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Abstract 

 

 

The seismic observation by long deployment experiments in ocean domain is a great technological 

challenge, with advancements only having been obtained in the last decade. The number of 

available instruments is still small and the number of missions successfully carried out remains low. 

Therefore, unlike land observation, seismic acquisition in the ocean seafloor is in an experimental 

phase and part of a learning process. In particular, the interaction of the sensor with the water 

environment has implications and applications that have only recently begun to be explored. In this 

PhD thesis we intend to use the continuous recording data produced by 24 broad-band (BB) ocean 

bottom seismometers (OBS), deployed in the Gulf of Cádiz in the context of the NEAREST project 

(September 2007 – August 2008), to understand the functioning of this type of equipment, the 

environmental conditions that control the observed noise and the effects of the sensor coupling. Sea 

floor records have a basic characteristic that makes them different from land records: the sensor’s 

interaction with the surrounding sea water (e.g. Webb, 1998). Sensors will respond to water 

movement and pressure variations, which does not happen with land sensors and, in most cases, 

they are deployed at locations with non-consolidated sediments that dramatically affect the quality 

of the seismic signal. The future growth of seismic observation at the bottom of the ocean, which is 

a fundamental complement to land observation, requires that all these mechanisms that affect the 

seismic records of an OBS are characterized in the best possible way, leading to better equipment 

design and better conception of observation campaigns, in line with the intended objectives. 

The continuous acquisition of seismic data by land stations, which is possible today due to the 

evolution of communications and recording systems, enables us to accumulate an enormous volume 

of data of which earthquakes are a tiny part, less than 5 % of the recorded data for one day. The 

remaining 95%, which is rejected in the normal operation of a seismic network, has been receiving 

attention from researchers in several domains. In particular, when the noise sources are distributed 

homogeneously (or almost) around a couple of stations it is possible to show that the noise 

correlation function (NCF) represents the Green function of seismic propagation (in Shapiro and 

Campillo, 2004, Sabra et al., 2005). This theorem has led to a great number of applications: i) 

Seismic ambient noise as an efficient tool for seismic tomography (for example: Stehly et al., 2009; 

Villaseñor et al., 2007, Graça et al., 2013); ii) detection of anomalies in seismic records (e.g., Stehly 

et al., 2007); iii) variations in superficial structure with time (e.g., Brenguier et al., 2008). Studies of 

noise sources have increased in the research community, but studies carried out in ocean domains 

are scarce and joint land-ocean are even more rare. 

In this thesis, we intend to use the continuous seismic recording, mainly the ambient noise 

component, to extract information related with: i) shallow crustal structure; ii) conditions of sensor 

coupling; iii) clock drifts of the acquisition systems; iv) meteorological and oceanographic 

environmental noise sources. For this purpose it was crucial to implement new methodologies and 

to adapt current procedures in land records. At the end of these studies we hope to be able to make 

some recommendations regarding: i) conception and design of BB OBS; ii) interpretation of seismic 

signals recorded at the ocean bed; iii) planning of future campaigns of long deployment seismic 

experiments. 

 

Keywords: Sensor coupling, primary and secondary microseisms, noise sources, ocean bottom 

seismometer (OBS), tomography. 
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Resumo 

 

A observação sísmica de longa duração, em ambiente marinho, representa um grande desafio 

tecnológico e apenas nas últimas décadas foram obtidos avanços significativos. Os instrumentos 

disponíveis são limitados e o número de missões com sucesso é ainda reduzido. Ao contrário da 

observação terrestre, a aquisição sísmica no fundo do oceano encontra-se numa fase experimental e 

em contínuo processo de aprendizagem. Em particular, a interação do sensor com o ambiente 

marítimo tem implicações e aplicações que só recentemente começaram a ser exploradas. Nesta tese 

de doutoramento, pretendemos usar os dados registados em 24 estações sísmicas de banda larga 

(BB), de fundo oceânico (OBS), implantadas no Golfo de Cádiz, no âmbito do projeto NEAREST 

(Setembro de 2007- Agosto de 2008), para melhor compreender o funcionamento deste tipo de 

equipamento, as condições ambientais que controlam o ruído observado e os efeitos de acoplamento 

do sensor. Os registos no fundo do mar têm uma característica básica que os diferencia dos de terra: 

a interação do sensor com a água do mar circundante (Webb, 1998). O sensor irá responder ao 

movimento da água e às variações de pressão, fenómeno que não acontece nos sensores terrestres, e 

o facto de estar instalado em áreas de sedimentos não consolidados também afeta dramaticamente a 

qualidade do sinal sísmico. O desenvolvimento da observação sísmica no fundo oceânico, é 

fundamental para completar a observação em terra e exige que todos os mecanismos que afectam os 

registos sísmicos de um OBS sejam caracterizados o melhor possível, para aprimorar a concepção 

dos equipamentos e de uma melhor concepção de campanhas de observação, em função dos 

objectivos a alcançar.  

As redes de estações sísmicas terrestres de registo contínuo, permitidas hoje pela evolução das 

comunicações e dos sistemas de aquisição, permitem acumular um volume enorme de dados, dos 

quais os eventos sísmicos são apenas uma pequena parte, menos de 5% dos dados registados 

diariamente. Os remanescentes 95%, os quais eram anteriormente rejeitados, recebem actualmente 

especial atenção dos investigadores das diferentes áreas da sismologia. Em particular, quando as 

fontes de ruído, são distribuídas de forma homogénea (ou quase), em redor de um par de estações, é 

possível demonstrar que a função de correlação do ruído (NCF), representa a “Green function” da 

propagação sísmica (em Shapiro e Campillo, 2004; Sabra et al., 2005). Este teorema tem levado a 

um grande número de aplicações : i) Ruído sísmico ambiental como uma ferramenta eficiente para 

tomografia sísmica (por exemplo: Stehly et al., 2009; Villaseñor et al., 2007; Graça et al., 2013); ii) 

detecção de sinais anómalos nos registos sísmicos (v.g. Stehly et al., 2007); iii) variações na 

estrutura de propagação com o tempo (por exemplo, Brenguier et al, 2008). Os estudos sobre fontes 

de ruído terrestre aumentaram na comunidade científica, mas no domínio oceânico são, ainda, 

escassos.  

Nesta tese, pretende-se usar o registo contínuo dos dados sísmicos, principalmente a componente de 

ruído ambiente, para extrair informações relacionadas com: i) estrutura de crosta superficial e sua 

reologia; ii) acoplamento do sensor; iii) derivas temporais no relógio dos sistemas de aquisição; iv) 

características das fontes de ruído ambiental, meteorológico e oceanográfico. Para isso, é crucial 

implementar novas metodologias e adaptar os procedimentos realizados nos registos terrestres. No 

final deste estudo, pretende-se formular algumas recomendações sobre: i) concepção e desenho de 

OBS BB; ii ) a interpretação dos inúmeros sinais sísmicos registados no leito do oceano, iii) o 

planeamento de futuras campanhas de longa duração. 

 

 

Palavras-chave: Acoplamento de um OBS ao fundo marinho, ruído microssísmico primário e 

secundário, fontes de ruído sísmico, estações sísmicas de fundo oceânico (OBS), Tomografia. 
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 According to the exposed above the long-term deployment of OBS’s at the bottom of the 

ocean lead us to some major problems to solve: i) the unknown orientation of the ocean bottom 
seismometer in the seafloor; ii) the clock of the acquisition system which is synchronize before the 
deployment and after the recovery, onboard, without any correction in between, allowing us only to 
measure the clock drift during that time; iii) problems with the levelling of the seismometer due to 
the soft sediments and tidal currents and iv) any malfunction, after deployment, on the seismometer, 
hydrophone or acquisition system became impossible to solve resulting in the loss of data and even 
the loss of the instruments in the case of a release malfunction. 

In the first part of this PhD thesis, continuous recording data performed by 24 broadband 
ocean bottom seismometers (OBS-BB), deployed in the Gulf of Cádiz, in the NEAREST project 
(September 2007 to August 2008) are analyzed, in order to understand the functioning of this type 
of equipment, the environmental conditions that control the observed noise and the effects of the 
sensor coupling (chapters 1 to 7). The first chapter briefly describes the NEAREST project and also 
analyzes the operations area. Chapter 2 describes the ocean bottom seismometers, its construction, 
the coupling to seabed and introduces the basis for any seismic study, i.e., building of the dataless 
structure in order to recover the true ground motion from the data recorded on the OBS. The third 
chapter contains all the data analysis, while the fourth chapter specifically studies a short duration 
event, detected in all OBS’s, persisted during the NEAREST campaign. Chapter 5 studies a strange 
signal, recorded on the hydrophone channel, and chapter 6 examines the seismometer orientation. 
Finally, the seventh chapter describes the relation between the oceanographic data (Instituto 
Hidrográfico-Marinha-Portugal) and meteorological data (Instituto de Meteorologia) with the OBS 
data. To understand generation and propagation of seismic noise, wind and wave climatology can 
be used to corroborate the temporal and geographical variability of the noise spectrum and to assess 
preferable sites for future permanent seafloor observatories. In particular, the interaction of the 
sensor with the water environment has implications and applications that have only recently begun 
to be explored. 

In the second part of the thesis (chapter 8), the goal is to assess the accuracy of the Green’s 
function, reconstructed by cross-correlations of ambient seismic noise, and to determine to what 
extent the noise-based travel time measurements can be used to detect and to quantify station 
instrumental errors.  

The results of Rayleigh wave tomography performed, using ambient seismic noise observed 
on 24 broadband OBS, in the Gulf of Cádiz and 7 broadband land stations, placed south of Portugal, 
are also shown in the second part of this thesis (chapter 9). The time-series, for the 11 months, were 
cross-correlated to obtain empirical Rayleigh wave Green's functions, between the components 
OBS vertical-OBS vertical, OBS vertical-land station vertical, OBS hydrophone-OBS hydrophone 
and between OBS hydrophone-Land station vertical. The results are based on the analysis of two 
spectral bands corresponding to the primary (10-20s) and secondary (4-10s) microseism peaks. The 
stack of the station-to-station cross-correlograms was done to increase the signal-to-noise ratio. In 
addition to the usual stack, a phase-weighted stack was also applied, in order to avoid local noise 
contamination and to enable the detection of weak coherent signals. These cross-correlograms 
allowed for the calculation of short-period surface-wave group-velocity measurements on 
interstation paths. Measurements were used to construct maps of Rayleigh-wave group-velocity 
lateral variations, at different periods, at the Gulf of Cádiz and south of Portugal. Despite the great 
difference in the crustal structure below the OBS (thin continental or oceanic type) and beneath land 
stations (typical continental crust, 30 km thick), it was possible to derive high S/N cross-
correlations between these two types of different sensors environment. 

For the whole set of chapters digital annexes were added, to complement them. Annex-A, 
includes sensors and acquisition files and the produced dataless (chapter 2); Annex-B displays daily 
plots of raw data, filtered between 1-10Hz, 10-40Hz and 10-100s (chapter 3 and 4); Annex-C 
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contains the daily, monthly and the whole time campaign power spectra (chapter 3); Annex-D has 
the reports of this and other campaigns occurring at the same time (chapter 5); Annex-E presents the 
files related with the seismometer orientation (chapter 6); Annex-F displays the daily plots of the 
wave height and period in the North Atlantic from the SWAN model (Instituto Hidrográfico-
Marinha-Portugal) during the winter season (chapter 7); Annex-G presents the meteorological data 
(Instituto de Meteorologia)  from three automatic stations located at Sines, Sagres and Faro (chapter 
7); Annex-H contains files related with previous work done with the clock drift of the LOBSTER 
OBS’s (chapter 8); Annex-I shows the plots of the results of cross-correlation stack from all station-
pairs and channels (chapter 9), and Annex-J displays the epicenters of all seismic events detected 
during the NEAREST campaign. 
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swell describes waves from distant sources, like those generated in the North Atlantic in big storms 
(Figure 1.12), with higher periods than the local wind wave. 

The swell waves excite microseisms (secondary microseism SM and primary microseism 
PM) near coastlines, where there may be a reflected component in the coast that interacts with the 
incident waves. These ocean waves are a source of energy in a well defined microseism band and a 
particular period of SM are directly related to ocean waves with the double period. An ocean wave 
spectrum peaked at 14-s period (PM) will generate a microseism at 7-s period (SM) (Webb, 1998). 
The resulting peaks in the microseism spectrum are observed to evolve in concert with the local 
wind wave spectrum (Kibblewhite and Wu, 1991; Adair et al., 1984; Webb and Cox, 1986).  

The direction of the secondary microseism (SM) for the strongest spectral peak between 5 
and 10 s is found to be very stable in time, with signal mostly coming from the coastline, 
confirming that the SM generated by the nonlinear interaction of the ocean swell with the coast. 
This observation is compatible with the idea that the generation of the secondary microseism is 
mostly controlled by the bathymetry and the geometry of the coastlines (Stehly et al, 2006).  

The behavior of the primary microseism (PM) noise (10-20s) is different. The effect of 
attenuation is weaker for longer periods and sources at the global scale are contributing. In this 
period band, the regions where the noise is originating are different during the summer and winter, 
coming from north during winter and from the south during the summer (Stehly et al, 2006), 
suggesting that the seismic noise for periods larger than 10s is produced by a single mechanism not 
directly related to the action of the swell on the coast but related with ocean wave activity in deep 
water similar to generation mechanism proposed for larger periods, namely, infragravity ocean 
waves (Stehly et al, 2006).   

The term “infragravity waves” describes ocean waves with periods of 25s or more, longer 
than the usual swell ocean wave and wind wave. These waves are not directly driven by wind but 
instead are generated in shallow waters through a nonlinear mechanism from short-period (1-20s) 
ocean waves (Webb et al., 1999). Most of this long-period wave energy is trapped near the 
shoreline as edge waves. A small portion of the long-period energy leaks off the shelf and 
propagates in deep water as a free surface-gravity wave (Webb et al., 1991) without attenuation 
across basins in deep water, and each basin is filled with the infragravity waves generated by short-
period waves that break along its coastlines. The long-period seismic background in an ocean basin 
is controlled by the infragravity wave climate in that basin, which in turn is determined by the short 
period ocean wave climate driven by winds over the basin. 

These ocean waves will have all the attention on chapter 3 and chapter 7 including a 
discussion of the effects produced by them.   

Another aspect of the ocean is the effect of currents at the bottom of the ocean. The Gulf of 
Cádiz’s present-day circulation is dominated by antagonistic currents: at the sea surface, the North 
Atlantic Surface Water and the North Atlantic Central Water (NACW) flow into the Mediterranean 
Sea while a deep undercurrent, named the Mediterranean outflow water (MOW), flows out of the 
Mediterranean Sea (Ambar and Howe, 1979a,b; Ambar, 1983). After exiting the Gibraltar Strait, the 
MOW mixes with NACW in the Gulf of Cádiz (Baringer and Price, 1999) and moves northwest 
along the western Iberia Margin. 

The MOW divides into two major core layers: the Mediterranean Upper Water (MU) and 
the Mediterranean Lower Water (ML). The MU is centred between 400 and 600 m and the ML 
spreads between 600 and 1200 m (Zenk and Armi, 1990; Baringer, 1993; Bower et al., 1997). At 
this depth, the MOW loses contact with the seafloor in places and spreads over the North Atlantic 
Deep Water, before continuing westward and northward into the North Atlantic (Iorga and Lozier, 
1999). The impact of the MOW on sediment distribution and dynamics in the Gulf of Cádiz is 
depicted by contourite deposits (Gonthier et al., 1984). They build up hectometer thick and 
kilometer long sediment drifts (Kenyon and Belderson, 1973; Faugères et al., 1985).  
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Chapter 2 
 

Instrumental characteristics of the NEAREST OBS and coupling 
 
 
 
 
 
 
 
 
 
2.1   Introduction 
 

The objective of this chapter is to examine the continuous data recorded by the 24 
broadband ocean bottom seismometers (OBS), deployed in the Gulf of Cádiz in the context of the 
NEAREST project, in order to understand the functioning of this type of equipment and the effects 
of the sensor coupling. The future growth of seismic observation at the bottom of the ocean with 
typical seafloor installation over a layer of weakly consolidated sediments, which is fundamental in 
order to complement the land observation, requires that all these mechanisms that affect the seismic 
records of an OBS are characterized in the best possible way, leading to a better design of the 
equipment and better conception of observation campaigns, depending on the objectives to be 
attained. We note that the instrumental characteristics of the sensors and recording system had to be 
compiled and integrated into a standard format (dataless) thus making these data available for 
further use by the seismological community. In this chapter will be given more emphasis to the 
construction of the dataless because this information is not provided by the manufactures or by the 
owners of the instruments.    

Each LOBSTER OBS was assembled with a Guralp CMG-40T seismic sensor with a flat 
response between 60s to 50Hz, a HighTechInc HTI-04/01-PCA/ULF hydrophone sensor with a 
response between 100s and 8 kHz and a 24 bit recorder system from SEND, the Geolon MCS, with 
a sampling rate of 100Hz and with a 20GB disk space. The pre-amplifier was selected to have a 
gain of 4 for the hydrophone and 1 for the Guralp. The power supply had 132 lithium cells. 

 
2.2   Design of the ocean bottom seismometer LOBSTER 
 

Here we discuss the design of the LOBSTER and its interaction with the surrounding 
environment at the bottom of the ocean.  

On land, the installation of a seismic station starts with a previous visit to evaluate the noise 
and if this noise is inside the parameters required, then the next stage is to build a vault where all 
systems are installed: acquisition system, seismometer, GPS and communication system to send the 
data on-line to several servers distributed worldwide. Inside the vault the three components of the 
seismometer are oriented according to the standard procedures. The vertical component signal is 
positive when the ground waves goes up, one horizontal component is oriented in the direction 
North-South and the signal is positive when the ground wave travels from south to North, and the 
other horizontal component is oriented according to the direction W-E and the signal is positive 
when the ground wave travel from West to East. The seismometer is installed, normally, by 
connecting it to the hard rock, making the natural seismometer-soil resonant frequency outside the 
band of seismic interest. The acquisition of this data is made with a permanent GPS that corrects the 
time.  

