- e o o m  om o =

GEOFORSCHUNGSZENTRUM PorTsoam

STIFTUNG DES OFFENTLICHEN RECHTS

Scientific Technical Report

ISSN 1610-0956

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132
GeoForschungsZentrum Potsdam



GEOFORSCHUNGSZENTRUM PorTsoam

STIFTUNG DES OFFENTLICHEN RECHTS

Peter Bormann (Editor)

\ International
Training Course 1999 on

Seismology

Seismic Hazard Assessment
and Risk Mitigation

Lecture and exercise notes

Volume |

Scientific Technical Report STR99/13

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132
GeoForschungsZentrum Potsdam



Imprint
Edited by:

Peter Bormann
GeoForschungsZentrum Potsdam
Telegrafenberg

D-14473 Potsdam, Germany

Printed in Potsdam, Germany
August 1999

The International Training

Course on "Seismology, Seismic Hazard
Assessment and Risk Mitigation" was
held in Beijing, China

26 September to 30 October, 1999

It was sponsored by:

® GeoForschungsZentrum
Potsdam (GFZ)

® China Seismological Bureau
(CSB)

® Federal Foreign Office (AA), Bonn

® Federal Ministry of Economical
Co-Operation and Development
(BMZ), Bonn

® Carl Duisberg Geselischaft (CDG),
Regional Office of the State of
Brandenburg in Berlin

® Secretariat of the International
Decade for Natural Disaster
Reduction (IDNDR), Geneva

® United Nations Educational, Scientific
and Cultural Organization (UNESCO),
Paris

® international Association of Seismology and
Physics of the Earth’s Interior (IASPE})

Scientific Technical Report STR 99/13

1: 10.2312/GFZ.b103-99132
o0 GeoForschungsZentrum Potsdam



Lecture and exercise notes, Volume |

International
Training Course 1999

on

Seismology, Seismic Hazard Assessment
and Risk Mitigation

Beijing, China, 26 September to 30 October

jointly organized by
GeoForschungsZentrum Potsdam (GFZ)
China Seismological Bureau (CSB)

Supported by
Carl Duisberg Gesellschaft (CDG)

co-sponsored by
AA (Bonn), BMZ (Bonn), CDG (Berlin), IASPE]I,
IDNDR Secretariat (Geneva), UNESCO (Paris)

Peter Bormann
Editor

Scientific Technical Report STR99/13

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132
GeoForschungsZentrum Potsdam



CONTENTS

Foreword by the editor

1. Basics of seismometry, seismic data acquisition and exchange

Fundamentals of seismometry

Constructing response curves - an introduction to the

Bode-diagram

Exercise on plotting seismograph response (Bode-
diagram)

Exercise on estimating seismometer parameters by
STEP transition

Calibration by harmonic drive

Influence of the frequency characteristic of the
seismograph on its seismic recordings

Principles of acquisition, handling and storage of
digital seismological data

Seismic data acquisition and analysis

Demonstration of different digital data acquisition
systems together with seismometers for mobile and

stationary use - strong-motion recordings and display

of the collected data

Trends and requirements in strong-motion data
acquisition, management analysis and exchange

Data processing and analysis for strong-motion
accelerograms

Understanding and setting STA/LTA trigger
algorithm and associated parameters

WCDs and access to data sources via Internet and
CD-ROM

How to retrieve data from IRIS / USGS stations

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132 i

Ch. Teupser T

J. Bribach

J. Bribach

J. Bribach

Ch. Teupser T

P. Bormann

J. Bribach

M. Baumbach

Zhang Wenbo

Lilie Xie

Lilie Xie

Zhao Zhonghe

S. Mc Lafferty

GeoForschungsZentrum Potsdam

Page

18

25

26

31

32

40

57

77

87

96

114

136

148



2. Seismic stations and networks: Planning, site selection, installation and
operation

Seismic network, planning, procurement, installation, A. Trnkoczy 158
organisation and tuning

Seismic site quality and selection of surface seismic ~ A. Trokoczy 195
stations P. Bormann

Surface vault seismic station preparation A. Trnkoczy 215
Radio-link transmission of seismic data and feasibility A. Trnkoczy 232
study

Bandwidth-dependent transformation of noise data P. Bormann 244

from spectral into time domain and vice versa
Part I: Introduction and methodology

