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Figura	3.	Registo	sísmico	obtido	na	estação	do	IDL	localizada	em	Marmelete,	Algarve	
(MORF).	O	registo	mostra	a	velocidade	do	solo	na	direcção	este-oeste.	Vêm-se	
distintamente	o	sismo	principal	de	magnitude	6.3	e	duas	das	réplicas	com	
magnitudes	próximas	de	5.	
	
Este	sismo	fez	disparar	o	sistema	de	alerta	de	tsunamis	do	Mediterrâneo,	tendo	duas	
agência	de	monitorização	(CENALT,	França	e	INGV,	Itália)	dado	aviso	2	e	outra	(NOA,	
Grécia)	o	aviso	3,	numa	escala	de	1	a	3,	para	as	costas	mais	próximas.	Observações	
directas	posteriores	mostraram	que	apenas	se	observou	uma	onda	de	5	cm	nos	
marégrafos	junto	à	costa	em	Málaga	e	o	aviso	acabou	por	ser	cancelado	por	ambas	
as	agências.	
	
Nota:	Algumas	figuras	foram	feitas	com	dados	obtidos	a	partir	do	portal	web	do	European-
Mediterranean	Seismological	Centre	(EMSC,	http://www.emsc-csem.org).	
	
Mais	informações	sobre	o	sismo:	
	
http://www.emsc-csem.org/Earthquake/241/M6-3-STRAIT-OF-GIBRALTAR-on-
January-25th-2016-at-04-22-UTC	
	
Na	imprensa:	
	
https://www.publico.pt/mundo/noticia/terramoto-de-intensidade-63-atinge-mar-
entre-a-andaluzia-e-norte-de-africa-1721311	
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[1] We present seismic data from Fogo Volcano (Cape
Verde Republic) that document a tidal control on the
amplitude of seismic noise and volcanic tremor. The effect
is detectable in the raw data by simple eye inspection. We
identified the main periodicity in the noise modulation,
which coincides with the tidal component M2. The signal
duration of 40 days, together with a sampling rate of 1440
samples per day (seismic r.m.s. time series) allowed the
resolution of M2 from the neighbor solar frequencies that
are often related to environmental effects. Spectral analysis
shows that the modulation affects selectively the frequency
range 2.0 Hz–3.0 Hz, which we interpret as volcanic
tremor. White noise from 1.5 Hz to 7 Hz is also modulated.
Comparison with meteorological data reinforces the
conclusion that the effect is not due to environmental
parameters. INDEX TERMS: 1249 Geodesy and Gravity:
Tides—Earth; 7280 Seismology: Volcano seismology (8419);
8419 Volcanology: Eruption monitoring (7280); 8424
Volcanology: Hydrothermal systems (8135). Citation: Custodio,
S. I. S., J. F. B. D. Fonseca, N. F. d’Oreye, B. V. E. Faria, and Z.
Bandomo, Tidal modulation of seismic noise and volcanic tremor,
Geophys. Res. Lett., 30(15), 1816, doi:10.1029/2003GL016991,
2003.

1. Introduction

[2] In this paper, we present evidence of tidal modula-
tion of seismic noise and volcanic tremor, derived from
data recorded at Fogo Volcano (lat. 14.9N; long. 24.3W;
Cape Verde Republic). Fogo is an active stratovolcano
[Day et al., 1999] whose last eruption occurred in 1995
[Heleno et al., 1999]. Since 1999 a network of seismo-
graphic stations, both short-period and broadband, have
been in operation in Fogo and in neighbor Brava Island as
part of a monitoring program [Fonseca et al., 2003], and
an automatic meteorological station is operated since 2001
in the volcano’s caldera. We used 3-component records of
seismic noise from five stations (see Table 1 for instru-
ment characteristics), digitized at 50 samples per second,
acquired over a period of 47 days in the summer of 2001.
The data display a semi-diurnal amplitude modulation that
is often strong enough to be detected by simple eye
inspection of a sufficiently long record of the raw signal,
as depicted in Figure 1. This effect is strongest on the EW
components of seismic records, which is usually the case

for tidal tilt data [Melchior, 1983], and this raised our
interest in investigating a possible link with the tides.

