disasters like earthquakes or vol
ano eruptions, e.g. [6℄.We perform two independent experimental studies based on the measurementof these signals on a large time s
ale (in the order of years). Time series re
ordedat ground level are employed for the �rst study, and re
ords from DEMETERsatellite are analyzed in the se
ond. Signals in the Extremely Low Frequen
yband, 3 Hz - 3 kHz, and in the VLF band, 3 kHz - 30 kHz, are dis
ussed in thisdissertation.Then, a way to model the full 3D Earth-ionosphere 
avity by means of TLMmethod is presented. The model employes parallelization te
hniques, due to thememory and 
omputation requirements to model the problem. The model is val-idated through 
omparison with analyti
al solutions to simpli�
ations of the real
avity, as well as results from experimental measurements of the modeled phe-nomena. Finally, the �rst results obtained with this tool are presented, like forinstan
e the e�e
t of an atmospheri
 disturban
e on the SR, or the impli
ationsof the day-night asymmetry of the 
avity.xvii





Chapter 1
Introdu
tion
Up to the moment, Environmental and Geophysi
al S
ien
es have not 
onsiderednatural ele
tromagneti
 phenomena as a means to test the Earth's state, mainlydue to the fa
t that (1) many of these phenomena are not known in depth yet, thatis to say, there are experimental measurements but not models generating results
oherent with these measurements; and (2) variations generated by anomalies or
hanges in the environment are small and, therefore, di�
ult to measure andmodel.Is it possible to get a reliable short term predi
tion of an earthquake? Is itpossible to measure the global warming of the Earth through a natural thermome-ter? An a�rmative answer to these questions would be a signi�
ant advan
e toenvironmental s
ien
es and to disaster prevention.Regarding the �rst question, the debate on what must be understood as aseismi
 predi
tion arises [7℄. We 
an de�ne the following predi
tion levels: (1)Time-independent risk with a fully probabilisti
 predi
tion in terms of the areaunder study; (2) time-dependent and 
y
li
 risk in the sense that the longer thetime elapsed sin
e the last earthquake event, the longer the expe
ted time fora new earthquake to o

ur; (3) Predi
tion based on fa
ts whi
h anti
ipate theseismi
 event, with a probabilisti
 
al
ulation, with the aim of alerting authoritiesbut with an un
ertainty of weeks or months; (4) Deterministi
 predi
tion of thelo
ation, magnitude and moment at whi
h the earthquake will o

ur.Naturally, this last option is the more desirable for the s
ientists involved andfor the so
iety in general. Present predi
tions are vague up to the point that, by1



2 Chapter 1.using histori
al studies together with satellite determination of movements of theEarth's 
rust and voltage measurements at its interior, s
ientists 
an predi
t withhigh probability of su

ess a seismi
 event in a time span of 30 years [8℄. Shortterm predi
tion will not arise from the study of Earth's 
rust movement, but fromele
tromagneti
 phenomena, instead, and not only from phenomena happening atthe Earth's surfa
e but also at the ionosphere: DEMETER (Dete
tion of Ele
tro-Magneti
 Emissions Transmitted from Earthquake Regions) satellite was laun
hedinto orbit in June 2004 to measure di�erent ionosphere variables, espe
ially atregions with high seismi
 a
tivity [9℄.Regarding the se
ond question, in 1992, a paper was published in S
ien
e mag-azine, in whi
h a me
hanism for dete
ting the global temperature in the tropi
regions was proposed [5℄. This method was based on the study of an ele
tro-magneti
 phenomenon of natural origin, the S
humann resonan
e frequen
ies [10℄,whi
h o

urs inside the natural 
avity formed by the Earth's surfa
e and the lowerionosphere, both de�ning two enormous 
on
entri
 
ondu
ting surfa
es separatedby a lossy diele
tri
, the atmosphere. The size of this 
avity is pe
uliar: togetherwith a perimeter of around 40,000 km, the height of the ionosphere is only 50 - 60km during daytime and around 80 - 90 km during nighttime.S
humann resonan
es 
onsist of ELF os
illations generated by lightning events,whi
h propagate through the whole 
avity as Transverse Magneti
 (TM) modes,thus providing a tool for the study the parameters of the lower ionosphere andthe intensity of lightning a
tivity. Studies 
arried out by Williams during a six-years span proved the existen
e of a 
orrelation between annual variations in theamplitude of the �rst S
humann resonan
es and the temperature at the Tropi
s,
al
ulated through the time average of the number of lightning strokes in the Earth.Constant dis
harges simultaneously produ
ed in the Earth are ele
tromagneti
�eld sour
es whi
h propagate in the atmosphere, 
ontinuously re�e
ting at theEarth's surfa
e and the ionosphere. In the ELF band, and due to the atmosphere
ondu
tivity, waves 
an propagate several turns around the Earth's perimetergenerating the mentioned resonan
es.Natural ele
tromagneti
 phenomena o

urring around us 
an be 
lassi�ed intothree 
ategories: (1) those asso
iated with lightning strokes in the atmosphere, (2)those happening in the plasma of the ionosphere and the magnetosphere, and (3)those generated at the lithosphere [11℄. Multiple di�erent phenomena are beingobserved in the two �rst 
ategories, su
h as opti
 emissions at the mesosphere,
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tion 3as a 
onsequen
e of lightning dis
harges and whi
h lead to think of an ele
trody-nami
 
oupling between mesosphere and ionosphere. The third 
ategory is 
om-pletely new and gathers eviden
es indi
ating that seismi
-ele
tromagneti
 phenom-ena 
ould be a means to obtain short-term earthquake predi
tions [6℄. Emissionsin the frequen
y range from Ultra Low Frequen
y (ULF) to Very High Frequen
y(VHF) (in
luding DC) originate at the lithosphere, and also perturbations 
ausedby earthquakes have been dete
ted on the atmosphere and the ionosphere. Nev-ertheless, the me
hanisms generating these emissions and the 
oupling betweenlithosphere-atmosphere-ionosphere are nowadays hardly understood. It be
omesevident that analyti
al models are unable to des
ribe the 
omplexity of the sys-tem, and numeri
al methods are ne
essary to 
orroborate hypotheses by studyingthe 
on
ordan
e between obtained results and experimental measurements. Inthis sense, we 
onsider very interesting the proposal of the te
hni
al 
ommitteeof Ele
tromagneti
 Theory of the Institute of Ele
tri
 Engineers of Japan, leadedby professor Masahi Hayakawa, from the University of Ele
tro Communi
ations ofTokyo (Japan), to 
reate a resear
h topi
 termed �Natural Ele
tromagneti
 Phe-nomena and Ele
tromagneti
 Analysis�. This resear
h joins experien
es in the�eld of natural ele
tromagneti
 phenomena and 
omputational Ele
tromagneti
s.As 
on
erns experimental observations of signals produ
ed by seismi
 events,together with DEMETER satellite laun
hed into orbit with Fren
h Governmentmajority stake, Japanese government has started two resear
h proje
ts basedon a network of terrestrial observatories: Frontier/RIKEN to study the seismi
-ele
tromagneti
 e�e
ts inside the Earth, and Frontier/NASDA to study the e�e
tsat the atmosphere and/or ionosphere. The Ameri
an 
ompany QuakeFinder (lo-
ated in Palo Alto, California) is investing millions of dollars in ULF sensorslo
ated on ground and in laun
hing into orbit a satellite intended for seismi
 pre-vention (http://www.quake�nder.
om). At present, there exists resear
h groups
on
erned with this �eld in Japan, Russia (with a
tive 
ollaboration betweenthem), China, Taiwan, Fran
e, Italy, Gree
e, USA, Ukraine, Mexi
o, Israel, India,and Germany, at least.Besides these observatories, whi
h 
an be regarded as re
ent ones, a network ofobservatories for ELF signals is working in multiple 
ountries. These observatoriesemerged in the 60s and, by means of ele
tri
 and/or magneti
 sensors, a re
ordof the ele
tromagneti
 �eld in the frequen
y band ranging from a few to 40 - 50



4 Chapter 1.Hertz is made (although some stations are able to re
ord up to several hundredsof Hertz) [12℄.1.1 Resonan
es inside the Earth-ionosphere 
avityOur planet is a solid 
ondu
ting sphere 
overed with a thin layer of diele
tri
atmosphere. The width of this layer is around 30 km. This means that 99% of theatmospheri
 mass is lo
ated below that height and that only 1% is above this point.Nevertheless, this part plays a fundamental role in the ele
tromagneti
 behavior ofthe whole atmosphere, sin
e 
ondu
tivity gradually in
reases 6 magnitude orders,generating the ionosphere, a layer lo
ated above 60 km during daytime and above90 km during nighttime.The ionosphere plays an essential role in radio propagation and its e�e
t onele
tromagneti
 waves strongly depends on frequen
y. In the GHz band, its roleredu
es to a small perturbation in the signals (above a few tens of MHz it ispra
ti
ally transparent), in the HF and LF bands, signals re�e
t, and in the ELFand VLF bands, propagation is seriously a�e
ted, even for small distan
es. Radiowaves of a few Hertz may travel around the Earth and go ba
k to the startingpoint. If the phase di�eren
e generated in this journey is 2π, a global resonan
ephenomenon is produ
ed. W.O. S
humann predi
ted the existen
e of these reso-nan
es in 1952. Sixty years later, natural ele
tromagneti
 phenomena are a pow-erful tool in the study of global lightning a
tivity and the properties of the lowerionosphere at planetary s
ale [1, 2, 12℄.The Radio Engineering History begun around one hundred years ago, duringthe end of the 19th 
entury. Several s
ientists started to 
on
eive the Earth asone element of a radio system. Although some 
ontroversies remain when it 
omesto establish the �rst author on the �eld, there is an ex
ellent review by Besser[4℄, whi
h extensively do
uments these origins. At those times, ele
tromagneti
radiation was observed either from lightning a
tivity or from dis
harges generatedat the laboratory. Later, radio waves with harmoni
 variation were used for signaltransmission. On
e the ionosphere was dis
overed, a great expansion in shortwaveradio was produ
ed (HF band, between 3 and 30 MHz). During and after the IIWorld War, radar was developed for military appli
ations, and it was employedlater for remote-sensing the environment. W.O. S
humann predi
ted in 1952 [10℄



Introdu
tion 5the existen
e of resonan
es in the whole Earth-ionosphere 
avity. Experimentaleviden
e of this fa
t was a
hieved in 1960 by Balser and Wagner [13℄. The fre-quen
y values 
al
ulated by S
humann and the measurements are in disagreementby a few Hertz for all the resonan
es. This fa
t is well known and it is attributedto the 
ondu
tivity pro�le with height of the real 
avity [14℄, not a

ounted for inthe 
al
ulations made by S
humann.During the se
ond half of the XX Century, a strong resear
h on the VLF andELF bands emerged with goals (mainly of military kind) in global radio 
om-muni
ations and submarine 
ommuni
ations. With the de
ay of the Cold War,resear
h in the ELF band was drasti
ally redu
ed. However, the interest in S
hu-mann resonan
es emerged in the 90s to use them as a tool to study the globalwarming through monitoring of global lightning a
tivity in storms generated byatmospheri
 
onve
tion, whi
h depends on the Earth's surfa
e temperature [5℄.This interest has also grown due to the possibility of lo
ating high-intensity light-ning strokes whi
h generate transient ELF signals (Q-bursts), 
ausing variationsin the mesosphere (sprites, elves, et
.).Three resear
h problems emerge in a natural way from the resonan
es at theEarth-ionosphere 
avity: i) the Physi
s of radio propagation, ii) the 
hara
teriza-tion of lightning through their ele
tromagneti
 radiation, and iii) the derivationof the properties of the lower ionosphere, sin
e it is the outer limit of the ele
tro-magneti
 
avity and, in addition, there exist ele
tromagneti
 
ouplings with theatmosphere [12℄.The Earth-ionosphere system 
an be regarded as a waveguide, a 
avity, or a
apa
itor, depending on the wavelength under 
onsideration. We will 
onsider awaveguide if the Earth's radius, a, is mu
h longer than the wavelength, λ, i.e.,
a >> λ. Natural os
illations be
ome quasi-ele
trostati
 in the opposite 
ase,
a << λ and the �eld des
ription 
an be redu
ed to the 
harge and dis
harge pro
essof a spheri
al 
apa
itor. The term resonator is appropriated when the wavelengthis 
omparable to the Earth's perimeter, λ ≃ 2πa. Due to its three-dimensional
hara
ter, three types of resonan
es are produ
ed in the Earth-ionosphere 
avity.In addition to S
humann resonan
es, asso
iated to the Earth's perimeter, thoseprodu
ed when an integer number of half wavelengths mat
h the ionosphere heightmust exist, and they are known as transverse resonan
es. The third type is 
on-
erned with azimuthal propagation and appears, very slightly, as a splitting of theS
humann resonan
es in a non-uniform and anisotropi
 model of the 
avity.
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e frequen
ies 
an be derived in an approximated way for S
humannresonan
es as well as for transverse resonan
es. In the �rst 
ase, the 
onditionto be met is that the phase shift due to the journey around the Earth, with aperimeter around ( 2πa ≃ 40 Mm ), is an integer multiple of the wavelength:
fn =

c

2πa
n = 7.5n (1.1)As for the transverse resonan
es, the 
ondition to be met is that the e�e
tiveheight, h ≃ 75 km, of the 
avity is an integer multiple of a half-wavelength.

Fp =
c

2h
p = 2 103p Hz (1.2)For frequen
ies of tens of Hertz, attenuation in the atmosphere is only of a fewtenths of dB per 1,000 km, whi
h allows the signal to travel several turns aroundthe Earth before signi�
ant damping. On the other side, transverse resonan
esare lo
al phenomena due to the high level of atmospheri
 attenuation at thesefrequen
ies, around 20 dB/1,000 km, whi
h 
auses that the wave 
annot travelfar from the sour
e (lightning strokes) and, therefore, the resonan
e has lo
alnature. Transverse resonan
es are better observed at night sin
e hiss noise fromthe ionospheri
 plasma is mu
h lower under nighttime 
onditions.In the VLF band, the signal wavelength is of the order on 100 km and it
ould be said that the Earth-ionosphere system behaves as a 
avity. However,resonan
e frequen
ies at this band are usually referred to as 
ut-o� frequen
iesfor the Earth-ionosphere waveguide in the spe
ialized literature [15�17℄. Due tothe high losses o

urring at these frequen
ies, signals from lightning travel only asmall portion of the Earth-ionosphere 
avity. Under this situation, the problem
an be approximated as a parallel 
ondu
ting plates waveguide.As it will be dis
ussed in Se
tion 1.3, for the ideal 
ase of a spheri
al shell
avity without losses de�ned by perfe
tly 
ondu
ting spheres, frequen
ies allowedto propagate, for TE and for TM modes, 
orrespond to resonan
e frequen
iesobtained by imposing boundary 
onditions on the limiting surfa
es, de�ning theregion where the solution is valid (boundary value problem). Although this modelshows a very limited pra
ti
al validity, it allows us to provide new theoreti
alba
kground to the a
tual problem. However, it is also worth noting that analyti
alsolutions (semi-analyti
al, approximated and/or semi-empiri
al) are formulated in
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tion 7the frequen
y domain, where ea
h harmoni
 must be de�ned from t = −∞ to
t = −∞, while the a
tual problem 
onsists of a superposition of the transientsex
ited by su

essive lightning strokes generated on Earth at a rate of several tensper se
ond. Translation of 
on
epts in the frequen
y domain to the time domainmay 
ause a partial loss of its original meaning. This is the reason why talkingabout resonan
e frequen
y or 
ut-o� frequen
y may have similar meaning in thesystem under study.Let us now present a review of the di�erent parameters and di�erent approa
hesfor the propagation of ele
tromagneti
 signals in the Earth-ionosphere 
avity.Cummer [18℄, approa
hes the study as follows. The Earth's 
rust is usually
onsidered as an homogeneous medium with the va
uum permeability, µ0, 
ondu
-tivity σg=102 S/m, and relative permittivity ε=15. Due to the di�eren
e betweenthis 
ondu
tivity and that 
orresponding to the lower atmosphere, it is usual to
onsider a perfe
t 
ondu
ting behavior to model the Earth's 
rust. If 
ondu
tiv-ity is �nite, instead, several times the depth of penetration must be 
onsideredand the homogeneous Earth's 
rust may be substituted by an equivalent re�e
tion
oe�
ient. This supposed homogeneity works well for the sea and most of thematerials in the Earth's 
rust, but fails in the modeling of the lower 
ondu
tivityof the polar i
e
aps.Ionosphere is usually 
onsidered as a 
old plasma, inhomogeneous and anisotropi
,this model being valid as long as the �eld asso
iated to the wave does not modify it,
ondition whi
h is not met near high intensity lightning strokes [19℄. The study ofele
tromagneti
 wave propagation in a 
old plasma is 
arried out through Maxwellequations and Lorentz For
e law, whi
h provide an equation for the 
urrent [20℄:

∂
⇀

J n

∂t
+ νn

⇀

J n =
qn
|qn|

ωBn (⇀

J n ×
⇀

bE

)

+ ǫ0ω
2pn⇀E (1.3)where ωpn (√Nq2/ (mǫ0)) is the plasma frequen
y of ea
h parti
le spe
ies, ωBn(qB/m) is the gyrotropi
 frequen
y, and νn is the 
ollision frequen
y. Ve
tor

⇀

bE is the unitary ve
tor along the terrestrial magneti
 �eld, ⇀

BE, dire
tion. Thetotal 
urrent is obtained by adding the 
ontribution from all spe
ies, ⇀

J T =
∑

⇀

J n.The 
on
entration (or distribution) of ele
trons and positive ions are stronglydependent on height and the night-day 
ondition. The 
ollision frequen
y alsovaries with height but it does not depend on lo
al time. Negative ions also appear



8 Chapter 1.and the number of them is determined from the neutrality 
harge of the system.Solar radiation is the main sour
e of ionization, while nighttime main sour
es areenergeti
 ele
tron pre
ipitation, ionization by meteorites, and 
osmi
 rays [21℄.The 
ontribution to the 
urrent by ions is not usually 
onsidered for the study ofthe Earth-ionosphere 
avity, but its e�e
t is very signi�
ant in the ELF band dueto its high density for low heights.The study of radio wave propagation in the Earth-ionosphere 
avity requiresdi�erent approximations to be made. Some of them simplify the ionosphere modelas inhomogeneous and anisotropi
 
old plasma and others approximate the 
on-du
tivity pro�le (density of ele
trons), the terrestrial magneti
 �eld orientationand the frequen
y range in whi
h the obtained solution remains valid.A �rst approximation for anisotropi
 
ondu
tor is met if ν >> ω for all fre-quen
ies of interest and all heights at whi
h the wave is expe
ted to rea
h. Inthis 
ase, the term ∂
⇀

J
/

∂t 
an be negle
ted when 
ompared to ν
⇀

J . This 
auses ⇀

Jve
tor to be a linear fun
tion of ⇀

E ve
tor and the system behaves as an anisotropi

ondu
tor whose 
ondu
tivity is frequen
y independent (anisotropi
 but non dis-persive medium).A se
ond approximation, termed isotropi
 plasma 
ondition, is met when ν >>

ωB for all heights. In this 
ase, the 
ross produ
t term in Lorentz equation 
an benegle
ted and the medium turns to be isotropi
 (but dispersive).If both approximations are valid, the medium turns into an isotropi
 
ondu
-tor with σi = ǫ0 ωp
2/ ν. This approximation is usually adopted in the day-timepropagation due to the ele
tron 
on
entration [18℄.We 
an highlight other simpli�
ations that have been 
onsidered in the analyt-i
al solution through modes, su
h as: Grei�nger and Grei�nger [22℄ approximatethe 
ondu
tivity pro�le to an exponential model and negle
t the magneti
 �eld;these same authors [23℄ improve the model by adding a verti
al terrestrial mag-neti
 �eld; Wait [24℄ 
onsiders an Earth's 
rust with �nite 
ondu
tivity and solvesby de
omposing the solution in terms of propagation modes.Morente et al. [14℄ embra
es the study of the 
avity as explained below. In theEarth's atmosphere, there are about 2,000 permanently a
tive thunderstorm 
ellswhi
h produ
e approximately 50 lightning events every se
ond [25℄. These light-ning dis
harges are the strongest sour
e of natural ele
tromagneti
 noise and are
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tion 9radiated mainly at ELF and VLF bands. The observed signals 
an be divided intotwo groups: atmospheri
s and whistlers [26℄. Atmospheri
s are, broadly speak-ing, all the ele
tromagneti
 signals produ
ed by lightning dis
harges that remaintrapped in the 
avity between the Earth's surfa
e and the ionosphere. Their fre-quen
y range varies from a few Hertz to tens of kiloHertz. Besides atmospheri
s,whistlers are the other group of ele
tromagneti
 pulses generated by lightningstrokes. When a lightning �ash o

urs in the Southern Hemisphere, radio noise isgenerated at all frequen
ies. Part of the ele
tromagneti
 energy is produ
ed as aright-hand 
ir
ular-polarized wave with a propagation ve
tor parallel to the Earth'smagneti
 �eld. These ele
tromagneti
 waves, following the geomagneti
 �eld lines,travel from the Southern Hemisphere to the Northern Hemisphere, where they 
anbe dete
ted by radio re
eivers. A whistler frequen
y spe
trum ranges from about100 Hz to over 10 kHz, sin
e this kind of signal is an ele
tromagneti
 wave prop-agating in the Earth's magneti
 plasma and has a resonan
e frequen
y at theele
tron gyrofrequen
y. It must therefore have frequen
ies lower than the lowestgyrofrequen
y along the propagation path. While atmospheri
s are 
on�ned be-tween the ground and lower layers of the ionosphere in a 
avity approximately90 km wide, the whistler modes separate from the Earth's surfa
e between two orthree terrestrial radii, traversing from the ionosphere into the magnetosphere, thenpropagating along the geomagneti
 �eld to the opposite hemisphere, and, �nally,traversing the ionosphere again in the downward dire
tion towards the ground.The dispersion 
hara
teristi
s of a typi
al whistler in the magnetospheri
 plasmaare su
h that the group velo
ity in
reases with frequen
y. Thus, the lower frequen-
ies arrive later than the higher ones, and the re
eived signal is typi
ally a seriesof des
ending glide tones, whi
h 
an be heard on a loudspeaker like a whistle [27℄.1.2 Ele
tromagneti
 phenomena asso
iated to earth-quakes and vol
ani
 eruptionsWe 
all Seismo - Ele
tromagneti
s to the dis
ipline re
ently emerged to studyele
tromagneti
 phenomena originated by seismi
 events. Nowadays, many exper-imental observations have been 
arried out, but there is still a la
k of theoreti
almodels able to generate data in good agreement with these measurements [6℄. Thefrequen
y range for these phenomena 
overs from DC to VHF bands, but we will
on
entrate on those whi
h are more relevant (or whi
h seem to be more relevant
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ording to re
ent resear
h) for short-term earthquake predi
tion. This interestin non-seismi
 observations appears as a 
onsequen
e of the doubts about if merelyseismi
 observations 
an predi
t seismi
 a
tivity [8℄.1.2.1 Ele
tri
 seismi
 signalsLaboratory experiments show that igneous ro
ks under high torsion turn into abattery able to supply a 
urrent �ux and produ
e 
harge densities [28, 29℄. Thiswould explain the ele
tri
 signal generation, but not their propagation, sin
e someobservatories near the epi
enter have dete
ted the signal while others, also near,have not been able to measure it, whi
h suggests the presen
e of a 
ertain sele
tion,apparently 
aused by inhomogeneities or heterogeneities in the lithosphere [29℄.1.2.2 Seismi
 emissions at ULF bandFirst, we should 
larify the meaning of ELF and ULF for the Seismo-Ele
tromagneti
sdis
ipline. In the following table, the frequen
y ranges for ea
h band are shownfor three di�erent areas of knowledge. Column termed �ITU� 
orresponds to In-ternational Tele
ommuni
ation Union, (http://en.wikipedia.org/wiki/ITU:Radio:Bands#ITU ), 
olumn termed Seismo-Ele
tromagneti
s 
orresponds to the termused in this �eld, whi
h 
an be found in Bleier and Freund [8℄, and 
olumn termedGeo-Ele
tromagneti
s 
orresponds to the geophysi
al area de�ned in Ni
kolaenkoand Hayakawa [12℄.In this se
tion, we will adopt the Seismi
-Ele
tromagneti
s 
riterion in orderto be 
oherent with the literature.�ITU� �Seismo-Ele
tromagneti
s� �Geo-Ele
tromagneti
s��3-30 Hz� �ELF� �ULF� �ELF��30-300 Hz� �SLF� �ELF� �ELF��300 Hz- 3kHz� �ULF� �VF (voi
e frequen
y)� �ELF��3-30kHz� �VLF� �VLF� �VLF�
�ITU� �Seismo-Ele
tromagneti
s� �Geo-Ele
tromagneti
s��3-30 Hz� �ELF� �ULF� �ELF��30-300 Hz� �SLF� �ELF� �ELF��300 Hz- 3kHz� �ULF� �VF (voi
e frequen
y)� �ELF��3-30kHz� �VLF� �VLF� �VLF�
�ITU� �Seismo-Ele
tromagneti
s� �Geo-Ele
tromagneti
s��3-30 Hz� �ELF� �ULF� �ELF��30-300 Hz� �SLF� �ELF� �ELF��300 Hz- 3kHz� �ULF� �VF (voi
e frequen
y)� �ELF��3-30kHz� �VLF� �VLF� �VLF�Although the history of seismi
 originated emissions is very re
ent, the mostextended belief in the s
ienti�
 
ommunity is that it will be
ome a very impor-tant tool for seismi
 prevention. Clear eviden
es have been observed in large
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tion 11earthquakes indi
ating that, one or two weeks before, a wide peak followed bya 
alm period is produ
ed, with a sudden in
rease days before the earthquake[30�32℄. The most relevant emission frequen
y is 0.1 Hz. The separation between
harges due to mi
ro fra
tures has been proposed as the generating me
hanism[28℄, although there is not mu
h agreement between expe
ted and measured data,mainly due to the fa
t that the model employed does not take into a

ount thelithosphere stru
ture [33℄. Nevertheless, fra
tal 
hara
teristi
s analogous in ULFemission asso
iated to earthquakes and magneti
 storms have been observed [34℄.In the ELF band, many eviden
es of emissions previous to large earthquakeswith ground epi
enter have been also reported [35, 36℄, but the generation andpropagation me
hanisms are not 
lear enough. Tsarev and Sasaki [37℄ explain thepropagation by modeling the Earth's 
rust as a waveguide for ELF waves gen-erated by seismi
 me
hanisms. Other resear
hers propose models whi
h in
ludealterations of the ionosphere due to the seismi
/vol
ani
 phenomena, or even ar-ti�
ial phenomena (input and output spa
e
raft, for instan
e), this variation gen-erating 
hanges in the S
humann resonan
es measured from terrestrial stations[38℄. In spe
i�
 
ases, these anomalies in S
humann resonan
es 
an be explainedby interferen
e between the dire
t wave from the storm area in South Ameri
aand the wave dispersed by anomalies produ
ed by an earthquake in Taiwan, withthe measurement station lo
ated in Japan [39℄. In other situations, anomalies arepartially explained by generation of gyrotropi
 waves in the 
ondu
tivity 
hangeswith origin in the ionosphere zone, 
lose to the earthquake region [40℄.1.2.3 Lithosphere-atmosphere-ionosphere 
ouplingThe dete
tion of perturbations in the atmosphere as well as in the ionosphere hasbeen a great surprise. The perturbation of the atmosphere a�e
ts the propagationof VHF waves, whi
h rea
h a mu
h higher range at days previous to the earthquake[41℄ and, at the moment, there is still no explanation of how pre-seismi
 phenomenamodify the refra
tion index at these frequen
ies.In other frequen
y ranges, sub-ionospheri
 propagation of VLF waves showsdaily phase variations, with minimum values at sunrise and sunset. However,variations in the hour at whi
h these minima o

ur have been observed duringearthquake events [28℄. Experimental eviden
es of this phenomenon have alreadybeen observed by the National Spa
e Development Agen
y of Japan (NASDA),
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t, where a network of sevenVLF and ELF measurement stations have been settled. The explanation for thisphenomenon seems to rely on a displa
ement of the lower ionosphere frontier,of a few kilometers, whi
h 
ould be produ
ed by super�
ial earthquakes withintensity above 6. Coupling 
hannels 
ould have three main explanations: (a)
hemi
al 
hannel, based on variations in the atmospheri
 
ondu
tivity 
aused bygas emissions whi
h would disturb the ele
tri
 �eld at ground level and wouldindu
e a redistribution of the ionosphere plasma; (2) a
ousti
 
hannel, due togravity waves that would a�e
t the ionosphere; (3) ele
tromagneti
 
hannel: theULF waves would propagate up to the inner part of the magnetosphere, intera
tingwith energeti
 protons and produ
ing pre
ipitation at the lower ionosphere.1.3 Resonan
es in a spheri
al shell 
avityIn order to �nd the resonan
e frequen
ies for a spheri
al 
avity formed by theEarth and the ionosphere, Maxwell equations have to be solved, with the use ofthe 
onstitutive equations for the ele
tri
 and magneti
 �eld. Due to the dispersive
hara
ter of the medium, it is usual to des
ribe the situation in the frequen
ydomain. In the ELF band (from 3 Hz to 3 kHz), the magneti
 �eld e�e
t 
an benegle
ted and the medium permittivity 
an be 
onsidered as an s
alar fun
tionwhi
h depends on position and frequen
y ǫ
(

⇀
r , ω

). In this frequen
y range, theEarth 
an also be regarded as a perfe
t 
ondu
tor.The model that S
humann employed in his �rst work [10℄ 
onsidered a permit-tivity pro�le for the atmosphere given by
ǫ
(

⇀
r , ω

)

= { 1 a ≤ r < b

ǫ r ≥ bwhere a is the inner radius and b the outer radius of the 
on
entri
 spheres. Tomodel the ionosphere as a perfe
t 
ondu
tor, the limit ε → ∞ was taken.The solution of Maxwell equations without sour
es in the frequen
y domainis easier to obtain by using Debye potentials [15, 16℄ (U and V are asso
iated tothe ele
tri
 and magneti
 part of the ele
tromagneti
 �eld, respe
tively). In the
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ase that the ionosphere is not 
onsidered as a perfe
t 
ondu
tor, although homo-geneous, an additional 
ondition on Debye potentials must be imposed, 
onditionknown as Sommerfeld radiation 
ondition [42℄.The modal analysis is realized by alternatively imposing zero value for theDebye potentials. TM modes (or ele
tri
 wave) are obtained by making V = 0,
U 6= 0, while TE modes (or magneti
 wave) are obtained imposing U = 0, V 6= 0.For TM modes, the boundary 
ondition is obtained by derivation of the Upotential with respe
t to r. The resonan
e frequen
ies are obtained through thedispersion relation, but, in order to get an analyti
al expression, a series expan-sion must be performed, based on the small di�eren
e between the Earth's radius(a=6,370 km) and the ionosphere's height (between 60 and 100 km for daytimeand nighttime). Bearing this in mind, the following expression for the resonan
efrequen
ies 
an be found

fn =
c

2πa

√

n(n + 1) (1.4)This expression was published by S
humann in 1952 and referred to as S
hu-mann resonan
e or S
humann resonan
es (both terms are in
luded in the paper).The �rst resonan
es o

ur at 10.6, 18.3, 25.9, and 33.5 Hz. The �elds for this prop-agation mode have mainly radial ele
tri
 �eld 
omponent and azimuthal magneti
�eld 
omponent. They are TM modes, whi
h are usually referred to as TEMmodes due to the orthogonal 
hara
ter of the �elds and the dire
tion of propa-gation. This fa
t explains the low height-dependen
e of the �eld [12℄. For thispropagation mode we 
an talk of zero frequen
y, for n = 0. This is the 
ase ofstati
 solution generated by the Earth-ionosphere 
apa
itor 
harged with a po-tential of some hundreds of kilovolts, with zero magneti
 �eld and ele
tri
 �eldoriented from the ionosphere towards the Earth, and values of 120 V/m at pointsnear the surfa
e (fair weather �eld) [12℄.Bliokh et al. [43℄ derives a more approximated formula
βna =

√

n(n+ 1)

(

1− b− a

a

) (1.5)where β = 2π/λ and b stands for the ionosphere radius (not its height).S
humann resonan
es 
orrespond to waves that 
an travel several turns aroundthe Earth and, therefore, they 
an be observed at any point of the planet, thus
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arrying global information of the ionosphere properties. This fa
t is the reasonwhy S
humann resonan
es have generated a great interest in using them as atool for the study of the properties and state of the ionosphere and the globaldistribution of radiation sour
es at the ELF band [12℄.In an analogous manner as regards TE modes, the boundary 
ondition is im-posed dire
tly from V potential, and the dispersion relation obtained by approxi-mating βa, βb >> 1 is:
βpn ≈

√

n(n + 1)

a2
+

(

pπ

b− a

)2 (1.6)where two indexes are present, related with the transversal and longitudinal prop-agation. The �rst one, p, spe
i�es the number of half wavelengths mat
hing the
avity height, while the se
ond index, n states the number of wavelengths mat
hingthe terrestrial perimeter. The fundamental transverse resonan
e (p = 1), referredto as 
ut-o� frequen
y, is around 1-2 kHz, and, sin
e these resonan
es are bet-ter dete
ted at night [44℄, the ionosphere height 
ould be roughly 100 km and
f10 ≈ 1.5kHz.In this se
tion, we are going to derive longitudinal and transverse resonan
efrequen
ies, but now using ve
tor potentials and starting form Maxwell symmet-ri
al equations [45℄. We will numeri
ally solve the dispersion relation without theneed of imposing any approximation 
on
erning the 
avity dimensions.Maxwell symmetri
al equations in the frequen
y domain and for linear, homo-geneous and isotropi
 media 
an be written in the form:

⇀

∇×
⇀

E = −
⇀

M − jωµ
⇀

H (1.7a)
⇀

∇×
⇀

H =
⇀

J + jωǫ
⇀

E (1.7b)
⇀

∇ ·
⇀

E = qve/ ǫ (1.7
)
⇀

∇ ·
⇀

H = qvm/µ (1.7d)Let us introdu
e the ve
tor potentials for the ele
tri
 and the magneti
 �eld, to-gether with the s
alar potentials related with the ve
tor potentials through Lorenz
ontrast. If
⇀

∇ ·
⇀

B = 0,
⇀

M = 0, (1.8)
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⇀

HA =
1

µ

⇀

∇×
⇀

A (1.9a)
⇀

EA = −
⇀

∇φe − jω
⇀

A (1.9b)
φe =

−1

jωµǫ

⇀

∇ ·
⇀

A (1.9
)If
⇀

∇ ·
⇀

D = 0,
⇀

J = 0, (1.10)then
⇀

EF = −1

ǫ

⇀

∇×
⇀

F (1.11a)
⇀

HF = −
⇀

∇φm − jω
⇀

F (1.11b)
φm =

−1

jωµǫ

⇀

∇ ·
⇀

F (1.11
)Combining both sets of equations, a wave equation for the potentials 
an beobtained:
∇2

⇀

A+ β2
⇀

A = −µ
⇀

J (1.12a)
∇2

⇀

F + β2
⇀

F = −ǫ
⇀

M (1.12b)where β2 ≡ ω2µǫ. The following ve
tor identity is used to 
al
ulate the ∇2 oper-ator:
∇2

⇀

G =
⇀

∇
(⇀

∇ ·
⇀

G
)

−
⇀

∇×
(⇀

∇×
⇀

G
) (1.13)where ⇀

G stands for ⇀

A or ⇀

F , and φ stands for φe or φm. Considering ⇀

G = r̂Gr, thesolution 
an be de
omposed into TMr and TEr modes:
φ =

−1

jωµǫ

∂Gr

∂r
(1.14a)

(

∇2 + β2
) Gr

r
= 0 (1.14b)If we 
onsider points far away from the sour
es, we 
an obtain one �eld interms of the rotational of the other �eld and express the �elds as shown in Table1.1.



16 Chapter 1.Table 1.1: Expression for ele
tri
 and magneti
 �eld 
omponents.TEr
(⇀

F = r̂Fr,
⇀

A = 0
) TMr

(⇀

A = r̂Ar,
⇀

M = 0
)

⇀

E −1
ǫ

⇀

∇×
⇀

F 1
jωµǫ

⇀

∇×
⇀

∇×
⇀

A

Er 0 1
jωµǫ

(

∂2

∂r2
+ β2

)

Ar

Eθ
−1
ǫ

1
rSin[θ] ∂Fr

∂φ
1

jωµǫ
1
r
∂2Ar

∂r∂θ

Eφ
1
ǫ
1
r
∂Fr

∂θ
1

jωµǫ
1

rSin[θ] ∂2Ar

∂r∂φ
⇀

H 1
jωµǫ

⇀

∇×
⇀

∇×
⇀

F 1
µ

⇀

∇×
⇀

A

Hr
1

jωµǫ

(

∂2

∂r2
+ β2

)

Fr 0

Hθ
1

jωµǫ
1
r
∂2Fr

∂r∂θ
1
µ

1
rSin[θ] ∂Ar

∂φ

Hφ
1

jωµǫ
1

rSin[θ] ∂2Fr

∂r∂φ
−1
µ

1
r
∂Fr

∂θThe equation that is still to be solved is the Helmholtz s
alar wave equation:
(

∇2 + β2
) Gr

r
= 0, (1.15)where Gr stands for Fr in TEr modes and for Ar in TMr modes. The solution ofthis equation is obtained by the variable separation method:

Gr(r, θ, φ) = f(r)g(θ)h(φ), (1.16)where fun
tion g(θ) 
an be represented by the Asso
iated Legendre polynomials ofthe �rst and the se
ond kind (Pm
n [Cos(θ)], Qm

n [Cos(θ)]), while azimuthal depen-den
e is solved using 
omplex exponential fun
tions or sine and 
osine fun
tions.For the distan
e dependen
e, it is required the use of fun
tions based on thespheri
al Bessel fun
tions (jn(βr), yn(βr)) and Hankel (h(1)
n (βr), h

(2)
n (βr)) fun
-tions, introdu
ed by S
helkuno� [46℄ through relation

B̂n(βr) = βrbn(βr) = βr

√

π

2βr
Bn+1/2(βr), (1.17)where B̂n stands for the new fun
tions, bn are the spheri
al fun
tions and Bn+1/2the 
ylindri
al fun
tions.For the spheri
al 
avity, the solution is 
omposed of fun
tions in the form:
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Gr(r, θ, φ) =

(

A1Ĵn(βr) + B1Ŷn(βr)
)

·

· (C2P
m
n [Cos(θ)] +D2Q

m
n [Cos(θ)]) ·

· (C3Cos(mφ) +D3Sin(mφ)) ,

(1.18)with m,n integer values. The 
oe�
ient D2 must equal zero sin
e Qm
n representssingularities at θ = 0, π. The solution for n = 0 vanishes, as well as for the 
ase

|m| > n. For spheri
al 
avities, B1 must vanish to avoid singularities at the origin.Sin
e this point is outside of the spa
e de�ned by the Earth-ionosphere 
avity(it would be better to talk of a spheri
al shell), both Bessel fun
tions have to be
onsidered in the solution
Gr(r, θ, φ) =

(

AĴ(βr) + BŶ (βr)
)

Pm
n [Cos(θ)] [CCos(mφ) +DSin(mφ)] . (1.19)It is interesting to noti
e a remark on the m value in the asso
iated Legen-dre polynomials: the relationship between asso
iated and ordinary polynomials isdes
ribed through expression [47℄

Pm
n (x) =

(

1− x2
)m/2 dm

dxm
Pn(x), (1.20)from whi
h it 
an be dedu
ed that negative values of m are not de�ned. However,if Pn(x) is expressed through Rodrigues formula, m values 
an be negative as longas they are 
on�ned in the interval −n ≤ m ≤ n and the relation between Pm

n (x)and P−m
n (x) turns to be [47℄:

P−m
n (x) = (−1)m

(n−m)!

(n +m)
Pm
n (x). (1.21)Boundary 
onditions impose the tangential 
omponents of the ele
tri
 �eld tobe zero at the 
ondu
ting surfa
es, Eθ(r = a) = Eθ(r = b) = Eφ(r = a) = Eφ(r =

b) = 0. As regards the TEr modes, the 
ondition is dire
tly imposed on the Besselfun
tions, while for the TMr modes, the derivation of these fun
tions has to be
arried out. Therefore, for TEr modes, it 
an be found that
AĴn(βa) + BŶn(βa) = 0, (1.22a)
AĴn(βb) + BŶn(βb) = 0, (1.22b)



18 Chapter 1.and eliminating 
onstantŝ
Jn(βa)Ŷn(βb)− Ŷn(βa)Ĵn(βb) = 0. (1.23)Regarding the TMr modes
A

∂

∂r
Ĵn(βa) + B

∂

∂r
Ŷn(βa) = 0, (1.24a)

A
∂

∂r
Ĵn(βb) + B

∂

∂r
Ŷn(βb) = 0, (1.24b)and eliminating 
onstants

∂

∂r
Ĵn(βa)

∂

∂r
Ŷn(βb)−

∂

∂r
Ŷn(βa)

∂

∂r
Ĵn(βb) = 0. (1.25)We 
an plot the fun
tions implied in the dispersion relationship. For example,we 
an 
onsider a spheri
al 
avity like Earth-ionosphere one but with radii 1 and2 (arbitrary units) in order to better understand how resonant frequen
ies aredistributed.In Figure 1.1, Ĵn(βa)Ŷn(βb)− Ŷn(βa)Ĵn(βb) is plotted as a fun
tion of β. Reso-nant frequen
ies 
orrespond to zeros of the fun
tion. For ea
h value of n, the 
urve
uts at zero and ea
h one 
an be numbered by an index p. Then, βpn representsthe p zero of the n 
urve. For ea
h p we have di�erent values of βpn and thereforedi�erent resonant frequen
ies.
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Figure 1.1: TE dispersion relationship.
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tion 19A similar plot 
an be obtained from TMr dispersion relationship. Followingthe same example, in Figure 1.2 we plot the 
orresponding fun
tion from Equation1.25.
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Figure 1.2: TM dispersion relationship.Similar behavior 
an be observed ex
ept at the origin, where the 
urves haveanother zero for ea
h value of n, beginning with di�erent 
on
avity. For example,near to β=4, 6, 10 both kinds of modes have similar resonan
es. In fa
t, we 
anamplify near to one value (see Figure 1.3) and it 
an be observed that resonan
esfor ea
h value of n are very 
lose but TEr resonan
es are slightly smaller thanTMr.
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Figure 1.3: Detail of (dashed line) TMr and (solid line) TEr dispersion rela-tionships.For TMr modes, we 
an 
onsider the �rst zero as p=0, in su
h way that for p ≥
1 the resonant frequen
ies for both kinds of modes are similar. This is 
onsistent



20 Chapter 1.with the approximate resonant frequen
ies obtained by Bliokh et al. [43℄, andexpressed by Equation 1.6. Regarding the last equation, it is only valid when
(b−a) << a, βa, βb >> 1. Then, the next step is to 
onsider the Earth-ionosphere
avity dimensions (a = 6, 370 km, b = 6, 470 km). Figure 1.4 shows both fun
tionsfor n=1 to 4.
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Figure 1.4: (dashed line) TMr and (solid line) TEr dispersion relationshipsfor the Earth-ionosphere 
avity.From the plots, it 
an be observed that, due to Earth-ionosphere 
avity dimen-sions, the resonant frequen
ies for TEr and TMr for p ≥ 1 mat
h at every value of
n. For p = 0 and TMr modes, we obtain the Figure 1.5. It 
an be observed thatfor n = 1 the dispersion relation is almost met for every value of β and this fa
tjusti�es the denomination of Quasi-TEM mode.
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Figure 1.5: Detail of Figure 1.4, showing SR for TMr modes.
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tion 21Table 1.2: Comparison of the SR 
entral frequen
ies obtained (1st 
olumn)numeri
ally by us, (2nd 
olumn) anallyti
ally by S
humann, and (3rd 
olumn)anallyti
ally by Bliokh, for the lossless 
avity.Numer. S
humann Bliokh
1 10.51 10.59 10.50
2 18.20 18.34 18.20
3 25.74 25.94 25.74
4 33.23 33.49 33.23
5 40.70 41.02 40.70
6 48.16 48.54 48.16
7 55.61 56.05 55.61
8 63.06 63.55 63.05
9 70.50 71.05 70.49
10 77.94 78.55 77.94Table 1.3: Comparison of transverse resonan
e frequen
ies obtained by di�er-ent approa
hes. p=1 p=2 p=3WG 1498.96 2997.92 4496.89Theor.(n=1) 1499. 2997.94 4496.9Theor.(n=4) 1499.34 2998.11 4497.01TMr

p,1 1499. 2997.94 4496.9TMr
p,4 1499.33 2998.11 4497.01TEr
p,1 1499. 2997.94 4496.9TEr
p,4 1499.33 2998.11 4497.01We summarize the results in the following Tables where resonant frequen
iesfor n=1,...10, p=0 for TMr modes, and n=1,...3 and p=1,...3 for TEr are obtainedby solving numeri
ally the dispersion relationships. We have used Equation 1.6 asinitial values in the iterative pro
edure.From Tables 1.2, 1.3, we 
an observe that S
humann resonan
es are in thelower part of ELF band whereas transverse resonan
es belong to lower part ofVLF.S
humann resonan
e frequen
ies obtained from numeri
al solution of disper-sion relationship agree very well with approximate formula obtained from Bliokh,spe
ially for higher values of n.
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ommented before, due to dimensions of the Earth-ionosphere 
avity,resonant frequen
ies for TMr and TEr almost 
oin
ide for every value of n (seeTable 1.3). In the same way, these frequen
ies agree with approximate formulaefrom Ni
kolaenko [12℄, labeled as Theor. in Table 1.3. The �rst row 
orresponds tosimple model of waveguide in whi
h 
ut-o� frequen
ies are de�ned by the relationof height of the waveguide, whi
h must be multiple of half wavelength.After resonant frequen
ies have been obtained, we 
an obtain �elds from po-tential ve
tor as is explained in Table 1.1. Using the dimensions of the real 
avity,we 
an represent the spatial dependen
e of the �elds for every mode, but we aregoing to 
on
entrate about the ones whi
h represent S
humann resonan
es (seeFigure 1.6). For a lossless 
avity, the dependen
e of the �elds with height is weak.For Er, variations about 0.1% are obtained by means of Jn and 5% by means Ynin the whole height of the 
avity (from 0 to 100 km). A similar behavior 
an beobserved for the other 
omponents.