As mentioned before, an ocean bottom seismometer is deployed without control, falling 
down freely in the water column and striking the ocean seafloor sediments without seismic 
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analysis of dynamic coupling between an OBS and the ocean seafloor has been developed by 
structural engineers for the design of foundations resting on soils. The detailed analysis of the 
dynamic response of a rigid body resting on an elastic half-space is quite complex. The seismometer 
sitting on the ocean floor has six degrees of freedom of motion: translation and rotation in the 
vertical and in the two orthogonal directions. Each degree of freedom can support a mode of 
oscillation with a characteristic frequency and damping. In general, the frequency response depends 
upon the instrument mass (the size, shape and stress distribution of the contact area) and the shear 
velocity, density, dissipation, and Poisson's ratio versus depth of the sediments.  

Considering only the vertical component of the seismometer, the equation of motion with 
the effect of water (Sutton and Duennebier, 1995) can be written as: 

  
2.1 																														 0 

 
and in Laplace transform notation as: 

 

2.2 																														  
 
Where w is the vertical center of mass displacement from equilibrium relative to the vertical seismic 
input signal ,  is the OBS response to a vertical seismic input signal  in the inertial 
frame,  is the dynamical spring constant and  the damping coefficient, representing the elastic 
soil properties in the vertical direction (frequency dependent), M is the OBS mass Mi plus the 
virtual mass Mv of the water entrained in the motion, Mw is the mass of water displaced by the OBS 
and s is the Laplace transform variable. From equation (2.2) an expression for the transfer function 
(response of the OBS) to the vertical seismic input in the presence of water is: 
 

2.3 																													
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Where 

2.4 																													 														 ′
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The response of the OBS to a seismic input signal  can be defined with three parameters: 
′  (coupling frequency),  (quality factor) and  (coupling coefficient) (equation 2.4). These, in 

turn, depend upon the shape and mass of the instrument package and the frequency dependent 
elastic properties of the bottom sediment (the variable a, equation 2.4, depends on the frequency of 
the signal and the shear velocity of the ocean bottom sediments). The transfer function is l for all 
frequencies when the coupling coefficient 1, meaning neutral buoyancy, and in this case the 
OBS should move with the seafloor for seismic vertical inputs (Sutton and Duennebier, 1987).  

There is continuity on the vertical particle motion across the ocean floor-water interface and 
the theory is relatively straightforward, although an inherent problem exists because of the 
differences in density among the water, the sediment and the instrument. These density differences 
require that a package which intersects the boundary has some differential motion with respect to 
the bottom (Sutton and Duennebier, 1987). Good response for a vertical motion sensor requires 
package symmetry about the vertical axis and near zero horizontal offset of the sensor from the 
horizontal axis of any signal-induced rotations (Sutton and Duennebier, 1987). The mechanical 
coupling between the sensor package and the sediment has a low-pass response with a natural 
resonant frequency that is determined by the package mass and configuration and the rigidity of the 
sediment. At frequencies well below the natural OBS-sediment resonant frequency, the package 
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follows the ground motion with high fidelity for vertical seismic input. The response above the 
coupling resonant frequency is attenuated by a constant amount and near the resonant frequency is 
potentially distorted by motion of the OBS relative to the sediment, and it is advisable to keep this 
frequency as high as possible by minimizing the OBS mass. On land (and in the ocean where there 
is no sediment cover) this is generally not a problem because shear velocities are usually high 
enough to move the coupling natural resonant frequency above the range of interest. If mass is not 
minimized, the response of the OBS in the seismic frequency band will vary with shear velocity of 
the near-bottom sediments. According to the theory, if the OBS has the same density as the 
surrounding material, it should not be affected by coupling as long as the seismic wavelengths are 
much larger than the contact area of the OBS, and in these conditions it should move with the 
sediment. If the bottom is moving horizontally then the vertical sensor will respond to OBS tilt as 
cross-coupling, unless the sensor is located in the vertical plane of the tilt axis (Duennebier and 
Sutton, 1995). 
 The horizontal response is more complicated because of the discontinuity in particle motion 
across the ocean floor boundary. The motion of the water with respect to the bottom will necessarily 
generate torques in the seismometer. The horizontal response includes two coupled modes of 
oscillation, translation and rocking, each with its own natural resonant frequency (Duennebier and 
Sutton, 1995). The equation for horizontal motion for the center of mass of the OBS is: 
 
2.5 																													 	  

 
and in the Laplace notation is: 
 
2.6 																														  

 
Where  represents the horizontal displacement of the center of mass from equilibrium relative to 
the moving bottom,  is the horizontal displacement of ocean floor relative to the inertial reference 
frame,  is the clockwise rotation angle of the package from equilibrium,  is the damping 
constant of the horizontal motion,  the spring constant of the horizontal motion (the damping and 
the spring constants represent the elastic properties of sediments in the horizontal), b the height of 
the center of mass above base, s the Laplace notation and the force F is the sum of all horizontal 
forces acting on the OBS in addition to the force produced by the motion of the sea floor (

). The force F represents forces generated by water motion, including buoyancy and 
gravitational torques and drag components. According to Duennebier and Sutton (1995), when the 
ground and water are moving together, the predicted amplitude response is quite good at all 
frequencies, and when the water is not moving, or when the water and bottom are moving out of 
phase (as can occur for horizontally polarized shear waves and vertically polarized body and 
boundary waves), the response to ground motion becomes seriously distorted. The package is 
attempting to follow the motion of the water rather than the motion of the ocean floor. 
 The coupling is affected by several different processes, including soil-structure interaction 
and vibration and tilting due to water flow around the OBS. Minimizing the effect of soil/structure 
interaction means minimizing the mass of the OBS while maximizing the contact area with the soil 
and minimizing the effect of seafloor currents means minimizing the cross-sectional area of the 
OBS. Since most of the mass and volume of an OBS are used for the power supply and recording 
hardware, rather than for the seismometers, placing seismometers in a small package that is separate 
from the main recording package is potentially an attractive means of improving the coupling 
(Trehu and Sutton, 1994). Potential disadvantages of a deployed sensor package are the additional 
mechanical complexity of the instrument package, which increases the chances of failure, and the 
possibility that the recording package itself will become a source of signal distortion and noise. The 
presence of an OBS affects the seismic wave field through a variety of physical processes which are 
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generally referred to under the umbrella of 'OBS coupling'. In order to determine the ground motion 
in the absence of the instrument, recorded seismograms must be corrected of these effects, which 
occur because the boundary conditions at the boundaries between an OBS and the surrounding 
media are different from those in the absence of the OBS. This applies whether the OBS is buried or 
sits on the seafloor, and whether the sensors are in the main instrument package or in a separate 
package. When a seismic wave impinges on the boundary between an OBS and the seafloor from 
below, normal and tangential forces will be applied to the boundary that will excite seismic waves 
in the surrounding media. This is essentially a problem of wavefield scattering due to the presence 
of a single scattered.  

According to some authors, Sutton et al. (1981) and Trehu (1985), the transfer function for a 
given OBS package and site can be determined using a transient pull test in which a float of known 
buoyancy is attached to an OBS by a solenoid and then released suddenly, exciting the 
characteristic soil-OBS resonance for that site.  

Normally these procedures are not carried out and for the moment there is no kind of 
transfer function for sediments necessary to correct the coupling problem, which is different for 
each site, with the LOBSTER OBS. 
 
2.4   Transfer function 
 

Ideally, when a seismometer is connected to the ground it should record the ground 
displacement precisely. Unfortunately it is not so easy to measure this motion because it is done in a 
moving reference frame. In other words, the sensor is moving with the ground and there is no fixed 
undisturbed reference available to measure the displacement directly. Nowadays, seismometers are 
designed to respond to ground acceleration, regardless of whether the desired output is, a flat 
response to displacement, velocity or acceleration within a given band. To record this ground 
acceleration there is an inertial reference (a suspended mass) inside the seismometer that must be 
kept at rest by an electromagnetic restoring force. When the ground motion is slow, the suspended 
mass will move with the rest of the instrument and the electric output signal will be small, and when 
the motion is higher the electric output signal, representing the ground motion, will be proportional 
to the electromagnetic force necessary to keep the suspended mass at rest. This electromagnetic 
restoring force is converted to electric signals and represents the amplitude of ground motion. 

The amplitude and frequency range of seismic signals is very large. The smallest motion of 
interest is limited by ground noise and could be as small as 0.1nm, and the largest can be a fault 
with a displacement of 10 meters during an earthquake (Havskov and Gerard Alguacil, 2004). This 
is a very large range and it will probably never be possible to make one sensor to cover it all. 
Similarly, the frequency band starts as low as 0.00001 Hz (earth tides) and could go to 1000Hz. 
These values are, of course, the extremes, but a good quality seismic station for local and global 
studies should at least cover the frequency band 0.01 to 100Hz and ground motions from 1nm to 
10mm. 

It is not possible to make one single instrument to cover this range of values. Instruments 
with different gain and frequency response are used for different ranges of frequency and 
amplitude. Today, it is possible to make instruments with a relatively large dynamic and frequency 
range (broad band instruments (BB) or very broad band (VBB)) and the tendency is towards 
increasing both the dynamic and frequency range. 

The dynamic behavior of a seismic station system within its linear range, like that of any 
linear time-invariant (LTI) system, can be described with the Laplace transfer function. Practically, 
the mathematical description of a seismometer is limited to a certain bandwidth of frequencies that 
should at least include the bandwidth of seismic signals. Within this limit the Laplace transfer 
function describes the system's response to arbitrary input signals completely and unambiguously.  
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A signal that has a definite beginning in time (such as the seismic waves from an 
earthquake) can be decomposed into exponentially growing, stationary, or exponentially decaying 
sinusoidal signals with the Laplace integral transformation: 
 

2.7 																					
1
2

	 	 																					 	 	  

     
The first integral defines the inverse transformation (the synthesis of the given signal) and the 
second integral the forward transformation (the analysis). It is assumed here that the signal begins at 
or after the time origin, s is a complex variable that may assume any value for which the second 
integral converges (depending on f (t), it may not converge when s has a negative real part). The 
Laplace transform F(s) is then said to “exist” for this value of s. The real parameter which defines 
the path of integration for the inverse transformation (the first integral) can be arbitrarily chosen as 
long as the path remains on the right side of all singularities of F(s) in the complex s plane. This 
parameter decides whether f (t) is synthesized from decaying ( 0), stationary ( 0) or growing 
( 0) sinusoidal. The parameter should be large enough that  is defined for  . 

The time derivative  has the Laplace transform s F(s), the second derivative  has 
	 , etc. Suppose now that an analog data-acquisition or data-processing system is 

characterized by the linear differential equation  
 

2.8 																					 	 	 	 	 	 	  
   
where f (t) is the input signal, g(t) is the output signal, and the ci and di are constants. We may then 
subject each term in the equation to a Laplace transformation and obtain 
 
2.9 																				 	 	 	 	 	 	 	 	 	 	  

 
From which we get 
 

2.10 																				
	 	
	 	

 

 
We have thus expressed the Laplace transform of the output signal by the Laplace transform of the 
input signal, multiplied by a known rational function of s. From this we obtain the output signal 
itself by an inverse Laplace transformation. This means, we can solve the differential equation by 
transforming it into an algebraic equation for the Laplace transforms. This is only practical if it is 
possible to evaluate the integrals analytically, which is the case for a wide range of “mathematical” 
signals. Real signals must be approximated by suitable mathematical functions for a transformation. 
The method can obviously be applied to linear and time-invariant differential equations of any 
order. (Time-invariant means that the properties of the system, and hence the coefficients of the 
differential equation, do not depend on time.) 
The rational function 
 

2.11 																					
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is the (Laplace) transfer function of the system described by the differential equation (2.8). It 
contains the same information on the system as the differential equation itself. Generally, the 
transfer function H(s) of an LTI system is the complex function for which  
 
2.12 																				 	  

  
with F(s) and G(s) representing the Laplace transforms of the input and output signals. This means 
that the first part of any seismic sensor will be some sort of linear system that operates in 
continuous time, rather than discrete time, and such system has a frequency response that is the ratio 
of two complex polynomials, each with real coefficients. These polynomials can be represented 
either by their coefficients or by their roots, poles and zeros (equation 2.13). 
 

2.13 																				 	 	
∏
∏

	 	  

 
 If the polynomials are specified by their roots, then the roots of the numerator are the 
instrument zeros and the roots of the denominator polynomial are the instrument poles. Because the 
polynomials have real coefficients, complex poles and zeros will occur in complex conjugate pairs.  

The poles and zeros of the transfer function are listed together with a gain factor Sd. When 
the numerator polynomial is sn, then s = 0 is an n-fold zero of the transfer function, and the system 
is a high-pass filter of order n. Depending on the order m of the denominator (number of poles), the 
response may be flat at high frequencies (m = n), or the system may act as a low-pass filter (m > n). 
The case (m < n) can occur only as an approximation in a limited bandwidth because no practical 
system can have an unlimited gain at high frequencies. The gain factor, Sd, is multiplied by a 
normalization factor, A0, to obtain an overall unity gain at a determined normalization frequency in 
the passband of the system.  

The seismic station sensors will be then determined by n zeros, z1, z2, …., zn, m poles, p1,p2, 
…, pm, a gain Sd, a normalization factor A0 and a reference frequency f. The complex variable s is 
equal to 2  if the reference frequency is in radian/second and  if the reference 
frequency is in Hz.  

 
2.5   Recording system 
 

A recording device is an autonomous, self-contained piece of equipment, designed to 
measure the output signal of a sensor, and digitize and record it. The first stage receiving the analog 
signal from the sensors is the preamplifier, which should fulfill its major task of linearly 
reproducing the amplitude and phase of the analog signal for the desirable gain. Afterwards, the 
signal reaches the Analog to digital converter (ADC), where it is sampled and converted into digital 
values in the form of a code. This conversion will determine the resolution (counts/volt) of the 
recording device and determine the smallest and largest motion that can be detected. This signal is 
sampled using a technique of oversampling necessary to the following stages of digital filter. 
Instead of doing the filtering on the analog signal, it is done in the digital part. The Geolon MCS 
digitize at a sampling rate of 512000 samples per second and at the digital filter is decimated to the 
desired output of 100 samples per second on a sequence of 8 filters. According to the chosen 
sampling rate the digital filter use a series of IIR and FIR filters to decimate the signal to the output 
desired rate. At the end the signals are recorded on disk drive.  
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2.6   Dataless construction 
  
In order to recover the true ground motion from the data recorded by a seismic station we 

need to know its full instrumental response. The standardized dataless is a data file with information 
regarding all seismic stations that are used for collecting data, from the sensors that collect the 
vibration of the ground to the acquisition system that stores data, i.e. specifying all technical 
characteristics of the instruments (Annex-A). The SEED format 
(http://www.iris.edu/manuals/SEED_chpt1.htm) uses three letters to name seismic components and each letter 
describes one aspect of the instrumentation and its digitization. The first letter specifies the general 
sampling rate and the response band of the instrument (see table 2.1), the second letter specifies the 
family of the sensor and the third letter is the orientation code.  
 

Band Code Band type Sample rate (Hz) Corner period(sec) 
E Extremely short period ≥ 80 to < 250 < 10 
S Short period ≥ 10 to < 80 < 10 
H High Broad band ≥ 80 to < 250 ≥ 10 
B Broad Band ≥ 10 to < 80 ≥ 10 
M Mid period > 1 to < 10  
L Long period ≈ 1  
V Very long period ≈ 0.1  

Table 2.1   First letter to identify the components of a sensor. It depends on the sampling rate used and the corner limit of sensor. 
 

The format of this file corresponds to the Standard for the Exchange of Earthquake Data 
(SEED) and is controlled mainly by two types of headers, the dictionary header and the station 
control header. Inside these headers all the information is written in blockettes. The dictionary 
control record must include blockette 30 to identify the data format, blockette 33 to identify the 
network and the type of sensors used in the experiment and blockette 34 to identify the input and 
output units of the various sensors used. The station control record must contain all the information 
of the seismic stations used. For each seismic station, there should be a station identifier blockette 
050, with the station name, location, elevation, the number of components used, the network code, 
and starting and end date of data acquisition. The record of each station must contain the 
components of the sensors used in this work. Each component is identified by blockette 052, where 
the channel identifier, the units of input and response, the date format identifier code and the output 
sampling rate should be written. There are two blockettes, 053 and 058, for the sensor 
characteristics, where it is necessary to write the transfer function type of the sensor, the stage 
signal input units, the stage signal output unit, the normalization factor , the frequency of that 
normalization, the number of complex poles, the number of complex zeros and the generator 
constant. After this step we move from the analog world to the digital world to the data acquisition 
system. The acquisition system is identified by three blockettes, 054, 057 and 058 that correspond 
to a low pass filter FIR to decimate the sampling rate with gain equal to 1. Blockette 054 should 
inform about the response type, the input and output signal unit and the number of numerators of 
the filter, blockette 057 the input sampling rate and decimation factor and blockette 058 the 
sensitivity of the previous two blockettes. 
 
2.6.1   Instrument used on the NEAREST experiment 

 
As mentioned before the OBS's used were the LOBSTER, (Figure 2.1), and the sensors were 

hydrophone from Hightechinc HTI-04/01/-PCA/ULF (Figure 2.2), with a response band of 100s-
8KHz, and the Guralp CMG-40T seismometer, with three components and a response band of 60s-
50Hz. The preamplifier gain stage is 4 for the hydrophone and 1 for each of the three seismometer 
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  The other stages of Figure 2.3 are the transition between the analog stage and the purely 
digital stage. Modern seismic data acquisition systems make use of over-sampling and decimation 
to achieve high resolution. This technique relaxes the analog anti-alias filtering requirements and 
moves the low-pass filtering task into the digital domain. Decimation (sample rate reduction) must 
be preceded by sufficient low-pass filtering to prevent aliasing at the new lower sample rate. Many 
modern high resolution ADC's include two or more stages of finite Impulse Response (FIR) filters 
to accomplish this task. These may be followed by further low-pass filter and decimate stages 
within the acquisition system to derive lower sample rate data streams. FIR filters are simple 
weighted averages of a number of data samples and normally approximate to a boxcar response. 
That is, they typically have a very flat in-band response and a sharp, steep cut-off at their corner 
frequency, which may be set at 70% to 90% of the Nyquist frequency.  
 
