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Most of the scientific 1ssues arc multiscale for spatial scales as well as [or temporal scales.
There is a general consensus that it is necessary to install geophysical stations in aceans which
are presently instrumental deserts. In this paper, we review the general constraints of a
network of ocean bottom stations which should enable us to address these scientific issues by
covering the different spatial scales from global down to local scale. The recent progresses
made by Japanese, French, German, Italian and U.S. groups show that the technical challenge
of installing long-term or ‘even better’ permanent geophysical ocean bottom observatories
(comed GOBOs) is not out of reach. Different technological developments are presently
explored and prefigure what will be the [uture geophysical occan bottom stations and
networks. They are integrating the concept of multiparameter station, which is demonstrated
to have a great scientific interest. The installation of different kinds of sensors at the same
place in 2 seismic station allows us to enhance the signal-to-poise ratio and opens wide the
possibility of new discoverics. The finding of the excitation of normal modes in the absence
ol large earthquakes is emblematic in that respect. Such a multiparameter oceanic obscrvatory
includes al least broad band seismomcters, microbarometers or  pressurc  gauges,
microthermometers, and possibly other sensors (e.g. clectromagnetic sensors, strain meters,
GPS)Y. The design of the complete chain of acquisition, from the sensor o the distribution of
data, will imply mtegration of all the techmcal progresses made in micromechanics,
eleetronics, computer science, space science, and telecommunication systems.

There is also a real need for developing seismological and more generally geophysical
arrays enabling us to address scientific issues at regional and local scales, particularly for
understanding active processcs 1n seismic and volcanic arcas. The networks at all scales must
be coordinated in order to constitule a hierarchical or multiscale network, which will be the
bagic 1ool for addressing scientific issucs in seosciences. However, the strategy for
devcloping reference GOBOs and temporary stations is not necessarily the same. The
technological developments are largely dependent on the period of operation of the station: a
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long-term geophysical observatory is much more difficult to install and maintain than a
time-limited station, due to the problems of power and data transmission. For example, the
solution for ensuring the long-term operation is the installation of cables. The cables can be
either laid down on the seafloor between the station and the sea-shore or installed vertically,
in connection with a surface buoy, in order to ensure the link between sea floor and sea
surface, where data can be teletransmitted and power can be provided by solar panels (diesel-
powered or windmills).

Such a "heavy" observatory necessitates the use of a manned submersible, ROV or AUV.
On the other hand, the installation of typically one hundred temporary "light” stations must be
performed by usual oceanographic vessels using simple dropping procedures. The design of
both kinds of stations will be detailed. Whereas GOBO should follow the multiparaméter
concept, a temporary station must be, for practical reasons, dedicated to a single parameter
measurement. All the efforts necessary to achieve and maintain such a multiscale,
multiparameter network represent a formidable technological challenge for the next decade.

1. INTRODUCTION

The last twenty years have seen the explosion of a new kind of seismology, broad band
seismology. The Federation of Digital Seismographic Networks (FDSN) played a key role in
promoting this new seismology and in coordinating the projects of several countries in broad
band seismology, by proposing different standards for the sensors, a data distribution format
and by avoiding the duplication of national efforts [1]. The same philosophy is followed by
the geomagnetism community, which has launched the InterMagnet program. However, in
spite of these international efforts, the global coverage of the Earth by digital seismic stations
of global networks such as GEOSCOPE, IRIS/GSN and GEOFON, and regional networks
(e.g. MedNet, CSN, CNSN, POSEIDON) is still very uneven. Most of the stations are located
on continents and primarily in the Northern Hemisphere. Therefore, a large part of the oceanic
areas (2/3 of the surface of the Earth) is devoid of seismic and geophysical instrumentation.
At the same time, the broad band revolution also concerned the local networks and portable
instrument arrays (e.g. PASSCAL in U.S.A., SKIPPY in Australia, GEOFON in Germany,
RLBM in France). Such portable networks make- it possible to investigate geodynamic
processes at regional scales (around 100 km) such as continental roots, tectonic processes,
deep origin of plumes.

The lateral resolution of tomographic models and detailed studies of active processes (e.g.
earthquakes, volcanic activity of plumes and ridges, landslides), is primarily limited by the
poor coverage of the oceanic areas by stations. The investigation of such processes is
equivalent to lobking at an object from only one side or to be blind in one eye. Consequently,
a recommendation of recent prospective workshops (see for example the proceedings of the
recent ION/ODP workshop [2]) was to promote the installation of long-term oceanic
seismographic stations or even better, geophysical stations and observatories.

However, this is a very difficult task, due, firstly to the environmental hostile conditions
prevailing at the bottom of the ocean, and secondly to the difficulty to correctly install stations
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on the sea floor, to maintain stable long-term observations, to retrieve data in real time, and to
supply power for a long period of time. Due to the high cost of such observatories, the
geosciences community has realized that these observatories have to be multidisciplinary.