Figure 1.6: Er and Hφ �elds in the Earth-ionosphere 
avity, for m=0 (i.e.,symmetry in φ), near to the ground.When the ex
itation sour
e has symmetry along the φ 
oordinate, only �eldsfor m = 0 
an be ex
ited. In that 
ase, only Er, Hφ, and Eθ are di�erent from zeroHowever, for the dimensions of Earth, the 
omponent Eθ is 3 orders of magnitudelower than Er, and therefore the relevant �elds 
an be redu
ed to Er and Hφ.
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tion 231.4 Earth-ionosphere as a plane-parallel waveguideIn the VLF band, the wavelengths asso
iated are in the order of hundreds ofkilometers, and the Earth-ionosphere 
avity 
an be 
onsidered as a waveguide.Due to the high losses presented in this band, the ele
tromagneti
 signals produ
edby lightning at these frequen
ies 
an only propagate few thousands of km beforevanishing and, therefore, they 
annot interfere with themselves by 
ompleting
ir
les around the Earth's surfa
e. In the literature, the resonant frequen
iesde�ned by p ≥ 1 (sferi
s, transverse resonan
es) are known as 
ut-o� frequen
ies.As we have shown before, due to the spe
ial dimensions of the 
avity, for ea
hvalue of p we have only one value in a way almost independent of n under TEr orTMr assumptions. Considering Maxwell equations without sour
es, assuming z asthe propagation dire
tion, and an orientation of plates normal to y axes (then theproblem be
omes x-independent) we 
an write:
Ex =

1

γ2 + ǫµω2

(

−iµω
∂Hz

∂y

) (1.26a)
Ey =

1

γ2 + ǫµω2

(

−γ
∂Ez

∂y

) (1.26b)
Hx =

1

γ2 + ǫµω2

(

+iǫω
∂Ez

∂y

) (1.26
)
Hy =

1

γ2 + ǫµω2

(

−γ
∂Hz

∂y

) (1.26d)
∂2Ez

∂y2
+
(

γ2 + ǫµω2
)

Ez = 0 (1.26e)
∂2Hz

∂y2
+
(

γ2 + ǫµω2
)

Hz = 0 (1.26f)where γ is the propagation 
onstant. In this problem, we 
an separate the solutioninto 
omponents in TEz and TMz modes, if we 
onsider Ez = 0 or Hz = 0. Then,the �eld stru
ture is 
ompletely di�erent than the one from a spheri
al 
avityproblem. For both kind of modes we obtain the same dispersion relationship thatde�nes 
ut-o� wave numbers:
β =

√

ǫµω2 −
[

(pπ

b

)2
]

=⇒ βc(p) ≡
pπ

b
=⇒ λc(p) ≡

2π

βc(p)
=

2
(

p
b

) =
2b

p

βc(p) =
pπ

h



24 Chapter 1.where h is the height of the waveguide and p an integer di�erent from zero. Prop-agation in a plane-parallel waveguide 
an be 
onsidered as two TEM waves prop-agating in the oblique dire
tions to both plates, and with an in
ident angle withdis
rete values and de�ned by 
ut-o� wave numbers [48℄.1.5 Ele
tri
ity in the atmosphereOn an regular day, over �at desert 
ountry, or over the sea, the ele
tri
 potentialin
reases with altitude by roughly 100 volts per meter. Thus, there is a verti
alele
tri
 �eld of 100 V/m in the air, dire
ted to the Earth, usually named as FairWeather �eld. This �eld, due to the small 
ondu
tivity of air, generates a 
urrentdensity of about 10 µA/m2 from the ionosphere to the Earth. The total ele
tri

urrent rea
hing the Earth's surfa
e at any time is nearly 
onstant, roughly 1,800A. The problem is: How is the positive 
harge maintained there? How is it pumpedba
k? [49℄.The batteries are the thunderstorms and their lightnings. Lightning storms
arry negative 
harges to the Earth. It is the thunderstorms throughout the worldwho are 
harging the Earth with an average of 1,800 A, whi
h is then beingdis
harged through regions of fair weather [49℄.Lightning dis
harges are asso
iated with spe
i�
 
limatologi
al and weather
onditions, whi
h are able to maintain the separation of ele
tri
 
harge and itsa

umulation to the levels ex
eeding the breakdown level, but the thunderstormsmay o

ur in many possible lo
ations. There are always approximately 2,000 a
-tive thunderstorm 
ells over the whole Earth [12℄. Even nowadays, �nding theglobal distribution of lightning strokes is not a simple task as it may seem. Oneway is, sin
e there is an obvious 
oupling between weather 
onditions and lightningdistribution, using the former to des
ribe the general distribution of the lightninga
tivity over the Earth. The World Meteorologi
al Organization (WMO) long-term 
limatologi
al data from 1956 present the global distribution in spa
e of thethunderstorm days, averaged for di�erent periods of time [50℄. Dire
t 
limato-logi
al data and re-
al
ulated distributions indi
ate a few distin
t areas with anextremely high lightning a
tivity. These territories were 
alled global thunder-storm 
enters, and they are found in Central Afri
a and Madagas
ar, South andCentral Ameri
a, Caribbean Basin, South-East Asia and Indonesia. These results
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tion 25are in extreme good agreement with those from the Opti
al Transient Dete
tor(OTD), reported almost 50 years later by Christian et al. [25℄, see Figure 1.7.

Figure 1.7: The annualized distribution of total lightning a
tivity (in units of� km−2 yr−1. Extra
ted from [25℄.Other method 
on
erning spatial distribution of lightning is based on measur-ing ele
tromagneti
 radiation from the strokes. Su
h systems reliably work andworked over the land, like the National Lightning Dete
tion Network (NLDN)works in the USA [51, 52℄ and in Japan [53℄, or some 
ommer
ial networks overEuropean 
ountries [54℄. Also, the VLF satellite measurements onboard Ariel 4
an give information about the global lightning map.Spa
eborne opti
al dete
tors [25℄ are another sour
e of information about spa-tial lightning distribution. Many problems appear in this 
ase linked with thelimited data resolution and syn
hronization, with �ne and unrepeatable 
overageof the ground surfa
e.Finally, ELF radio waves and S
humann resonan
es have the substantial ad-vantage of their global nature. The problem with ELF lies in signals overlappingmaking very di�
ult their separate pro
essing ex
ept for super-powerful strokes(Q-bursts), whi
h o

ur approximately on
e in a minute.The thunderstorm a
tivity is a fun
tion of lo
al time. Its diurnal pattern is
onditioned by heating of the ground soil by the Sun, whi
h provides the atmo-spheri
 
onve
tion. Sin
e thunderstorms be
ome most a
tive in the afternoon lo
altime, the maximum of the global a
tivity is found somewhere between the point of
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al noon and the evening terminator (day-night interfa
e). In Ni
kolaenko andHayakawa [12℄, a relation between the main storm 
enters is shown, see Figure 1.8.During the year, the thunderstorms drift to the North and to the South followingthe Sun. As a result, the global lightning distribution undergoes modi�
ationsfrom month to month.

Figure 1.8: Diurnal variations of the lightning a
tivity in the three prin
ipalregions. Extra
ted from [12℄.
1.6 Experimental S
humann resonan
e studiesIn this se
tion, we des
ribe a S
humann resonan
e observatory and its most re-
ent experimental results. Fist of all we show the typi
al S
humann resonan
eamplitude obtained from the �rst measure that we did in June, 2011 with a mag-netometer designed and developed by our resear
h team, Figure 1.9. The spe
trumre
orded in the mountains of Alfaguara (
lose to Granada) at noon time 
ontainsfour S
humann resonan
es. Su
h su

essful measurements of S
humann resonan
eare rare in the 
ities be
ause of the high level of man-made interferen
e presenthere. An observatory must be pla
ed in a rural region far away from power supplyand 
ommuni
ation lines. The �gure 
orresponds to N-S magneti
 �eld 
ompo-nent. The waveform was re
orded by the data a
quisition system working with asampling frequen
y of 128 Hz. The re
ord had 483,136 points, was divided intosamples 20 s long, and ea
h sample was pro
essed by using the Dis
rete Fouriertransform algorithm. Then the total individual amplitude spe
tra were averaged,and the e�e
tive amplitude spe
trum was thus obtained (see Chapter 2). The
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tion 27presented spe
trum in Figure 1.9 
orresponds to a re
ord of approximately 1 hourlength. The data are un-
alibrated and the fourth resonant is ampli�ed by theresponse of the magnetometer. We 
an observe in the resonan
es a typi
al narrowband man-made interferen
e at the frequen
y around 50 Hz. Amplitude of su
ha signal (and its lower harmoni
s) may sometimes be
ome so powerful that therest of the spe
tra be
ome jammed, and the S
humann resonan
e peaks 
annotbe observed.
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Figure 1.9: Un
alibrated S
humann resonan
e spe
trum re
orded in Granada,Spain, June 2011.The observatory should be a lonely pla
e without any industrial a
tivity, awayfrom the tra�
 and even from pedestrians that inevitably shake the ground. Mag-neti
 antennae are buried into the ground to avoid the signals indu
ed by vibrationsand by the wind. For our station, both horizontal magneti
 �eld 
omponents aredete
ted with two magnetometers with Nillomag77 alloy 
ore 
overed with about1,000,000 turns of 
opper wire. They must be pla
ed at about 100 m away fromre
ording instruments, to avoid interferen
es.The long term S
humann resonan
e monitoring has shown that diurnal varia-tions of resonan
e parameters may seriously deviate from day to day thus re�e
tingthe random nature of the sour
es. Typi
ally, the �nal results are revealed on amonth (or even longer) time span, su
h as averaged diurnal variations.Su

essful experimental investigations of S
humann resonan
e started in the60's, when it was understood that relatively long time a

umulation of the power
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tra of natural ele
tromagneti
 �eld reveals a modal peak around 8, 14, 20, and26 Hz frequen
ies. It is impossible to mention all the measurements and all theresults published in the literature, so we only highlight these and name some keyauthors. Detailed information may be obtained from the referen
es 
ontaining thenames listed below.Balser and Wagner were the �rst who measured SR power spe
tra, estab-lished parameters of resonan
e and dis
overed diurnal variations. Sátori andZieger re
ord SR sin
e May 1993 from Nagy
enk (Hungary) observatory. Sin
e1994, Williams, Boldi, He
kman and Huang have monitored SR parameters andmonthly mapped the global lo
ation of sour
es of Q-bursts from MIT (USA). On-draskova, Koste
ky, Sev
kit and Rosenberg begin to re
ord data from De
ember2001 in the Astronomi
al and Geophysi
al Observatory of Comenius University(Bratislava, Slovakia), and long-term analysis of S
humann resonan
e parametersare being studied. Sin
e 1998 observations of the SR have been 
ondu
ted in theNegev desert (Israel) at the Mitzpe Ramon �eld station by C. Pri
e et al., andimportant 
orrelations between the Terminator E�e
t and SR have been reported.Measurements in polar latitudes have been done by Fraser-Smith and Bannisterin the 1975-1998 period, and by Bloglazov, Akhmetov, Vasilév and Kosolapenkoin Observatory of Lvozero, in the Kola Peninsula (Russia). Belyaev, S
hekotov,Ni
kolaenko and Shvets are monitoring power spe
tra and the Poynting ve
tor ofSR from Lekhta observatory, Kerelia, Russia, sin
e 1998. Hayakawa and Hobarafrom the University of Ele
tro-Communi
ations in Tokyo, Japan, analyze 
oordi-nated measurements of ELF transients, VLF ratio signals and opti
al observationsof red sprites.As a result of the resear
h proje
t �Study of Natural Ele
tromagneti
 Phenom-ena for Monitoring the Environment� granted by Junta de Andalu
ía Government,in summer 2012 there will be an operative new SR observatory in Sierra Nevada(Granada, Spain), lo
ated at 2,500 m above the sea level, with two magnetometersto measure both 
omponents of the horizontal magneti
 �eld.
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tion 291.7 Ba
kground of our resear
h group in planetaryatmospheresThe resear
h on natural ele
tromagneti
 �elds in planetary atmospheres, 
arriedout by the resear
h group in whi
h this thesis has been developed, began in De-
ember 2000, when Dr. Konrad S
hwingens
huh, from the Institute of SpatialResear
h (IWF) of the A
ademy of S
ien
es of Austria (OEAB), s
ienti�
 
oordi-nator of HASI instrument, requested to the group a study of the S
humann res-onan
es in Titan's atmosphere, to indi
ate the Cassini/Huygens engineers whi
hband was the most appropriated for tuning the mutual impedan
e sensor of thePWA experiment, with the �nal aim of dete
ting these resonan
es in Titan. Thisstudy was 
arried out and published in the I
arus Journal of the Astrophysi
sAmeri
an So
iety [55℄. The s
ienti�
 interest in this topi
 is re�e
ted by the fa
tthat, soon afterwards, a spe
ial number of Radio S
ien
e magazine entitled Re
entAdvan
es in Studies of S
humann Resonan
es on Earth and Other Planets of theSolar System [56℄, in whose introdu
tory se
tion, V. P. Pasko referen
es the workby Gregorio Molina-Cuberos with his resear
h group on S
humann Resonan
eson Mars [57℄. Similar studies were 
arried out for the Earth [14, 58�60℄. Due tomemory and time 
al
ulation requirements, the model used for the 
avity 
onsid-ered the spa
e between two meridians, with the sour
e lo
ated at the z-axis of aspheri
al 
oordinate system with the sphere at its 
enter. The symmetri
 shape ofthe system allowed 
onsidering it as 2D whi
h turned into a remarkable redu
tionof memory and time 
al
ulation resour
es, allowing noti
eably good results.As regards analysis of the experimental results, J.A. Morente devised a �lter-ing algorithm whi
h separated sour
e terms, asso
iated to early-time, and systemor resonan
e terms, asso
iated to the late time response and with very low ampli-tude. The separation allowed Dr. Morente to study the low-amplitude informationmasked in the measurements by the mu
h higher amplitude sour
e terms. The �l-tering algorithm was applied in the ELF band [61℄, as well as in the VLF band[62℄.





Chapter 2
Time series analysis fromMagnetotelluri
 re
ords [1℄
In this 
hapter we present the results of analyzing Time Series (TS), measured withthe Magnetotelluri
 method (MT), whi
h 
ontain S
humann resonan
e (SR) data.Two di�erent methods have been employed; Fourier analysis (FA) and Res
aledRange analysis (R/S). The �rst is a well-known te
hnique employed in many �eldsof s
ien
e, while the se
ond was developed by E. Hurst in 1965 [63℄, who devotedhis lifetime to the study of the Nile �oods.The Chapter is divided into two main se
tions: FA and R/S. The �rst partstarts de�ning the Bartlett method, whi
h derives from the work of J. Fourier,the te
hnique of �tting SR by Lorentzian 
urves, and the MT method. Then thedataset employed is introdu
ed, with its di�erent 
ampaigns. Finally, a study ofdaily and seasonal variations of SR is 
arried out. In the se
ond se
tion we startby de�ning the R/S method, and then we apply it to TS from the dataset taken inAntar
ti
a. Finally, we present the results of a simulation whi
h 
orroborate themain purpose of the method: estimating the lightning rate from ele
tromagneti
re
ords.

31



32 Chapter 2.2.1 Spe
tral Analysis2.1.1 Spe
tral estimation with Bartlett's methodThe spe
tral analysis is a very widely spread method of signal pro
essing. It isbased on initial work by Joseph Fourier [64℄, whi
h de
omposes arbitrary fun
tionsinto in�nite sums of trigonometri
 fun
tions. There is a lot of literature about thismethod ([65℄, and referen
es therein), so we will not extend on it.The 
ore of Fourier analysis is based in de
omposition on Fourier series, andstates that any arbitrary periodi
 fun
tion s(t), t being a real variable, (whi
h 
anin
lude �nite dis
ontinuities) 
an be approximated by a (probably in�nite) sum oftrigonometri
 fun
tions, namely sines and 
osines or 
omplex exponentials:
s(t) ∼ a0

2
+

∞
∑

n=1

[

an
os(2πn

T
t

)

+ bnsin(2πn

T
t

)]

=

∞
∑

n=−∞

cne
2πj n

T
t, (2.1)where j is √−1, T is the period of f(t) and an, bn, and cn are the so-
alled Fourier
oe�
ients.From the possibility of expressing arbitrary fun
tions by a set of 
oe�
ients,the Fourier transform (FT) S(f) arises. It is de�ned as:

S(f) =

∫

∞

−∞

s(t)e−2πjftdt, (2.2)where s(t) is the signal in time domain, and S(f) is the transformed signal, in thefrequen
y domain.From de�nition of the FT, the Dis
rete Fourier Transform (DFT) 
an be alsode�ned. In this 
ase, both the time domain signal s[n] and the transformed domainsignal S[m] are of dis
rete nature. If the time domain signal is N samples length,then the DFT is de�ned as
S[m] =

N−1
∑

n=0

s[n]e−2πjfn/N . (2.3)The aim of using FA in our work is to estimate the amplitude spe
tra of bothmagneti
 and ele
tri
 �eld re
orded by spe
i�
 instruments. There are di�erent



Time Series analysis 33methods based on FA in order to do that. Our ele
tion was the Bartlett's Method[66℄. We will brie�y des
ribe how we applied it, sin
e the method 
an be slightlydi�erent depending on the referen
es.The phenomenon we want to study is regarded as noise for many appli
a-tions su
h as radio broad
asting systems, 
ellular phones or other 
ommuni
ationsystems whi
h use the atmosphere as their propagating 
hannel. We inverse thesituation, and part of the noise (natural ele
tromagneti
 emissions from lightning)be
omes our signal, while the 
ommon signals (
oming from radio stations, 
ellularphones, et
.) are our noise. We want to point out that the phenomenon understudy is of very low intensity (few pT for the magneti
 �eld and in the order of
µV/m for the ele
tri
 �eld) and therefore hard to dete
t. Be
ause of that, somekind of external noise redu
tion must be performed. This is a

omplished by timeaveraging several spe
tra, and it is known as the Bartlett's method of spe
tralestimation.Given a time series s[n] of NT samples length, we must split it into L datablo
ks of equal length (N), where NT=NL. Then, ea
h data blo
k is multiplied bya Hanning window H (see Figure 2.1), whi
h is de�ned by the following expression:

H [n] = 2
(

1− 
os2 [πn
N

])

. (2.4)The Hanning window is employed with the purpose of minimizing the e�e
ts oftrun
ating the initial signal. The DFT of a digital signal is the result of e�e
tively
al
ulating the transform of the initial signal repeated over the whole time axis.Therefore there is an undesired e�e
t at the edges of the time signal, where its lastsample is atta
hed to its initial sample, but the result of this jun
tion does not
ontain information of interest. By weighting the time samples by the Hanningfun
tion we 
an redu
e this e�e
t.The Dis
rete Fourier Transform (DFT) of ea
h data blo
k is then 
al
ulated:
F̃l[fk] =

N−1
∑

n=0

s[Nl + n]H [n]e−j2πkn/N , l = 0...L− 1. (2.5)The Bartlett spe
tral estimator F for the time series s is:
F [fk] =

1

L

L−1
∑

l=0

|F̃l[fk]|. (2.6)
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Figure 2.1: Fun
tion of Hanning window employed in this study.The de
ision of L and NT are related to the time and frequen
y resolutiondesired for the estimator. NT is related to the time resolution, sin
e we will obtainan independent spe
tral estimator for the period NT/fm, where fm is the samplingfrequen
y of the TS. On the other hand, the frequen
y resolution of the estimatorwill be
∆f =

fmL

NT
=

fm
N

(2.7)In Figure 2.2, it 
an be seen the result of 
hoosing di�erent NT and L param-eters for the same time series. Four di�erent durations (Ttotal= 5, 15, 30, and 60minutes) of the TS are evaluated at ea
h panel (NT 
an be inferred by multiplyingthe total time length by fm, i.e., NT = fmTtotal). At ea
h panel, a di�erent timelength (TL) for the data blo
ks has been 
hosen (1, 5, 10, 15, 30, and 60 se
onds),resulting in di�erent L (quotient between total time and data blo
k time, i.e.,
L = Ttotal/TL) values. For higher values of L, the resulting estimators do not 
on-tain noise, but they have poor frequen
y resolution. On the other hand, for lowervalues of L, the spe
trum obtained is very noisy. If we suppose a white Gaussiannoise N(0,1), i.e., an sto
hasti
 pro
ess with Normal distribution with zero meanand standard deviation equal to one, superimposed to the signal of interest, theBartlett method redu
es its energy by a fa
tor 1/√L [67℄.
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Figure 2.2: Di�erent 
on�gurations for spe
tral estimation of a time serieswith Bartlett's method.2.1.2 Lorentzian �t of S
humann Resonan
esOn
e the spe
trum has been estimated, it is ne
essary to extra
t and quantifythe peak resonan
es whi
h appear in it, in order to be able to 
ompare and 
ate-gorize them. For this purpose, we apply Lorentzian �t for ea
h of the estimatedspe
tra [68℄, obtained by the te
hnique des
ribed in previous se
tion. Lorentzian�t 
onsists in �nding the minima square �t between the spe
trum and a sum of



36 Chapter 2.

0 5 10 15 20 25 30
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

Hz

nT
�H

z1�
2

Figure 2.3: Lorentzian �t of S
humann resonan
e spe
trum.Lorentzians:
FLfit(f) =

N
∑

n=0

Bn
(

f−fmax,n

∆fn

)2

+ 1
. (2.8)In this way, ea
h resonan
e (n) is redu
ed to three 
oe�
ients; amplitude (givenby Bn), 
entral frequen
y (fmax,n), and its 3 dB bandwidth (∆fn), whi
h is relatedto the Quality fa
tor (Qn) by

Qn =
fmax,n

∆fn
. (2.9)The parameter Bn is a measure of the strength of the mode, sin
e it stands forthe maximum amplitude of the Lorentzian 
urve. Several fa
ts, like the distan
esour
e - observer or the lightning intensity may a�e
t this parameter. Centralfrequen
ies (fmax,n), are mainly dependent on the geometry of the 
avity, andtherefore their 
entral values are well-known. The average values given in [12℄were used as starting points for our �tting algorithm. The quality fa
tor (Qn)gives a measure of the 
leanliness of the resonan
e.One Lorentzian (n=0) must be employed as well for the DC level, or otherwisethe �t of the �rst SR is slightly displa
ed to the left, in order to 
ompensate the DCweight. Similarly, the last resonan
e �tted should not be a

ounted for, sin
e thee�e
ts of the tail of the spe
tra modify its parameters. In other words, dependingon at whi
h frequen
y we 
ut the spe
tra, the value of the last resonan
e di�ers.An example of the Lorentzian �t 
an be seen in Figure 2.3.
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 method, applied to S
humannresonan
e studiesThe Magnetotelluri
 method is intended to measure and infer the stru
ture and
omposition of the terrestrial subsoil in a passive way. However, sin
e it is based inre
ording ele
tri
 and magneti
 �elds, we will use MT 
ampaigns data to extra
tthe re
orded S
humann resonan
es. The three 
omponents (NS, EW and verti
alor radial) are measured for the magneti
 �eld, and NS plus EW for the ele
tri
�eld. From them, the impedan
e tensor of the ground 
an be inferred, thus giv-ing information of the 
omposition [69, 70℄. The measurements are repeated atdi�erent positions in order to 
over broad areas, resulting in geographi
al mapsof the subsoil in the area under study. The daily deployment of the equipmentsis an issue for SR studies, sin
e lo
al 
onditions, like the pre
ise alignment of thesensors or sour
es of interferen
es, may vary for ea
h measurement of a survey.A very wide range of frequen
ies is employed in the measurement, ranging fromless than 1 mHz to up to 20 kHz, with multiple hardware 
on�gurations in orderto have good resolution at di�erent s
ales. Measurements at di�erent frequen
iesgive information from di�erent depths of the ground, so the method is able todraw 3D maps of the subsoil. It is important to note that only a small portion ofthe re
orded spe
tra is useful for SR studies (roughly 1 - 50 Hz).Sin
e the equipments are very sensitive, SR are present in these measurements,both in magneti
 and ele
tri
 �eld time series. From the study shown in Chapter1, we know that the main 
omponents 
ontaining SR are Hφ and Er. MT methodre
ords the �rst one, but not the se
ond. This is an important fa
t to keep inmind be
ause we will not be able to re
onstru
t the Poynting ve
tor from thesemeasurements, and therefore many te
hniques like for instan
e dire
tion �ndingof Q-bursts, are not available from these surveys. On the other hand, SR 
an befound in all horizontal ~E measurements, as well as in few Br time series (less than5% of them). Dedi
ated SR stations usually do not measure these �elds, so they
an give information whi
h usually is not taken into a

ount. In Figure 2.4, atypi
al deployment of the instruments during a MT 
ampaign is shown. FollowingMT nomen
lature, x dire
tion stands for North - South, while y does so for East- West dire
tion.
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Figure 2.4: Deployment of the MT measurement equipment.The equipment employed in the surveys of this study is from Metronix [71℄. AnADU-06 data logger was employed, 
onne
ted to EFP-06 ele
trodes and MFS-06magnetometers. We brie�y des
ribe the instruments below.2.1.3.1 Data logger ADU-06ADU stands for Analog Digital Unit. It is in 
harge of digitizing the 
ontinuousmeasurements from the sensors and either storing or sending them. The �vesensors (three magneti
, two ele
tri
) are 
onne
ted to it. It has in-built GPS inorder to obtain pre
ise time and position for ea
h re
orded time series. Its mostrelevant 
hara
teristi
s are summarized in Table 2.1, and a pi
ture of it is shownin Figure 2.5. Te
hni
al 
hara
teristi
s of ADU-06Spe
tral range DC to 20 kHzSampling frequen
ies 2-64-128-256-512-1,024-4,096-40,960 HzA/D 
onversion 24 bits, independent for ea
h 
hannelSyn
hronization GPS 
lo
k ±130ns.Weight Around 6.5 kgDimensions 230 x 200 x 180 mm3Power 
onsumption 7-12 W (5 
hannels), depending on 
on�gurationTable 2.1: Te
hni
al data of ADU-06.
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Figure 2.5: ADU-06 data logger employed in this study.2.1.3.2 Ele
tri
 �eld measurementsEFP stands for Ele
tri
 Field Probe. Ea
h sensor is 
omposed by a pair of ele
-trodes like the ones shown in Figure 2.6 (left panel). The manufa
turer re
om-mends deploying them at a distan
e of roughly 100 m. Ea
h pair of ele
trodes willbe oriented in NS or EW dire
tions. The voltage values obtained, when dividedby the distan
e between them, give the amplitude of the ele
tri
 �eld, usuallyexpressed in [mV/km℄.2.1.3.3 Magneti
 �eld measurementsThe a
ronym MFS stands for Magneti
 Field Sensor. It is based on indu
tion 
oilsof several thousand turns around a high-permeability ferromagneti
 
ore. It has anembedded low-noise pre-ampli�er whi
h permits to obtain sensibilities of aroundfew 
ents of pT. It is 
overed by a 
ylindri
al plasti
 shield. Its total dimensionsare 1250 mm length and 75 mm diameter. It weights around 8.5 kg.Indu
tion 
oils do not measure the magneti
 �eld itself but, instead, its �rstderivative with time, as it is expressed on the indu
tion law:
Vind = n

dΦ

dt
, (2.10)
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Figure 2.6: Ele
trode EFP-06 employed for ele
tri
 �eld measurement (leftpanel). Magnetometers MFS-06 (left) and MFS-07 (right) (right panel).where Vind is the indu
ted voltage at the wire, n is the number of turns and Φ isthe magneti
 �ux whi
h 
rosses its se
tion. The �ux 
an be 
al
ulated as
Φ = BA = µ0µcHA,where B is the �ux density parallel to the sensor axis, µ0 is the permeability
onstant in va
uum, µc is the permeability of the 
ore, A is the 
ross se
tion area,and H is the amplitude of the magneti
 �eld. For a sinusoidal magneti
 �eld, we
an express H in terms of the phasor H̃ = Ĥejωt. The indu
ed voltage is therefore:

Ṽind = V̂inde
jωt = 2πjnµ0µcAfĤejωt = jfS0H̃.The parameter S0 is de�ned as the sensor's sensitivity 
onstant whi
h gives therelation between the magneti
 �eld's amplitude and the indu
tion voltage.This is a theoreti
 equation and does not take into a

ount several e�e
ts asfor instan
e the resistivity of the wire or its parasiti
 
apa
ities. The equivalent
ir
uit of a MFS-06 is somewhat more 
omplex. A better approa
h is depi
ted inFigure 2.7.Referring to the sour
e, the indu
ed sensor voltage Vind, the 
oil resistan
e R,
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Figure 2.7: Equivalent 
ir
uit for MFS-06 magnetometer.the input resistan
e of the ampli�er Rd, the 
oil indu
tivity L, and the 
apa
ity Cyield a damped serial resonan
e 
ir
uitry and the transfer fun
tion of the sensorwill show a strong peak at its resonan
e frequen
y. For the sensor itself, withoutthe preampli�er, we get the transfer fun
tion

Ve

Vind

=
Rd/(Rd +R)

1− (f/f0)2 + j2D(f/f0)with the ampli�er's input resistan
e Rd, Gain G, resonan
e frequen
y f0 andattenuation D de�ned as
f0 =

1

2π
√
ALC

G =
VM

Ve

2D =

√

Rd

Rd +R

√

L/C

Rd

+
R

√

L/CHaving this in mind the resulting transfer fun
tion between the magneti
 �eld andthe sensor output voltage be
omes
Fsensor =

Ve

H̃
=

jS0Rd/(Rd +R)f

1− (f/f0)2 + j2D(f/f0)The equivalent 
ir
uit diagram of the magnetometer leads to a frequen
y de-pendent sensitivity E(f) referred to the preampli�er output of:
E(f) = E0

V e

Vind
, E0 = GS0In order to avoid the auto-resonan
e of the sensor (lo
ated at around 800 Hz), afeedba
k bran
h is atta
hed, whi
h a
ts as a �lter for frequen
ies near fr. Themeasured voltage at a MFS-06 sensor 
an be expressed as

VM(f) =
jfH(f)E(f)

1 + j f
fc

, (2.11)and the 
ut-o� frequen
y of the magnetometer is fc= 4 Hz. The transfer fun
tionin
luding the e�e
ts of the feedba
k is depi
ted in Figure 2.8.
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Figure 2.8: Transfer fun
tion of MFS-06 magnetometer.2.1.4 Des
ription of the MT SurveysThe department of Geodynami
s of the University of Granada works with Mag-netotelluri
 method sin
e some years ago [72, 73℄. They have built up a databasewith the resulting time series, whi
h has been available for our study of S
humannResonan
es. Up to eight independent surveys have been employed in this study.Ea
h of them is taken over a time span of roughly 1 month, over an area whoseradius is in the order of tens of km.In Table 2.2, a summary of the prin
ipal parameters of ea
h survey is shown.Seven of them pertain to the Western Mediterranean geographi
al area, while theother was performed in Antar
ti
a.The angular distan
es between the surveys and the main storm 
enters whi
hdominate the lightning generation were 
al
ulated, and depi
ted in Figure 2.9. Theareas with a density of �ashes greater than 20 �ashes/km2/year on average [25℄are gray-shadowed. The epi
enters of the main storm 
enters move from monthto month, and therefore the distan
es may slightly vary. From these distan
es, weinferred the degree of 
ontribution of ea
h storm 
enter to ea
h of the three �rstmodes of SR, based on the theoreti
al results from Chapter 1 (see Figure 2.10).It is important to note that the amplitude of mode n=2 is nearly zero for sour
eslo
ated in the Afri
an epi
enter.
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Figure 2.9: Global map with the angular distan
es between the MT 
ampaignsand the main storm 
enters.
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44 Chapter 2.Table 2.2: Lo
ation, key, date, and number of time series for ea
h 
ampaignused in the study.Number Lo
ation Key Date Number of Latitude Longitudetime series1 Granada Gra May 2005 7 37 ◦10'N 3 ◦34'W2 Almanzora Alm1 Jul 2005 5 37 ◦20'N 2 ◦09'W3 Rif Rif Feb 2006 19 35 ◦10'N 3 ◦50'W4 Almanzora Alm2 May 2006 3 37 ◦20'N 2 ◦09'W5 Malaga Mal Nov 2006 4 36 ◦50'N 5 ◦09'W6 Al
udia Al
1 Jul 2007 22 38 ◦30'N 4 ◦30'W7 Al
udia Al
2 Sep 2007 4 38 ◦30'N 4 ◦30'W8 Antar
ti
a Ant Jan 2008 7 62 ◦50'S 60 ◦30'W
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Figure 2.11: Proje
tions of Bφ �eld over EW and NS axis, depending on theangular distan
e between the sour
e and the survey point.The MT magnetometers are always oriented with EW and NS axis. Sin
e themain storm 
enter relative position varies with daytime and depends on the obser-vation point, we have 
al
ulated the in
lination angles between the survey pointsand the main thunderstorm areas. Sin
e the B �eld propagates in φ dire
tion (fora sour
e lo
ated at θ=0, see Se
tion 1.3), we 
an 
al
ulate the amount of energywhi
h will be proje
ted on ea
h dire
tion (EW and NS). These results are shownin Figure 2.11. The square sum of both EW and NS 
omponents (be
ause theyare depi
ted in amplitude) is the unity. It is interesting to note the behavior ofthe proje
tions in the Antar
ti
 survey. Ea
h storm 
enter has its preferred axis(EW for Malaysia and Ameri
a, NS for Rwanda).As 
ommented in Se
tion 2.1.3, the MT method implies measuring at di�erentgeographi
al positions of the area under study. We have found that ele
tri
 �eld



Time Series analysis 45measurements heavily vary its amplitude (up to one order of magnitude) owingto the 
hara
teristi
s of the ground where the ele
trodes are deployed, as well asto lo
al e�e
ts originated by the parti
ular orography of ea
h measurement point.On the other hand, magneti
 �eld 
omponents are not a�e
ted by these lo
ale�e
ts, and they have all similar amplitude regardless of the measuring point ofthe 
ampaign.2.1.5 Spe
trograms from the time seriesThere are two large time series in the MT survey database from the Geodynami
sdepartment. They were taken in Moro

o (survey 3) and Antar
ti
a (survey 8),and their sample frequen
ies are 128 and 64 Hz. Their duration is 15 and 14hours respe
tively and, therefore, the daily evolution of the SR 
an be observedon them. In Figures 2.12 and 2.13 their 
orrespondent spe
trograms have beenplotted. Ea
h verti
al line is 
omputed from 10 minutes of the series, previouslysplitted into data blo
ks of 3 se
onds.The spe
trograms from Moro

o time series (see Figure 2.12) 
orrespond tothe night of 5 - 6 February 2006, from 20:05 UT to 09:15 UT. The bandwidth ofthe signal is up to 32 Hz, but the �lters of the measurement equipment distort thehigher frequen
ies, so they have been depi
ted up to 27 Hz. In the �rst quarter ofthe series (up to 24:00 UT) there are many saturated spe
tra (white lines). This isdue to ele
tromagneti
 interferen
es with the measurement equipment. The �rstfour SR 
an be identi�ed at their typi
al frequen
ies (roughly 8, 14, 20, and 26Hz). It is interesting to note that there is an in
rease of SR energy at around06:00 - 08:00 UT. This time 
orresponds to the time of a
tivation of the Malaysianstorms.In Figure 2.13, the magneti
 �eld 
omponent spe
trograms from the Antar
ti
atime series have been plotted. They 
orrespond to the night of 29 - 30 January2008, from 22:00 UT to 12:00 UT. Sin
e the sampling frequen
y was 128 Hz, upto seven SR 
an be identi�ed. Ele
tri
 �eld measurements 
ontain 
orrupted dataand therefore 
ould not be plotted. Most of the SR energy is measured in the EW
omponent, as it is expe
ted by the analyti
al model when the sour
es are lo
atedeither in Ameri
a (22:00 UT) or in Malaysia (08:00 UT). There is an in
reaseon the SR energy between roughly 06:00 UT and 10:00 UT (whi
h is noti
eable
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Figure 2.12: Spe
trogram of magneti
 and ele
tri
 
omponents from 5 - 6February 2006, taken during Moro

o survey.for higher resonan
es), probably indi
ating the a
tivation of the Malaysian storm
enter.2.1.6 Daily variations of S
humann resonan
esThe volume of data 
ontained in the database does not permit to perform anexhaustive study of the daily variations of SR, sin
e there are not 
ontinuousre
ords of them. Instead, we have small pie
es at di�erent daytimes and months.Therefore, we will limit this part of the study to eviden
e a behavior that 
an beobserved in the se
ond SR mode in Antar
ti
a survey, whi
h is related to the mainthunderstorm 
enters time of a
tivation.The angular orthodromi
 distan
e between the Antar
ti
 survey and Rwanda(epi
enter for Afri
an storms) is roughly π/2, so the se
ond SR mode is highly
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Figure 2.13: Spe
trogram of magneti
 
omponents from 29 - 30 January 2008,taken in Antar
ti
a survey.attenuated (see Figure 2.10) for the lightning 
oming from there, a

ording to theanalyti
al model presented in 
hapter 1. The same situation stands for Floridastorm 
enter, but we 
annot study the e�e
t be
ause its time of a
tivation isroughly the same as in Argentina, where the se
ond mode does 
ontain energy.In addition, sin
e the Antar
ti
a survey was performed in January, the Ameri
anin�uen
e should be 
oming mainly from the Argentina storm 
enter.We have averaged the four available spe
tra at Afri
an storms time window(roughly 14:30 - 17:30 UT), as well as the four available spe
tra at Ameri
an timewindow (roughly 17:30 UT - 22:30 UT). The results are shown in Figure 2.14. Bylooking at the upper panel (magneti
 �eld), it 
an be noted that e�e
tively the2nd mode of NS 
omponent has lower amplitude than the third for the Afri
antime window. This is the only spe
tra in the entire database where this situationo

urs for the magneti
 �eld. By looking at the EW 
omponent for the Afri
antime window, we observe that se
ond and third mode have roughly the sameamplitude. We believe this is due to a mixture of in�uen
e from Afri
an stormsand storms from other areas, due to its orientation. If we look at Ameri
an timewindow spe
tra, the se
ond mode has higher amplitude than the third, as it o

urswith the rest of the spe
tra of this study. As predi
ted by the analyti
al model(see Figure 2.11), the level of the EW 
omponent is stronger for the magneti
 �eld.It 
an be observed, in Figure 2.14, that BNS is 
orrelated with EEW and vi
eversa, so the e�e
t of the 2nd mode diminishing is well observed in both BNS and
EEW (for the time 14:30 - 17:30 UT).
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EFigure 2.14: Averaged spe
tra of eight TS, from the Antar
ti
 survey, atAfri
an (14:30 - 17:30 UT) and Ameri
an (17:30 - 22:30 UT) storm time a
tiva-tion.Another interesting e�e
t is the frequen
y shift that o

urs for the 2nd and 3rdSR modes. The 
entral frequen
ies of the modes for the magneti
 �eld are shownin table 2.3. Both EW 
omponents exhibit lower 
entral frequen
y for the se
ondmode (0.5 Hz less) and higher for the third (0.5 Hz more) when 
ompared to theNS 
omponents. The �rst mode does not follow the tenden
y, and the maximumshift is 0.19 Hz. Ea
h 
omponent registers storms from di�erent lo
ations at dif-ferent degrees of 
ontributions. Di�erent nature of the sour
es, as well as di�erentdistan
es and path 
on�gurations may be the reason for these shifts [74℄.2.1.7 Seasonal variations of the S
humann Resonan
esThe SR parameters of the whole TS from ea
h 
ampaign have been averaged, inorder to observe the general tenden
ies of them along the year. A Lorentzian �t



