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Foreword by the editor

The 1997 international regional training course on ,Seimology and Seismic Hazard
Assessment was held in Nairobi, Kenya, between 05 October and 08 November. It had been
jointly organized by the Division of Solid Earth Physics and Disaster Research of the
GeoForschungsZentrum Potsdam (GFZ) and by the Department of Geology of the University
of Nairobi. Most of the organizational expenses were covered by the GFZ.

18 participants from twelve African countries attended the course.This was made possible
through fellowships and travel grants provided by the German Federal Foreign Office (AA),
the Federal Ministry of Economic Co-operation and Development, the Regional Office of the
Carl Duisberg Gesellschaft (CDG) in the State of Brandenburg, the United Nations
Department of Humanitarian Affairs (DHA, Geneva), the United Nations Educational,
Scientific and Cultural Organization (UNESCO, Paris), and the Canadian International
Development Agency (CIDA, Ottawa). Additionally, the AA allocated funds for international
texbooks and software and the Incorporated Research Institution for Seismology (IRIS,
Seattle, USA) provided- at ist own cost - the services of two instructors. Lectures, exercises,
demonstrations and excursions were shared by an international team of 20 instructors from
nine countries from Africa, Europe and North America, the majority of which were from the
GFZ (7) and the University of Nairobi (4).

Course participants received lecture and exercise notes which had been compiled and printed
by the GFZ. Additionally, in the case of regional training courses, the regular,
methodologically structured printed material for the ,,Potsdam standard course* i1s being
supplemented by a ,,complementary course volume* which introduces in the peculiarities of
seismotectonics, seismicity and seismic hazard assessment in the host country or region,
summarizes the local and/or regional state-of-the-art pertaining to seismological data
acquisition and analysis and provides write-ups of new or up-dated lectures and exercises
pertaining to the standard course.

Last year’s appeal to lecturers to submit relevant new material of high standard for printing in
the series of Scientific Technical Reports (STR) of the GFZ, which would allow the
publication of the Nairobi complementary course volume as an internationally quotable source
of reference, was very well received. A total of 361 manuscript pages reached the course
chairman by February 1998 and was carefully compiled and edited. Thus the Nairobi
complementary course volume now represents a comprehensive and authoritative review
report of seismicity, seismic hazard assessment and seismological practice in Africa as well as
on the complex investigation of the Earth’s crust in the Kenyan rift system (by D. Benouar, D.
Dindi, D.J. Hlatywayo, D. Hollnack, E. Jonathan, F. Kebede, A. Kijko, J. Mechie, O. Novak,
I.0. Nyambok;189 pages in total).

Besides this, the volume contains an extensive contribution by A. Trnkoczy (51 pages) on
,,Getting the right seismic system®. It dwells on the rich experience from many case studies in
different parts of the world and will surely become a fundamental guide for all developing
countries which embark on the planning, site and instrument selection, installation and
organization of seismic monitoring networks. Only by strictly observing the general criteria
and ways of reasoning and questioning, outlined in this paper, can the cost-effectiveness of
seismic systems be assured and their pre-defined primary goals be achieved. Other

contributions deals with the acquisition of high-quality data from IRIS/USGS broad-band
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stations through international data links (S. McLafferty), the use of one of the most advanced
and versatile seismological data analysis programs currently available ‘(SEISA.N; by J.
Havskov) and about the goals and merits of recent international projects for mtemat.lonal data
cxchange and cooperation in seismology (ISOP and GARNET; by E. Bergman). Finally, the
complementary Nairobi course volume presents more than 70 pages of new lecture and
exercise notes related to the acquisition and analysis of seismic signals and noise as Well as on
the analysis and interpretation of seismic core phases and earthquake source mechanisms (M.
Baumbach, P. Bormann, S. Wendt).

The editor notes with great satisfaction that in the Nairobi training course several lectures and
exercises had been presented by four former participants of the Potsdam seismology training
course, namely Dr. Fekadu Kebede from Ethopia (participant in 1983), Dr. D. John
Hlatywayo from Zimbabwe (participant in 1986), Dr. Djillali Benouar from Algeria
(participant in 1987) and Dr. Edwin Dindi from Kenya (participant in 1992). All of them have
meanwhile matured to specialists with internationally acknowledged reputation.Furthermore,
Drs. Dindi, Hlatywayo and Kebede have, under the chairmanship of Mr. G.
Turyomurugyendo from Uganda (who was another course participant in 1991) and in close
collaboration with many others (amongst them participants in the Nairobi training course)
done an excellent job in initiating and running (under the Swedish International Program in
the Physical Sciences - IPPS) the reknowned ,FEastern and Southern Africa Regional
Seismological Working Group* (ESARSWG). The latter has done an excellent job in training
personnel from seismological stations in Africa, in bringing together annually all available
records and data from seismic stations in eastern and southern Africa, in jointly re-analysing
them, in significantly increasing the number of identified and relocated seismic events, and
thus, in producing more complete, reliable and homogeneous data sets (catalogues) for
seismic hazard assessment. Prof. Isaac O. Nyambok, the host and co-chairman of the Nairobi
training course and Head of the Global Seismic Hazard Assessment Project (GSHAP)
Regional Centre in Nairobi, knows best how valuable and indispensable this careful , grass-
roots™ work of seismological station operators is for achieving the ambitous goals of GSHAP.

I am looking forward to the prospect that the experience and enthusiasm of former course
participants from Africa, together with the efforts of other members of the international team
of lecturers from France, Germany, Kenya, Norway, Poland, South Africa, Switzerland, and
the United States, will bear rich fruits in future. A first indication which justifies this hope is
the , Letter of Understanding® adopted by the participants at the end of the course. Therein
they express their dedication to strive for the establishment of two more regional
seismological working groups for Western and Northern Africa along the lines which have
proved to be so successful in case of ESARSWG. The long-term goal envisaged in this
.Letter of Understanding* is the foundation of an African Seismological Society under the
umbrella of the International Association of Seismology and Physics of the Earth Interior
aining course has stimulated such a drive it has, indeed, not been in

Potsdam, 20 March 1998 Prof. Dr. Peter Bormann

Chairman of the training course
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GETTING THE RIGHT SEISMIC SYSTEM

Amadej Trnkoczy

Kinemetrics SA, Z.1.Le Tresi 3, 1028 Preverenges, Switzerland
Fax: 41-21-803-28-95, e-mail:amadej.trmkoczy(@quantum.si

1. INTRODUCTION: HOW TO GET THE RIGHT SEISMIC SYSTEM

In the last two decades of the 20th Century, several developing countries have set numerous
seismological projects into motion. Unfortunately, viewing all of them from the latter half
of the 1990s, we honestly must rank many as unsuccessful.

Of all the seismometric equipment installed in developing countries in the last 20 years,
probably less than 50 percent is working properly today. An even smaller percentage operates
at full technical capacity. And quite a few projects have yet to contribute seismic information
of any significant use.

Reasons for this distressing situation is probably the shortage of knowledge in seismometry
among the developing countries that launched these projects. The great majority had little
or no education or experience in this field. Yet such specialized knowhow is an indispensable
precondition for establishing and operating a truly beneficial seismic network. Sadly, given
the narrowness of the seismometry field, such specialized training is difficult to get. Among
developing nations who have purchased seismic equipment, basic misunderstandings and
unrealistic expectations, combined with factors intrinsic to the small size of the seismic
instrumentation market, have led many to disappointments.

Seismometry newcomers who join the field early and "grow" along with the gradual
development of the system usually have enough time to gain the required knowledge and
develop proper procedures to continue that work. However, someone trying to establish a
new seismic network from the ground up does not have that same time luxury. Too often in
developing countries - most often right after major strong earthquakes - governments will
decide to establish a seismic network. However, those suddenly given responsibility for
establishing this network must spend the allotted amount of government funds within a
relatively short time. Yet added to the worldwide scarcity of expertise, this politically-forced
lack of time greatly increases the tendency towards vague goals, and selection of a seismic
system grossly inappropriate to that country's seismic and socio-economic conditions.
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Because of these problems, below there are outlined:

* Proper procedures for how to establish a seismic network,

* Criteria for how to allocate best the available funds among the various essential tasks
to establishing and operating a successful seismic network,

* Conceptual or technical aspects of seismic system selection that several lcss.
experienced purchasers have neglected - or even ignored - resulting, at best, in
inefficient use of the purchased equipment, and at worst, in serious system failures.

The main conclusion is:

Purchasing seismic equipment is neither the first nor
the last step necessary to establish an effective
seismic network.

2. PLANNING AND FEASIBILITY STUDY
2.1. First step to success: Goal-setting and feasibility study

The most needed first step towards establishing

a successful seismic network is to figure out
and set the network's goals. Because ’ :

. Just as each country has unique seismicity,
seismo-tectonical and geological formations, so every
seismological project has unique contextual

- combinations that must be considered to find the
optimal system design for that project.One will not
have an optimal system until one clearly defines
the project's unique goals

To begin goal-setting, one needs to address:

- The 'interestz in ranked order, in local seismology (epicentral distances < 140 km)
regional seismology (epicentral distances between 140 and 2.000

seismology (epicentral distances > 2.000 km)

general seismicity; or b)

special studies such as monitoring of . .
features, nuclear explosi g of special seismo-t

: such a . ectonic
ons, induced seismicity, engineering purposes etc,
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- How urgent the data are required, e.g., has the network alarm functions, for civil or
governmental defense purposes; or are the data collected mainly for seismological
research aimed at either long-term mitigation of the country's seismic risk or improved
knowledge of the Earth's deep structure

- The relative importance of observing weak-motions, strong-motions or both.

When countries, having little or no seismic equipment, first consider buying a system to
monitor the region's general seismicity, they typically hope that over the long term the new
system will help mitigate that region's seismic risk. Nevertheless, even for a project of such
narrow scope, several questions must be answered beforehand:

- How big is the country or region to be monitored ?
- What is the seismicity level in the intended country or region ?

- How developed is the country's infrastructure, particularly in telecommunications ?

- What is the country's existing level of seismometry knowledge, and practically,
considering the country's financial and academic realities, what are its resources for
increasing that knowledge?

- How much is the country willing to pay, per year, to operate the system, to maintain
and service the system, and to support research work using its data ?

- How much is the country willing to pay to establish the system ?

Having clarified your goals - this is always a trade off between desires and reality - and
quantified the above facts, you can then begin shopping for a seismic system that meets those
criteria and needs and thus holds promise to operate successfully in the existing environment.

* Goal-setting recommendations:

o If your country has only few or no seismology experts, you should get help from
independent consultants in the international academic world. In this early phase, focus
considerations on your country's specific socio-economic and seismic-awareness needs, and
do not worry too much about specific equipment.

© In the later phases of goal-setting for your new system, contact sales engineers from various
seismic-equipment manufacturers. However, for your initial goal-setting, these engineers usually
lack seismological knowledge of your specific country and, of course, might be biased towards

their own products.

2.2. Second step to success: Realistic awareness of finances

Even when developing countries' governments have been motivated to establish seismic networks,
they normally do not know how to allocate the funds best so that the network can gain optimal
effectiveness. Often they spent most of their seismic network funds purely on buying equipment,
even though, identically important, one has to provide or procure beforehand the conditions
needed for proper installation and operation of this equipment. To make sure you have correctly
prepared for the purchase of seismic network equipment, your budget must include money for:

Scientific Technical Report STR 98/05 5
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- A feasibility study that examines both the selection of potential sites and of
potential seismic systems

- Preparation of a remote station and a central recording site
- Purchase of equipment

- Purchase of manufacturer’s services such as installation, training, maintenance agreements,
and long term support

- New personnel for network operation and data analysis and their training
- Network operation cost
- Servicing and maintenance cost.

The six figures on the following pages show examples of cost allocation among several different
seismic network projects. The numbers in the figures give the amounts allocated to different tasks

(norlmalized per single station) both in thousands of US dollars and as percentage of the project's
total cost.

Figure 1 shows an approximate cost distribution (per station) for establishing and operating a
global seismic network (GSN) station for five (5) years, according to IRIS plan 1990-1996. Not
only did this network use the most advanced and expensive equipment available, it often
demanded site preparations (mostly bore-holes) and worldwide maintenance that made it
extremely costly per station. Despite of the unusually high cost for IRIS GSN's, this figure seems
to indicate the same thing as the others below, namely, that the percentages of total cost needed
for each task remain similar from network to network, although the network’s size or complexity
may change the percentage to some extent.

F iguge 2 and Figure 3 shqw the average cost per station of establishing the IRIS GSN system
(not including any operation costs). Since IRIS constructed most of the sites as deep (thus
expensive) bore-hole installations, its cost percentages for site preparation are especially high.

Figure 3 shows_an approximate average cost distribution for establishing an IRIS GSN station
In a surface seismic vault. Although the vaults are cheaper than bore hole sites, IRIS still
allocated substantial funds for the vaults and to tasks other than equipment-buying.

0
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GSN station establishment and 5 years of operation
IRIS group, 1990-1996 estimates

o 147 (28.4%)

170 (32.9%)

200 (38.7%)

(1 Operation and maintenance M Services
W Equipment

cost per station in $1.000

Fig.1: Average cost of establishment and 5 years of operation of a GSN
station (in total: 517.000 USS$).

Figure 4 shows a distribution of the money spent by a developing country on the establishment
of a reasonably large seismic network that uses analog telemetry. The country's significant
investment in services (21.6%) paid for site selection, extensive training at the factory and during
installation, as well as one year of the manufacturer's full-time engineer support - all of which
led to the successful, ongoing operation of this network today.

Figure 5 shows a poor choice example of cost distribution, for a small, yet technologically
demanding seismic network. Note the small amount invested in tasks other than
equipment-buying, particularly the site preparation works; 4.0% is surely inadequate, making it
difficult to believe that these sites could provide ample working conditions for such demanding
sensors as very broadband (VBB) and and broadband (BB) seismometers as STS-1 and STS-2.
The relatively high amounts going for services (9.8% for installation and 2.4% for training) came
mostly because the purchasers insisted on a turn-key type of system. Since that particular country
could claim no one with seismometry experience, the chances of using the installed equipment
efficiently seem to be small.

Scientific Technical Report STR 98/05
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GSN stations establishment - all stations
IRIS group, 1990-1996 estimates

160 (47.2%)

///
v/ \

20 (5.8%)

27 (8.1%) 45 (13.3%)

86 (25.5%)

B Site selection {71 Site preparation M Site installation
M Sensors W Other equipment

cost per station in $1.000

Fig.2: Average cost of establishment of a GSN station without operational
cost (total: 338.000 US$).

Figure 6-shows another example of a large seismic network - a national, high-end technology
duplex-digital telemetry system installed in a large country. But again, despite the network's size.
the country only invested about one-half of its total project funds in the equipment. The other
half went for follow-up services, including a great deal of training and two years of full-time
engineer support provided by the equipment's manufacturer.

The funding distributions shqwn iq the ﬁgurcs 1 through 6 are approximate, and for illustration
%]urposm only. Actual conditions (mcludmg the type of network, the level of existing technical
owledge, labor prices, and thg type of site preparation necessary) will change substantially
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GSN station establishment - surface vault stations
IRIS group, 1990-1996 estimates

27 (12.8%) ~ 35(16.4%)

.

20 (9.2%)

86 (40.4%) 45 (21.1%)

B Site selection ~1Site preparation B Services
M Sensors m Other equipment

cost per station in $1.000

Fig.3: Average cost of establishment of a GSN surface vault station
(total: 213.000 USS).

Do not plan to spend nearly all of your allocated
funds on buying equipment; save at least one-third to
one-half of the moneys for research that moves you
towards purchasing the 'right' network, establishing of
the proper working conditions, and gaining seismic
expertise necessary to use the equipment properly.
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National seismic network | .
20 stations, FM RF and phone line telemetry, SP and strong motion sensors

9.7 (17.8%)

2.5 (4.6%)
: 9.3 (17.2%)

9.2 (16.9%)

/ 6.0 (11.1%)

7
/
/

N g /
\\\\~.

17.5(32.3%)

W Field station equipment m Center equipment B Site selection
M Services ” Site preparation works (3 Center works

cost per station in $1.000

Fig.4: Average cost per station of a relatively large national seismic
network with 20 stations and analogue FM telemetry (total:
54.200 USS).