2. Data Processing and Analysis

[3] As a first step, we analyzed samples of the seismic
data corresponding to high noise amplitude and low noise
amplitude separately. Details of the analysis are given in
the legend of Figure 2, and the main results are: noise
level in the range 1.5 Hz–7 Hz was amplified by 50% to
75% from low noise time-windows to high noise time-
windows; in some stations, the amplification affected
selectively certain frequencies; the central frequencies
of these peaks are station-dependent, but stay in the
range 2 Hz–3 Hz; these effects were clearest in the EW
components.
[4] Next, the seismic traces were band-pass filtered

from 1.5Hz to 7Hz with a 4-pole Butherworth filter,
and the r.m.s. was computed on a moving window of
2 minutes and at time steps of 1 minute. In this way, a
new time series was derived for each seismic trace, with a
sampling rate of fs = 1440 samples per day and a length of
40 days (total duration of 47 days but with interruptions
adding up to 7 days, with slight variations for some
traces). Gaps due to operational problems in the acquisi-
tion were removed by linear interpolation, in order to
minimize their impact on the spectral analysis. The rela-
tive importance of the modulation for the different stations
and components is quantified by the histograms in

Figure 1. A) Five day long sample of seismic noise at
station FMLN, EW component, showing the semi-diurnal
modulation of amplitude. The power spectral densities
given in this paper were derived from 40 day long time
series. B) Band-pass filtering the same noise sample
between 1.85 Hz and 2.25 Hz enhances the modulation.
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modeling of ocean loading [Sherneck, 1991; Francis and
Melchior, 1996].

5. Discussion

[9] The formal spectral resolution of 0.022 c.p.d., in
conjunction with the high signal to noise ratio of the seismic
r.m.s. series, allowed us to identify the tidal component M2

and resolve it from the solar frequency of 2.0 c.p.d. We
tested the effect of the data gaps on the spectra and
concluded that it amounted to the introduction of low level
noise and broadening of the tidal peaks, without significant
loss of information (this reflects the fact that the gaps had
randomly distributed onsets and variable durations). The
good agreement in the frequency domain between the
seismic r.m.s. series on one side, and synthetic tidal gravity
potential and ocean-tide data on the other side (Figure 6),
points to a tidal control on the seismic noise in Fogo. At
least in some of the stations - FMLN, FMVE and maybe
FPPC–frequencies in the range 2 Hz–3 Hz are selectively
amplified, and we interpret this part of the signal as
amplitude-modulated volcanic tremor.
[10] Neuberg [2000] advises against using continuous

noise and volcanic tremor data to identify tidal periodicities,
on the grounds that these types of data are prone to
environmental contamination. However, this obstacle was
circumvented through the recording of air pressure and air
temperature data close to the stations, which upon frequency
analysis did not show the same tidal frequencies that were
identified in the seismic data. The danger of periodic cultural
noise in our data is minimum since Fogo Island is very
underdeveloped. Further investigation of the processes in-
volved in the reported amplitude modulation may provide a
useful new tool for volcanic monitoring, but it requires a
careful modeling of the ocean loading and other tidal effects.

[11] Acknowledgments. This research is part of Project ALERT,
funded by FCT (Lisbon), under contract POCTI/32730/99. Seismic moni-

toring of Fogo Volcano has been supported by ICP (Lisbon), FCT (Lisbon),
the Gulbenkian Foundation (Lisbon), ECGS (Luxembourg) and LECV
(Praia, Cape Verde). One of the authors (SISC) acknowledges a research
award by the Gulbenkian Foundation.
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Figure 5. Power spectral density of atmospheric pressure
and air temperature at Fogo Volcano meteorological station,
acquired simultaneously with the seismic data. Semi-diurnal
peaks have a solar frequency of 2.00 cycles per day, and
therefore cannot explain the modulation at 1.93 c.p.d.

Figure 6. Normalized power spectral density of synthetic
tide gravity potential (dashed), ocean-tide data from Sal
Island (dotted) and seismic noise r.m.s. at station FMLN,
EW component (solid).
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modeling of ocean loading [Sherneck, 1991; Francis and
Melchior, 1996].

5. Discussion

[9] The formal spectral resolution of 0.022 c.p.d., in
conjunction with the high signal to noise ratio of the seismic
r.m.s. series, allowed us to identify the tidal component M2

and resolve it from the solar frequency of 2.0 c.p.d. We
tested the effect of the data gaps on the spectra and
concluded that it amounted to the introduction of low level
noise and broadening of the tidal peaks, without significant
loss of information (this reflects the fact that the gaps had
randomly distributed onsets and variable durations). The
good agreement in the frequency domain between the
seismic r.m.s. series on one side, and synthetic tidal gravity
potential and ocean-tide data on the other side (Figure 6),
points to a tidal control on the seismic noise in Fogo. At
least in some of the stations - FMLN, FMVE and maybe
FPPC–frequencies in the range 2 Hz–3 Hz are selectively
amplified, and we interpret this part of the signal as
amplitude-modulated volcanic tremor.
[10] Neuberg [2000] advises against using continuous