Time Series analysis 49Table 2.3: Central frequen
ies of NS and EW 
omponents (magneti
 �eld) oftime series taken in Antar
ti
a at the a
tivation time of Afri
an and Ameri
anstorm 
enters.UT range Component Frequen
y (Hz)1st mode 2nd mode 3rd mode1430-1730 UT NS 7.69 14.56 19.861430-1730 UT EW 7.80 14.05 20.501730-2230 UT NS 7.73 14.45 20.071730-2230 UT EW 7.61 13.83 20.53(see Se
tion 2.1.2) has been applied to ea
h spe
trum, yielding amplitude, 
entralfrequen
y and ∆f3dB for ea
h of the three �rst SR modes. Less than 10 % ofthe series were not well adjusted by the algorithm and had to be disregarded.This situation o

urred mainly adjusting the �rst (mode 0) and �fth (mode 4)Lorentzian 
urves, when they were either too strong or too weak. It is importantto note that the results are not really statisti
ally signi�
ant, sin
e there were onlyfew hours of re
ords for ea
h month. Anyway we 
ould 
orroborate some resultsand tenden
ies addressed in other works [74�76℄.All the signals with at least 90 minutes of length were 
onsidered, leading to thenumber of series for ea
h 
ampaign shown in Table 2.2. Ea
h TS was splitted intodata blo
ks of 30s, so the frequen
y resolution of the Bartlett's spe
tral estimatoris 0.033 Hz.The magneti
 �eld amplitude evolution of the SR modes 
an be observed inFigure 2.15. It is interesting to note the di�erent behavior between the two 
om-ponents (NS and EW) [75℄. For the WM surveys, there is more energy in the NS
omponents, as it is expe
ted by looking the results of Se
tion 2.1.4. The EW
omponent exhibits 
ertain stability throughout the study, but the NS 
omponent
learly exhibits higher maxima for the northern warm season months. The monthswith less amplitude are February 2006 and January 2008, whi
h is in agreementwith the observations of other authors [77, 78℄.Ele
tri
 �eld measurements show high variability of amplitude between TS forthe same survey. As 
ommented before, this is due to the 
hanging lo
ation ofthe measurement point. Up to one order of magnitude variations have been foundfor the same survey, and therefore we 
annot extra
t 
on
lusions of their seasonalbehavior. The interesting fa
t is that there is no de
ay of amplitude as the modenumber in
reases (see Figure 2.16). As opposed with magneti
 �eld measurements,
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Figure 2.15: Magneti
 �eld peak amplitudes for the three �rst SR modes. BothNS 
omponent (top panel) and EW 
omponent (bottom panel) are depi
ted.the three modes of the ele
tri
al �eld exhibit similar peak amplitudes at ea
h
ampaign. This may indi
ate the 
onvenien
e of these kind of measurements forstudying higher modes of the SR.The 
entral frequen
y values for the �rst three SR modes os
illate around 7.8,14, and 20.5 Hz respe
tively (see Figure 2.17). It is interesting to note the 
orrela-tion that exists between BNS and EEW and vi
e versa. In many of the 
ampaignsthere is a shift in 
entral frequen
y between the two magneti
 �eld 
omponents,and this shift is in agreement with a shift in the ele
tri
 �eld 
omponents. Themost prominent example is, as 
ommented in previous se
tion, the Antar
ti
a sur-vey, with shifts of 0.6 and 0.5 Hz for the se
ond and third modes, respe
tively.A

ording to [74℄, 
entral frequen
y shifts of the SR modes may be related to thee�e
tive size of the main storms.The last parameter whi
h has been 
al
ulated and plotted is the quality fa
torQ (see Figures 2.18 and 2.19). It quanti�es the spe
tral 
leanliness of the reso-nan
e. High value of the Q fa
tor implies a narrow band resonan
e. The prin
ipal
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Figure 2.16: Ele
tri
 �eld peak amplitudes for the three �rst SR modes. BothNS 
omponent (top panel) and EW 
omponent (bottom panel) are depi
ted.reason (as we will see in Chapter 6) for lower Q is the 
ondu
tivity pro�le withheight of the 
avity.It 
an be seen from the Figures 2.18 and 2.19 that Q fa
tors behave similarlyfor ele
tri
 and magneti
 �eld 
omponents, and they do not 
hange too mu
h over
ampaigns. Higher modes have higher Q, in general.Lastly, it is important to note, as stated in [75℄, that Q fa
tor measurementsdepend on the Lorentzian �t employed. Di�erent studies utilize slightly di�erent
on�gurations, whi
h 
an modify the �nal values of Q. Therefore 
aution is neededwhen 
omparing this value with results from other studies.
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Figure 2.17: Averaged 
entral frequen
ies of the three �rst SR modes for thedi�erent surveys and 
omponents.
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Figure 2.18: Q fa
tors of the three �rst modes of SR at di�erent surveys, forthe magneti
 �eld spe
tra.2.2 Res
aled Range Analysis (R/S)2.2.1 Des
ription of the methodTime series 
an be regarded as the result of a sum of di�erent 
omponents. One
omponent is the trend 
omponent, or ma
ros
opi
 behavior, a

ounting for thelong term tenden
y of the TS. Another 
omponent would 
omprise the dis
onti-nuities that may appear in the TS due to di�erent reasons. There is a periodi

omponent, whi
h is 
ommon in signals originated from natural pro
esses (tides,rotation of planets, et
.). Finally, there is a sto
hasti
 
omponent, whi
h in
ludesthe �u
tuations not in
luded in the trend or periodi
 
omponent. These �u
tua-tions 
an be of diverse nature, su
h as noise or unpredi
table events.The Res
aled Range Analysis is based on studying the persisten
e of the TSsto
hasti
 
omponent [63, 79℄. Persisten
e is de�ned in terms of the relationshipbetween adja
ent and nearby samples, by looking for the 
orrelation between them.
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Figure 2.19: Q fa
tors of the three �rst modes of SR at di�erent surveys, forthe ele
tri
 �eld spe
tra.If adja
ent values of the TS are not 
orrelated, then it exhibits random behavior.If the 
orrelation is positive, then distan
e between adja
ent samples is lower thanfor a random TS, this behavior being known as persistent. On the other side, ifthe 
orrelation is negative, the distan
e in between nearby samples is greater thanfor a random TS, and this situation is 
alled anti-persistent behavior.A standard pro
edure for evaluating the persisten
e of a time series is des
ribedin [80℄, the so-
alled Res
aled Range Analysis (R/S), based on 
al
ulating theHurst exponent (Hu). It is applied to TS of 2N samples length, x[tn], where x is aTS with a sampling frequen
y of fs = 1/∆t. For ea
h value of the index i = 1...N ,we de�ne a partition of the TS in segments of length M = 2i samples. Then, thefollowing is applied to ea
h partition i:1. We 
al
ulate the mean for ea
h segment j of partition i

〈x〉i,j =
1

M

M
∑

l=1

xj [l] =
1

M

M
∑

l=1

x [M(j − 1) + l] (2.12)



Time Series analysis 552. Then we obtain the sum (integral) of the time series
yj[k] =

k
∑

l=1

(xj [l]− 〈x〉i,j) . (2.13)3. Now, we 
al
ulate the range and standard deviation for ea
h segment jof the partition i

Ri,j = Max (yj[k])−Min (yj[k]) (2.14)
Si,j =

√

√

√

√

1

M

M
∑

l=1

(xj [l]− 〈x〉i,j)2. (2.15)4. The average value of Ri,j and Si,j is evaluated at ea
h partition i, theirquotient being de�ned as Z[M ]:
Z[M ] ≡ RM

SM

=
〈Ri,j〉
〈Si,j〉

. (2.16)5. The Hurst exponent Hu, sometimes referred as K or H , is de�ned bythe following power relation between the Z 
oe�
ient and the number ofsamples M :
Z =

(

M

2

)Hu

. (2.17)This last relation is of empiri
al nature, and presupposes s
ale invarian
e.The Res
aled Range analysis �nds a relation between the Z 
oe�
ient andthe number of samples M . The best-�t 
onstant-slope of the 
urve log2(Z[M ])against i=log2[M ℄ is the Hurst exponent (Hu). In general, Hu ∈ [0.7, 0.8℄ for themajority of natural geophysi
al pro
esses [81℄.When R/S analysis is applied to a signal whi
h 
ontains only Gaussian whiteNoise, the Hurst exponent tends towards 0.5, being this value the boundary be-tween persistent and anti-persistent phenomena. Signals whose Hu ∈ (0.5, 1] arepersistent, while the signals whose Hu ∈ [0, 0.5) are anti-persistent. A

ording to[80℄, most of the natural signals are persistent. Intuitively, a pro
ess is persistentif it tends to maintain its tenden
y. For instan
e, for a 
ontinuous, zero-meansto
hasti
 pro
ess whi
h has a positive value at t = t0, a value of Hu near to 1indi
ates that the probability of the pro
ess being positive for t > t0 is high.



56 Chapter 2.Table 2.4: Date and time of the re
ords used in the R/S analysis plus anestimation of the storm intensity [12℄.Site Date time Estimated intensity (a.u.)Asia Afri
a Ameri
a Total22 25 Jan 2008 2030 UT 0.2 1.5 5.0 6.723 26 Jan 2008 1730 UT 0.5 5.0 2.5 8.027 04 Feb 2008 1430 UT 1.0 4.0 0.2 5.22.2.2 TS from Antar
ti
aThe method des
ribed above has been applied to time series from the Antar
ti
asurvey, where the anthropogeni
 noise is almost inexistent. Signals with fm=512Hz have been employed, in order to ensure good resolution even with small numberof samples. The duration of the TS is 218 samples (roughly 9 minutes). The datapertains to three di�erent days and times detailed in Table 2.4.The Z 
oe�
ient as a fun
tion of the number of samplesM has been 
al
ulatedfor the mentioned time series. The results are depi
ted in Figure 2.20 (top). Theseries belong to di�erent days, times of the day and 
omponents of the magneti
�eld (NS and EW), but they exhibit 
ommon behavior when analyzed trough R/S.The estimations of the Hurst exponent Hu for the six time series of this study fallbetween 0.72 and 0.93, indi
ating that the phenomenon is persistent.The Hu values of Figure 2.20 (bottom) have been 
al
ulated by linear adjust-ment of previous and following Z 
oe�
ients. We do not presuppose anymorethat Hu is independent from the s
ale. From Figure 2.20, three regions 
an bedi�erentiated in every 
urve. This indi
ates that a di�erent value of Hu shouldbe noted at ea
h s
ale range. Cal
ulating di�erent Hurst exponents for di�erents
ales was suggested by [82℄, for the study of o
ean waves.Three di�erent areas for Hu arise from Figure 2.20 (bottom). The �rst areastands for I=[2, 5℄, or time s
ale up to 1/16 se
onds, where all the signals pra
-ti
ally have the same value of Hu. The Hurst exponent (i.e., the Z slope) takesvalues between 0.75 and 0.85 depending on the series, whi
h are the typi
al val-ues for persistent natural phenomena. The next interval is for I=[6, 10℄, or times
ale between 1/8 and 2 se
onds. Here the slopes tend to 0.5, indi
ating randombehavior at these time s
ales. For greater values of I, the slopes �rst in
rease upto values greater than one, and then de
rease towards zero.
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ti
a.Res
aled Range analysis, when applied to a noisy signal, is sensitive to itsinternals. As stated in [12, 81℄, variations on the pulse ratio drive the standarddeviation and the range of a noise. Therefore, the average lightning rate dire
tlya�e
ts the R/S analysis of a signal whi
h measures the ele
tromagneti
 �elds insidethe Earth-ionosphere 
avity. A

ording to [81℄, these variations shift the knee areafound at 
urves log2Z - I (see Figure 2.20). Following the equation
r =

fs
Mk

(2.18)where r is the average lightning rate, fs is the sampling frequen
y, and Mk is thesample number at whi
h the knee transition is lo
ated, the lightning rate 
an beestimated from R/S analysis.There is not a great di�eren
e between the three signals analyzed in Figure2.20, probably meaning that a similar average rate of lightning was involved duringthe generation of all of them. That being said, the results suggest that S27 has aper
eptible lower rate of dis
harges than the rest, being S23 the one with higher r.
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e the sampling frequen
y is fs=512 Hz, the estimation for the lightning rateon these signals is roughly 16 - 32 �ashes per se
ond, obtained from taking Mk ≃24 - 25.2.2.3 Syntheti
 simulationIn order to 
on�rm that it is possible to determine the pulse rate of a signal fromthe inertia transition position of Z(N) in R/S analysis, a numeri
al simulation hasbeen performed. The radiated �eld of a thin wire antenna supplied by a Gaussianpulse has been employed as single input pulse (simulating the �eld radiated bylightning). The Method of Moments was employed to solve the integral equationobtained from Hallen's equation [83℄. The load and 
urrent densities have beenobtained for ea
h frequen
y of the Gaussian pulse. The resulting �elds were 
al-
ulated dire
tly in time domain, by Fourier transform of the sour
es. The �eldwas 
al
ulated at a point in the equatorial plane of the antenna at a distan
e of 5times its length. In Figure 2.21 (top), the time evolution of one pulse stroke 
anbe observed.Sin
e the antenna is a resonant system, there are preferred frequen
ies whi
hare more ampli�ed than the rest. This 
an be regarded as an analogy in thespe
trum to the resonant frequen
ies of the Earth-ionosphere 
avity. In Figure2.21 (bottom), the Fourier transform of the stroke pulse has been depi
ted. Theantenna resonan
es 
an be observed, and the depi
ted spe
trum reminds to S
hu-mann resonan
e spe
trum.Starting from this pulse, a signal of 216 samples is 
reated by periodi
allyrepeating the dis
harge from Figure 2.21. Ea
h dis
harge is 
omposed by 774samples, and we will suppose dt=1 (the inverse of the sampling frequen
y fs),both in arbitrary units for simpli
ity. In order to avoid the initial transient of thesignal we will not 
onsider the �rst 500 samples, and take the next 216. Let rbe the number of dis
harges per unit of time and dr= 1/r, i.e., the time betweentwo dis
harges. The quotient nc=dr/dt de�nes the distan
e in samples betweendis
harges. Three di�erent values for dr have been 
onsidered: 16, 64, and 128.When R/S analysis is applied to the syntheti
 signals des
ribed above, it leadsto the results shown in Figure 2.22. The three signals have 
ommon behavior oftheir Z 
oe�
ient, until they rea
h the time s
ale where M=dr. From this point
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Frequency [a.u.]Figure 2.21: Field generated by thin wire antenna ex
ited by a high bandwidthGaussian pulse.the Z 
oe�
ient remains 
onstant. Sin
e the signal 
omes from a unique sour
eand all the dis
harges are equal, when the number of samples is large enough boththe range and the standard deviation be
ome 
onstant, and the Hurst exponenttends to zero. In the simulation, it is easy to infer the rate of dis
harges from thevalue of I at whi
h the inertia of Z 
hanges.2.3 Con
lusionThis Chapter proves the presen
e of S
humann resonan
es in magnetotelluri
re
ords. The magnetotelluri
 dataset obtained by the Geophysi
s Group at theUniversity of Granada in su

essive 
ampaigns performed in Antar
ti
a and thewestern Mediterranean area has been analyzed. Although not spe
i�
ally designedfor dete
ting SR, these measurements show advantages over those taken at a �xed
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urve of a syntheti
 signal simulating natural ELF noise.station. Sin
e they were re
orded at various pla
es separated by a distan
e on theorder of km, it was possible to study the in�uen
e of lo
al e�e
ts. Furthermore, theMT method re
ords ele
tri
 horizontal 
omponents, not frequently measured forSR resear
h. Finally, the broad sweep in frequen
y that the MT method requireshas provided interesting time series with di�erent sample frequen
ies between 64and 512 Hz. In 
ontrast, MT measurements are not taken 
ontinuously in time,whi
h means that results are less statisti
ally signi�
ant, but still suitable and 
an
on�rm behaviors and tenden
ies.All the measured 
omponents (NS and EW for the ele
tri
 �eld, NS, EW andverti
al for the magneti
 �eld) 
ontain SR ex
ept the verti
al magneti
 �eld (eventhough 5% of these also showed the resonan
es).For the signal pro
essing of the time series, two di�erent methods have beenemployed: spe
tral analysis through the Fast Fourier Transform and Res
aledRange Analysis 
al
ulating the Hurst exponents. For the �rst, signals with asample frequen
y of 64 Hz and 90 minutes long have been used. At ea
h signal,data blo
ks of 30s have been taken, applying FFT plus a Hanning window to ea
h.The resulting spe
tra were then averaged in order to obtain a spe
tral estimator ofthe signal. Subsequently, the estimation of the spe
trum was adjusted by a sum ofLorentzian in order to quantify the amplitude, 
entral frequen
y and bandwidthof ea
h resonant mode. In addition, the spe
trograms of two ex
eptionally long



Time Series analysis 61time series were obtained. From the spe
tral analysis, the following 
on
lusions
an be formed:1. Eviden
e of three main storm 
enters lo
ated in Asia, Afri
a and Ameri
awith their main a
tivity in the lo
al afternoon. The �eld amplitudes ob-served for ea
h 
omponent are in agreement with the predi
tions for the
TM r modes. Therefore, the 
ampaigns registered in January and Februaryshow less modal amplitude, while those taken during the northern hemi-sphere spring and summer are the most energeti
. Moreover, a de
ay inamplitude with the modal order is observed in the magneti
 
omponents,while this is not present for the ele
tri
 
omponents. The magneti
 �eldmeasurements have been shown to be robust regarding lo
al e�e
ts, andsmall shifts of km of the observation point do not a�e
t the measurement,while ele
tri
 �eld measurements 
an vary their amplitude up to one orderof magnitude within a few km of distan
e. However, the frequen
y 
ontentsdo not vary with the shift of the point of observation either in magneti
 orin ele
tri
 �eld measurements.2. A

ording to the predi
tion of the analyti
al model, measurements haveshown that a minimum of amplitude appears in the se
ond mode of themagneti
 NS (and ele
tri
 EW) 
omponent in the Antar
ti
 
ampaign, whenthe main 
enter of storms is lo
ated in Afri
a (around 1600 UT).3. The 
entral frequen
ies for the �rst three SR modes averaged in the di�erent
ampaigns are 7.8, 14, and 20.5 Hz. The measurements around these 
entralvalues are subje
t to shifts, and seem to be 
orrelated inversely with the sizeof the sour
e where the resonan
es originated. These variations are strongerin the se
ond and third modes than in the �rst.4. In all the time series, the spe
tral 
orrelation between magneti
 NS and ele
-tri
 EW 
omponents has been proved. The same o

urs between magneti
EW and ele
tri
 NS. The modes show 
lose frequen
y shifts and relativeamplitudes between them.The res
aled range analysis has been applied to series taken in Antar
ti
a andwith a sample frequen
y of 512 Hz, to guarantee enough resolution with a lownumber of samples in the analysis. This sample frequen
y is 
onsiderably higher



62 Chapter 2.than that typi
ally used in other �xed station SR measurements (usually around100 - 200 Hz).The 
urve log2Z - log2M has been depi
ted, and a value for the Hurst exponenthas been obtained at ea
h point of the 
urve, as the result of a linear adjustmentof the previous and following points. The resulting 
urve, Hu - Log2M , has three
learly distinguishable parts. The �rst part 
omprises I = {2, 5}, 
orrespondingto time s
ales between 4 and 62 ms. On this range, Hu is approximately 
onstant,maintaining its value between 0.75 and 0.85 for the di�erent series analyzed, thusindi
ating persisten
e based on a power law. Therefore, there is a fra
tal behavioron this time s
ale. The se
ond part (I = {6, 10}) 
orresponds to a time s
ale upto 2 se
onds. In this range, the signal approximates random behavior, with Hutaking values around 0.5. The third part of the 
urve 
orresponds to higher valuesof I and the value of Hu in
reases beyond unity.By following the analysis by Ni
kolaenko et al. [81℄, the transition from the�rst to the se
ond part of the 
urve 
an be mat
hed with the average rate ofdis
harges from whi
h the signal originated, as stated in Equation 2.18. In order to
orroborate this statement, a numeri
al simulation has been performed, in whi
hea
h dis
harge is modeled by the radiated �eld of a wire antenna ex
ited by aGaussian pulse. It is found that the Hurst exponent tends to zero for I ≥ 1/r,where r is the rate of dis
harges per unit of time. A

ording to this, the signalsanalyzed show an average rate of around 16 - 32 dis
harges per se
ond.
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Ionospheri
 e�e
tive heightdetermination from monitoring the1st 
ut-o� frequen
y [2℄
A novel te
hnique to draw global maps of the ionospheri
 e�e
tive height of theEarth-ionosphere waveguide is presented in this 
hapter. The aim is to 
hara
-terize the dimensions and properties of the waveguide, with the purpose of betterunderstanding the ele
trodynami
s whi
h o

ur inside it. The te
hnique is basedon ele
tri
 �eld measurements taken from the satellite DEMETER. Lightning inthe atmosphere generates signals in the VLF band known as atmospheri
s, whi
hpropagate in the waveguide several thousand of km before vanishing. Part of theirenergy leaks up to the satellite orbit (∼700 km), and therefore the �rst 
ut-o� fre-quen
y of the waveguide 
an be tra
ked from the spa
e. This frequen
y is dire
tlyrelated to the height of the waveguide. This study has revealed seasonal patternsfor this e�e
tive height, as well as dependen
e with the kind of surfa
e on Earth,whi
h eviden
es 
oupling between the lithosphere and the ionosphere. In addi-tion, the study indi
ates that there is 
orrelation between the solar a
tivity andthe global value of the 
ut-o� frequen
y. From these results, together with datafrom empiri
al models, it is possible to infer the ele
tron density and other plasmaparameters at a region whi
h is hard to study be
ause is too low for satellites toorbit inside it and to high for balloons to rea
h it.The Chapter starts de�ning the DEMETER mission and spe
ially its ele
tri
al63



64 Chapter 3.�eld measurements. Then we explain the methodology employed to tra
k the 
ut-o� frequen
y from the dataset, and the way to obtain the ele
tron density fromthe measurements. After that, we analyze and dis
uss the results obtained, where
ertain seasonal patterns repeating over the years have been found. Finally, weattempt to 
ompare the results from our method with empiri
al referen
e modelsfor the ionosphere, putting into manifest that these seasonal patterns are notpresent in them, due to the la
k of measurements at this height of the ionosphere.3.1 The DEMETER missionDEMETER [9, 84℄ is a Fren
h mi
ro-satellite, the �rst of the Myriade series, devel-oped by CNES (Centre National d'Études Spatiales) for low-
ost s
ien
e missions.DEMETER stands for Dete
tion of Ele
tro-Magneti
 Emissions Transmitted fromEarthquake Regions, and it is the name of the Greek goddess of Earth. Its dimen-sions are 60 x 85 x 110 
m, and its weight is around 130 kg. It was designed andlaun
hed with the purpose of studying ionospheri
 perturbations 
aused by naturalphenomena and human a
tivity. One of its main targets is to establish the 
on-ne
tion between natural disasters (primarily earthquakes and vol
ano eruptions)and ionospheri
 perturbations, in order to provide knowledge for future predi
tionsystems [85�87℄.

Figure 3.1: Layout of the DEMETER satellite, taken from [84℄.DEMETER was laun
hed on June 29th 2004 from Baikonour (Kazakhstan)by a Dnepr laun
her. It was put on a polar Sun-syn
hronous 
ir
ular orbit with
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 e�e
tive height from 
ut-o� frequen
y 6598◦ in
lination. Its initial altitude was 710 km, but it was 
hanged to 660 km inDe
ember 2005 by the mission 
enter. Due to its syn
hronous orbit, DEMETERalways re
ords data either at roughly 10.30 LT (down-going half orbit) or at 22.30LT (up-going half orbit). It performs 14 orbits in one day. It gathers data betweenthe invariant geomagneti
 latitudes ±65◦, and the time over the auroral regions isused for maintenan
e of the satellite.There are two operational modes of data re
ording: survey and burst. WhenDEMETER is not over sensible zones (seismi
 zones, VLF transmitters, spe
ialexperiments, et
.) it operates on survey mode, and the amount of re
orded data(number of 
omponents, sampling frequen
y, waveforms) is sensibly lower (25 Kbit-s/s). When DEMETER 
rosses 
ertain areas, burst mode is a
tivated and its full
apabilities of re
ording are a
tivated, generating 1.6 Mbits/s of data.Its s
ienti�
 payload is 
omposed of �ve di�erent measurement instruments:ICE (Instrument Champe Ele
trique), IMSC (Instrument Magneti
 Sear
h Coil),ISL (Instrument Sonde de Langmuir), IAP (Instrument d'Analyse du Plasma),and IDP (Instrument pour la Dete
tion des Parti
les). In addition there is anele
troni
 unit (BANT) whi
h pro
esses the data on board and is in 
harge fortelemetering the data to the mission 
enter.The ICE measures the three 
omponents of the ele
tri
 �eld by means of fourele
trodes, ea
h one lo
ated at 4 m of the spa
e
raft with the aid of booms. Sin
eit is the instrument employed for a
quiring the data analyzed in this Chapter, itis extensively des
ribed in Se
tion 3.1.1.The IMSC [88℄ is intended for measuring the magneti
 �eld and is 
omposedof three orthogonal sear
h 
oil antennae with pre-ampli�ers. Ea
h antenna has apermalloy 
ore, and 12,000 turns of 
opper wire around it. Few additional turnsare used as a feedba
k bran
h in order to avoid the resonant frequen
y of the RLCsystem (see Se
tion 2.1.3.3). Its 
ross-se
tion is 4 x 4 mm and its length 170 mm.The ISL Langmuir probe [89℄ has been designed for in situ measurements ofthe bulk parameters of the ionospheri
 thermal plasma, basi
ally the ele
tron den-sity and temperature. In addition, it is possible to infer the ion density and itsvariation, but with a higher error margin. The parameters are obtained with aresolution equal to 1 s. The instrument is 
omprised of two sensors: a 
ylindri
alsensor and a spheri
al sensor subdivided in seven segments. The �rst sensor is
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al s
alar Langmuir probe [90℄, based on applying a bias voltage to a 
on-du
tor immersed in the plasma under study. The se
ond one permits to infer thedire
tion of the ele
tron �ow, but it was under test during this mission and wasnot extensively employed.The IAP [91℄ provides measurements of the main parameters of the thermalion population. It 
an dire
tly measure disturban
es on the plasma 
aused byseismi
 events on the ground, and, in addition, it obtains the 
hara
teristi
s of theplasma whi
h are ne
essary to interpret measurements from ICE and IMSC (e.g.,plasma density and ion 
omposition).The IDP [92℄ is a ele
tron spe
trometer aimed to measure trapped ele
tron�uxes in the energy range from 70 keV to roughly 0.8 MeV, and to provide infor-mation on the ele
tron �uxes in the range 0.8 - 2.5 MeV. Its resolution is less than10 keV. It is intended to study the radiation belts on Earth.DEMETER mission de�nes three levels of data: 0, 1, and 2 [93℄. The Level0 data stands for raw data, and are dire
tly the series telemetered by the spa
e-
raft. Level 1 data 
orresponds to s
ienti�
 
alibrated data, while Level 2 data
orresponds to high-resolution displays (i.e. plots of the Level 1 data).3.1.1 The ICE sensorThe ICE instrument is in 
harge of measuring the ele
tri
 �eld that surrounds thespa
e
raft. Ele
tromagneti
 
hanges in the ionosphere due to natural disastershave been reported several times (e.g., [6, 30, 31, 94, 95℄), and therefore thisinstrument, together with IMSC, are the most important ones for DEMETERmission. The three 
omponents of ele
tri
 �eld are re
orded over sensible seismi
zones (burst mode), in order to be able to re
onstru
t the ~k ve
tor of the dete
tedele
tromagneti
 waves [96℄.In order to measure the three 
omponents of the ele
tri
 �eld, DEMETER hasfour ele
trodes on board. Ea
h of them is disposed at 4 meters from the spa
e
raft
ore by means of sta
er booms. They are deployed a

ording to Figure 3.2. Withthis arrangement, it exists some redundan
y for re
onstru
ting the radial ele
tri
�eld 
omponent, Er, in 
ase an ele
trode fails.
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Figure 3.2: Ele
trodes 
on�guration of ICE experiment, taken from [96℄.DEMETER has on board attitude 
ontrol, and therefore the dire
tion Xs (seeFigure 3.2) always points to the 
enter of the Earth. -Zs is the velo
ity dire
tionof the satellite. In this dissertation, the measurements from E1 to E2 ele
trodeshave been employed. They roughly 
orrespond to the East - West dire
tion in theEarth.Four di�erent 
hannels (depending on the frequen
y range) are pro
essed by theele
troni
 unit on board. The signals 
oming from the ele
trodes are �rst �lteredand then digitized. From the digitized signal, the power spe
trum is 
omputed bythis unit. Depending on the frequen
y range, operation mode (survey or burst),and set up from mission 
enter, di�erent spe
tra and waveforms are stored andtelemetered to the Earth. A s
hema of the general 
on�guration 
an be observedin Figure 3.3.DC/ULF (0 - 15 Hz): The waveform of all ele
trodes is digitized with samplingfrequen
y fs=39.0625 Hz and 16 bits resolution, 
orresponding to sensibility of∼40
µV/m for ele
tri
 �eld measurement. All the data are available for both surveyand burst modes.ELF (15 Hz - 1 kHz): Three 
hannels (E12, E34, and Er) are digitized with
fs=2.5 kHz and 16 bits. ELF is only available during burst mode.VLF (15 Hz - 17.4 kHz): Only one 
hannel of the three (E12, E34, or Er) is
omputed by the ele
troni
 unit, and it is sele
ted by tele
ommand. The �lteredanalog signal is sampled at 40 kHz and digitized with 16 bits. The power spe
trum
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Figure 3.3: S
hema of ele
troni
s involved in pro
essing ICE measurements,taken from [96℄.is 
omputed on board with 19.53 Hz frequen
y resolution. Then, 40 spe
tra areaveraged, providing a �nal time resolution of 2.048 s. Ea
h averaged spe
trum isnormalized by its maximum value and telemetered to the Earth with 8 bits resolu-tion. If burst mode is a
tivated, the waveform of the signal is telemetered togetherwith the 
omputed spe
tra. In survey mode only spe
tra is telemetered, and thereexist three possible 
on�gurations. The �rst is as des
ribed above, the se
ond re-du
es time resolution to 0.512 s (only 10 spe
tra averaged), and the third redu
esfrequen
y resolution to 78.125 Hz by averaging over 4 
onse
utive frequen
ies. In
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y 69this work only data from the �rst 
on�guration have been employed, be
ause itwas the default 
on�guration for the major part of the mission. In Figure 3.4, aspe
trogram 
onstru
ted from VLF data 
an be observed.
Figure 3.4: ICE - VLF spe
trogram of O
tober 1, 2010 (nighttime), re
ordedby DEMETER.HF (10 kHz - 3.175 MHz): Only one 
hannel is available, the same as sele
tedfor VLF 
hannel. The signal is sampled with 6.66 MHz and digitized with 8 bits.Then, 40 data snapshots 0.6144 ms long ea
h are used to 
ompute 40 individualpower spe
tra on board every 2.048 s (the elementary interval of VLF re
ords).The spe
tra (frequen
y resolution of 3.25 kHz) are averaged, thus resulting in oneaveraged power spe
trum every 2.048 se
onds. In burst mode, in addition to theaveraged spe
trum, one waveform of the 40 is also telemetered. It is either the�rst or the one with the strongest power (sele
ted by tele
ommand). In surveymode, only the spe
tra are telemetered and there are three possible 
on�gurations,a

ording to VLF 
on�guration: one spe
trum every 2.048 s, one spe
trum every0.512 s, and 13 kHz frequen
y resolution spe
trum (instead of 3.25 kHz) every2.048 se
onds.3.2 Dete
tion of the waveguide 1st 
ut-o� frequen
yThe surfa
e of the Earth and the lower ionosphere are both 
ondu
tive in theELF-VLF bands. The gap between the two 
ondu
tive spheres 
ontains air, theatmosphere. When 
onsidered as a whole, we talk about the Earth-ionosphere
avity or waveguide. While the lower boundary of the 
avity is sharp and well de-�ned, the 
ondu
tivity in
reases with height at the upper boundary, whi
h meansthat this interfa
e is not 
learly de�ned. It mainly depends on the ele
tron andneutral density pro�les, whi
h are a�e
ted by several parameters su
h as lo
altime, solar a
tivity index, or geomagneti
 �eld [21℄.



70 Chapter 3.Due to the geometry of the 
avity, i.e. large but thin, it behaves in di�erentmanner for di�erent frequen
y ranges of waves, originated mainly due to thunder-storms. In the ELF band, where the wavelength, λ, is on the order of the Earth's
ir
umferen
e, it a
ts as a resonator, a

ommodating standing waves whi
h arepresent in the whole 
avity. These are the well known S
humann Resonan
es (SR)[10, 12℄, whi
h 
orrespond to TM modes of the 
avity, introdu
ed in Chapter 1and studied in Chapter 2.In addition, it also behaves as a waveguide in the VLF band, where λ is onthe order of the separation, h, between the two 
ondu
tive spheres. This wave-guiding e�e
t 
an be approximated, on a �rst approa
h, by 
ondu
ting parallelplates. This e�e
t is lo
al and the generated signals travel a 
ertain distan
efrom the sour
e before vanishing due to losses. These signals in the waveguideare known as atmospheri
s, or sferi
s [44, 97℄. Sferi
s su�er multiple re�e
tionsbetween the two 
ondu
tive spheres, and its n-th mode 
ut-o� frequen
y 
an berelated, a

ording to Chapter 1, to the e�e
tive height of the ionosphere (h) by
fn = nc

2h
, where c is the speed of light in va
uum, n is the 
ut-o� frequen
y modenumber, and fn the asso
iated 
ut-o� frequen
y of the mode. The �rst 
ut-o�frequen
y is around 1.7 kHz, 
orresponding to an e�e
tive height of ∼90 km.Below the 
ut-o� frequen
y, only the TEM mode 
an propagate. For frequen-
ies above the 
ut-o�, the TM and TE modes also propagate, their attenuationbeing maximum right at the 
ut-o� frequen
y [98℄. Therefore, there is a dete
tableminimum of energy in the atmospheri
 spe
trum for this frequen
y. Cummer [18℄employed the numeri
al method of Finite Di�eren
es in Time Domain, or FDTD[99℄, in order to simulate sferi
s propagation in the Earth-ionosphere waveguide,his results being 
onsistent with this minimum of energy at the 
ut-o� frequen
y.The prin
ipal sour
e of ex
itation of the 
avity at these frequen
ies is lightning.This fa
t enables the interest of studying the resonan
es for global 
limate analysis[5℄, and, sin
e they 
ontain information of thunderstorm a
tivity [1℄, they 
an bea tool to study thunderstorms and the dynami
s related to them.3.2.1 Methodology for 
ut-o� frequen
y �ndingIn order to draw global maps of the 
ut-o� frequen
y, a grid step must be 
hosen.We have worked with grid steps ranging from 1◦ to 5◦. Then a time interval (e.g.,
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y 71one month or one season) is sele
ted. On
e these parameters are �xed, we takeall the available nighttime spe
tra in DEMETER database whi
h pertains to the
ell and average them. Ionospheri
 
onditions are highly dependent on lo
al time,due to the in�uen
e of solar wind. Nighttime ionosphere is mu
h more stable andpredi
table, and the measurements are less noisy. This is the motivation to useonly night spe
tra.Level 1 VLF-ICE spe
tra are expressed in log(µV 2m−2Hz−1). The �rst steprealized was to linearize them, by applying to ea
h spe
trum:
Slinear[f ] = 10Sl1[f ] [µV 2m−2Hz−1], (3.1)where Slinear is the linear spe
trum, and Sl1 is the Level 1 spe
trum we want tolinearize. The measurements exhibit high variable average power. For the purposeof lo
ation of the position of a minimum of energy in frequen
y domain, we wantall the available spe
tra to 
ontribute, so it is ne
essary to normalize them by itsmean power:

SNorm[f ] =
Slinear[f ]

〈Slinear〉
, (3.2)where SNorm stands for the normalized spe
trum, and the angle bra
kets denotethe mean value of the whole spe
trum.The next step is to average all the spe
tra whi
h belong to the same grid 
ell:

Scell[f ] =
1

N

N
∑

n=1

SNorm,n[f ], (3.3)where Scell is the �nal averaged spe
trum for the 
ell, and SNorm,n are the 
orre-sponding independent normalized spe
tra whi
h belong to the grid 
ell.Ea
h spe
trum Scell is then smoothed by a digital Low Pass Filter (LPF). Thepurpose of this step is to prepare the data for automati
 dete
tion of minima [100℄.The �lter employed is of 
onstant ripple in its attenuated band. It has 47 degreesof freedom, and it redu
es by 60 dB in its attenuated band. Its transition bandgoes from 0.075 to 0.175 (frequen
y normalized to 1). Both its waveform (top)and Bode diagram (bottom) 
an be observed in Figure 3.5.An algorithm of minima dete
tion, based on 
omparison with nearby samples,is then applied to the smoothed spe
tra. All the lo
al minima should be found bythe algorithm. An example of dete
tion is shown in Figure 3.6. The found minima
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Figure 3.5: Waveform (top panel) and Bode diagram (bottom panel) of digitalFIR LPF employed for smoothing the averaged spe
tra.are 
lassi�ed in two groups: those under 1.4 kHz and those above. The �rst groupis disregarded, sin
e they do not 
orrespond to the 
ut-o� frequen
y. If there ismore than one minimum in the range 1.4 - 2.0 kHz, or if the �rst minimum is abovethis range, the 
ut-o� frequen
y is 
onsidered as non-dete
table for that spe
trum.Otherwise the minimum in the range 1.4 - 2.0 kHz is taken as the 
ut-o� frequen
yfor the 
orresponding grid 
ell.3.2.2 Cal
ulation of ele
tron density at e�e
tive re�e
tionheightThe te
hnique des
ribed above permits to obtain the value of the �rst 
ut-o�frequen
y for an arbitrary area of the globe, and for an arbitrary time span. Asit is shown in Equation 1.2, the e�e
tive re�e
tion height 
an be obtained fromthe 
ut-o� frequen
y. It is possible from these values to infer the ele
tron densityat the e�e
tive height. In order to do that, it is ne
essary to know the neutral
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Figure 3.6: Results at the di�erent steps of dete
ting the 
ut-o� frequen
ies.density (Nn) at the altitude of interest. This parameter has been extra
ted fromthe empiri
al model MSIS [101, 102℄, whi
h will be introdu
ed in Se
tion 3.2.4.Following Rat
li�e [103℄, the re�e
tion of the wave in the ionosphere o

urswhen
ω2
p = ων, (3.4)where ωp is the angular plasma frequen
y, ω is the angular frequen
y of the wave,and ν is the 
ollision frequen
y of the plasma. This last parameter depends onlyon the ele
tron mobility µe

ν =
qe

meµe

, (3.5)where qe is the ele
tron 
harge and me its mass. In Pasko et al. [104℄, the followingexpression relating the ele
tron mobility to the density of neutrals is given:
µe =

1.36N0

Nn
, (3.6)where Nn is the neutral density and N0 is 2.688·1025 m−3, i.e. the neutral densityunder standard 
onditions at the surfa
e of Earth. This expression will be used toobtain the 
ollision frequen
y from the neutral density given by the MSIS model.Then, the ele
tron density (Ne) at the e�e
tive height 
an be inferred from

fp =
1

2π

√

q2eNe

meε0
≈ 8.978

√

Ne, (3.7)
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y in Hz and Ne the ele
tron density in m−3. Thisexpression is valid for 
old plasmas [103℄. With this method, it is possible tointerpret the e�e
tive height in terms of ionospheri
 ele
tron density. Finally, thee�e
tive 
ondu
tivity (σe) at the re�e
tion height 
an also be obtained:
σe =

Neq
2
e

mν
= qeNeµe = Neqe1.36N0/Nn. (3.8)3.2.3 ResultsA data set from ICE (E12, whi
h 
orresponds to ele
tri
 �eld measured in theEast - West dire
tion) whi
h 
omprises sin
e January 2006 till February 2010(i.e. roughly 20,000 nighttime half-orbits) has been analyzed, by the te
hniquesdes
ribed above. The study reveals 
hanges in the e�e
tive re�e
tion height a
-
ording both to seasons as well as to the kind of Earth's surfa
e.First, we examined the data in month time windows, and we found 
ertainpatterns whi
h tended to last for several months every year, and repeating overthe years. This motivated to perform a monthly grouping along years, as well asa seasonal grouping of the data, in order to have better spatial resolution of theobserved variations.In Figure 3.7, the data of same months is averaged along the four years referredbefore. This averaged year evolution reveals di�erent behaviors of the e�e
tivere�e
tion height for di�erent geographi
al areas. In general terms, it 
an be notedthat the e�e
tive re�e
tion height is of lower value for the northern hemisphere 
oldseason, i.e. roughly from November to Mar
h. This shift is more prominent at theo
ean, but it 
an be observed in land areas as well. There is a great ex
eption overeastern Asia and over western Pa
i�
 O
ean, where no shift 
an be appre
iatedwith season. The shift observed is in the order of 5 - 10 km.The most prominent seasonal e�e
t over the e�e
tive re�e
tion height o

ursat the Pa
i�
 O
ean, only in the Southern Hemisphere (area roughly 
omprisedbetween latitudes -60◦ to 0◦ and longitudes 180◦ to 280◦, see Figure 3.9). Inthis area, the e�e
tive height takes values higher than 100 km between May andSeptember, for the higher latitudes. It de
reases to ∼90 km from November toMar
h for the same latitudes. At the lower latitudes (roughly -30◦ to 0◦) of thearea de�ned above, the e�e
t is similar but the threshold value of the e�e
tive
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Figure 3.7: Map of the e�e
tive height for di�erent months averaged amongfour years. Left 
olumn 
orresponds to northern 
old season, and right 
olumnto northern warm season.height is lower, shifting from ∼90 km in southern 
old season to ∼85 km for thelo
al warm season. It is interesting to note that this shift appears in the four yearsof the study (see Figure 3.8). Owing to its seasonal nature, we believe that thisshift must be related to the 
hange of solar irradiation between seasons, and/or
hanges in the thunderstorm pattern.Another registered variation o

urs at equatorial latitudes, for both the At-lanti
 and the Indian O
eans. Although these two o
eans are separated by theAfri
an 
ontinent, they shift their e�e
tive height a

ordingly two times per year.
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enters of these disturban
es are lo
ated at roughly (0◦, 340◦) for the At-lanti
 O
ean, and at (0◦, 80◦) for the Indian O
ean. At the epi
enters of thisdisturban
e, the e�e
tive height is of lower value (around 88 km) during all themonths. The area where the e�e
tive height exhibits this lower value 
onsiderablyin
reases during the months Mar
h - April and again during September - O
tober,being the low e�e
tive height area 2 - 4 times bigger than for the rest of the months.The region where this variation is lo
ated for the Atlanti
 O
ean 
orresponds tothe inter-tropi
al 
onvergen
e zone, where the ionosphere presents a maximum ofplasma bubbles and is highly variable [105, 106℄. Therefore, these results must betaken with 
aution, sin
e DEMETER ICE sensors may be registering other sig-nals superimposed to the atmospheri
s. However, it is still intriguing the apparent
onne
tion between the measurements at the Atlanti
 and Indian O
eans.Several red points (out of s
ale) 
an be noti
ed in Figures 3.7 - 3.10. Aswe explained before, there are situations where our algorithm fails to properlydete
t the minimum of energy asso
iated to the 
ut-o� frequen
y. The red pointsindi
ate either that more than one energy minimum was found on the frequen
yrange 1.4 - 2 kHz, or that the �rst minimum is above this range. This automati
energy minimum dete
tion on the VLF spe
tra mainly fails when the intensity ofthe natural waves 
oming from above the spa
e
raft ex
eeds the intensity of theatmospheri
s propagating in the Earth-ionosphere waveguide. It 
an be seen, fromFigure 3.7, that it mainly o

urs at high latitudes, where waves like VLF auroralhiss, 
horus, or lower hybrid ele
trostati
 noise are preponderant.These red points appear also in the Atlanti
 O
ean region between Braziland Cape Verde. The explanation here, as 
ommented before, is that this area
orresponds to the inter-tropi
al 
onvergen
e zone, where the ionosphere is highlyvariable and presents a maximum of plasma bubbles. At this lo
ation, DEMETERre
ords disturbed ele
tri
 �eld.We have grouped the months by seasons in order to better see the shift ofthe e�e
tive height over the Pa
i�
 O
ean. For ea
h year of the study, we haveaveraged two periods: May - September and November - Mar
h. The results aredepi
ted in Figure 3.8. It 
an be observed that the shift mentioned above overthe Pa
i�
 O
ean o

urs every year, being its nominal value and lo
ation verysimilar. It is also interesting to note, on this Figure, that the shift for the monthsNovember to Mar
h is abruptly disrupted at the western South Ameri
an 
oast,
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t appearing in the four years. On the other hand, this behavior is notobserved for the months May to September.