* Financing recommendations:;

© Before purchasing anything, try to make sure you have procured long-term financing for the
network’s operational costs, technical support, maintenance, spare parts, and consumables. All too
often planners overlook these (inevitable) costs, which over time will inevitably downgrade the
quality of the seismic network’s operation if there is no money available to cover them,

© Around the globg, experience has shown (unfortunately) that funding for seismology projects
is hard to find until a strong destructive earthquake strikes. Then the money suddenly pops up

2.3. Third step to success: Clarifying reasonable expectations

There is still at least one more major and multifacet
that the proper equipment is ordered, namely,
technological aspects of your project. Thereby one

ed task to be completed in order to assure
clarifying all interrelated seismological and
should pay attention to the following points:
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DOI: 10.2312/GFZ.b103-98055 GeoForschungsZentrum Potsdam




- The kind of seismic events to be monitored (e.g. local, regional and/or global events? Preferably
micro-carthquakes or mainly recording of strong events or both?), what for (mainly investi gation
of seismicity, source mechanisms, engineering seismological parameters and/or Earth structure?)
and the required accuracy for event parameters, structural parameters or wave form data

- What is the distribution and level of seismicity to be monitored and consequently the kind and
amount of data one has to deal with?

National seismic network |l
6 BB, 1 VBB, 2 strong.m. arrays, digital telemetry, leased PTT lines

71.4 (80.5%)

m All equipment Site survey B Installation
- Training & Site works

cost per station in $1.000

Fig. 5: Average cost per station of a small, technologically demanding seismic network
with nappropriate allocation of funds (total: 88.700 USS$)
The answers to the above questions will determine:

- The required type of sensors (e.g. partitioning between sensors for weak and/or strong-motion
recordings, narrow-band or (very)broad-band sensors)

- Their required resolution and dynamic range and thus whether still analog technique will do
or digital technique is a must

- Accordingly to the above, the fype of recorders/data loggers needed

- The required number and siting of stations (i.€. network size and layouf), data links and related
infrastructure and services to run such a network

- The needed equipment for data transmission and for assuring the required real-time and/or off-
line processing capabilities at the central site

Scientific Technical Report STR 98/05
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. : _ . : .
- Whether the system should acquire seismic dgta in continuous or iggered mode, and in cas
of the latter, what type of trigger algorithm is most suitable

- ‘The type of archiving system required

National seismic network Il
7 SP+4 VBB stations, 16 or 24 bit resolution, duplex telemetry

128 (33.8%)

54 (14.3%)

4 (1.1%)
56 (14.7%)
20 (5.4%) 116 (30.6%)
W Field station equipment = Telemetry m Center equipment
M Services i Site preparation B Site survey

cost per station in $1.000

Fig. 6: Average cost per station of a large national, high-end technology, duplex digital
telemetry system (total: 378.000 USS)

- The amount of technical reliability you expect from the system; this will affect the type of data
transmission links you choose, as well as how much hardware-system redundancy one can
afford or has to provide by auto-duplicating memory drives, double computers, etc.)

- The robustness you desire from the system in terms of how well it will function
damaging earthquaes; this will influence the choice of data-

utilities for the remote stations and the central recording sit
for the central processing site

during
transmission links, power back-up
¢, and of civil-engineering designs

Oqcc all.thcsg aspects have been considered and decisions been

] , only then you can choose a System engineering approach and begin selecting
equipment with the following in mind: Try to find an on-the-market seismic system which, within
reason, matches best your idealized needs. And be aware that you will almost certainly have to
make compromises.

made in compliance with your
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Avoid pushing a manufacturer to develop something completely new for your particular situation.
Such a system would then be unique, will surely cost more, most probably be only minimally
tested, and be more difficult to support for many years into the future. Therefore, try to keep to
a system and components that are functioning successfully elsewhere, and which have already
been tested under real-life conditions.

2.4. Determining the network layout
Determining a successful layout for your seismic network will require two stages:

- Stage 1: Articulating your preferrences with respect to the number of stations and their
approximate positions, and
- Stage 2: Determining the exact final station sites for actual installation.

The first stage is closely related to the goals of the network, therefore, the main user of the
network should carry it out, decide how many stations he wants to have and can afford, and
where he prefers to locate them. The second stage typically requires knowledge of seismometry,
seismo-geology, data transmission technology (if applicable), and of equipment capabilities and
limitations. Therefore, if you do not avail of the required expertise yourself, you may want to
have it performed by the manufacturer’s expert staff of whatever seismic system you choose. But
even then you should insist on getting involved and to have on-the-job training provided to your
staff members who will later be responsible for running and maintaining your network.

2.4.1. Number of network stations

During stage 1, base your decision with respect to the number of seismic stations you want on
goals for the network, the size of the region to be studied, and (because this is real life) on the
amount of funding available. In short, the following general points have to be considered at this
stage:

A minimum of three to four stations with reasonably good records of a seismic event are required
to determine its location. More precise locations with better credibility for practical decisions and
later scientific use of the data can be expected when good-quality records from about 6 or more
stations are availabe. About 10-15 stations would provide already an acceptable basis for
more-sophisticated studies of the earthquake's source parameters and mechamsm.

Larger countries or regions will require a greater number of stations, of course, unless their
interest is only in the strongest earthquakes. Note that seismic researchers do not care much about
the total number of stations in a network. What counts is the number of stations in the network
that successfully record a given event (‘event record' meaning that triggered - or continous - data
acquisition occured with large-enough signal-to-noise ratio). In large regions, long epicentral
distances often prevent the triggering of distant stations and signals get buried in seismic noise.
Thus the total information available for a given event, unless very large, typically comes from
only a portion of the total network. Note also that the higher seismic noise you have at the sites,
the poorer recording you will get.

2.4.2. Distribution of the network stations

Although the station distribution in a seismic network is very significant to the network's
capabilities this topic can only be briefed here and some general recommendations be given.
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First on should on a map subdivide the region to be monitored into a series of reasonably regular
and approximately even-sided triangles with about equa_ll areas. Avqld narrow and long tnaflgles
and thinking in rigid patterns of straight lines, perfect mang_]es, or circles (seismic arrays are not.
discussed in this paper). Such rigidity may cause "blind spots”, ie. regions with _poor
event-location capability. Once you have marked the triangular areas determme the approximate
latitude and longitude for every triangle comer. These are the rough, tentative l_ocatlons whqe
you will try to put your stations, provided that these locations prove to be smtable after site
inspection and noise measurements. However, before placing stations definitely, take into account
any existing seismic stations in neighboring countries or regions as well. If‘there are none, push
some of your outlying stations as close as possible to the borders of the region being monitored.

* Network layout recommendations:

O Have realistic expectations with respect to depth determination of local earthquakes. To define
how reliable your network's event-depth determinations (based on phase readings) will be, there
is a rule of thumb: For reliable depth determination, first, one needs to estimate how deep, in the
average, earthquakes are in the area covered by your network. Then make sure that the average
distance between stations in the network is not bigger than approximately twice that average
event depth. The latter condition is admittedly a tough requirement, especially for monitoring
large regions with typically shallow events! Only a few small countries or regions can afford
such dense networks, and almost none of the larger countries can.

O Alternatively, one could make the network more dense in places, temporarily, if one
additionally buys a few portable seismic stations and installs them in any sub-region of particular
interest, e.g. right after a strong event in its epicentral region for studying aftershocks. At least
for a time, this will increase the network's density drastically in that area of interest, allowing

more detailed investigation that may include determination of event depths, source mechanisms
etc.

O Also, have realistic expectations with respect to the accuracy of your system's earthquake
epicenter determinations. For events outside your seismic network errors will be large (up to
several 10 km)! Do not expect reliable determinations for such events unless the "seismic gap"
(1.e. the largest of all the angles among the lines connecting a potential epicenter with all the
stations in the network) is 200° or less. Thus to increase the accuracy of your epicenter

detet.'g}inations, especially for events outside of your seismic network, you need, as much as
possible, to:

Inclqde data in the analysis from seismic stations in
. heighboring countries, as well as from any other
International sources. Acquiring this wider database is

nearly a must for determining any event location
outside your network.

Scientific Technical Report STR 98/05 14

:10. .b103-98055
DOI: 10.2312/GF2 GeoForschungsZentrum Potsdam




3. SELECTING THE RIGHT SYSTEM

3.1. Choosing the right seismic sensor

The four most important factors to be considered in selecting sensors for your applications
are:

- Type of the sensors

- Number of sensor components per station site

- Sensitivity, and

- Frequency range of operation.

3.1.1. The right choice - seismometers and/or accelerometers?

First you have to decide whether weak-motion sensors - seismometers, or strong-motion
sensors - accelerometers, or a combination of both types of instruments, is best suited to meet
your needs. Note that in seismic high-risk countries and for networks aimed mainly at seismic
risk mutigation studies, strong-motion instrumentation plays a very important role because
during the most damaging earthquakes, weak motion records are usually clipped near the event
epicenter. For large regional or national projects, a portion of your budget should, therefore,
be set aside for strong-motion equipment.

Strong-motion seismic networks generate far less data than weak-motion networks. Therefore,
their technical designs differ significantly. For example, seismic data transmission links that
are acceptable for strong-motion data may be totally inadequate for weak-motion data.
Nevertheless, in many cases, both types of sensors are integrated into a single system.
Six-channel data loggers for recording both three weak and three strong-motion sensors are
very common choice today.

The relative merits of these systems, however, are not addressed in this article.
3.1.2. Choosing between one-component and three-component seismic stations

Historically, many seismic stations and networks used only one component sensor(s) - usually
vertical seismometers. Many still do use only one component. This has been the case because
the equipment was analog and required paper-recording for seismic data. If three components
were used, then three times more equipment was necessary but three times more valuable
information was not gathered. Also, it was very difficult, if not impossible, to generate a
vector of ground motion from three separate paper seismograms.

Today, in the era of digital recording and processing of seismic data, the situation is different.
The price/performance ratio is much more favorable for three-component stations. Most data
recorders and data transmission links are set up to accept at least three channels. Upgrading
the central processing facilities for an increased number of channels, including three-
component systems, require relatively small extra cost and generating true vector-
of-ground-motion is easy now with computers. Given the advanced technology available
today, there is virtually no good reason to purchase one component stations any more.

The fact that ground motion is essentially a vector containing all seismic information, which
in principle requires three-component data acquisition, and being aware that many modem

Scientific Technical Report STR 98/05
DOI: 10.2312/GFZ.b103-98055 15
GeoForschungsZentrum Potsdam



scismological analysis methods require this vector as input information, one component
stations arc no longer a sensible choice for new installations. In any event, a one component
station can serve only a limited purpose.

3.1.3. Sensitivity of seismic sensors

Strong-motion accelerometers are relatively insensitive. They are designed to repord, close to
the epicenter, the ground motion of very strong events with maximal acceleration measured
in g-s. They are not suitable for micro-earthquake recording, but they will also give very
valuable data from events within the epicentral region where sensitive seismometer records
are usually clipped. Accelerometers with 0.25, 0.5, 1, 2, and 4 g full scale sensitivity are
available on the market. Be sure you order full scale sensitivity suitable to the maximal
expected acceleration at your sites.

Weak motion seismometers can be orders of magnitude more sensitive. They can record weak
events which produce ground motion amplitudes comparable to natural seismic noise. Some
seismomieters can measure ground motion smaller than the amplitudes of the lowest natural
seismic noise found anywhere in the world, i.e. amplitudes in the range of the diameter of
molecules or even atoms (< 1 A° = 10™° m), If you plan to purchase such sensitive sensors
be sure you are willing and able to find the appropriate low seismic noise sites. If your sites

are not appropriately chosen and have high seismic noise, natural or man made, this very high
sensitivity is of little use.

3.1.4. Frequency range of seismic sensors

Today's sensors are divided into three basic categories:

- Short-period (SP) seismometers measuring signals from approximately 0.1 to 100 Hz
(a typical example is Kinemetric's SS-1 sensor).

- Broad;band sensors (BB) measuring seismic signals from approximately 0.01 to 50 Hz
(typical examples are the Guralp CMG 40T and the Streckeisen STS-2 seismometer).

- Very brqad-band Seismometers (VBB) measuring frequencies from below 0.001 Hz to
approximately 5-10 Hz (a typical example is the Streckeisen STS-1 seismometer).

Strong-motioq sensors (acce]erorpeters) measure seismic signals between DC to up to 100 Hz.
However, their output voltage is proportional to ground acceleration

3.1.4.1. Short-period seismometers

Short-period  seismometers (SP) (also called "narrow-band"
developed as "filters' to mitigate the disturbance by the dominant
‘hardware' filtering can be easily replaced b i i
can be Y computer processing, so there is
sensors that filter seismic s1gna}s by themselves. Nevertheless, SP feismometers ;r(; :tﬁcld af(l)cg
€, a valid choice for.many seismological applications, paxticularl;' for
gh frequencies dominate,

Nearly all SP seismometers are passive sensors and are, therefore, easy to install and operate
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They require no power, which allows the use of smaller back-up batteries at remote station
sites. They are relatively stable in a broad range of temperatures, and thus require less
exacting (and expensive) vault design and environmental shielding. The electronic drift and
mass position instability usually associated with active sensors are not a problem. They are,
in short, a very practical solution for all applications where seismic signals are not expected
to contain significant low-frequency components below 0.1 Hz.

3.1.4.2. Broad-band seismometers

Today, broad-band (BB) sensors are a very popular choice. They provide complete seismic
information from around 0.01Hz to 50 Hz and therefore allow for a much broader range of
studies than do SP records. I cite Prof. Kanamori (Very Broad Band Study of a Local
Earthquake Asperities and Stress Drop, IRIS 1990-1996, GSN proposal):

"... a single high performance BB seismic station can
determine as much, if not more information than a
conventional network measuring arrival time and first
motion."

However, BB seismometers are more demanding and expensive to install and operate than SP
seismometers. They are active feed-back sensors and require a stable power supply. They also
require very careful site-selection in a seismo-geological sense, a better controlled
environment in seismic vaults, tunnels or mines, careful thermal shielding and they are
sometimes a bit tricky to install.

Their output signal contains much more seismic noise than the signals of a SP seismometer.
Often, useful signals are buried in seismic noise and can be analyzed only after digital
processing. In principle, their raw signals are not viewed directly but must be pre-processed
and filtered in order to reveal their content. Even a simple phase reading from the raw signals
is far more difficult than from SP or long-period (LP) traces.

BB seismometry requires a higher level of expertise with regard to both instrumentation and
analysis methods. Nevertheless, it is a frequent choice in today's market and a must for more
sophisticated and comprehensive, research-oriented seismic data analysis.

3.1.4.3. Very broad band seismometers

Very broad band (VBB) sensors are utilized in global seismology studies. Their primary
function is for research of the deep interior of the earth. Their only, however important,
advantage, compared to BB seismometers, is in their ability to record very low frequencies
around and below 0.001 Hz. They are very expensive, require very elaborate and expensive
vaults, and are, as a rule, difficult to install. Therefore they are price-wise ineffective for
seismic-risk mitigation goals and some also lack frequency response high enough for
local/regional seismology.
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However, data from a VBB station is extremely useful to the intemat?onal selsmologlcql
rescarch  community and for educational purposes. For a largq national project, it is
recommended, therefore, to include, if affordable, also one VBB station (or perhaps 2 or 3 n
a large country). Such stations can also serve as important "coptact points” with seismologists
from developed countrics thus promote the transfer of expertise and knowledge to you.

Site sclection and preparation for a VBB station requires extensive study and often expensive
civil engineering work. The cost of a single good VBB site preparation works can sometime
exceed $100,000.

3.1.4.4. Long period passive seismometers

Long-period (LP) passive sensors are not a good choice for new installations. These Sensors
arc clearly inferior to BB equivalents are of interest only in terms of "historical" value.

e Critical O o

Because nobody wants to purchase "old fashioned" equipment, developing nations sometimes
err in the other extreme and try to buy exclusively BB or even VBB seismic networks. There
has been a case a few years ago when a developing country requested for a system of 64
(V)BB stations, up-gradable to 200. It is highly questionable whether such a demanding and
expensive system would be worth its cost to a nation whose technological expertise and
financial resources are scarce. VBB sensors are definitely not the only good choice under all
circumstances and for all seismological goals.

3.2. Seismic data acquisition

The three most important decisions to be made with respect to data acquisition are :
- Digital versus analog data acquisition
- Continuous versus triggered mode of operation, and

- Choice of data transmission method from remote stations to the central recording site.

3.2.1. Digital data acquisition versus analog data acquisition

With respect to data acquisition and transmission technology there are three primary options:

- Analog,
- Mixed, and
- Fully digital.