Bandwidth-dependent transformation of noise data P. Bormann 251

from spectral into time domain and vice versa
Part IT: Exercises and solutions

3. Seismic sources and source parameters

Introduction to seismic sources and source parameters P. Bormann, 254
H. Grosser

Magnitude of seismic events P. Bormann 271

Seismic scaling relations P. Bormann 316

Determination of fault plane solutions M. Baumbach, 331
P. Bormann

4. Seismological observatory practice: Analysis of records

Identification and analysis of longitudinal core P. Bormann, 346

phases: Requirements and guidelines S. Wendt

Exercise on local event localisation P. Bormann, 367
M. Baumbach,

K. Wylegalla

Exercise on 3 - component seismogram interpretation P. Bormann, 372
K. Wylegalla

Exercise on magnitude determination P. Bormann, 377
K. Wylegalla
Scientific Technical Report STR 99/13

DOI: 10.2312/GFZ.b103-99132
il GeoForschungsZentrum Potsdam



Exercises on event location and magnitude S. Wendt, 381

determination by means of seismic core phases P. Bormann
Exercise on fault-plane solution M. Baumbach, 388
P. Bormann
H. Grosser
Exercise on take-off angle calculations P. Bormann 395
Exercise on the determination of source parameters M. Baumbach, 401
derived from seismic spectra P. Bormann
"SEISAN" introductory training course J. Havskov, 407

L. Ottemoller

SEIS 89: A PC-tool for seismogram analysis M. Baumbach 423

5. Seismicity, seismic hazard, risk assessment and disaster manasement

Introduction to natural disasters and disaster P. Bormann 453
mitigation
Seismicity and seismotectonics in Asia Zhang Peizhen, 482
Chen Yong
Seismic hazards in Asia: What do we know after Chen Yong, 492
GSHAP ? What remains to be done ? Li Juan
Earthquakes in China: A brief introduction Z.L. Wu, 509
Y.-T. Chen,
R.F.Liu
Macroseismic and strong-motion parameters G. Griinthal 521
Methodology of seismic hazard assessment G. Griinthal 538
Exercise on assigning seismic intensities G. Griinthal 544
Exercise on incompleteness of a catalogue with G. Griinthal 547

respect to the determination of the parameters of the
Gutenberg-Richter relation

Exercise on the determination of the parameters of the G. Griinthal 548
Gutenberg-Richter relation log N=a - b'm

Exercise on earthquake occurrence in time (Poisson  G. Griinthal 550
distribution)

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132
Hi GeoForschungsZentrum Potsdam



Exercise on the application of extreme value statistics G. Griinthal

Exercise on seismic hazard assessment: a simplified
approach

Exercise on PC assisted hazard assessment

Approaches to seismic hazard assessment in China:
Methodology.

Part I: Assessment of seismic hazard based on area
source and seismicity data

Approaches to seismic hazard assessment in China:
Methodology.

Part II: Analysis of earthquake loss based on
macroeconomic indicators

Introduction to CAPSeis

PC assisted exercises in seismic hazard assessment
based on data from the countries of participants
Seismic risk assessment and disaster management

Method on physical damage prediction of brick
buildings

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132

G. Griinthal,
Ch. Bosse

Ch. Bosse,
G. Griinthal

Chen Yong

Chen Yong,
Chen Qifu

Li Minfeng,
Li Shenggiang

Chen Yong,
Chen Qifu,
Chen Ling

Yuxian Hu

Feng Quimin

GeoForschungsZentrum Potsdam

551

552

553

555

568

581

585

594

666



Foreword by the editor

The International Training Courses on “Seismology and Seismic Hazard Assessment" are
organised by the Division of Solid Earth Physics and Disaster Research of the
GeoForschungsZentrum Potsdam (GFZ), Germany, every second year in co-operation with
hosting institutions in developing regions. The German lecturers co-operate closely with
experts invited from both advanced industrial nations and developing countries. While the
basic tutorial lectures and exercises on fundamentals of seismometry, seismic data acquisition
and analysis as well as on earthquake source processes, statistics, hazard assessment and
microzonation are covered by lecturers from Germany, France, Norway, Slovenia/Switzerland
and sometimes also Japan and USA, lecturers from developing countries contribute their
special regional expertise. Special thanks to all sponsors who render these courses possible.