Figure 3.8: Map of the e�e
tive re�e
tion height for di�erent seasons andyears. Left 
olumn 
orresponds to northern 
old season (November - April),and right 
olumn to northern warm season (May - O
tober). A seasonal e�e
twhi
h repeats every year 
an be observed.Finally, we have averaged the seasons shown in Figure 3.8, grouping them intwo blo
ks: the northern warm season and the northern 
old season (see Figure3.9). The shift over the Pa
i�
 O
ean 
an be observed again. In addition, thenorthern winter plot (bottom panel) reveals that the e�e
tive re�e
tion height haslower value around the geomagneti
 equator, predominantly over o
ean areas.The observed shifts o

ur predominantly, although not sharply limited to, overthe o
ean. Certainly we do not have a 
lear explanation for that, but we 
anmention several hypotheses to explain this di�eren
e:1. It is known that aerosols have an e�e
t on the global ele
tri
 
ir
uit (for thede�nition of the global ele
tri
 
ir
uit, see for example the review by Ry
roftet al. [107℄, Williams [108℄). The values of the ele
tri
 �eld in the global
ir
uit di�er between o
ean and land measurements and this dis
repan
y
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Figure 3.9: Map of the e�e
tive re�e
tion height for the averaged seasonsamong four years (2006, 2007, 2008, and 2009).is attributed to di�eren
es in aerosol and asso
iated air 
ondu
tivity [109℄.This result is due to polluted 
onditions over land [110, 111℄. This e�e
t 
an
hange the 
urrent in the global ele
tri
 
ir
uit and may a�e
t the 
ut-o�frequen
y. Another possibility is the e�e
t that sea salt aerosols 
an haveover the atmosphere [112℄. Large 
louds of this kind of aerosol 
an indu
emodi�
ations of the ele
tri
al properties of the Earth ionosphere waveguide.This possibility would also explain why the frontiers of the 
ut-o� frequen
yshift are not sharply related to the 
oast line in general. There is one pla
ewhere the border of the shift roughly 
oin
ides with the 
oast line (see Figure3.9, bottom panel); the western 
oast of South-Ameri
a. Along this 
oast lineis the Andes Cordillera, whi
h is a natural barrier for wind and, therefore,for aerosols [113℄.2. The e�e
t of the thunderstorm a
tivity be
ause it is known from the Opti
alTransient Dete
tor experiment that the o

urren
e of thunderstorms is lessimportant above o
eans than above land [25℄. This 
annot be an artifa
tin our dete
tion method be
ause this method is independent of the numberof whistlers. But the thunderstorm a
tivity also modi�es the global ele
tri

ir
uit. Using a model, Pasko et al. [104℄ 
laimed that Positive Cloud-to-Ground (+CG) dis
harges 
an lead to large ele
tri
 �elds and to the removalof large quantities of 
harge from ionospheri
 altitudes (see also Pasko et al.[114℄, Füllekrug [115℄, and the review paper by Inan et al. [116℄). However,
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roft et al. [117℄ 
on
luded that the 
ontribution of +CG or NegativeCloud-to-Ground (-CG) strokes to the global ele
tri
 
ir
uit is not signi�
antrelative to 
ondu
tion and 
onve
tion 
urrents asso
iated with ele
tri�edthunder
louds to maintaining the ionospheri
 potential. It remains that theele
tron density at the bottom of the ionosphere 
an be globally di�erentabove o
eans and above land be
ause thunderstorms are not so numerousabove o
eans.3. The e�e
t of some Transient Luminous Events (TLE) (e.g., elves, red sprites,blue jets, et
.) due to powerful lightning strokes. A simulation of the e�e
tof these strokes has been made by Rodger et al. [118℄ whi
h shows in
reasesin the ele
tron density of the lower ionosphere, with the largest in
reasesat ∼90 km altitude. The study 
arried out by Mende et al. [119℄ indi
atesthat elves 
an ionize the upper atmosphere and that it 
ould be a signi�
antsour
e of ionization in the low- to mid-latitude nighttime D region. Later on,Chen et al. [120℄ have shown that o

urren
e of elves is mu
h more importantabove o
eans than above land. They also determined that the total ele
tron
ontent at the lower ionosphere above elve hot zones 
an be in
reased bymore than 5%. This 
an also 
ontribute to a de
rease of the bottom heightof the ionosphere over o
eans.Sin
e the ele
tromagneti
 sour
e for the ex
itation of the 
avity is lightning,our results must 
ontain information about the global lightning patterns as well.In Gemelos et al. [121℄, the spe
tral ele
tri
 �eld intensity in the range of 5 - 10kHz (measured by DEMETER) is related to energeti
 ele
tron pre
ipitation dueto lightning. Their results are in good agreement with our maps for the di�erentseasons. By observing their seasonal maps it 
an be noti
ed that an in
rease onele
tri
 �eld intensity on the mentioned range 
orresponds to a de
rease of the
ut-o� frequen
y and vi
e versa.As des
ribed in Se
tion 3.2.2, it is possible to 
al
ulate the ele
tron densityas well as the 
ondu
tivity at the e�e
tive re�e
tion height obtained from the�rst 
ut-o� frequen
y value. These results have been plotted in Figure 3.10, forthe 
orresponding e�e
tive heights of Figure 3.9. The ne
essary value of neutraldensity was obtained from MSIS model.Monitoring the 
ut-o� frequen
y in order to extra
t the mentioned parameters
an provide valuable information about the waveguide properties sin
e it is a tool
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Figure 3.10: Map of neutral density, ele
tron density, and 
ondu
tivity at ef-fe
tive height. The values 
orrespond to the seasonal average (May - Septemberfor northern summer and November - Mar
h for northern winter) of years 2006- 2009. The density of neutrals was obtained from MSIS model for the 
orre-sponding e�e
tive height shown in Figure 3.9. Then, the ele
tron density and
ondu
tivity are 
al
ulated.to e�e
tively remote sensing the lower D-region of the ionosphere [122, 123℄. Dire
trelation between the 
ut-o� frequen
y and the ele
tron density is shown by Shvetsand Hayakawa [124℄ and Ohya et al. [125℄. This region of the ionosphere is oneof the less observed regions, due to the fa
t that in-situ measurements 
ould notbe done be
ause this region is too high to be rea
hed by balloons and too lowfor satellite orbits. Therefore, information from this region must be obtained byremote sensing, whi
h is done with satellites as well as with ground-based radars,natural or man-made VLF waves, and opti
al measurements (e.g., [123℄).By looking at Figure 3.8, it 
an be noti
ed that there is a general de
rease of the
ut-o� frequen
y over the four years. It 
an be observed at northern 
old seasonplots, for o
ean areas near the geomagneti
 equator. Winter plots at these areasshow de
reasing average values for the 
ut-o� frequen
y (i.e. in
reasing re�e
tionheights) from 2006 to 2009. We explain this behavior due to the de
reasing solara
tivity, measured by means of F10.7 index, along these years, extensively reportedby Solomon et al. [126℄.The F10.7 index is a measure of the solar radio �ux per unit frequen
y (i.e.
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y 81noise produ
ed by the Sun) at a wavelength of 10.7 
m at the Earth, often ex-pressed in solar �ux units. At this wavelength, the radiation arriving the Sunionizes the ionosphere. It is an ex
ellent indi
ator of overall solar a
tivity levels,and there exist re
ords of it sin
e 1947. It is a basi
 parameter for spa
e weathermodels.Lower solar a
tivity implies lower ele
tron density at the ionosphere, thus in-
reasing the e�e
tive height of the ionosphere and lowering the 
ut-o� frequen
y.In order to 
on�rm that, we 
al
ulated the global average value (all valid pointsbetween ±60◦ latitude) of the e�e
tive height for ea
h month of 2006 - 2009.Then a 13-month running average was 
omputed in order to minimize the sea-sonal e�e
ts des
ribed above. In Figure 3.11, this result is 
ompared with the13-month Zuri
h average [127℄ of the F10.7 
m solar �ux parameter, extra
tedfrom http://http://sail.msf
.nasa.gov/. It 
an be observed that during the majorpart of the time span both parameters de
rease, ex
ept for the last six monthswhere the solar �ux parameter starts in
reasing. The ripple of the average 
ut-o�frequen
y 
urve is 
aused by the seasonal patterns des
ribed above. Although atime span larger than 4 years is required to 
on�rm that, the Figure 3.11 suggeststhat it may be possible to use the global 
ut-o� frequen
y of the Earth-ionospherewaveguide as a proxy for the solar a
tivity.
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Figure 3.11: Comparison of F10.7 
m solar �ux and global 
ut-o� frequen
ydete
ted by DEMETER. The global 
ut-o� is 
al
ulated ea
h month for theentire globe (latitude ±60◦) and then a 13-month running average is plotted, inorder to minimize seasonal e�e
ts. F10.7 
m solar �ux index is also a 13-monthrunning average, do
umented in [127℄.



82 Chapter 3.3.2.4 Comparison with IRI and MSIS modelsIRI stands for International Referen
e Ionosphere [128�130℄, and it is an empiri
almodel whi
h is the international standard for values of ele
tron density, ele
trontemperature, ion temperature, total ele
tron 
ontent, and ion 
omposition in thenon-auroral ionosphere for magneti
ally quiet 
onditions. It 
omprises values forthe mentioned variables in the range between 50 and 2,000 km of altitude. It doesnot rely on theoreti
al assumptions but, instead, its data is inferred ex
lusivelyfrom empiri
al measurements. The major data sour
es are the worldwide networkof ionosondes [131℄, the powerful in
oherent s
atter radars (Ji
amar
a, Are
ibo,Millstone Hill, Malvern, St. Santin) [132℄, the ISIS and Alouette topside sounders[133℄, and in situ instruments on several satellites and ro
kets. It is maintained bya workgroup sponsored from both URSI (International Union of Radio S
ien
e)and COSPAR (Committee On Spa
e Resear
h).The Mass-Spe
trometer-In
oherent-S
atter (MSIS) model [102, 134℄ des
ribesthe neutral temperature and densities in the upper atmosphere. Data sour
es in-
lude measurements from several ro
kets, satellites (OGO 6, San Mar
o 3, AEROS-A, AE-C, AE-D, AE-E, ESRO 4, and DE 2), and in
oherent s
atter radars (Mill-stone Hill, St. Santin, Are
ibo, Ji
amar
a, and Malvern) [132℄. The model expe
tsas input year, day of year, Universal Time, altitude, geodeti
 latitude and longi-tude, lo
al apparent solar time, solar F10.7 �ux, and magneti
 A
tivity (Ap) index.For these 
onditions the following output parameters are 
al
ulated: number den-sity of He, O, N2, O2, Ar, H, and N, total mass density; neutral temperature andexospheri
 temperature.It is the �rst time that the �rst 
ut-o� frequen
y, and its 
orresponding e�e
-tive re�e
tion height of the Earth-ionosphere waveguide is extensively inferred overthe whole Earth, in
luding o
ean areas, and therefore there are not experimentaldata to 
ompare with. The International Referen
e Ionosphere model, whi
h is ofempiri
al nature, do not 
ontain mu
h information about D and E regions of theionosphere, owing to this la
k of measurements, as stated in Bilitza and Reinis
h[128℄. The measurements employed to build the model 
orrespond mainly to in-
oherent s
atter radar systems and data from ro
kets. Therefore, the informationis redu
ed to a very small dataset over land areas, and no data from above theo
eans are available.
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y 83The results of 
omputing the boundary layer between D and E regions, forthe two seasons of 2007, from the IRI model is depi
ted in Figure 3.12. It was
omputed with the Fortran 
ode available at http://nssd
ftp.gsf
.nasa.gov/models/ionospheri
/iri/. the boundary has been 
al
ulated at 22.30 LT, the time at whi
hDEMETER 
olle
ts data, owing to its Sun-syn
hronous orbit. It 
an be seen thatthe only 
hanges that 
an be observed depend basi
ally on the latitude and theyare 
aused by the angle between the Earth's equator and the position of the Sun.

Figure 3.12: Map of the height of the boundary between D and E region
al
ulated with IRI 2007 model.We 
al
ulated the e�e
tive re�e
tion height maps for ea
h month (2006 - 2009)based on models IRI, to obtain the ele
tron density pro�le, and MSIS, to obtainthe neutral density pro�le. From them, we obtained the altitude at whi
h the
ondition from Equation 3.4 is satis�ed. In Figure 3.13 the results for the year2006 are depi
ted. Other years yield similar maps. All the 
al
ulations are madeat 22.30 LT, the time at whi
h DEMETER gathers data. It 
an be observed thatthe models do not 
ontain information about the seasonal shifts dete
ted in ourmeasurements and des
ribed in Se
tion 3.2.3. It is also interesting to note thatthe model predi
ts total shifts of no more than 3 - 4 km, while the maps fromFigure 3.7 
ontain shifts greater than 10 km.
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Figure 3.13: Map of the e�e
tive re�e
tion height at 22.30 LT, 
al
ulated withIRI+MSIS models.3.3 Con
lusionA large data set of ele
tri
 �eld measurements from DEMETER has been em-ployed to draw average maps of the e�e
tive re�e
tion height with dependen
e ofgeolo
ation. There exist previous works whi
h use the 
ut-o� frequen
y to 
al
u-late the e�e
tive height of the Earth-ionosphere 
avity from ground observations,e.g., [135�137℄, but it was never done before, to the knowledge of the authors,by using data taken from spa
e
raft. This te
hnique has the 
lear advantage ofmonitoring most of the surfa
e of Earth. Ground based studies of the 
ut-o�frequen
y 
an only obtain averaged values along the path that the atmospheri




Ionospheri
 e�e
tive height from 
ut-o� frequen
y 85wave followed (from sour
e to point of observation), while measurements at thesatellite are dire
tly related to the ionosphere 
onditions in the vi
inity of themeasurement point. Thus, we present detailed maps (up to 2◦ resolution) over thewhole Earth (±60◦ latitude) for the e�e
tive re�e
tion height of the ionosphereor the D-region altitude, whi
h is inversely proportional to the 
ut-o� frequen
y.From these measurements, it is possible to infer the ele
tron density as well as the
ondu
tivity at the e�e
tive height, although it is ne
essary to extra
t the neutraldensity parameter from a model, MSIS in this 
ase.The main result of this study is that we observe, during nighttime, 
ertainseasonal patterns (mainly over the o
eans), whi
h repeat over the four years of thestudy, for the e�e
tive re�e
tion height of the ionosphere. In addition, we suggestthat the global 
ut-o� frequen
y 
ould be used as a proxy of the solar a
tivity.





Chapter 4
The Transmission-Line Matrixmethod (TLM)
In this 
hapter, the TLM method is des
ribed and analyzed, together with its ad-vantages and drawba
ks with respe
t to other time domain methods. The methodis introdu
ed and an histori
al review of its advan
es follows. This review per-mits to get introdu
ed to the method in a gradual way, starting with the simplest2D nodes, and �nishing with the formulation for the 3D symmetri
al 
ondensednode, whi
h enables the study of heterogeneous anisotropi
 media. Other aspe
ts,su
h as the sour
e modeling or the boundary 
onditions implementation are alsodis
ussed. Finally, we justify the ele
tion of this method in order to model Earth-ionosphere 
avity in the following 
hapters.4.1 Introdu
tionThe use of ele
tri
al networks for solving di�erential equations is a well-knownte
hnique for s
ientists and engineers. For instan
e, the os
illating movement of amass 
onne
ted to a string is often studied by means of an equivalent RLC 
ir
uitin whi
h a simple analogy 
an be established between the me
hani
 and the ele
tri
quantities. In this manner, the knowledge of one of the solutions allows a dire
tknowledge of the solution for the other problem.

87



88 Chapter 4.Harmoni
 os
illation is essentially a non-propagating lo
al phenomenon whi
h
an be solved by an analogous ele
tri
 
ir
uit. The study of propagating phenom-ena through equivalent networks is 
on
eptually equivalent but now the 
ir
uitsmust be de�ned in terms of transmission lines. The reason for this 
hoi
e is thattransmission lines are able to take into a

ount all the phenomena underlying inpropagation phenomena: delays, transmission, re�e
tion, et
. E�e
tively, idealtransmission lines are de�ned in terms of two parameters, 
apa
itan
e and in-du
tan
e per unit length, C and L, respe
tively, or, alternatively, transmissionline speed, vl=1/√CL, and 
hara
teristi
 impedan
e Z=√

L/C (or 
hara
teristi
admittan
e Y=1/Z). The transmission line speed allows de�ning wave propaga-tion delays, while the 
hara
teristi
 impedan
e or admittan
e allows de�ning thetransmission and re�e
tion 
oe�
ients required to des
ribe wave propagation atinterfa
es.The solution of Maxwell equations using ele
tri
 networks was already proposedin the 1940s by Kron [138℄, Whinnery et al. [139℄. The 
on
epts in this work seemto be the basis for Johns and Beurle to develop a 
on
eptually new numeri
alalgorithm in 1971 [140℄; the Transmission Line Matrix Method or TLM method.This method is a numeri
al approa
h, devised in the time domain, whi
h has beenextensively used sin
e then for the 
omputer simulation of wave propagation prob-lems, mainly of an ele
tromagneti
 nature, but also for problems in a
ousti
s orparti
le di�usion [141�143℄. The method is not only a numeri
al model for solv-ing 
ertain phenomena, but most of all, it is a 
on
eptual algorithm that does notsolve approximately the analyti
al equations governing the phenomenon, but dealsdire
tly with the original phenomenon by means of an equivalent transmission line
ir
uit, instead. This 
on
eptual nature of TLM makes this method a powerful toolwhi
h allows 
onsidering 
hallenging problems from a hybrid numeri
al-
on
eptualpoint of view in an elegant and suitable way.The TLM method sets up a spatial and time dis
retization asso
iating to ea
helementary volume of the original medium to model, an equivalent 
ell unit orTLM node. The ele
tromagneti
 properties of the TLM node, namely: 
apa
-itan
e, 
ondu
tan
e, ele
tri
 or magneti
 resistan
e, must be equivalent to theelementary volume of a
tual medium for ea
h spatial dire
tion. Thus, the TLMnodes 
onstitute a transmission line network where voltages and 
urrents behavesimilarly to the ele
tromagneti
 �elds in the original system. De�ned the node, thedi�
ult task, the TLM algorithm is quite simple. The delay at the transmission



TLM 89lines 
omprising the node and its size de�ne a time delay or time step, ∆t, whi
h,together with the node size, 
ontrols the valid frequen
y band for the time domainsolution. Spa
e and time are dis
retized a

ording to the node size and this timestep. For the n-th time 
al
ulation, t=n∆t and a set of voltage pulses representedby a 
olumn matrix V n
i are in
ident at ea
h node in the TLM mesh, whi
h afters
attering at the node 
enter, produ
e a set of re�e
ted pulses represented by a
olumn matrix V r

n . The two pulse sets are related by the s
attering matrix of thenode, S, by equation
V r
n = SV i

n. (4.1)It is important to note that the details of the node geometry and, thus, ofthe analogy with the a
tual medium to model is fully 
ontained in the s
atteringmatrix, S. The rest of the algorithm is basi
ally identi
al for other nodes or, even,other types of propagation (a
ousti
, di�usion, et
.).Re�e
ted pulses propagate through all the lines in the nodes and be
ome in
i-dent pulses at neighbor nodes for the next time step. Time syn
hronism must beimposed for the nodes so that all the voltage pulses in the mesh are simultaneouslyin
ident at all node 
enters at ea
h dis
rete time n∆t. As a result, the algorithmprovides voltage pulses at all positions and time, whi
h, by means of the analogy
an be 
onverted to the desired ele
tromagneti
 quantities.

Figure 4.1: Dynami
s of the TLM algorithm at three 
onse
utive time stepsfor a mesh formed with 2D parallel nodes.The dynami
s of the TLM method is sket
hed in Figure 4.1 for a typi
al two-dimensional (2D) mesh 
onsisting of inter
onne
ted parallel nodes that will bedes
ribed later. Four voltage pulses are laun
hed at a single given node. Afterpropagating during a time step, they rea
h neighbor nodes, be
oming the new
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ident voltage pulses, and re�e
t again at node 
enters and next time 
al
ulation.The pro
ess is repeated for ea
h time step.4.2 Histori
al review of TLM nodes4.2.1 Two-dimensional parallel nodesSin
e its origin, this method has been developed in di�erent geometries and usingdi�erent node stru
tures [140, 141, 144℄. Initial geometries were devised for dealingwith two-dimensional modes at waveguides. Figure 4.2a shows the parallel or shuntnode. Four lines of unitary 
apa
itan
e and indu
tan
e C and L, respe
tively,
hara
teristi
 admittan
e Y0 are 
onne
ted as shown, in order to model TEn0modes at re
tangular waveguides. The 2D geometry of the node, with a
tual
onne
tions between the lines at the node 
enter, allowed 
onsidering the lumpedelement equivalent 
ir
uit shown in Figure 4.2b.The di�erential equations des
ribing the 
ir
uit in Figure 4.2b are:
− ∂

∂x
(Ix1 − Ix3)−

∂

∂z
(Iz2 − Iz4) = 2C

∂Vy

∂t
, (4.2)

− ∂Vy

∂x
= L

∂

∂t
(Ix1 − Ix3) = L

∂Ix
∂t

(4.3)and
− ∂Vy

∂z
= L

∂

∂t
(Iz2 − Iz4) = L

∂Iz
∂t

. (4.4)On the other hand, let us 
onsider a TEn0 2D mode for a re
tangular waveg-uide with quantities Ey, Hx, and Hz propagating in y-
onstant planes. The termde�ning the mode is not unique in the literature, in our 
hoi
e, it de�nes an ele
-tri
 �eld transversal to the propagation 
onstant-y plane. The partial di�erentialequations de�ning these modes are:
∂Hx

∂z
− ∂Hz

∂x
= ε

∂Ey

∂t
, (4.5)

∂Ey

∂x
= µ

∂Hz

∂t
(4.6)and

∂Ey

∂z
= µ

∂Hx

∂t
. (4.7)
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Figure 4.2: (a) Topology of the 2D parallel node without stubs, and (b) equiv-alent lumped-element 
ir
uit.It is dire
t to noti
e that both systems of equations are analogous if we identify:
Ez ≡ Vz, Hx ≡ Iy, Hy ≡ −Ix, ε ≡ 2C, µ ≡ 2L. (4.8)In other words, the study of the original ele
tromagneti
 propagation problem
an be 
arried out by 
onsidering how individual voltage pulses propagate througha mesh of 
onne
ted parallel nodes. This problem is quite simpler if one bears inmind that in its journey through individual lines, only a time delay must be takeninto a

ount and that at the node 
enters, pulses s
atter to the di�erent lines.The existen
e of an a
tual 
ir
uit for the node in Figure 4.2a allows obtaining
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attering matrix relating in
ident and re�e
ted pulses by simply taking intoa

ount re�e
tion and transmission 
oe�
ients at transmission line dis
ontinuities.For instan
e, a unitary voltage pulse entering the node through port 1, with a
hara
teristi
 admittan
e of Y0, rea
hes the 
enter, with a load admittan
e of 3Y0,whi
h means that it will be s
attered to all the lines in the node a

ording to there�e
tion and transmission 
oe�
ients, Γ and T , given by:
Γ =

Y0 − YL

Y0 + YL

= −1

2
, T =

2Y0

Y0 − YL

=
1

2
. (4.9)Considering in
iden
e from all the lines in the node, the parti
ular geometry ofthe parallel node without stubs is summarized by expression 4.1 with the s
atteringmatrix being de�ned by

S =
1

2













−1 1 1 1

1 −1 1 1

1 1 −1 1

1 1 1 −1













. (4.10)
The speed at individual lines, vl, and at the modeled medium , vm, will berelated through analogy by

vm =
1√
µε

=
1√
L2C

=
vl√
2
. (4.11)And, if the node has equal dimensions, ∆l, the time step is given by expression

vl= ∆l/∆t.The pulses at four lines 
onne
t the node to adja
ent node, allowing propaga-tion. These lines are termed main or link lines.A posterior modi�
ation of the node 
onsidered the in
lusion of a 
apa
itivestub, i.e., an additional open ended line o admittan
e Y Y0 [145℄. This line isnot 
onne
ted to adja
ent nodes but to the node 
enter. Its aim is not propaga-tion but 
ontrolling the 
apa
ity of the node and, thus, the permittivity of themodeled medium. The equivalent lumped element 
ir
uit is shown in Figure 4.3bbut with an extra 
apa
itan
e, CY∆l/2 at the 
enter, whi
h makes the modeledpermittivity to be:
ε = 2C(1 + Y/4). (4.12)
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Figure 4.3: (a) Topology of the 2D parallel node with stubs, and (b) equivalentlumped-element 
ir
uit.The s
attering matrix 
an be re
al
ulated 
onsidering the four main lines andthe new extra 
apa
itive stub, to obtain
S =

1

4 + Y



















−2 − Y 2 2 2 2Y

2 −2− Y 2 2 2Y

2 2 −2 − Y 2 2Y

2 2 2 −2 − Y 2Y

2 2 2 2 Y − 4



















. (4.13)
But, as mentioned above, the important point to be noti
ed is that the onlydi�eren
e between one and other node relies on the s
attering matrix. On
e thismatrix has been obtained, the algorithm is again summarized by expression 4.1.



94 Chapter 4.4.2.2 2D series nodes

Figure 4.4: (a) The 2D series node with stubs, and (b) lumped element equiv-alen
e.After the parallel nodes, Johns [145℄ developed dual 2D nodes, the series nodes,to deal with TMn0 modes in re
tangular waveguides. Figure 4.4 shows the 2Dseries node with stubs and its equivalent lumped element 
ir
uit. Lines 1 to 4
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tiveextra stub, of impedan
e Z relative to the 
hara
teristi
 impedan
e of the mainlines, Z0. This stub allows 
ontrolling the 
ondu
tan
e of the node 
ir
uit andtherefore the permeability of the medium to be modeled. The analogy relates nowthe quantities in the following manner:
∂I

∂x
= −C

∂Vx

∂t
, (4.14)

− ∂I

∂z
= −C

∂Vz

∂t
(4.15)and

∂Vx

∂z
− ∂Vz

∂x
= −2L (1 + Zl/4)

∂I

∂t
. (4.16)The existen
e of a
tual 
onne
tions between lines allows de�ning a lumpedelement 
ir
uit from whi
h the analogy, s
attering matrix and other quantitiesmay be derived, resulting

S =
1

4 + Zl



















2 + Zl 2 2 −2 −2

2 2 + Zl −2 2 2

2 −2 2 + Zl 2 2

−2 2 2 2 + Zl −2

−2Zl 2Zl 2Zl −2Zl 4− Zl



















. (4.17)
4.2.3 The �rst 3D node: the asymmetri
 expanded nodeA signi�
ant di�
ulty arose when dealing with fully three-dimensional (3D) media.Initial e�orts 
on
entrated on obtaining nodes 
onsisting of 3 parallel and 3 series2D nodes 
onne
ted, as shown in Figure 4.5 [146�148℄. The 
ommon voltage atea
h parallel node de�ned ea
h 
omponent of the ele
tri
 �eld, while the 
ommon
urrent at ea
h series node de�ned ea
h 
omponent of the magneti
 �eld. The nodewas termed asymmetri
al expanded node, sin
e it was asymmetri
 and de�ned ea
h�eld 
omponent at a di�erent point and even at di�erent time in an s
heme thatresembled the Yee's FDTD s
heme [149℄.The expanded 
hara
ter of the node made boundary 
onditions and ex
itationdi�
ult to implement and its asymmetry, even in the 
ase that symmetri
 mediawere to be modeled, was indeed undesirable. Several attempts were made to



96 Chapter 4.

Figure 4.5: The 3D asymmetri
al expanded node.obtain symmetri
al and 
ondensed nodes but symmetry was in
ompatible witha
tual 
onne
tions to de�ne equivalent lumped element 
ir
uits, at least in aneasy and 
on
eptually 
lear form [150�153℄.4.2.4 A new 
on
eptual approa
h: the 3D symmetri
al 
on-densed nodeA signi�
ant improvement was a
hieved when, in 1986, P.B. Johns 
hanged theway in what the TLM nodes have to be 
onsidered [154, 155℄. He realized that the
onstraint of a
tual 
onne
tions made it impossible to get 
ondensed and symmet-ri
 nodes, so he 
onsidered thinking of the nodes in a new and 
on
eptual way. Heproposed the 3D node shown in Figure 4.6, in whi
h 12 link lines of 
hara
teris-ti
 impedan
e Z0=1/Y0, formally 
onne
ted at its 
enter, these 
onne
tions beingdire
tly governed or de�ned by Maxwell equations.Ea
h line is now thought of as a means of propagating a 
ertain 
omponent ofthe ele
tri
 and the magneti
 �eld along a spe
i�
 dire
tion, together with a meansof inje
ting 
apa
itan
e, 
ondu
tan
e or resistan
e to the medium. For a Carte-sian node of dimensions (∆x, ∆y, ∆z), line 1, for example, de�nes Ex=V1/∆xand Hz=-V1/(Z0∆x) propagating along the y dire
tion. It is worth noting thatele
tri
 �elds are oriented from points of higher ele
tri
 potential to points of lower
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Figure 4.6: The 3D symmetri
al 
ondensed node.ele
tri
 potential, so the polarity between voltage and ele
tri
 �eld in the analogyis inversed. This explains the need of also inverting the polarity of magneti
 �eldsand 
urrents. However, for histori
al reasons, most of the authors working withTLM still maintain this oppositely de�ned analogy and so we will do.Other important e�e
t of the existen
e of a given line is the total 
apa
itan
eand indu
tan
e, Cline and Lline, that ea
h line introdu
es to the node des
ribingthe medium. In terms of the 
apa
itan
e and indu
tan
e per unit length, C and
L, and node length, ∆l, these quantities are dependent on the line length ∆l/2.

Cline =
1

2
C∆l, Lline =

1

2
L∆l. (4.18)It is more interesting to de�ne them in terms of 
hara
teristi
 admittan
es andimpedan
es, sin
e now the parameters are not length-dependent. E�e
tively, thetotal 
apa
itan
e and indu
tan
e introdu
ed by this and the rest of link lines isgiven by

Cline =
1

2
Y0∆t, Lline =

1

2
Z0∆t. (4.19)Extra lines, not represented in the �gure, are also 
onsidered to provide indepen-dent 
ontrol of ele
tromagneti
 parameters. Three 
apa
itive lines (13 to 15, with
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e Yx, Yy and Yz, respe
tively add 
apa
itan
e to ea
h Cartesiandire
tion. Line 13, for instan
e, de�nes Ex=V13/∆x and adds a 
apa
itan
e
Cline13 =

1

2
YxY0∆t (4.20)to the node.Short 
ir
uit or indu
tive stubs 16 to 18, of relative impedan
es Zx, Zy and

Zz, respe
tively, de�ne magneti
 �eld and add indu
tan
e to the node. Line 16,for instan
e, de�nes Hx=I13/∆x and introdu
es an indu
tan
e
Lline16 =

1

2
ZzZ0∆t (4.21)to the node.Optionally, in�nitely long or resistive stubs, 19 to 21, of relative ele
tri
 
ondu
-tan
e Gx, Gy, and Gz, respe
tively, and 22 to 24, of relative magneti
 resistan
e,

Rx, Ry, and Rz, respe
tively, are responsible of modeling ele
tri
 and magneti
losses by means of pulses entering these lines whi
h never re�e
t ba
k to the node
enter due to its in�nite length.Table 4.1 summarizes the �eld 
omponents de�ned, the dire
tion of propaga-tion, 
apa
itan
e, and indu
tan
e de�ned by ea
h line.

Figure 4.7: Parallel and series sub-
ir
uits to de�ne Ex and Hz in the 3Dsymmetri
al 
ondensed node.Although 
on
eptually intuitive, the global 3D node is di�
ult to deal withbe
ause there is no a
tual 
ir
uit 
ontaining all the lines in the node. Stub lines



TLM 99Table 4.1: Magnitudes related to the link and stub transmission lines.Line E H k Capa
itan
e Indu
tan
e1 Ex ≡ V1/∆x Hz ≡ −I1/∆z y Y0∆t/2 Z0∆t/22 Ex ≡ V2/∆x Hy ≡ +I2/∆y z Y0∆t/2 Z0∆t/23 Ey ≡ V3/∆y Hz ≡ +I3/∆z x Y0∆t/2 Z0∆t/24 Ey ≡ V4/∆y Hx ≡ −I4/∆x z Y0∆t/2 Z0∆t/25 Ez ≡ V5/∆z Hx ≡ +I5/∆x y Y0∆t/2 Z0∆t/26 Ez ≡ V6/∆z Hy ≡ −I6/∆y x Y0∆t/2 Z0∆t/27 Ez ≡ V7/∆z Hx ≡ −I7/∆x y Y0∆t/2 Z0∆t/28 Ey ≡ V8/∆y Hx ≡ +I8/∆x z Y0∆t/2 Z0∆t/29 Ex ≡ V9/∆x Hy ≡ −I9/∆y z Y0∆t/2 Z0∆t/210 Ez ≡ V10/∆z Hy ≡ +I10/∆y x Y0∆t/2 Z0∆t/211 Ey ≡ V11/∆y Hz ≡ −I11/∆z x Y0∆t/2 Z0∆t/212 Ex ≡ V12/∆x Hz ≡ +I12/∆z y Y0∆t/2 Z0∆t/213 Ex ≡ V13/∆y YxY0∆t/214 Ey ≡ V14/∆y YyY0∆t/215 Ez ≡ V15/∆y YzY0∆t/216 Hx ≡ +I16/∆x ZxZ0∆t/217 Hy ≡ +I17/∆y ZyZ0∆t/218 Hz ≡ +I18/∆z ZzZ0∆t/219 Ex ≡ V19/∆y GxY0∆t/220 Ey ≡ V20/∆y GyY0∆t/221 Ez ≡ V21/∆y GzY0∆t/222 Hx ≡ +I22/∆x RxZ0∆t/223 Hy ≡ +I23/∆y RyZ0∆t/224 Hz ≡ +I24/∆z RzZ0∆t/2
annot even be represented. The node must be understood as a 
on
eptual 
ir-
uit in whi
h 
onne
tions between lines are not real but are formal 
onne
tionsdes
ribing Ampère's and Faraday's laws, instead. For simpli
ity's sake and froma mathemati
al point of view, Maxwell equations are ve
tor di�erential equationswhi
h are usually split into six 
oupled s
alar equations. In a similar manner andto simplify the situation, the node 
an be regarded as six 
oupled 2D transmissionline 
ir
uits or 2D nodes. Figure 6 shows the sub-
ir
uits 
orresponding to Ex and
Hz. Three of them are termed parallel or shunt nodes, whi
h, by means of its 
om-mon voltage, 
apa
ity and ele
tri
 
ondu
tan
e are able to des
ribe a 
omponent ofAmpère's law, in
luding Joule losses. The other three sub-
ir
uits are series nodes,de�ning a 
ommon 
urrent, 
ondu
tan
e and magneti
 resistan
e, thus des
ribingthe three 
omponents of Faraday's law and the asso
iated quantities [156℄.This separation of 
omponents allows a better understanding and 
ontrol of
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ertain isotropi
 medium with permittivity ε,permeability µ, ele
tri
 
ondu
tivity σe, and magneti
 
ondu
tivity σm. Althoughnot 
onsidered in this text, anisotropies may be derived by 
hoosing di�erent valuesof the parameters, as long as the parameters are de�ned in terms of prin
ipaldire
tions. Regarding the parallel node for Ex, Figure 4.7a, the 
ommon voltagede�nes Ex by Ex ≡ Vx/m. The total 
apa
itan
e and ele
tri
 
ondu
tan
e of this
ir
uit and the medium 
apa
itan
e and 
ondu
tan
e along the x dire
tion must
oin
ide, respe
tively. This yields the following expressions relating the node andthe medium to model
4Y0

∆t

2
+ Y0Yx

∆t

2
= ε

∆y∆z

∆x
(4.22)

GxY0 = σe
∆y∆z

∆x
. (4.23)Similarly, 
onsidering the series node for Hz shown in �gure 4.7b, and identifyingthe total indu
tan
e of the medium and indu
tan
e of the 
ir
uit, it results thatthe line parameters must be 
hosen to meet

4Z0
∆t

2
+ Z0Zx

∆t

2
= µ

∆x∆y

∆z
. (4.24)Regarding the magneti
 resistan
e of the medium, the magneti
 resistive line mustful�ll

RzZ0 = σm
∆x∆y

∆z
, (4.25)and similar equations 
an be obtained for the rest of lines.The above equations provide information for de�ning the parameters of thestubs, sin
e simple manipulation results in the following expressions for the pa-rameters de�ning the lines:

Yx =
2ε

Y0∆t

∆y∆z

∆x
− 4, (4.26a)

Yy =
2ε

Y0∆t

∆x∆z

∆y
− 4, (4.26b)

Yz =
2ε

Y0∆t

∆x∆y

∆z
− 4, (4.26
)

Zx =
2µ

Z0∆t

∆y∆z

∆x
− 4, (4.26d)

Zy =
2µ

Z0∆t

∆x∆z

∆y
− 4, (4.26e)

Zz =
2µ

Z0∆t

∆x∆y

∆z
− 4 (4.26f)
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Gx =

σe
x

Y0

∆y∆z

∆x
, (4.26g)

Gy =
σe
y

Y0

∆x∆z

∆y
, (4.26h)

Gz =
σe
z

Y0

∆x∆y

∆z
, (4.26i)

Rx =
σm
x

Y0

∆y∆z

∆x
, (4.26j)

Ry =
σm
y

Y0

∆x∆z

∆y
, (4.26k)

Rz =
σm
z

Y0

∆x∆y

∆z
. (4.26l)

There is some degree of freedom in 
hoosing the stub 
hara
teristi
 impedan
esand admittan
es appearing in the previous equation, the only 
ondition being that,for stability's sake, that all these quantities must be positive. This 
ondition �xesan upper allowable value for the time step, ∆t, with the interesting fa
t that
hoosing this maximum allowable time step 
auses that at least one of the stubsvanishes and minimal dispersion error.Regarding the derivation of the s
attering matrix for this node, transmissionand re�e
tion 
oe�
ients are no longer valid, sin
e there are no a
tual 
onne
-tions for the node. In his initial works, Johns derived the s
attering matrix, S, byimposing Maxwell equations to the node, together with energy and 
harge 
onser-vation laws and 
onditions of ele
tri
 potential 
ontinuity [154℄. This is an elegantbut 
ompli
ated task to do be
ause of the great number of equations to be dealtwith, most of them nonlinear equations.Fortunately, this pro
ess 
an be greatly simpli�ed by applying the 
on
ept of
ommon and un
ommon lines introdu
ed to the series and parallel nodes des
ribedabove [156℄. The pro
ess 
onsiders a unitary pulse entering the node through alink line. This line and the opposite appear in a series 
ir
uit and in a shunt
ir
uit, the 
ommon lines. For example, for a pulse in
ident through port 1, thisline and line 12 simultaneously appear in the 2D 
ir
uits of �gure 4.7a and 4.7b.Lines 1, 12 are the 
ommon lines. It is not 
lear how they are 
onne
ted, sin
ethey must 
onne
t in both 2D 
ir
uits. On the other side, the rest of lines in thesetwo 
ir
uits only appear in one or the other sub-
ir
uit, the un
ommon lines. In
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ommon lines for the parallel nodeand lines 3, 11, 18 and 24, are the un
ommon lines of the 2D series 
ir
uit.The di�eren
e with respe
t to 
ommon lines is that the 
onne
tions of un
om-mon lines are perfe
tly 
lear and, therefore, the 
ir
uit 
oe�
ients de�ne how thepulse from line 1 s
atters to the un
ommon lines in an easy way. As regards thepair of 
ommon lines, they simultaneously appear in the parallel and the seriessub-
ir
uit so the 
oupling between them impedes the use of the 
ir
uits to obtainthe pulses re�e
ted to the 
ommon lines. Alternatively, the use of the original
omponents of Ampere's and Faraday's laws allows de�ning the 
oupling by sim-ple imposing 
harge 
onservation at the shunt node and 
ontinuity of ele
tri
alpotential at the series node. These 
onsist of a pair of linear equations from whi
hsimple manipulation provides the pulses re�e
ted at both 
ommon lines.To �x ideas, let us obtain pulses re�e
ted at the node when a unitary voltagepulse enters through line 1 by using the s
heme des
ribed above.1. Re�e
tion at un
ommon lines in the parallel sub-
ir
uit:The pulse V i
1=1 rea
hes the node 
enter through a line with 
hara
teristi
admittan
e Y0. A

ording to the parallel sub-
ir
uit, it 
onne
ts to a loadadmittan
e Yl given by

YL = Y2 + Y9 + Y12 + Y13 + Y19 = 3Y0 + YxY0 +GxY0. (4.27)The 
orresponding transmission 
oe�
ient, τ , is given by
τ =

2Y0

Y0 + YL
. (4.28)So, re�e
ted pulses at the un
ommon lines are

cx = V r
2 = V r

9 = V r
13 = V r

19 = τ =
2

4 + Yx +Gx
. (4.29)2. Re�e
ted pulses at un
ommon lines of the series sub-
ir
uit:Now 
onsidering the 
ir
uit in �gure 4.2b, port 1, of impedan
e Z0, meets aload impedan
e ZL, given by

ZL = Z3 + Z11 + Z12 + Z18 + Z24 = 3Z0 + ZzZ0 +RzZ0. (4.30)
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oe�
ient is now:
τ =

2ZL

Z0 + ZL
. (4.31)The un
ommon lines are series 
onne
ted, so, re�e
ted pulses at these linesare obtained with the new transmission 
oe�
ient together with a voltagedivision, resulting

dz = V r
3 = −V r

11 = τ
Z0

ZL
=

2

4 + Zz +Rz
, (4.32a)

ez = V r
18 = τ

ZzZ0

ZL
=

2Zz

4 + Zz +Rz
, (4.32b)

V r
24 = τ

RzZ0

ZL
=

2Rz

4 + Zz +Rz
. (4.32
)3. Pulses re�e
ted at 
ommon lines:To determine pulses re�e
ted at lines 1 and 12, let us 
onsider the 
harge
onservation 
ondition at the parallel sub-
ir
uit of Figure 4.7a,

I i1 = Ir1 + Ir2 + Ir9 + Ir12 + Ir13 + Ir19

⇒Y0 = axzY0 + 2cxY0 + bxzY0 + cxYxY0 + V r
19GxY0,

(4.33)and the 
ontinuity of ele
tri
 potential at the series sub-
ir
uit of Figure 4.7b
− V1 + V3 − V11 + V12 + V18 + V24 = 0

⇒− (1 + axz) + 2dz + bxz + ez + V r
24 = 0.