noise and volcanic tremor data to identify tidal periodicities,
on the grounds that these types of data are prone to
environmental contamination. However, this obstacle was
circumvented through the recording of air pressure and air
temperature data close to the stations, which upon frequency
analysis did not show the same tidal frequencies that were
identified in the seismic data. The danger of periodic cultural
noise in our data is minimum since Fogo Island is very
underdeveloped. Further investigation of the processes in-
volved in the reported amplitude modulation may provide a
useful new tool for volcanic monitoring, but it requires a
careful modeling of the ocean loading and other tidal effects.
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Figure 5. Power spectral density of atmospheric pressure
and air temperature at Fogo Volcano meteorological station,
acquired simultaneously with the seismic data. Semi-diurnal
peaks have a solar frequency of 2.00 cycles per day, and
therefore cannot explain the modulation at 1.93 c.p.d.

Figure 6. Normalized power spectral density of synthetic
tide gravity potential (dashed), ocean-tide data from Sal
Island (dotted) and seismic noise r.m.s. at station FMLN,
EW component (solid).
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plumes stand out as continuous features confined to well defined
vertically oriented columns.

In particular, the Hawaiian plume appears as a separate vertical
conduit of varying width (Fig. 2a–c), with a weaker zone at around
500 km above the CMB, rooted in its own patch of strongly reduced
shear velocity at the base of the mantle. In the transition zone, this
plume appears to be strongly deflected towards the west–southwest
(Fig. 3). This morphology is compatible with evidence for a hot upper
mantle to the west of Hawaii, based on the analysis of converted waves
(that is, receiver functions)22. The presence of bodies with higher-than-
average velocity southwest and northeast of the Hawaiian chain is in
agreement with regional studies23,24. However, in the lower mantle, the
associated conduit is more vertically oriented in SEMUCB-WM1.
Similar broad, vertically oriented low-velocity conduits are found in
the vicinity of some hotspots lying on the border of the African LLSVP
(Figs 1e, f and 3d, e and Extended Data Fig. 2).

The lower-mantle plume conduits described above are rooted in
wide patches (of diameter 500–800 km) of strongly negative velocity
reduction near the CMB. In at least three cases, these patches coincide
in location with large ULVZs previously detected in the vicinity of the
corresponding hotspots: near Hawaii (detected through observations
of post-cursors to diffracted S waves5), and beneath Iceland6 and
Samoa7 (found through the study of waveform distortion in the phase
SPdiffKS).

Because of the computational challenges of whole-mantle imaging
using full waveforms and numerical simulations, the resolution of our
model is limited by our choice of parametrization and maximum
frequency. However, resolution tests (Methods; Extended Data Figs
4–8) clearly indicate that our approach can resolve the vertical con-
tinuity of plumes without ray-like smearing or erroneous deflection,
and that the variations of the shape and amplitude of the plumes with
depth are likely to be robust features. These tests also indicate (see
Supplementary Information section S1 and Supplementary Figs 1
and 2) that our modelling approach can distinguish between hypo-
thetical broad superplume-like features and the distinct vertical con-
duits that are shown in Fig. 1. Numerical experiments (Supplementary
Information section S2 and Supplementary Figs 5–9) demonstrate that
plumes of the same scale as are seen in Fig. 1 and used in our tests
should be readily detectable in the waveform data used by our inver-
sion. Furthermore, on the basis of relative amplitude recovery alone,
our resolution tests also show that in order to obtain a velocity reduc-
tion of 2% or more over the major part of the lower mantle—as seen in
our model—a narrow plume would have to be very strong (that is,
.10% reduction in shear-wave velocity for a plume of width ,200 km;
see Methods and Extended Data Fig. 4). Such a strong velocity contrast
would translate into unrealistically high25 effective temperature
excesses of 1,500–2,000 uC. In contrast, for a 2% velocity anomaly over
a width of 800–1,000 km, as imaged in SEMUCB-WM1 under Hawaii
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Figure 1 | Whole-mantle depth cross-sections of relative shear-velocity
variations in model SEMUCB-WM14, in the vicinity of major hotspots. The
sections are shown in the inset maps, with the direction of the projection
indicated by the position of the purple dot in both map and cross-section views
(black boxes correspond to the three-dimensional rendering regions in Fig. 2).
Green dots and triangles mark the locations of hotspots27. The reference
model is the corresponding global one-dimensional average shear-wave
velocity (Vs) profile of SEMUCB-WM1. The colour scale has been chosen to
emphasize lower-mantle structures, resulting in substantial saturation in
the upper mantle. Broken lines indicate depths of 410 km, 660 km and
1,000 km. Focused, quasi-vertical, broad plumes extend continuously from