The contents and approach of the courses have been constantly adapted to changing needs,
conditions and expertise available in earthquake prone developing regions. E.g., during the
course in 1993 at the University of Roorkee, India, local experts covered the lectures on
regional seismotectonics and earthquake monitoring as well as aspects of earthquake
engineering. When the Instituto Nicaragiiense de Estudios Territoriales (INETER) invited the
course to be run in 1995 in Managua to the benefit of participants from Latin American and
the Caribbean countries it became clear, that besides problems of earthquake seismology
those related to volcano and tsunami monitoring and warning had to be covered too.
Accordingly, experts from Colombia, Costa Rica, Mexico, Nicaragua and Japan were invited
to cover these aspects besides the topics related to regional tectonics, seismic hazard and risk.
As an extra asset the nearby volcano Cerro Negro erupted fiercely in the middle of the course
and provided a unique opportunity for close-up field inspections and demonstrations of
effective seismological volcano monitoring. Similarly, geoscientists and earthquake engineers
from Algeria, Ethiopia, Kenya, South Africa and Zimbabwe were involved when the course
was run in 1997 in Kenya on the invitation of the University of Nairobi.

This year, having been invited by the China Seismological Bureau to run a course for
participants from Asian and Pacific countries in Beijing, we can benefit from the vast
experience of Chinese experts in seismology and earthquake engineering. Thus, for the first
time, extensive lectures related to vulnerability assessment, risk evaluation and disaster
management are on the course agenda. They are complemented by field excursions into the
Tangshan area where the most devastating earthquake of this century occurred in 1976. The
participant will also benefit from extensive demonstrations of China’s achievements in
earthquake monitoring and analysis as well as in instrument design and manufacturing.
Accordingly, a new lecture material had to be produced with many contributions from both
Chinese and German instructors which appear for the first time in the course volumes.

With this flexible approach and constant up-dating of the course contents we hope to make a
valuable contribution to the development of needed expertise and self-reliance in developing
countries and to lay a solid and stimulating foundation, both in scientific and human terms,
for closer regional and global co-operation. In this context we should be aware that natural
phenomena causing disasters to man do not observe political borders. They also completely
ignore our religious, social or other quarrels and misconceptions. A deeper understanding of
our still living planet Earth and thus improved response to its phenomena with hazard
potential to man requires the pooling of all human intellectual, scientific, spiritual and
economic-technical resources. Therefore, we have only the choice to either live in harmony
and co-operatively with nature and each other on a regional and global scale or to perish.
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What is applicable between nations is valid on a smaller scale within nations and communities
as well. Often we forget that our own contribution to the tackling of pressing problems can be
only very limited even when it is based on the best motivation and specialised expertise.
Problems of disasters prevention and mitigation, as most other problems affecting a whole
society, are much to complex as to be handled successfully by specialists alone. On the other
hand even the most honourable decisions of politicians or other generalists will be in vain or
counterproductive if they are not based on solid scientific-technical and sociological expertise
and social responsibility.

The training course aims at developing interdisciplinary problem understanding and sensitive
"interfaces" towards other disciplines. This will help you in critically assessing the limits of
your knowledge with respect to the problems to be tackled, to better judge whom you have to
consult, with whom you have to co-operate and where you have more courageously to
interfere in order to bring your specialised knowledge better into play to the benefit of your
country and community (cf. Fig. 13 in the lecture Introduction to natural disasters and
disaster mitigation). This also requires to develop a mutually understandable language, to be
able to translate our expert "slang" into words which make sense to other people as well, both
to the ordinary public and to have to use of your results in their own specialised fields of
activities but also to ordinary public. The training course strives to make a contribution in this
respect too. Therefore, be inquisitive, do question any concept, statement, term, notion, fact or
formula which you do not understand !

We will focus on introducing you to the very fundamentals of seismological observatory
practice, as well as to seismic hazard, vulnerability and risk assessment, hopefully to an extent

. which will enable you to set up respective programs in your countries, if not yet available, or
to accomplish your related job more efficiently when coming home. And the course should
motivate you to follow-up the topics covered more thoroughly in future by consulting the
specialised literature. On more fancy subjects such as earthquake prediction research, which
are still far from being operational and yet forefront science, also from a sociological and
managerial point of view, will only brief you shortly. Our comments on these issues should
make you both curious and sober in your own decisions when setting priorities on why, when
and where to spent the limited human, financial and technical resources at your disposal in
investigating and combating geological disasters in your home countries.

Please note that several of our course lectures and exercises, complemented by many more
detailed information on a all aspects of seismological observatory practice will become part of
the New Manual of Seismological Observatory Practice of the International Association of
Seismology and Physics of the Earth Interior (IASPEI). This manual will also be developed,
step by step, during the next few years as an Internet home page which can be accessed via

http://www.seismo.com. This will enable us to update relevant information and instructions
easily.