2.6.2   Seismometer (Guralp CMG-40T) 
 

 All the Guralp seismometers used in the NEAREST campaign have the same poles and 
zeros (Table 2.1) calculated by Guralp. The following calculations are for all sensors. The only 
difference is the sensitivity of each component (Table 2.4). 
 

4 Poles (Hz) 2 Zeros (Hz) 

-0,01178+0,0116932j 0 

-0,01178-0,0116932j 0 

-80+95j  

-80-95j  
 

Table 2.2   Poles and zeros in Hz format. 
 

 The normalization factor at 1 Hz is: 15410 (calculated by Guralp). The above 
poles and zeros from the vertical and the horizontal components of CMG-40T are given in units of 
Hz. For the dataless we can use it in rad/s or in Hz. To fulfill the conversion to rad/sec it is 
necessary to multiply each pole or zero by 2π. The normalizing factor A0 should also be 
recalculated. The formulas to convert poles and zeros and normalization factors from Hz to rad/s are 
the following: 
  
 (2.14)   / ∗ 2        
 

 (2.15)   / ∗ 2         
 

 (2.16)   / ∗ 2 ∗       
 

In equation (2.16), npoles is the number of poles and nzeros is the number of zeros. A0 is the 
normalization constant which scales the amplitude of the transfer function to unity. After 
conversion, Table 2.3 represents the zeros and poles in the rad/s format. 
 

4 Poles (rad/s) 2 Zeros (rad/s) 

-0,074016+0,07347j 0 

-0,074016-0,07347j 0 

-502,6548+596,902j  

-502,6548-596,902j  

Table 2.3   Poles and zeros of CMG-40T used in the NEAREST campaign in rad/s. 
 

The normalization constant is / 608362,42. 
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The input voltage Ue(w) feed into the Geolon MCS is a consequence of an input pressure signal 
P(w) and depends on the sensitivity of the hydrophone SH given in units of volt/Pascal: 
 
(2.17)    
 
In Table 4 the sensitivity values are given in decibels (SdB) and it is possible to convert the 
sensitivity from dB to Volt/Pascal with the following formula: 
 

(2.18)   10  
 

According to the same document, the hydrophone has one zero and one pole: 
 
(2.19)   0 
 

    

 

The transfer function could be represented by the ratio of polynomials specified by their zeros and 
poles.      
 

(2.20)    and  2 /  
 

and normalization constant A0 is calculated through 
 

(2.21)   ∣ ∣ 1 
 
 

For OBS1, as an example, the calculation is the following: 
 
Hydrophone sensitivity    193.3   
 

                                                                       216,27 10   

 
Parameters for the Geolon MCS and hydrophone  
 

30M   
 

                                   330nF 
 

                                                                      53.26nF 
 

 
Zero and Pole for hydrophone  0 
 

                                                          0.72687 
 

 
The result of transfer function  0.98678 0.11421i	 
 
                                                                    		∣ ∣	 0.99336 
 

A0 is the normalization factor   
∣ ∣

1.006669 
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OBS Hydrophone  
Serial number 

Hydrophone 
sensitivity  

dB (1V/uPa) 

Capacitance nF
( CH ) 

A0 
(Normaliz.) 

Poles 

01 HTI-01-31205805 -193.3 53.26 1.00667 -0.72687 

02 HTI-01-31206305 -193.8 52.10 1.00693 -0.74080 

03 HTI-01-31205905 -193.8 45.98 1.00860 -0.82590 

04 HTI-04-312141 -194.7 60.20 1.00541 -0.65472 

05 HTI-01-31207505 -193.8 43.69 1.00941 -0.86396 

06 HTI-04-312140 -195.2 60.20 1.00541 -0.65472 

08 HTI-04-312126 -194.9 55.80 1.00616 -0.69840 

09 HTI-04-312131 -195 60.90 1.00395 -0.55880 

10 HTI-04-312120 -194.9 52.00 1.00695 -0.74200 

11 HTI-01-31207105 -193.4 47.85 1.00803 -0.79760 

12 HTI-04-312136 -195.1 61.60 1.00521 -0.64210 

13 HTI-01-31206005 -193.8 53.38 1.00664 -0.72546 

14 HTI-01-31208105 -193.8 41.98 1.01010 -0.89540 

15 HTI-01-31206605 -193.7 46.26 1.00851 -0.82160 

16 HTI-01-31207305 -193.3 48.08 1.00956 -0.87100 

17 HTI-01-31207305 -193.3 48.08 1.00796 -0.79430 

18 HTI-01-31206405 -193.6 49.80 1.00749 -0.77040 

19 HTI-01-31206705 -193.4 47.36 1.00817 -0.80480 

20 HTI-01-31206105 -193.9 45.64 1.00872 -0.83136 

21 HTI-01-31207405 -193.7 46.97 1.00829 -0.81068 

22 HTI-04-312108 -195.5 51.90 1.00697 -0.74327 

23 HTI-01-31208505 -193.1 41.19 1.01044 -0.91027 

24 HTI-04-312142 -194.6 53.70 1.00658 -0.72174 

25 HTI-04-312139 -194.3 55.40 1.00623 -0.70269 
 

Table 2.5   The sensitivity, capacitance, normalization factor and poles of each hydrophone in the NEAREST campaign. 

 
2.6.4   Geolon MCS 
 
 Each Geolon MCS-A/D converter consists of three building blocks – a preamplifier 
(CS3301A for seismometer and CS3302A for hydrophones), a sigma-delta-modulator (CS5371A) 
and a digital filter (CS5378) (see Annex-I). The sigma-delta modulator and digital filtering produce 
a 24-bit output word for each data sample. Providing a 24-bit output word is not the same as 
providing 24 bits of range. Due to inherent limitations in the analog modulator, the 24-bit chip set 
output has a limited digital count range of +/-6102081 counts for the specific analog full scale input 
range. 
 For stages 2 and 3 (Figure 2.3) the analog full scale input range is different for the two 
different kind of sensors used. The analog full scale input range is equal to: 
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2.9   The NEAREST OBS campaign 
 

Twenty-four Lobsters were used during the NEAREST experiment. Each sensor was 
digitized at a sampling rate of 100 Hz, where channel 1 is the hydrophone (H), channel 2 the 
vertical component of the Guralp CMG-40T (Z), channel 3 the horizontal component (N) and 
Channel 4 the other horizontal component (E). Due to the fact that the OBS lands on the seafloor 
with unknown orientation, the denomination of the horizontal components N and E does not have 
the same meaning as the normal directions attributed to land stations. The seismometers, CMG-40T, 
are equipped with a cardanic levelling mechanism, which initiates a few hours after deployment, to 
level the vertical components after the arrival at the seafloor. It is programmed to perform the 
leveling action every 15 days. The preamplifier gain stage is 4 for the hydrophone and 1 for each of 
the three seismometer components. The total disk space of the recording system is 20 GB.  

The NEAREST experiment started at the end of August / beginning of September 2007 and 
deployed 22 broadband ocean bottom seismometers (OBS) from the German DEPAS instrument 
pool coordinated by the Alfred Wegener Institute for Polar and Marine Research (Bremerhaven) 
and the GeoForschungsZentrum (Potsdam). Despite the objective of building an array of 24 OBS’s, 
technical problems during the deployment meant it was only possible to deploy 22 of them. The last 
2 were deployed only at the end of November 2007, as OBS24 and OBS25. In August 2008 all the 
24 OBS’s were recovered. 

After recovery of the array of ocean bottom seismometers, the first analysis was made of the 
data retrieved from the Geolon MCS acquisition system. This first processing is summarized in the 
following tables. The green line represents normal acquisition data, the orange line relates to 
acquisition with a malfunction, the first column contains the acquisition starting date and the last 
column has the acquisition end date.  

Three stations, OBS08, 24 and 25, recorded data during the whole time at the bottom of the 
ocean but only OBS08 recorded data during the whole of the experiment.  

It was only possible to calculate the clock drift time at 15 stations (green on table 2.7). At 
those 15 stations, 11 were sleeping because of a full disk and one with low battery. This last station, 
OBS 11, stopped recording data 100 days before the clock drift time was calculated. Without time 
synchronization, referred to as NS in table 2.7, we have 9 ocean bottom seismometers (yellow on 
table 2.7).  

The possible cause for the battery packs failures are the very low temperature at the sea 
bottom for this area (~1º Celsius), meaning a decrease on the capacity (Ah) of each individual cell 
of the pack, the medium consumption of the Geolon MCS recorder, the high consumption of the 
Guralp CMG-40T and the high noise normally recorded in the ocean. The leveling signal was 
enabled every 15 days and during that period the consumption was five times higher than the 
normal operation of the seismometer. At the beginning of the experiment there were no problems 
but at the end this was probably the major reason why the MCS stopped working, due to the peak 
current required for the batteries to initiate the level signal. When the main battery fails and the 
acquisition system (Geolon MCS) is turned off the opportunity to synchronize the clock at the end 
of the campaign with the GPS time fails as well.  

The first full disk was OBS 15 several months (07.04.2008) before the recovery operations 
in August 2008. Two stations ended the acquisition in April, OBS09 and OBS15, three in May, 
OBS02, OBS11 and OBS17, five in June, OBS01, 04, 05, 10 and 23, ten in July, OBS03, 06, 12, 
13, 16, 18, 19, 20, 21 and 22, and four in August, OBS08, 14, 24 and 25. The minimum days of 
operation were 219 for OBS15 and the maximum were 346 days for OBS08.  

From table 2.8, 2.9, 2.10 and 2.11 it is possible to conclude that the hydrophone channel 
worked for all ocean bottom seismometers and the E channel worked for only 10 OBS’s. Only nine 
stations, OBS10, 12, 16, 18, 19, 20, 21, 24 and 25, worked for all four channels and two stations 
worked for intermittent periods, OBS04 and 06. 
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2.10   Discussion 
 
The coupling through soft sediments modifies the response to ground motion, acting like a 

low pass filter, and the bottom currents can increase noise levels on the band of local seismic events 
enough to make them unusable during high-current periods.  

The seismometer will not respond to ground motion in the sediments at high frequencies, 
while responding to low-frequency motion and the best broadband frequency response in the 
vertical is obtained by designing the seismometer to be approximately neutrally buoyant in water, 
but horizontal coupling requires some loading (Duennebier and Sutton, 1995).  

In practice, OBS’s can be designed with good vertical coupling on soft sediments up to 
frequencies as high as 25 Hz and it is almost impossible to obtain a high coupling frequency for 
horizontal motion with a sensor deployed on soft sediment (Sutton et al., 1981). Trehu and Solomon 
(1981) report a horizontal coupling frequency of 6–10 Hz with a vertical coupling frequency of 22 
Hz on soft sediment for the Massachusetts Institute of Technology (MIT) OBS’s. The fidelity of 
sensor measurements at high frequency has been of secondary importance and the primary interest 
has been to detect the shear and compressional wave arrivals clearly. Solutions for these coupling 
problems have been suggested, such as pushing the sensor through the sediment under a large 
weight in a similar manner to a gravity corer, placing the horizontal sensors below the seafloor 
interface to improve the fidelity of the signals by removing the sensors from the differential motion 
found at the seafloor, and burying the sensor, increasing shear strength with depth, which will also 
improve coupling. Another solution to the coupling problem is to install the sensors into boreholes, 
but it can be difficult to couple the sensor to the uneven wall of the borehole, and the casing of the 
borehole may not be tightly fixed to the surrounding rock. At periods longer than 1 s, coupling 
seldom appears to be a problem on either sediments or rock (Duennebier and Sutton, 1995). Those 
solutions however are very difficult to implement in normal campaigns.  

Deployment of OBS at sediments with low shear strength leads to a decrease of the OBS-
sediment resonant frequency and to a seismometer levelling problem. The installation of the 
seismometer connected to frame, increases the problems with bottom currents, leading to problems 
in seismometer levelling. 

In this work it was possible to identify all the instrumental characteristics of the sensors and 
recording system and to build a standardized dataless in order to recover the true ground motion of 
the recorded data. The assembled dataless for the LOBSTER OBS is available to the scientific 
community. However this dataless is incomplete because the coupling transfer function is not 
included. On chapter 3 it is possible to analytically observe (frequency-time representation) the 
OBS-sediment resonant frequency.  

We recommend performing some tests, in controlled conditions, with the LOBSTER OBS, 
in order to establish the OBS-sediment resonant frequency with the seismometer inside and outside 
the frame, to see the difference. With this mechanical OBS design (seismometer connected to 
frame) the OBS-sediment resonant frequency is inside the seismic frequency band. 

Controlling the functionality of an OBS at the bottom of the ocean is difficult. On the 
NEAREST campaign the recovery operation were 100% successfully, but the synchronization, 
levelling, orientation, power supply and electronically problems were a source of complications to 
the researchers groups.     
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OBS  
 

Lat.(º) 
 

Long. (º) 
 

Depth (m) 
Start Recording 

(UTC) 
Stop Recording 

(UTC) 
Recover  
(UTC) 

Drift time 
[µs] 

Number of 
recording days Recorder 

Data on 
disk(kb) CMG-40T Hydrophone 

OBS 01 37.055 -11.448 5100 30.08.2007 07:52:52 12.06.2008 21:59:37 10.08.2008 15:55 N S 287 050919 16071096 T4K98 31205805 

OBS 02 37.025 -10.734 2270 30.08.2007 03:47:35 22.05.2008 14:16:42 10.08.2008 20:21 N S 266 050916 15305614  T4K84 31206305 

OBS 03 37.100 -10.229 3932 29.08.2007 23:53:25 31.07.2008 16:10:57 10.08.2008 23:59 N S 337 060741 18469887  T4M31 31205905 

OBS 04 36.952 -9.702 1993 29.08.2007 22:10:32 25.06.2008 17:42:20 09.08.2008 06:49 +1456156 301 050901 19513715  T4L90 312141 

OBS 05 36.730 -10.552 3095 29.08.2007 16:59:04 23.06.2008 16:37:44 11.08.2008 03:52 N S 299 050924 16570501  T4K88 31207505 

OBS 06 36.708 -9.969 2956 29.08.2007 18:56:59 20.07.2008 07:14:42 09.08.2008 10:00 +1427375 326 050910 19513715  T4M33 312140 

OBS 08 36.398 -10.921 4671 30.08.2007 13:09:59 10.08.2008 08:37:04 10.08.2008 08:30 +494781 346 050923 18758201  T4M50 312126 

OBS 09 36.372 -10.261 4811 29.08.2007 14:02:56 29.04.2008 20:20:08 09.08.2008 14:02 N S 244 050921 13172897  T4M40 312131 

OBS 10 36.250 -8.601 2067 01.09.2007 20:32:16 29.06.2008 16:07:25 11.08.2008 00:24 -116438 302 050912 19513716  T4L92 312120 

OBS 11 36.066 -11.273 4855 30.08.2007 18:03:02 02.05.2008 15:51:21 10.08.2008 03:34 +996218 246 050913 12288701  T4L33 31207105 

OBS 12 36.081 -10.590 4860 30.08.2007 23:12:43 21.07.2008 09:09:57 09.08.2008 17:50 +280875 326 050915 19513715  T4L37 312136 

OBS 13 36.022 -10.020 4494 31.08.2007 10:52:51 14.07.2008 23:52:24 07.08.2008 15:49 N S 318 050909 17458792  T4M34 31206005 

OBS 14 36.001 -9.400 4239 02.09.2007 02:50:51 04.08.2008 15:34:01 11.08.2008 18:00 -3671407 337 050926 19513715  T4K89 31208105 

OBS 15 35.999 -8.800 3357 01.09.2007 19:36:09 07.04.2008 06:54:36 11.08.2008 21:55 -80907 219 050917 19513715  T4L30 31206605 

OBS 16 35.950 -8.251 2069 01.09.2007 10:40:59 07.07.2008 04:02:47 06.08.2008 07:35 -4257563 310 050927 19513715  T4K95 31207205 

OBS 17 35.779 -10.939 4765 30.08.2007 21:24:09 28.05.2008 21:00:33 09.08.2008 21:48 N S 272 050906 15023160  T4L32 31207305 

OBS 18 35.711 -10.339 4605 31.08.2007 14:41:10 18.07.2008 03:13:29 07.08.2008 12:03 -2592782 322 050905 19513716  T4K92 31206405 

OBS 19 35.633 -9.751 4287 31.08.2007 19:03:44 17.07.2008 17:03:37 07.08.2008 03:23 -3357407 321 060743 19513716  T4K86 31206705 

OBS 20 35.598 -9.100 3449 01.09.2007 03:40:32 12.07.2008 10:31:17 06.08.2008 15:55 -3239282 315 050907 19513716  T4K91 31206105 

OBS 21 35.646 -8.600 2566 01.09.2007 07:28:02 09.07.2008 06:01:13 06.08.2008 11:49 -2494594 312 050928 19513715  T4M39 31207405 

OBS 22 35.349 -10.402 4095 31.08.2007 17:02:54 24.07.2008 17:54:03 07.08.2008 08:22 N S 328 050925 17827192  T4M30 312108 

OBS 23 35.117 -9.287 3747 31.08.2007 23:21:49 28.06.2008 21:03:08 06.08.2008 20:29 N S 302 050918 16435417  T4M44 31208505 

OBS 24 36.531 -9.282 2439 27.11.2007 03:21:27 11.08.2008 11:15:32 11.08.2008 11:08 +266562 258 050903 17422768  T4M49 312142 

OBS 25 36.360 -9.571 3234 24.11.2007 12:00:04 11.08.2008 14:09:54 11.08.2008 14:03 -70750 261 050904 16620292  T4M48 312139 
 

Table 2.7   Parameters from the NEAREST experiment. NS in the drift time column means NOT SYNCHRONIZED. 
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3.2   The noise spectra 
 

Recorded seismic signals always contain noise and it is important to identify the source of 
the noise and how to measure it. Intuitively, the simplest way should be to measure the earth 
displacement in different frequency bands and plot the amplitude as a function of frequency or 
period. This was in fact the way it was done before the use of digital recording and was directly 
related to the seismograms in the time domain. With digital data it is possible to make spectral 
analysis, and thereby get the noise level at all frequencies. It has become the convention to represent 
the noise spectra as the noise power density acceleration spectrum Pa(ω), since the introduction of 
the new global high (NHNM) and low noise models (NLNM) by Peterson in 1993, commonly in 
units of dB referred to 1 (m/s2)2/Hz (Figure 3.2). The noise level is calculated as 
 

3.1 																																 	 10 log
1 / /

 

 
Below we show how to relate the power spectral density (PSD) to the amplitudes seen on a 
seismogram. The root mean squared amplitude, aRMS of a signal in the time interval 0-T, is defined 
as 

3.2 																														
1

 

 
where  is equal to the average power of the signal in the time interval. The average power of 
the signal can also be calculated (Parseval’s Theorem) from the power density spectrum as, 
 

3.3 																													 	 	  

 

under the assumption that the power spectrum is nearly a constant P in the frequency range f1 to f2 
which is true if the filter is narrow. In this general case, P represents the average value of P(ω) in 
this frequency band where P(ω) is the normalized power spectral density. The relation between the 
power spectral density and the RMS amplitude within a narrow frequency band is: 
 

3.4 																													  
 
Statistically the probability that the instantaneous peak amplitude of a random wavelet with 
Gaussian amplitude distribution lies within a range of 2aRMS is 95%. Peterson (1993) showed that 
both broadband and long period noise amplitudes closely follow a Gaussian probability distribution. 
In the case of narrowband-filtered envelopes, the average peak amplitudes are 1.25aRMS (Bormann, 
Chapter 4 in NMSOP, Bormann (Ed.), 2002).  
 