These multiparameter geophysical ocean bottom observatories (hereafter referred as
GOBQ) are interesting not only from a financial point of view but also from a scientific point
of view. Beauduin et al. [3] and Roult and Crawford [4] demonstrated that the co-location of
broad band seismometers and microbarometers makes it possible to improve the
signal-to-noise ratio for land stations. But the concept of multiparameter station is valid
for land station as well as for ocean bottom observatories. The international organization,
International Ocean Network (ION), was launched in 1993 in order to coordinate the
international efforts in the design, site location and installation of ocean bottom observatories
[5]. The same effort must be done for portable ocean bottom stations.

In this paper, we review different recent developments which are ongoing regarding
instrumentation (sensors, pilot experiments on the sea floor), multiparameter stations, and
data teletransmission. The relationship between technological developments and the duration
of operation (short-term experiments, semi-permanent and permaneni stations) will be
discussed. We highlight the French contribution to this international efforts.

2. TOWARDS AN INTERNATIONAL OCEAN NETWORK

A uniform coverage of the Earth with geophysical observatories at different scales is
particularly important from a scientific point of view for understanding the Earth dynamics,
Different spatial scales can be considered: global scale (characteristic spacing of stations
around 2,000 km), regional scale (typical dimensions: 1,000 km, spacing of the order of 100
km}, local scale (dimensions smaller than 100 km). For the global scale, most emerged lands
are now covered by broad band stations (Fig. 1). The site locations are coordinated through
the FDSN [1]. Tts mnitial goal was to obtain the best uniform coverage of the Earth as possible
with a station spacing of around 2000 km, which corresponds to a number of stations around
100. This goal is largely overpassed and more than 200 stations are now part of the Federation
network. This network includes all stations of global networks (GEOSCOPE, Geofon,
IRIS/GSN), and selected stations of regional networks such as Chinese Seismograph Network
(CSN), Canadian National Seismograph Network (CNSN), Mediterranean Network (MedNet,
Italy), POSEIDON (Japan), Australian National Seismograph Network (ANSN). Though
most of continents and emerged lands are adequately covered, the station coverage is still very
uneven and dramatically unbalanced towards continents, particularly in the northern
hemisphere. The same problem exists for geomagnetic stations. A large part of oceanic areas,
particularly in the southern hemisphere, is devoid of instruments. From the scientific point of
view, that means a strong aliasing of tomographic models and the impossibility to correctly
investigate active processes occurring in these areas.
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Figure 1. Broad band digital stations.

With the present station coverage, the lateral resolution of global tomographic models is
limited to about 1000 km. For source studies, the azimuthal coverage of seismic sources is
also very uneven.

The different scientific issues regarding global studies and active processes were
extensively discussed in the ION/ODP workshop [2] held in Marseilles in January 1995,
Even though all islands are instrumented, there will be large parts of oceans unsampled
particularly in the Pacific Ocean and in the Indian Ocean.

2.1. Pilot experiments on the ocean floor

The installation of a network of GOBOs represents a "formidable" technological
challenge and several pilot experiments have been carried out in order to unravel different
technical issues. Several groups in Japan, France and U.S.A. have performed preliminary
experiments focussed towards the goal of installing permanent seismic stations. In March
1991, a downhole set of broad band seismometers CMG3 was successfully placed in the
ODP hole 843B in Japan sea but not recovered [6]; teleseismic events were recorded and
broad band seismic noise spectra (0.03 s — 200 s) were obtained [7].
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Figure 2. Sketch of the OFM/SISMOBS experiment [8].

2.1.1. SISMOBS/OFM

In May 1992, the French pilot experiment OFM/SISMOBS was successfully conducted
and two sets of CMG3 broad band seismometers were installed, operated for more than one
week and recovered [8].

The experiment (Fig. 2) took place in the North-Atlantic Ocean at 23°N and 43.3°W at the
location of the DSDP hole 396B. A first set of CMG3 scismometers (called OFM) was
installed on the sea floor at 20 m from the hole and was semi-buried within the sediments. It
was possible to install a second set of CMG3 seismometers (named, OFP) into the hole down
to =296 m below ocean bottom level. After the installation of both sets of seismometers,
seismic signals were recorded continuously during 8 days for OFM and 5 days for OFP at a
sampling rate of S samples per second. The different instrumentation tools were designed by a
team of the Technical Division of INSU, now integrated into IPG-Saint-Maur. The
experiment made necessary the simultaneous use of the oceanographic vessel NADIR, of the
submersible NAUTILE, and the re-entry logging system NADIA. All the logistical support
was provided by IFREMER. From a technological point of view, this experiment was a
complete success.

The most important scientific results are the following [9]: the seismic noise is smaller in
the period range 4~30 s for both OFM (sea floor seismometers) and OFP (downhole
seismometers) than in a typical broad band continental station such as SSB (France,
GEOSCOPE). But, more important, the noise is smaller than the noise at SSB up to 600 s for
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OFM. This low level of seismic noise implies that the detection threshold of earthquakes is
very low and it has been possible to correctly record teleseismic earthquakes of magnitude as
small as 5.2 at an epicentral distance of 105° (Fig. 3).