patches of strongly reduced Vs at the base of the mantle to depths of at least
1,000 km in the vicinity of: a, Samoa; b, Tahiti, the Marquesas, the Galapagos
and Samoa; c, Pitcairn; d, MacDonald; e, Cape Verde; and f, the Canary Islands.
These plumes stand out from other low-velocity features in these cross-
sections, which span nearly half of Earth. d, Note the absence of a noticeable
anomaly in the lower mantle immediately beneath the Yellowstone hotspot.
However, a faint low-velocity conduit appears to the southwest (offshore of
North America), anchored by a low-velocity patch in the D0 mantle region. It is
beyond the resolution of our study to verify whether this feature is related to the
Yellowstone or the Guadalupe (c) hotspot.
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Avaliação

•  Exame	final:	40%	
•  Presenças	nas	aulas	práfcas:	10%			

	(nota	corresponde		linearmente	à	assiduidade)	

•  Trabalhos	práfcos:	35%	
•  Apresentações	orais	dos	trabalhos:	15%	



Trabalhos práJcos

•  Serão	elaborados	3	projectos	práfcos,	um	sobre	cada	um	
dos	temas	abordados	na	cadeira.	

•  Os	projectos	serão	feitos	em	grupos	de	2	alunos.	
•  Os	3	projectos	serão	entregues	para	avaliação.		
•  Os	projectos	incluem	a	solução	de	um	problema	e	a	sua	

apresentação	gráfica.		
•  Cada	grupo	defenderá	oralmente	os	projectos	(ppt).		



2a-f,	Entregas 3a-f,	T21 4a-f,	T21 5a-f,	PL22 5a-f,	PL24 5a-f,	PL23 6a-f,	PL25 6a-f,	PL21
14/Fev 15/Fev 16/Fev 16/Fev 16/Fev 17/Fev 17/Fev
T1 T2 Intro-1 Intro-1 Intro-1 Intro-1 Intro-1
21/Fev 22/Fev 23/Fev 23/Fev 23/Fev 24/Fev 24/Fev
T3 T4 Intro-2 Intro-2 Intro-2 Intro-2 Intro-2
28/Fev 1/Março 2/Março 2/Março 2/Março 3/Março 3/Março
Carnaval T5,	Protoc. Ex1-1 Ex1-1 Ex1-1 Ex1-1 Ex1-1
7/Março 8/Março 9/Março 9/Março 9/Março 10/Março 10/Março
T6 T7 Ex1-2 Ex1-2 Ex1-2 Ex1-2 Ex1-2
14/Março 15/Março 16/Março 16/Março 16/Março 17/Março 17/Março
T8 T9 Ex1-3 Ex1-3 Ex1-3 Ex1-3 Ex1-3

20/Março,	17:00 21/Março 22/Março 23/Março 23/Março 23/Março 24/Março 24/Março Apresentações
Entrega	Ex1 T10 T11 Ex1-4 Ex1-4 Ex1-4 Ex1-4 Ex1-4

28/Março 29/Março 30/Março 30/Março 30/Março 31/Março 31/Março
T12 T13,	Protoc.	 Ex2-1 Ex2-1 Ex2-1 Ex2-1 Ex2-1
4/Abr 5/Abr 6/Abr 6/Abr 6/Abr 7/Abr 7/Abr
T14 T15 Ex2-2 Ex2-2 Ex2-2 Ex2-2 Ex2-2
11/Abr 12/Abr 13/Abr 13/Abr 13/Abr 14/Abr 14/Abr
T16 Páscoa Páscoa Páscoa Páscoa Páscoa Páscoa
18/Abr 19/Abr 20/Abr 20/Abr 20/Abr 21/Abr 21/Abr
Páscoa Dia	Ciências Ex2-3 Ex2-3 Ex2-3 Ex2-3 Ex2-3

26/Abr,	9:00 25/Abr 26/Abr 27/Abr 27/Abr 27/Abr 28/Abr 28/Abr Apresentações
Entrega	Ex2 Feriado T18 Ex2-4 Ex2-4 Ex2-4 Ex2-4 Ex2-4