(4.34)Simple 
al
ulations allow obtaining the desired re�e
ted pulses
axz = − Yx +Gx

2(4 + Yx +Gx)
+

Zz +Rz

2(4 + Zz +Rz)
, (4.35a)

bxz = − Yx +Gx

2(4 + Yx +Gx)
− Zz +Rz

2(4 + Zz +Rz)
. (4.35b)For pulses entering through 
apa
itive or indu
tive stubs, the problem is sim-pler sin
e they only appear in a parallel 
ir
uit or in a series 
ir
uit. This meansthat they are un
ommon lines and the 
ir
uit itself des
ribes the situation throughthe re�e
tion and transmission 
oe�
ient.Finally, ports 19 to 24 are resistive ones, so no in
ident pulses are ever expe
tedand do no require elements at the s
attering matrix.



104 Chapter 4.The �nal result for the s
attering matrix of standard lossy Cartesian node is:


















































































axz cx dz 0 0 0 0 0 cx 0 −dz bxz gx 0 0 0 0 iz

cx axy 0 0 0 dy 0 0 bxy −dy 0 cx gx 0 0 0 −iy 0

dz 0 ayz cy 0 0 0 cy 0 0 byz −dz 0 gy 0 0 0 −iz

0 0 cy ayx dx 0 −dx byx 0 0 cy 0 0 gy 0 ix 0 0

0 0 0 dx azx cz bzx −dx 0 cz 0 0 0 0 gz −ix 0 0

0 dy 0 0 cz azy cz 0 −dy bzy 0 0 0 0 gz 0 iy 0

0 0 0 −dx bzx cz azx dx 0 cz 0 0 0 0 gz ix 0 0

0 0 cy byx −dx 0 dx ayx 0 0 cy 0 0 gy 0 −ix 0 0

cx bxy 0 0 0 −dy 0 0 axy dy 0 cx gx 0 0 0 iy 0

0 −dy 0 0 cz bzy cz 0 dy azy 0 0 0 0 gz 0 −iy 0

−dz 0 byz cy 0 0 0 cy 0 0 ayz dz 0 gy 0 0 0 iz

bxz cx −dz 0 0 0 0 0 cx 0 dz axz gx 0 0 0 0 −iz

cx cx 0 0 0 0 0 0 cx 0 0 cx fx 0 0 0 0 0

0 0 cy cy 0 0 0 cy 0 0 cy 0 0 fy 0 0 0 0

0 0 0 0 cz cz cz 0 0 cz 0 0 0 0 fz 0 0 0

0 0 0 ex −ex 0 ex −ex 0 0 0 0 0 0 0 hx 0 0

0 −ey 0 0 0 ey 0 0 ey −ey 0 0 0 0 0 0 hy 0

ez 0 −ez 0 0 0 0 0 0 0 ez −ez 0 0 0 0 0 hz



















































































,

(4.36)where the elements of S matrix are given by
apq = − Yp+Gp

2(4+Yp+Gp)
+ Zq+Rq

2(4+Zq+Rq)
, dq =

2
4+Zq+Rq

, gp =
2Yp

4+Yp+Gp
,

bpq = − Yp+Gp

2(4+Yp+Gp)
− Zq+Rq

2(4+Zq+Rq)
, eq =

2Zq

4+Zq+Rq
, hq =

4−Zq+Rq

4+Zq+Rq
,

cp =
2

4+Yp+Gp
, fp =

−4+Yp−Gp

4+Yp+Gp
, iq =

2
4+Zq+Rq

,(4.37)with {p,q}={x,y}.As regards �eld de�nition through node in
ident pulses, Johns proposed a
al
ulation of 
harge and magneti
 �ux storage at the node to de�ne ele
tri
and magneti
 �eld 
omponents [154℄. This pro
edure is rather di�
ult be
auseit requires a relatively deep theoreti
al knowledge. Nevertheless, one additionaladvantage in 
onsidering separated sub-
ir
uits is that individual information pro-vided by the parallel and series 
ir
uits allows a more dire
t the determination ofexpressions for the ele
tromagneti
 �eld in terms of the in
ident pulses. To do so,Thevenin's theorem is applied to ea
h parallel node leading to a simple parallel
ir
uit in whi
h ea
h line in the node is substituted by a series 
onne
tion of avoltage sour
e of value twi
e the in
ident voltage and an impedan
e equal to the
hara
teristi
 impedan
e of the transmission line [141℄. The 
ommon voltage atthe node 
enter 
an be then derived by simple Cir
uit Theory 
al
ulations. Asregards Ex, Figure 4.8 shows the 
ir
uit after applying Thevenin's theorem. Thevoltage for this 
ir
uit, Vx, is analogous to Ex∆x, whi
h simply yields
Ex =

2

∆x(4 + Yx +Gx)

(

V i
1 + V i

2 + V i
9 + V i

12 + YxV
i
13

)

. (4.38)
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Figure 4.8: Thevenin's equivalent 
ir
uit for the Ex parallel 
ir
uit.In a similar manner, the y and z 
omponents of the ele
tri
 �eld are given by

Ey =
2

∆y(4 + Yy +Gy)

(

V i
3 + V i

4 + V i
8 + V i

11 + YyV
i
14

)

. (4.39)
Ez =

2

∆z(4 + Yz +Gz)

(

V i
5 + V i

6 + V i
7 + V i

10 + YzV
i
15

)

. (4.40)

Figure 4.9: Thevenin's equivalent 
ir
uit for the Hz series 
ir
uit.Similarly, applying Thevenin's theorem to the series nodes and by identify-ing 
urrent at the node with magneti
 �eld 
omponents, leads to the followingexpression for Hz:
Hz =

2

∆zZ0(4 + Zz +Rz)

(

−V i
1 + V i

3 − V i
11 + V i

12 + YzV
i
18

)

. (4.41)The other series nodes provide expressions for Hx and Hy,
Hx =

2

∆xZ0(4 + Zx +Rx)

(

−V i
4 + V i

5 − V i
7 + V i

8 + YzV
i
16

) (4.42)and
Hy =

2

∆yZ0(4 + Zy +Ry)

(

V i
2 − V i

6 − V i
9 + V i

10 + YzV
i
17

)

. (4.43)
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itationSour
es 
an be ex
ited by adding extra voltage sour
es to existing pulses in theTLM mesh. To do so, the expressions from above must be 
onsidered in thefollowing manner. Let us 
onsider that a value E0x is to be ex
ited as the x
omponent of the sour
e ele
tri
 �eld. In order to avoid that ex
itation of E0xalso ex
ites other �eld 
omponents, identi
al pulses at lines 1 and 12, and at lines2 and 9 are set. Choosing identi
al in
ident ex
itation pulses of amplitude axin
ident from ea
h line at the node for Ex, ex
ept for the resistive one, meetsthis 
ondition. The only 
omponent of the ele
tromagneti
 �eld generated by thisex
itation pulses would be
E0x =

2ax
∆x(4 + Yx +Gx)

(4 + Yx) (4.44)whi
h provides the value ax for the in
ident pulse through lines 1, 2, 9, 12, and 13.Similar expressions 
an be obtained to only ex
ite y or z ele
tri
 �eld 
omponents.Similarly, to only ex
ite a given 
omponent of the magneti
 �eld, opposite
urrent pulses must be laun
hed to opposite lines at the 
orresponding series node.Let us 
onsider the lines in the series 
ir
uit for Hz shown in �gure 4.7b. Choosing
−V i

1 = V i
12 = V i

3 = −V i
11 = V i

18/Zz = bzZ0 to ex
ite a sour
e �eld H0z, the onlynon-zero 
omponent of the ele
tromagneti
 �eld ex
ited is
H0x =

2Z0bz
∆zZ0(4 + Zz +Rz)

(4 + Zz) (4.45)whi
h allows easily obtaining bz.Summarizing, the in
ident pulses needed to ex
ite a �eld ~E = (E0x, E0y, E0z,
~H = (H0x, H0y, H0z are given by:

V i
1 =

1

2

(

∆xE0x
4 + Yx +Gx

4 + Yx

−∆zZ0H0z
4 + Zz +Rz

4 + Zz

)

, (4.46a)
V i
2 =

1

2

(

∆xE0x
4 + Yx +Gx

4 + Yx
+∆yZ0H0y

4 + Zy +Ry

4 + Zy

)

, (4.46b)
V i
3 =

1

2

(

∆yE0y
4 + Yy +Gy

4 + Yy

+∆zZ0H0z
4 + Zz +Rz

4 + Zz

)

, (4.46
)
V i
4 =

1

2

(

∆yE0y
4 + Yy +Gy

4 + Yy

−∆xZ0H0x
4 + Zx +Rx

4 + Zx

)

, (4.46d)
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V i
5 =

1

2

(

∆zE0z
4 + Yz +Gz

4 + Yz
+∆xZ0H0x

4 + Zx +Rx

4 + Zx

)

, (4.46e)
V i
6 =

1

2

(

∆zE0z
4 + Yz +Gz

4 + Yz
−∆yZ0H0y

4 + Zy +Ry

4 + Zy

)

, (4.46f)
V i
7 =

1

2

(

∆zE0z
4 + Yz +Gz

4 + Yz
−∆xZ0H0x

4 + Zx +Rx

4 + Zx

)

, (4.46g)
V i
8 =

1

2

(

∆yE0y
4 + Yy +Gy

4 + Yy
+∆xZ0H0x

4 + Zx +Rx

4 + Zx

)

, (4.46h)
V i
9 =

1

2

(

∆xE0x
4 + Yx +Gx

4 + Yx
−∆yZ0H0y

4 + Zy +Ry

4 + Zy

)

, (4.46i)
V i
10 =

1

2

(

∆zE0z
4 + Yz +Gz

4 + Yz
+∆yZ0H0y

4 + Zy +Ry

4 + Zy

)

, (4.46j)
V i
11 =

1

2

(

∆yE0y
4 + Yy +Gy

4 + Yy
−∆zZ0H0z

4 + Zz +Rz

4 + Zz

)

, (4.46k)
V i
12 =

1

2

(

∆xE0x
4 + Yx +Gx

4 + Yx

+∆zZ0H0z
4 + Zz +Rz

4 + Zz

)

, (4.46l)
V i
13 =

1

2
∆xE0x

4 + Yx +Gx

4 + Yx
, (4.46m)

V i
14 =

1

2
∆yE0y

4 + Yy +Gy

4 + Yy
, (4.46n)

V i
15 =

1

2
∆zE0z

4 + Yz +Gz

4 + Yz
, (4.46o)

V i
16 =

1

2
ZxZ0∆xH0x

4 + Zx +Rx

4 + Zx
, (4.46p)

V i
17 =

1

2
ZyZ0∆yH0y

4 + Zy +Ry

4 + Zy
, (4.46q)

V i
18 =

1

2
ZzZ0∆zH0z

4 + Zz +Rz

4 + Zz

. (4.46r)
4.4 Boundary 
onditionsThe problem of imposing boundary 
onditions to allow the use of �nite size evenwhen an in�nite free spa
e is required is an important and di�
ult problem. Sev-eral works are available in the literature in this sense [157�159℄. Fortunately, theproblems to be modeled in this work are 
on�ned problems 
on
erned with nodesrea
hing 
ondu
ting regions. In this parti
ular 
ase, it is enough to 
onsider thenode lines rea
hing the 
ondu
ting zone to be 
onne
ted to a load impedan
e,
ZL. This load impedan
e 
auses that pulses be re�e
ted ba
k to the node 
enter
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ording to simple re�e
tion 
oe�
ient at the boundary, τb,
τb =

ZL − Z0

ZL + Z0
(4.47)4.5 Parti
ular 
ase: isotropi
 media modeled withSCNA parti
ular but usual 
ase is that in whi
h an isotropi
 medium with parameters

ε, µ, σe and σm is to be modeled by a symmetri
al 
ondensed node. Let η=√

µ/εstand for the medium impedan
e and vm=1/√εµ for the medium velo
ity. Let usalso suppose that we want to model the medium with nodes with identi
al length
∆l along the tree Cartesian dire
tions. We 
an arbitrarily 
hoose the 
hara
teristi
impedan
e of the link lines, so let us 
hoose Z0=η.The time step value whi
h makes ea
h stub parameter to vanish 
an be obtainedby imposing the relative admittan
es or impedan
es in equation 4.26. It resultsthat 
hoosing

dt =
∆l

vl
=

∆l

2vm
=

∆l
√
εµ

2
(4.48)i.e., speed of pulses at the line twi
e the wave speed of the medium, and all theextra stubs vanishes, whi
h turns into an important saving in memory and timerequirements for 
omputation purposes. Besides, in this parti
ular but usual 
ase,the s
attering matrix be
omes very simple,

S =





















































0 1/2 1/2 0 0 0 0 0 1/2 0 −1/2 0

1/2 0 0 0 0 1/2 0 0 0 −1/2 0 1/2

1/2 0 0 1/2 0 0 0 1/2 0 0 0 −1/2

0 0 1/2 0 1/2 0 −1/2 0 1/2 0 1/2 0

0 0 0 1/2 0 1/2 0 −1/2 0 1/2 0 0

0 1/2 0 0 1/2 0 1/2 0 −1/2 0 0 0

0 0 0 −1/2 0 1/2 0 1/2 0 1/2 0 0

0 0 1/2 0 −1/2 0 1/2 0 0 0 1/2 0

1/2 0 0 0 0 −1/2 0 0 0 1/2 0 1/2

0 −1/2 0 0 1/2 0 1/2 0 1/2 0 0 0

−1/2 0 0 1/2 0 0 0 1/2 0 0 0 1/2

0 1/2 −1/2 0 0 0 0 0 1/2 0 1/2 0
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(4.49)
In addition, numeri
al dispersion behavior is better. Similar simpli�
ations 
anbe found if expressions for �eld de�nition and ex
itation are 
onsidered.
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y response 
onsiderationsThe study of the frequen
y response of Cartesian 3D symmetri
al nodes is de-s
ribed by Morente et al. [160, 161℄. Basi
ally, the numeri
al dis
retization 
ausesfrequen
y dependen
e in the results even if the a
tual medium may be non-dispersive. This undesirable e�e
t is usual in low frequen
y numeri
al methods.The result 
ommon to all these methods is that spatial division must sample atleast ten times the shortest valid wavelength, thus 
ontrolling the maximum validfrequen
y in the results. Of 
ourse, time sampling must also be taken into a

ountto de�ne the maximum valid frequen
y, but Shannon theorem is less restri
tivethan the spatial 
ondition sampling mentioned above.In this sense, results provided by nodes with stubs are valid for lower frequen-
ies than those results obtained by nodes without stubs. The use of stubs is alwaysrelated to the need of storing part of the energy at the node 
enter by produ
ingenergy to �ow to the stubs instead of going to the main lines. This is so be
ausethe node length is too long and a dire
t propagation of all the energy to the mainlines would produ
e a group speed faster than it should. In a 
ertain sense, it 
anbe thought of as a reminder that a node longer than needed is being used and thestub lowers the group velo
ity to adjust node size and speed at individual ports.In fa
t, these 
on
eptual reasons provided to understand the Physi
s underlyingthe pro
ess, are 
on�rmed by the dispersion 
hara
teristi
s analysis whi
h goes tothe simple and well-known result on the wavelength sampling result, the node sizemust be at least one tenth of the node size, whi
h, on the other hand, is 
ommonto other low frequen
y numeri
al methods su
h as Moments method or FDTD.This 
ondition is the basis for the 
hoi
e of the parameters. First, a maximumvalid frequen
y for the results is 
hosen. From this frequen
y, the minimum validwavelength is determined. The node size, ∆l, must be at least about one tenth ofthe wavelength. For the simplest 
ase of an homogeneous mesh of nodes withoutstubs, ∆l and the medium velo
ity determines the time step. A design frequen
yresolution,∆f , is also ne
essary, and it determines the number of time 
al
ulations,
Nt, to be 
arried out for rea
hing that resolution by means of ∆f=1/(Nt∆t).
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al and spheri
al nodesSome problems show 
ylindri
al geometry, whi
h seems to advise that the use of
ylindri
al nodes should be better than Cartesian ones. The situation is quite sim-ilar to that des
ribed in the Cartesian 
ase. The basi
 di�eren
e is the substitutionof 
oordinates and elementary lengths. Thus dire
tly making the following sub-stitutions in the Cartesian node expressions yield a suitable 
ylindri
al 
ondensednode [162℄:














x ↔ r,

y ↔ ϕ,

z ↔ z,

⇒















∆x ↔ ∆r,

∆y ↔ r∆ϕ,

∆z ↔ ∆z,

(4.50)Similarly, for obtaining a spheri
al node, the following substitutions have tobe made:














x ↔ ϕ,

y ↔ r,

z ↔ θ,

⇒















∆x ↔ r sin θ∆ϕ,

∆y ↔ ∆r,

∆z ↔ r∆θ,

(4.51)These 
urved nodes avoid the stair
ase approximation required by the use ofCartesian nodes. Nevertheless, they present some drawba
ks.
• For the 
ylindri
al 
ase, the z-axis is a singular region whi
h requires ap-proximation. In any 
ase, lines from all the nodes at the z-axis 
onne
t atthis axis and a spe
ial node is required for this region.
• The same holds for spheri
al nodes at polar points (θ = 0).
• The nodes do not have identi
al length for the three dire
tions and thenode size grows as the distan
e to the axis (
ylindri
al) or 
enter (spheri
al)in
rements.
• This means that stubs are always required, espe
ially high for external nodes,whi
h turn into more memory and time 
al
ulation requirements, togetherwith inherent dispersion problems.For the reasons mentioned above, our TLM simulations will be 
arried outusing Cartesian homogeneous nodes. The problem of stair
ase approximation isonly apparent, sin
e this 
urved detail is not relevant at low frequen
ies where themethod is valid.
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onsiderations about the 
hoi
e of theTLM methodAn interesting question arises 
on
erning the reason why TLM method has been
hosen for 
al
ulations in the following Chapter. Why 
hoosing TLM methodinstead of more popular methods, su
h as FDTD?The response is di�
ult and most likely has a great degree of subje
tivity.TLM method and FDTD present multiple similarities but TLM requires morememory resour
es for ea
h elementary volume to be modeled. While FDTD needs6 
omponents of the ele
tromagneti
 �eld, the TLM method uses 12 voltagesin its best formulation. Despite this drawba
k, TLM presents some advantageswhi
h justify our 
hoi
e. It is true that TLM uses more variables but it alsoprovides more and better information than FDTD. Namely, all the �eld quantitiesare provided at the node 
enter at the same time. All the transversal �elds arealso known at interfa
e between nodes and intermediate time steps. These twofa
ts simplify sour
e ex
itation, boundary 
onditions and even hybridization withother methods, numeri
al or analyti
al. The formulation of the s
attering matrixis essentially stable, sin
e energy and 
harge 
onservation are imposed, as well as
ontinuity of potential. This makes TLM a stable method, with simple operations.Finally, the 
on
eptual basis of TLM method always keeps in mind the Physi
sof the problem sin
e it is not involved with equations that substitute the originalphenomenon, but it is dire
tly 
on
erned with the phenomenon itself. This 
on-
eptual approa
h is di�
ult to deal with at �rst, but after some experien
e allows
onsidering new elements as new 
on
epts, or 
ir
uits, to be added to the basi
TLM node.Maybe one of the most outstanding examples in this sense is that of singlewire modeling with TLM [163�165℄. In this sense, for example, a thin wire 
anbe 
onsidered as an indu
tive and 
apa
itive element whi
h 
ouples to a given
omponent of the ele
tri
 �eld. So, a simple 
ir
uit des
ribing the node is adaptedto the 3D symmetri
al 
ondensed node. A new s
attering matrix is obtained and,sin
e then, the same basi
 algorithm as in a basi
 
ase is laun
hed. Figure 4.10is a plot of the transmission line 
ir
uit to add to the node geometry for the 
aseof a thin 
ondu
ting wire with a resistive nonlinear load. Nonlinearity is simplymodeled by 
hanging the line parameters a

ording to the �eld obtained at the
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al
ulation. Figure 4.11 is a 
omparison of the results for a linearantenna loaded with a non-linear resistive load. The interesting point in thisexample is that the node length is 47.6mm, while the antenna radius is only 5mm[165℄.

Figure 4.10: Transmission lines stru
ture for modeling a thin-wire antennawith SCN node. Extra
ted from [166℄

Figure 4.11: Current in a thin-wire antenna 
harged with nonlinear load.Extra
ted from [166℄Finally, another interesting appli
ation dire
tly resulting from the versatility ofthe TLMmethod is 
on
erned with metamaterial modeling. Materials with DoubleNegative Properties (DNG) at 
ertain frequen
ies are usual in re
ent years. Thesearti�
ial materials have interesting appli
ations su
h as perfe
t lens fo
using orele
tromagneti
 invisibility (
loaking). Some of these materials are built by meansof transmission lines with 
apa
itors and indu
tors 
onne
ted in a dual way as thatshown in lumped element 
ir
uits of transmission lines. TLM is able of modeling
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t way: we have only to inter
hange indu
tive stubs with
apa
itive stubs. No re
al
ulation of s
attering matrix is needed. Field, sour
e orboundary expressions are also maintained. It be
omes 
lear then that the e�ort
arried out to study wave propagating in va
uum is the same as that requiredfor metamaterial modeling. Figure 4.12 is the TLM result of wave propagationaround a 
ondu
ting 
ylinder 
oated with a DNG material whi
h shows the TLM
apability for modeling remarkably di�
ult situations without signi�
ant addedburden [167℄.

Figure 4.12: (a) Magneti
 �eld mapping in the vi
inity of a PEC 
ylinder. (b)Magneti
 �eld mapping in the vi
inity of a 
loaked PEC 
ylinder on
e stabilityhas been rea
hed. Extra
ted from [167℄





Chapter 5
Parallelization of the TLM [3℄
This 
hapter is devoted to the design of a parallel algorithm 
apable of modelingthe Earth-ionosphere 
avity with Transmission-Line Matrix method (TLM). Webrie�y review the di�erent approa
hes available when using parallel te
hniques,whi
h depend basi
ally on the hardware underneath. The �nal de
ision was tostart parallelization under shared memory environments, by using OpenMP di-re
tives. This ele
tion seems natural for a group with no previous experien
e onparallelization of algorithms, and who needs reliable results in a short period oftime. The main di�
ulty when simulating the Earth-ionosphere 
avity with TLMis that it is huge but very thin. We des
ribe the inherent di�
ulties of using aspheri
al topology, whi
h may seem the logi
al way to approa
h the problem. Fi-nally, we de
ided to use 
ubi
 Cartesian topology. This de
ision implies the needof using at least 5·107 nodes to a

omplish the required spatial resolution. In ad-dition, due to the spatial arrangement of the 
avity, some prepro
ess is ne
essary,as we will see. The prepro
ess 
onverts the problem to one-dimensional (1D),and therefore any arbitrary geometry 
onveniently prepro
essed 
an be solved byour parallel algorithm. This fa
t 
onverts our 
ode in a very promising tool forfa
ing new problems. Then, the designed algorithm is des
ribed, as well as theoptimizations applied to it, and how it was implemented with OpenMP dire
tives.Finally, we show two independent ben
hmarks of the algorithm, for slightly di�er-ent versions of it. The results show that, for small problems, superlinear speedup
an be a
hieved, due to the re-use of the 
a
hes. For large problems, like theEarth-ionosphere waveguide one, speedups up to 16 have been measured with a32 
ores 
omputer. 115



116 Chapter 5.5.1 Parallelization te
hniquesFor some years, CPUs have been evolving into a new paradigm. The maximumspeed for pro
essors seems to have rea
hed its peak, due to issues relating tothe dissipation of power, as well as problems with 
ross-talking between nearbylines. Manufa
turers are no longer trying to in
rease the speed of CPUs, redu
ingit instead, in order to obtain better 
onsumption ratios [168℄. Despite the use ofGraphi
 Pro
essing Units (GPUs), whi
h is growing as an emergent te
hnology forlarge s
ienti�
 
al
ulations [169, 170℄, the new approa
h of CPU manufa
turers isto ship 
omputers whi
h in
lude multiple CPUs [171℄. Not long ago, if you wantedto speed up your algorithm, a

ording to Moore's law, you had only to wait for anew CPU to appear on the market. With the new paradigm, the algorithms mustbe revised, adapted and rewritten to take advantage of multi-CPU 
omputers, andto keep them 
ompetitive, in order to solve problems of in
reasing 
omplexity.Numeri
al simulations are an important tool for the study of ele
tromagneti
phenomena and for designing ele
tromagneti
 devi
es [172, 173℄. Depending on theproblem, analyti
al solutions are often impossible and experimental approa
hesare frequently too expensive for essay-error iteration; or they may not even befeasible when studying natural e�e
ts, like the ele
tromagneti
 
avities of plan-ets and moons in the solar system. When simulating Maxwell equations, thetransmission-line modeling method (TLM) presents some interesting advantagesover other methods; it has inherent stability [141℄, and has E and H �elds 
al
u-lated at the same spatial point and time. These two fa
ts are the main di�eren
eswith Finite Di�eren
e Time Domain (FDTD), whi
h de�nes ea
h 
omponent ofthe ele
tromagneti
 �eld at a di�erent position and even at a di�erent time [174℄.Another advantage of TLM is that unlike random-walk algorithms [175℄, it 
al
u-lates solutions for every point of the latti
e, whi
h provides versatility for de�ningboundaries or sour
es, and simpli�es 
onne
tivity with other numeri
al or analyt-i
al algorithms.The parallelization te
hniques 
an be 
ategorized attending to the hardwareunderneath. Di�erent hardware approa
hes have been designed in the last yearsin order to boost the power of s
ienti�
 
al
ulations. We will brie�y introdu
ethe most 
ommon ones and explain their advantages and drawba
ks. The prin-
ipal idea behind all the approa
hes is to have several 
ir
uits (CPUs or 
ores)available for performing the 
omputations. The di�eren
es arise in the way that
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ommuni
ate between ea
h other and the nature of the 
ir
uit itself (
ase ofGPUs).5.1.1 Shared memoryThe Shared Memory (SM) environments are 
omputers with several so
kets formi
ropro
essors inside a single ma
hine. In addition, ea
h so
ket may a

ommo-date a pro
essor with multiple 
ores. The prin
ipal di�eren
e with other hardwaresolutions is that all the 
ores/CPUs of the system have a

ess to the same memoryaddresses. Therefore, the ex
hange of information between threads is straightfor-ward, and no spe
ial manual operations must be performed in the 
ode to ex
hangeinformation. Therefore, porting serial 
odes to SM paradigm is less 
riti
al thanporting to other parallel ar
hite
tures. However, there are still many new situa-tions inherent to parallel programming, su
h as ra
e 
onditions, syn
hronization,deadlo
ks or memory allo
ation poli
ies whi
h have to be a

ounted for, espe-
ially if we expe
t optimal performan
e. The 
ommuni
ation between CPUs andthe memory is internal and sustained by dedi
ated buses, so SM is the hardwaresolution whi
h presents less global laten
y when a

essing to memory.Another 
on
ept whi
h must be taken into a

ount is the internal disposal ofmemory. The SM platforms 
an be either UMA (Uniform Memory A

ess) orNUMA (Non Uniform Memory A

ess), being the se
ond mu
h more 
ommonwhen the system holds a large number of 
ir
uits. UMA stands for systems wherethere are not preferred areas of memory for the individual 
ores, and the time a
-
ess to an arbitrary portion of memory is the same regardless of the CPU a

essingto it. On the other hand, NUMA ar
hite
tures present di�erent laten
y dependingon whi
h pro
essor a

eses whi
h portion of memory. By doing this, the globallaten
y 
an be redu
ed. In the pra
ti
e, the most powerful SM ma
hines are ofNUMA nature, be
ause this implementation permits a larger number of CPUs.The 
on
urrent memory a

esses by multiple CPUs be
ome the bottlene
k forlarge simulations whi
h need a lot of memory (up to tens of GBytes in our 
ase),and they are the main limitation for s
alability. In this sense, it is worth notingthat the more the number of pro
essors in a 
omputer, the less the available band-width for ea
h 
ore to a

ess memory. In addition, the total amount of memoryis not highly s
alable. For instan
e, the most powerful ma
hine that we use inthis work 
omprises 32 
ores (4 CPUs of 8 
ores ea
h), with 96 GB of RAM in



118 Chapter 5.a NUMA deployment. There are not e�
ient SM 
omputers with more than fewhundred 
ores. The programmer must take into a

ount the NUMA ar
hite
tureand take some 
ountermeasures (see below) to exploit e�
iently the slow (when
ompared to CPU 
al
ulations) memory a

esses. The most 
ommon Appli
ationPa
kage Interfa
e (API) used to exploit the parallel 
apabilities of SM 
omputersis OpenMP.

Figure 5.1: Hardware s
hemes for (left) Distributed Memory and (right)Shared Memory environments.5.1.2 Distributed memoryThe paradigm of Distributed Memory (DM) is more often known as 
luster solu-tions. Several networked 
omputers are all used for the same s
ienti�
 
al
ulation,and therefore we have all CPUs available from all the nodes. The bottlene
k of thisapproa
h is the network 
ommuni
ation between pro
esses of di�erent ma
hines.Spe
ial network te
hnologies, like for instan
e In�nyBand, have been developed tominimize this fa
t, but the passing of data between ma
hines is mu
h slower thanfor a single ma
hine with multiple pro
essors. On the other hand, this approa
h ismu
h more s
alable, in the sense that 
lusters with even thousands of independent
ores are 
ommon. The total memory of the system does also s
ale very well,sin
e ea
h ma
hine added to the 
luster adds its memory to the global system.The prin
ipal drawba
k of this solution, in addition to the 
ost of a
quiring andmaintaining a 
luster, is that the programmer must manually take 
are of the
ommuni
ation between pro
esses, and therefore the port of serial 
odes be
omesmu
h more 
ompli
ated. The typi
al API employed to work in these environmentsis Message Passing Interfa
e (MPI).
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ommon in large 
lusters to use a hybrid solution between SM andDM. Nowadays 
lusters are usually 
omprised by several SM platforms, whi
hexe
ute SM 
ode implemented with openMP dire
tives, and they intera
t withother platforms in the 
luster through MPI.5.1.3 Graphi
s Pro
essing Units (GPUs)The use of GPUs for s
ienti�
 
al
ulations is growing fast, e.g., [169, 170℄. GPUswere spe
ial kind of CPUs intended to deal with spe
i�
 ve
tor operations relatedto the display of 2D and 3D graphi
s. One GPU module 
an be 
omposed ofseveral thousands of GPUs. The prin
ipal problem of these systems is that theamount of memory available for ea
h GPU is very limited, and their a

ess toRAM is very slow. Usually these spe
ial pro
essors are used to 
arry out low-levellogi
al operations. Therefore, programming them e�
iently be
omes even tri
kier,and the approa
h is quite di�erent to when programming in SM or DM platforms.Again the di�erent approa
hes 
an 
o-exist on a single system, and a SM 
omputer
an in
lude a GPU module. One interesting appli
ation of GPUs is to use themas a virtual memory spa
e [176℄. The idea behind is that the GPU module 
anre-
al
ulate data ea
h time we need it, with the purpose of not having to store allthe results in memory but, instead, 
omputing it on the �y as we need them.There exist other dedi
ated parallel ar
hite
tures, su
h as Ve
torial Pro
essingUnits, Appli
ation-Spe
i�
 Integrated Cir
uits (ASICs), Asyn
hronous arrays ofsimple pro
essors (AsAPs), whi
h will not be 
overed here, sin
e a 
omplete reviewof all the hardware available for parallelizing is out of the s
ope of this text.5.2 Modeling of the Earth-ionosphere 
avityThe main di�
ulty when modeling the Earth-ionosphere 
avity arises from theasymmetry of its dimensions. The radius of Earth is approximately 6,370 km,while the height of the lower-ionosphere is only about 100 km. This makes a hugebut thin spheri
ally shaped 
avity. Di�erent works [18, 58, 177℄ have simulated theEarth-Ionosphere 
avity of Earth, providing valuable information about it. Theyuse the inherent symmetries of the 
avity in order to extra
t the resonan
es withminimum 
omputation. The works of [178, 179℄ report the �rst full-3D-FDTD



120 Chapter 5.models of the 
avity. In this work we go one step further by providing a full-3Dparallelized TLM solution. This model enables the possibility of studying 
omplexproblems, like the intera
tion of multiple storms in arbitrary positions, the day-night asymmetry, the in�uen
e of solar proton events or the in�uen
e of lo
alevents like earthquake pre
ursors, for instan
e.In the Earth's atmosphere, lightning dis
harges from the thunderstorms arebelieved to be the strongest sour
e of natural ele
tromagneti
 noise existing inthe spheri
al shell 
avity. Most of the energy produ
ed by these natural eventsis propagated both at extremely low frequen
y, ELF: 3 Hz - 3 kHz, and very lowfrequen
y, VLF: 3 kHz - 30 kHz ele
tromagneti
 bands. Atmospheri
s or sferi
s isthe term generally used to denote the natural ele
tromagneti
 radio noise in theVLF band. For the ELF band, S
humann resonan
e is the term employed. Anyele
tromagneti
 perturbation in a spheri
al shell 
an be des
ribed as a superposi-tion of TEr (transverse ele
tri
 to r) and TMr (transverse magneti
 to r) modes,ex
ept for the TEM ones, whi
h represent the stati
 solution, taking the form of aplane wave without 
ut-o� or resonan
e frequen
ies [45℄. The TMr modes 
an bedivided into two di�erent kinds. One 
onsists of modes with wavelengths relatedto the Earth's diameter; these are known as S
humann resonan
es [4, 180℄. Theother kind of TMr and all the TEr modes have half-wavelengths proportional tothe distan
e between the ground and the ionosphere; these are known as sferi
s[44, 97℄. As 
ommented before, S
humann resonan
es are modes globally 
oupledwith the Earth-ionosphere 
avity, whi
h should be dete
ted anywhere on Earthand their resonant frequen
ies are in the ELF band. Transverse modes, on theother hand, are in
luded pra
ti
ally in the VLF band and are lo
al phenomenabe
ause their energy remains 
on
entrated around the ex
itation sour
e [14, 181℄.The ele
tromagneti
 wave propagation of atmospheri
 signals in the ELF rangeasso
iated with the S
humann resonan
es 
an be modeled by 
onsidering the sys-tem as an inhomogeneous lossy 
avity formed by two 
ondu
ting spheri
al surfa
es.This is justi�ed by the relatively high 
ondu
tivity values on the ground surfa
e,around 4 S/m for seawater and from 10−3 to 10−5 S/m for land surfa
e, and onthe strong in
rease in atmospheri
 
ondu
tivity, whi
h 
hanges from 10−14 S/mnear ground level to 10−3 S/m at a height just below 100 km, with an appre
ia-ble in
rement on the slope at an altitude of around 60 km [182℄, as is shown inFigure 5.2. With these values, at 25 Hz, a frequen
y in the middle of the rangeof interest, the ratio between the displa
ement and 
ondu
tivity 
urrent, ωǫ0/σ,
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Figure 5.2: Condu
tivity pro�les for Earth's lower atmosphere. Extra
tedfrom Pe
hony and Pri
e [182℄is 1.4 · 105 at ground level and 1.4 · 10−6 at a height of 100 km; 
onsequently, theatmosphere behaves like a diele
tri
 with low losses at ground level, be
oming agood 
ondu
tor for higher regions.5.3 ParallelizationA �rst approa
h to the problem will suggest using spheri
al nodes, due to thespheri
al nature of the problem. However, using spheri
al TLM nodes adds twoissues whi
h have to be addressed:1. The nodes have di�erent size in ea
h of its dire
tions and, moreover, the sizeof the node is variable and depends of its position (see Figure 5.3). Thisdi�erent sizing implies the use of 
apa
itive and indu
tive stubs at the node,whi
h turns into dispersion errors at high frequen
ies [161℄, whi
h have to bea

ounted for. This requirement of using very high indu
tive or 
apa
itivestubs for these dire
tions implies the use of a time step mu
h lower thanthe allowed for the shortest dire
tion. This high de
ompensation betweenlengths for a single node is on the basis of the serious dispersion problemsmentioned.2. Se
ondly, the spheri
al geometry has an indetermination at θ=0 (see Figure5.3). When translated to TLM and the spheri
al shell problem, we �nd thatfor this lo
ation there is a spe
ial interfa
e where several nodes must be
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hed all together to a pun
tual area, and therefore the standard TLMnode is no longer valid, requiring the use of a spe
i�
 node for this singularpoint. This same problem has also been reported for 
ylindri
al systemswith the z-axis [183℄ (see Figure 5.3).

Figure 5.3: Problems asso
iated to a spheri
al grid approa
h.We had previous experien
e in working with spheri
al nodes [14, 58℄, andwe �nally de
ided to employ the 
ubi
 Cartesian node to avoid the problems ofdispersion and indetermination at 
ertain points and interfa
es. However, therealso exist two drawba
ks for this sele
tion whi
h we dis
uss below:1. The �rst is only apparent and related to the modeling of a spheri
al shapeby 
ubes. The justi�
ation to this de
ision is that the size of the 
ubes ismu
h smaller (5 or 10 km) than the radius of the sphere to model (6,370km), and therefore, the model adjusts quite well the initial shape. In otherwords, although a Cartesian model of a sphere seems imperfe
t, the di�er-en
es observed are 
on
erned with high frequen
y details outside the bandof interest.2. Se
ondly, sin
e the smallest size of the 
avity is 100 km in the r dire
tion,the maximum size of the TLM node will be 10 km, in order to have at least10 nodes in the r dire
tion. However, 10 km of size is very small node for the
φ and θ dire
tions (the Earth's perimeter is about 40,000 km), where no su
ha huge resolution is required. This means that the use of ten nodes along the
r dire
tion implies the use of about 4000 nodes for both angular dire
tionswhi
h turns into memory and time 
al
ulation problems. The solution to
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e the amount of time required for the
omputations.Due to the singular shape of the Earth-ionosphere 
avity (spheri
al and verythin 
ompared to its radius), if we try to �t the 
avity on a Cartesian grid, most ofthe 
ells obtained will not belong to the 
on
entri
 
avity, sin
e they are lo
atedbelow the ground level or outside the ionosphere where the high 
ondu
tivityavoids propagation. Taking the 
ell size as 10 km, and bearing in mind that theexternal radius of the 
avity is approximately 6470 km, there are over 2 · 109 
ellsin a box that �ts the geometry. Only around 5 · 107 (2.5%) of the 
ells belong tothe 
on
entri
 
avity itself. One 3D-SCN node needs, in its most simple form, 100Bytes for a parallelizable solution. Fitting the problem in a Cartesian grid wouldrequire 200 GBytes of RAM memory. If we �nd a topology whi
h only a

ountsfor the relevant nodes, we will redu
e the amount of RAM to 5 GBytes.To program 3D-SCN nodes, ea
h node would need at least 12 �oats (no variablepermittivity or permeability), or 18 for variable permittivity and permeability, forstoring the line voltages, plus one integer at least to denote the kind of materialsimulated. We will negle
t the amount of spa
e required to store the matri
es,sin
e ea
h matrix is used by several amount of nodes (all nodes whi
h belong tothe same medium). This yields 52 - 76 Bytes per node.In addition, parallelizing the independent matrix multipli
ations of Equation4.1 requires doubling the memory size required to hold the problem. Sin
e theinput voltage for one node is the output voltage for another node, V i
n and V r

nmust be stored in di�erent variables. Doubling the required memory size is a non-avoidable penalty of engaging parallelization, sin
e we do not know the order inwhi
h the matrix multipli
ations will be performed. Therefore, we need a minimumof 100 Bytes (148 Bytes for the heterogeneous 
ase) to hold a node, as mentionedabove.5.3.1 Prepro
essOur approa
h is to 
reate an algorithm that attempts to work e�
iently regardlessof the geometry of the problem. Therefore, there is no general topology we 
an takeadvantage of. The problem is split into two parts: the prepro
ess and the TLM
al
ulation itself. The purpose of the prepro
ess is to assign a unique identi�
ation
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h node, independent of its spatial position. Ea
h node must knowthe type of media it is simulating and the unique numbers of its adja
ent nodes(see Figure 5.4). This adds a penalty of 6 integers (24 Bytes) to the memoryrequirements of ea
h node.In our algorithm, the geometry presented above needs less than 9 GBytes to bestored, be
ause only the relevant nodes are taken into a

ount. Thus, the se
ondpart no longer knows about the initial lo
ation of the nodes; instead, it has aone-dimensional ve
tor of 
ells and data about the neighboring nodes in between.Any geometry of the problem is simpli�ed to this 
on
ept, where the variable ofinterest is the total amount of nodes.

Figure 5.4: Role of the prepro
ess.The prepro
ess is a fast operation 
ompared to the TLM 
omputation, and anymethod of implementing it (parallel or otherwise) will satisfy our needs. Basi
ally,it 
onsists in evaluating all the 
ells in the initial Cartesian grid in order to dis
overwhether they belong or not to the geometry of interest. If the 
ell belongs, a uniqueidenti�er is assigned to it. The unique identi�ers of its neighbors are also stored,together with and identi�er of the 
ell medium. With this approa
h, if we want tofa
e di�erent problems than the spheri
al shell 
avity, we will have only to writethe prepro
ess 
ode whi
h translates the initial problem to this one-dimensionalarrangement. The 
ore 
omputations 
an be e�
iently 
oded and be used for anygeometry.
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Figure 5.5: Diagram of the parallel-TLM iteration pro
ess. At ea
h time-step there are two parallel zones; thread syn
hronization between them must beensured. The gray boxes represent the portions of memory involved during theiteration.5.3.2 The TLM 
ore 
omputationThe TLM algorithm presented in Chapter 4 is suitable for spatial parallelization,sin
e 
al
ulations of new V r
n and reordering of V r

n into V i
n for a given time stepare independent. The main blo
k of our algorithm is the iteration over time steps,
al
ulating for ea
h 
ell the new re�e
ted pulses V r

n (t+1) from the re�e
ted pulses
V r
n (t) of adja
ent 
ells.Initially, this step in our algorithm 
onsisted of two di�erent parallel parts(See Figure 5.5). The �rst part transformed re�e
ted pulses from nearby 
ellsinto in
ident pulses of the 
onne
ted 
ells. This step was of a purely reorderingnature and no spe
i�
 
al
ulations had to be made but, instead, large portions ofmemory had to be swapped. The V r

n ve
tors were permuted and translated into V i
nve
tors, by using the information stored in the neighboring variables. The se
ondpart 
al
ulated V r

n at ea
h node by multiplying V i
n by the s
attering matrix (S).However, it is possible to optimize the above algorithm. The idea is to avoidthe large swapping of memory for reordering the pulses after re�e
tion. Instead,we just swap the pointers of the two data stru
tures. Of 
ourse, by doing this, weare not performing the reordering (or neighboring) pro
ess. The neighboring isimplemented impli
itly in the matrix multipli
ation, adding 
onsiderable 
omplex-ity to this portion of 
ode, but redu
ing the overall time of exe
ution. We avoidone of the three memory reads required for ea
h pulse, and in addition we avoidall the memory writing related to reorder the elements (again one per pulse). Theinitial algorithm reads ea
h re�e
ted pulse (operation whi
h requires two memory
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Figure 5.6: Diagram of the parallel-TLM iteration pro
ess optimizeda

esses, one for determining the neighbor and one for obtaining the value of thepulse itself) and writes it into a new in
ident pulses stru
ture (V i
n), and after-wards reads it again, 
omputes the matrix multipli
ation and stores the resultsinto V r

n . The se
ond approa
h dire
tly reads the pulse and the neighbor, 
omputesthe multipli
ation and stores the new V r
n , at the 
ost of more binary operations(if de
isions), whi
h are mu
h faster than memory a

esses and writings. Thenomen
lature of V r

n and V i
n is not 
orre
t under this new paradigm, be
ause weare not storing V i

n anymore. A more appropriate 
alling for the variables is V r
nand V rOld

n .The main 
omplexity added for merging the two parallelizable se
tions intoonly one (see Figure 5.6) is that the new uni�ed 
ode is di�erent for nodes whi
hhave at least one side at the edge of the problem. These nodes use their ownre�e
ted pulses as input voltage, instead of the neighbor ones. Di�erent 
odefor matrix multipli
ation must be written for ea
h 
ase of having one side at theborder of the geometry. Finally, nodes with more than one side on the borderrequire extra 
omputations, but they are a small portion of the total (9% forthe Earth-ionosphere waveguide). Therefore, we de�ne an extra variable for ea
hnode whi
h stores information about the borders of the node. This leads to a�nal memory size of 128 Bytes per node (12 �oats for V r
n , 12 �oats for V rOld

n , oneinteger for the kind of medium, 6 integers for the six neighbors, plus one integerto store information about its borders).
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hite
ture 
hosen is Shared Memory (SM), using openMPdire
tives and writing the 
ode in C. Under this ar
hite
ture, all the CPUs havea

ess to the same memory spa
e, ex
ept for the 
a
he, where ea
h CPU has itsown. This ar
hite
ture makes the ex
hange of data extremely simple 
ompared toDistributed Memory (DM) environments [184℄. Con
urrent write a

ess to mem-ory be
omes the bottlene
k operation on SM environments, sin
e the multiple 
oreCPUs share the same memory a

ess bus, this fa
t a�e
ting s
alability. However,ea
h CPU has its own 
a
he, thus giving a larger total 
a
he memory with moreCPUs in use. The ma
hines employed in this study all have NUMA ar
hite
turememory disposal, as des
ribed in [185, 186℄.The TLM 
omputation loop employed is shown in high-level pseudo-
ode be-low, where the OpenMP dire
tives have been in
luded:#pragma omp parallel private(private variables){ for(t=0..TotalTime){ #pragma omp single{ //Swap the pointers to the voltage data stru
tures&Vr ⇔ &VrOld;//system feedingfor(i=0..NumberOfFeeds) V[i℄= feeding;//store the relevant outputfor(i=0..NumberOfOutputs) output=V[i℄;}//matrix multipli
ation and neighboring together#pragma omp for s
hedule (stati
)for(i=0..Nodes) Vr[i℄=S*(Neighboring(VrOld[i℄));}end for(t)}end pragma parallelThe main loop of the 
ode is inside a #pragma omp. In this way, the overheadof 
reating (and destroying) new threads needs to be 
omputed only on
e for allthe exe
ution. It mainly 
onsists of iteration over time steps, whi
h is not paral-lelizable, and whi
h needs syn
hronization of the threads whi
h work inside ea
h
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h time step iteration is divided into two blo
ks; a sequential blo
kand a parallel blo
k. The sequential blo
k performs three di�erent operations:
• Swap V r

n by V rOld
n . As we mentioned before, V r

n and V rOld
n must be stored inseparate memory addresses in order to enable parallelization. At the begin-ning of a time step, the re�e
ted pulses from the previous iteration be
omethe in
ident pulses on the neighbor nodes. In our implementation we limithere to swap the pointers of the ve
tors V r

n and V rOld
n , and the 
omplexity ofneighboring swapping is done impli
itly in the matrix 
al
ulations, avoidingextra reading and writing to memory, although adding a penalty of morepro
essing and larger 
ode, as 
ommented before.