3.5 																												 	1.25 1.25  
 

A common way of specifying filter bands is to use the term octave. An n-octave filter has filter 
limits f1 and f2 such that, 

3.6 																																																		 2  
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The signal bandwidth used for the seismic background noise analysis is less than 1 octave. The 
average frequency or the geometric center frequency f0 must be used, 
 

3.7 																																																		 2 2 /  
 
3.8 																																																	 2 / 					 					 2 / 				 

 
For narrow filters, the geometric center frequency is almost the same as the average 

frequency. The Peterson curves are in acceleration, so unless the time domain is in acceleration too, 
the power spectrum must first be transformed to acceleration. The relations between the various 
power spectra Pd (displacement), Pv (velocity) and Pa (acceleration) are the following: 
 
3.9 																																														 .  

 
3.10 																																											 	 	  

 
For example if we apply a narrow frequency filter in a seismogram [0.7Hz-1.4Hz] and measure an 
average peak amplitude of 13 nm, this can be converted to Pd, 
 

3.11 																																										
13 10 /1.25

1.4 0.7
1.55 10 	 /  

 
The center frequency is √0.7 1.4 1.0  and the acceleration power density is  
 
3.12 																																									 1.55 10 16 1 2.4 10 / /  

 
or -126 dB relative to 1 (m/s2)2/Hz. 

Nowadays the algorithms (for example, ppsd.plot in ObsPy http://www.obspy.org) to 
calculate the power spectra density of seismic data are completely autonomous and process hour-
long, continuous, and overlapping (50%) time series segments. There is no removal of earthquakes, 
system transients, minor gaps and/or data glitches from the hourly segments. The instrument 
transfer function is then removed from each segment, yielding ground acceleration. Each hour-long 
time series is divided into 13 segments, each about 15 minutes long and overlapping by 75%, with 
each segment processed by (1) removing the mean, (2) removing the long period trend, (3) tapering 
using a 10% sine function, and (4) transforming using an FFT algorithm (Bendat and Piersol, 1971). 
Segments are then averaged to provide a PSD for each one-hour time series segment. For each 
channel, raw frequency distributions are constructed by gathering individual PSDs in the following 
manner (1) binning periods in 1/8 octave intervals, and (2) binning power in 1 dB intervals. Each 
raw frequency distribution bin is then normalized by the total number of PSDs to construct a 
Probability Density Function (PDF).  

Therefore, the ambient seismic noise levels, defined as the highest probability power levels 
at each period, have been used as baselines for evaluating seismic station site characteristics and 
design, instrument design and noise sources. This method uses a probability density function (PDF) 
to display the distribution of seismic power spectral density (PSD). Examination of artifacts related 
to station operation and episodic cultural noise allows us to estimate both the overall station quality 
and a baseline level of earth noise at each site. The output of this noise analysis is useful for 
characterizing the current and past performance of existing broadband sensors, for detecting 
operational problems within the recording system, and for evaluating the overall quality of data for 
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 From the discussed above, complemented with section 4.7 on chapter 4, we must conclude 
that, in the band of 1-10 Hz, despite many authors think that these oscillations are generated by the 
motion of the OBS components in the near bottom currents flow caused by Karman’s gyres 
(Soloviev et al., 1993; Kasahara et al., 1979, 1980, 1981; Duennebier and Sutton, 1988) the 
observed signal behave differently. When Karman’s gyres are generated, the oscillation frequency 
is given by ⁄ , where v is the velocity of the current, c is the Strouhal’s number (which 
depends upon the shape of the object and is usually in the range 0.15-0.2) and d is the typical 
dimension of the obstruction (e.g., the diameter of the tubes). According to this theory the 
oscillation frequency is proportional to the velocity of the current flow. However, from our 
observation, we have to conclude that signal noise generated by the current in the band of 1-10 Hz 
cannot be attributed to Karman’s gyre. The data shows that the peak frequency does not change in 
time and that the resonant frequency doesn’t dependent on the velocity of the near bottom current. 
The amplitudes of the oscillations increase with velocity and the oscillation arise or became 
significant when the current speed flow is higher than a specific value. This behave is only observed 
on oscillating components. Kovachev et al., 1997, concluded that this behavior is caused by the 
interaction of the OBS components and the near-bottom current flow and that the physical reason 
for these oscillations was the generation of vortices on the vibrating components of the OBS (when 
the Strouhal frequency is close to the resonant frequency of the station, resonant interaction 
between the current and the mechanical station components take place).  
 The signal noise in the band of 10-100s (tilt noise), originated on the non-oscillating 
components, like the titanium tubes and the floating devices, is explain with the Karman’s gyres 
theory. Only on the periods where the tidal current speed is minimal or almost zero the tilt noise is 
absent. Due to the innumerous components of different diameters (seismometer tube, release tube, 
batteries and acquisition tubes and floating devices) the tilt noise starts when the tidal current 
reaches a specific speed, lower when compared with the speed required for the band of 1-10 Hz.  
 The reason why the tilt noise is present only above 10s is related with the diameter of the 
exposed tubes to the current flow. The tube with the lowest diameter exposed to the current flow is 
the titanium release tube with 11 centimeters. Developing multiple scenarios with this tube, with the 
Strouhal number between 0.15-0.2, we obtain a tilt noise signal of 10s for a current flow of 8 cm/s.  
 To reduce the tilt noise a developed technique by Wayne Crawford, (AnyPlot software, 
http://www.ipgp.fr/~crawford/Homepage/Software.html, a system for reading, displaying and 
analyzing time series data) was used in order to improve the vertical component. Although this 
technique is able to reduce the tilt noise and compliance noise from the vertical component, using 
the two horizontal components and hydrophone, it was not successful on this work. Our band of 
interest is between 1 and 20s, with the tilt noise starting at 10s, and this technique removes the tilt 
noise signal along with the primary microseism.       
 
3.4.6   Seismic events 

 

Ocean floor sites are different from continental sites and the effect of coupling to sediments 
and bottom currents determines the quality of the data. The coupling through soft sediments 
modifies the response to ground motion, acting like a low pass filter, and the bottom currents can 
increase noise levels on the band of local seismic events enough to make them unusable during 
high-current periods.  

For most seismic phases there is differential motion between the water and the seafloor, and 
the motion of the sensor is a combination of the seafloor motion and the motion of the water above 
seafloor. These horizontal motions of the seafloor must invariably tilt the seafloor sensor package 
coupling into both horizontal and vertical motions (Duennebier and Sutton, 1995).  

Measurements of pressure variation are made over a broad frequency band and do not 
involve the coupling problem to ground motion on very soft seafloor sediments. For body wave 
observations, marine pressure records are nearly equivalent to vertical acceleration measurements 
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5. The air gun signal depends on the number of campaigns and the power source. It could mask the 
signal at the band of 1 to 40 Hz.   
 
6.  The seismometer in the ocean has on the local seismic frequency band the natural OBS-sediment 
resonant frequency due to the low shear strength of ocean sediments and design of the LOBSTER 
OBS. To complete the transfer function of the LOBSTER this natural OBS-sediment resonant 
frequency should be added to the number of poles of the transfer function of the OBS. 
 
7. The natural OBS-sediment resonant frequency shows a clear frequency gliding to higher 
frequency during the year. After a couple of months the connection to the sediment becomes 
stronger.  
 
8. The tidal current does not interfere with the hydrophone. 
   
9. Only the seismometer is affected by the tidal currents due to the various components of the OBS. 
The short period noise is induced only at a certain speed by the tidal current on the weakest 
components that “strum” with a constant resonant frequency. At higher tidal current speed the 
resonant frequency remains constant with higher amplitude. The long period noise is induced even 
by the lower tidal current speed on the different titanium tubes and floating devices causing 
different long period noise dependent on the speed tidal current. 
 
10. On land stations and OBS’s the secondary microseism is half the period of the primary 
microseism. 
 
11. On land stations and on the hydrophone channel the notch noise is established between 20 and 
40s. 
 
12. The seismometer in the ocean has a permanent tilt noise associated. An interval of fifteen days 
for the leveling signal is not enough. In soft sediments it is almost impossible to have the 
seismometer leveling on the vertical. 
 
13. The secondary and primary microseisms and the infragravity waves (compliance noise) are 
associated with the local wind waves and with the arrival of swell waves in SW Iberia due to storms 
with origin in the North Atlantic. The local storm produces weak infragravity waves. 
 
14.  An increase in surface gravity wave height results in an increase in the power spectra level both 
on the secondary and primary microseisms. When the period of the surface gravity wave increases, 
then the period of the secondary and primary microseisms also increases.  
 
15. The infragravity waves have more energy with the arrival of distant storms when compared with 
local storms. On land the infragravity waves are not recorded.  
 
16. During the Northern summer the arrival of swell waves from distant southern storms is detected. 
These swell waves originate infragravity waves.  
 
17. The hydrophone does not record shear and Love waves. 
 
18. The acoustic waves generated by the ground motion due to distant seismic events are highly 
attenuated in water. The hydrophone is not able to record surface waves with a period higher than 
25 s. 
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19. The natural OBS-sediment resonant frequency is in the same range as the frequencies of the 
local seismic events. 
 
20. The tilt noise obscures the arrival of surface waves higher than 20 s generated by distant seismic 
events. 
 
21. Short duration events are detected on all OBS records during the whole year with more 
incidences during the first months. 
 
22. Strange signals are detected on the hydrophone due to natural phenomena or due to electronic 
problems? 
 
23. On the hydrophone channels, on OBS’s without strange signals, it is possible to see the variation 
of the tide due to ADC offset correction.   
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In the literature review three possible mechanisms are identified for the generation of SDE 
and harmonic-like signals, one geological and the other two related to the instrument and its 
coupling to the seafloor: 
i) Circulation of fluids in hydrothermal systems, or gas venting in cracks. These systems are very 
sensitive to tidal forcing and should cause both SDE and harmonic tremor correlated to the ocean 
and land tidal strain. The systems should be local and very close to the sensors because SDE cannot 
be correlated from one sensor to the other, unless they are very close together; 
ii) Coupling of the instrument to the seafloor (sediments-anchor-OBS). The fact that shallow 
sediments are poorly consolidated and saturated in water may generate resonances in frequencies 
that are within the recording band of the OBS. The natural resonant frequency in time increases 
with sediment consolidation and with the contact area between the anchor-OBS system and the 
seafloor. It has been shown that forces applied to the OBS excite these resonances. These forces 
could be fish bumps, sudden push or drop of the head buoy under currents, sudden sink of the 
anchor-OBS in the sediments or sliding of the anchor-OBS system in the sediments (areas with 
some inclination could produce some sliding of the OBS).  
iii) Fluid movement crossing the OBS system induced by currents is known to generate resonant 
frequencies on the OBS component. Different parts of the OBS system would have different 
frequencies and this effect has been shown to start at a certain current speed on the weakest parts of 
the OBS, like the radio antenna or the flag. With the increase in current speed the resonant 
frequency remains and only the amplitude of the signal increases.  
 

Checking the observations with the models, and considering a different origin for SDE and 
harmonic-like signals: 

(a) It is not possible to explain the very large amplitudes observed in the SDE of the Gulf of 
Cádiz by a very local geological system. However, fish bumps, forces induced by the head buoy, 
sudden sink of the anchor into the sediments or sliding of the OBS at the sediments could generate 
these high amplitudes locally. 

(b) If fluids in hydrothermal systems or circulating in cracks generate SDE then this should 
be well correlated to tides, which is not the case. Fish bumps should be mostly independent of tides, 
just as the sudden sink of the anchor-OBS system, while forces caused by the tail buoy response to 
currents should have a good correlation with tides. 

(c) Frequency gliding has been used as a strong argument for a geological origin for the 
harmonic tremor that has been observed close to hydrothermal systems in volcanic active areas. 
However, no sudden change in frequency or rhythm of the harmonic tremor is seen, even after a 
strong earthquake has occurred nearby. In model (ii) we know that the coupling frequency is a 
function of the sediment properties and the contact area of the OBS frame with the seafloor. It is 
expected that these properties may change with time, with some sediment consolidation and also 
with some increase in the effective area of contact of the OBS system, contributing to an increase in 
the sediment coupling frequency. Normally it is expected that these physical phenomena occur at a 
faster pace in the first weeks of deployment, but their effect should be reduced with deployment 
time. This is exactly what is observed: all OBS’s examined show an increase in the natural resonant 
frequency, faster in the first period and slower after. These arguments are in favour of model (ii). It 
is also possible to argue for model (iii) if the properties of the most oscillatory parts of the OBS 
frame change, due to degradation of the radio antenna and flag. It needs to be shown that in all 
cases material fatigue could cause an increase in the resonance frequency but in this campaign this 
is not the case. The frequency of harmonics signals remains constant all the time.   

Our analysis suggests that a geological interpretation for SDE that has been presented for 
passive margins and other environments should be regarded with caution and careful investigation 
is required to disregard an instrumental explanation.  
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Our conclusion is that SDE and harmonic-like signals are two different signals with 
different origins.  

SDE are the result of sudden forces, like pull, drop or sliding of the anchor-OBS in the 
sediments with a sudden reaction from the head buoy. This impulsive signal excites the natural 
OBS-sediment resonant frequency and triggers the vibrating component of the OBS with the peak 
energy at 6.3 Hz.  

The harmonic-like signals are triggered by ocean currents flowing through the OBS 
oscillating components (Flag and radio antenna). 
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5.6   One month recordings of the "Strange signals"  

In order to evaluate the variation of the "strange signals" occurring throughout the whole 
period of recording, we computed monthly waveform plot summaries.  

The January monthly plots for OBS01 (Figure 5.16) show an example of recordings for one 
sensor classified as having NO strange signals. The tidal signal is clearly seen on the hydrophone 
channel. The vertical channel shows instead the tilting noise induced by currents, which are 
controlled by the tidal cycle. 

The January monthly plots for OBS12 (Figure 5.17) show an example of recordings for one 
sensor classified as having WEAK strange signals. Occasional sub-tidal fluctuations are observed 
on the hydrophone channel but probably too weak to be recorded by the seismometer. The vertical 
channel shows, as before, the tilting noise induced by currents, which are controlled by the tidal 
cycle. 

The January monthly plots for OBS04 (Figure 5.18) show an example of recordings for one 
sensor classified as having STRONG strange signals. The hydrophone recordings are dominated by 
large amplitude fluctuations that completely obscure the tidal signal shown in the previous 
examples. The largest of these fluctuations is also seen on the vertical channel with a reverse 
polarity. 

The January monthly plots for OBS09 (Figure 5.19) show the recordings for a single sensor 
classified as having STRANGE signals. The hydrophone recordings show a disturbed tidal cycle 
while the Z channel shows the current induced noise. 

 
5.7   Comparison between the OBS hydrophone and Geostar APG sensor 

In the description of the experiment layout, while the OBS’s were equipped with a 
hydrophone, the deep-see platform GEOSTAR was provided with an Absolute Pressure Gauge 
(APG) sampling once every 15 seconds.  

Since there are some uncertainties regarding the true level of the sub-tidal pressure 
fluctuations recorded by the OBS hydrophones, the pressure signal recorded on the Geostar APG is 
compared with that recorded on the OBS25 hydrophone, which is located 8.4 km away. Looking at 
the January waveform plots for OBS25, this instrument was classified as having weak "strange 
signals" that are concentrated in the last 8 days of the month (Figure 5.20). 

In the pressure recorded by the Geostar APG (Figure 5.21), the tidal signal is clearly recorded 
with a maximum peak value of 16054 Pa. It is not possible to see any strange fluctuations in the 
pressure record, even after a zoom is made (figure 5.21 bottom). This is the reason why the Geostar 
location classification is NO "strange events". 

Comparing the raw OBS25 hydrophone and the Geostar APG recordings side by side 
(Figures 5.22, 5.23 and 5.24), the hydrophone clearly records the tide signal but out-of-phase with 
the APG. The reason for this discrepancy may lie in the phase properties of the hydrophone transfer 
function. Even at this scale, "strange events" are clearly identified at the OBS25 hydrophone on 8, 12 
and 14 January. A large series of "strange signals" is also observed till the end of January (Figure 
5.22 and also Figure 5.20).  