3.2.1.1. Analog seismic systems
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(I) Low dynamic range and resolution (about 40-45 dB with single and about 60-65 dB with
double, low- and high-gain data transmission channels for each station). This results in many
missed events since they are of too small in amplitude to be resolved on paper records while
others are too large and therefore distorted or even clipped. Consequently, only a small
portion of the full dynamic range of earthquakes that interest seismologists (about 120 to 160
dB) can actually be recorded usefully in an analog manner.

(2) Incompatibility of paper records with computer analysis. This is the most important
drawback because modem seismic analysis is almost entirely based on computer processing.

For these reasons, such systems are no longer built although they are still in use in many
countries.

3.2.1.2. Mixed analog/digital seismic systems

Mixed systems, frequently and erroneously called digital, have analog sensors, analog signal
conditioning, FM telemetry, analog demultiplexers, but digital data acquisition in the central
recording site, digital processing, and digital data archiving.

Such systems also have low dynamic range and resolution (FM links are the limiting factor)
and therefore, the same disadvantage as pure analog systems. However, they are able to
accommodate computer analysis. You may use most modern analysis methods, except those
which require very high resolution data. Such systems are still useful for some limited
applications when dynamic range is not of prime importance and the purpose of the seismic
network is limited to a specific goal such as comprehensive recording and localization of
(much more frequent) microearthquakes.

3.2.1.3. Digital seismic systems

In digital systems, only the seismometers are analog. Dynamic range and resolution is much
higher than that of analog and mixed type systems and depends mainly - but not only - on the
number of bits of analog-to-digital (A/D) converters used in the digitizers. With 12 to 24 bit
A/D converters available, the obtainable dynamic range is approximately 72 to 140 dB. In
practice, however, the dynamic range and resolution of data acquisition is usually less than
the number of bits in A/D converters would theoretically allow. This is always true for the
high-end, 24-bit digitizers.

There are two design principles that can further increase dynamic range and/or resolution of
seismic data recording.

The gain ranging method automatically adjusts the gain of the system according to the
amplitude of the signal and thus prevents clipping of many strong events. In this way,
dynamic range of data acquisition is significantly increased. However, even modemn
electronics is imperfect and this method increases difficult-to-control gain ranging errors in
the data. Therefore, actual data acquisition resolution of gain-ranged recording is decreased.
For this reason, many seismologists don't like to use the gain ranging systems. They have
been mostly replaced by straightforward, multi-bit A/D conversion which nowadays allows
nearly as wide a dynamic range.

The over-sampling principle is another approach which helps to improve dynamic range and
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resolution of digital data acquisition. The data are sampled at a much higher rate than needed
for scismology and then the value of each sample of the final (lower samplmg rate ) output
data stream is calculated using a statistical model. The increase of resolution is significant.
However, the cfficiency of over-sampling depends on the ratio between the 0ver-s§n1p11ng
frequency and the final sampling rate of the seismic data. The higher the ﬁngl sampling rate
used, the less benefit is gained from over-sampling. Therefore, for l.oca1. selsmolpgy Whlf)h
requires a 100 or 200 Hz sampling rate, the benefit of over-sampling 1s sometimes quite
modest.

° /] jon:

'The buyers of digital seismic networks from developing countries often ask for additional
paper drum recorders because they wish to continuously monitor incoming signals on paper
and/or believe they will serve as an excellent educational tool. However, there are a number
of drawbacks with paper drum recorders. "Hardware-wise" they are incompatible with digital
systems (which requires additional digital-to-analog converters). Being mechanical devices,
they are and will continue to be expensive and require extensive maintenance. All modern
digital observatory seismic systems allow for continuous observation of incoming signals in
(near) real time and some even simulate the traditional appearance of paper seismograms
because of their advantages for seismic phase identification, especially in teleseismic records.
But experience shows that once the user becomes familiar with a digital system, paper drum
recorders soon prove to be of little or no use. The desire for paper records stems mostly from
the long tradition in analog seismology.

3.2.3. Continuous versus triggered mode of data acquisition

Continuous digitally acquired seismic signals, by their very nature, provide a huge amount of
data. Therefore, most of us end up with a data storage problem. For example, a reasonably
sized digital weak motion seismic network operating in continuous mode will produce a
volume of data so big that most would find it impossible to store for any length of time. Yet,

only a small portion of that data contains in fact useful information, i.e. seismic signals above
the noise level.

This storage problem has frequently led seismic network users to operate their systems on a
"triggered" basis (particularly those local and regional seismic networks that require a high
frequenf:y of sampling). Such systems typically do continuous, real-time acquisition and
processing of seismic signals, but for trigger purposes only. They begin storing those signals
only if the system's trigger algorithm recognizes that a seismic event is occurring. Such

?_);stems do not generate continuous time histories of seismic signals, but rather produce "event
iles."
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Continuous data recording in a seismic network
provides the most complete data, but storing and
processing all that data can become difficult and
expensive. Obviously, systems operating in triggered
mode will lose the weaker events and produce some
false triggers. However, the quality of data recorded
1s high in both types of systems.

3.2.3.1. Trigger algorithm types

Triggered seismic systems can have various types of trigger algorithm:

- The amplitude threshold trigger simply looks for any signal amplitude exceeding a
pre-set threshold value. This algorithm is normally used in strong motion seismic
instruments, in systems where high sensitivity is not important, and where man-made
and natural seismic noise i1s not a critical issue because the sensitivity of these
instruments is in most cases intentionally low and the trigger threshold well above the
noise level.

- The RMS threshold trigger is similar to the amplitude threshold algorithm except that
the RMS values of the amplitude are used instead of peak values. Accordingly, it is less
sensitive to spike-like man-made seismic noise.

- The short-time average through long-time average trigger (STA/LTA) is most often
used in weak-motion seismology. The algorithm calculates the average values of the
absolute amplitude of a seismic signal in two consecutive moving-time windows. The
short time window (STA) detects seismic events while the long time window (LTA)
provides information about temporal amplitudes of seismic noise at the site. When the
ratio of both exceeds a pre-set value (usually set to between 4 and 8) an event is
"declared" and data 'archiving' in a file begins. The STA/LTA trigger algorithm is
well-suited to cope with fluctuations of natural seismic noise which are slow in nature.
It is much less effective in situations where man-made seismic noise of a bursting or
spiky nature is present. At sites with high, irregular man-made seismic noise, the
STA/LTA trigger usually doesn't work well. It is also not very efficient to detect tele-
seismic events.

- There are several more sophisticated and theoretically more effective trigger algorithms
but they are rarely used in the seismic equipment currently on the market. The
sophisticated adjustments of operational parameters to actual signal and noise conditions
at each seismic site that these triggers require has proven unwieldy and subject to error.

3.2.4. Stand alone, coincidence triggered, and ring buffered systems

Trigger algorithms are generally implemented in two ways. In seismic networks with
stand-alone triggered stations, each remote station has its own independent trigger. In such
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nctworks, data are transferred to the central recording site on r‘equest-on]y or collect;ad
in-person. These networks have the lowest effectiveness of triggering and consequently tu}
smallest detectability and the highest rate of falsely tnggqred records. The completeness 0
data is low because not all stations in the network trigger simultaneously for each event. This
approach also requires a lot of routine maintenance work to "clear" nuImerous false records: -
if trigger thresholds are set low (alteratively, the network has lqwer detectabllle): Remote
stations frequently encounter "memory full" errors because they ewdently have a limited local
memory. They absolutely require a careful selection of station sites with low man-made
seismic noise amplitudes. If low-noise is not assured, such networks may become very
insensitive and may frequently be considered a serious project failure (from observatory
seismology view point).

Seismic networks that use a coincidence trigger algorithm are much better at detectability and
completeness of data. In these systems, data is transmitted continuously frgm all remote
stations to the central recording site where a complex trigger algorithm discriminates between
seismic events and excessive seismic noise. The coincidence trigger takes into account not
only signal amplitudes in all incoming channels but also the number of simultaneously
'activated’  stations and potentially their spatial distribution. A much more
robust-to-false-triggers algorithm results. Thus, the trigger threshold level can be lowered
which results in better detectability by the whole network. Each station's signals are recorded
for every trigger which greatly improves completeness of data.

An even better solution is provided by systems that keep continuous signals in their memory
(ring buffers) for a given period of time, from several hours to several days. After the
specified time, these systems erase the old data replacing them by the new incoming data.
However, during the designated time a seismologist can detect and extract events far better
than any automatic trigger algorithm. While this method requires prompt analysis of seismic
signals, excellent completeness of data and detectability is obtained. In addition, for the most
interesting periods, like aftershock sequences, the data can be stored in a continuous manner,
thus keeping all information contained in the signals. Such systems may still have an
automatic trigger algorithm working simultaneously which enables automatic processing and
a short reaction time in the case of large events. Modern high capacity and very affordable
hard disks enable relatively inexpensive systems to use the ring buffer approach. Probably this
approach is currently the best compromise between a tri ggered and continuous seismic system.

* Suggestion:

Be sure your triggered system has an adjustable band-pass filter in front of the trigger
algorithm. This is particularly important in BB seismometry where small signals are often
completely buried in the dominant marine seismic noise between 0.13-0.3 Hz. The adjustable
pass-band filter allows the trigger algorithm to be most sensitive to the frequency band of

your greatest interest. Events buried in seismic noise may still be resolved and acquired. Not
all systems on the market are flexible enough in this respect.

3.3. General considerations about seis

. mic data transmission from remote stations to the
central processing site

While data transmission may seem like a minor ismi i
may sex part of a seismic network, poorly desiened
or selected data transmission links are the most frequent cause of disapgpz(i)nt?nentsg:nd
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technical failures. The quality of network operation rests largely on the reliability and
efficiency of data transmission.

Another important but frequently over-looked consideration is the cost of data transmission.
Don't forget to factor in these costs when determining the budget for long-term seismic-
network operation. Many seismic networks all over the world (also in some very developed
countries) have been forced to change data transmission links to cheaper solutions after some
years of operation due to the very high cost of data transmission links. Note that

Technical considerations, reliability, initial price, and
operational costs of data transmission vary widely from
country to country. It is the responsibility of a seismic

system buyer to find the optimal solution for a given

| country.

The right decision about which data transmission method to use is not an easy one. Key
technical parameters in this decision are: Baud rate required, desired reliability (acceptable
error-rate), and the distances data must be transmitted..

3.3.1. Types of data transmission links used in seismology and their choice
There are several varieties of data transmission links used in seismology:
- Wire lines, which are cheap, reliable, but useful for very short distances only.
- Leased phone lines, which are reliable, but usually very expensive in the long-run.
- Dial-up PTT lines, which are effective only in low seismicity countries; experience
shows that their throughput is limited and that they never work after stronger

earthquakes with macroseismic effects; an exception is seismic equipment which grabs
telephone lines automatically at the moment of triggering to large event.

- Radio-frequency links on a VHF or UHF band, which have limited low dynamic
range of data acquisition for analog FM telemetry, are often difficult to obtain; they
are robust for strong events, and are relatively inexpensive once they are established.

- RF spread spectrum links, which are useful for relative short distances, are relatively
cheap, easy to obtain, modern and promising,

- Microwave links, which are expensive, appropriate for long distances, and useful for
analog and digital data transmission.
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- Computer networks (X25, Internet) with different level protoco]s, which may be
unavailable at remote seismic stations sites, but when available, are very powerful and
not too expensive.

- Satellite links, which are very expensive, appropriate only for extremely remote sites- -
or very large national seismic networks, and thus still rarely used.

Data transmission links may be of two different basic types: the simplex type in which
information is transmitted one-way only - from remote stations to the center - or the dppqu
type where data can flow in both ways. The duplex type allows for remote control of seismic
stations from central facilities and significantly increases reliability of data transmission. Links
can use different types of error-checking methods that allow recognition of corrupted data,
from simple parity check, check-sum error detection, CRC error detection, and error-correction
methods including repeated re-sending of corrupted seismic data that allow you to correct
corrupted data. Generally, the higher (or lower) the reliability, the higher (or lower) the cost.

Local country conditions are the most important factor in the selection of an appropriate data
transmission system and therefore require that the user is actively involved in the decision
making process. It is essential to get information about the availability, reliability and cost of
different approaches from local communication experts. The manufacturers of seismic
equipment generally do not know local conditions and may be unable to correctly advise you
about the best solution for your country.

* Recommendations:

© Dial-up phone lines are very often proposed for seismic data transmission because they are
readily available. However, they have limitations that you must be aware of. Dial-up phone
lines are an appropriate choice for low seismicity regions only. Their through-put is, in spite
of the high theoretical baud-rate of modern modems, frequently limited. The most modern and
fast modem does not help if the phone system is of low quality. Note that a PTT system must
be very reliable for successful transmission of sometimes very long event files. In developing
countries, phone line system quality and reliability is often over-estimated. This easily results
in inefficient data transmission and tedious repeated re-transmitting of data files. As a matter
of fact, dial-up phone lines usually cannot 'digest’ earthquake swarms and the numerous
after-shocks after strong events. In addition, they often don't work at all for several hours after
strong events dpe either to especially high usage of the phone system or technical difficulties.
They are certainly not the right choice for networks whose predominant purpose is alarm.

o In many countries, PTT networks have specific properties and special 'tricks' which require
consultations with local communication experts. Therefore, modems should be purchased
lqcally. Pay particular attention to choosing the one which performs best under your local
circumstances. Modems react differently to each phone system's particular weak point. A
modem which works perfectly in one country may not be the optimal solution for anot.her

country. Consult the local experts who ha i . o L
over local phone lines. xpe ve practical experience in digital data transmission
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4. SEISMIC STATION SITE SELECTION

The matter of seismic site selection is rarely given the depth of study and attention that it
requires. It is a fact that

... any weak motion seismic network can operate only
as well as its sites allow, no matter how
technologically advanced and expensive the

equipment is.

If seismic noise at your sites is too high, all or a part of the benefits of modern, high-dynamic
range equipment are lost. If an excessive burst- or spike-type, man-made seismic noise is
present, high-trigger thresholds and therefore poor network detectability will result. If a station
1s situated on soft ground, VBB or even BB recording can be useless and SP signals may be
unrepresentative due to local ground effects. If network layout is inappropriate, the location
of events will be inaccurate or even impossible. A professional site selection procedure is,
therefore, essential for success. For good sites, many factors at sites must be taken into
consideration.

Generally, it is best to begin the process of site selection by choosing two to three times as
many potential sites as you actually plan to use. Then you can study each one and see which
sites most closely meet as many of your criteria as possible. Gradually, selecting the most
promising, you will eliminate certain sites and get down to the number of sites required plus
three or four. By using computer models of the few most likely network layouts and
comparing the results, you will be able to make an informed decision about which layout will
locate and record seismic events best.

In this paper, the site selection process is demonstrated by seeking the best placement for a
local six station seismic network around a nuclear power plant.

4.1. Off-site studies

Off-site, "office" studies are the most inexpensive ones to do and are, therefore, the first to
begin with. From the office, you can study maps and contact local authorities to gather
information about the potential site.

The first step is to define the geographical region in which you are most interested. For this
you should study known geological faults, seismo-tectonic features, and the seismicity in the
area. Also compile historical and instrument-recorded events from all available earthquake
catalogs and other sources. Fig. 7 shows the region for our example and the main geological
faults within it. Fig. 8 shows events from catalogs, and Fig. 9 shows the final drawing of the
specific region you wish to study.
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Fig. 9: Final choice of the region to be studied by
the seismic network (dashed area). Isolines
of released log-seismic energy in J/kn? are
also shown.

Study the topographical aspects of your possible locations. Choose sites in a "moderate"
topography. Extreme mountain peaks or deep valleys are unfavorable for station operation,

Study man-made and natural seismic noise sources in your region. Road traffic, railway
traffic, heavy industry, mining and quarry activities, agriculture, and any other source of
seismic noise around the potential sites should all be assessed. Much of the information yoy
will need can be found in maps and by asking questions of local authorities. Evaluate the
man-made seismic noise sources, along with natural sources like oceans and lakes, rivers,
waterfalls etc., according to the Manual of Seismological Observatory Practice, Willmore,
Kamik, (1982). You will find a table (Fig. 11) in this manual with the minimum
recommended station-site-to-noise-source distances for three levels of sensitivity of seismic
stations (A very sensitive, B moderately sensitive, and C modestly sensitive), two geologica]
conditions - hard rock and hardpan, and high and low seismic coupling between seismic noise
source and station site (a,b).