• System feeding. Our initial ele
tromagneti
 problem may have sour
es on itsinitial de�nition. These sour
es bring external voltage pulses to the system,whi
h are added in this portion of 
ode.
• Output storage. Some key nodes are marked as output and therefore thetemporal evolution of their voltages is ne
essary to re
onstru
t the �elds'evolution afterwards. All the line voltages at ea
h time step from theseoutput nodes are stored in memory, and dumped to disk at the end of the
omputation.The parallel blo
k is in 
harge for the matrix multipli
ation of ea
h node. It is
omposed of a parallel for. Sin
e the V r

n 
al
ulation 
an be performed indepen-dently for ea
h node, the OpenMP dire
tive (#pragma omp for) is in 
harge to dis-tribute the 
omputations between the available number of threads. Therefore, ea
hthread will 
ompute a portion of the total range of i. Sin
e the 
lause s
hedule(stati
) is present, all the available threads will iterate an equal amount of thei range. If this 
lause would not be present, the default behavior is to balan
ethe amount of load dynami
ally, with an extra 
omputation 
ost for monitoringand redistributing the work to di�erent threads. This approa
h is useful whendi�erent iterations may require 
onsiderable di�erent amount of CPU time.In order to redu
e the total time of 
omputation, several optimizations havebeen in
luded here, whi
h make the real 
ode 
omplex and hard to interpret. Themost 
omplex one, deals with the impli
it neighboring of the nodes in the matrixmultipli
ation. It is implemented in su
h a way that the nodes on the edges ofthe initial geometry are treated in a di�erent manner than the internal nodes.
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ode is di�erent but the amount of 
omputation remains similar for internaland external nodes, ex
ept for the nodes whi
h are edge in more than one of itssides. In this 
ase the 
omputations are a bit larger (six extra if else senten
es).The number of nodes being edge in more than one side is usually small on mostgeometries. For the 
ase of the Earth-ionosphere 
avity, roughly 9% of the nodesare multi-edge. It is worth noting that for our problems s
heduling the parallelfor as stati
 improves the performan
e of the algorithm, although 9% nodesrequire a bit more 
omputation than the rest.As we have seen in Equation 4.36, S is a disperse matrix with many zeros, sodire
t implementation of the matrix multipli
ation is preferable to using optimizedlibraries, su
h as AMD Core Math Library (ACML). For the general 
ase of vari-able permittivity and permeability, 126 multipli
ations and 108 additions have tobe 
arried out for ea
h 
ell in order to obtain Vr from the matrix multipli
ation.All these 
omputations are independent between 
ells and 
omprise the most par-allelizable part of the TLM algorithm. Syn
hronization between threads is of vitalimportan
e in the algorithms presented above. All the threads must �nish the onetime step before any of them starts 
omputing the next time iteration.Many simulations of the Earth-ionosphere 
avity do not need to a

ount forvariable permittivity or permeability, and the ele
tri
 
ondu
tivity of the nodesis the same regardless of the dire
tion. Under this situation, we 
an avoid theuse six stubs on the SCN node (see Se
tion 4.5). Then, the matrix S is 
onsider-ably simpli�ed and therefore the number of multipli
ations and additions 
an besubstantially redu
ed. In fa
t, the resulting matrix 
an be de�ned by only three
oe�
ients:
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where d=1/2, and the other two depend on the 
ondu
tivity G:
a = − G

2(4 +G)
c =

2

4 +GIf we de�ne the intermediate variables
A = a(V i

1 + V i
12) + c(V i

2 + V i
9 ); Z = d(V i

3 − V i
11);

B = c(V i
1 + V i

11) + a(V i
2 + V i

9 ); Y = d(V i
6 − V i

10);

C = a(V i
3 + V i

11) + c(V i
4 + V i

8 ); X = d(V i
1 − V i

12);

D = c(V i
3 + V i

7 ) + a(V i
4 + V i

8 ); W = d(V i
5 − V i

7 );

E = a(V i
5 + V i

7 ) + c(V i
6 + V i

10); V = d(V i
4 − V i

8 );

F = c(V i
5 + V i

7 ) + a(V i
6 + V i

10); U = d(V i
2 − V i

9 );then, the re�e
ted pulses 
an be obtained as
V r
1 = A + Z; V r

5 = E + V ; V r
9 = B − Y ;

V r
2 = B + Y ; V r

6 = F + U ; V r
10 = F − U ;

V r
3 = C +X ; V r

7 = E − V ; V r
11 = C −X ;

V r
4 = D +W ; V r

8 = D −W ; V r
12 = A− Z;redu
ing the 
omputation to 18 multipli
ations and 36 additions per node.
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hmarking5.5.1 Re
tangular 
avityIn order to see the relevan
e of the parallelization of the 
ode, we have ben
h-marked a 
anoni
al problem of a 3D re
tangular 
avity run on di�erent platforms.In addition, the results obtained served to validate the 
ode, sin
e it is a problemwith known analyti
al solution. The problem 
onsists of a 3D re
tangular 
avitywith perfe
t 
ondu
ting walls and an homogeneous diele
tri
 medium inside. Weintrodu
e an initial pulse and let it propagate. In order to study the s
alabilityof the algorithm, we have performed four di�erent simulations of the problem, inwhi
h we 
hange the size of the 
avity as well as the number of time iterations.The general node whi
h a

ounts for variable permittivity, permeability and 
on-du
tivity has been employed, together with the implementation whi
h does notperform the reordering impli
itly. The dimensions of ea
h simulation 
an be seenin Table 5.1.Table 5.1: Des
ription of the four simulations performed for ben
hmarking.Legend No. of nodes Memory size Time iterations step-node 
omputationsP1 104 1.72 MB 105 109P2 4 · 104 6.88 MB 2.5 · 104 109P3 106 172 MB 103 109P4 5 · 107 8.6 GB 2 · 101 109P4 simulates the largest 
avity, with a number of nodes of the same order asthe Earth-ionosphere 
avity. P3 has still more nodes than P1 and P2 by two ordersof magnitude. The time iterations were 
ompensated in ea
h simulation in orderto have the same total number of step-node 
omputations in all the simulations.An step-node is a unit of 
omputation whi
h 
omprises the pro
ess of 
omputingone matrix multipli
ation to obtain Vr plus the reordering required for that node.The number of step-nodes in a simulation is 
al
ulated by multiplying the timeiterations by the number of nodes.The 
al
ulations of P1 and P2 were repeated, de
reasing the time steps bya fa
tor of ten. The results showed a total de
rease in the exe
ution time by afa
tor of ten regardless of the number of CPUs employed for the 
al
ulations. This



132 Chapter 5.trial illustrates the sequential nature of the iteration over time, i.e., doubling thetime iterations will always double the required 
omputation time, regardless ofthe RAM required by the problem, the number of nodes or the amount of CPUsemployed.We have measured the total exe
ution time over di�erent 
omputers and usinga di�erent number of CPUs, in order to determine the s
alability of our algorithm.Three di�erent 
omputers have been used in the ben
hmarking pro
ess:
• SuperMi
ro8 (SM8). Server with 2 AMD opteron quad-
ore pro
essors 2.0GHz and 32 GB RAM, in Not Uniform Memory A

ess (NUMA) 
on�gura-tion. The OS is OpenSUSE 11.4 and the 
ompiler employed is open

 4.2.4(level 2 of optimization).
• SunFire16 (SF16). Server with 8 AMD opteron dual 
ore pro
essors 2.2 GHzand 64 GB RAM, in Not Uniform Memory A

ess (NUMA) 
on�guration.The OS is SUSE Linux Enterprise 10 and the 
ompiler employed is Open

4.2.4 (level 2 of optimization).
• SuperMi
ro32 (SM32). Server with 4 AMD opteron eight-
ore pro
essors 2.0GHz and 96 GB RAM, in Not Uniform Memory A

ess (NUMA) 
on�gura-tion. The OS is OpenSUSE 11.4 and the 
ompiler employed is open

 4.2.4(level 2 of optimization).The use of level 2 of optimization (-O2) leads to a de
rease of 5 times the exe-
ution time of a single CPU exe
ution, when 
ompared to level 0 of optimization,but at a 
ost of worse s
aling. Nevertheless, the best absolute times are obtainedwith this level of optimization (-O2). The 
ode has been written in C and isexa
tly the same on every ma
hine and in every simulation.In Figure 5.7, we show a summary of the results obtained with the di�erent
omputers presented above. On the left side, the total exe
ution time is presentedas a fun
tion of the number of CPUs employed in the 
al
ulation. On the rightside, the speedup (exe
ution time with 1 CPU / exe
ution time with n CPUs) ispresented, again as a fun
tion of the number of CPUs. In an ideal 
ase, doublingthe number of CPUs would double the speedup.Regarding the total time exe
ution pi
tures, we 
an observe the speed of serverswhen exe
ution is 
arried out over one CPU, SunFire16 being the slowest and
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ation.



134 Chapter 5.SuperMi
ro32 the fastest for all the simulations. It 
an also be seen that asthe size of the problem in
reases (from P1 to P4) the 
omputation of step-nodesbe
omes more 
ostly.Regarding the results shown in Figure 5.7, one 
an see that there is not asimple relation between the s
alability of the algorithm and its size. It dependson multiple variables, su
h as multi-
ore 
on�guration, disposal of RAM memoryor the total size of 
a
he.The worst results are obtained by SunFire16, and this is probably due to itsinternal arrangement of CPUs. It is 
omposed of 8 dual-
ore 
ir
uits, in 
ontrastto SuperMi
ro8 (2 quad-
ores) and SuperMi
ro32 (4 eight-
ores). It seems thatlarger multi-
ore 
ir
uits give better results than many smaller (dual-
ore) 
ir
uitsfor our algorithm.Maximum speedups are obtained for smaller problems (P1 and P2), and webelieve this is due to the 
a
he e�e
t, as stated by Ciamulski and Sypniewski[186℄. The 
a
he sizes (L2) for the di�erent ma
hines are 8· 512 KB = 4 MB forSuperMi
ro8, 16· 512 KB = 8 MB for SunFire16, and 32 · 512 KB= 16 MB forSuperMi
ro32. By looking at Table 5.1, we 
an see that 
a
he size and memoryusage in P1 and P2 simulations are in the same order of magnitude, thus a

essto RAM is drasti
ally redu
ed for these simulations. For P3 and P4, the memoryusage required ex
eeds the 
a
he 
apa
ity by two or three orders of magnitude,and therefore the speedup does not rea
h its maximum values.Under spe
i�
 
ir
umstan
es, superlinear speedup is a
hieved by our algorithm.It o

urs for the smallest memory size problem (P1), with platforms SuperMi
ro8and SunFire16. The superlinear speedups a
hievements are summarized in Table5.2. The values whi
h 
orrespond to superlinear speedup are shown in bold font.This behavior is due to a better re-use of the 
a
he memory, whi
h is mu
h fasterthan RAM memory. We 
an see that this behavior is ar
hite
ture-dependent, sin
ethe superlinear speedup is not a
hieved for the same problem under SuperMi
ro32platform.The maximum speedup obtained is 11.3, for P2, using SuperMi
ro32 with 16CPUs. This is a good result if we 
ompare it with other TLM parallelizationattempts. In [187℄, speedups of up to 8.72 are obtained with 12 CPUs in a dis-tributed memory environment, while in [188℄ a speedup of 7.1 is obtained with theuse of GPUs.



Parallelization of the TLM 135Table 5.2: Speedups obtained in P1 simulation.2 
ores 4 
ores 8 
ores 12 
ores 16 
oresSuperMi
ro8 2.33 4.82 8.87SunFire 16 2.15 5.98 9.97 6.71 4.98SuperMi
ro32 1.99 3.84 6.76 7.43 6.565.5.1.1 Memory allo
ation poli
yThe mentioned 
omputers are 
onstru
ted under NUMA ar
hite
ture. That meansthat the a

ess time (for both reading and writing) may vary depending on whi
hCPU wants to a

ess whi
h portion of memory. As programmers developing 
odefor a SM environment, we 
annot de
ide in whi
h physi
al address we want tostore ea
h variable or ve
tor, this is done internally by the OS. The default poli
yis to reserve memory on the nearest memory spa
e. Sin
e the reservation is madeat the beginning of the 
ode by a single thread, some memory areas hold all ormost of the variables, i.e., all their available spa
e. However, there is a tool 
allednuma
tl whi
h allows the programmer to spe
ify some rules to the OS on howto reserve memory. We 
an ask for using only 
ertain portions of the memory,for instan
e. An interesting poli
y is the round-robin memory allo
ation, whi
hhas been used in this study to boost the performan
e of the algorithm. The ideabehind round-robin plani�
ation is very simple; it 
onsists in �lling the resour
es(the RAM memory in this 
ase) in a 
ir
ular way, taking into a

ount all thedi�erent physi
al areas. In this way, all the di�erent portions of memory will holdpart of the data. Sin
e ea
h CPU has its preferred areas of memory, showingless laten
y when a

essing to them, if we do not spe
ify any numa
tl poli
y, thedata will be likely be stored 
ontiguously, meaning that few CPUs will show lowlaten
y when a

essing to them while the rest will need long times to retrievedata. In addition, there will be 
ompetition between the nodes when trying towrite through the same bus. This situation is avoided by making use of the round-robin memory allo
ation poli
y, whi
h establishes that the data will be distributedequally among the di�erent physi
al areas of the memory. With this situation, theglobal exe
ution time of P3 and P4 is 
onsiderably de
reased when using severalCPUs, as it is shown in Figure 5.8. This optimization does not a�e
t P1 and P2,sin
e most of the variables �t in the lo
al 
a
hes, and the results are pra
ti
allythe same regardless of the memory poli
y set. On the other hand, speedups up



136 Chapter 5.to 12 for P3 and 15 for P4 have been a
hieved, with the use of 32 
ores in SM32
omputer.5.5.2 Modeling atmospheri
sThe algorithm des
ribed in Se
tion 5.3 has been employed to simulate a lo
alportion of the Earth-ionosphere waveguide, on a very �rst approximation. Thepurpose of this simulation is again to ben
hmark the algorithm. The surfa
e ofEarth behaves like a good 
ondu
tor in the Very Low Frequen
y range (VLF, i.e.,in the order of kHz), with 
ondu
tivity ∼10−2 S/m for ground and ∼3.2 S/m forsea water [189℄. Above the ground there is air, whi
h is of diele
tri
 nature. As thealtitude in
reases the number of free ele
trons in
reases too, the density of neutralde
reases, and the air starts behaving like a 
ondu
tor. A typi
al 
ondu
tivitypro�le with altitude is shown in Figure 5.2. Sin
e the atmospheri
s are attenuatedby the 
ondu
tivity of the system, they are of lo
al nature and exist only in anarea of few thousand km. Therefore, for the ben
hmarking purpose of this se
tion,we will 
onsider as a �rst approximation to the waveguide two 
ondu
ting parallelplates separated by a diele
tri
 of varying 
ondu
tivity, and we will negle
t thespheri
ity of the waveguide.The main ex
itation sour
es of the waveguide are lightning, they generate abroadband signal whi
h di�ers in orientation, strength and duration depending ofits nature (
loud to ground, 
loud to 
loud, Q-bursts, et
.). A typi
al stroke inpositive 
loud to ground lightning generates a 
urrent whi
h has been depi
tedin Figure 5.9 [190℄. This 
urrent has been employed as ex
itation sour
e in ourproblem.The signal originated by the stroke travels a 
ertain distan
e guided betweenthe two parallel plates before vanishing due to losses. On a �rst approximation,the system 
an be regarded as a parallel in�nite plates waveguide. A

ording to[191℄, for a lossless waveguide of this geometry the 
ut-o� frequen
ies are lo
atedat fn = nc/2h, where c is the speed of light in va
uum, h is the distan
e betweenthe parallel plates, n is the mode number, and fn the asso
iated 
ut-o� frequen
yof the mode (see Chapter 1).The problem has been simulated with our algorithm, both for a lossless andfor a lossy waveguide. For the lossless waveguide, the 
ondu
tivity is supposed
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Figure 5.10: Detail of the �rst 
ut-o� frequen
y for the lossless and the lossyEarth-ionosphere waveguide.to be zero in the diele
tri
. For the lossy waveguide, the 
ondu
tivity pro�lefrom Figure 5.2 is applied. In both 
ases the parallel plates are taken as perfe
t
ondu
tors. A detail of the �rst and se
ond 
ut-o� frequen
ies are depi
ted inFigure 5.10, whi
h 
orresponds to ele
tri
 �eld in the z dire
tion, at a distan
eof 45 km in the y dire
tion from the sour
e (see Figure 5.11 for de�nition of thedire
tions). It is interesting to see the e�e
t of the 
ondu
tivity, whi
h in
reasesthe value of the 
ut-o� frequen
ies, being equivalent to have a narrower waveguide.The quantitative results of this simulation are in agreement with the experimentalresults from Chapter 3.We have measured the total exe
ution time over di�erent 
omputers and usinga di�erent number of CPUs, in order to determine the s
alability of our algorithm.Two di�erent 
omputers have been used in the ben
hmarking pro
ess:
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Figure 5.11: Spatial arrangement of the problem
• SuperMi
ro8 (SM8). Server with 2 AMD opteron quad-
ore pro
essors 2.0GHz and 32 GB RAM, in Not Uniform Memory A

ess (NUMA) 
on�gura-tion. The OS is OpenSUSE 11.4 and the 
ompiler employed is open

 4.2.4(level 2 of optimization).
• SuperMi
ro32 (SM32). Server with 4 AMD opteron eight-
ore pro
essors 2.0GHz and 96 GB RAM, in Not Uniform Memory A

ess (NUMA) 
on�gura-tion. The OS is OpenSUSE 11.4 and the 
ompiler employed is open

 4.2.4(level 2 of optimization).The problem ben
hmarked makes use of symmetry and the initial grid is two-dimensional. A

ording to Figure 5.11, the symmetry is applied in the x dire
tion.The 
ondu
tivity pro�le is extended along z dire
tion, and the output measured ata 
ertain distan
e on the y dire
tion. The node size is 1.5 km, the time step is 2.5

µs, the number of time steps is 7,500, and the total number of nodes is ∼106 (67nodes in z, 15,000 nodes in y). For this simulation, the optimized algorithm fromSe
tion 5.3 has been employed, together with the simpli�ed node whi
h permitsto substantially redu
e the 
omputations. The ex
itation is pla
ed next to theground, in the 
enter of the waveguide.With this 
on�guration, a total of 7.5·109 step-node 
omputations must beperformed to solve the problem. The total exe
ution time and relative speedupsare shown in Figure 5.12, for the two platforms. A maximum speedup of 6 is arisenwith SM8, when making use of its 8 CPUs. On SM32, we obtain a maximumspeedup of 16 when using 30 CPUs.Due to the size of the problem (roughly 128 MBytes), again we obtain betterresults when the round-robin memory allo
ation poli
y is employed. The 
ompar-ison is plotted in Figure 5.12.
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Figure 5.12: Total time of exe
ution and relative speedups for the di�erentplatforms5.6 Con
lusionWe have des
ribed the di�erent hardware solutions for 
omputing parallel-intensive
ode. Then we have fo
used on modeling the Earth-ionosphere 
avity by meansof an e�
ient parallel algorithm based on TLM. The inherent parallel areas ofthe method have been pointed out, and a translation from arbitrary topologyto 1D has been de�ned (prepro
ess). We have parallelized it for shared memoryar
hite
tures, by using OpenMP dire
tives. Several optimizations have been madere
ursively to the initial 
ode, and the most important ones are brie�y explained.The solution obtained is ben
hmarked by two independent studies, whi
h yieldsimilar results over di�erent 
omputers. In order to obtain the maxima speedups, itis ne
essary to set a poli
y of round-robin memory allo
ation, in order to minimizethe e�e
ts of the NUMA ar
hite
ture. Speedups of up to 16 have been measuredby using 32 CPUs, for models of the size of the Earth-ionosphere 
avity. Under
ertain 
ir
umstan
es (small memory requirements whi
h allow the model to �t inthe 
a
hes), superlinear speedup has been a
hieved.



Chapter 6
Modeling the Earth-ionosphere
avity
In this 
hapter, we present the �rst results for our 3D parallel algorithm, whenapplied to the study of the Earth-ionosphere 
avity and the S
humann resonan
es.First, the employed model for lightning, i.e., the sour
e or ex
itation for the sim-ulations, is introdu
ed. Then, a simulation of the 
avity without a

ounting forlosses is performed. The results are in ex
ellent agreement with the analyti
alsolution for the problem, in
luding the spatial distribution of the modes. Afterthat, a 
ondu
tivity pro�le whi
h varies with height is added to the model, and theresulting SR frequen
ies are lower than for the lossless 
avity, as expe
ted. Finally,three simulations whi
h make use of the 3D nature of our model are presented,with the aim of showing the future potential of the tool. However, pro
essing thelarge and 
omplex amount of output data that the models give will require spe
i�
te
hniques, like for instan
e the one shown by Morente et al. [192℄, whi
h will not
overed here, sin
e the data analysis from the models deserves a deep study whi
his beyond the s
ope of this thesis.6.1 Model employed for lightning dis
hargesThe ex
itation of all the simulations presented in this 
hapter was based on averti
al 
urrent of 5/10 km length, i.e., the length of one node. The time evolutionof the 
urrent is generated by a double exponential, as it was introdu
ed in Se
tion141



142 Chapter 6.5.5.2, see Figure 5.9, following the equation
I = I0

(

e−αt − eβt
) (6.1)with the typi
al values for a positive 
loud to ground lightning of 1/α=88 µs,1/β=1.55 µs. A typi
al value for I0, for a severe stroke, 
an be up to 50 kAor even more. However, in the simulations, we employed arbitrary units, and I0usually equals to 1.In Figure 6.1, DFT modulus of the 
urrent employed for lightning 
an beobserved. The response is 
onstant in the ELF band, so the spe
tra that wewill show in the following simulations 
orrespond to the impulse response of thesystem.

Figure 6.1: DFT modulus of the 
urrent employed to model the lightningsour
es for the model.
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avity 1436.2 Earth-ionosphere 
avity without losses, SR de-penden
e with distan
e to the sour
eThe �rst simulation we want to present in this 
hapter is the simplest one, and itis interesting in order to validate the algorithm presented in the previous 
hapter,when applied to the whole Earth-ionosphere 
avity. The 
avity has been 
onsideredas the spa
e between two 
on
entri
 spheres of 6,370 and 6,470 km, with perfe
t
ondu
ting walls at the borders and no 
ondu
tivity in the interior. The spheri
alshell has been modeled by 
ubi
 nodes, in this 
ase of ∆l=5 km of size. The totalnumber of nodes is ∼4.14·108, and the amount of RAM required is ∼61.5 GBytes.Around 1.1 GBytes is employed for storing the outputs. For a spatial grid with5 km resolution, the time step required is 8.34 µs. The number of time iterations
al
ulated was 2.4·105, and therefore the simulated time length is ∼2 s. Withthese parameters, when the FFT is 
omputed, a frequen
y resolution of 0.5 Hz isa
hieved. The total time of 
omputation required when using 32 
ores on SM32(see Se
tion 5.5.1) is roughly 6.0·105 s, i.e., around seven days.The ex
itation sour
e of the 
avity has been lo
ated at θ=0 and r=6,372 km,i.e., the North Pole. The ex
itation 
orresponds to a verti
al positive Cloud toGround (+CG) lightning, and its 
urrent is shown in Figure 5.9. This stroke startsat t=0, and lasts for 500 µs.With this spatial arrangement, the problem has symmetry over the φ 
oordi-nate, and the therefore the outputs had been lo
ated all φ=0. A total of 101 nodesare marked as output, and they are equally spa
ed along the 
oordinate θ, from0 to π, for r=6,370 km, i.e., at the surfa
e, be
ause it is the 
ommon lo
ation forSR measurements.As expe
ted from Se
tion 1.3, the two relevant 
omponents of the ele
tromag-neti
 �eld are Er and Hφ. In Figure 6.2, we have plotted the six 
omponents ofthe output 
orresponding to θ=π/4, in order to show this fa
t. The other outputnodes show similar results, where the two 
omponents mentioned are mu
h greaterthan the rest.In order to 
orroborate the results from the simulations, we have plotted therelationship between the modal amplitude of the six �rst SR and the angulardistan
e to the sour
e for the 101 nodes marked as output (θ=0, θ=π/100,...,
θ=π), in Figure 6.3. This result is in agreement with Figure 2.10.
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Figure 6.2: Spe
tra of the six ele
tromagneti
 
omponents. The relevan
e of
Er and Hφ 
an be observed.
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Figure 6.3: Dependen
e of SR modal amplitude with θ, for the lossless 
avity.The simulation has been repeated 
hanging only the size of the spatial grid to
∆l=10 km. Doubling the size of the nodes redu
es by a fa
tor of eight the numberof nodes, at the 
ost of a poorer �tting of the spheri
al geometry and worse spatialresolution. The maximum valid frequen
y is also redu
ed by a fa
tor of two, butthis is not important for the study of SR, be
ause the top frequen
y is still 3kHz (the 
ondition is λ ≥ 10∆l). The amount of memory required is redu
ed to9.1 GBytes (with 1.1 GBytes for storing the results). The time of 
omputation,again with 32 
ores in SM32, is redu
ed to 7.6·104 s, i.e., roughly 21 hours. Themagneti
 �elds in φ dire
tion at an angular distan
e of π/4 of the two simulationsare 
ompared in Figure 6.4.The six maxima from ea
h spe
tra of Hφ have been extra
ted and averaged,with the aim of using them as a proxy of the resonan
e position. The results areshown in Table 6.1, for both simulations.It 
an be observed that the results for the 
entral frequen
ies of the six SR are
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Figure 6.4: Comparison of Hφ at θ=π/4, for the two simulations (5 km and10 km).Table 6.1: Central values in Hertz for the six �rst SR, lossless 
avity. The last�le shows the values obtained with the analyti
al solution for the same 
avity.1st SR 2nd SR 3rd SR 4th SR 5th SR 6th SR10 km 10.24 17.74 24.98 32.35 39.63 46.935 km 10.47 17.99 25.48 32.96 39.98 47.47Analyti
al 10.51 18.20 25.75 33.24 40.71 48.17similar in the two simulations and with the results from the analyti
al solution.For the 
ase of the 10 km size simulation, the errors for the 
entral frequen
ies arealways under 3%. This error is redu
ed to less than 1.5% for the 5 km simulation.6.3 Earth-ionosphere 
avity with lossesThe next simulation that we will present shares all the 
on�guration with theprevious one, with the ex
eption that the 
ondu
tivity pro�le from Figure 6.5has been added to the 
avity, and that the number of time iterations has beenin
reased to 480,000 (for the 10 km model) in order to obtain better frequen
yresolution. The frequen
y resolution a
hieved is 0.125 Hz. The 
omputation timerequired is therefore roughly 42 hours, for the 32 
ores 
omputer.
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Figure 6.5: Condu
tivity pro�le for the lossy 
avity whi
h does not take intoa

ount the day-night asymmetry. Extra
ted from [58℄.In Figure 6.6, we have plotted the output spe
tra for the magneti
 �eld forthree di�erent values of the distan
e to the sour
e (θ=π/4, π/2, 3π/4). It isinteresting to note that the resonan
es are not sharp and well de�ned for the lossy
avity, as a main di�eren
e with the lossless 
avity, its quality fa
tor, Q, being anew parameter to take into a

ount.In addition, the frequen
ies are sensibly lower than in the previous model. The
entral values of the frequen
ies, obtained as an average from all the outputs, aresummarized in Table 6.2. Sin
e the frequen
y of the resonan
e varies dependingon the distan
e to the sour
e at whi
h is measured, the standard deviation of thedistribution for ea
h frequen
y has been also 
al
ulated.Table 6.2: Central values (fc) in Hz and standard deviation for the four �rstSR, lossy 
avity. The 
entral values di�er depending on the distan
e to thesour
e. 1st SR 2nd SR 3rd SR 4th SR
fc 10 km 8.11 14.57 20.96 24.42Std. dev. 10 km 0.260 0.384 0.502 0.601
fc 5 km 8.23 14.76 21.26 27.78Std. dev. 5 km 0.343 0.451 0.538 0.551Experimental [12℄ 7.8 13.9 20.0 26.0
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Figure 6.6: Di�erent Hφ spe
tra (θ=π/4, π/2, 3π/4) 
omparison betweensimulations of 5 and 10 km, for the lossy 
avity.



148 Chapter 6.6.4 Chi-Chi earthquake simulationThe team from the University of Ele
tro-Communi
ations, Department of Ele
-troni
 Engineering in Chofu, Tokio, Japan, 
ontinuously monitors the three or-thogonal 
omponents of the ELF magneti
 �eld at the Nakatsugawa observatory(35.4◦ N, 137.5◦ E), sin
e the beginning of 1999. The 21 of September of the sameyear, a severe earthquake o

urred in Taiwan (the so-
alled Chi-Chi earthquake),with its epi
enter lo
ated at (23.77◦ N, 121◦ E). Several papers have appearedrelating this earthquake with anomalies in the ele
tromagneti
 spe
trum, e.g.,[193�196℄.This study is motivated by the paper by Hayakawa et al. [196℄, in whi
h theyreport an anomalous behavior in the 4th mode of the SR during several days priorand after the earthquake. SR frequen
ies are known to be stable along time [12℄,but the measurements from the Japanese team found, for these days, shifts onthe magneti
 �eld 4th SR of 0.6 - 0.8 Hz. In addition, its amplitude is extremelyenhan
ed (see Figure 6.7).The authors suggest that the reason for this anomaly in the 4th SR is anionospheri
 perturbation whi
h may o

ur prior to an earthquake, like the onesreported by Hayakawa et al. [197℄ or Mol
hanov and Hayakawa [95℄, for instan
e.These perturbations o

ur at the lower part of the ionosphere, 
entered over theepi
enter of the earthquake. They 
onsist on an in
rease of the 
ondu
tivity inthe area of the disturban
e, lowering the e�e
tive height of re�e
tion of the 
avity.A

ording to their 
al
ulus, in order to produ
e su
h e�e
t on the 4th SR,the prin
ipal ex
itation sour
e must be lo
ated in the South Ameri
an 
enter ofstorms (see Se
tion 2.1.4). Under this situation, the Sour
e, the disturban
e andthe point of observation are roughly aligned (see Figure 6.8).We have employed our model to simulate this situation. A single lightinglo
ated at (0◦ N, 50◦ W), i.e., in South Ameri
a, serves as a sour
e, whi
h o

ursat t = 0. The outputs 
hosen are in Japan (35.4◦ N, 137.5◦ E). A matrix of 5x5points 
entered on the mentioned 
oordinate has been 
hosen as output. Thedistan
e between points of the matrix is 500 km. The output points have been
alled J0 - J24 (see Figure 6.9).Sin
e there is almost no information regarding the disturban
e, we have runthe model with di�erent parameters for the disturban
e. Ea
h of them is modeled
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Figure 6.7: Comparison of SR spe
tra on 10 September (normal 
ondition) (a),and on 16 September (abnormal 
ondition) (b), for the magneti
 �eld. Extra
tedfrom Hayakawa et al. [196℄.

Figure 6.8: Con�guration of the dire
t and s
attered path for an Ameri
anSour
e. Extra
ted from Hayakawa et al. [196℄.
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Figure 6.9: De�nition of the output points for the simulation.by a 3D-
one like the one in Figure 6.10, with its 
enter C is pla
ed at the spheri
al
oordinates (r=6,470 km, θ=1.1559 rad, φ=2.1118 rad), i.e., above the earthquakeepi
enter, and oriented towards the 
enter of Earth. Therefore, ea
h disturban
eis 
ompletely de�ned by h, r, R, and its 
ondu
tivity value σd. In table 6.3 theparameters of ea
h of the disturban
es employed are summarized.Table 6.3: Parameters for the di�erent disturban
es employed.
R [km℄ r [km℄ h [km℄ σd [Ω ·m]

Da 1000 10 75 10
Db 100 100 100 50,000
Dc 10 10 100 50,000

Figure 6.10: De�nition of the disturban
e parameters.This model was run for ∆l = 10 km, during 120,000 time steps, whi
h 
orre-sponds to 2 s (∆t=1.66 µs) of total time simulated. It took roughly 10 hours of
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omputation on a 32 
ores 
omputer for ea
h model, leading to a total time of 40hours (3 disturban
es plus one model without any disturban
e, for 
omparison).A frequen
y resolution of 0.5 Hz was a
hieved.Below, two outputs of our model are presented, Figures 6.11 and 6.12), whereboth Hθ and Hφ 
omponents for the 4 models are depi
ted together, for 
ompari-son. These plots put into manifest some remarkable points:1. Disturban
e Da seems not to substantially vary the SR frequen
ies, while
Db and Dc do. The reasons may be the lower 
ondu
tivity of Da and/or thelength of the disturban
e (ha = 75 km, hb = hc = 100 km).2. In J4 output, there is an enhan
ement of the 4th resonan
e for models Dband Dc, together with an in
rease on its 
entral frequen
y, for Hθ. This is inagreement with the experimental results by Hayakawa et al. [196℄. However,this 
hange in the 4th resonan
e only appears for one of the 
omponents andit 
annot be observed in the output J12.3. There are variations in other SR, as for example the Hθ 
omponent of the1st SR in output J4, or the Hθ 
omponent of the 2nd SR in output J12

Figure 6.11: (left) Er and (right) Hφ 
omponents measured in Japan (J12),for the 4 models.This model proves the e�e
t on SR of a lo
al variation of the atmospheri

ondu
tivity. However, little is known about these 
hanges and their 
onne
tionwith earthquakes. In addition, the sour
e employed in the model is an extremesimpli�
ation of the real sour
e of the 
avity, where many thunderstorms are a
tiveat the same time, generating a global rate of several tens of strokes per se
ond.That being said, we will show another interesting result from our model; the e�e
ts
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Figure 6.12: (left) Er and (right) Hφ 
omponents measured in Japan (J4), forthe 4 models.of a disturban
e 
an be dete
ted far away from it. As an example, we show themagneti
 re
orded �eld by our model in the North Pole (Figure 6.13). Due to theangular distan
e (π/2) between the sour
e (over the equator) and the Pole, theeven resonan
es 
annot be measured in the magneti
 �eld 
omponents (see theresults without disturban
e). However, the re�e
tion of the signal generated bythe stroke over the disturban
e 
auses the 2nd SR to appear in models Db and Dc.

Figure 6.13: (left) Er and (right) Hφ 
omponents measured in the North Pole,for the 4 models.
6.5 Modeling di�erent stormsThis simulation is intended to study if di�erent storms would produ
e di�erentSR 
omponents. Three di�erent parameters of the storm (spatial size, rate oflightning, and variation of intensity of ea
h individual stroke) have been taken intoa

ount for generating eight di�erent storms. This is the �rst simulation where
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ites the 
avity. Under this new situation, wedo not get anymore 
lean spe
tra but, instead, a very noisy one where Bartlett'smethod must be applied in order to see the SR (see Se
tion 2.1.1). This implieshaving to simulate a mu
h longer time, in order to have enough data to averageand still keep a reasonable frequen
y resolution. The 
avity of 10 km size per 
ellhas been employed for the eight storms. For ea
h kind of storm, 10 independentsimulations of 8 s length (480,000 time steps) ea
h have been 
arried out, leadingto 80 s of data for ea
h storm. Ea
h simulation has been split into two segments(4 s ea
h), and then averaged together with the other segments pertaining tosimulations with the same storm parameters. The frequen
y resolution a
hievedis 0.25 Hz. It is worth noting that ea
h simulation required roughly 7.2·103 s,i.e., 20 hours, so the total amount of 
omputation time for the 32 
ores 
omputer(see Se
tion 5.5.1) was 5.76·106 s, i.e., almost 67 days. This points out the 
ostof adding several sour
es spatiated at random times. In addition, the storm witha single lightning as a sour
e (
anoni
al sour
e, or Stc) has been modeled for
omparison purposes.In Table 6.4, the 
hara
teristi
s whi
h de�ne ea
h of the eight storms are sum-marized. Two radius for the storms (10 and 2,000 km) have been employed, to-gether with two lightning rates (5 and 100 lightning/s) and two kinds of individualintensity for the strokes (�xed or uniform density of probability).Table 6.4: Di�erent storms simulated. U[a,b℄ stands for the Uniform distribu-tion of probability in the interval [a,b℄.radius [km℄ rate [s−1℄ Intensity fa
torSt1 10 5 20St2 10 5 U[0,40℄St3 10 100 1St4 10 100 U[0,2℄St5 2,000 5 20St6 2,000 5 U[0,40℄St7 2,000 100 1St8 2,000 100 U[0,2℄Stc 1 X 800Ea
h kind of storm resulted in a �nal single spe
trum for ea
h output node,after applying Bartlett as mentioned above. The storm was lo
ated 
entered at
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θ = 0, and the 101 nodes were marked as output along this 
oordinate (θ = 0...π).The spe
tra were 
ut at 30 Hz and then, we applied a Lorentzian �t of four peaksfor the outputs lo
ated at π/4, π/2, and 4π/5. The Lorentzian �t s
heme employedresponds to the following equation

Sfit(f) = y0 +

4
∑

i=1

2Ai

πwi

1
(

f−f i
c

wi/2

)2

+ 1
(6.2)where Ai a

ounts for the amplitude of the peak, f i

c represents the 
entral fre-quen
y of the resonan
e, and wi gives a measure of its quality fa
tor.As an example, three of these spe
tra form storm 1 (St1) are plotted in Figure6.14, together with the results of a Lorentzian �t to extra
t the main parametersof the SR.In Figure 6.15, the three �rst SR frequen
ies and their 
orresponding ∆f3dBhave been plotted. However, it is di�
ult to relate these results with the 
hara
-teristi
s of the storms. It may be ne
essary to perform even longer simulations, inorder to stabilize the random nature of the storms (lo
ation, time, and intensityof ea
h stroke) and obtain statisti
ally signi�
ant results.6.6 Study of the e�e
ts of Day-night asymmetryon SRThe last simulation whi
h will be presented in this thesis models the day-nightasymmetry of the 
avity, whi
h is produ
ed by the solar wind. The solar radiationis the main responsible for the ionization of the ionosphere, and the side of theEarth whi
h re
eives dire
t radiation presents a mu
h more 
ondu
tive ionosphere,lowering the e�e
tive re�e
tion height. The two 
ondu
tivity pro�les employed inthis model are de�ned in Figure 5.2. The 
avity is modeled for an equinox day,i.e., the Sun is lo
ated in the equatorial plane of Earth. The terminator, i.e., theinterfa
e between the two 
ondu
tivity pro�les, is lo
ated at φ = 0, π. Midnighttime is lo
ated at φ = π/2, and noon at φ = 3π/2.For this asymmetri
al 
avity whi
h a

ounts for the two 
ondu
tivity pro�les,24 simulations were run; the sour
e (single lightning) was pla
ed at the equator
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Figure 6.14: Resulting spe
trum of St1 at three di�erent distan
es from thesour
e.
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Central frequencies (fc) and quality factors (Q) at a distance of π/4 to the storm
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Figure 6.15: (blue) Central frequen
y and (red) ∆f3dB for the di�erent storms,at a distan
e of π/4 to the sour
e.(θ=π/2), and ea
h run simulated a storm lo
ated at a di�erent lo
al time, i.e.,
φ=0, π/12...23π/12. In addition, for 
omparison purposes, a model with thesour
e lo
ated at (θ=π/2, φ=0) was 
omputed for the symmetri
al 
avity. Thetime iterations employed at ea
h simulation was 240,000, leading to a frequen
yresolution of 0.25 Hz (nodes of 10 km length). Therefore the total amount of
omputer time for the 32 
ores 
omputer was roughly 500 hours, i.e., almost 21days.In Figure 6.16, the Hφ 
omponent is plotted for both models (day-night andsymmetri
al), with the sour
e lo
ated at 00 LT (midnight). The output was takenat the 
oordinate (θ = π/6, φ = π/2), whi
h is lo
ated at a distan
e of π/3 fromthe lightning. It is interesting to see that SR frequen
ies have lower value in theday-night 
avity. The third resonan
e is almost inexistent, due to the distan
ebetween the sour
e and the point of measurement.Another output is shown in Figure 6.17. It 
orresponds to the 
oordinate(θ = π/3, φ = π/6), where the �rst four SR 
an be observed. The values of their
entral frequen
ies are shown in Table 8.5.
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Figure 6.16: Comparison of Hφ 
omponent at a distan
e of π/3 towards Northfor the symmetri
al and the day-night 
avities.