Using tidal signal as a reference, the hydrophone recordings would imply that the "strange 
signals" should have an amplitude of 16x103 Pa or even larger. However the hydrophone transfer 
function is not flat at these very low frequencies, and the log of the amplitude decays linearly with 
frequency, meaning that sub-tidal frequencies are amplified in relation to the tidal cycle. The 
hydrophone transfer function is well characterized by the manufacturer's description from high 
frequencies down to 100 s. For lower frequencies some deviation is expected from the inferred 
transfer function, but the differences are unknown. Still, assuming that the instrument response 
remains linear down to tidal frequencies, it is possible to use the SEISAN application to apply the 
instrumental correction to the hydrophone.  
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John Hutnance (in a personal communication to Luis Matias) suggested that the anomalies 
found may be due to the instrument response to some changing environmental variable such as the 
temperature. He reported to have seen some pressure anomalies that were later attributed to this 
effect, but one might ask why the seismometer would record exactly the same signal with an 
opposite phase. The idea that the anomalies are caused by some environmental interference deserves 
further investigation. 

After examining a preliminary version of this strange signal, Barry Ruddick (in a personal 
communication to Luis Matias) was convinced the strange events investigated were not surface 
solitary waves (their steepness was far too small). They were probably not internal solitons either 
(they usually come in groups) and the most likely possibility is the effects of near-bottom gravity 
flows of mixed water that are produced by tidal motions, similar to the near-bottom tidal frequency 
bores described by van Haren (2013). Barry Ruddick (ibid.) also produced some estimates on the 
pressure signal amplitudes. He made a quick estimate of the ratio of bottom pressure to thermocline 
displacement in a hydrostatic mode 1 internal wave, and obtained around 1000 Pa/100 m 
displacement. This roughly agrees with Moum and Nash's (2008) observations of around 300 Pa for 
a bottom pressure signal. So if the strange signals are internal waves with pressure signal of 
~1500Pa, the corresponding thermocline displacement would need to be ~150 m. 10x larger values 
would imply 1500 m displacement which is too large to be believable. Another problem pointed out 
by Barry Ruddick (in a personal communication to Luis Matias) was that an internal wave train 
typically shows several wave crests, starting with the largest initial one, and followed by smaller, 
more closely spaced ones. However, the strange signals in the Gulf of Cádiz are most of the time 
singles and not wave trains. Barry Ruddick (ibid.) concludes that the strange events cannot be 
associated with a train of internal solitary waves, because they require the thermocline displacement 
to be too large, and appear as single events rather than the usual sequence. 

Barry Ruddick (in a personal communication to Luis Matias) proposes that the reported 
strange signals are associated with gravity current intrusions that are the result of a strong near-
bottom internal wave that is generated by tide current interaction: i) the incoming barotropic tide 
carries dense deep waters up the bathymetric slope; ii) frictional shear in the bottom boundary layer 
carries dense water over light, and promotes vertical mixing; iii)  the mixed water flows strongly 
down the slope on the outgoing tide, forming a gravity current; iv) when the mixed water flows far 
enough down to achieve neutral density, it undergoes geostrophic adjustment and flows along the 
slope as a pulse of mixed water. The pressure perturbations observed might then be associated with 
the passage of these mixed events.  

Quoting van Haren’s (2013) abstract: "In the ocean, sloping bottom topography is important 
for the generation and dissipation of internal waves. Here, the transition of such waves to turbulence 
is demonstrated using an accurate bottom-pressure sensor that was moored with an acoustic Doppler 
current profiler and high-resolution thermistor string on the sloping side of the ocean guyot ‘Great 
Meteor Seamount’ (water depth 549 m). The site is dominated by the passage of strong frontal bores, 
moving upslope once or twice every tidal period, with a trail of high-frequency internal waves. The 
bore amplitude and precise timing of bore passage vary every tide. A bore induces mainly non-
hydrostatic pressure, while the trailing waves induce mainly internal hydrostatic pressure. These 
separate (internal wave) pressure terms are independently estimated using current and temperature 
data, respectively. In the bottom-pressure time series, the passage of a bore is barely visible, but the 
trailing high-frequency internal waves are. A bore is obscured by higher-frequency pressure 
variations up to ~4x103 cpd ~ 80N (cpd, cycles per day; N, the large-scale buoyancy frequency). 
These motions dominate the turbulent state of internal tides above a sloping bottom." 

Van Haren (2013) illustrates the recordings generated by one of these bores in his figure 5, 
here reproduced as Figure 5.33. The sudden changes found in all sensors on the passage of one bore 
were noted. The average pressure shows a sharp decrease followed by a slower recovery to pre-bore 
levels, with a ~30 minute relaxation time. This is very similar to the strange signals reported in the 
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Making a summary of the main relief features identified for each sensor in Table 5.4 and correlating 
that information with water depth and strange signal character, it is possible to obtain a good 
correlation between relief and signal character but not a one-to-one. The most prominent anomalies 
are OBS16, strong signals with only a mild slope, OBS08, without strange signals on a moderate 
slope, and OBS12, with weak strange signals on a flat surface. It seems also that the location of 
instruments on top of crests, even if surrounded by steep slopes, inhibits the presence of the strange 
signals. 

Table 5.4 - Relation between the "strange signal" character, the instrument depth and 
surrounding relief 

Code Depth I.-Waves Relief Code Depth I.-Waves Relief 

OBS04 1980 Strong Steep slope OBS22 4101 No Small crest 

OBS10 2061 Strong Steep slope OBS14 4209 No Very small slope 

OBS16 2061 Strong Mild slope OBS19 4394 No Small crest 

OBS02 2269 Strong Steep slope OBS13 4500 Weak Moderate slope 

OBS24 2437 Strong Steep slope OBS18 4605 Weak Very small slope 

OBS21 2575 Strong Moderate slope OBS08 4668 No Moderate slope 

OBS06 2948 Strong Steep slope OBS23 4745 Weak Very small slope 

OBS05 3095 Strong Steep slope OBS17 4764 No Flat 

Geostar 3205 No Small crest OBS01 4800 No Flat 

OBS25 3234 Weak Mild slope OBS09 4811 Strange Very small slope 

OBS15 3360 Strong Steep slope OBS11 4858 Strong Close to steep slope 

OBS20 3442 Strong Moderate slope OBS12 4858 Weak Flat 

OBS03 3935 Weak Large flat crest     

 

Is the origin of the strange pressure signals observed in the Gulf of Cádiz instrumental or 
environmental?  

So far it is not possible to associate any physical process with the strange signals observed 
on the records of the hydrophone which lead us to an instrumental problem associated with the RC 
circuit of the hydrophone or the pre-amplifier or a ground problem in the Geolon MCS inner 
boards. Further investigations should be made with hydrophones, the pre-amplifier and the Geolon 
MCS circuit boards. 
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Chapter 6 
 

Determining the orientations of the NEAREST OBS  
 
 
 
 
  
6.1   Introduction 

 

Ocean Bottom Seismometers, deployed for periods of 12 months or more, are increasingly 
filling the gap between the coverage on land and at sea by seismic sensors. In this work we examine 
and explore the differences between the seismic records and noise that is expected to occur from 
these two widely different environmental settings. In this chapter we will try to mitigate one of the 
greatest limitations of OBS observations, which is, the unknown orientation of the seismic sensor at 
the ocean bottom. In fact, precisely oriented three-component ground-motion recordings are critical 
to modern seismic analysis techniques such as receiver functions, body and surface wave 
polarization studies. 

The NEAREST OBS, like any other OBS, were deployed freely in the water column and so 
without any control over the orientation of the seismometer. The drop speed is alomost constant, ~1 
m/s, but the sensor package is free to rotate and when it arrives at the bottom the orientation of the 
horizontal components to the geographical North is unknown. Therefore, horizontal orientation of 
the OBS’s must be determined a posteriori using the recorded seismic data.  

There are several methodologies that have been proposed and applied to determine the 
orientation of the OBS. All of them require that the two horizontal components are properly 
recorded, and some of them require the vertical component to be also properly recorded. 

The most effective procedure to measure OBS orientation is to use a known active source, 
like air-gun shots (e.g. Anderson et al., 1987, Duennebier et al., 1987). However this method is 
costly in terms of ship time and demanding on ship facilities and it is not frequently available in 
passive OBS experiments. 

Another method relies on the use of the P-wave polarization observed for teleseismic events 
and/or regional and local earthquakes. In practice this method has been shown to be unreliable, 
mostly due to the complexity of the waveforms that are recorded at the water-sediment interface by 
the OBS. 

It has been also proposed to use the polarization of Rayleigh waves to infer the OBS 
orientation (e.g. Stachnik et al., 2012) or to use the correlation between data and synthetic 
seismograms (Ekström and Busby, 2008) for the same purpose. However, the ambient seismic noise 
that contaminates the horizontal components due to ocean currents and infra-gravity waves (see 
chapter 3) reduces the effectiveness of this method. 

Recently Zha et al. (2013) demonstrated that the use of cross-correlation of ambient noise 
between OBS is more robust to assess instrument orientation than event based polarization analysis. 

In this chapter we address the problem of measuring the OBS orientation by reporting the 
results obtained from different methods: i) P-wave polarization of teleseismic events using the 
procedure developed by Robert et al., 1989, and implemented on the Seisan package (Havskov and 
Ottemöller, 2005)  (http://www.uib.no/rg/geodyn/artikler/2010/02/software). This method is based on the signal 
cross-correlation of the first arrival of P-wave on the 3 components recording; ii) the method 
proposed by Grigoli (Grigoli et al., 2011) modified by Luis Matias to fit the NEAREST OBS 
requirements. This method applies to any known polarized signal, either a body wave or a surface 
wave; iii) the method proposed by Stachnik (Stachnik et al., 2012). This method applies strictly to 
Rayleigh-waves recorded by the OBS from teleseismic events.  
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6.4   P-wave polarization 
 

 We will try to derive the NEAREST OBS sensor orientation using the P-wave polarization 
analysis, as it is implemented in the SEISAN software package. Roberts et al., 1989, suggested a 
method based on the analysis of three-component seismic data from a single station using the auto- 
and cross-correlation of the three orthogonal components within a short time window. The theory is 
the following. First we will consider  as a vector describing the observed particle motion at the 
receiver at time t and the subscripts N, E and Z indicate the North, East and vertical components 
respectively. 
 

6.1 																																										 , ,   
 

Roberts at al., (1989) assume that 
 

6.2 																																									  
 

6.3 																																									  
 

6.4 																																									  
 

where , ,  are uncorrelated (random) noise on the three channels, P describes a P-wave 
signal arriving at some angle to the vertical, and thus appearing on both vertical and horizontal 
components, Q describes a signal correlated between the horizontal components but uncorrelated 
with P, a and b are real coefficients which are constants for a P-wave arriving with a given azimuth 
and apparent surface velocity for a given phase, and the constant c is a constant representing local 
noise source. From equation 6.2 to 6.4 it is implicit that the earth structure in the vicinity of the 
receiver is sufficiently homogeneous so that no phase shifts are introduced by local scattering 
effects. 
An estimate of back-azimuth az is obtained via: 
 

6.5 																								 															tan
〈 〉

〈 〉
  

 

An estimate of the vertical to radial amplitude of displacement R is obtained by: 
 

6.6 																																							
〈 〉

〈 〉 〈 〉
 

 

In order to assess whether or not the values of az and R obtained describe an incoming P-wave 
Roberts et al., (1989) wrote: 
 

6.7 																																						  
 

where 
 

6.8 																																					 cos 																																		 sin  
 

N(t) is the noise term. Roberts defines the predicted coherence C to be: 
 

6.9 																																				 1
〈 〉

〈 〉
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Station Alfa Corr Linea Plana Shift Quality Azimuth Rotation F1 F2 
MESJ -12.23 1.0000 0.95 0.00 0.00s V Good 237.0384 249.2675 0.02 0.04 
MORF -20.32 1.0000 0.94 0.00 0.00s Good 237.0848 257.4041 0.02 0.04 
PVAQ 21.21 1.0000 0.99 0.00 0.00s V Good 238.0231 216.8152 0.02 0.04 
OBS04 -2.29 1.0000 0.95 0.00 0.00s V Good 236.2518 238.546 0.02 0.04 
OBS10 103.55 1.0000 0.84 0.01 0.00s Good 238.2141 134.6643 0.02 0.04 
OBS12 94.68 1.0000 0.94 0.00 0.00s Good 236.1335 141.4486 0.02 0.04 
OBS14 -113.58 1.0000 0.96 0.00 0.00s V Good 237.5811 351.1614 0.02 0.04 
OBS16 94.14 1.0000 0.97 0.00 0.00s V Good 238.9108 144.7698 0.02 0.04 
OBS18 11.09 1.0000 0.85 0.01 0.00s Good 236.8183 225.7322 0.02 0.04 
OBS19 127.45 1.0000 0.59 0.06 0.00s Poor 237.5751 110.1235 0.02 0.04 
OBS20 21.73 1.0000 0.56 0.06 0.00s Poor 238.3429 216.612 0.02 0.04 
OBS21 178.73 1.0000 0.91 0.00 0.00s Good 238.8447 60.1146 0.02 0.04 
OBS25 126.53 1.0000 0.89 0.00 0.00s Good 237.012 110.4792 0.02 0.04 

 

Table 6.2   On the left is the name of the station; Alfa is the horizontal orientation of the North component; Corr is the correlation; Linea is the 
linearity and should be around 1.0;  Plana is the planarity and should be the minimum possible (0.00); Quality is the quality of the measure; Azimuth 
is the back-azimuth of the seismic event; Rotation is the value necessary to rotate the north component to obtain the radial component and F1 and F2 

are the filter limits. 
 

6.5.2   The Stachnik method 
 

This work was only possible because Josh Stachnik kindly provided the routines of his 
method. For the Stachnik method (Stachnik et al., 2012), the elliptical particle motion of Rayleigh 
waves is used to calculate sensor orientation.  

The author refers that this is a robust method, computationally fast because synthetic 
seismograms are not generated and independent of source-rupture parameters.  The azimuth is 
determined via polarization analysis of the Rayleigh wave recorded on the three component sensor. 
The polarization analysis is performed by cross-correlating the vertical component with the Hilbert-
transformed radial component. The 90º phase shift associated with the Hilbert transform yields a 
theoretically linear relationship between the two signals. For a sensor with unknown orientation, the 
radial component is computed from the two horizontal components for a range of assumed back-
azimuth directions, assuming one of the horizontal components represents the north component. 

To assess the relationship between the Hilbert-transformed vertical component and the radial 
component, the zero-lag cross correlation is calculated by: 
 

6.14 																																											  

 

where j, k = z (vertical) or ̅ (radial), and , ̅  are the vertical and Hilbert-transformed 
horizontal signals, respectively. To expedite processing, the Hilbert transform of the vertical 
component is correlated with the computed radial component for each θ. A normalized cross 
correlation is computed to assess the linearity between these two signals: 
 

6.15 																																											 ̅
̅

̅ ̅

 

 

This function is useful, since it is bounded within the interval -1 to 1, but it is difficult to find a 
maximum, because the autocorrelation of the radial component ̅ ̅  in the denominator varies with 
the numerator. This can result in a range of back azimuths with similar values near the maximum. 
Thus a second normalization is used: 
 

6.16 																																											 ̅
∗ ̅

 
 

This has a well-defined maximum value and is used to select the appropriate azimuth.  
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Station Active seismics RF Wolfram Adapted Grigoli 
Method 

Method Stachnik 

OBS04  -18º -2.29º -4º 
OBS06  50º   
OBS10  103º 103.55º 100º 
OBS12 91º 94º 94.68º 97º 
OBS14  -111º -113.58º -113 
OBS16  -90º 94.14º 92º 
OBS18 14.8º 12º 11.09º 14º 
OBS19 134.2º 132º 127.45º 131º 
OBS20 40.4º 29º 21.73º 19º 
OBS21 2º 178º 178.73º 24º 
OBS24  -42   
OBS25  119 126.53 128º 

 

Table 6.4   Results obtained for  Mid-Atlantic ocean seismic event with the adapted Grigoli and Stachnik method. For comparison is included the 
results obtained with the active seismic (Air guns) and receiver functions (Wolfram Geissler). 

 

The Rayleigh wave with the adapted Grigoli and Stachnik methods, works for land stations 
and Ocean Bottom Seismometers, but it is necessary that the predicted 4.0 km/s phase arrival (Airy 
phase) is available in the seismic event recorded in the period interval of 25s to 50s. Most of the 
distant seismic events fail on this criteria. Below is Table 6.5 with the teleseismic events available 
with the predicted 4.0 km/s phase arrival (Airy phase) during the time of the campaign (september 
2007 to July of 2008) for the adapted Grigoli method.  
 

Station RF 
Wolfram 

Chile  
(Mw7.7) 
14-11-07 

Chile  
(Mw 6.7) 
16-12-07 

Mid Atlantic 
ocean (Mw 6.9) 

08-02-08 

Central Atlantic 
Ocean (Mw 6.5)  

23-05-08 

China 
(Mw 7.2) 
20-03-08 

OBS04 -18º      
OBS06 50º      
OBS10 103º 105.42º  103.55 104.61 42.71º 
OBS12 94º 90.19º 89.06º 94.68 91.39 -172.75º 
OBS14 -111º -113.19º  -113.58 -117.78 -138.02º 
OBS16 -90º 94.63º  94.14 78.21 34.67º 
OBS18 12º 8.56º 11.31º 11.09 8.16 128.38º 
OBS19 132º 129.55º 127.32º 127.45 136.87 -103.08º 
OBS20 29º 33.84º  21.73 39.16 -22.73º 
OBS21 178º 177.96º  178.73 178.92 135.86º 
OBS24 -42º      
OBS25 119º   126.53 125.16 60.18º 

 

Table 6.5   Five seismic events used to calculate the horizontal orientation of the North component of the OBS’s with the adapted Grigoli method. 
 

For the stachnik method the same five seismic events are display below on Table 6.6. 
 