Finally, I wish to express my sincere thanks to all colleagues who contributed to the new
course volumes with new or revised manuscripts and to Ms. Heike Gerighausen and Ms.
Angela Sachse who assisted me in the technical preparations for this publication.

Potsdam, 20 August 1999 Prof. Dr. Peter Bormann
Chairman of the training course
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FUNDAMENTALS OF SEISMOMETRY

Christian Teupser ¥

1. The mechanical receiver

B T T e R e e e

The most common procedure of measuring the ground motion is
to suspend a mass with a minimum of attachment to the earth
and depend upon its inertia to keep it fixed in position as
the earth moves. The simplest type of seismometer uses a
pendulum having only one degree of freedom. It is usually
designed to measure one component of ground motion especially
the translation in N-S, E-W or Z direction. Due to the
gravity different constructions are necesarry for the hori-
zontal and the vertical component.

The horizontal component consists in principle of a pendulum
swinging around a nearly vertical axis (Fig. 1)}, If the
inclination of the axis is the angle vy to the vertical, the
natural period will be ‘

- A
(1) Tg5 = 2m sin v

s 28

wherg 1 is the reduced pendulum length and g the accel-
eration due to gravity [TEUPSER and ULLMANN, 1964]. The

mgtion 9f such a pendulum can be described by the following
linear differential equation [TEUPSER, 1962]

2 2

(2) dn + 2D dan 2 1 ,d7x GS
2 so%s dat *Weh = T C5 el - i

at 1 dt2 , KS 5]
where Dso is the open damping, wg = EH/TS Athé natural
angular frquency, Gs the electrodynamic constant of the
magnet and coil assembly, Ks the inertial moment, and 7n the
angular deflection of the centre of mass. x is the ground

displacement in the direction of the free motion of pendulum,

L a 'small tilt against an axis perpendicular to the axis of
rotation through the centre of mass, and 1is the current in
the caoil.

The vertical motion can be detected by a pendulum swinging
about a horizontal axis. The pendulum is supported against
gravity by a helical spring fixed at the frame in A and at
the boom in B (Fig. 2). 1In order to obtain a long-period
seismograph with neglegible non-linear effects, the principle
of LaCOSTE [1934] is the best solution using a so-called
"zero-length’ spring. As the centre of mass is not generally
situated in the horizontal plan through the axis of rotation
{(e+0 ), the natural period of a pendulum will be

1 sin
Y ey
(3) T 2n g cos(y+e)
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where ist the angle between the ends of the spring [TEUP-
SER, UNTERREITMEIER, 1977]. The equation of motion is

2 1 2 Gg .
() $+2p 0w B+ = —I((gl;%+gﬁsins)—f§-15

where B is a small tilt about the axis of rotation. y is the
ground displacement in a direction inclined against the ver-
tical by the angle & . If € = 0, the pendulum is sensitive
about vertical motions only. This is the condition for an
exact vertical seismograph [MALISCHEWSKY et al., 1970]. If
E = 54.7°,a homogeneous triaxial equipment can be construct-
ed using three such inclined vertical pendulums.

2. The response of mechanical receiver

B R R

A pendulum with low damping responds to a forced oscil-
lation with an oscillation of the same period superposed by
the free oscillation of the pendulum with his own period Ts.
The unwanted free oscillation distorts the wanted forced one.
To make satisfactory use of pendulums in seismometry, it is
necessary to diminish the effects of +the transient free
oscillations. This will be obtained by introducing sufficient
damping, by which we mean any force opposing the pendu-
lum motion and increasing with its velocity. The ideal equip-
ment for this purpose is a magnet and coil assembly. As the
boom motion induces the voltage es = Gsdd/dt in the coil,
the current is will be

G
(5) iy = g £
S as

when the coil with the resistance Rs is terminated by Ras.
Neglecting tilts, the differential equation of a vertical or
horizontal seismograph is

2 2
d dd 2 1 dx
(6) £2 4 0pgw ¥, 4% = -1dx
dt2 s s dt s 1 dt2
where Ds is the total damping
&
(7) Dy = Dy, + 2w X (RS + R ) °

The differential equation (6) can be solved using the Laplace
transform
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X -8t
(8) F(s) = jf(t)e dat

(o}
where f(t) = 0 for t < 0. The inverse transform is given
by

+ joo

(9) £(t) = -2—1—-— } F(s)eStds .