Figure 6.17: Comparison of Hφ 
omponent at the output 
oordinate (θ = π/3,
φ = π/6) for the symmetri
al and the day-night 
avities.



158 Chapter 6.Table 6.5: Central values (fc) in Hz for the four �rst SR, at the output 
oor-dinate (θ = π/3, φ = π/6), for the symmetri
al and the day-night 
avity.1st SR 2nd SR 3rd SR 4th SRSymmetri
al 8.00 14.49 21.23 28.48Day-night 7.25 13.49 19.98 26.98Experimental [12℄ 7.8 13.9 20.0 26.0Finally, we will show the magneti
 �eld 
omponents for di�erent lo
ation ofthe sour
e. We have 
hosen 4 di�erent sour
es, those lo
ated at 00:00 LT, 06:00LT, 12:00 LT, and 18:00 LT. In Figure 6.18, the output for ea
h sour
e was lo
atedat a relative distan
e of π/3 towards North. With this position for the sour
e andfor the observer, in a symmetri
al lossless 
avity there will be only Hφ 
omponent.However, for this problem we �nd a small 
omponent in Hθ, although it is 2 ordersof magnitude lower thanHφ. It is interesting to see that for the sour
es lo
ated overthe terminator, i.e., interfa
e between day and night, this 
omponent is enhan
edwith respe
t to the sour
es lo
ated at 00:00 LT and 12:00 LT. The 
hanges in Hφare very small and 
orrespond mainly to the amplitude of the modes.

Figure 6.18: Comparison of H 
omponents for four di�erent times of thestorm, with an output relative displa
ement from the sour
e of θ = −π/3.Finally, in Figure 6.19, we repeated the previous simulation but 
hanging therelative position of the observation point with respe
t to the sour
e (the lightning)to θ = −π/6, φ = −π/6. Now the two 
omponents are almost equal (for asymmetri
al lossless 
avity they should be equal), and the largest 
hanges betweenthe lo
ation of the sour
e with respe
t to the asymmetri
al 
avity are found in thehigher modes.
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Figure 6.19: Comparison of H 
omponents for four di�erent times of thestorm, with an output relative displa
ement of θ = −π/6, φ = −π/6.6.7 Con
lusionSeveral models of the Earth-ionosphere 
avity have been presented in this Chapter.The main purpose is to validate the model, by showing that it yields results whi
hare 
onsistent with analyti
al 
al
ulations, as well as with other models, e.g., [58℄,and �nally with experimental results. We show few of the multiple possibilitiesthat our model enables, like the 
hoi
e of parameters of the 
avity, addition ofsingularities su
h as earthquake pre
ursors, modeling the storms, et
. However,obtaining 
on
lusions about these phenomena and their relation with SR is notan straightforward task. In some 
ases, a huge number of runs may be ne
essary,espe
ially if we add random parameters to the simulation, e.g., real storms, inorder to get statisti
s of them. In other 
ases, it may be ne
essary to develop newte
hniques of data pro
essing, like improving the extra
tion of SR parameters byLorentzian �t or even de�ning new parameters for the study of SR.





Chapter 7
Con
lusions and future outlook
7.1 Con
lusionsThis thesis is devoted to the study of the ele
tromagneti
 noise in the Earth-ionosphere 
avity. The various 
ontributions to the study of these phenomenamay be separated into two main 
ategories: the results from experimental mea-surements and a study based in modeling the problem with the TLM method.In this sense, Chapter 2 analyzes signals measured at ground level, and relatesits main results with the analyti
al model of the 
avity, presented in Chapter 1.The daily and seasonal variations of the ELF signals are dis
ussed, and linkedto the global storm a
tivity. In Chapter 3, the measurements are taken fromDEMETER spa
e
raft, whi
h orbits in the upper region of the ionosphere (∼700km). A method for monitoring the e�e
tive re�e
tion height of VLF signals ispresented, and it is employed to study its variations in monthly, seasonal, andannual time s
ales.The se
ond part, the simulation of the problem, starts by reviewing the main
hara
teristi
s of the TLM method, in Chapter 4. We justify the 
hosen 
on�gu-ration of the method for the study of the Earth-ionosphere 
avity. Chapter 5 dealswith the prin
ipal problem for the model, the huge amount of resour
es requiredfor modeling the whole 
avity in 3D, whi
h is solved by parallelization and anabstra
tion of the initial geometry. In Chapter 6, the model is validated and somesimulations are presented.Below, we present the main 
on
lusions from ea
h of the Chapters of this thesis.161



162 Chapter 7.Chapter 2 proves the presen
e of S
humann resonan
es in magnetotelluri
re
ords. All the measured 
omponents (NS and EW for the ele
tri
 �eld, NS,EW and verti
al for the magneti
 �eld) 
ontain SR ex
ept the verti
al magneti
�eld (even though 5% of these also showed the resonan
es).From the spe
tral analysis, the following 
on
lusions 
an be formed:1. Eviden
e of three main storm 
enters lo
ated in Asia, Afri
a, and Ameri
awith their main a
tivity in the lo
al afternoon. The �eld amplitudes ob-served for ea
h 
omponent are in agreement with the predi
tions for the TMrmodes. Therefore, the 
ampaigns registered in January and February showless modal amplitude, while those taken during the northern hemispherespring and summer are the most energeti
. Moreover, de
ay in amplitudewith the modal order is observed in the magneti
 
omponents, while this isnot present for the ele
tri
 
omponents. The magneti
 �eld measurementshave been shown to be robust regarding lo
al e�e
ts, and small shifts of kmof the observation point do not a�e
t the measurement, while ele
tri
 �eldmeasurements 
an vary their amplitude up to one order of magnitude withina few km of distan
e. However, the frequen
y 
ontents do not vary withthe shift of the point of observation, either in magneti
 or in ele
tri
 �eldmeasurements.2. Measurements have shown that a minimum of amplitude appears in the se
-ond mode of the magneti
 NS (and ele
tri
 EW) 
omponent in the Antar
ti

ampaign, when the main 
enter of storms is lo
ated in Afri
a (around 16:00UT). This behavior is explained a

ording to the analyti
al model predi
-tions.3. The 
entral frequen
ies for the �rst three SR modes averaged in the di�erent
ampaigns are 7.8, 14, and 20.5 Hz. The measurements around these 
entralvalues are subje
t to shifts, whi
h may 
ontain information about di�erentgeophysi
al pro
esses, su
h as the properties of the storms, the solar wind,or seismi
 events, for instan
e. These variations are stronger in the se
ondand third modes than in the �rst.4. In all the time series, the spe
tral 
orrelation between magneti
 NS and ele
-tri
 EW 
omponents has been proved. The same o

urs between magneti
EW and ele
tri
 NS. The modes show 
lose frequen
y shifts and relativeamplitudes between them.
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lusions 163The res
aled range analysis has been applied to series taken in Antar
ti
a,where the anthropogeni
 noise is almost inexistent, and the persistent nature ofthe SR has been proved. By following the analysis by Ni
kolaenko et al. [81℄, thisanalysis permits to estimate the average rate of dis
harges from whi
h the signaloriginated. A

ording to this, the signals analyzed show an average rate of around16 - 32 dis
harges per se
ond. In order to 
orroborate this statement, a numeri
alsimulation was performed.In Chapter 3, a large data set of ele
tri
 �eld measurements from DEMETERhas been employed to draw average maps of the e�e
tive re�e
tion height withdependen
e of geolo
ation. There exist previous works whi
h use the 
ut-o� fre-quen
y to 
al
ulate the e�e
tive height of the Earth-ionosphere 
avity from groundobservations, e.g., [135�137℄, but it was never done before, to the knowledge of theauthors, by using data taken from spa
e
raft. This te
hnique has the 
lear ad-vantage of monitoring most of the surfa
e of Earth. Ground based studies of the
ut-o� frequen
y 
an only obtain averaged values along the path that the atmo-spheri
 wave followed (from sour
e to point of observation), while measurementsfrom satellite are dire
tly related to the ionosphere 
onditions in the vi
inity of themeasurement point. Thus, we present detailed maps (up to 2◦ resolution) over thewhole Earth (±60◦ latitude) for the e�e
tive re�e
tion height of the ionosphere orD-region altitude, whi
h is inversely proportional to the 
ut-o� frequen
y. Fromthese measurements, it is possible to infer the ele
tron density as well as the 
on-du
tivity at the e�e
tive height, although it is ne
essary to extra
t the neutraldensity parameter from a model, MSIS in this 
ase.The main result of this study is that we observe, during night time, 
ertainseasonal patterns (mainly over the o
eans), whi
h repeat over the four years of thestudy, for the e�e
tive re�e
tion height of the ionosphere. In addition, we suggestthat the global 
ut-o� frequen
y 
ould be used as a proxy of the solar a
tivity.After that, the TLM method is introdu
ed and we review its most relevant
on�gurations. The �nal de
ision for our models is to employ the 
ubi
 CartesianSCN. This de
ision is made in order avoid problems of dispersion and indetermi-nation at 
ertain areas whi
h are inherent to the spheri
al SCN.In Chapter 5, we des
ribe the di�erent hardware solutions for 
omputingparallel-intensive 
ode. Then, we fo
use on modeling the Earth-ionosphere 
avity



164 Chapter 7.by means of an e�
ient parallel algorithm based on TLM. A translation from ar-bitrary topology to 1D (prepro
ess) is required to e�
iently simulate the problem.The solution obtained is ben
hmarked by two independent studies, whi
h yieldsimilar results over di�erent 
omputers. To obtain the maxima speedups, it isne
essary to set a poli
y of round-robin memory allo
ation, in order to minimizethe e�e
ts of the NUMA ar
hite
ture. Speedups of up to 16 have been measuredby using 32 CPUs, for models of the size of the Earth-ionosphere 
avity. Under
ertain 
ir
umstan
es (small memory requirements whi
h allow the model to �t inthe 
a
hes), superlinear speedup is a
hieved.Finally, in Chapter 6, several models of the Earth-ionosphere 
avity have beenpresented. The main purpose is to validate the model, by showing that it yieldsresults whi
h are 
onsistent with analyti
al 
al
ulations, as well as with other mod-els, e.g., [58℄, and �nally with experimental results. We show few of the multiplepossibilities that our model enables, like sele
tion of 
avity parameters, additionof singularities su
h as the ones whi
h are generated as earthquake pre
ursors,modeling storms, et
. However, obtaining 
on
lusions about these phenomenaand their relation with SR is not a straightforward task. In some 
ases, a hugenumber of runs may be ne
essary, espe
ially if we add random parameters to thesimulation (e.g., real storms), in order to get statisti
s of them. In other 
ases, itmay be ne
essary to develop new te
hniques of data pro
essing, like improving theextra
tion of SR parameters by Lorentzian �t or even de�ning new parameters forthe study of SR.7.2 Future outlookThe work presented in this thesis is far from �nished. In fa
t, it is just starting.Our team, under the proje
t �Study of Natural Ele
tromagneti
 Phenomena forMonitoring the Environment�, is engaged in the design, 
onstru
tion, and deploy-ment of a �xed SR measurement station. Currently we are in the deploymentphase, and it is s
heduled to be operative by the end of summer 2012. The 
hosenlo
ation for the station is Sierra Nevada, Granada, Spain. Continuous measure-ments with high sensitivity will be re
orded for both horizontal 
omponents ofthe magneti
 �eld. Together with 
lassi
al Fourier analysis, we want to work inapplying deeper fra
tal analysis than the one presented in Se
tion 2.2. We are
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lusions 165also very interested in sharing the SR re
ords with other resear
h groups in orderto get feedba
k and 
ompare our results with other SR stations.And, as it 
an be observed from Chapter 6, the results from the models arefar from 
omplete. The presented 3D-parallel TLM algorithm is a powerful toolto study the ele
tromagneti
 signals propagating in the Earth-ionosphere 
avity.Further optimizations must be performed to the algorithm, together with portingthe 
ode to distributed memory environments (
lusters), for instan
e. We believein the possibility of bridging the gap, or at least redu
ing the distan
e, whi
h existsnowadays between models and experimental results in SR studies.





Chapter 8
Resumen y 
on
lusiones
8.1 Introdu

iónHasta ahora las Cien
ias del Medio Ambiente y Geofísi
as no han 
onsiderado alos fenómenos ele
tromagnéti
os naturales 
omo método de diagnósti
o del estadode la Tierra debido a que: (1) aún no se 
ono
en en profundidad mu
hos de estosfenómenos, es de
ir, hay medidas experimentales pero no modelos que generenresultados 
oherentes 
on di
has medidas; y (2) las varia
iones produ
idas poranomalías o 
ambios en el Medio Ambiente son pequeñas y, por tanto, son difí
ilesde medir y modelar.¾Es posible la predi

ión �able y a 
orto plazo de un terremoto? ¾Existe untermómetro que nos mida el 
alentamiento global del planeta? La respuestaa�rmativa a estas preguntas sería un avan
e muy importante para las 
ien
iasmedioambientales y la preven
ión de desastres.Para la primera 
uestión, las predi

iones a
tuales son vagas hasta el punto deque, usando estudios históri
os junto a determina
iones vía satélite de movimien-tos de la 
orteza terrestre y medidas de tensiones en su interior, los 
ientí�
ospueden determinar 
on gran probabilidad la o
urren
ia de un terremoto en unplazo de tiempo de 30 años [8℄. La predi

ión a 
orto plazo no vendrá del estudiode movimientos de la 
orteza terrestre sino de fenómenos ele
tromagnéti
os, y nosolo pro
edentes de la super�
ie terrestre sino in
luso de la ionosfera.167



168 Chapter 8.Respe
to a la segunda 
uestión, en 1992 apare
ió en la revista S
ien
e un artí
uloen el que se propone un me
anismo de dete

ión de la temperatura global deltrópi
o [5℄ basado en el estudio de otro fenómeno ele
tromagnéti
o de origen na-tural: las fre
uen
ias de resonan
ia de S
humann [10℄, que o
urren en la 
avidadnatural formada por la super�
ie de la Tierra y la baja ionosfera, las 
uales for-man dos enormes super�
ies esféri
as 
on
éntri
as 
ondu
toras, separadas por undielé
tri
o 
on pérdidas, la baja atmósfera. Las dimensiones de di
ha 
avidad sonpe
uliares: frente a un perímetro de unos 40,000 km, la altura de la ionosfera esde tan solo 50 - 60 km durante el día y 80 - 90 km durante la no
he. Las re-sonan
ias de S
humann 
onsisten en os
ila
iones ELF (del inglés, Extremely LowFrequen
y) produ
idas por los rayos y que se propagan a través de toda la 
avidaden forma de modos TM (del inglés, Transverse Magneti
), propor
ionando unaherramienta para estudiar los parámetros de la baja ionosfera y la intensidad dela a
tividad tormentosa. Los estudios llevados a 
abo por Williams durante seisaños demostraron la 
orrela
ión entre las varia
iones anuales de las amplitudes delas primeras resonan
ias de S
humann y la temperatura del trópi
o, evaluada através del promedio temporal del número de rayos en la Tierra. Las 
onstantesdes
argas que se produ
en de forma simultánea en la Tierra son fuentes de 
amposele
tromagnéti
os que se propagan a través de la atmósfera, re�ejándose su
esi-vamente en la ionosfera y en la super�
ie terrestre. En la banda ELF y debido ala 
ondu
tividad de la atmósfera, las ondas pueden dar varias vueltas a todo elperímetro terrestre dando lugar a la apari
ión de resonan
ias.8.1.1 Resonan
ias en la 
avidad Tierra-ionosferaLa Historia de la radio ingeniería 
omenzó ha
e unos 
ien años. En esta épo
a laradia
ión ele
tromagnéti
a que se 
ono
ía provenía de los rayos o de las des
ar-gas generadas en el laboratorio. Posteriormente, las ondas de radio 
on varia
iónarmóni
a se usaron para la transmisión de señales. Des
ubierta la ionosfera, seprodujo una gran expansión de la radio en onda 
orta (banda HF, entre 3 y 30MHz). Durante y después de la II Guerra Mundial, se desarrolló el radar en elámbito militar, posteriormente usado para investiga
ión de medios ele
tromagnéti-
os naturales. En 1952 se predijo, por parte W. O. S
humann [10℄, la existen
iade resonan
ias en toda la 
avidad Tierra-Ionosfera. La eviden
ia experimental serealizó en 1960 por parte de Balser y Wagner [13℄. Durante la segunda mitad delsiglo de la radio se produjo una fuerte investiga
ión en la banda VLF y ELF 
on
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lusiones 169objetivos, 
ómo no, militares, en 
omuni
a
iones de radio globales y 
omuni
a
ión
on submarinos. Con la �naliza
ión de la guerra fría la investiga
ión en la bandaELF de
ayó fuertemente. Sin embargo, en los 90, el interés en las resonan
ias deS
humann volvió 
omo una herramienta para estudiar el 
alentamiento global através de la monitoriza
ión de la a
tividad global de rayos en las tormentas gener-adas por la 
onve

ión atmosféri
a, que depende de la temperatura de la super�
ieterrestre. También ha 
ontribuido en aumentar el interés en esta banda la posibil-idad de lo
aliza
ión de rayos 
on gran intensidad que generan señales transitoriasELF (Q-bursts), 
ausando modi�
a
iones en la mesosfera (red sprites, elves, et
.).Se puede ver el sistema Tierra-ionosfera 
omo una guía de ondas, una 
avidado un 
ondensador, dependiendo de la longitud de onda que estemos 
onsiderando.Hablaremos de guía de ondas si el radio de la Tierra a >> λ es mu
ho mayor que lalongitud de onda λ (
aso de resonan
ias transversales). Las os
ila
iones naturalesse vuelven 
uasi-ele
trostáti
as en el 
aso 
ontrario a << λ y la des
rip
ión de
ampo se puede redu
ir al pro
eso de 
arga y des
arga de un 
ondensador esféri
o.El término resonador es apropiado 
uando la longitud de onda es 
omparable 
onla 
ir
unferen
ia de la tierra λ ≃ 2πa.Las fre
uen
ias de resonan
ia se pueden dedu
ir de forma muy aproximadatanto para las resonan
ias de S
humann 
omo para las transversales. En el primer
aso, la 
ondi
ión es que el desfase debido a la 
ir
unvala
ión de la onda a todo elperímetro terrestre ( 2πa ≃ 40Mm ) sea múltiplo entero de la longitud de onda:
fn =

c

2πa
n = 7.5nPara las resonan
ias transversales, la 
ondi
ión es que la altura efe
tiva de la
avidad sea múltiplo entero de media longitud de onda :

Fp =
c

2h
p = 2 103p HzA fre
uen
ias de de
enas de Hz, la atenua
ión de la atmósfera es de solo unaspo
as dé
imas de dB por 1,000 km, lo que permite a la señal dar varias vueltasa la Tierra antes de atenuarse. Sin embargo, las resonan
ias transversales sonun fenómeno lo
al debido al alto fa
tor de atenua
ión de la atmósfera a estasfre
uen
ias, entorno a 20 dB/1,000 km, lo que ha
e que la onda no se propague



170 Chapter 8.lejos de las fuentes (los rayos), por lo que la resonan
ia tiene un 
ará
ter mu
homás lo
al. La resonan
ia transversal se observa mejor durante la no
he debidoa que la ionosfera es mu
ho más estable y prede
ible y el ruido proveniente delplasma ionosféri
o es mu
ho menor.8.1.2 Fenómenos ele
tromagnéti
os aso
iados 
on terremo-tos (y/o erup
iones vol
áni
as)Podemos llamar Seísmo-Ele
tromagnetismo a la dis
iplina surgida re
ientementepara estudiar los fenómenos ele
tromagnéti
os originados en los movimientos sísmi-
os. A
tualmente hay a
umuladas multitud de observa
iones experimentales, perofaltan modelos teóri
os que generen datos 
on
ordantes 
on di
has observa
iones[6℄. El rango de fre
uen
ias de estos fenómenos va desde DC (del inglés, Dire
tCurrent) hasta VHF (del inglés, Very High Frequen
y), pero nos 
entraremos endes
ribir aquellos más relevantes (o que pare
en serlo según las investiga
ionesre
ientes) para la predi

ión a 
orto plazo de terremotos. Este interés en observa-
iones no-sísmi
as surge en paralelo 
on las dudas de si observa
iones puramentesísmi
as puedan prede
irlos [8℄.Podemos desta
ar los siguientes fenómenos:1. Señales sísmi
as elé
tri
as pro
edentes de la torsión elevada que sufren lasro
as ígneas.2. Emisiones sísmi
as de ondas ele
tromagnéti
as en el rango de dé
imas deher
io debidas a un pro
eso de separa
ión de 
arga en mi
ro fra
turas dero
as. También se produ
en altera
iones en la ionosfera que generan, a suvez, perturba
ión en las resonan
ias de S
humann.3. A
oplamiento litosfera-atmósfera-ionosfera que afe
ta a la propaga
ión enlas bandas VLF, LF y VHF y 
uya 
ausa primaria estaría en la perturba
iónde la ionosfera por parte de fenómenos previos a terremotos super�
iales(prin
ipalmente en Tierra) y 
on intensidad superior a 6.



Resumen y 
on
lusiones 1718.1.3 Resonan
ias en una 
orona esféri
aPara en
ontrar las fre
uen
ias de resonan
ia de una 
avidad esféri
a 
onstituidapor la Tierra y la ionosfera debemos resolver las e
ua
iones de Maxwell junto 
onlas e
ua
iones 
onstitutivas para el 
ampo elé
tri
o y para el 
ampo magnéti
o.Debido al 
ará
ter dispersivo del medio es usual trabajar en el dominio de lafre
uen
ia. Dentro de la banda ELF (
onsiderada desde 3 Hz hasta 3 kHz) se puededespre
iar el efe
to del 
ampo magnéti
o terrestre y 
onsiderar la permitividad delmedio 
omo un es
alar fun
ión de la posi
ión y de la fre
uen
ia ǫ
[

⇀
r , ω

]. En esterango de fre
uen
ias también podemos 
onsiderar a la Tierra 
omo un 
ondu
torperfe
to.El modelo 
onsiderado por S
humann en su primer estudio [10℄ 
onsidera unper�l de la atmósfera de�nido por:
ǫ
[

⇀
r , ω

]

= { 1 a ≤ r < b

ǫ r ≥ by para 
onsiderar la ionosfera 
omo 
ondu
tor perfe
to se efe
túa el límite ǫ → ∞.La solu
ión de las e
ua
iones de Maxwell sin fuentes en el dominio de la fre-
uen
ia se obtiene de forma más simple usando los poten
iales de Debye [15, 16℄(U y V aso
iados a la parte elé
tri
a y magnéti
a respe
tivamente del 
ampo ele
-tromagnéti
o). En el 
aso de no 
onsiderar la ionosfera 
omo 
ondu
tor perfe
to,pero sí homogénea, debemos añadir una 
ondi
ión adi
ional a los poten
iales deDebye 
ono
ida 
omo 
ondi
ión de radia
ión de Sommerfeld [42℄.El análisis modal se obtiene ha
iendo 
ero alternativamente 
ada uno de lospoten
iales de Debye. Los modos TM (u onda elé
tri
a) se obtienen ha
iendo
V = 0, U 6= 0 y los modos TE (u onda magnéti
a) ha
iendo U = 0, V 6= 0.Para los modos TM, la 
ondi
ión de 
ontorno se obtiene a partir de la derivadade U 
on respe
to a r. El valor de las fre
uen
ias de resonan
ia se obtiene apartir de la rela
ión de dispersión, pero para obtener una expresión analíti
a hayque efe
tuar un desarrollo en serie basándose en la diferen
ia entre el radio de laTierra ( a = 6, 370km ) y la altura de la ionosfera (entre 60 y 100 km para el díay la no
he). Con esto, se obtiene para las fre
uen
ias de resonan
ia:

fn =
c

2πa

√

n(n+ 1),



172 Chapter 8.expresión publi
ada por S
humann en 1952 y referen
iada 
omo resonan
ias o reso-nan
ia (ambas expresiones �guran en la bibliografía) de S
humann. Las primerasresonan
ias dan unos valores de 10.6, 18.3, 25.9 y 33.5 Hz. Los 
ampos paraeste modo de propaga
ión tienen 
omponente elé
tri
a en la dire

ión radial y
omponente magnéti
a en la dire

ión a
imutal. Son modos TM, a los que enla bibliografía se les suele llamar TEM debido al 
ará
ter ortogonal de los 
am-pos y la dire

ión de propaga
ión. Este he
ho expli
a la débil dependen
ia delos 
ampos 
on la altura [12℄. En este modo de propaga
ión podemos hablar defre
uen
ia 
ero 
uando n=0. Este 
aso 
orresponde a la solu
ión estáti
a gener-ada por el 
ondensador Tierra-ionosfera 
argado 
on una diferen
ia de poten
ialde algunos 
ientos de kilovoltios, 
on 
ampo magnéti
o 
ero y 
ampo elé
tri
oorientado desde la ionosfera ha
ia la Tierra, 
on valores de 120 V/m en puntospróximos a la super�
ie (fair weather �eld) [12℄.Bliokh et al. [43℄ obtiene una fórmula más aproximada en la forma:
βna =

√

n(n+ 1)

(

1− b− a

a

)siendo β = 2π/λ, y b el radio de la ionosfera (no la altura).Las resonan
ias de S
humann 
orresponden a ondas que pueden dar variasvueltas a la Tierra y por tanto pueden ser observadas en 
ualquier punto del plan-eta, llevando informa
ión global de las propiedades de la ionosfera. Este he
ho esel que ha despertado un gran interés en el estudio de las resonan
ias de S
humann
omo una herramienta para el estudio de las 
ara
terísti
as y estado de la ionosferay de la distribu
ión global de las fuentes de la radia
ión ELF (los rayos) [12℄.De forma análoga, para los modos TE, la 
ondi
ión de 
ontorno se obtienedire
tamente del poten
ial V , y la rela
ión de dispersión a la que se llega 
on-siderando las aproxima
iones ka, kb >> 1:
βpn ≈

√

n(n+ 1)

a2
+

(

pπ

b− a

)2

,donde apare
en dos índi
es rela
ionados 
on la propaga
ión transversal y longitu-dinal. El primero indi
a el número de medias longitudes de onda que 
aben enla altura de la 
avidad y el segundo indi
a el número de longitudes de onda que
aben en la 
ir
unferen
ia terrestre. La resonan
ia transversal bási
a (p = 1), que
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ono
e 
omo fre
uen
ia de 
orte, está entorno a 1-2 kHz, y 
omo estas resonan-
ias se dete
tan mejor por la no
he [44℄ la altura de la ionosfera está próxima alos 100 km y f1,0 = 1.5kHz.Las fre
uen
ias de resonan
ia se pueden obtener numéri
amente 
omo los pasospor 
ero de la fun
ión obtenida a partir de la apli
a
ión de las 
ondi
iones de 
on-torno a los 
ampos. En la Figura 8.1 las hemos representado, para los modos TEr(línea sólida) y TMr (línea dis
ontinua). Podemos ver 
omo para ambos modos ypara los diferentes valores de n, los pasos por 
ero que de�nen las fre
uen
ias deresonan
ia se produ
en para el mismo valor del número de ondas β, ex
epto parala parte próxima a fre
uen
ia 
ero en los modos TMr, donde podemos 
omprobarque los modos se separan.
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Figure 8.1: Rela
ión de dispersión para los modos TMr y TEr en la 
avidadTierra-ionosfera.En la Figura 8.2 se representa la fun
ión de dispersión para valores pequeñosde β y para los 
uatro primeros modos TMr, de donde se puede obtener los valoresde las 
uatro primeras fre
uen
ias de S
humann.8.1.4 Ele
tri
idad en la atmósferaEn un día despejado se puede medir un 
ampo elé
tri
o en el aire de 100 V/m,orientado ha
ia la tierra. Es lo que se 
ono
e 
omo fair weather �eld, el 
ualgenera, debido a la pequeña 
ondu
tividad de la atmósfera, una 
orriente globalde unos 1,800 A. Esta 
orriente es la 
orriente de des
arga de un inmenso 
onden-sador formado por la ionosfera y la Tierra 
argado a una diferen
ia de poten
ial
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Figure 8.2: Detalle de la Figura 8.1, donde se ven los 
ortes por 
ero querepresentan las SR.de varios 
ientos de miles de voltios. El me
anismo de 
arga de este 
ondensadornatural es la a
tividad tormentosa, 
on los rayos 
omo batería suministradora dela diferen
ia de poten
ial.Unas 2,000 tormentas están a
tivas de forma permanente en la globalidad de laTierra. Su distribu
ión no es uniforme, sino que tienden a 
on
entrarse en tres nú-
leos importantes: Áfri
a Central, Améri
a del Sur y Central y el Sudeste Asiáti
o(ver Figura 8.3).

Figure 8.3: Distribu
ión anual de la a
tividad tormentosa global (rayos).Unidades de rayos km−2 año−1. Extraído de [25℄.La a
tividad tormentosa es también fun
ión de la hora lo
al. El máximo se dapasado el mediodía, alrededor de las 15:00 LT.
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ias de S
humannA lo largo de los 60 años de historia de las resonan
ias de S
humann se han lle-vado a 
abo numerosos estudios experimentales. En Ni
kolaenko and Hayakawa[12℄ se des
riben todos los resultados experimentales de di
hos estudios. El interésa
tual se 
entra en observatorios que de forma 
ontinua miden la señal temporalen diferentes rangos de fre
uen
ia, lo que permite ha
er estudios a largo plazo ysimultáneos de los diferentes parámetros de las resonan
ias de S
humann (ampli-tud, fre
uen
ia de pi
o, fa
tor de 
alidad) para estable
er modelos sobre la ele
-trodinámi
a de la atmósfera. A
tualmente hay observatorios ubi
ados en EuropaCentral, Japón o Estados Unidos prin
ipalmente. Para �nales de verano de 2012,esperamos también 
ontar 
on la primera esta
ión de medida en España, diseñada,
onstruída e instalada por nuestro grupo de investiga
ión bajo el proye
to Estudiode fenómenos ele
tromagnéti
os naturales para el diagnósti
o del medio ambiente.Se ubi
ará en el Parque Na
ional de Sierra Nevada, a 2,500 metros de altitud.En la Figura 8.4 se muestra un espe
tro del 
ampo magnéti
o medido por unode los magnetómetros que han sido diseñados y 
onstruidos por nuestro grupo deinvestiga
ión para di
ha esta
ión. Los datos están sin 
alibrar por lo que la 
uartaresonan
ia apare
e ampli�
ada por la resonan
ia del magnetómetro.
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Figure 8.4: Resonan
ias de S
humann medidas en Granada, España, junio de2011. Espe
tro no 
alibrado.



176 Chapter 8.8.1.6 Historial del grupo de investiga
ión en atmósferas plan-etariasLa investiga
ión sobre los 
ampos ele
tromagnéti
os naturales en las atmósferasplanetarias llevada a 
abo por el grupo de investiga
ión en el que se ha realizadoesta tesis 
omenzó 
uando, en di
iembre del 2000, el Dr. Konrad S
hwingens
huh,del Instituto de Investiga
ión Espa
ial (IWF) de la A
ademia de 
ien
ias de Aus-tria (OEAB), 
oordinador 
ientí�
o del instrumento HASI, soli
itó al Dr. JuanAntonio Morente un estudio de las resonan
ias S
humann en la atmósfera de Titánpara indi
ar a los té
ni
os de la misión Cassini/Huygens la banda de fre
uen
iasmás apropiada a la que sintonizar el sensor de impedan
ia mutua del experimentoPWA, 
on el �n de dete
tar estas resonan
ias en Titán. Este estudio se realizó yfue publi
ado en la revista I
arus de la So
iedad Ameri
ana de Astrofísi
a [55℄. Elinterés 
ientí�
o por el tema lo pone de mani�esto el he
ho de que po
o tiempodespués se publi
ó un número espe
ial de la revista Radio S
ien
e 
on el título:Re
ent Advan
es in Studies of S
humann Resonan
es on Earth and Other Planetsof the Solar System [56℄, en 
uya introdu

ión V. P. Pasko 
ita otro de los trabajosrealizados por Gregorio Molina-Cuberos 
on su grupo de investiga
ión sobre lasResonan
ias de S
humann en Marte [57℄. Estudios análogos fueron llevados a 
aboen la Tierra [14, 58�60℄. Debido a las limita
iones de memoria y tiempo de 
ál
ulo,el modelo efe
tuado de la 
avidad 
onsidera el espa
io entre dos meridianos y laalimenta
ión solo se produ
e en el eje Z de un sistema 
entrado en la esfera.Un análisis de las medidas efe
tuadas por la sonda Huygens fue realizado porJ.A. Morente, usando un algoritmo de �ltrado a partir de la re
onstru

ión dela señal en el Dominio del Tiempo lo que permitió identi�
ar las fre
uen
ias deresonan
ia en la banda ELF [61℄ y VLF [62℄.8.2 Análisis de las series temporales de registrosmagnetotelúri
osEl método Magnetotelúri
o (MT) intenta determinar la estru
tura y 
omposi
ióndel subsuelo a través del tensor impedan
ia obtenido a partir de las medidas de
ampo elé
tri
o (en sus 
omponentes N-S, E-O y verti
al) y de 
ampo magnéti
o
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omponentes N-S, E-O) en fun
ión del tiempo [69, 70℄. Las medidas serepiten en diferentes lo
aliza
iones para 
ubrir una determinada área de terreno.El rango en fre
uen
ias de las medidas varía desde 1 mHz hasta 20 kHz parasuministrar informa
ión a diferentes profundidades.El Departamento de Geodinámi
a de la Universidad de Granada trabaja 
onel método magnetotelúri
o desde ha
e algunos años [72, 73℄, lo que ha permitidogenerar una base de datos de señales temporales 
on diferentes dura
iones y efe
-tuadas en distintos puntos geográ�
os. En la Tabla 2.2 se muestran los datosgeográ�
os de las medidas, donde se puede ver que éstas se ubi
an en Andalu
ía,Marrue
os y en la Antártida. Con estas series se ha efe
tuado un doble estudio:Análisis Espe
tral de Fourier, que permite determinar las 
ara
terísti
as de las res-onan
ias de S
humann, y Análisis R/S desarrollado por E. Hurst [63℄, que permitedeterminar 
omponentes estadísti
as de las series.8.2.1 Análisis Espe
tralLas señales magnetotelúri
as son unos valores dis
retos de voltaje que 
orrespon-den a valores de 
ampo elé
tri
o y 
ampo magnéti
o medidos por las antenas delsistema. La transformada dis
reta de Fourier de esta serie no aporta mu
ha in-forma
ión debido a que 
ontiene mu
ho ruido aso
iado tanto a los sensores, 
omoa la propia señal (de he
ho se habla de en la literatura de ruido ele
tromagnéti
onatural). En la parte del 
ampo magnéti
o la señal tiene una intensidad del or-den de pT, mientras que el 
ampo magnéti
o terrestre os
ila alrededor de 30 µT,es de
ir, más de un millón de ve
es superior en intensidad. Por eso es ne
esarioapli
ar el Método de Bartlett [66℄ a la señal: se tro
ea en intervalos 
uyo númerode muestras nos de�na su�
iente resolu
ión en fre
uen
ias; se le apli
a a 
ada in-tervalo una ventana de Hanning para minimizar el efe
to de trun
ado de la señal;se evalúa la Transformada Dis
reta de Fourier también en 
ada intervalo y, �nal-mente, se ha
e la media (en módulo, que es la parte que nos interesa) a todos losintervalos en que hemos dividido la señal 
ompleta.Los parámetros que nos interesan 
al
ular del espe
tro en módulo de la señal(obtenido a partir del pro
edimiento de Bartlett) son: los valores de pi
o de lasresonan
ias, las amplitudes de estos pi
os y el fa
tor de 
alidad, de�nido 
omo el
o
iente entre el valor de pi
o y el an
ho de banda en que este valor de pi
o 
ae 3
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Figure 8.5: Mapa 
on las distan
ias angulares entre las 
ampañas del estudioy las prin
ipales zonas tormentosas.dB:
Qn =

fmax,n

∆fn
.Estos parámetros se pueden obtener ha
iendo un ajuste mediante Lorentzianas[68℄:

FLfit(f) =

N
∑

n=0

Bn
(

f−fmax,n

∆fn

)2

+ 1
.donde 
ada resonan
ia Bn es la amplitud de la resonan
ia n 
on fre
uen
ia 
entral

fmax,n y an
ho de banda ∆fn.8.2.1.1 Des
rip
ión de las medidas Magnetotelúri
asPara el análisis de las medidas es fundamental determinar la distan
ia angularentre los prin
ipales 
entros tormentosos que dominan la genera
ión de rayos y lospuntos geográ�
os donde se efe
tuaron las medidas. Estas distan
ias, junto 
onlas áreas 
on densidad de rayos mayor que 20 rayos/km2
/ año se muestran enla Figura 8.5. Estas distan
ias nos determinan la amplitud de 
ada modo segúnse ha visto en el Capítulo 1. Es importante señalar que la amplitud del modo
orrespondiente a n = 2 es 
er
ano a 
ero para las medidas en Antárti
a 
onfuentes lo
alizadas en Áfri
a Central.
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lusiones 179Además de la distan
ia angular hay que tener en 
uenta la proye

ión de la
omponente φ del 
ampo magnéti
o (
omponente prin
ipal) de 
ada una de lasfuentes en 
ada uno de los puntos donde se han efe
tuado las medidas.Como hemos señalado anteriormente, las medidas magnetotelúri
as se efe
túanen diferentes lo
aliza
iones de una zona amplia lo que añade una variable más, de
ará
ter lo
al. El 
ampo elé
tri
o se ha mostrado más sensible a los 
ambios delo
aliza
ión, mientras que el 
ampo magnéti
o no se ve afe
tado por las varia
ioneslo
ales.De todas las series temporales suministradas por el departamento de Geod-inámi
a, hay dos que tienen una dura
ión que permite ha
er un seguimiento de laevolu
ión diaria de las resonan
ias de S
humann. Estas series han sido tomadasen Marrue
os y en la Antártida y tienen una dura
ión de 15 y 14 horas respe
ti-vamente, lo que ha permitido ha
er sendos espe
trogramas que se muestran en lasFiguras 8.6 y 8.7.En el espe
trograma 
orrespondiente a Marrue
os se pueden identi�
ar las
uatro primeras resonan
ias (entorno a 8, 14, 20 y 26 Hz) y un in
remento en laamplitud de la señal en el intervalo de 06:00 - 08:00 UT, que 
orresponde a lahora de a
tiva
ión del 
entro tormentoso de Malasia (Asia). El espe
trograma dela Antártida es mu
ho más limpio debido a la po
a a
tividad humana en la zonay se pueden distinguir hasta 7 resonan
ias. Este punto de medida tiene la mayorparte de la energía en la 
omponente EO del 
ampo magnéti
o, que 
orrespondea los 
entros tormentosos de Améri
a y Malasia, y también tiene una a
tiva
ión alas 06:00 - 08:00 UT, que de nuevo 
orresponde al 
entro tormentoso de Malasia.8.2.1.2 Varia
iones diarias de las resonan
ias de S
humannDebido a la dis
ontinuidad 
on que se efe
tuaron las medidas, no se ha podido efe
-tuar un estudio sistemáti
o de la varia
ión diaria de las resonan
ias de S
humann.Sin embargo, la ubi
a
ión de la Antártida respe
to a los prin
ipales 
entros tor-mentosos permite identi�
ar importantes 
omportamientos diurnos de la segundaresonan
ia que se muestran en la Figura 8.8, donde se muestra el espe
tro de los
ampos magnéti
o y elé
tri
o, en intervalos temporales donde se a
tivan los 
en-tros tormentosos en Áfri
a (14:30 - 17:30 UT) y en Améri
a (17:30 - 22:30 UT) ypara las dos 
omponentes horizontales. Se puede observar que, efe
tivamente, el
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Figure 8.6: Espe
trograma de las 
omponentes elé
tri
a y magnéti
a de lano
he del 5 al 6 de febrero de 2006, tomada en la 
ampaña de Marrue
os.

Figure 8.7: Espe
trograma de las 
omponentes magnéti
as del 29 - 30 de enerode 2008, tomada en la 
ampaña Antárti
a.
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ión del segundo modo de las RS para las señales medidas enla Antártida.segundo modo para el 
ampo magnéti
o generado por las tormentas de Áfri
a enla 
omponente N-S tiene menor amplitud que el ter
er modo. Esto es debido a ladistan
ia angular que ha
e que para el segundo modo se tenga un mínimo. Porel 
ontrario, en la 
omponente E-O, los dos modos se igualan en amplitud debidoa que en esta 
omponente intervienen otros 
entros tormentosos que, aunque demu
ha menor intensidad, también 
ontribuyen al 
ampo global. El 
entro tormen-toso de Améri
a no 
umple la 
ondi
ión de mínimo aso
iado a la distan
ia angulary, 
omo o
urre en el resto de espe
tros estudiado, el segundo modo tiene mayoramplitud que el ter
ero. Para este 
entro tormentoso y 
omo predi
e el modeloanalíti
o, la 
omponente E-O es la mayor en el 
ampo magnéti
o.En el análisis de estas medidas también se puede 
omprobar que hay unapequeña varia
ión en la fre
uen
ia 
entral entre ambas 
omponentes de los 
ampos(en la Tabla 8.1 se muestran para el 
ampo magnéti
o) y la tenden
ia de estavaria
ión depende del modo, de a
uerdo 
on otros estudios experimentales [74℄.