2/Mai 3/Mai 4/Mai 4/Mai 4/Mai 5/Mai 5/Mai
T19 T20,	Protoc. Ex3-1 Ex3-1 Ex3-1 Ex3-1 Ex3-1
9/Mai 10/Mai 11/Mai 11/Mai 11/Mai 12/Mai 12/Mai
T21 T22 Ex3-2 Ex3-2 Ex3-2 Ex3-2 Ex3-2
16/Mai 17/Mai 18/Mai 18/Mai 18/Mai 19/Mai 19/Mai
T23 T24 Ex3-3 Ex3-3 Ex3-3 Ex3-3 Ex3-3

22/Mai,	17:00 23/Mai 24/Mai 25/Mai 25/Mai 25/Mai 26/Mai 26/Mai Apresentações
Entrega	Ex3 T25 T26 Ex3-4 Ex3-4 Ex3-4 Ex3-4 Ex3-4

30/Mai
T27



Trabalhos práJcos

•  Serão	elaborados	3	projectos	práfcos,	um	sobre	cada	um	
dos	temas	abordados	na	cadeira.	

•  Os	projectos	serão	feitos	em	grupos	de	2	alunos.	
•  Os	3	projectos	serão	entregues	para	avaliação.		
•  Os	projectos	incluem	a	solução	de	um	problema	e	a	sua	

apresentação	gráfica.		
•  Cada	grupo	defenderá	oralmente	os	projectos	(ppt).		

•  As	primeiras	duas	semanas	de	práfcas	não	têm	avaliação.	
•  Consftuição	dos	grupos	na	1a	PL	(esta	semana).	
•  Pensem	na	consftuição	dos	grupos	antes	das	PLs.	



Trabalhos práJcos - Avaliação

•  Relatório	entregue	na	forma	de	2	ficheiros	:		
	-	Exemplo:	
	EX1PL25G08.py,	EX1PL25G08.pptx	(Projecto	1,	PL	25,	Grupo	8)	
	-	No	interior	dos	ficheiros	devem	estar	anotados	os	nomes	dos	
	autores).	

	
•  Entrega,por	e-mail	para	o	professor	da	TP		

	-	Assunto	do	e-mail:	ModNum2017		
	-	Entrega:	2a-f	da	semana	das	discussões,	até	às	17:00.	
	-	Cada	dia	de	atraso	desconta	1	valor.	
	-	Excepção:	25/Abril.	Entrega	dia	26/Abril,	9:00.	

•  Nota:	Só	um	dos	membros	do	grupo	apresentará	o	Projecto	1	(10	min).	
Ambos	apresentam	o	Projecto	2	(2×5min).	O	outro	membro	apresentará	o	
Projecto	3	(10	min).	A	escolha	é	dos	grupos.		



O que é um modelo?

Representação	(simplificada)	da	realidade.	

(O	conhecimento	baseia-se	sempre	em	“modelos”.)	



O que é um modelo?

•  Modelos	conceptuais	(qualitafvos,	esquemáfcos,	idenfficando	causas	e	
efeitos	e/ou	evolução	ppica).	

NASA	



O que é um modelo?

•  Modelos	teóricos	(e.g.	traduzidos	em	equações	analífcas	entre	variáveis).	
Por	vezes	não	têm	solução…	

	Equações	da	Meteorologia:	Equações da meteorologia

Modelação Numérica 13
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Simplificações:
Geometria
cartesiana…
(montanhas?
Planeta esférico?)



O que é um modelo?

•  Modelos	analógicos	(túnel	de	vento,	tanque	hidráulico,	sandbox).	

2 F.M. Rosas et al. / Tectonophysics 548–549 (2012) 1–21

12 F.M. Rosas et al. / Tectonophysics 548–549 (2012) 1–21

Rosas	et	al.,	2012	



O que é um modelo?

•  Modelos	analógicos	(túnel	de	vento,	tanque	hidráulico,	sandbox).	

12 F.M. Rosas et al. / Tectonophysics 548–549 (2012) 1–21

Rosas	et	al.,	2012	



O que é um modelo?

Representação	(simplificada)	da	realidade.	

(O	conhecimento	baseia-se	sempre	em	“modelos”)	

•  Modelos	numéricos	(traduzidos	em	relações	matemáfcas	discretas	entre	
variáveis).	

ECMWF	



Caltech	



ObjecJvos

•  Experiências	“controladas”	(o	que	acontece	se…)	

•  Trabalhar	na	“escala	laboratorial”	(no	espaço	e	no	tempo):	o	modelo	só	é	
úfl	se	for	realizável…	

•  Exemplos:	modelos	de	doenças	humanas	em	cobaias;	túnel	de	vento	
(modelos	analógicos)…	

•  Caracterizar	processos	individuais	(isolar	causas	e	efeitos).	

•  Prever	o	futuro.	