Another important qualitative result is that the noise level tends to decrease as time goes on
for both OFM and OFP [10]. It is observed that the amplitude of noise is systematically and
rapidly decreasing for OFP at long periods (7 =50 s). For OFM, there is some tendency of
noise decreasing with time but its variations are more erratic and can correspond to the normal
variations of noise in a seismic station. The noise level decrease for OFP can be approximated
by an exponential, but the asymptotic level corresponding to { — < is still larger for OFP
than for OFM. However, the duration of the operation for OFP (5 days) is too short to have an
accurate estimate of the exponential decay. That means that the equilibrium stage was not yet
attained by the end of the experiment. Therefore, the key issue of whether it is important to
install seismometers down boreholes or on the sea floor was still unresolved. This experiment
demonstrated that a broad band seismometer carefully installed on the sea floor and
semi-buried can present an excellent signal/noise ratio and provide useful seismic data.
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Figure 3. An example ol earthquake recorded on both OFM and OFP vertical component.
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2.1.2. MOISE: Monterey Bay Ocean bottom International Seismic Experiment

Following the international workshop of ION in Marseilles [2], a cooperative
multiparameter project between IPG (Paris), UBO (Brest), MBARI (Monterey, California)
and UC Berkeley was launched in order to test the feasibility of installing, operating and
recovering different geophysical sensors (primarily broad band seismometers and
electromagnetometers) on the sea floor during three months in order to investigate the
covariations of the different signals recorded by these sensors. This experiment named
MOISE was conducted from June to September 1997 off the California coast in the Monterey
Bay on seafloor sediments at a depth of 1015 m. The different geophysical instruments were
deployed by using the remotely operating vehicle (ROV) Ventana of Monterey Bay Aquarium
Research Institute (MBARI). The experiment (Fig. 4) is described in [11]. Preliminary results
are presented in [12] demonstrating the strong correlation between seismic noise and deep
water currents. A systematic study of the seismic noise level variations is presented in [13].

It is shown that the seismic noise level was stable throughout the experiment. It is
comparable to terrestrial station noise below 15 s, and displays strong diurnal variations at
long periods. These diurnal variations can be removed from the vertical component by
subtracting the effect of the horizontal components, decreasing the vertical noise by up to 40
db. Coherence between long period seismic, electromagnetic and environmental data was
investigated. The coherence between the different signals is maximum near 12 hours, a
consequence of tidal effects. The coherence between the vertical seismic signal pressure and
current velocity is high throughout the experiment. There is no significant high coherence
with the vertical magnetic field.

2.1.3. O.8.N1: February-June 1998

Plans in U.S. called for a three-phase approach [14]. In phase 1 (completed), pilot
experiments are proposed to address the fundamental problems of sensor coupling in holes,
noise, devising solutions for power, data retrieval and reliability on the multiple year time
scale. In phase 2 (under progress), a small number of prototype observatories will be installed,
immediately contributing data to the seismological community. In phase 3, the complete
network Ocean Seismic Network (OSN) of 20~25 stations will be installed and will
complement the IRIS/GSN.
An important experiment was carried out at the OSN-1 drill site (ODP hole 843B) 225 km
south-west of Oahu, Hawaii, in water 4407 m deep. The noise level in the Pacific Ocean is
known to be larger than in the Atlantic Ocean ([15] for a review). A complete description of
this experiment can be found in Stephens et al. [16]. Three broad band seismic systems were
tested: a seismometer (Guralp CMG-3T) resting on the seafloor, a seismometer (CMG-3T)
buried within 1 m of the seaflor and a seismometer (Teledyne KS5400) clamped at 248 m
beneath the seafloor in the hard rock basement. The instruments were deployed in early
February and recovered in early June 1998. The results of the experiment confirm the
previous results of the Japanese and French SISMOBS/OFM experiment. In the microseism
and short-period band, the borehole sensor had the quietest ambient noise levels, particularly
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Figure 4. Monterey Bay Ocean bottom International Seismic Experiment. The ROV Ventana of
MBARI is holding the seismic broad band package [11].

on the horizontal components. But at periods longer than 10 s (noise notch and infragravity
wave band following the classification of Webb [15]), the buried sensor was as quiet or
quieter than the borehole sensor. The good news again was that broad band seafloor seismic
installations can yield quality data comparable to land stations, not only in the Atlantic Ocean
but in the Pacific Ocean as well. The debate regarding borehole versus buried sensors is now
closed. The borehole system can be used for permanent observatory sites provided thai the
sensor be cemented in place, which should reduce the noise level above 10 s.

2.2. Reference Geophysical Ocean Bottom Observatories on Global scale
The same three-phase scheme is also followed by other members of the ION community
and the phase which requires instaifing a smail number of prototype observatories is ongoing.
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