Once you have gathered this information about your potential sites, draw a map similar to Fig,
12. On this map, show the possible station sites and all known seismic noise sources along
with the recommended minimum distances. It will be easy to see on this map which site ig
influenced by which noise source and by how many of them .

Correlate RF data transmission requirements with the topography around the sites based on
topographic maps. 1:50.000-scale topographic maps are most commonly used for this purpose,
If you plan the use of telephone lines for data transmission, check their availability and the
distances new phone lines would have to be laid. If you plan to power your stations by main
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station sites.

power source, check the availability of main power lines and check the distances which
new power lines would have to be laid or choose solar panels as a power source.o Ve e

It is also very important to study land ownership and i
. _ p and future land use plans for the sites you
are interested in. It makes no sense to undertake extensive studies if you will be unable to }lllse
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SITE NAME: PULAU UBIN QUARRY |SITE #: 3 DATE: OCT.03, 1995
SOURCE OF NOISE HARD ROCK, HARDPAN, HARD ACT
GRANITE, ETC. ||KLAY, ETC.
A B C A B C km
1.0ceans, coastal mount.syst. |300 [50 1 300 |s0 1 48
2.Large lakes 150 25 1 150 25 1 10
3.Large dams, waterfalls a |40 10 5 50 15 5
b feo 15 5 100 |25 10 11
4.0il pipes al20 10 5 30 15 5
blio0 [30 10 100 |30 10
5.Small lakes a |20 10 1 20 10 1
b 50 15 1 50 15 1 0.25
6 .Heavy machinery, reciproc.a |15 3 1 20 5 2
blzs s 2 40 15 |3 1.0
7.Low waterfall, rapids als 2 0 15 5 1
b 15 3 1 15 5 1
8 .Railway, freq.operation a |6 3 1 10 s 1
b [1s 5 1 20 10 1 20
9.Airports, airway traffic 6 3 1 6 3 1 5
10.Non-recipr. machinery a2 0.5 0. 10 4 1
b g 1 0.2 |15 6 1 0.8
11.Busy highway, mech. farms |1 0.3 |0. 3 1 0.5 4.5
12 .Country roads,high build. j0.3 (0.2 }0.05 |2 1 0.5 0.15
13.Low buildings, high 0.1 [0.03 [0.01 |0.3 Jo.1 [|o0.05 [f0.15
trees,masts
14 .High fence,low trees 0.05 {0.02 |0.01 [0.06 |0.03 [0.01 [0.04
LEGEND:
ACT Actual distance in km.
A Seismic station with a gain of 200,000 or more at 1 Hz.
B Seismic station with a gain of 50,000 to 150,000 at 1 Hz
C Seismic station with a gain of approximately 25,000 at 1 Hz.
a Source and seismometer on widely different formations, or
that mountain ranges or alluvial valleys intervene.
b Source and seismometer on the same formation and with no
intervening alluvial valley or mountain range.

Fig. 11: Minimum recommended station site-to-noise-source distances according to
Willmore (1982) and actual distances for a seismic station.
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potential station sites and seismic noise
sources - roads, railway, cities, industrial facilities, quarries, etc.

Once you've gathered all this information, it is likely that half or more of your possible sites
will be eliminated for one reason or another.
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Fig. 13: A typical seismic noise spectrum (ground velocity power) at a
potential seismic station site.

4.2. Field studies

The next step in the site selection process is field studies. Expect to make several visits to
each site. A seismologist familiar with seismic noise measurements, a seismo-geologist, and
a communication expert, if you are considering a telemetry network, should visit all
sites. They should:

- Verify the ease (in all weather) of access to the site.

- Search for man-made seismic noise sources adjacent to the site.

- Take seismic noise measurements.

- Study the local seismo-geological conditions at the site.

- Investigate the possibilities of RF data transmission when building an RF telemetry network.
- Verify power and phone line availability.

Measuring seismic noise at the site is not a trivial task. Natural seismic noise varies greatly
depending on the season of the year, weather conditions and innumerable (and often
unforeseeable) daily occurrences. Ideally, to accurately weigh all these factors, it is best to
take measurements at each site over a long period of time - long enough, in fact, to record
a number of earthquake signals as well. This would allow you to compare sites based on their
signal-to-noise ratio.
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Unfortunately, such ideal long-term measurements are rarely taken for financial reasons. But
some measurements are much better than none at all. While short-term measurements cannot
provide a representative information about the noise level and _its variability at the temporary
potential site, they are still very useful. To assess the possible influence of long-term seismic
noise variations on the actual spectrum measured at the temporary site one shpuld gfither noise.
data from already cxisting seismic stations in the region as well. By comparing noise records
taken at the same time at such reference sites and the potential new sites one can, at least with
respect to the more long-period natural seismic noise, weigh the representativeness of the
noise data sampled at the temporary site and roughly scale it to the reference site.

Time records of seismic noise are usually re-calculated into noise spectra, which can reveal
much information about the type and importance of various seismic noise sources around each
site. In Fig. 13 a typical seismic noise spectrum is shown. One can easily see high
contamination of the site by man-made seismic noise (frequencies around 15 Hz). Noise peaks
between 3 and 5 Hz have their origin in heavy machinery working in a 4 km distant quarry.
At a minimum, for future SP seismic stations, several minutes of seismic noise must be
recorded in order to allow the calculation of stable seismic noise spectra in the frequency
range from 0.1 to SO Hz . At potential BB sites noise spectra must be calculated between
about 0.01 and 50 Hz. This requires a minimum record duration of about twenty to thirty

Shallow profiling is the last step in the site selection 4 .
one. I_t is normally do process because it is the most expensive

' lone only on the most likely sites. Shallow refractio fil
quantitative rheological quality of the bed-rock and allow to determinle1 It)hrg d;t;\e‘ffalr;gi

weathering. The results of shallow profiling will determine the best "mjcro’ iti
_ ) micro” position of th
seismic vault as well as jts depth. Make two profiles, about 100 meters E)(;Sé g:c}? ang

approximately perpendicular to one another. With such profi] - .
wave velocity down to a depth of about 20 to 30 meters_pro €S you can determine seismic
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happens to be extremely deep. These possibilities often make the relatively high cost of
profiling a wisc investment.

4.3. Using models to determine network capabilities

Once you are very close to the final layout of your system (or better yet, to two or three
possible layouts) and have decided on the final number of stations, the next step is to make
a computer model of the network. Among the things you may wish to study are:

- Network detectability in terms of distribution minimum magnitude of events for a given

number of records with a given earthquake signal-to-seismic-noise ratio (Fig.14).
- Accuracy of event epicenter determination in the region (Fig.15).
- Accuracy of event hypo-center determination in the region (Fig.16).

- Maximum magnitude of events that can be recorded without clipping (this requires
knowledge of the gain and dynamic range of your future recording equipment).

Once you have the results from each possible layout you can choose competently the best one.

Several methods for computer modeling of a given network are described literature, but an
examination of each of them is beyond the scope of this paper. In general, simple methods
will suffice because the point, no matter which modeling method you use, is the comparison
of results between the various layout options. Usually, estimated uncertainties of P-phase
readings (% 0.1s) and P-wave velocity (+ 0.3 knv/s), and the sensitivity of seismic stations
based on the measured RMS seismic-noise amplitudes at the sites are taken into account. A
simplified and uniform seismic wave attenuation law in a homogeneous half-space or in a
single layer ground model works well.

Note that the results of computer modeling based on such simplified parameters are almost
never useful in an absolute sense. In general, an oversimplified seismic wave-velocity model,
regional velocity variations and anisotropy, incomplete information about seismic noise at the
sites, imprecise wave attenuation models, limiting conditions with respect to infrastructure,
topography and accessibility etc. do not permit to put into practice, 1 : 1, the idealized
optimal configuration resulting from the modelling but rather allow to assess the relative
suitability of various alternative configurations. This applies both to the modelling of network
detectability and location accuracy.

Several methods for direct computer calculation of optimal network layout can also be found
in the literature (e.g. Kijko 1977; Rabinowitz and Steinberg 1990; Steinberg et al. 1995).
However, practical considerations usually outweigh such theoretical approaches to the optimal
network layout. It is a fact that in addition to theory, choosing the best layout always involves
making good, educated guesses based on experience.
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5. RADIO FREQUENCY LINK SURVEY

5.1. The need for RF survey

The most common problem with seismic network equipment and the most frequent reason of -
unreliable operation and failures of seismic networks are inadequately designed data
transmission links, particularly RF links.

Three main issues are often misunderstood or over-simplified:

1) The amount of data that must be transmitted in weak motion seismology is often underestimated.

i1) Seismology requires an incomparably larger information flow than many other geophysical
disciplines (two orders of magnitude more than meteorology). For example, a typical single
GSN seismic station with continuous data transmission produces around 30 Mbytes of data
per day. These 30 Mbytes must be transmitted without errors to the network analysis center.

ii1) The degree of reliability required for successful data transmission in seismology is
frequently underestimated too. Interruptions, excessive noise, spikes and data errors are
particularly dangerous for networks operating in triggered mode. On paper seismograms,
spikes, interruptions and other interferences are "filtered out" easily by the seismologist during
analysis. However, these same factors can make the results of (automatic) computer analysis
totally meaningless. Frequently, a false comparison with voice RF channels is experienced.
Note that voice channels allow for a much lower signal-to-noise ratio while still being fully
functional because human speech is highly redundant.

An open "line of sight" between transmitters and receivers is frequently considered sufficient
for a reliable RF link. This is rarely true except for very short and direct links. The real issues
in link reliability are frequency of operation, Fresnell ellipsoid obstructions, the curvature of
the Earth, the gradient of air reflectivity, potential wave diffraction and/or reflections, etc.

Therefore we strongly recommend a professional RF survey as a basic part of the seismic
network planning procedure. The benefits of a professional RF survey are:

© Assurance that the links will meet to the desired level of reliability. (The probability

of an outage in % of time in the worst month of a year is an input design parameter.
Note, there are no 100% reliable RF links!).

o The minimum number of required links and RF repeaters in the network is
guaranteed. This results in a direct customer benefit because less equipment and
maintenance are required. There will also be less noise in RF FM analog networks and
a smaller error rate in digital networks.
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© A minimum number of licensed frequencies are required. This results in less
pollution of RF space in your country and is to your direct benefit because it is much
casicr to obtain frequencies. Also fewer different RF spare parts are required.

o Frequencies are optimally distributed over the network which minimizes the. -
probability of RF interference problems.

© The minimum power consumption requirement is precisely determined by calculating
the minimum sufficient RF output power of the transmitters. This results in less
pollution of RF space in your country and is to your direct benefit because less power
consumption enables remote stations to operate longer and/or require smaller back-up
batteries and solar panels.

© Robustness to technical failures and lightning of the RF network is significantly
increased by proper RF layout.

© Antennac mast heights are minimized and antennae minimum-required gain and
optimal polarization are accurately determined, resulting in savings on antennae and
antenna mast cost.

The cost of a professional RF survey is genérally one or two percent of the total investment.
Its combined benefits constitute a major step towards reliable network operation and are well
worth the additional spendings.

5.2. The problem of RF interferences

Radio-frequency interference caused by other users of RF space is quite a common and
difficult problem in developing countries for several reasons. In some countries, the lack of
dlscxpl}qe and confusion in RF space where army, police, security authorities, and civil
authorities all operate under different (or no) rules causes unforeseeable inter}’erence. In
others, poor maintenance of high power communication equipment results in strong radiation
from the side-lobes of powerful transmitters that interferes with seismological links.
E)(tenswe, lmaut_honzed use of walkie-talkies can also cause big problems. Unfortunately
in many dgvelopmg countries, the use of RF spectrum analyzers, which can reveal the origir;
of interfering signals, is often prohibited for security reasons. In cases where foreigners are

Nev - o
€T use existing communication towers on the tops of mountains as seismic station sites!
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Such towers appear to be an easy and inexpensive solution and are very frequently proposed
by those who are unfamiliar with the requirements of good seismic stations. Such sites have
several severe drawbacks. Among the most important are: '

- Towers sway during windy periods causing high amplitude low-frequency seismic
noise.

- There is usually a very high probability of RF interference because the RF space is
being used by several 'high power' parties.

- If such sites are inhabited, it is likely there will be high man-made seismic noise due
to human activities.

- The topography is rarely suitable for a seismic station,

- All such sites have diesel generators to support communication equipment during
power outages; these generators are a major source of man-made, high-frequency
seismic noise when in operation. And of course, these generators will surely be running
after a strong earthquake because that is precisely when it is most likely that the main
power will fail. Since the time during and after strong earthquakes is the most important
for your network, it is clear that existing communication towers are not at all suitable
for seismic sites.

5.3. What you should prepare and provide if site selection is purchased
For efficient field work the customer has to prepare the following:

- An approximate seismic network layout based on your goals,

- Regional geological maps,

- 1:50.000 (or 1:25.000) scale topographic maps covering the entire network region for
RF profiling purposes, and permission to export such maps, if necessary,

- state-of-the-art road maps for easy access to potential sites during the site selection
process,

- 1:5.000 scale maps (or at least 1:25.000 if 1:5.000 are not available) of the area
surrounding the sites in case shallow profiles are planned,

- climatic data in the form of tables or annual reports from the country's meteorological
survey (precipitation, insolation, wind, lightning threat),

- knowledgeable staff members who are well acquainted with local conditions at each
proposed station site and current as well as future land use in the vicinity,

- one or two four-wheel-drive vehicles; two or three staff members (including driver),
- all required permits to enter restricted areas.

Expect one or two days of work at each potential station site, depending on the dimensions
of the network and site accessibility. Be prepared to work from sunrise to sunset.
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6. PURCHASING A SEISMIC SYSTEM

6.1. The bidding process

Sending out an RFP (Request for Proposal) and asking for bids on a new seismic system is
a good way to get started. When requesting bids or proposals one has to be aware of a
number of important issues. Certain technical requirements and business standards must be
met in order to enable later a comparison of "apples-to-apples" when analyzing the various
submitted system proposals. However, many very important issues are hard to define in an
RFP and then proposals can not give you the right answers regarding:

- Actual reliability of the equipment
Availability of long-term support

- Financial stability of the manufacturer

- Actual user friendliness of the system

- Availability of spare parts in 5-10 years, etc.

While you need to be specific about your requirements, do not be 1Sti i
. ) unrealistic. Technology is
not perfect and cannot grant each and every wish, particularly not at low prices. From agz]eal

bid specifications for a small, Jocal network I quote: "The tumn-key system must provide fully

automnatic, accurate, and reliabje Computation of location and Intensity of the epicenter of
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the danger is to spell out all services required in the Request for Proposal. This is the place
to'be exacting; .specify service and support type and duration, parts and labor warranties;
pricing structure after warranties expire, timeliness requirements, etc.

6.2. Selecting a manufacturer

When you evaluate the proposals, remember to assess not only the technical qualities of the
system, but the quality of the manufacturer itself. What is its reputation? How long he has
been in business? Have you asked for references from users of similar systems and learned
about how well the company served them?

As you near decision-making time, make a personal visit to the manufacturers you are
considering; meet their people and tour their facilities. Remember that a company that serves
you well before you've bought their product is more likely to continue to serve you well after
you've bought and paid for their product. Often manufacturers will pay at least some of the
expenses for new clients to visit their facilities and meet their staff.

Select those you wish to participate in these visits carefully. One member of the team should
be the individual responsible for future operation of the seismic network. Other members
should be those most knowledgeable and experienced in seismology, no matter what their
position in the hierarchy or power structure of your institution or country. Of course, members
must be fluent in the pertinent foreign languages.

Ask for visits with manufacturer's sales people or engineers. Data sheets themselves never
give enough technical information about seismic systems. Sales persons can provide you with
all the details of a particular technical solution. Such visits, however, are less appropriate
during the early stage of the project when your goals are not yet clearly specified. Keep in
mind that the sales person will be biased toward the equipment of the manufacturers they
represent.

Generally, you should not expect the best results from companies that merely assemble
systems but are not experts themselves in seismology. Such projects rarely have a happy end.
Also take into consideration the size of the company. Those that are quite small may simply
not have the "people-power" for long-term customer support. They may manufacture very
good, technically advanced equipment, however their ability to support large projects, their
longevity and system-testing capacities may cause problems for you.