T3 500

As the Laplace transform of the derivate fin) (t) equals
snF(s), the differential equation (6) becomes an algebraical
equation

) 2
(10) (82 + 205 + wD) 6(s) = - EK8)

s s s 1
where X(s) is the Laplace transform of the ground
displacement. If the deflection of the centre of intertia
1 & (t) is linearly magnified by mechanical, optical, or
electronic devices with the factor Vo , the recorded

amplitude a(t) is obtained using (6)

V. +]jo
(11) a(t) = V194 = 53 i US(S)X(s)eStds .
-Joo

The transfer function function of the mechanical receiver
U(s) included in (11) is

52

(12) U_(s) = .
s 2 2
s+ 2DSwss + wg

Let s = jw with denoting ® angular frequency, the Laplace
transform changes into the Fourier transform and the transfer
function (12) can be written

. | Jog(w)
(13) U (Gw) = Vg(we

where Ve( w) is the amplitude and ¢ _(w) the phase re-
sponse of the mechanical receiver 8

2

(14) V_(w) = - ,
J 2 252 222
(w wg)® + 4Dgwiw
2D w w
_ S S
(15) tamps(w) = 5= .
w - ws

Amplitude and phase responses for different dampings are
given in Fig. 3 and 4. If at t = 0 a harmonic ground motion
suddenly starts, the formulas (8) and (11) yield

wxo
(16) X(s8) = -
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and a(t) =

w -Dw t

(17) = -VoxoUs(w)[sin(wt-t- gos) - 53; e S8 sin(ﬁswst+l._'.s)]

where ﬁS = 1 - Dg

and sinf, = 2DSﬁSVS(w) .
As mentioned above the recorded motion consists of two terms,
a steady state one with the frequency of the forced motion
and negative exponential one, the so-called transient re-
sponse, with the frequency of the pendulum. The steady state
part is associated with the poles and zeros of Us(s) and
the transient one is obtained from the poles and zZeros of
X(s).

The amplitude and the phase angle of the forced motion is
given by the responses (14) and (15), respectively.
Neglecting the transient response, the mechanical receiver
can record the displacement, the velocity, and the accelera-
tion of ground motion in certain frequency intervals. These
three special cases are:

1. For w:?ws and 0.4 < Dg< 0.7 is V(w)~
The response of the selsmograph is proportlonal to the
displacement of the ground motion.

2. A beavy damping D_ > 1 gives Vg(w) ~w/2Dgwg in the range
wS/QDS <w< 2D w . The response is proport?onal to the

velocity of thé ground motion.

3. For w = wg and 0.4 <D < 0.7 is V (w)me/wg .
The response is proportional to the acceieration of the
ground motion.

3. The electromagnetic seismographs

In these instruments the coil of the mechanical receiver is
connected to a galvanometer through a network of resistances
(Fig. 5). The equation of motion of the galvanometer is

G
d dy 2. _ &

(18) a;%-+ 2D s & * we¥ = Kg i,

where ¢ is the angular deflection of the galvanometer. The
other values are defined like those of the mechanical re-
ceiver. As 1in the receiver coil a voltage eg = -Ggdy/dt
will be induced in the galvanometer coil opposite to the gal-
vanometer motion. In the theory of electromagnetic seismo-

graphs the transference factor kg and the coupling factor
o are defined as

(19) k, = %s%elts
B;g[ (R+Ry) (Rg+R2) + RB (Rs+Rg+R1 +R2)]
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k K

2 Dswngngs

It can be shown that the coupling factor describing the
galvanometer reaction lies between the limits 0 < 0o < 1.
[EATON, 1957 and TEUPSER, 1958]

Applying Kirchhoff’s laws for the coupling network (Fig. 5)
and the Laplace transform for eq. (6) and (18), the transfer
function of the elektromagnetic seismograph becomes

2mem33
(21) 7(s) =
2 2 2 2 22
(s +2Dswss+ws)(s +2Dgwgs+wg)— -4DSDngwgo s
where Dg is defined like Ds (eq. 7) and
(22) Dw, = Max(DSws Dgwg) .
If Lg is the optical lever arm of the galvanometer the

magnification factor will be defined as

(23) EEQ_IES.
23 v = .
o me m1

Neglecting the galvanometer reaction (o = 0), the amplitude
response W(w) and the phase angle o (w) are