Station RF 
Wolfram 

Chile  
(Mw7.7) 
14-11-07 

Chile  
(Mw 6.7) 
16-12-07 

Mid Atlantic 
ocean (Mw 6.9) 

08-02-08 

Central Atlantic 
Ocean (Mw 6.5)  

23-05-08 

China 
(Mw 7.2) 
20-03-08 

OBS04 -18º      
OBS06 50º      
OBS10 103º 101º  100º 109º 50º 
OBS12 94º 92º 88º 97º 108º -208º 
OBS14 -111º -115º -118º -113º -110º -138º 
OBS16 -90º 93º 77º 92º 108º 31º 
OBS18 12º 11º 8º 14º 23º -36º 
OBS19 132º 130º 125º 131º 146º -283º 
OBS20 29º 31º 28º 19º 51º -19º 
OBS21 178º   24º 32º -39º 
OBS24 -42º   -49º -26º -108º 
OBS25 119º   128º 135º -287º 

 

Table 6.6   Five seismic events used to calculate the horizontal orientation of the North component of the OBS’s with the Stachnik method. 
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7.2.1   Linear theory of ocean surface waves 
 

Surface waves are inherently nonlinear. Assuming that the amplitude of waves on the water 
surface is infinitely small, where the surface is considered plane, the mathematics can be simplified 
to a 2-dimensional flow with waves traveling in the x-direction (also assume that the Coriolis force 
and viscosity can be neglected). With these assumptions, the sea-surface elevation ζ of a wave 
traveling in the x direction is: 

 
7.2 																																																		 	 sin  

 
with 
 

7.3 																																																		 2
2

																			
2

 

 
where ω is wave frequency in radians per second, f is the wave frequency in Hertz (Hz), k is wave 
number, T is wave period and L is wavelength. The wave period T, is the time it takes two 
successive wave crests or troughs to pass a fixed point. The wavelength L, is the distance between 
two successive wave crests or troughs at a fixed time. 

The wave frequency ω is related to wave number k by the dispersion relation (Lamb, 1945),  
 

7.4 																																																 tanh  
 

where d is the water depth and g is the acceleration of gravity. Two approximations are especially 
useful:  

1. Deep-water approximation is valid if the water depth d is much greater than the 
wavelength L. In this case, d ≫ L, kd ≫ 1, and tanh(kd) = 1. 

2. Shallow-water approximation is valid if the water depth is much less than a wavelength. 
In this case, d ≪ L, kd ≪ 1, and tanh(kd) = kd. 

For these two limits of water depth, compared with wavelength, the dispersion relation 
reduces to: 
 

7.5 																																															 				 /4     Deep-water dispersion relation 
 

7.6 																																															 					  Shallow-water dispersion relation 

 
The stated limits for d/L give a dispersion relation accurate within 10%. Because many wave 
properties can be measured with accuracies of 5–10%, the approximations are useful to calculate 
wave properties.  

The phase velocity c, is the speed at which a particular phase of the wave propagates, for 
example, the speeds of propagation of the wave crest. In one wave period T, the crest advances one 
wave length L, and the phase speed is: 
 

7.7 																																														  
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The direction of propagation is perpendicular to the wave crest and towards the positive x 
direction. The deep and shallow-water approximations for the dispersion relation give: 
 

7.8 																																																		 			 

for deep-water phase velocity and 
 
7.9 																																																		            for shallow-water phase velocity. 

 
The approximations are accurate to about 5% for limits stated in equations 7.5 and 7.6. In deep 
water, the phase speed depends on wave length or wave frequency. Longer waves travel faster. 
Thus, deep-water waves are said to be dispersive. In shallow water, the phase speed is independent 
of the wave; it depends only on the depth of the water. Shallow-water waves are non-dispersive.                

The concept of group velocity  is fundamental for understanding the propagation of linear 
and nonlinear waves. Firstly, it is the velocity at which a group of waves travels across the ocean. 
More importantly, it is also the propagation velocity of wave energy. Whitham (1974) gives a clear 
definition of the concept and the fundamental equation (7.10). The group velocity in two 
dimensions is:  

 

7.10 																																															  
 

Using the approximations for the dispersion relation: 
 

7.11 																																															
2 2

 
 

for deep-water group velocity and: 
 

7.12 																																															  
 

for shallow-water group velocity.  
For ocean-surface waves, the direction of propagation is perpendicular to the wave crests in 

the positive x direction. Notice that a group of deep-water waves moves at half the phase speed of 
the waves making up the group. By closely watching a group of waves crossing the sea, it is 
possible to see waves crests appear at the back of the wave train, move through the train, and 
disappear at the leading edge of the group. Each wave crest moves at twice the speed of the group.  

Do real ocean waves move in groups governed by the dispersion relation? The answer is yes 
(Robert Stewart, 2008). Walter Munk and colleagues (1963), in a remarkable series of experiments 
in the 1960s, showed that ocean waves propagating over great distances are dispersive, and that the 
dispersion could be used to track storms. They recorded waves for many days using an array of 
three pressure gauges just offshore of San Clemente Island, 60 miles due west of San Diego, 
California. Wave spectra were calculated for each day’s data. From the spectra, the amplitudes and 
frequencies of the low-frequency waves and the propagation direction of the waves were calculated. 
Finally, they plotted contours of wave energy on a frequency-time diagram (Figure 7.3). To 
understand the figure, consider a distant storm that produces waves of many frequencies. The 
lowest-frequency waves (smallest ω) travel the fastest, and they arrive before other, higher-
frequency waves. The further away the storm, the longer the delay between arrivals of waves of 
different frequencies. The ridges of high wave energy seen in the figure are produced by individual 
storms. The slope of the ridge gives the distance to the storm in degrees ∆ along a great circle, and 
the phase information from the array gives the angle to the storm θ. The two angles give the storm’s 
location relative to San Clemente. In this work we will focus only on the distance to the storm.  
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The JONSWAP spectrum is similar to the Pierson-Moskowitz spectrum except that waves 
continue to grow with distance (or time) as specified by the α term, and the peak in the spectrum is 
more pronounced, as specified by the γ term. The latter turns out to be particularly important 
because it leads to enhanced non-linear interactions and a spectrum that changes in time according 
to the theory of Hasselmann (1966). 
 The most important concepts illustrated previously (Robert Stewart, 2008) related 
frequency, wavelength, depth, wind, fetch, storms, dispersion, phase velocity, group velocity, 
significant wave height and period and wave spectrum: 1) Wavelength and frequency of waves are 
related through the dispersion relation; 2) The velocity of a wave phase can differ from the velocity 
at which wave energy propagates; 3) Waves in deep water are dispersive; longer wavelengths travel 
faster than shorter wavelengths; 4) Waves in shallow water are not dispersive; 5) The dispersion of 
ocean waves has been accurately measured, and observations of dispersed waves can be used to 
track distant storms; 6) Wind wave height is determined by the wind velocity and the duration of a 
wind event or, if the duration is long, by the fetch (fetch is the effective width of the storm); 7) The 
shape of the sea surface results from a linear superposition of waves of all possible wavelengths or 
frequencies travelling in all possible directions. The spectrum gives the contributions by wavelength 
or frequency to the variance of surface displacement; 8) The ocean wave height spectrum 
“saturates” at short period; 9) The energy in the wave height spectrum at a given frequency 
increases rapidly at first with increasing wind velocity up to a point after which increasing wind 
velocity leads to little increase in the energy in that component; 10) Wave energy is proportional to 
variance of surface displacement; 11) Waves are generated by wind. Strong winds of long duration 
generate the largest waves; 12) various idealized forms of the wave spectrum generated by steady, 
homogeneous winds have been proposed and the two most important ones are the Pierson-
Moskowitz and JONSWAP spectra (Roberts Stewart, 2008). 
  
7.3   Wind and wave climatology on seismic stations at the seafloor 
 
  The ocean floor seismic noise spectrum depends on the wind speed and varies with location 
and season. The ocean waves, their spectra, generation by the wind, and their interactions are now 
sufficiently well understood that the wave spectrum can be forecasted using winds calculated from 
numerical weather models. Through observation, it is possible to see in some small ocean area, or 
some area just offshore, the waves generated by the local wind, the wind sea, plus waves that were 
generated in other areas at other times and that have propagated into the observed area, the swell. 
The ocean wave fields, above the OBS’s, consist of wind waves and swell. The term swell describes 
waves from distant sources, like those generated in the North Atlantic in big storms, with higher 
period than the local wind wave.  

The primary microseisms noise has the same frequency as the ocean gravity waves and is 
generated when ocean gravity waves reach shallow water near the coast and interact with the 
sloping seafloor (Hasselmann, 1963). The wave energy is converted directly into seismic waves, 
through vertical pressure variations. 

The secondary microseisms at a particular period are directly related to ocean waves with 
double period, so that peaks in this microseisms spectrum are observed to evolve in concert with the 
primary microseisms. Two fundamental principles are the excitation on ocean waves travelling in 
opposite directions and an ocean wave spectrum peaked, for example, at 14s period will generate a 
secondary microseism at 7s period. 

Infragravity wave is used to describe ocean waves with long periods, waves longer than the 
usual wind-driven ocean waves and swell, generated in shallow waters through nonlinear 
mechanisms from short-period ocean waves (1-20s) at coastlines (edge waves), with propagation 
into deep water as free surface waves (Webb et al., 1991).  
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 When the wave height and period start to increase on the ocean, the energy and period of the 
secondary and primary microseism observed on the OBS start to increase, and although the 
infragravity waves start to increase, their energy remains with the same period. 

 
 The storms recorded on the seafloor by the OBS’s depend on the source location, wind 

speed and duration at the eye of the storm, evolution course and season. The level of energy 
is higher during the Northern winter, for storms in the North Atlantic, and decreases during 
the Northern summer, with the records of storms in the Southern hemisphere. All the storms 
with source in the North Atlantic during the Northern winter are recorded on the OBS’s.  
Schimmel et al., (2011), observed that during the Northern hemisphere summer most of the 
waves arrive from Southern directions while during Northern hemisphere winter the waves 
come from the North with a pattern repeated year by year and therefore related to seasonal 
climate. 

 
 The storms that end in SW Iberia are the most energetic ones, but normally the majority of 

the storms end far from our coast. To sum up, we have storms with: i) source location in the 
North Atlantic and an evolution course by which they end on our coast, associated with 
strong winds above the OBS’s; ii) storms with source location in the North Atlantic and 
evolution course by which they end far from our coast, with no wind above the OBS’s and 
only swell waves; iii) storms with source location in the North Atlantic and evolution course 
by which they end far from our coast, with local wind associated with a local storm above 
the OBS’s and the swell waves; iv) local storms with only wind waves associated, storms 
that come from Africa (Moroccan and Mauritania) and storms that come from the 
Mediterranean.    

 
 The data recorded on the OBS’s allows us to know the evolution of the wave period during 

the distant storm, and through the ocean-wave spectra, developed by Pierson-Moskowitz, it 
is possible to know the evolution of the significant wave height and speed and the wind 
speed of the storm. With the JONSWAP spectrum, and using the data calculated with the 
Pierson-Moskowitz spectrum it is possible to know the width of the storm. 

 
 With the concept of dispersion where longer wavelengths travel faster than shorter 

wavelengths it is possible, by means of Munk’s formula in the primary microseism, to 
calculate the distance from the OBS to the source of the distant storm. 

 
 The local meteorological variables, wind speed and direction and the atmospheric pressure 

at sea level, are related with the power spectra of the seismic station on the seafloor. When 
we have wind and swell waves, the meteorological variables peaks should correspond to the 
power spectra of 4s and 8s, only wind waves should correspond to the power spectra of 4s, 
and only swell waves should fit with the power spectra of 8s. 
 

 Regarding the SWAN model the significant wave peaks and the mean wave period peaks 
correspond to the power spectra peaks of 4s when it is a local storm and to the power spectra 
peak of 8s when it is a distant storm.  
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Chapter 8 
 

Estimation of OBS clock drift using noise correlation functions 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8.1   Introduction 

It has been demonstrated that the time cross-correlation function of seismic ambient noise 
(Shapiro and Campillo, 2004) computed between a pair of distant stations contains, at least 
partially, the actual Green’s function between two stations (Campillo, 2006; Larose et al., 2006). 
The emergence of the Green’s function is effective only after a sufficient averaging that is provided 
by random spatial distribution of the noise sources when considering long time-series (Shapiro and 
Campillo, 2004).  

The Green’s function, extracted from records of ambient seismic noise, can be used for: i)  
monitoring temporal changes in the Earth crust properties, using repeated measurements at regional 
distances with consistent noise sources (in this case, the noise based measurements should be 
accurate enough to allow the detection of relatively small time-shifts associated with structural 
changes); ii) determining the clock drift of the two station clocks; or iii) settling the spatial 
distribution of the sources using the comparison of the arrival time in the positive and negative 
cross-correlation time of the Rayleigh waves (Stehly et al., 2007).  

Our purpose is to evaluate the accuracy of the Green’s function, reconstructed by cross-
correlation of ambient seismic noise, during the NEAREST campaign, and to determine to what 
extent the noise-based travel time measurements can be used to detect and to quantify station 
instrumental errors. 
 



 

8.2   Meth
 

In 
medium, f
identical o
part) and n
A, called a

The
wave train
stations (St
specific pa
Rayleigh w
longer peri

 

 

Figure 8.1   S

(B) If th

In t
same in bo
part 1). On
amounts of
causal and
this case, t
fluctuation
  (i) 
measured i

(ii) 
correlation
the negativ

(iii)
negative co
sources loc

The
seismic no
written as (

hod 

an ideal ca
for a pair o
on the posit
negative cor
anti-causal p
e results ob

n propagatio
tehly et al.,

ath, depends
wave train 
iod Rayleig

Schematic represe
(A) symmet

he density of sour

the case des
oth direction
n the other 
f energy pr

d anti-causa
the resulting

ns (Stehly et
A physical 
in both posi
A clock er

n, resulting i
ve time or v
) A change
orrelation ti
cated in diff
e travel tim
oise, with re
(Stehly et a

2 

ase, when 
of stations 
tive (corresp
rrelation tim
part), as pro
btained with
on travel tim
 2007). The
s on the per
arrives firs
h wave train

entation of recon
tric cross correlat
rces is larger on o

scribed abov
ns and the 
hand, if th

ropagating i
l parts of th
g cross-corr
t al, 2007): 
change in 

itive and ne
rror in one o
in a larger t

vice versa;  
 in the spat
ime indepen
ferent region
me variatio
espect to a 

al., 2007): 

1 

ambient no
A and B (
ponding to 

me (correspo
oposed in St
h ambient 

me for a giv
e measured 
iod of the R
st when com
n propagate

struction of the c
tion between A an
one side than on t

(Adapte

ve, the Rayl
cross corre

he density o
in both dire
he cross-co
relation is n

the medium
gative cross
of the two s
travel time i

tial distribu
ndently, sin
ns. 

on  of 
‘reference 

248 

oise source
(Figure 8.1
wave goin

onding to w
tehly et al, 2
seismic no

ven path and
travel time 

Rayleigh wa
mpared wit
es deeper th

ausal and the ant
and B is obtained 
the other, the amo
ed from Stehly et 

 

leigh wave 
elation betw
of sources 

ections are d
orrelation m
not symmet

m would re
s-correlation
stations wo
in the positi

ution of the
nce the posi

surface wa
travel time

es are distr
), the surfa
g from stat
ave going in

2007, and sh
oise cross-co
d period ba
on the amb

ave train. D
th shorter p

han the short

i-causal part of th
when the noise s

ounts of energy p
al, 2007) 

train propag
ween these s

is larger on
different (F

may strongly
tric and thr

esult in eith
n time; 

ould produc
ive time and

 noise sour
itive and ne

aves, recon
e’, for a giv

ributed hom
ace wave a
tion A to st
n the oppos
hould not ch
orrelation e
nd between

bient noise c
ue to disper
period Rayl
ter period R

 

he Green’s functio
ources are evenly
ropagating in bot

gation betw
stations is s
n one side 
igure 8.1, p

y differ in a
ee main fac

her a faster 

e a time shi
d a smaller a

rce should a
egative time

nstructed by
ven path an

mogeneousl
arrival time
tation B, ca
site direction
hange with 
evidence th
n two differ
cross-correl
rsion the lo

yleigh wave
Rayleigh wa

 

 
ion from ambient 
y distributed. 
th directions are d

ween two sta
symmetric (
than on the

part 2). In p
amplitude a
ctors can le

or slower t

hift of the w
apparent tra

affect the p
e are sensiti

y cross-cor
nd period b

Chapter 8 – clock drift

ly over the
e should be
alled causal
n from B to
time. 

he Rayleigh
rent seismic
lation, for a
nger period

e train. The
ave train. 

seismic noise. 

different. 

ations is the
(Figure 8.1,
e other, the
practice, the
and time. In
ead to these

travel time,

whole cross-
avel time in

positive and
ive to noise

rrelation of
band can be

ft 

e 
e 
l 
o 

h 
c 
a 
d 
e 

e 
, 
e 
e 
n 
e 

, 

-
n 

d 
e 

f 
e 



Chapter 8 – clock drift 

 

249 

8.1 																																																  
 

Where: i)  denotes the variation of surface wave travel time measured either on the positive or 
on the negative part of the cross-correlation; ii) ij is the couple of components of the noise records, 
which are correlated (seismometer and hydrophones records); iii) Dij is the time delay, caused by a 
relative drift of the two station clocks; iv) φij is the time-shift, due to a change in the medium, and v) 

 is the time-shift due to a change in the spatial distribution of the source period. 
In this equation 8.1, D is an even function, , because a relative drift of the 

two station clocks would result in a shorter arrival time in the negative time of the cross-correlation, 
and larger arrival time in the positive time or vice versa. On the other hand, φij is an odd function, 

, because a change in the medium would result in either shorter or larger arrival 
time in both negative and positive time (it will be assumed that this term is neglected). The last term 

 is expected to decrease when increasing the length of the correlated time-series because of the 
better spatial homogenization of the distribution of noise sources period.  
 Two strategies will be used to evaluate the time delay D: 

(i) Every day stack in a moving window, where the first trace is the stack of the first and 
second day ambient noise cross-correlation and the last trace is the stack of all cross-correlation 
days available on each OBS. With such a scheme we expect the term ε to be quite small. 

(ii) 30 (60) days stack. The first trace is the stack of the first 30 (60) days cross-correlations, 
the second trace is the stack from the second day plus 30 (60) days, and the last trace is the stack of 
the last 30 (60) days cross-correlation. This processing scheme will identify ambient noise sources 
detected in SW Iberia (30 days) and their regularity in terms of period (60 days). 