6.3. Equipment selection

As already mentioned, data sheets of seismic equipment alone never give you enough
information. Frequently, it is also difficult to compare the data sheets of various manufacturers
because each uses its own system of specifications, measurement units and definitions of
technical parameters. There are at least ten different ways of expressing intrinsic noise and
dynamic range of sensors or data recorders. All of these factors must be understood in order
to do an accurate comparison and this can be best accomplished through in-depth contact with
the manufacturers. Be sure to ask for all possible information about the system including
copies of the user manuals and the results of independent testing.
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It is reccommended to buy one piece of key equipment such as a sensor, a data logger,
processing software with demo data or an RF link and test the product yourself. In the case
of large projects with adequate financing, manufacturers will often loan you equipment for
testing purposes frec of charge. While it is ideal to get some ﬁrst.-hand experience before
scttling on which new system to purchase, this approach requires persqnne] who are
knowledgeable about seismology and instrumentation. Unfortunately, in practice, however_, it
is usually difficult to find personnel and money for such "experiments" in most developing
countries. In this case impartial advice from foreign consultants, preferably from scientific,
non-commercial institutions or organizations should be solicited.

Be cautious about mixing products from different manufacturers. It is not a simple or easy
task to interface between different products in terms of dynamic range, signal-to-noise ratio,
full scale ranges, baud rates, processing power and power supply sources. Stay with one
manufacturer if possible, or, when this is not feasible, arrange to have one manufacturer be
explicitly, contractually responsible for interface problems and the functioning of the system
as a whole.

Each technical seismic system, or element in that system, operates within a certain set of
parameters, or "range."” You should know what that range is and where your requirements will
fall within that range. If the work you require means that the system, or one part in it, has to
operate at the extreme end of its range on a regular basis, it is not the appropriate system or
system element for you. The results are often disappointing if you plan to:

- Use the maximum possible number of channels in an FM radio-frequency link

- Acquire data with the maximum number of channels possible in a system

- Exploit the maximum number of channels in seismic data analysis software

- Operate the hardware in temperatures at the extreme range of safe operation, etc.

You would do well to find another system whose mid-range parameters can accommodate

Scientific Technical Report STR 98/05
DOI: 10.2312/GFZ.b103-98055

GeoForschungsZentrum Potsdam



by the user and manufacturer working in tandem. Currently, most seismic equipment is less
user-friendly than most of us would like it to be and the technical documentation frequently
falls far short of the glory of the Lord. Customers are often given exhaustive amounts of
information about their new system, but are rarely given complete, easy-to-follow instructions
on how to set-up and use the system.

Another complicating factor is that in developing countries there is often a lack of
knowledgeable experts who can set-up, operate and maintain a seismic system. For these
reasons, it 1s generally necessary to maintain a long-term working relationship with the maker
of your newly-purchased seismic system. The manufacturer's support during the initial set-up
of your seismic system and a reliable, knowledgeable and friendly relationship thereafter is
crucial. Make sure you feel that you can have an open, constructive and trusting relationship
with the manufacturer of the system you choose. It will take both of you to establish and
successfully operate your new seismic network.

7. SEISMIC STATION SITE PREPARATION
7.1. Purpose
The purpose of a seismic station site structure is:

- Protecting the equipment from temperature and humidity extremes, dust and dirt,
lightning and curious animals,

- Assuring a good mechanical contact between seismic sensors and un-weathered, solid
bed-rock,

- Providing a good, low-resistance electric ground for sensitive electronic equipment and
lightning-protection system, and

- Providing easy and safe access to maintain and service the equipment.

The well-engineered seismic structure must also minimize distortion of seismic signals due
to structure-soil interaction. This is particularly important on softer ground and at higher
frequency seismic signals. It should also mitigate man-made and wind-generated seismic noise
in the vicinity of the station.

Inadequate site preparation and seismometer placement can easily wipe out all the benefits of
expensive, high-sensitivity, high dynamic-range equipment. For example, a station placed on
unconsolidated alluvial deposits can, due to thermal and wind effects, make broad-band

recording useless. It is pointless to invest in expensive equipment only to have it wasted
because of improper site conditions.

7.2. Types of seismic vaults

The three main types of seismic vaults are:

- Surface vaults. These are the least expensive and by far the most frequently used ones,
however they suffer the greatest level of seismic noise.

- Deep vaults. They are placed in abandoned tunnels, old mines or natural caves and are
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thc best locations with respect to the price/seismic-noise-perfonpance—ratio. They
frequently require, however, extensive cabling which can be. expensive.

- Bore-hole scismic stations. Their depths ranges typically between about 50 - 2000 m,
They are very good from the perspective of seismic noise, however'they are also very
cxpensive (from about US$8,000 to US$250,000 for the bore-hole itself plus the cost
of bore-holc sensors which are as much as three-times higher in price than regular
surface sensors). Bore-holes are used principally in regions entirely covered by alluvial
deposits where no sites with good bed-rock outcroppings are available, or for the most
demanding research work. Note that recording in boreholes causes frequency- and depth-
dependent signal distortions which have to be corrected for when using wave-form data
analysis.

Today, seismic stations are most often in vault-form. The massive, solid concrete, "seismic
piers" traditionally found in seismic observatories are no longer built. No above-ground
buildings or shelters are required. In fact, above-ground structures are far less desirable than
in-ground vaults because of structure-sojl interaction problems and the wind-generated seismic
noise caused by them (Bycroft 1978, Luco et all. 1990). If such buildings already exist at the
location you have chosen for your station, make sure that the seismometer vault 1s placed far
enough away to minimize wind-generated noise and placed according to the recommendations
of the Manual of Seismological Observatory Practice, Willmore, ed. (1982). The structure of

the vault should be light and underground as much as possible, therefore creating little wind
resistance.

7.3. A briefing on surface seismic vaults

Surface seismic vaults are usually between 1 and 2 m in diameter, depending on their depth
and the amount of equipment installed and its specifications. The depth of the vault may

range from about 1 to 10 m, depending on the depth, the quality, and weathering of the
bedrock at the site. Round or rectangular cross-sections are equally suitable.

Any type of above-ground shelters, or massive
SCISMIC piers at seismic station sites are undesirable,
They are expensive, deteriorate dynamic range of
data acquisition during windy periods and may also
cause seismic signals to deteriorate during
earthquakes themselves because of structure/soi]
Interaction,
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Make a flat, waterproof concrete floor, adding chemicals to make the concrete watertight.
Metal walls act as a Faraday cage and thus provide ideal electromagnetic interference (EMI)
shielding and the most effective lightning protection available. At the same time, the metal
walls lower the impedance of the grounding system and thus make equipment grounding more
effective.

To protect the sensors on the floor of the vault from water damage, build a drainage trench
around the bottom of the vault. Cover the drainage pipe with wire mesh to keep small animals
out.

'The vault itself should be enclosed by a metal cover, which must be fixed very firmly to the
ground to prevent shaking and vibration during strong winds. Such vibrations cause high
seismic noise which can make stations virtually useless during high winds. The vault cover
must be light enough to be handled by a single person, otherwise it takes two people for
regular maintenance and service, which is unnecessarily expensive. For large-diameter vaults,
it is best to make the cover in two parts. In extreme climates, metal may not be the best
choice because it will get extremely hot or cold. Water resistant plywood or UV-light-resistant
plastic or glas-fiber sheets are good materials to use in arid regions.

A thermal vault cover (e.g. made of a 10 to 30 cm thick styrofoam plate or disk) is also
necessary to keep interior vault temperatures as stable as possible. Thermal shielding
minimizes the thermal drift of sensors and electronic equipment and thus reduces the
low-frequency noise of BB and VBB sensors. Thermal cover thickness depends on the climate
at the site, how sensitive the equipment is (VBB sensors being the most sensitive ones!) and
how much low-frequency noise one is willing to tolerate in the seismic data. Temperature
changes in time are far more important than the high or low average temperatures themselves.
Continental, and in particular desert, climate requires the most effective thermal insulation.

There are two thermal cover design issues that are particularly important. First, the thermal
cover must be tight. Figure 17 shows a "rope" pressed into the gap between the vault's walls
and the thermal cover. This "rope" is made of insulating fibers and is usually used for
industrial hot water pipe insulation. Pack the insulation tightly into all the gaps between the
cover and the walls or the effect of heat convection will undo the insulating effects of the
cover itself. Second, do not place the thermal cover at the top of the vault, but rather at or
below the level where the ground heats up during the day. In desert areas, surface ground
temperatures can exceed 80° C, and 50° C at 30 cm depths are not unusual. In such conditions
the thermal cover must be placed 30 - 40 cm below the ground level. A thermal cover of any
thickness at the top of the vault, particularly if the vault stands significantly above the surface,
has almost no effect.

VBB sensors in a seismic vault should additionally be shielded by a styrofoam box placed
directly above the sensor and glued to the base plate. All other equipment should be installed
outside of it so that the sensitive sensor is not touched at all during service and maintenance.

Rather than placing batteries in the same vault, create a separate, small underground container
for them nearby, particularly if the batteries are the large, acid-lead type. Placing batteries in
a separate area prevents equipment corrosion due to potential evaporation of battery acid
vapors. The probability of this kind of problems is greater in small vaults without any

ventilation.
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Fig. 18: A typical grounding system for a seismic vault.

The size of your grounding system depends on the climate, soil type and ground humidity.
Very dry regions require special treatment. A good grounding system 1s usually a part of the
RF link design in telemetry seismic systems. Note that any grounding system requires periodic
service checks because contacts between the metal parts may eventually corrode. It is
generally recommended that the grounding impedance of the system be checked once every
two years. A check of lightning protection equipment and potential replacement of burned
elements is one essential part of the regular maintenance visits.

The degree to which you have to protect your system against lightning will naturally depend
on the lightening threat at the site. Meteorologists can give you good information about how
problematic it is in your location. Of course a direct hit of lightning will cause equipment
damage even with the best of protection. Fortunately, this happens very rarely. The vast
majority of lightning damage is due to voltage induction surges in all the cables at the site.
Lightning in the near or even far vicinity of the station can cause severe damage.
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For cfficicnt lightning protection, make all cables as short as possible with absolutely no loops
of 'superficial' cables. Place lightning protection devices right on the spot where cables enter
the scismic vault. They must be applied to all cables entering the vault without exception.
Voltage surges usually occur in all the cables at a station (depending on their length),
therefore leaving a single long cable unprotected is virtually the same as leaving all cables
unprotccted. Don not forget to put one leg of the grounding system exactly_ above the cables
cntering the seismic vault (main power, phone line, and/or RF cable coming from antenna
mast). This metal strip keeps voltage gradients low along the length of the cables during
lightning, therefore mitigating voltage surges.

Note that lightning is the most frequent cause of seismic equipment failures in the field. This
requires to search for the best lightning protection avilable for the given situation and then to
invest in its purchase, installation and maintenance. Several seismic networks have lost half
of their equipment in less than two years after installation because they neglected to undertake
adequate lightning protection measures.

In general, place data acquisition and communication equipment (modems, transmitters,
receivers) on the walls of the vault in special enclosures or mounted on racks. This is the best
way to prevent water damage.

If you are using an antenna mast, place it away from the vault to prevent seismic noise
generated by the antenna's swinging during windy periods. The required distance is usually
between 5 to 50 m, depending on a number of factors such as:

- Maximum wind speeds at the site (the higher the speeds, the bigger the distance)

- Height of the antenna (the higher the antenna mast, the bigger the distance)

- Depth of the vault (the deeper the vault, the smaller the acceptable distance)

- Type of seismic coupling between sensors and antenna base (best estimated by a
seismo-geologist)

- Measured seismic noise at the site (very quiet sites require larger distances).

Place a fence around the vault to minimize man-made noise and to protect it against
vgndahsm _Thc; size of the fence, ranging from 5 x 5 m to 100 x 100 m, depends on what
kind of activities go on around the site, population density in the vicinity, ground quality
natural seismic noise levels, and the depth of the vault. Be aware that prope’r fencing will bé
a significant portion of the site preparation costs!
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"over-engineer" your project; it is usually not necessary to have an engineering firm design
and oversee the whole project.

8. INSTALLATION
There are four ways to install a seismic system:

O The user installs the new system. In this option, the customer is entirely responsible
for assuring that the system functions properly. In practice, especially in developing
countries inexperienced with seismic equipment, this approach is rarely satisfactory.

O Installation is demonstrated by the manufacturer on a subsystem (a few stations, a
sub-network). In this case, responsibility is shared by the manufacturer and user in
proportions determined by who installs which portion of the system. This approach
sometimes works quite well. However, at least some experience with seismic and
communication equipment in the country is required for this method to work.

© The manufacturer installs the whole system with the full assistance of your technical
staff. Responsibility for making sure that the system functions well lies then with the
manufacturer. Since your staff will later be responsible for running, maintaining and
servicing the network in the future, it is strongly recommended that they work together
with the manufacturer’s expert staff when installing the system. First-hand on-the-job
experience of "hands-on installation" and associated problem-solving is always the best
way to learn. Thus your staff, particularly in developing countries, will be best trained
and served by active participation in this process.

O A turn-key installation without any assistance from the customer. Here again, the
manufacturer has complete responsibility for seeing that the system functions adequately.
In this case, the network will no doubt be successfully installed, but your staff members
will learn nothing about how it actually works and how to solve related problems.

e Installation recommendations:

© Do not accept the 'standard length' cables offered by some seismic system manufacturers.
The 'standard' cables rarely work well in the field. They are usually too short or too long.
As mentioned earlier, do not loop or coil extra cable length because that will increase the
threat of lightning damage and unnecessarily increase system noise. Rather, ask for bulk
cables with separate connectors or cables of a reasonable length and one-side mounted
connectors only. You can then cut them to precisely the desired lengths in the field during
installation. However, note that high quality soldering of connectors requires experience.
Badly installed connectors are among the most frequent problem makers.

o Your site must be completely prepared before the manufacturer arrives to install the system.
All construction work must be finished, logistics organized and access permits prepared.
Time and time again, manufacturers are faced with unprepared sites or missing permits
when they arrive to do the installation. This results in a significant loss of time and forces
both parties to accept too many "last-minute" solutions and compromises during installation.
This generally leads to less reliable and accurate work.
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9. TUNING YOUR SEISMIC NETWORK

Before a scismic network can function optimally, it must be tuned to local conditions. This
is especially true for networks that run in 'triggered mode'. Unfortunately, many customers are
not aware that thcy will need to tune the system or think that the manufacturer can do this at
the factory or during installation. In fact, tuning is an on-going task that cannot be done 'once
and for all'. You will need to fine-tune several recording and computational parameters to
local conditions in order to get the best results. This process requires time and experience.
You will not be able to correctly tune the system's recording and processing parameters until
you have gathered sufficient experience with natural and man-made seismic noise conditions
and earthquake signals at all the sites in your network. The seismic network dimension and
layout, seismicity in the region, seismic noise levels and spectra at station sites, seismic signal
attenuation in the region and local earth models, etc. all play an important role in these
adjustments.

Therefore, tuning a network is normally a long-term process. It takes months of systematic,
well-planned and documented work. Because of the time required to accomplish this task, it
simply cannot be done by your system's manufacturer. Only you can correctly tune your
network while operating it. Moreover, since seismic noise conditions at the sites may change
in the future, re-tuning will probably be required from time to time.

Detailed discussion of individual tuning parameters is beyond the scope of this paper. Note
that not all parameters enumerated below exist in every network and that some adjustments
may be missing from this list. The most common hardware and real-time processing
parameters that need to be adjasted in the trigger-mode operation of networks are:

O Seismic gain at individual stations,

O Signal-conditioning filter parameters,

© Corner frequencies of pre-trigger band-pass filters,

o Trigge( algorithm parameters such as: trigger and de-trigger threshold values, weights
of lndl\{ldua! stations 1n coincident trigger algorithms and grouping of stations in
sub-regions in the coincidence trigger algorithm organization

O Pre-event time duration
© Post-event time duration
O Minimum and/or maximum run-time duration

© Propagation window length adjustment.

Off-line seismic anal

. ysis software parameters that must be pre j
iy oo prepared or adjusted for correct

O Sensor parameter files containing sensor calibration data

© Network configuration files containing data about seismic stations

O Awtomatic phase—picker parameters
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o E(.zrth.model parameters of event location program such as ground layer's thickness,
seismic wave velocities, seismic station weights, epicenter distance weighing function,
and similar parameters depending on the program used

© Magnitude-determination algorithm calibration, and

© Selection or preparation of different macros for every-day routine analysis of seismic
signals.

Be prepared! It is quite a lot of work to acquire a complete understanding of how all these
parameters can be adjusted optimally.