182 Chapter 8.Table 8.1: Fre
uen
ia 
entral de las 
omponentes N-S y E-O del 
ampo mag-néti
o de los espe
tros de la Figura 8.8.Hora (UT) Componente Fre
uen
ia (Hz)1er modo 2do modo 3er modo1430-1730 UT NS 7.69 14.56 19.861430-1730 UT EO 7.80 14.05 20.501730-2230 UT NS 7.73 14.45 20.071730-2230 UT EO 7.61 13.83 20.538.2.1.3 Varia
iones esta
ionales de las resonan
ias de S
humannEn el estudio de las varia
iones anuales también hay que señalar que la muestra demedidas no es estadísti
amente signi�
ativa pero puede servir para 
orroborar re-sultados obtenidos en otros trabajos 
omo los de Ondrá²ková et al. [74℄ o Rolduginet al. [76℄. Se han utilizado señales de al menos 90 minutos de dura
ión, divididasen bloques de 30 segundos, para apli
arles el método de Bartlett.En amplitud, la 
omponente E-O del 
ampo magnéti
o medido en Andalu
ía yMarrue
os muestra 
ierta estabilidad anual mientras que la 
omponente N-S pre-senta máximos 
oin
identes 
on las esta
iones más 
álidas en el hemisferio Norte.Los meses de menor amplitud 
orresponden a enero (medida efe
tuada en 2008)y febrero (medida efe
tuada en 2006), 
orroborando los resultados de otros au-tores [77, 78℄, ver Figura 8.9. El 
ampo elé
tri
o presenta una varia
ión lo
al muygrande (hasta un orden de magnitud), por lo que no se puede extraer ninguna
on
lusión sobre la varia
ión esta
ional. Sin embargo, las amplitudes para los tresprimeros modos estudiados del 
ampo elé
tri
o presentan similar amplitud en 
ada
ampaña, por lo que este 
ampo se presta más al estudio experimental de modosaltos de las resonan
ias de S
humann.Las fre
uen
ias 
entrales de los tres primeros modos os
ilan entorno a 7.8, 14y 20.5 Hz, existiendo 
orrela
ión entre las 
omponentes BNS y EEO y vi
eversa.Los 
ambios más signi�
ativos 
oin
iden, 
omo en la se

ión anterior, en las me-didas efe
tuadas en la Antártida en el segundo y ter
er modos. Según [74℄, estosdesplazamientos en fre
uen
ia de las resonan
ias de S
humann están rela
ionados
on el tamaño efe
tivo del nú
leo tormentoso.Por último, el fa
tor de 
alidad Q no muestra varia
ión en las diferentes 
am-pañas y tiene tenden
ia a ser mayor para los modos más altos.
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Figure 8.9: Amplitud del 
ampo magnéti
o para las tres primeras resonan
iasde S
humann.8.2.2 Análisis Res
aled Range (R/S)Las series temporales pueden ser des
ompuestas en: (1) una 
omponente de ten-den
ia que re
oja el 
omportamientoma
ros
ópi
o del sistema generador de la seriey su tenden
ia a largo plazo, (2) otra 
omponente que re
oja las dis
ontinuidades,(3) otra 
on la 
omponente periódi
a que suele ser fre
uente en pro
esos naturales(mareas, rota
ión de planetas, et
.) y, �nalmente, (4) una 
omponente esto
ás-ti
a que re
oja las �u
tua
iones y que podríamos denominar genéri
amente 
omoruido. El análisis R/S estudia la persisten
ia de la 
omponente esto
ásti
a en lasseries temporales [63, 79℄ a través del exponente de Hurst (Hu). Para el ruidoblan
o gaussiano, Hu=0.5, las señales 
on Hu entre 0.5 y 1 se 
ali�
an 
omo per-sistentes, y antipersistentes si Hu es inferior a 0.5. Las señales naturales suelenser persistentes [80℄. Este 
oe�
iente se rela
iona 
on el 
oe�
iente Z obtenido apartir del 
o
iente entre el rango R y la desvia
ión estándar S de la señal (de ahí
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i=Log2MFigure 8.10: Resultados del análisis R/S apli
ado a señales medidas en laAntártida.el nombre R/S del método) mediante una ley de poten
ia:
Z =

(

M

2

)2donde M representa diferentes es
alas en la serie temporal.Este análisis ha sido apli
ado a las señales magnetotelúri
as medidas en laAntártida, donde el ruido antropogéni
o es prá
ti
amente inexistente. Los re-sultados se muestran en la Figura 8.10, donde se observan tres zonas diferentes.Una primera para I=[2,5℄ que 
orresponde a una es
ala temporal de hasta 1/16 s,donde Hu os
ila entre 0.75 y 0.85, dependiendo de la serie analizada. La segundazona 
orresponde al intervalo de es
alas entre 1/8 y 2 segundos (I entre 6 y 10),donde el valor de Hu tiende a 0.5, indi
ando un 
omportamiento aleatorio. Later
era parte 
orresponde a valores del exponente de Hurst que no siguen una leyde poten
ias y por tanto éstos no tienen un sentido 
laro.
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Figure 8.11: Curva Log2Z-I de una simula
ión emulando el 
ontenido ELFde una serie temporal.Otro aspe
to muy importante del análisis R/S es que permite de�nir valoresde magnitudes 
on 
laro 
ará
ter esto
ásti
o. El número de rayos que en prome-dio se produ
en 
ada segundo en la Tierra es una de esas magnitudes porque suvalor in�uye en el rango y la desvia
ión estándar de la señal. Ni
kolaenko et al.[81℄ propone que di
ha magnitud se puede evaluar a partir de la es
ala donde elexponente de Hurst 
ambia su tenden
ia de un valor 
onstante. Con el objetivo de
omprobar esta hipótesis, se ha efe
tuado una simula
ión numéri
a 
onsistente engenerar una su
esión de señales ele
tromagnéti
as similares a la que generan losrayos, 
ontrolando su se
uen
ia y apli
ando el método R/S a las diferentes series.En la Figura 8.11 se muestra la representa
ión de Z en fun
ión de la es
ala paralas tres series obtenidas variando la se
uen
ia de señales a través del número demuestras entre 
ada des
arga (en la �gura se muestran las 
urvas para 16, 64 y128 muestras). Se puede ver 
omo se 
on�rma la hipótesis pudiéndose identi�
ar
laramente a partir del 
ambio en la pendiente del logaritmo de Z (propor
ionalal exponente de Hurst) la razón de señales por segundo. A partir de la Figura 8.10se puede inferir una razón de entre 16 y 32 rayos por segundo, que está de a
uerdo
on los valores experimentales de esta variable [12℄.
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ión de la altura efe
tiva de la ionos-fera a partir de la 1a fre
uen
ia de 
orte de laguía de ondas.El satélite fran
és DEMETER fue diseñado y lanzado 
on el propósito de estudiarlas perturba
iones 
ausadas en la ionosfera por fenómenos naturales. Uno de susprin
ipales objetivos es estable
er la 
onexión entre desastres naturales (prin
i-palmente terremotos y erup
iones vol
áni
as) y perturba
iones ionosféri
as parafuturos sistemas de predi

ión [9, 84�87℄. A través del sensor de 
ampo elé
tri
o(ICE) es posible medir las tres 
omponentes de 
ampo a través de la ionosferaen una órbita 
ir
ular sín
rona 
on el Sol a unos 700 km de altura. De todas lasbandas en que puede efe
tuar medidas, nos interesa la banda VLF, en la que elsatélite efe
túa medi
iones a 40 kHz y envía el espe
tro de poten
ia promediadoy normalizado, porque es en ella donde está la primera fre
uen
ia de 
orte de laguía de ondas, formada por la super�
ie de la Tierra y la ionosfera. Debido a quela distan
ia a la que se propagan las ondas ele
tromagnéti
as hasta atenuarse enesta banda es de po
os miles de kilómetros podemos aproximar la geometría a unaguía plano-paralela donde la primera fre
uen
ia de 
orte, fc, 
orresponde a unalongitud de onda igual al doble de la altura de la guía, h:
fc =

c

2hdonde c es la velo
idad de la luz.En el espe
tro medido por el satélite en la banda VLF esta fre
uen
ia de 
orte
orresponde a un mínimo situado entre 1.4 y 2.0 kHz, tras un a
ondi
ionamientode la señal [2℄. A partir de la altura efe
tiva podemos determinar parámetros muyimportantes en la zona 
orrespondiente a la altura efe
tiva, ina

esible para me-didas in-situ tanto para satélites 
omo para globos sonda, 
omo son la densidadde ele
trones o la 
ondu
tividad efe
tiva.Con el �n de poder ha
er un mapa global de la altura efe
tiva se ha sele

ionadoun paso espa
ial de entre 1◦ y 5◦ y un intervalo temporal, que dependerá delestudio que estemos efe
tuando. A 
ontinua
ión, se toman todas las medidas no
-turnas efe
tuadas por DEMETER en el intervalo espa
io-temporal y se efe
túa unpromedio que suministre un espe
tro úni
o. A partir de este espe
tro un algoritmo
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ta el mínimo 
orrespondiente a la fre
uen
ia de 
orte de la guía. La razón desele

ionar las medidas no
turnas es que la estabilidad del plasma de la ionosferaha
e que las señales tengan mu
ho menos ruido. Las medidas 
onsideradas se hanefe
tuado desde enero de 2006 hasta febrero de 2010.En la Figura 8.12, se muestra un mapa global 
on el valor de la altura promedioen los 4 años para los do
e meses. La órbita del satélite se sitúa entre ±65◦ delatitud, por lo que solo esta franja apare
e en el mapa. Se puede observar que laaltura efe
tiva es menor en el hemisferio norte en las esta
iones frías, bási
amenteentre noviembre y marzo, siendo más notable este des
enso en las zonas de o
éano.Hay una gran ex
ep
ión en el Este Asiáti
o y en el Pa
í�
o Oeste. La varia
iónobservada es de 5 a 10 km.En 
uanto a varia
iones esta
ionales, la más desta
able se produ
e en el O
éanoPa
i�
o Sur donde la altura efe
tiva es superior a 100 km entre mayo y septiembre,para luego de
re
er a 90 km desde noviembre a marzo (Figura 8.13). Debido al
ará
ter esta
ional, la 
ausa de esta varia
ión debe venir (dire
ta o indire
tamente)de 
ambios en la irradia
ión solar re
ibida y/o 
ambios en la 
limatología lo
al.Otra varia
ión que puede observarse o
urre en latitudes e
uatoriales, tantoen el O
éano Atlánti
o 
omo en el O
éano Índi
o, que aunque separados porel 
ontinente afri
ano, experimentan idénti
os 
ambios en la altura efe
tiva dosve
es por año. En general se observa que los mayores 
ambios se produ
en sobreel o
éano. Se plantean 
omo posibles 
ausas:1. Efe
to de los aerosoles en el 
ir
uito elé
tri
o global [107, 108℄.2. Efe
to de la menor a
tividad tormentosa en el o
éano frente a la de los
ontinentes.3. Efe
to de eventos transitorios luminosos (elves, sprites, jets, et
.) 
uya o
ur-ren
ia es mu
ho mayor sobre los o
éanos que sobre los 
ontinentes [120℄.A partir de la altura efe
tiva se puede 
al
ular la densidad de ele
trones 
on-siderando que a esa altura se produ
e una re�exión total de una onda ele
tro-magnéti
a que in
ida normalmente en la ionosfera, debiéndose 
umplir la rela
ión[103℄:
ω2
p = ων
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Figure 8.12: Mapa de la altura efe
tiva de la ionosfera para los 12 meses,promediados entre 2006 y 2009.donde ωp es la fre
uen
ia angular del plasma a esa altura, ω la fre
uen
ia angularde la señal y ν la fre
uen
ia de 
olisión. A partir de la densidad de ele
tronesy tomando 
omo dato la densidad de neutros del modelo MSIS [101, 102℄, esposible 
al
ular también la 
ondu
tividad de la ionosfera a la altura efe
tiva. En laFigura 8.14 se muestra el mapa global de la densidad de ele
trones y 
ondu
tividadefe
tiva a la altura efe
tiva promediados por esta
iones.La medida de la a
tividad solar es muy importante para el estudio del MedioAmbiente. A través del índi
e F10.7 [126℄ es posible estable
er una 
orrela
ión
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Figure 8.13: Mapa de la altura efe
tiva de la ionosfera para dos épo
as delaño, promediadas entre 2006 y 2009.

Figure 8.14: Mapa de la densidad de neutros, densidad de ele
trones y 
on-du
tividad a la altura efe
tiva de la ionosfera.
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tividad solar y la fre
uen
ia de 
orte medida durante el periodo 2006-2009 por el satélite DEMETER. En la Figura 8.15 se puede ver 
omo duranteeste periodo se ha dete
tado un de
re
imiento global de la fre
uen
ia de 
orte quese puede expli
ar por una menor a
tividad solar, medida a través del parámetrosolar F10.7. El rizado que se observa en la 
urva de la fre
uen
ia de 
orte está
ausado por las varia
iones esta
ionales des
ritas anteriormente. Sería 
onvenienteen estudios futuros estable
er esta 
orrela
ión en un periodo de tiempo mu
ho máslargo.
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Figure 8.15: Comparativa del parámetro F10.7 y la fre
uen
ia de 
orte inferidaa partir de los datos de DEMETER.Los datos presentados en este estudio revelan por primera vez la fre
uen
ia de
orte y su 
orrespondiente altura efe
tiva de re�exión en la totalidad de la Tierra,in
luyendo las áreas sobre los o
éanos. Hay una gran falta de medidas en las re-giones D y E de la ionosfera [128℄ y las que hay (utilizadas en los modelos empíri
osIRI y MSIS) no revelan todos los detalles mostrados en las �guras anteriores, 
omolas varia
iones esta
ionales y las varia
iones tan a
usadas en la altura efe
tiva dela ionosfera.8.4 El método TLMEl método de la Matriz de Líneas de Transmisión o método TLM es una aproxi-ma
ión numéri
a en el dominio del tiempo a las e
ua
iones de Maxwell desarrolladapor Johns y Beurle en 1971 [140℄, estable
iendo un modelo equivalente del prob-lema basado en 
ir
uitos de líneas de transmisión. Esta naturaleza 
on
eptual, en
ontraposi
ión a una simple aproxima
ión numéri
a, ha
e que el método sea una
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apaz de resolver no solo problemas de propaga
ión de on-das ele
tromagnéti
as sino también problemas de a
ústi
a o difusión de partí
ulas,por ejemplo [141�143℄.El método TLM estable
e una dis
retiza
ión del espa
io y del tiempo en 
eldaselementales o nudos TLM. Las variables voltaje e intensidad sustituyen a los 
am-pos ele
tromagnéti
os, mientras que los parámetros 
ara
terísti
os de las líneas detransmisión modelan el medio por el que se propaga el 
ampo. En 
ada instantetemporal t = n∆t, una se
uen
ia de pulsos in
identes, V i
n, son dispersados en 
adanudo TLM, transformándose en voltajes re�ejados, V r

n , a través de la e
ua
ión:
V r
n = SV i

ndonde S es la matriz de dispersión que modela el medio. Estos voltajes re�ejadosse 
onvierten en in
identes en el instante temporal siguiente y en los nudos ve
inos.El pro
edimiento bási
o en la resolu
ión numéri
a de un problema físi
o medianteel método TLM 
onsiste en estable
er un nudo que genere e
ua
iones diferen
ialesequivalentes a las del problema y 
al
ular su matriz de dispersión.Ini
ialmente, el método TLM fue propuesto para problemas bidimensionalesusando diferentes nudos 
on distribu
ión de líneas de transmisión en paralelo y enserie [140, 141, 144℄. Después, se resolvieron problemas tridimensionales usandoel nudo asimétri
o expandido [146, 147, 147℄. Pero no fue hasta 1986 
uando P.B. Johns 
ambió la manera de entender el nudo TLM a través del nudo simétri
o
ondensado [154, 155℄, 
onsistente en 12 líneas unidas formalmente en su 
en-tro a través de las e
ua
iones de Maxwell (líneas prin
ipales) y que dan 
uentade la propaga
ión, junto 
on otras 6 líneas, representadas por stubs indu
tivosy 
apa
itivos, que representan las inhomogeneidades del medio en permeabilidadmagnéti
a y permitividad elé
tri
a. Si el medio tiene pérdidas, tanto elé
tri
as
omo magnéti
as, a estas 18 líneas hay que añadirles otros 6 stubs de pérdidas,uno por 
ada dire

ión del 
ampo elé
tri
o y de 
ampo magnéti
o. La matriz dedispersión resultante tiene dimensión 18x24 y los 
oe�
ientes vienen de�nidos porlas 
ara
terísti
as ele
tromagnéti
as del medio.La ex
ita
ión en el método TLM no es inmediata. En prin
ipio el 
ampo in
i-dente apare
e 
omo un voltaje in
idente por la línea prin
ipal 
orrespondiente.El problema es que pueden apare
er otros 
ampos aso
iados al voltaje in
identeañadido que no tienen equivalente en el problema original. Sin embargo añadiendo
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idente por otras líneas se puede 
ompensar este efe
to[166℄.La dis
retiza
ión espa
io-temporal genera un medio numéri
o dispersivo [160, 161℄,por lo que 
omo norma general de los métodos numéri
os de baja fre
uen
ia 
omoes el TLM, el muestreo espa
ial debe ser 
omo máximo 1/10 la longitud de ondamínima de la señal de ex
ita
ión. Naturalmente, el muestreo temporal debe ser
ontrolado también, pero el teorema de Shannon impone una restri

ión 
asi siem-pre menor a la 
omentada.El uso del método TLM para otras geometrías, 
omo 
ilíndri
as o esféri
as,es similar al 
artesiano. Sin embargo, apare
en los siguientes in
onvenientes: i)apare
en singularidades en el eje Z tanto en 
ilíndri
as 
omo en esféri
as; ii) eltamaño de los nudos se va in
rementando 
on las 
oordenadas radiales tanto en
ilíndri
as 
omo en esféri
as, por lo que el método se vuelve muy dispersivo.Como ventaja de estos métodos es que evita el mallado en es
alera 
uando lageometría del problema tiene super�
ies 
ilíndri
as o esféri
as.La pregunta 
lave que surge 
uando se resuelve numéri
amente un problema es¾Por qué se elige un método y no otro? En nuestro 
aso, ¾Por qué se elige TLM yno el más popular basado en diferen
ias �nitas en el dominio del tiempo, FDTD?En prin
ipio TLM requiere más memoria que FDTD y 
omo nuestro problema es
omputa
ionalmente grande, esto es un in
onveniente. Sin embargo TLM es in-
ondi
ionalmente estable y todas las 
omponentes de los 
ampos están ubi
adas enel mismo punto e instante. Además, el método TLM supone un modelo del prob-lema físi
o, lo que ha
e que ini
ialmente el método tenga más di�
ultad, pero ha
eque aporte más y mejor informa
ión de la solu
ión que otros métodos numéri
os.Así el método TLM puede usarse para resolver problemas tan diferentes 
omo laradia
ión de una antena de hilo [163�165℄, donde el sistema tiene dimensiones físi-
as dispares, o el modelado de metamateriales 
on propiedades ele
tromagnéti
assingulares que permiten diseñar 
apas de invisibilidad ele
tromagnéti
a [167℄.
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ión del método TLMEn los métodos numéri
os, disponer de una herramienta de 
ál
ulo 
on su�
ientepoten
ia es una ne
esidad 
ontinua. La poten
ia de las CPU (del inglés, Cen-tral Pro
essing Unit) pare
e haber al
anzado su máximo y la op
ión más efe
-tiva para in
rementar la poten
ia de 
ál
ulo es la paraleliza
ión usando múlti-ples CPU y/o 
on múltiples nú
leos. La paraleliza
ión se puede realizar, 
on losmedios disponibles en nuestro entorno de investiga
ión, mediante tres vías: sis-temas 
on memoria 
ompartida, sistemas 
on memoria distribuida y unidades depro
esamiento grá�
o (GPU, del inglés Graphi
s Pro
essing Unit).Los sistemas de memoria 
ompartida 
onsisten en una unidad o pla
a 
on var-ios pro
esadores que a su vez suelen estar 
ompuestos de varios nú
leos. Estaunidad dispone de memoria RAM (del inglés, Random A

ess Memory) a

esiblea todos los nú
leos a través de un sistema de 
omuni
a
ión interno que opera auna velo
idad de a

eso alta. Es pre
isamente este a

eso a memoria por partede los diferentes nú
leos el 
uello de botella de esta te
nología, en espe
ial 
uandoel número de nú
leos a

ediendo a la misma memoria es alto. Para mitigar esteproblema, en máquinas 
on mu
hos pro
esadores se suele utilizar la arquite
turaNUMA (del inglés, Non Uniform A

ess Memory) que permite un a

eso másrápido por parte de 
ada nú
leo a una parte de la memoria, 
on lo que la par-aleliza
ión es más e�
iente. La paraleliza
ión 
on sistema de memoria 
ompartidadeja de ser e�
iente a partir de la 
entena de nú
leos, aproximadamente. El proto-
olo o API (del inglés Appli
ation Pa
kage Interfa
e) más usado en estos sistemases OpenMP.Los sistemas de memoria distribuida 
onsisten en un número de sistemas de memo-ria 
ompartida unidos mediante un sistema de 
omuni
a
ión que permite el trán-sito de informa
ión de unos nú
leos 
on otros. De nuevo es este sistema de 
o-muni
a
ión el 
uello de botella del pro
eso de paraleliza
ión. El proto
olo o APImás usado en este tipo de sistemas es MPI (del inglés Message Passing Interfa
e).Las GPUs están diseñadas espe
í�
amente para opera
iones ve
toriales por loque su poten
ia de 
ál
ulo es mu
ho mayor que la de las CPUs, pero la memo-ria disponible es muy limitada. La programa
ión 
on ellas es muy espe
í�
a y
ompletamente diferente a los sistemas de memoria 
ompartida o distribuida.
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ión numéri
a de la 
avidad Tierra-ionosfera tiene 
omo di�
ultadprin
ipal la despropor
ión de sus dimensiones (100 km de espesor frente a unradio esféri
o de 6,370 km). Los rayos son la prin
ipal fuente de 
ampo ele
-tromagnéti
o y su espe
tro se 
on
entra fundamentalmente en las bandas ELF yVLF. Puesto que las ondas ele
tromagnéti
as en la banda ELF pueden dar variasvueltas a la tierra es ne
esario un modelo tridimensional de la misma. Para estabanda de fre
uen
ias podemos 
onsiderar que la 
orteza terrestre es un 
ondu
torperfe
to, las 
apas bajas de la ionosfera 
omo dielé
tri
o perfe
to y a medida quesubimos en altura ir in
rementando la 
ondu
tividad, véase Figura 8.16, hastapoder 
onsiderar de nuevo la 
ondi
ión de 
ondu
tor perfe
to a 100 km.
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Figure 8.16: Per�les de 
ondu
tividad de la atmósfera. Extraído de Pe
honyand Pri
e [182℄.8.5.1 Paraleliza
iónDada la geometría de la 
avidad, un modelo esféri
o permitiría un modelado ge-ométri
o más óptimo. Sin embargo la singularidad en el eje Z ha
e que la uniónde nodos sea 
ompli
ada y que las dimensiones de los mismos sean variables, loque genera una gran dispersión numéri
a en la malla. El modelado en nudos 
arte-sianos evita este problema pero genera un modelado en es
alera, en el sentido deque las formas esféri
as deben ser aproximadas por 
ubos. Para evitar problemasde dispersión hemos preferido usar el modelo 
artesiano aunque evidentemente elesféri
o queda 
omo un objetivo futuro.Las propiedades ele
tromagnéti
as de las 
eldas 
omprendidas entre un radio de6,370 km y otro de 6,470 km tienen una permitividad elé
tri
a y permeabilidad
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a igual a la del va
ío pero presentan una 
ondu
tividad en fun
ión de laaltura. En una primera versión hemos 
onsiderado a la ionosfera 
omo un plasmaisótropo. La introdu

ión de la anisotropía se ha dejado 
omo un objetivo futuro.Con el �n de redu
ir el tiempo de 
ál
ulo se han in
rementado los requerimientosde memoria, por lo que 
ada nodo ne
esita un mínimo de 100 Bytes de memoria.Para un tamaño de 
elda de 10 km3 son ne
esarias del orden de 5 107 
eldas pararellenar toda la 
orona esféri
a por lo que se requieren unos 5 GBytes de memoria.La paraleliza
ión requiere un esfuerzo de programa
ión muy grande por lo queha
er un programa paralelizado óptimamente para 
ada problema es inviable, parauna herramienta tan versátil 
omo el método TLM. Por ello se ha elaborado unprepro
eso que transforma 
ualquier problema (tridimensional, bidimensional ounidimensional) en unidimensional y que sirve de entrada para el programa 
en-tral de 
ál
ulo que ha sido paralelizado y que es 
omún a 
ualquier geometría.El prepro
eso 
onsiste en aso
iar a 
ada nudo (identi�
ado mediante un númeroúni
o) 
on los identi�
adores de sus nudos ve
inos. Así 
ualquier geometría setransforma en una agrupa
ión unidimensional de nodos donde 
ada uno tiene in-forma
ión sobre las 
ara
terísti
as ele
tromagnéti
as de la 
elda que de�ne y losnúmeros identi�
adores de sus ve
inos, in
luyendo las 
ondi
iones de 
ontorno siel nudo 
ae en la frontera.En pro
eso de 
ál
ulo prin
ipal y que se ha paralelizado 
onsiste en que en 
adainstante temporal los voltajes in
identes en 
ada nudo se transforman en re�ejadosa través de los 
oe�
ientes de la matriz de dispersión. Si usamos un sistema depunteros aso
iados a los nudos ve
inos, estos voltajes re�ejados se pueden es
ribiren las dire

iones de memoria en las que luego se lee el voltaje in
idente. Por tanto
ada nú
leo puede en
argarse de unos nudos 
on
retos en 
ada instante temporal
on la 
ondi
ión de que todos los nú
leos se sin
roni
en al �nal de 
ada itera
ióntemporal.8.5.2 Implementa
ión y pruebas de rendimientoEl programa desarrollado utiliza la arquite
tura de memoria 
ompartida usandolas dire
tivas openMP y ha sido es
rito en lenguaje C. Durante el pro
eso de par-aleliza
ión ha sido ne
esario desarrollar estrategias lo
ales 
omo la multipli
a
iónde los voltajes in
idente por la matriz de dispersión para redu
ir al mínimo el
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iones, así 
omo la propia rede�ni
ión de la matriz en base a tres
oe�
ientes.Para 
omprobar el fun
ionamiento del programa en diferentes arquite
turas seha elegido una 
avidad re
tangular 
on diferentes dimensiones según se muestraen la Tabla 8.2. Las arquite
turas probadas han sido tres:1. SuperMi
ro8 (SM8) 
on 2 pro
esadores AMD opteron de 
uatro nú
leos a2.0 GHz y 32 GB de RAM.2. SunFire (SF16) 
on 8 pro
esadores AMD opteron de doble nú
leo a 2.2 GHzy 64 GB de RAM.3. SuperMi
ro32 (SM32) 
on 4 pro
esadores de 8 nú
leos a 2.0 GHz y 96 GBde RAM.Table 8.2: Des
rip
ión de las 
uatro simula
iones empleadas para las pruebasde rendimiento.Leyenda No de nudos Memoria iter. temporales nodos·itera
ionesP1 104 1.72 MB 105 109P2 4 · 104 6.88 MB 2.5 · 104 109P3 106 172 MB 103 109P4 5 · 107 8.6 GB 2 · 101 109Los resultados obtenidos demuestran que el tiempo de eje
u
ión 
re
e lineal-mente 
on el número de itera
iones temporales, independientemente del númerode nú
leos utilizados. Este he
ho pone de mani�esto la se
uen
ialidad de éstas.En la Figura 8.17 se muestra una serie de grá�
as 
on el tiempo total de eje
u
ióny la a
elera
ión (
o
iente entre el tiempo empleado 
on 1 nú
leo y el empleado
on n nú
leos). Se puede observar que no hay una rela
ión simple entre es
alabil-idad del algoritmo y su tamaño sino que intervienen múltiples variables 
omo la
on�gura
ión de la CPU en nú
leos, disposi
ión de la memoria RAM o el tamañode la 
a
hé. La in�uen
ia de la 
a
hé se pone de mani�esto en que la máximaa
elera
ión se 
onsigue en los problemas P1 y P2 llegándose in
luso a al
anzara
elera
iones superlineales (a
elera
ión superior al número de nú
leos utilizados).La máxima a
elera
ión 
onseguida ha sido 11.3 
on 16 nú
leos en el ordenador
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ro32 en el problema P2, que es un buen resultado de paraleliza
ión si se
ompara 
on otros trabajos [187, 188℄.
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Figure 8.17: A
elera
iones obtenidas para la 
avidad re
tangular.En la optimiza
ión de la paraleliza
ión para problemas grandes (P3 y P4)ha sido fundamental el uso de la herramienta numa
tl que permite modi�
ar la
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Figure 8.18: Compara
ión de la a
elera
ión obtenida al utilizar el esquemaround-robin.políti
a de asigna
ión de memoria a un esquema de tipo round-robin, de maneraque la memoria sea asignada uniformemente entre los diferentes segmentos de laarquite
tura NUMA.Como ejemplo de la versatilidad del programa en el tratamiento de diferentesgeometrías también se ha simulado la propaga
ión de una señal ele
tromagnéti
aen la banda VLF, para lo 
ual se ha modelado aquella parte de la 
avidad a la quellega la señal (la atenua
ión de la atmósfera es muy grande a estas fre
uen
ias) porlo que la geometría se 
onvierte en una guía de pla
as plano-paralelas in�nita. Seha estudiado el 
aso 
on pérdidas y sin pérdidas. El tamaño de la 
elda usado enesta simula
ión es de 1.5 km y se han simulado 7,500 instantes temporales de 2.5 µs
on un total de 106 
eldas. Las simula
iones se han efe
tuado en dos ordenadores,SM32 y SM8. Se ha logrado una a
elera
ión máxima de 6 en SM8 usando los 8nú
leos disponibles y de 16 usando 30 nú
leos en SM32. Debido al tamaño delproblema, la gestión de la memoria usando round-robin ha sido determinante. Enla Figura 8.18 se pone de mani�esto la a
elera
ión 
onseguida al emplear estaté
ni
a.8.6 Simula
ión de la 
avidad Tierra-ionosferaEl estudio numéri
o de la 
avidad ele
tromagnéti
a Tierra-ionosfera lo hemos efe
-tuado simulando 
in
o problemas: la 
avidad sin pérdidas, 
on pérdidas, ionosferadeformada por un efe
to provo
ado por seísmo, simula
ión de tormentas 
on difer-entes extensiones y número de rayos, y por último la 
avidad asimétri
a 
on las
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he.El modelo de rayo tiene una transformada de Fourier 
uyo módulo es 
onstanteen la banda ELF por lo que la respuesta del sistema en fre
uen
ia será equivalentea la respuesta impulso.8.6.1 Cavidad sin pérdidasLa 
avidad 
onsiste en dos esferas 
on
éntri
as 
ondu
toras perfe
tas 
on radios6,370 y 6,470 km. Se han usado dos tamaños de 
elda 
on lados de 5 y 10 km.Para el primero ha sido ne
esario un total de 4.14 108 
eldas y 61.5 GBytes dememoria de RAM. La simula
ión ha requerido 7 días de 
ál
ulo. Para la segundasimula
ión el número de 
eldas se ha redu
ido en un fa
tor 8, la memoria RAMutilizada por la simula
ión ha sido de 9.2 GBytes y el tiempo de 
ál
ulo ha sidode 21 horas. En la Tabla 8.3 se muestran las resonan
ias de S
humann obtenidas
on ambas simula
iones y se 
omparan 
on las analíti
as.Table 8.3: Fre
uen
ias de las SR en Hz para las seis primeras resonan
ias enla 
avidad sin pérdidas.1era SR 2da SR 3era SR 4ta SR 5ta SR 6ta SR10 km 10.24 17.74 24.98 32.35 39.63 46.935 km 10.47 17.99 25.48 32.96 39.98 47.47Analíti
as 10.51 18.20 25.75 33.24 40.71 48.17
8.6.2 Cavidad 
on pérdidasCon igual 
on�gura
ión que en el 
aso anterior se ha in
luido un per�l de 
ondu
-tividad obtenido de [182℄. Ahora las fre
uen
ias de resonan
ia se ha
en menoresy se aproximan a las experimentales, según se muestra en la Tabla 8.4.El efe
to de la 
ondu
tividad en la 
avidad también ha
e que las resonan
iasno sean tan a
usadas y apare
e el fa
tor de 
alidad 
omo otro parámetro a teneren 
uenta.



200 Chapter 8.Table 8.4: Fre
uen
ias de las SR en Hz para las 
uatro primeras resonan
iasen la 
avidad 
on pérdidas, junto 
on la desvia
ión estándar de la medida.1era SR 2da SR 3era SR 4ta SRfc 10 km 8.11 14.57 20.96 24.42Desv. std. 10 km 0.260 0.384 0.502 0.601fc 5 km 8.23 14.76 21.26 27.78Desv. std 5 km 0.343 0.451 0.538 0.551Experimentales [12℄ 7.8 13.9 20.0 26.08.6.3 Simula
ión del terremoto de Chi-ChiMedidas efe
tuadas en el observatorio situado en Chofu, Japón, registraron anoma-lías en las resonan
ias de S
humann aso
iadas al terremoto o
urrido el 21 de Sep-tiembre de 1999 en Taiwan, [13, 188-190℄. Estas anomalías se han justi�
adomediante una deforma
ión de la ionosfera provo
ada, de una forma que no se
ono
e, por fenómenos previos al terremoto en sí. La deforma
ión de la ionosferase ha simulado numéri
amente mediante un 
ono trun
ado 
on dimensiones vari-ables 
on 
ondu
tividad alta. Se han situado varios puntos de observa
ión. Eltotal de simula
iones efe
tuadas ha requerido 40 horas de 
ómputo. En la Figura8.19 se muestran diferentes 
omponentes de los 
ampos en diferentes puntos deobserva
ión, y 
on diferentes perturba
iones de la ionosfera, in
luyendo el 
asosin perturbar. Se observa 
ómo efe
tivamente se dete
tan anomalías pero estánson de una intensidad menor que las dete
tadas en el observatorio. Además, enla simula
ión se han dete
tado anomalías lejos de la deforma
ión, y a modo deejemplo se muestra la apari
ión de la segunda resonan
ia en el Polo Norte, que nodebería medirse 
uando la tormenta se en
uentra en el e
uador.8.6.4 Modelado de tormentasUn total de 8 tipos de tormentas se han simulado variando el radio de al
an
e, larazón de rayos y la intensidad de los mismos. La simula
ión ha requerido 67 díasde 
ál
ulo. La señal medida en diferentes puntos de observa
ión tiene ahora una
omponente esto
ásti
a por lo que ha sido ne
esario usar el método de Bartlettpara obtener las resonan
ias de S
humann. En la Figura 8.20 se muestra el espe
tro
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Figure 8.19: Componentes (izq.) Er y (der.) Hφ medidas en Japón, para los4 modelos de deforma
ión.de diferentes señales y su ajuste mediante Lorentzianas. Sería ne
esario ha
ersimula
iones mu
ho más largas para poder obtener resultados estadísti
amentesigni�
ativos.8.6.5 Estudio del efe
to de la asimetría día-no
hePor último se ha efe
tuado una simula
ión más real del estado de la 
avidad Tierra-ionosfera, 
on una zona de día donde la altura efe
tiva de la ionosfera se redu
e,mientras que por la no
he se ha
e mayor. Se han introdu
ido por tanto dos per�lesde 
ondu
tividad. Las fuentes se han situado en el e
uador, para diferentes horaslo
ales. La simula
ión ha requerido 21 días de 
ál
ulo. En la Tabla 6.5 se muestranlas resonan
ias de S
humann en un punto de observa
ión y se 
omparan 
on la
avidad simétri
a y el valor experimental.Table 8.5: Fre
uen
ias de las 4 primeras SR, para la 
avidad simétri
a y la
avidad día-no
he, medidas en la 
oordenada (θ = π/3, φ = π/6).1era SR 2da SR 3era SR 4ta SRSimétri
a 8.00 14.49 21.23 28.48Día-no
he 7.25 13.49 19.98 26.98Experimental [12℄ 7.8 13.9 20.0 26.0
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Figure 8.20: Espe
tros resultantes de la tormenta Sr2 tres puntos de obser-va
ión.
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lusionesLas simula
iones efe
tuadas 
on�rman que el método numéri
o y el programadesarrollado pueden simular mu
hos aspe
tos y situa
iones de la 
avidad ele
-tromagnéti
a Tierra-ionosfera, generando resultados muy 
on
ordantes 
on laspredi

iones teóri
as y 
on las medidas experimentales. Sin embargo la infor-ma
ión generada por el método es tan amplia y al mismo tiempo las simula
ionesson tan 
ostosas 
omputa
ionalmente que será ne
esario un gran esfuerzo inves-tigador para sa
arle todo el partido a esta herramienta. Queda pues 
omo unobjetivo futuro.8.7 Con
lusionesEsta tesis esta dedi
ada al estudio del ruido ele
tromagnéti
o natural en la 
avidadTierra-ionosfera. Las 
ontribu
iones efe
tuadas se pueden agrupar en dos 
lases:análisis de medidas experimentales y estudio numéri
o 
on el método TLM.En el Capítulo 2 se analiza la señal ele
tromagnéti
a medida en la super�
ieterrestre y se rela
iona 
on los prin
ipales resultados analíti
os revisados en elCapítulo 1. Varia
iones diurnas y esta
ionales del 
ampo ele
tromagnéti
o nat-ural en la banda ELF son dis
utidas y rela
ionadas 
on la a
tividad tormentosaglobal de la Tierra. En el Capítulo 3 se analizan las medidas efe
tuadas por elsatélite DEMETER, 
on orbita situada a 700 km de altura, del 
ampo elé
tri
oen la banda VLF y se desarrolla un método de obten
ión de la altura efe
tiva dere�exión, se presenta un mapa global de la misma y se ha
e un estudio de susvaria
iones mensuales, esta
ionales y anuales.La segunda parte de la tesis estudia la apli
a
ión del método TLM al estudiode la 
avidad ele
tromagnéti
a Tierra-ionosfera. En el Capítulo 4 se ha
e unarevisión del método y se justi�
a su ele

ión. El Capítulo 5 está dedi
ado a re-solver el prin
ipal problema que plantea el estudio numéri
o: la gran ne
esidad dere
ursos 
omputa
ionales debido a las dimensiones tan dispares que presenta lageometría. La paraleliza
ión del algoritmo numéri
o después de una linealiza
iónde la geometría es la solu
ión planteada. En el Capítulo 6 el modelo numéri
o sevalida y se apli
a a diferentes problemas.



204 Chapter 8.Presentadas por 
apítulos, las prin
ipales 
on
lusiones obtenidas en esta tesis seenumeran a 
ontinua
ión.En el Capítulo 2 se muestra la presen
ia de las resonan
ias de S
humann en lasmedidas magnetotelúri
as. Estas resonan
ias están presentes de forma 
lara en las
omponentes horizontales de los 
ampos elé
tri
o y magnéti
o. En la 
omponenteverti
al del 
ampo magnéti
o solo se han eviden
iado en un 5% de las medidas. Apartir del análisis espe
tral se han obtenido las siguientes 
on
lusiones:1. Eviden
ia de los tres prin
ipales 
entros tormentosos en Asia, Áfri
a y Améri
a,siendo su periodo de mayor a
tividad pasado el mediodía lo
al. Las am-plitudes observadas están de a
uerdo 
on las predi

iones analíti
as paralos modos TMr. Las 
ampañas de medidas efe
tuadas en enero y febreromuestran menos amplitud en las resonan
ias mientras que las efe
tuadas enverano y otoño (en el hemisferio Norte) son más energéti
as. El de
aimientoen amplitud 
on el orden de 
ada modo se ha observado para el 
ampo mag-néti
o, pero no para el elé
tri
o. Este último también se ha mostrado mássensible a varia
iones lo
ales en el punto de medida, llegando a variar hastaun orden de magnitud en su amplitud, mientras que el 
ampo magnéti
o semuestra robusto y 
on varia
iones mínimas en su amplitud. Sin embargolas fre
uen
ias 
entrales de las amplitudes no muestran varia
ión ni para el
ampo elé
tri
o ni para el magnéti
o.2. Las medidas efe
tuadas en la Antártida muestran un mínimo de amplitud enel segundo modo de la 
omponente N-S del 
ampo magnéti
o (equivalentea E-O del 
ampo elé
tri
o) 
uando el 
entro tormentoso se sitúa en Áfri
a(entorno a las 16 UT) según predi
e el modelo analíti
o.3. La fre
uen
ia 
entral de las tres primeras resonan
ias de S
humann pro-mediadas en las diferentes 
ampañas de medidas son 7.8, 14 y 20.5 Hz. Lasvaria
iones de estas fre
uen
ias pueden 
ontener informa
ión sobre diferentespro
esos geofísi
os 
omo pueden ser tormentas, viento solar o terremotos.Estas varia
iones son mayores en la segunda y ter
era resonan
ia.4. En todas las series temporales se ha en
ontrado 
orrela
ión entre la 
om-ponente N-S del 
ampo magnéti
o y la E-O del elé
tri
o y vi
eversa. Esta
orrela
ión apare
e tanto en varia
iones de la fre
uen
ia 
entral 
omo en lasamplitudes.
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lusiones 205También en el Capítulo 2 se ha efe
tuado un análisis de algunas series tempo-rales obtenidas en la Antártida mediante el método Res
aled Range (R/S), y seha demostrado la naturaleza persistente de la señal. Según Ni
kolaenko et al. [82℄,este análisis permite ha
er una estima
ión de la razón de rayos promedio en todala Tierra, en
ontrándose un valor de 16-32 rayos/s en la señal analizada. Tambiénse ha efe
tuado un estudio numéri
o que 
on�rma la validez de esta hipótesis.En el Capítulo 3 se ha elaborado un mapa global de la Tierra (ex
luyendozonas aurales) de la altura efe
tiva de re�exión, 
on los datos del 
ampo elé
tri
omedido por el satélite DEMETER. Aunque hay trabajos previos de evalua
ión dela altura efe
tiva de la ionosfera a partir de la fre
uen
ia de 
orte determinadadesde dispositivos terrestres, p.e. [133-135℄, nun
a había sido evaluado 
on medi-das efe
tuadas desde un satélite. Este método presenta la ventaja de muestrearla región D de la Ionosfera de una manera mu
ho más uniforme. A partir deesta altura efe
tiva también es posible determinar la densidad de ele
trones y la
ondu
tividad efe
tiva a esa altura, aunque para ello es ne
esario disponer de ladensidad de neutros (se ha usado el modelo MSIS en esta tesis).Como resultado prin
ipal de este estudio, se ha observado, al menos durantela no
he, 
ierto diagrama esta
ional que se ha repetido durante los 
uatro años deestudio de la altura efe
tiva de la ionosfera, espe
ialmente sobre los o
éanos.A 
ontinua
ión, se introdu
e el método TLM efe
tuando una revisión de losaspe
tos, así 
omo sus ventajas e in
onvenientes, más importantes. Esto ha justi�-
ado nuestra ele

ión de usar un sistema 
artesiano para modelar la 
orona esféri
a:evitar los problemas de dispersión e inde�ni
ión inherentes al nudo esféri
o.En el Capítulo 5 se des
ribe la solu
ión adoptada frente a las ne
esidadesde paraleliza
ión que los altos requerimientos 
omputa
ionales del problema hanexigido. El 
ódigo paralelizado desarrollado para modelar la 
avidad ele
tromag-néti
a Tierra-ionosfera ha requerido además una linealiza
ión del problema quehaga que el esfuerzo de paraleliza
ión sea independiente del problema. El programaha sido 
hequeado 
on dos problemas diferentes, presentando un rendimiento 
om-puta
ional similar en diferentes ordenadores. La a
elera
ión ne
esaria se ha lo-grado in
orporando además una optimiza
ión del uso de la memoria 
ompartidapor las diferentes CPUs en arquite
tura NUMA a través de las dire
tivas round-robin. Se han 
onseguido a
elera
iones numéri
as de hasta 16 usando 32 nú
leos.



206Bajo determinados tamaños del problema se han 
onseguido a
elera
iones super-lineales gra
ias al papel de la memoria 
a
hé de 
ada CPU.Finalmente, en el Capítulo 6 se presentan las simula
iones numéri
as de difer-entes 
ondi
iones de la 
avidad Tierra-ionosfera, lo que ha permitido 
omprobarel fun
ionamiento del programa y del método numéri
o en diferentes problemas.Primeramente se ha modelado la 
avidad sin pérdidas, lo que ha permitido repro-du
ir las resonan
ias teóri
as. La introdu

ión de un per�l de 
ondu
tividad enel programa permite obtener las fre
uen
ias de resonan
ia experimentales. Prob-lemas que requieren un modelo tridimensional también han sido simulados. Latransi
ión día-no
he 
on alimenta
ión en el e
uador, perturba
iones de la ionosferapor fenómenos previos a un terremoto, así 
omo su reper
usión en las resonan
iasde S
humann, y la simula
ión de una zona tormentosa 
on genera
ión aleatoria derayos de diferente intensidad han sido problemas resueltos, y la solu
ión obtenidaestá de a
uerdo 
on las eviden
ias experimentales, aunque es ne
esario un pro-
eso mu
ho más elaborado de toda la informa
ión generada 
on 
ada simula
iónnuméri
a, lo que queda 
omo un objetivo futuro de investiga
ión.
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