The method consists of evaluating the evolution of travel times of surface waves measured 
by cross-correlating ambient seismic noise, for a given path and period, during the time of the 
campaign. The processing data, used to obtain the cross-correlating of ambient seismic noise, is 
expressed in the following diagram (Figure 8.2) and is explained, with more details, in chapter 9.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 8.2   Processing scheme used to evaluate the clock drift of the OBS’s. 
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The daily files of the raw data are decimated to 10 Hz, following the scheme developed by 
Bensen et al., 2007, with a slight modification in the stack stage, which includes the phase weighted 
stack (Schimmel et al., 2007), to improve the signal-to-noise ratio (see chapter 9, section 9.2).  

With this strategy, the variation of surface waves travel time, , will be equal to the 
time delay, , caused by the clock drift of the two station clocks, and we expect to calculate the 
clock drift on each OBS during the time spent at the bottom of the ocean, starting in November 
2007 (first 60 stack) until one day before the end of data acquisition. All acquisition time possible 
on each OBS will be used to extract the Rayleigh wave part of the Green’s function between 24 
OBS’s in SW Iberia and one land station located in the south of Portugal, MESJ, the standard time 
station, by computing ambient seismic noise cross-correlations in one period band: 10–20 s. We 
will try to estimate the apparent travel time fluctuations of the Rayleigh waves but that will depend 
on a consistency of noise source period in SW Iberia.  
 

8.3   Clock used by the acquisition system 
 

The SEND recorder, MCS data logger, uses a low power, high-accuracy time base module 
from SEASCAN and its model is SISMTB Ver. 4.0a (Annex-H). The low power crystal time base 
uses a microprocessor, based on a digital temperature compensation scheme, to synthesize a 
compensated reference frequency of 125 Hz from the output of a high Q, low aging and free 
running quartz oscillator. The crystal is calibrated in a constant temperature bath and its thermal 
behavior is then fitted with a set of third degree polynomials. Derived from the synthesized 125 Hz, 
the time base also outputs a 1 second tic.  

Quartz crystal resonators (often called “crystals”) are widely used in frequency control 
applications because of their unequalled combination of high quality factor Q, stability, small size 
and low cost. Many different substances have been investigated as possible resonator materials, but 
for many years quartz resonators have been preferred, satisfying needs for precise frequency 
control. The quartz resonator has a unique combination of properties: 

i) The material properties of single-crystal quartz are extremely stable with time, 
temperature, and other environmental changes, as well as highly repeatable from one specimen to 
another. The acoustic loss or internal friction of quartz is very low, leading directly to one of the 
key properties of a quartz resonator, it’s extremely high Q factor;  

ii) The quartz resonator stability with temperature variation. Depending on the shape and 
orientation of the crystal, many different vibration modes can be used and it is possible to control 
the frequency-temperature characteristics of the quartz resonator to within close limits by making 
an appropriate choice;  

iii) The stability of its mechanical properties. Short and long term stabilities manifested in 
frequency drifts of only a few parts per million per year. 

A quartz crystal resonator is a mechanically vibrating system that is linked, via the 
piezoelectric effect, to the electrical world. It consists of a quartz plate with metal plating 
(electrodes), which is located on both sides of the quartz plate and is connected to insulated leads on 
the crystal package. Although the theoretical analysis of this device is a relatively complex electro-
mechanical function, it can be expressed in terms of a simple equivalent circuit in the vicinity of the 
resonance frequencies as shown on Figure 8.3. 

The equivalent circuit depicts electrical activity of a quartz crystal unit, operating at its 
natural resonant frequency. The , called the “shunt” or static capacitance, is the capacitance due 
to the electrodes on the crystal plate, plus the stray capacitances due to the crystal enclosure. Shunt 
capacitance is present whether the crystal plate is oscillating or not (unrelated to the piezoelectric 
effect of the quartz). 

The equivalent circuit depicts electrical activity of a quartz crystal unit, operating at its 
natural resonant frequency. The , called the “shunt” or static capacitance, is the capacitance due 
to the electrodes on the crystal plate, plus the stray capacitances due to the crystal enclosure. Shunt 
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     8.4   Measured clock drift at the end of the campaign 
 

The Geolon MCS is synchronized at the beginning of the campaign with the Global 
Positioning System (GPS) time and date. At the end of the campaign the Geolon MCS time and 
date is compared with the GPS time and date (skew time). The deviation in milliseconds of the 
internal oscillator and clock circuitry to an external GPS time pulse is called the clock drift. The 
clock drift is positive when the time of internal oscillator and clock circuitry is higher than the GPS 
time.  

During the recovery of the AWI BB-OBS, in August 2008, it was not possible to measure 
the clock drift onboard of nine instruments. This technical anomaly was due to the very low level 
reached by the batteries at the end of the deployment period. For all the other fifteen OBS’s the 
clock drift (Skew) was measured (see Table 8.1).  
 

OBS Nr. Start rec (UTC) Stop rec (UTC) Recover (T,R,S,D) days 
Rec on 
Days skew [s] comments 

OBS 01 242 30.08.2007 07:52:52 164 12.06.2008 21:59:37    223 10.08.2008 14:21 15:35 15:55 59 287 N S bat low, rec off 

OBS 02 242 30.08.2007 03:47:35 143 22.05.2008 14:16:42    223 10.08.2008 19:44 20:15 20:21 80 266 N S bat low, rec off 

OBS 03 241 29.08.2007 23:53:25 213 31.07.2008 16:10:57    223 10.08.2008 22:58 23:54 23:59 10 337 N S bat low, rec off 

OBS 04 241 29.08.2007 22:10:32 177 25.06.2008 17:42:20    222 09.08.2008 06:10 06:40 06:49 45 301 +1.456156 dsk full, sleep 

OBS 05 241 29.08.2007 16:59:04 175 23.06.2008 16:37:44    224 11.08.2008 03:01 03:44 03:52 49 299 N S bat low, rec off 

OBS 06 241 29.08.2007 18:56:59 202 20.07.2008 07:14:42    222 09.08.2008 09:10 09:52 10:00 20 326 +1.427375 dsk full, sleep 

OBS 08 242 30.08.2007 13:09:59 223 10.08.2008 08:37:04    223 10.08.2008 07:17 08:22 08:30 0 346 +0.494781 rec, stop by END 

OBS 09 241 29.08.2007 14:02:56 120 29.04.2008 20:20:08    222 09.08.2008 12:41 13:45 14:02 102 244 N S bat low, rec off 

OBS 10 244 01.09.2007 20:32:16 181 29.06.2008 16:07:25    224 11.08.2008 23:50 00:18 00:24 43 302 -0.116438 dsk full, sleep 

OBS 11 242 30.08.2007 18:03:02 123 02.05.2008 15:51:21    223 10.08.2008 02:18 03:22 03:34 100 246 +0.99618 bat low, sleep 

OBS 12 242 30.08.2007 23:12:43 203 21.07.2008 09:09:57    222 09.08.2008 16:35 17:40 17:50 19 326 +0.280875 dsk full, sleep 

OBS 13 243 31.08.2007 10:52:51 196 14.07.2008 23:52:24    220 07.08.2008 14:37 15:42 15:49 24 318 N S bat low, rec off 

OBS 14 245 02.09.2007 02:50:51 217 04.08.2008 15:34:01    224 11.08.2008 16:53 17:52 18:00 7 337 -3.671407 dsk full, sleep 

OBS 15 244 01.09.2007 19:36:09 98  07.04.2008 06:54:36    224 11.08.2008 21:00 21:46 21:55 126 219 -0.080907 dsk full, sleep 

OBS 16 244 01.09.2007 10:40:59 189 07.07.2008 04:02:47    219 06.08.2008 06:51 07:22 07:35 30 310 -4.257563 dsk full, sleep 

OBS 17 242 30.08.2007 21:24:09 149 28.05.2008 21:00:33    222 09.08.2008 20:28 21:34 21:48 73 272 N S bat low, rec off 

OBS 18 243 31.08.2007 14:41:10 200 18.07.2008 03:13:29    220 07.08.2008 10:44 11:50 12:03 20 322 -2.592782 dsk full, sleep 

OBS 19 243 31.08.2007 19:03:44 199 17.07.2008 17:03:37    220 07.08.2008 02:13 03:11 03:23 21 321 -3.357407 dsk full, sleep 

OBS 20 244 01.09.2007 03:40:32 194 12.07.2008 10:31:17    219 06.08.2008 14:58 15:47 15:55 25 315 -3.239282 dsk full, sleep 

OBS 21 244 01.09.2007 07:28:02 191 09.07.2008 06:01:13    219 06.08.2008 11:07 11:41 11:49 28 312 -2.494594 dsk full, sleep 

OBS 22 243 31.08.2007 17:02:54 206 24.07.2008 17:54:03    220 07.08.2008 07:17 08:15 08:22 14 328 N S bat low, rec off 

OBS 23 243 31.08.2007 23:21:49 180 28.06.2008 21:03:08    219 06.08.2008 19:29 20:22 20:29 39 302 N S bat low, rec off 

OBS 24 331 27.11.2007 03:21:27 224 11.08.2008 11:15:32    224 11.08.2008 10:22 11:00 11:08 0 258 +0.266562 rec, stop by END 

OBS 25 328 24.11.2007 12:00:04 224 11.08.2008 14:09:54    224 11.08.2008 12:58 13:45 14:03 0 261 -0.070750 rec, stop by END 

 

Table 8.1   Logbook of the NEAREST campaign. Column 2 is the start acquisition of raw data, column 3 the end of the recording and column 4 is the 
recovery time. Column 5 is the number of days between the end acquisition and the recovery day. Column 6 is the number of days with acquisition 

on. Column 7 is the clock drift measured onboard at the end of the campaign (NS not synchronized).  The last column indicates the status of the 
battery and acquisition. 

 

In normal noise cross-correlations processing procedures, the deployment and recovery day 
files of the OBS’s are rejected. With these procedures, it is only possible to evaluate the clock drift 
starting one day after the deployment and finishing one day before the recovery, the time period 
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The next table (Table 8.2), shows the clock drift, calculated onboard at the end of the 
campaign, in seconds and seconds/year (column 2 and 3), the clock drift calculated in this study 
during the time period between the two months after the deployment and the end of the campaign 
(see Annex-H for all OBS’s), with noise correlations functions in seconds and seconds/year 
(column 4 and 5), with the highest systematic error on the measure of ±0.1s. In column 6 and 7, the 
results are based on a work by Luis Matias et al., 2012 (Annex-H).     
 

OBS Nr. Skew (s) Skew (s/year) NCF(s) ±0.1s 
NCF(s/year) 
±0.1s/year 

NCF (Annex III) 
(s/year) 

P wave arrival residuals 
(s/year) 

OBS 01 N S N S +1.1 +1.769 +0.31±0.528 -0.936±0.058 

OBS 02 N S N S -1.5 -2.658 -0.162±0.173 +0.189±0.047 

OBS 03 N S N S +0.55 +0.725 +0.725±0.174 +0.901±0.026 

OBS 04 +1.456 +1.53 +0.35 +0.530 +0.392±0.152 +0.476±0.031 

OBS 05 N S N S +1.6 +2.444 -0.021±0.18 -0.369±0.027 

OBS 06 +1.427 +1.50 +0.3 +0.412 +0.457±0.148 +0.609±0.026 

OBS 08 +0.494 +0.52 -0.05 -0.064 +0.522±0.018 +0.574±0.015 

OBS 09 N S N S +0.2 +0.397 -0.334±0.166 -0.147±0.036 

OBS 10 -0.116 -0.12 -0.3 -0.452 0.064±0.186 -0.004±0.041 

OBS 11 +0.996 +1.05 +0.1 +0.196 +1.01±0.196 +0.941±0.056 

OBS 12 +0.281 +0.30 -0.05 -0.069 -0.783±0.201 -0.511±0.027 

OBS 13 N S N S -0.27 -0.382 +0.788±0.128 +1.033±0.035 

OBS 14 -3.671 -3.89 -0.1 -0.132 +0.661±0.228 +0.688±0.031 

OBS 15 -0.081 -0.09 -0.3 -0.689 0.138±0.25 
 

OBS 16 -4.257 -4.56 +0.1 +0.146 -0.739±0.252 
 

OBS 17 N S N S -0.35 -0.603 -0.594±0.143 -0.522±0.036 

OBS 18 -2.593 -2.77 -0.05 -0.070 -0.290±0.154 -0.162±0.027 

OBS 19 -3.357 -3.58 +0.25 +0.350 +0.496±0.155 +0.780±0.033 

OBS 20 -3.239 -3.46 +0.7 +1.002 +0.736±0.208 +0.767±0.029 

OBS 21 -2.495 -2.67 +0.55 +0.797 +1.207±0.237 +0.853±0.069 

OBS 22 N S N S +0.2 +0.272 +1.049±0.177 +1.414±0.030 

OBS 23 N S N S -0.35 -0.528 -0.544±0.267 -0.505±0.029 

OBS 24 +0.267 +0.37 +1.1 +2.028 +0.375±0.018 +0.396±0.017 

OBS 25 -0.708 -0.10 -0.2 -0.363 -0.098±0.018 -0.082±0.016 

 

Table 8.2   The clock drift measured onboard at the end of the campaign (column 2 and 3), the clock drift calculated in this study (column 4 and 5), 
clock drift based on NCF analysis done by Luis Matias et al., 2012 (column 6, Annex-H) and clock drift computed from the evolution of relative P-

wave arrival residuals (Column 7, Annex-H). NS means not synchronized. 
 

The discrepancy in clock drift values measured on board from the ones achieved with the 
method described is obvious (Table 8.2) 

In fact the skew measured on board is taking into account several artifacts related to the 
deployment and recovery of the OBSs.  After the synchronization with the GPS, performed inside 
the tube, the clocks support a descent with a drastic temperature variation. The same in the opposite 
sense happens during the recovery and the measured skew time is finally performed when the tube 
is already opened, with a consequent huge humidity and temperature variation, and the clock 
microprocessor is still adjusting from the differences in temperature.  
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The measured time delay, and consequent clock drift, reported in this study is calculated 

from the most coherent noise source during the acquisition time. This method begins with two 
months of stack cross-correlation data, in an attempt to guarantee a coherent signal, from spatial 
distribution of noise sources. However, for some OBS’s like OBS01, OBS02 and OBS24, where the 
azimuthal distribution of the ambient noise cross-correlations with MESJ is low, the obtain clock 
drift is not reliable. The time-shift caused by the variability of the noise sources between these 
OBS’s and MESJ could be mistaken for a clock drift. 

To check the accuracy of the calculated clock drift between the OBS’s and the standard time 
station MESJ, the clock drift between the OBS’s was measured, with the same strategy 
implemented before. Three random examples were used to see if the method worked.  

Considering the first example as OBS05-OBS22, Figure 8.22, and consulting Table 8.2, the 
clock drift measured at OBS05 is +1.6s and at OBS22 is +0.2s. Before, it was assumed that the 
systematic error associated with these measures was ±0.2s. Supposing that OBS22 is the standard 
time station, the clock drift between them is +1.4s. Regarding Figure 8.22C, the time delay 
observed between those stations is +1.35s meaning that the clock drift is +1.35s. It is possible to 
infer that the difference between them is inside the systematic interval error assumed.  

The second example is OBS06-OBS19 (Figure 8.23). The calculated clock drift on OBS06 
is +0.3s and on OBS19 is +0.25s. Assuming again that the last station is the standard time station 
the clock drift between them is +0.05s. The time delay calculated is -0.05s and, consequently, the 
clock drift is -0.05s. Again the clock drift is inside the error interval.  

The third example is OBS09-OBS23 (Figure 8.24). The clock drift obtained for OBS09 was 
+0.2s and for OBS23 -0.35s. Once more, considering OBS23 as the time standard, the clock drift 
between them is +0.55s. Consulting Figure 8.24C, the time delay observed is +0.60s and, as a 
consequence, the clock drift is +0.6s. Again, this clock drift is inside the systematic error interval.   

The decrease in the error, due to the spatial distribution of the noise sources,  in 
equation 8.1, is only achieved when a minimum period of two months in ambient seismic noise 
cross-correlation stack was considered. The evaluation of the clock drift is only possible in the time 
period between two months after deployment and the end of the acquisition data.  

The critical time period for the clock drift, between the clock synchronization and 
deployment at sea bottom and between the end of acquisition data and the recovery and skew 
(difference between GPS time and MCS Geolon time at the end of the campaign), was not taken 
into account with this method of noise cross-correlations functions. As an example, the evaluating 
of the clock drift in OBS15 is confined to the time period between November 2007 and April 2008 
and the time synchronization was made at the beginning of September 2007 and the skew in August 
2008.  

For all possible OBS station pairs, where the azimuthal ambient seismic noise cross-
correlations stack displays coherence noise sources, the measured clock drift is inside the systematic 
error associate with the maximum amplitude measure (±0.1s). 
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Chapter 9 
 

Ambient seismic noise tomography 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.1   Introduction 
 

In the last decade studies show that surface wave Green’s functions, between two seismic 
stations, can be estimated from long-time cross-correlation of ambient seismic noise (Shapiro and 
Campillo, 2004; Bensen et al., 2007, Bensen et al., 2008). This provides a possibility to retrieve the 
propagation properties of deterministic seismic waves along paths by analyzing the primary and 
secondary microseism (Shapiro et al., 2005). Reconstruction of dispersive Rayleigh waves from the 
seismic noise is sufficiently efficient and accurate to lead to high-resolution imaging at regional 
scale (Shapiro et al., 2005; Sabra et al., 2005b).  

This demonstrates that information about the Earth’s structure can be extracted from the 
ambient seismic noise, where dispersive wave trains clearly emerge, with group velocities similar to 
those predicted from the global Rayleigh wave tomographic maps that have been obtained with 
earthquakes’ surface waves.  