10. RUNNING YOUR SEISMIC NETWORK
10.1. Organizing the tasks

To keep your network error-free and in perfect working order, waiting to record earthquakes
year after year, requires hard work and discipline. It is not a simple task to achieve this goal.
Your staff will have to operate in a highly professional and reliable manner with:

© Clearly defined personal responsibilities for each task associated with the operation
of the network and for other every-day record analysis and archiving activities

o Continuous verification of all tasks and hardware operation
© Precision record-keeping of all activities and in the data archives

O Regular maintenance of hardware and software.

Careful and continuous documentation of network operation parameters in a log-book, log-file,
or in the data-base itself, is essential. This back-log information should contain all network
operating parameters and their changes such as information about data acquisition parameters,
station down-time, description of technical problems and solutions, description of maintenance
and service work, documentation of all station calibrations and their results. The exact time
when parameter or setting changes become active must be accurately recorded. This
information is an integral part of archiving seismic data because only those signals recorded
along with the precise conditions at the time of the recording can be properly interpreted.
Defined personal responsibility with respect to altering network operation parameters and strict
obedience to the established procedures is a must.

10.2. System maintenance

Maintaining a network's hardware and software is a continuous activity that inevitably requires
well-trained personnel. Many vital operational parameters at the stations like back-up battery
voltage, presence of charging voltage, potential software and communication problems, time
keeping problems, remote station vault or equipment temperature, potential water intrusion,
etc. can be remotely monitored by modern, high-end seismic systems with duplex data
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transmission links. However, regular visits to the stations are still necessary, though far less
frequently than in the past. Note that it is a mistake to put off in-person checks of remote
stations until something goes wrong. Periodic visual checkg, regula.r changing of batteries,
checking potential corrosion problemss, intrusion of small animals which may darpage cables,
cleaning the vaults and solar panels etc. at each station will help catch potential problems
before they become big ones.

And when something does go wrong, you must be certain that you can respond immediatqu
with the right action, personnel and spare parts. You should always maintain a good stockpile
of the most common spare parts and have a well-trained technician on duty around the clock.

Batterics require constant attention. Battery failure is one of the most common, if not the
number one reason for seismic equipment failures in the field. It should be noted that the
output voltage alone of a battery provides almost no information about the overall health and
capacity of a battery. Many types of batteries may have adequate output voltage while at the
same time their charge capacity is reduced to a small fraction of its original strength. Batteries
in this condition will not do the job in case of a power failure, which is almost certain to
occur after damaging earthquakes.

All the batteries in your seismic system must be laboratory-tested for remaining charge
capacity once a year. The batteries should be fully discharged, then fuily charged, and again
discharged in a controlled manner until their true charge capacity is determined. Once the
charge capacity is less than 60% to 70% of the original capacity, replace the batteries with
new ones. Relying solely on measurements of battery voltage will certainly lead to technical
failures. Do not forget that you will need fully operational batteries after big events since it
is very likely that regular power sources and power lines will be non-functional, often for
quite a long time. The most important moment in the life of your seismic network, namely

the event .of a strong earthquake, may happen only once in a decade or even Jess. You should
not muss 1t because of old batteries!

Non-chargeable battep'm, pal‘ticularly the lithium type, must be replaced regularly, according
to the manufacturers instructions, regardless of their output voltage at the moment of testing,

10.3. Sensor calibration

You must calibrate all the sensors in your seismic system regularly - ideally, once a year!

Strictly speaking, only those seismic signals recorded
betweeq tWo successive sensor calibrations that show
no significant change in sensor parameters are
completely reliable.
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Seismic sensor calibration requires knowledge that is seldom available in developing countries.
In most cases, special training is required. A good approach is to include the calibration of
one or all sensors after one year of service in your purchase agreement with the manufacturer.
This first-year calibration service should be done by the manufacturer with the assistance of
your staff so that they can learn how to do the procedure themselves. Hands-on practice under -
the close supervision of a calibration specialist is highly recommended. Murphy's Laws and
inadequate training and experience often ends in difficult-to-detect failures. Practice shows that
mere "book learning" is often not enough when calibrating seismic sensors.

Nowadays, in the time of digital seismology, sensor and data logger transfer function
representation in the 's' or 'Z' plane is most commonly used. A comprehensive description of
basics is given in Scherbaum (1996). A description of a popular seismometer calibration
program UNICAL is given in Plesinger at all. (1995).

10.4. Archiving data

The scientific and financial value of a national archive of seismic-data will be, after several
years or decades of operation of a network, very high. Therefore, extreme attention must be
paid to precise data archiving and a fail-safe back-up for that data. Seismology is typically a
non-experimental science in the sense that man has no control of the source and wave-
propagation conditions. Lost or improperly recorded seismic data can never be re-generated
by just repeating the experiment. It is, therefore, an absolute must to have a complete and
reliable back-up archive. The back-up should be kept in a different physical location, no
matter whether it is paper, film, tape, disk, or CD.

When you first set up a seismic network, you need to think about how to organize the data
you record, being aware that you eventually will have many, many years of accumulated
records.

If you have a strong-motion network or small weak-motion network in a low seismicity region
which generates only a small number of records each year, you can probably get by with a
DOS-directory tree organization for your data files. Nevertheless, file-name coding of events
must be thoroughly thought through to prevent confusion and/or file name duplications. UNIX,
Windows 95 or NT systems are more flexible than DOS in this respect because they allow
longer file names.

Larger networks in moderate to high seismicity regions require true data bases for archiving
purposes. Consider different options on the market carefully before you begin to log records.
It is very painful to change your data coding or archiving method after several years of
network operation when you have thousands upon thousands of records already in the archive.

Often, this crucial aspect of seismic system organization is overlooked or left to on-the-spot
decisions by whoever is archiving records at the moment. This may work for a while, but
eventually you will run into serious problems. Think through your file coding and archiving
organization with the long-term future in mind!
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Always keep the raw, unprocessed seismic data records (raw event files, orlsequences‘ of
continuous data) in the archive along with the full documentation about ihe recording
conditions. Processing and seismic analysis methods will change and evolve as time passes.
Future generations will appreciate having your unprocessed seismic data to further their
research and knowledge. -

10.5. Dissemination of seismic data

International co-operation in the dissemination of seismic data is another prerequisite for
high-quality operation of any new seismic network in developing countries. Itis alsc_) a \_Angly
accepted international obligation. Data-sharing is the best way a less experienced institution
can get feedback about the quality of its own work. By comparing your phase reading
residuals, event location errors, magnitude determinations and source mechanism results, etc.
with the results of others in international bulletins, you will greatly improve your own work.
Any seismic analysis should include as much information as possible from neighboring regions
and countries. Not only your own data, but also all available pertinent data should be used in
your seismic research work. Disseminating your data will in tumn facilitate easy and fast
accessibility of others' data. It's important to establish a generous data-sharing relationship
with other institutions. Your generosity will encourage others to be generous with you.

Normally you will regularly publish preliminary seismological bulletins (weekly, bi-weekly,
or monthly), final seismological bulletins (yearly), and earthquake catalogs of the country or
region (yearly, but with a few years delay so that the data can be fully analyzed). You should
also immediately disseminate data from strong events. Fax, phone or the Internet are familiar
forms of seismic data exchange. The Internet is used more and more to share even longer
publications like seismic bulletins and waveform data.
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PERFORMANCE ANALYSIS OF THE EASTERN AFRICAN
SEISMOLOGICAL STATION NETWORK

E.Dindi

University of Nairobi, Department of Geology, P.O. Box 30197, Nairobi, Kenya,
Fax: +254-2-449-539, E-mail: uonseism@arcc.or.ke

1. INTRODUCTION

The Eastern African Seismological Network (excluding South Africa stations ) consists
of about 35 seismic stations spread out over the region (Fig.1). The network is thin in
the east-west direction (15degrees distance ) and long in the north south direction (40
degrees distance). The countries participating in this network are Eritrea, Ethiopia,
Kenya, Malawi, Tanzania, Uganda, Zambia and Zimbabwe. The stations are not
uniformly distributed so that large gaps exist within the area of the network. The
following will give a short description of the status in each country.
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18. 1: Location of the existing stations of the Eastern Africa seismological network
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Kenya has one permanent broadband IRIS station located at Kilimambogo (KMBO) and
five digital Lennertz (MARSS88) stations with short period s¢ismometers. One of these
stations located at Kibwezi (KIB) is permanently installed while the rest are at
temporary sites.

Uganda has three permanent stations, all one component short period recording in
analog form. In addition, there is one digital field station with three component
accelerometer.

Tanzania has three permanent stations, all one component analog short period. In
addition there is a small five station experimental digital network supported by the
Royal Observatory of Belgium and the University of Uppsala.

Zambia has six permanent stations, of which the main station is Lusaka (LSZ) which is
one of the IRIS stations in the network. The remaining stations are one component
recording in analog form.

Zimbabwe has four permanent stations. The Buluwayo (BUL) station is the main
observatory with WWSSN station and additional three component short period stations.
Of the remaining three stations one is three component and the other two are one
component.

Malawi operates two three component digital stations located at Zomba (ZOM) and
Mzuzu (MZZ) .

Eritrea has one three component short period analog station located at Asmara and has
recently acquired two new digital Nanometric stations which are planned to be installed
at Massawa and Adi Keih respectively.

It can be seen from this outline that although both analog and digital stations have been
in use over the years, there is a steady shift to digital stations.

2.TIMING

At the beginning of the regional cooperation initiative launched in 1993, most of the
stations used timing systems other than GPS. However, in the last four years, a lot of
effort has been expended in acquiring GPS clocks for the existing analog stations. This
has been realized through the active support from the International Physical Sciences
Program (IPPS). Thus the timing problem which was a major issue four years ago is
now almost solved for most of the stations. It is now the experience in the phase
identification that is still a challenge in the routine analysis of the events.

3. EFFICIENCY OF THE STATIONS IN DETECTING EVENTS_

Most of the stations in use in the region have SP characteristics and are hence mainly for
detection of local and regional events. However, for a number of reasons the number of
stations picking up moderate events for any given period remain relatively low. Reasons
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for this are various but the following stand out:

a) The high background noise level at some of the stations;

b) Frequent breakdowns of stations which are sometimes not reported,
¢) Large distances between stations of the network.

In order to demonstrate the varied performance of stations in the detection of regional
events, a total of 132 events, located by using 5 or more stations of the network during
the period October 1993 - August 1996, were examined (Tab. 1). The idea was to find
out which stations were the best in picking of these events. The calculated local
magnitudes obtained for these events by using SEISAN software (Havskov and Utheim,
1992) were in the range 3.0 to 5.5

Table 1. Performance of individual stations in the detection of 132 events picked
by 5 or more stations for the period October 1993 — August 1996.

STATION ~  NUMBER OF EVENTS PICKED

Nairobi (NAI) 102
Entebbe (ENT) 85
Dodoma (DOD) 78
Magadi (MAG) 63 .
Hoima (HOI) 62
Arusha(ARTT) 61
Buluwayo(BUL) 35
Pitaoke (PTZ) 31
Kilembe (KIL) 31
Kilimambogo(KMBO) 29
Langata (LAN) 23
Itumba (ITBT) 21
Mansa (MZZ) 18
Panda Hill (PDHT) 18
Kibwezi (KIB) 16
Tunduma(TDMT) 15
Olkaria(OLK) 14
Lusaka (LSZ) 10
Wendogenet(WNDE) 09
Alemaya (ALME) 08
Isoka (IKZ) | 07
Weliso(WEL) 06
Itaka(ITKT) 06
Karoa(KRI) 05
Dese (DES) 03
Chiredzi(CIR) 02
Zomba(ZOM) 02
Asmara(ASME) 01
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Table 1 shows that Nairobi station had the highest number of detections (102) followed
by Entebbe (85) and Dodoma (78). On the other hand, 10 of the stations detected less
than 10 of the 132 events. A number of factors may contribute to this disparity such as:

(a) Location of the seismic stations relative to the tectonically active areas during the
period;

(b) Distance of the stations relative to other stations in the network;
(c) Non-continuous operation of stations for various reasons;

(d) Noise levels at the station sites and the sensitivity settings and capabilities of the
stations.

Stations closest to the most active parts of the rift system such as Nairobi, Entebbe,
Dodoma, Magadi, Hoima and Arusha had the best detectability partly by virtue of being
closest to the epicentres of the events. It should be noted that the central and northern
parts of Tanzania and of the western rift were quite active during the period (Fig. 2).
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Fig. 2: Seismicity map of the most active sections of the Rift System (data 1993-1996)
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Isolated stations on the extreme ends of the station network such as ASME and ZQM
hardly recorded aany event because of their large distances away. Some of the sta.tlons
such as KMBO, LAN, KIB, although located close to the active zones were operational
only for a short duration during the period. This partly explains the few events detected
by the station.

Finally, the problem of noise level also contributed to the non-detectability of events.
For example, the Olkaria (OLK)station which was initially located within the Central
Kenyan Rift Valley had to be relocated elsewhere as the noise from the local geothermal
system was quite high. The performance of the station was extremely poor so that the
few regional events were of very poor quality.

On the other hand, it was of interest to note that the Nairobi (NAI) station despite being
located at a noisy site detected so many events. This is due to the fact that apart from the
station being operational continuously during the period, it was possible by applying
software to redeem most of the poor quality events. Many of the analysis centres in the
region do not have the facilities for this type of event analysis and of course for analog
records there is not much one can do.

It should also be pointed out here that some of the digital stations are not capable of
capturing the whole event window for events coming from beyond a certain distance

due to the limited flexibility in the trigger settings. Thus, for some events, only the S
phases were detected.

The 132 events considered above are only those located by 5 stations or more. The
actual number of events located during the period October 1993-August 1996, including
events located locally by fewer stations, comes to about 1200. The difference between
this total and the events considered above is due to the inclusion of events with
magnitudes generally less than 3.0 which can be located only by nearby stations.

4. DETECTION THRESHOLD

! is, therefore, not possible to workout accurate
figures for a region such as Eastern Africa where various instruments are in use and

where the noise levels and absorption characteristics of the rocks are unknown.

58
Scientific Technical Report STR 98/05

DOI: 10.2312/GFZ.b103-98055

B S

GeoForschungsZentrum Potsdam



5. DISTANT EVENTS

So far, the only stations in the region that have been active in detecting distant events are
the WWSSN stations which were located in Ethiopia(EAA), Kenya(NAI), Zambia(LSZ)
and Zimbabwe(BUL). Some of these stations have now been upgraded to broadband
digital thus enhancing their capabilities even further. However, the working group in the
region has not been keen to work on distant events as the priority has been on local and
regional events. For distant events, normally only the first arrivals are picked and the
data send to international data centres for analysis.

6. CONCLUSIONS

The potential of the Eastern Africa seismic station network is high. The performance of
the stations has not attained, however, their optimal level. There is still a lot of room for
improvement in the performance of the existing stations. In order to increase the quality
and quantity of the events detected by the network the following steps are necessary:

(a) There should be a slight improvement in the geographical distribution of stations to
fill in the large gaps between stations;

(b) Efforts should be made to replace the remaining analog stations with digital ones;

(c) There should be increased usage of modern analysis software in order to redeem
most of the poor quality events which are otherwise left without analysing;

(d) Efforts should be made to ensure that the stations operate continuously without
prolonged breakdowns.
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1. INTRODUCTION

A continuous observation of the seismic activity in Kenya started in 1963 when one of the
WWSSN-stations (World Wide Standarized Seismograph Network) was installed in Nairobi.
This seismograph, which was first operated by the Mines and Geology Department of the
Ministry of Environment and Natural Resources and was handed over to the Geology
Department of the University of Nairobi in 1964. This Nairobi WWSSN station was the only
permanent earthquake-station in Kenya for about 30 years. It recorded thousands of local and
regional earthquakes which could not be located properly since for most of these events no
recordings from other stations were available. Therefore, no complete picture of the seismicity
could be drawn and the amount of earthquakes in Kenya was underestimated for decades.
Nevertheless, these data were the basis for several investigations as for example Rodrigues
(1970), Loupekine (1971), Shah (1986), Ochieng (1993), and Kataka (1995).

Between 1964 and 1994 several microearthquake networks were established on temporary
basis, designed for special research targets. Above all, the Kenya Rift International Seismic
Project (KRISP) has to be mentioned, a co-operation of various international working groups.
The field campaigns of KRISP took place in 1985, 1989-90 and 1993-95 and were divided
into refraction seismic experiments and temporarily established earthquake networks. The
main results of these investigations have been published in KRISP Working Party (1991),
Achauer et al. (1994), Keller et al. (1994), and Prodehl et al. (1997).

The seismological networks of KRISP were mainly designed for the observation of
teleseismic events and, therefore, the analysis of the field data was carried out only for the far-
distant earthquakes. But from the fact, that many local events were recorded by the different
temporary networks and not by the WWSSN station it became obvious that the seismicity in
Kenya is higher than known before. This led to the conclusion that the local earthquake
activity in Kenya has to be studied in more detail by a permanent seismological survey.
Therefore, a project, sponsored by the GTZ (German Society for Technical Co-operation),
was started in 1990 at the Geology Department of the University of Nairobi, which still
continues. Up to now a data centre and five digital portable seismograph systems of type
MARS-88 (Lennartz Electronics) were purchased. Besides this new project, the old WWSSN
station has been exchanged by a modern IRIS/GEOFON system (USGS and GFZ Potsdam) in
1995 which is also operated by the Seismology Section of the University of Nairobi.
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This paper will give some details about the development and actual state of .the seismic
nctwork of the University of Nairobi, called University Network in brief. Additionally, first
results of this network, concentrating on the local seismic activity during the period between
October 1993 and August 1996, are presented. As far as available, data of the Eastern and
Southern African Regional Seismological Working Group (ESARSWG) were used to- -
improve the localisation results of this network. ESARSWG is a data exchange and analysis
co-operation between several East and South African countries,

2. THE KENYAN SEISMIC NETWORK

The activities to establish a local seismological network in Kenya started in 1990. During the
first two years five MARS-88 stations were purchased and tested and a preliminary test
network installed. The MARS-88 are digital performance instruments, manufactured by
Lennartz Electronics in Germany. They can record three channels with a sampling rate of up
to 500 samples/s. The Kenyan instruments are equipped with 1 Mbyte RAM, a magneto-
optical disc (OD) with a capacity 2 x 310 Mbytes for data storage and Lennartz LE-3D active
short-period (1 Hz) three component seismometers. For the time base Lennartz GPS-clocks
are used, keeping the time error in the MARS-88 systems within 1 ms. The power-supply for
these instruments can either be main power (240 V AC) or from 12 V batteries, rechargeable
by solar panels. '

During the test phase of the instruments some hard- and software-problems came up which
had to be solved first. After this a final large scale test was carried out unti] May 1993,
followed by a participation in the KRISP 1993-95 experiment (Ritter ez al., 1995). The
installation of the present University Network started in early 1994 and is still under progress.

The current station distribution is shown on the map in Fig.1. Station co-ordinates and
operation times are listed in Table |

The first station was installed at Lake Magadi (MAG), close to the Kenya-Tanzania border.

This §tation is operating smoothly until today, only interrupted by some short failures caused
by minor technical problems.

lthough the performance of this station was very good, it was dismantled in
January 1995 because it was too close to the Nairobi University where the IRIS/GEOFON
broadband system was set up for a test-phase, Meanwhile the IRIS/GEOFON station was

moved to Kilima Mbogo (KMBO) some 40 km NE £ Nairobs o
rebuild LAN soon. ot Nairobi. Therefore, it is planned to

The KMBO station is equipped with two broadband seismometers for three components
(Vemcal., N-S and E-W). One seismometer is of type STS-1 covering the ULP, VLP and LP
frequencies and the other is of type STS-2 for the VSP frequency range. In addi;ion there is a
3-component force-balance accelerometer of very low gain and of 1 g full scale deﬂe’ction

I.‘zpl:)thexi station, which was running from April to August 1994 about 200 km SE of Nairobi at
ibwezi (KIB),. was also temporarily dismantled when the solar-panel was stolen. This station
Was reinstalled in June 1996 after building a strong brick hut.
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Fig. 1: Location map of the University of Nairobi seismological network. Actual stations
are indicated by filled triangles and former station locations by open triangles.

Table 1: Co-ordinates and operating periods of the University Network stations.
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Name Code | Working Period | Latitude | Longitude | Elevation
(m)
Nairobi NAI since 1963 1.274S | 36.804E 1692
Magadi MAG since Feb."94 1.918S | 36.287E 660
Kibwezi KIB | Apr.'94-Aug.’'94 | 2.340S | 38.046E 775

since Jun. 96
Langata LAN | Feb.’94 —Jan.’95 1.3778 36.773E 1707
Olkaria OLK | Mar.’95-Nov.'96 | 0.888S | 36324 E 1751
Olkaria West | OLW | Nov.’96 — Apr.’97 | 0.886S | 36.264E 1780
Kilima Mbogo | KMO since Sep. 95 1.135S | 37.234E 1950
Kisumu MIL since Feb.”97 0.114S 34.751E 1140
Nyeri NYR since Apr.”97 0.429S 36.937E 1900
Sport STR 08705
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The Station OLK, which is located close to the Olkaria geothermal power plant (near
Naivasha), was installed in March 1995. The performance of this station was highly disturbed
by noise from the geothermal field. Therefore, as well as for improving the station distribution
of the network, the instrument was moved to the Mount Kenya region. There it is now
operating as a temporary installation in Nyeri (NYR). The final and permanent location for- -
this station is planned in Meru, north-east of Mount Kenya.

Up to now one MARS-88 system is operating at the campus of the University of Nairobi
(NAI), at the old WWSSN-site. There, also the IRIS/GEOFON system was running for a 9
month test phase. During the last 30 years the artificial noise of the growing city increased so
much that the running of a seismological station at this site nearly became useless. Therefore,
this instrument will soon be moved to LAN. The fifth and last available MARS-88 will be
installed at Kisumu/Lake Victoria in the near future.

The configuration of the University Network is restricted to the Rift Valley around Nairobi in
order to keep the cost and the time required for the maintenance of the stations low. Only
within the currently covered area it is possible to service the stations within one day of travel.
An extension of the network would be possible only by the use of modem stations.

3. DATA ACQUISITION AND PROCESSING

The acquisition and analysis of seismic data at the Nairobi data centre is a heterogeneous
process since the recordings of the IRIS/GEOFON instrument and the MARS-88 instruments
are in different binary formats. The IRIS/GEOFON station at Kilima Mbogo is connected by
radio telemetry to the data processing unit at the Geology Department where the data are
stored continuously on a hard-disk as well as on streamer-tape. For a fast overview of the
daily data, two 24-hours continuous analogue recordings of the vertical ground motion are
plotted, one for the short period and one of the long period data stream. Based on these
recordings time windows are determined which include seismic events. By using the
KERMIT program the data of these windows are transferred in ASCII format to a PC of the
data centre where they are controlled and prepared for a conversion into binary format. Via

Ethemnet the data are copied to the SUN workstation and converted into ISAM files and stored
in monthly directories for analysis.

Except NAI, which is running in continuous mode and viewed on a daily base, all other
MARS-88 stations are working on event-trigger mode. Their maintenance as well as changing
of the optical discs is done monthly. All data stored on the optical discs are downloaded at the
Department of Geology into a database on the SUN computer and viewed. The earthquake

recordings are converted into ISAM-format and also copied in the monthly directories as for
the IRIS/GEOFON data.

For the basic analysis of the seismograms the program XPITSA (Scherbaum and Johnson,
1994) is used. The arrival times of each event, the azimuth and the first motion at the vertical
Component are converted into Nordic format (Havskov and Lindholm, 1994) and transferred
into a SEISAN database which is used by all members of the ESARSWG.

For earthquake localisation the pick-files in Nordic format are copied into a SEISAN data
base. The SEISAN package contains a modified version of HYPOCENTER (Lienert et al.,
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1986) which can accept more phases, locate teleseismic events and use input in Nordic format
directly from the data base. This program can also locate with one station if P-arrival, S-
arrival and azimuth are given. This possibility is only utilised for events with epicentral
distances of less than 100 km to the recording station and if the determination of the first
ground motion at all three components is doubtless and corresponds with the direction of a- -
particle-motion diagram.

Since the crustal structure in the study area varies considerably several velocity models have
been tested by Kataka (1995), mainly based on the results of the KRISP experiments (KRISP
Working Party, 1991). As a good approximation for the study area he found a simple two
layer model with an upper layer of 14 km thickness and a P-wave velocity of V, = 6.2 knmy/s.
The second layer has a P-wave velocity of V, = 6.6 km/s and reaches down to the Moho at 37
km depth. For the upper mantle a velocity of V,= 8.1 km/s is given. The S-wave velocities are
calculated by using a V/V; ratio of 1.73.

For control purposes the local magnitudes are determined in two ways. First they are
computed from integrated horizontal traces within XPITSA which includes the formula of
Bakun and Joyner (1984). The second magnitude value is determined during the localisation
of the events. Therefore, the displacement amplitudes of the horizontal traces in nm are
entered into the database. The formula used to calculate the local magnitude is:

M, =a * log(amp) + b * log(dist) + ¢ * dist + d

where a (0.925), b (0.91), ¢ (0.00087), d (-1.31) are constants, amp is the maximum ground
amplitude (zero-peak) in nm and dist is the epicentral distance in km. The numbers given in
brackets with the constants are the values used by the ESARSWG members. In average the
local magnitudes calculated with XPITSA and with SEISAN do not differ more than 0.1.
However, further works to improve the magnitude determination as well as the localisation
model for Kenya are in progress.

Many of these results are preliminary. For the final solutions additional information from the
other members of the ESARSWG, which are meeting twice a year, are included. Thus it is
possible also to locate earthquakes outside the Nairobi Network with reliable results.

4. SEISMIC ACTIVITY IN KENYA AND ADJACENT AREAS

In order to give an idea about the seismic activity in the area of the Universit}{ Networ.k all
earthquakes, localised between October 1993 and August 1996 and groupeq in magmtude
classes ranging from M; <2 to M, <5, have been depicted in Fig.2. During thl§ time interval
435 earthquakes out of more than 2000 could be located in the study area, which covers the
region from 1°N to 4°S and from 33°E to 39°E. Since the arrival times of the ESARSWQ
network were available for the whole period also a number of events outside the Nairobi
Network could be located with reliable results.

Fig. 2 clearly shows three regions of prominent seismicity. First, the Rift Valley between
Nakuru and its extension into northern Tanzania, second the region north, north-ez}st and east
of Mt. Kilimanjaro and third, Western Kenya and Lake Victoria regiop around Kisumu. The
occurrence of a large number of small earthquakes (M, < 3) in the Rift Valley and near the
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station Kibwezi can be explained by the distribution of the seismic stations used for the
localisation of the earthquakes.
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Fig. 2: The seismicity in Kenya between October 1993 and August 1996. The 435 earthquakes
shown in the study area are grouped in different magnitude classes.

On the whole, the seismicity in Kenya can be characterised as moderate. Nevertheless, the
earthquake activity has to be monitored continuously because on the one hand, stronger
carthquakes have occured from time to time and on the other hand, its detailed investigation is
of high interest from a scientific point of view.
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SEISMIC DATA ACQUISITION AND ANALYSIS

Michael Baumbach

GeoForschungsZentrum Potsdam, Division 2: Solid Earth Physics and Disaster Research,

Lecture presented at the Advanced Study Course on Seismic Risk (.SERINA®)
September 21-27, 1997, Thessaloniki, Greece

1. THE RECORDING SYSTEM

Time series recorded by seismic stations depend on the source mechanism of the earthquake
considered, on the velocity and attenuation structure of the propagation medium and on the
recording system used. Additionally, they might be superimposed by ambient seismic noise.
The recording system includes the seismometer and the data recorder. When we try to derive
information about the earthquake source, the Earth structure, or local site effects we have to
be aware, that the results may be affected by the recording system. One has to know, therefore,
the basic properties of the recording system in order to correct the recorded time series or the
derived source or medium parameters accordingly.

The first part of the lecture deals with the seismometer and the different techniques used for
digitising the analogue output signal of the seismometer. Further, methods for estimating the
quality of recording systems are described.

1.1 The Seismometer

In order to understand how the recorded signal can be

related to the ground motion we analyse the equation
of motion of a vertical pendulum seismometer /\
(figure. 1). |

Its equation of motion is:

kx+Dx+m(x+y)=0 (1)
x - displacement of the suspended X
mass relative to the ground

y - displacement of the ground

(true ground motion)
k - spring constant
D - friction coefficient Y

m - suspended mass

When applying the Fourier transform to equation (1)
we get Fig. 1: Pendulum seismometer

without transducer
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X(w) = Y(w) o’ /(w)’ +2ihow,-0°) =Y(0) T(o) (2)

with ®, = k/m ay =2 1 f, - angular eigenfrequency of the scismometer
and h =D/(Zmay) - damping constant

The expression
T(w) =0’/(@’+2ihow-0°) (3)

is denoted as frequency response function and its inverse Fourier transform as impulse
response function of the system. Indeed, a Delta impulse 8(0) has a flat spectrum 6(m)= 1.
Therefore, the inverse Fourier transform of (2 ) gives the response of the seismometer to an
impulse input. According to ( 2 ) the seismometer output can be calculated either by
multiplying the ground motion spectrum with the frequency response function and subsequent
Fourier transformation of X() into the time domain or by convolving the ground
displacement y(t) with the impulse response function T(t), i.e. x(t) = y(t) * T(t).

The general shape of the frequency response of a seismometer can be derived from ( 3 ): at
small frequencies ( ® << ®,) the response is proportional to o', at high frequencies ( ® >> wp)
the response is -1. The behaviour in the vicinity of the eigen- or corner frequency ¢ depends
strongly on the seismometer damping constant h.

The motion of the pendulum can be measured by a capacitive or inductive transducer. In case
of a capacitive transducer the measured voltage is proportional to the displacement of the
suspended mass. In case of an inductive transducer a coil, connected to the seismometer mass,
is moving through a permanent magnetic field. The induced voltage is proportional to the
velocity of the seismometer mass. This introduces an additional i® in the numerator of the
seismometer frequency response function. Further, the generator constant G of the
seismometer coil has to be taken into account. The transducer resists to the motion of the
seismometer mass and therefore changes the damping constant h. For an electromagnetic
sensor, we finally get the frequency response function

T(w) =G i@ /(wf +2ih@wy-& ) (4)
log A
[Qy >
log ® log log ®
Displacement seismometer ~ Velocity seismometer Accelerometer

Fig.2: Response curves for different seismometer types, A: displacement amplitude
: angular frequency
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Usually, the damping constant h is set to 0.7. For h 2 | the pendulum returns to the resting
state (zero position) after initial elongation (release test, zero initial velocity) without
oscillations (h = 1: critical damping ).

Figure 2 shows the frequency response curves of displacement and velocity seismometers and. .
an accelerometer. Below the corner frequency a displacement seismometer records
acceleration. Therefore, accelerometers usually consist of sensors with high eigenfrequencies
(e.g. 60-100 Hz).

Equation 3 is a specific example for the calculation of the system response of general linear
time invariant systems, which will be described by linear differential equations (Scherbaum,
1994). The general expression for the frequency response function of such a systems is:

(ia)—Z/)(ia)-Zz)(iCD-Z;)---(iw- Zm)
T(w) = C (5)
(iw-p)(iw-p)(iw-p;). . Aiw-p, )

where C is a constant and p; and z; are the so called poles and zeros of the system. They
are complex numbers and describe the system completely.

The poles and zeros of equation (3 ) are

P/,2=(-hw0,iw0\/(]'h2)) 21,23 =(0,0). (6)

1.2 Digital data recorder

sampling frequency f; . Otherwise, the sampling process would map this energy into the
frequency band frpm 0 to f, and distort the digitised time series. Therefore, anti-alias filtering

what means, that a significant portion of the frequency range is lost or jts spectral amplitudes
being distorted.

Over the last years the dynamic range of the analogue to digital converters has been

permanently improved. Nowadays, 24 bit converters are becoming a standard, although there

DR = 2010g(A,,W/A,,,,-,,)=20(n-I) log2 =~6(n-1). (7)

n is'the number of bits of the AD-converter and -1 takes into account
storing the sign of the sample.
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Methods for increasing the dynamic range of AD-converters

I. Gain ranging

Gain ranging AD-converters sample the same analogue signal from different channels with. .
amplifications differing by i = 2"V (k - integer constant, V is the voltage corresponding to |
count at the lowest amplification). The sample to be stored will be selected by a logic unit
from the AD-board that has the highest amplification and is not yet off-scale. The data are
usually stored in gain ranging format which consists of the mantissa m (output of the
converter) and an exponent n of i which shows the gain amplification. The amplitude in
counts can then be derived as

A=mi". (8)

Other more recent gain ranging systems use instead of AD-boards with different
preamplifiers one single programmable preamplifier which checks the input voltage of the
AD-converter and reduces, if required, the preamplification. It should be underlined, that the
use of gain ranging AD-converters increases the dynamic range but decreases the internal
resolution (larger amplitude steps for greater amplitudes compared with smaller ones).