For this regional scale area, SW Iberia, we will focus in one of the main sources of 
information about the structure of the Earth’s crust and upper mantle, the secondary and primary 
microseisms. However, measurements made from these noise sources have several limitations. 
Firstly, these noise sources sample only a few preferential directions while many other directions of 
propagation remain unsampled. Secondly, they provide average values that limit the resolution of 
resulting seismic images, and, thirdly, the interstation distant limits the period of reliable dispersion 
measurements. 
 The objective of this chapter is to process seismic ambient noise data, in order to obtain 
reliable broad-band surface wave dispersion measurements, with the purpose of producing Rayleigh 
surface wave dispersion maps, across the Gulf of Cádiz. We follow the data processing scheme 
described by Bensen et al. (2007) to compute the daily cross-correlograms. In the stacking process 
two different approaches have been followed: linear stack and phase weighted stack (Schimmel et 
al., 1997) 
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9.2   Data processing 
 
 The methodology used for the ambient noise data processing is outlined in the diagram 
below (Figure 9.1) and the scheme follows that described by Bensen et al., 2007, with a slight 
modification in the stack stage, with the inclusion of the phase weighted stacks, a tool implemented 
to improve the signal-to-noise ratio.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.1   The methodology used for the ambient noise data processing. 

 
The ambient noise data processing procedure is divided into five principal stages: (1) single 

station data preparation, (2) cross-correlation and temporal stacking, (3) measurement of dispersion 
curves (Schimmel et al., 2005), quality control and selection of the acceptable measurements, (4) 
Rayleigh surface wave dispersion maps, with the Fast Marching surface tomography software 
(Rawlinson, 2005) and finally (5) the depth inversion for earth structure using the software from 
Herrmann R.B., 2002.  

For an automated data processing procedure, a series of scripts were programmed in bash 
Linux and all the data, from each seismic station, 24 OBS’s and 7 land stations (Figure 1.1) were 
converted from miniSEED to SAC format.  
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9.2.1 Raw data preparation 
 

The objective of the first stage of data processing is to accentuate broad-band ambient 
seismic noise and the principal task concerns the removal of earthquake signals and instrumental 
irregularities from the dataset that tend to dominate ambient noise. All the data were de-meaned, de-
trended, decimated to 1 Hz. Data were then band-pass filtered and the instrumental response was 
removed. An attempt to remove the contamination of ambient-noise recordings by earthquakes and 
non-stationary noise sources near the stations a temporal normalization and spectral whitening were 
applied. Some of the steps in this first stage, such as the temporal normalization and spectral 
whitening, impose non-linear modifications to the waveforms, so the order of operations is 
significant. Because this stage of data processing is applied to single stations, instead of station-
pairs, it is much less time-consuming and computationally intensive than subsequent cross-
correlation and stacking.  

One important step in single-station data preparation is the ‘time-domain’ or ‘temporal 
normalization’. Time-domain normalization is a procedure for reducing the effect on the cross-
correlations of earthquakes, instrumental irregularities and non-stationary noise sources near to 
stations. Removal of earthquake signals is data-adaptive. In this work, we have considered two 
different methods remove earthquakes and other contaminants automatically from seismic 
waveform datasets. The first and most aggressive method is called ‘one-bit’ normalization (Shapiro 
and Campillo, 2004), which retains only the sign of the raw signal by replacing all positive 
amplitudes with 1 and all negative amplitudes with −1. The second method is the running-absolute-
mean normalization (Bensen et al., 2007), which computes the running average of the absolute 
value of the waveform in a normalization time window of fixed length and weights the waveform at 
the center of the window by the inverse of this average. That is, given a discrete time-series , the 
normalization weight for time point n is equal to: 
 

9.1 																																																					
1

2 1
 

 
and the normalized datum becomes:  
 

9.2 																																																					    

 
The width of the normalization window (2N + 1) determines how much amplitude 

information is retained. The one-sample window (N=0) is equivalent to one-bit normalization, while 
a very long window will approach a re-scaled original signal as N →∞. After testing various time 
window widths, Bensen at al., 2007, found that N could be half the maximum period of the pass-
band filter. This method, however, for example, does not surgically remove narrow data glitches, as 
it will inevitably down-weight a broad time interval around the glitch. One-bit normalization does 
not suffer from this shortcoming. According to Bensen et al., 2007, the running-absolute-mean 
normalization provides a small enhancement to signal-to-noise ratio values, when compared with 
the one-bit normalization and has more flexibility and adaptability to the data.  

The spectral whitening is a powerful normalization to improve the emergence of broadband 
signals in seismic noise cross-correlations. The ambient seismic noise is not flat in the frequency 
domain, but is peaked near the primary (between 12 and 15s) and secondary (between 6 and 7.5s). 
The spectral normalization or whitening of ambient noise will smooth the frequency domain 
spectrum (spectrally white). Inversely weighting the complex spectrum by a smoothed version of 
the amplitude spectrum produces the normalized or whitened spectrum. The spectral whitening is 
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 The profile A-G cuts the Gorringe Bank and the Horseshoe Abyssal Plain and ends at the Coral 
Patch Ridge (Figure 9.50). In comparison with the profile A-B, the lower and upper sediments 
exhibited a lower S-wave velocity. This profile cuts the middle of the Horseshoe Abyssal Plain 
and the profile A-B is in the NE corner of the Horseshoe Abyssal Plain. Another evident differ-
ence is the slope of the transition between the crust and the lower sediments (See Figures 9.49 
and 9.50. However the Horseshoe Abyssal Plain exhibits 10-11km of sediments with a thinner 
crust, 1-2 km, and a smoother transition between the crust and the upper mantle. From 70 to 
210 km of the profile the Moho reveals a smooth transition when compared with the Horseshoe 
Valley. At the Coral Patch Ridge, the sediment thickness decreases to 4-5 km and the crust in-
creases to 7-8 km thickness. 

 The profile I-F, (Figure 9.51), cutting from the D. Henrique Basin to the Horseshoe Abyssal 
Plain, along the Gorringe Bank, displays 8-9 km of upper and lower sediments at the D. Hen-
rique Basin with a thinner crust, 2-3 km, and the Moho around 12-13 km depth. Near OBS05 
the thickness of the sediments decreases to 7km and the crust increases to 5 km. The Moho 
depth remains the same. Between OBS08 and OBS05, near A-B crossing profile, the upper and 
lower sediments display a 4 km thickness and a crust with 8-9 km. From OBS08 to OBS11 the 
upper and lower sediments start to increase again to 10 km thickness. Between distances 40 to 
60 km, along this profile, the Moho and upper mantle are near the lower sediments with a much 
thinner crust, 1km or less.       

 The profile H-D, (Figure 9.52), cuts the Horseshoe Abyssal plain and the Horseshoe Valley and 
ends at Portimao Plateau. On the Horseshoe Abyssal Plain, again, the sediments thickness is 
10-11km with a thinner crust of 2-3 km and the Moho at 12-13 km depth. At Horseshoe Valley, 
between 60 and 80 km of the profile, the boundary sediments-crust is either not well defined or 
has a much thinner crust of 0.5-1 km. Between 160 km and the end of profile, near Portimao 
Plateau, the upper and lower sediments thickness is 4-5 km, the crust thickness is 7-8 km, and 
the Moho is at 16-17 km depth.   

 The profile F-G, (Figure 9.53), from the Coral Patch Ridge to the D. Henrique Basin, displays a 
sediment thickness of 6 km, a crust thickness of 8km and the Moho at 13 km depth on the Coral 
Patch Ridge, with an increase of sediments thickness on the Horseshoe Abyssal Plain to 10-11 
km with a lower thickness of crust of 1-2 km and the Moho at 13-14 km depth. At the right end 
of the profile, at the D. Henrique Basin, the sediment thickness decreases to 8 km, with a crust 
thickness of 3-4 km and a Moho at 13-14 km depth. 

 The profile E-T, Figure 9.54, starts at the Accretionary Wedge and ends near Castro Verde in 
the Alentejo region. The southern part of the Accretionary Wedge displays 5 km of sediment 
thickness and 9 km of crust thickness and the Moho is at 15 km depth. In the middle of the Ac-
cretionary Wedge the sediment thickness increases to 10-11 km and the crust becomes thinner, 
with 2-3 km, and the Moho depth is around 14-15 km. When the profile arrives closer to land 
the sediments thickness decreases and on land disappears completely, while the crust thickness 
increases. The Moho depth on land is not sampled within this processing scheme.  

This depth inversion will be evaluated by making a comparison with the following publica-
tions: Gutscher at al., 2009, Sallarès et al., 2011 and Sallarès et al., 2013.  

The first approach considers the work of Gutscher et al., 2009, where a compilation of nu-
merous multi-channel seismic reflection and wide-angle seismic surveys of SW Iberia is presented, 
in the form of depth to basement and depth to Moho (the principle horizons picked were the sedi-
ment-basement interface and the Moho, with values in two-way travel time (TWT) sampled every 
10 km along the seismic reflection profiles). According to the author, on the SW Iberian margin and 
the NW Moroccan margin, depth to basement is typically about 4–5 km and decreases to 0.5–2 km 
near the coast. Below the adjacent abyssal plains, the depth to basement ranges from about 8–10 
km. Within the E–W trough, there is a gradual deepening towards the east, reaching maximum val-
ues of 13–14 km.  
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Chapter 10 
 

Conclusions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

After receiving 650 GBytes of miniSEED raw data from 24 Ocean Bottom Seismometers 
(OBS) and 7 land stations, obtained between September 2007 and August 2008, this work began the 
task of identifying and interpreting seismic signals at the bottom of the ocean and, at the same time, 
modelling the SW Iberia upper structures with ambient noise tomography.  

The first objective, the identification of seismic signals at the bottom of the ocean, was 
initiated with an analysis of the entire dataset, with the help of a huge battalion of Linux bash 
scripts, Perl scripts, Python scripts, GMT scripts and FORTRAN programs. Thousands of seismic 
daily plots were made for all the OBS’s and land stations, in all acquisition channels (Annex-B) 
during all time acquisitions (without filter, filter between 1-10Hz to track the tidal current, between 
10-40Hz to see Whales and Ships signals, between 1-40s to see all the storms occurring in the entire 
Atlantic, and between 10-100s to see the infragravity waves). Thousands of daily, weekly, monthly 
and all time campaign power spectra plots were produced for all channels (Annex-C). Power 
spectra in different period bands (for example Figure 3.6, page 51) allowed us to study the variation 
of the seismic signals during the entire time campaign. Thousands of plots with the results of the 
frequency-time analysis enabled us to check the predominant period band for all kinds of signals 
detected (for example Figure 3.33, page 72). The results obtained with these tools were one step, 
and perhaps the most important, taken in this work. They enabled us to read and more easily 
interpret all kinds of signals, both normal and strange, recorded during the whole time the OBS’s 
were collecting data at the bottom of the ocean. 

The first conclusion relates to the LOBSTER OBS. The construction and design of an OBS 
is an important task and should obey some criteria to guarantee that the recorded signal is 
characterized in the best possible way. One of the principal criteria is to make an OBS in just one 
volume instead of having several volumes of different diameter, like several titanium tubes and the 
floating devices. Each of these volumes will introduce tilt noise on the OBS, resulting from even the 
lowest tidal speed current. Higher tube diameter or higher volume means higher tilt noise period. It 
is impossible to eliminate this noise. If the OBS is assembled as one single volume the tilt noise will 
increase to values outside the desirable period band and this is the only possible way to minimize it. 
During the entire year of observation the tilt noise, noise in the band 10-100s and more, was 
recorded every single day and became worse in high speed tidal currents.  
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Another problem with the LOBSTER OBS is the location of the seismometer. During the 
analysis of the power spectra, during the entire period of recording, it was possible to evaluate the 
resonance frequency of the sediment-OBS coupling. All the OBS’s have their resonance frequency 
in the interval from 2 to 8Hz, meaning the same frequency band as the local seismic events, 
explaining the reason why it was not possible to record suitable P and S waves on local seismic 
events on the seismometer in SW Iberia. One possible solution is to remove only the seismometer 
from the inner part of the OBS structure and change its position to the outside of the OBS. This 
operation increases the resonance frequency of the coupling, to higher frequencies. However this 
would increase the difficulty, in terms of mechanical aspects, when recovering the OBS from the 
sea bottom.  

Another important issue is the common radio antenna and the flag used by all kinds of 
OBS’s. In critical areas for tidal current (in SW Iberia the tide is divided into four periods during 
one day, and in each period the effect of the current can take more than 2 hours with the highest 
speed) these two elements are observed to “strum” during those periods, with frequencies inside the 
band of 2-10Hz, well inside the same interesting frequency band for local seismic events. The 
solution to this problem is to hide the flag and the radio antenna, during the deployment at the sea 
bottom, inside the suggested single volume, with some mechanism to raise them to an upright 
position at the sea’s surface.  

Another element, necessary to recover and deploy the LOBSTER, the head buoy, 
contributes to the high frequency noise on some special occasions, as short duration events (SDE), 
due to the fact that the OBS moves at the bottom of the ocean. 

The noise sources at the ocean are well defined and we are able to distinguish them in 
several frequency bands. In this 100Hz data acquisition, the highest frequency band, between 10 
and 40 Hz, is dominated by the noise associated with ships (related with different lengths and 
engine powers, with the resulting phenomena of the Lloyd’s mirror effect), whales and seismic 
active campaigns.  

In the frequency band between 1 and 10 Hz the noise source is related with the tidal current 
passing over the resonant parts of the OBS (Flag and radio antenna), with the resonant frequency of 
the sediment-OBS coupling (the hydrophone does not record the tidal current passing over the soft 
materials or the resonance frequency of the sediment-OBS coupling) and seismic active campaigns.  

In the period band 1-25s the noise sources are very similar at the bottom of the ocean and on 
land. In this frequency band all the local and distant storms, with origin in any place on the planet, 
but predominantly from the North Atlantic, are recorded if the waves produced by those storms 
reach SW Iberia. In the lowest periods of the secondary microseism, 3 to 6s, the recorded energy is 
related with local storms and at higher periods, 6-7 to 10-11s, the energy is related with distant 
storms. The higher periods correspond to the largest storms, which produce the highest wave height 
and period. It is possible to make inferences about the peak wave height, mean wave height, peak 
wave period, mean wave period and the width and distance of the storm, with the data recorded in 
the ocean seismic station (OBS) when related with the Pierson and Moskowitz and JONSWAP 
spectrum. The distance of the storm is associated with the inclination to the left on the power 
spectra records; higher inclination means higher distance (Figure 7.8, labelled as E), due to the 
wave dispersion relation that states that longer wavelengths travel faster than shorter wavelengths.  

In the period band above 10s, the seismometer suffers from tilt noise, which is the tidal 
current passing through the OBS on the various tubes and floating device. This noise masks this 
entire period band. The hydrophone does not suffer from the tilt noise and shows us the notch band, 
visible on land as well, a band without energy between 20 and 50s. On the hydrophone, starting at 
50s (this corner period depends on the depth of the OBS), the infragravity waves related with local 
and distant storms are visible. The energy of this period band is almost identical to the energy 
recorded on the secondary microseism. This energy is not recorded at land stations. 
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Nowadays, it is possible to calculate the seismometer orientation at the sea bottom by 
analyzing the surface wave polarization in distance seismic events with the adapted Grigoli and 
Stachnik methods. However this methodology has some constraints; i) the existence of the predicted 
4.0km/s phase arrival (Airy phase) at specific distant seismic event and ii) the verticality of the 
seismometer; iii) anisotropy of the study area; iv) lateral heterogeneity and v) the horizontal 
discontinuity of the particle motion across the ocean floor boundary.  

Another method for solving this problem, namely the Robert’s method, fails to accomplish 
this task, due to the same discontinuity in horizontal particle motion across the ocean floor 
boundary. When the ground and water movement are out of phase the response to horizontal ground 
motion becomes seriously distorted. 

Regarding local, regional and distant seismic events, the detection and quality of the 
recorded signal in the seismometer is poorer when compared with land stations. In local events, due 
to the resonance frequency of the sediments-OBS coupling, the P and S-waves are not well 
detected, and in regional and distant events only the highest energetic surface waves are recorded, 
mostly due to the tilt noise. The hydrophone is not able to record the S and Love waves from 
seismic events and above 25-30s the Rayleigh waves are highly attenuated in the water due to the 
obstacles between the seafloor and the position of the hydrophone.   

The estimation of clock drift using correlations functions is only possible to achieve in 
permanent networks. In those cases, for the selected period, the dataset must start two or three 
months earlier, and then it is possible to calculate the clock drift during the selected period of time. 
In temporary networks, the minimum period of time to have a coherent noise source is at least two 
months and it should stop one day before the recovery of the station. Consequently, it is only 
possible to calculate the drift time during some periods of the acquisition time. This “drift time” is 
not comparable to the drift time (skew time) calculated at the end of the campaign. Another 
constraint to this method is the variability of the noise sources during winter and summer time.  

The regional array deployed in SW Iberia, 47 km mean distance between stations allows us 
to recover dispersion measurements obtained from ambient noise tomography inversion in a grid 
with cells spaced between 14 to 17 km (grid between 6 and 8 points per degree).  

The seismic surface waves originating in the primary and secondary microseism noise, 
which are one of the main sources of information about the upper structures of Earth, have several 
limitations. One of them is the fact that direct surface waves mostly sample only a few preferential 
directions while many other directions of propagation remain unknown. The measurements made 
with the surface waves provide average values over extended areas that limit the resolution of 
resulting seismic images, and it is difficult to make short period measurements from surface waves 
because heterogeneity results in the simultaneous arrival of waves with different paths. Another 
limitation found is the distance which is necessary, between two different stations, to obtain a 
reliable dispersion measurement at a given period, producing constraints on measurements obtained 
from regional arrays.  

To increase the resolution made with surface wave tomography we have to decrease the 
space between stations, and increase the number of OBS’s, in order to increase the number of paths 
available between stations taking into consideration the direction of the main ambient seismic noise 
sources, NW during the winter and SW during the summer. 

For future OBS campaigns in SW Iberia it should be considered the installation of land 
stations (or the continuous data from permanent land stations) in Morocco, Spain and Portugal 
(Figure 10.1). The ellipses display the preferential azimuth of the ambient noise cross-correlations 
data for the primary microseisms. To increase the resolution in the Gulf of Cádiz land stations at 
Morocco and Spain are fundamental. For the area of the Horseshoe Abyssal Plain are essential land 
stations at Portugal and Morocco. For the zone of the Tagus Abyssal Plain (NE of the Gorringe 
Bank) land stations near Lisbon (North and South of Lisbon) should be considered.  
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