PN

ADC 3 -
analogue muli | T loic unit digital
input channel 9 output

amplifier ™~~~ apc2 }—

N V7

Fig. 3: Schema of a gain ranging ADC

2. Oversampling

Oversampling means, that the primary sampling rate is larger than the final sz.lmpling rate
desired. The method (Oppenheim and Schafer, 1989) is based on the assumption, thgt the
quantization noise has a variance that is independent of the sampling rate. This is true if the
quantization noise has a probability density function which is flat between £ Q/ 2, where Q 1$
the quantization step. The variance of the quantization noise equals Q 2/ 12. When applymg
the Parseval theorem, which states that the energy in the time domain equals the energy m'the
frequency domain, we get for two different Nyquist frequencies f, and f; and a given time
series of quantization noise
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Fig. 4: Principle of oversampling

N and N; are the spectral noise amplitudes for Nyquist frequencies w=2nf, and w,=2nf,,
N;" and N," are the complex conjugates of N1 and N2. The time integral does not depend on
the sampling rate and therefore on the Nyquist frequency. This results in a different spectral
noise amplitude N(w) for different Nyquist frequencies ®; and ;.

INNZINSL = V (f/f)) (10)

Digital lowpass filtering of an oversampled time series with full floating point accuracy
(decimation filter) and subsequent resampling with a lower sampling rate decreases the noise
level by ¥ (f,/ f,) and therefore increases the dynamic range of the recording system. For
example, a recording system with an oversampling ratio f , / f, of 16 (PDAS-100,

TELEDYNE Geotech) increases the dynamic range by a factor of 4 what corresponds to an
enhancement of the number of bits by 2.

1.3 Properties of modern recording systems

There are several seismic recorders with different parameters on the market. When selecting a
recorder for a specific purpose one has to check what system has the optimum parameters for

the data to be recorded. This chapter describes the most important parameters and shows, how
to derive them.
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I. Dynamic range

According to cquation 7 we have to {ind the the maximum and minimum signal amplitude for
computing the dynamic range of a data recorder. The maximum amplitude for the given
recorder can be simply derived from its clipping level in counts. The minimum amplitude of a .
setsmic signal that can be identified in a record depends on the eigennoise of the recorder in
counts. A comparison of sinus oscillations with difterent amplitudes (model of a seismic
trace) superimposed by normally distributed noise with standard deviation ¢ (eigennoise of
the recording system) shows, that a seismic signal can be detected starting from an amplitude
of V2 6 = 1.4 ¢ (figure 5), which is assumed as minimum amplitude for the computation of
the dynamic range of the recorder (DR=20 log (Anax/Amin) in db).

For checking the dynamic range in the frequency domain we have to compare the spectra of
the sinus signal and the noise. For the transformation into the frequency domain we use the
discrete Fourier series. The length of the time series was selected as a multiple of the period of
the test signal. In this case the sinus test function is orthogonal to all basis functions so that
only one Fourier coefficient describes the test signal in the frequency domain. In order to
compare the noise and signal parameters we apply the Parseval theorem to the given time
series f; . In order to get power instead of energy we divide the equation by the length of the
time series T.

N N/2
N'Xf? =¥ XIF,N? (11)
i=1 k=1

N is the number of samples f; and Fy are the complex Fourier coefficients.
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Fig. 5: Synthetically generated noise (¢ = 3.6, typical for a REFTEK 72A07 Recorder) w.ith
superimposed sinus oscillations of difterent amplitudes (left) and correspondm.g
spectrum for noise and sinus oscillations with amplitude of 1.4 ¢. The spectru.m is
displayed in db relative to the clipping amplitude of the recorder (0 db). The single
peak in the spectrum is due to the sinus test signal.

Scientific Technical Report STR 98/05 73

DOI: 10.2312/GFZ.b103-98055
GeoForschungsZentrum Potsdam




The ratio of the power of the noise n to the power of the sinus signal s; = Ag sin(® t; ) can be
derived in the time and frequency domain as

N N N
nit/Xs? =206 /A% and  XIR,1 /A (12)-.
i=1 i=1 =1

respectively. R; are the Fourier coefficients of noise. For the assumed minimum signal
amplitude of Ay=1406~vV20 we get, that the signal power equals the noise power. From
(12) we conclude, that the amplitude of the minimum detectable seismic signal can be
computed simply from the noise spectrum:

Ao = V(X IR P) (13)

Expression (13) shows, that there is a simple way to compute the dynamic range of a
recording system from the spectrum of the eigennoise and the clipping amplitude in counts.

DR =201log (Aup/ V(X IR,1?) (14)

Figure 5 displays the minimum spectral amplitude calculated according to (13) as a solid
line at -122db. It well agrees with the spectrum peak, caused by the minimum detectable sinus
signal. When using the spectral noise level as the minimum spectral amplitude one would
significantly overestimate the dynamic range (e.g. by 30 db for the given example according to
figure 5). All tests were done with a sampling frequency of 100 Hz. One has to keep in mind
that the dynamic range changes with sampling frequency for recorders with oversampling.

2. Recorder noise

The eigennoise of the recorder has to be measured with shorted input. For a given AD-
converter the usable dynamic range depends on the standard deviation of the eigennoise
measured in units of counts. Three high gain recorders were tested:

- REFTEK 72A07, Refraction Technology, 24 bit AD-Converter
- PDASI00, TELEDYNE Geotech, 16 bit ADC, gain ranging, oversampling
- MARSSS Lennartz Electronic, 16 bit ADC, oversampling.

The standard deviation of the noise ranges between 1.2 and 22.1 counts, what corresponds to a
difference of about 4 bits. Figure 6 shows the noise spectrum and the distribution of noise
amplitudes. The least significant bit was best selected for the MARSSS. in order to get the
highest dynamic range for the given system.

Some recorders for temporary field installations are optimised for low power consumption
(REFTEK 72A07). This may result in a step-like baseline shift if external devices (hard disk,
GPS) are temporarily switched on. Further, temperature changes may cause a low frequency
base line drift. These effects introduce additional noise.
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Fig. 6: Spectra of recorder noise for shorted input. usable dynamic range and amplitude
distribution of noise samples, ¢ — standard deviation of noise in counts.

3. Resolution

Recorders without gain ranging do not show resolution changes for different amplitudes (no
change of quantization step). Figure 7 shows the spectra of two records with a 4 Hz- sinus
signal and amplitudes close to the clipping level and 60 db below the clipping level,
respectively. The overtones are due to the limited stability of the sinus generator. Remarkable
is the different noise level. Although the MARSS8 uses oversampling (no gain ranging ADC),
the resolution decreases as a result of storing the data in a gain ranging format. The data
quantization step therefore increases with amplitude and decreases the system resolution, what
results in a higher noise level for signals with large amplitudes (30 db for the given example).
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4. Anti-alias filter

In modern high gain seismic recorders are usually lincar phase finite impulse response (FIR)
filters implemented (Scherbaum and Bouin, 1997a). They arc used as digital anti-alias filters
and sampling noise decimation filters for recorders using the oversampling technique. They- .
are very steep stable filters and expand the usable frequency range up to 80% of the Nyquist
frequency f, in contrast to analogue filters which have a passband approximately up to 30% of
f,. Analogue filters are always causal filters and cause a phase distorsion of the input signal
within the passband of the filter. Linear phase filters pass signals within the passband
undistorted, except for a constant time shift. A filter which additionally corrects this time shift
is called zero phase filter. These filters are acausal and produce oscillations before the onset
approximately with the Nyquist frequency. This is a result of the two-sided impulse response
of the linear or zero phase filters. Figure 8 shows records of step and impulse functions with
remarkable precursory signals. In case of seismic records they might be misinterpreted as
earlier arrivals. In general, onset times picked from linear or zero phase filtered traces will be
always too early.

Zero phase filters are implemented in most high gain recorders (QUANTERRA, REFTEK,
MARS, PDAS, ORION). There is one strong motion recorder on the market (ALTUS K2
from Kinemetrics) with a linear phase filter which produces a time shift, depending on the
sampling rate: shift of 0.38 sec for 100 Hz, 0.156 sec for 250 Hz. This shift has to be taken
into account when data of different recorder types are processed and analysed together. The
acausal effects can be removed by post filtration (Scherbaum,1997a). For some recorders the
corresponding programs can be requested (Scherbaum, 1997b).

2. SEISMOMETER SIMULATION

For the estimation of some seismological parameters (e.g. arrival times, amplitudes, periods)
records with a specific seismometer response are more suitable or even required to make them
comparable with related readings from standardized seismic networks (e.g. WWSSN stations).
Further, the estimation of source parameters of earthquakes in the time domain requires the
simulation of a broadband displacement record.

Figure 9 shows the displacement spectrum of a vertical component P-wave of an M=5.8
rockburst (Teutschenthal, Germany) as derived from a velocity broadband record at station
TNS of the German Regional Seismograph Network (GRSN). The source spectrum, corrected
for wave propagation effects, shows the typical shape: at low frequencies a constant amp]itudcz
and at high frequencies an " decay. The high frequency decay usually ranges between "
and ®™. The seismic moment My = [ AD( it - shear modulus, A - area of the rupture
plane,T) average static dislocation) can be derived in the frequency domain from the low-
frequency amplitude level (@ = 0) of the P- or S-wave or in the time domain from the P- or S-
displacement integral. Additionally, the corner frequency of the P- or S-wave spectrum
(figure 9: 1.5 Hz for P) or the duration of the P- or S-pulse in the time domain allow to
estimate the size of the rupture plane. Figure 9 displays a noise spectrum in addition to the P-
wave ground motion spectrum. At a frequency of 0.1 Hz the noise spectrum exceeds the P-
spectrum. In the given case, for f <0.15Hz no signal can be recovered from the recorq because
of the high noise level. The usable frequency range increases with increasing magnitude and
decreasing epicentral distance.
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Fig. 9: Source spectrum of a P-wave record (rockburst) and related noise spectrum

Simulation theory starts with the Laplace transform L which transforms the time function f (t)

into a function of the complex variable s =6 + i @ (for complete theory see Plesinger et al.,
1996)

+ oo

L(f(t))=F(s)= [f(t)e " dr (15)

As physical model linear time invariant systems (LTI) are adopted. They can be described by a
differential equation of the general form (14) with x as input- and y as output (see equation 1
as example)

M
Z bm y =

m=0 n

N
Y a,x™ (16)
=0

(m) and (n) denote the m-th or n-th derivative. The ratio of the Laplace transform of the out-
put signal to the Laplace transform of the input signal gives the system transfer function H(s).

N N
Za,s" H(s-2z,)
n=240 n=10
H(s)="y =C Ty (17)
2:Ibm S’" H(S 'pm)

m=10 m=0

z, and py , the roots of the numerator and denominator are called zeros and poles of the

transfer function, respectively. When replacing s by i ® we get the Fourier spectrum of the
transfer function (compare with equation 5).
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A practical example is the transfer function of a seismometer ( 3 ) as derived above. For
deriving a stmulation filter H(s) one has to divide the transfer function V(s) of the desired
seismometer by that of the seismometer, which was used for recording, U(s)

H(s)=V(s)/ U(s) (18).

and check the result for stability. According to Plesinger et al. (1996) a transfer function is
stable, if

- the number of zeros is less than or equal to the number of poles

- there are no pure imaginary poles or poles at the origin of the co-ordinate system

- the real part of all poles is negative

- both complex poles and zeros occur in conjugate pairs.

There are different methods of transition from a continuous to a sampled record. One of them
is the bilinear Z-transform

2 z-1
s= —

At z+ 1,

At is the sampling interval, z is a complex variable. ( /9)

When replacing s according to (19) in the transfer function H(s), derived for seismometer
simulation according to (18), we get an expression like

-n

-1 -2
V*(z) co+crz v+ .+ 2

* = = 20
H*(z) U*(z) T+diz' +dyz? 4. .. +duz™ (20)

¢ ; and d ; are real numbers, V¥(z), U*(z), and H*(z) are the bilinear Z-transforms of the
transfer functions of the seismometer to be simulated, as well as of the seismometer which
was used for recordings and of the simulation filter. The shifting theorem of the Z-transform

WH(z)z* = wi (21)
states, that the multiplication of a Z-transform with z * results in a time shift of the corres-
ponding discrete time series wy by k samples. The application of this shifting theorem (21)
converts equation (20) into a difference equation

v = coup+cru+ ¥ .. A Cuttin-diveg + dovia+ ... +dyvim. (22)

(22) is the equation of an ARMA-filter (auto regressive moving average filter): The new
filtered sample is computed from the weighted average of the current and the last n samples of
the original time series u; and the last m samples of the filtered time series vi. Such type of
filter is rather easy to program.

The bilinear Z-transform produces non-linear distortions of the frequency scale. By
prewarping (inverse predistortion) the corner frequencies ®; of the seismometers or filters
using the formula (23) this effect can be corrected.

2
w, = —tan( At w;/2) At is the sampling interval (23 )

At
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The simulation can be stabilised by limiting the frequency range to the one within which. the
simulation is exact. This bandwidth depends on the noise level and on the steepness of the
simulation filter. There is a complete software package for simulation filtering available
(PREPROC, Plesinger et al., 1996)
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Fig. 10: Simulated records of a seismometer with an eigenperiod of 5 sec derived from
records of a GRSN broadband station (200 sec)(upper left) and 2 short period
(1 sec) stations left and right below. A primary record of the same event from a

station with an intermediate period seismometer (5sec) is shown for com-
parison (upper right).

Figure 10 shows a quarry blast , recorded by 4 different systems at the same location:

I. permanent station MOX, German Regional Seismograph Network, seismometer STS2
(T=100 sec), recorder: Quanterra

2. field stations: MARSS88, seismometer LE-3D (T=5sec)

PDAS 100, L4-3-D (T=1sec)

REFTEK 72A07 L4-3-D (T=1sec).
For comparison the STS2 and L4-3-D-records were transformed into a record of a LE-3D
seismometer (T=5sec). The simulated records do not show any remarkable difference.

Figure 11 shows records of an Mb=6.4 Alaska earthquake (13.5.1993) from a virtual velocity
seismometer with an eigenperiod of 20 sec (damping: 0.7 of critical), derived from a
broadband record (left: German Regional Seismograph Network, station BRG, seismometer
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Fig. 11: Comparison of two simulations of intermediatc period scismometer records (cigen-
period 20 sec) derived from records of a broadband (200 sec),(left) and a short period
(1 sec) seismometer (right), respectively. (Alaska earthquake, 13.5.1993, Mb=6.4)
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STS2, T = 200 sec) and from a PDAS-recorder, equipped with a short period secismometer
(right: Mark L4-3-D, T = Iscc). This example shows, that at Icast for the vertical component a
good short-period seismometer can be used for simulating intermediate period records. The
horizontal components of a MARK L4-3-D seismometer arc mechanically less stable than the
vertical component. This results in a higher noisc level compared with the vertical component.
The simulation of seismometers becomes important, when in the course of large projects
different seismometers and data loggers are used together and the scientific objectives require
a uniform station response. Further. parameter estimations in routine seismological analysis
have to be derived from seismometers with internationally agreed dedicated response curves
which remain unchanged over long time spans.

3. COMPARISON OF RECORDED AND SYNTHETIC SEISMOGRAMS

The normal way of deriving models of the earth structure is to extract arrival time, period and
amplitude information from seismograms in order to use these data in inversion procedures
(e.g. derivation of velocity models from travel time data). Waveform methods, which fit
theoretical seismograms to records are usually limited to low frequencies and small velocity
perturbations because of the problem to find analytical solutions for heterogeneous media with
large velocity contrasts. Further, one should have rather dense station networks. The standard
nowadays for calculating theoretical seismograms for local earthquakes is a horizontally
layered velocity model. Programs based on the original Thompson-Haskell matrix method
show instabilities at high frequencies. Wang (1997) derived a new stabilisation method which
allows fast and correct computation of high frequency seismograms for point sources with a
given source mechanism. This method was applied to aftershock records of the Mb=6