2D w U U

(24) W) = —-E28,
- - L

(25) ¢ = @g* wg 5

Special tuning of the 4 parameters of the electromagnetic
seismograph, the two natural frequencies and the two
dampings, enables the registration of the integral, the dis-

placement, the velocity, the acceleration, and the third deri-

vate of ground motion. The conditions for this tuning and the
operating range is shown in Table 1. Va = VoW(w)/w® 1is the
magnification of the nth derivate of the ground motion in the
operating range. The schematic response curve are shown in
Fig. 6. Detailed theoretical treatment shows that any re-
sponse characteristic which includes the galvanometer can be
produced by the so-called equivalent parameters of the
mechanical receiver and the galvanometer [GRENET, COULOMB,
19351].
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4. The electronic seismographs

B A A R A A A A A B N B P P P B R R P B A A

The possibility to built up long-life electronic amplifiers
enables the installation of a new generation of seismological
instruments. The output of such a seismograph with
conventional moving-coil +transducer or displacement trans-
ducer delivers a high-level electronic signal suitable for
registration on magnetic tape or electronic data processing.

The signals of the transducers are led to combinations of
low-, band-, and high-pass filters. The transfer functions of
second-order low-pass are given by
(26) UL = 5 5

s” + ZDLst + Wy

those of band-pass filters by

2D WS
(27) Uy = -5 B”B 5
87 + 2DBwBs + wg

and those of high-pass filters by

S2
(28) Uy = 73 2 -
s- + 2DHst + wg

Such second—-order filters can be easily built up using opera-
tional amplifiers. Therefore, the transfer function of such a
seismograph is given by

(29) T(s) = Lo .

This function is described by the roots of the numerator, the
zeros of T(s), and the roots of the denominator D(s), the
poles of T(s).

Important new classes of seismograph can be constructed by

feeding the output signal into an auxiliary transducer
attached to the pendulum. In this way, the output signal
generates a force acting on the mass. If this feedback is

negative, the relativ motion between the seismometer boom and
the frame is reduced. This invokes the well-known general
properties of negative feedback systems, which are to improve
stability, linearity, and dynamic range as compared with open-—
loop systems using components of similar quality.

T?e schematic diagram of such a feedback seismograph shows
Fig. 7. The Laplace transform of the transfer function is

2
S
(30) Tp(8) = = Q‘(§>
s~ + 2Dswss + W+ kG(s)Q(s)
where Q{s) and G(s) are the transfer functions of the
transducer or the filter in the feedback loop, respectively.

SdmmmH%%E§RqS%§%%&%ﬂt filters in the feedback loop one can modify

poi: 10.28aberAxeegfier function. In general, the feedback is negative
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and the loop consists of a parallel connection of a low-pass,
a direct way, a one—stage high-pass, and a two-stage high-
pass [PLESINGER, 1973]

2.2
p w B w, S B wgs
(31)  a(s) = 204 p + 2L 3%H .
0 h s+2oszHs+wH
If there is only the direct way, the natural frequency will

be increased to

(32)  wl = 1/w§+kﬁ,] )

Such devices measure the acceleration for frequencies w < wg

and are called force-balance accelerometers [MELTON, 19761.
These in modern seismometry often mentioned force-balance
systems, therefore, sense the ground motion after the same

inertial principle explained above, but provide an additional
restoring force. The electric signal generating this force is
nearly proportional to ground acceleration and is used as
output signal. The precision to which the ground motion can
be measured is rised as in well-known potentiometric meters.

Using a low-pass the same effect will be obtained but only
for long periods. The co-called centering factor is [SUTTON
and LATHAM, 1969]

w2 + kf
(33) F = ___S___é_____(_)_ .

wS

A high-pass in the feedback loop increases the apparent damp-
ing of the pendulum. As shown above the seismograph acts as
a velocity meter. A more subtile benefit is that the elimina-
tion of dissipative elements from the electromechanical
system removes the primary source of Brownian motion of the
seismometer mass, and therefore opens the door to the devel-
opment of very small seismometers. A least, the second-stage
high-pass simulates an increasing of the inertial moment.
This lengthen the period and the range in which the seismo-
graph measure the displacement. Such a feedback must be
combined with velocity feedback because the increased inertia
requires more damping.

Looking again at the response of the feedback seismograph one
can see that it is controlled entirely by the feedback net-
work if the last term in the denominator dominates the other
ones. In this case the response is independent of the para-
meters of the mechanical receiver. Using a proportional,
integral and differential feedback (PID) [WIELANDT and
STRECKEISEN, 1982]

(34) G(s8) = a+§-+cs,

a conventional electromagnetic seismograph can be simulated.
With a displacement transducer the response will be
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g3
3 2 2
s’ + (2DSwS + kc)s“ + (ws + ka)s + kb

(35) Tf(s) =

Apart from the term with s3 in the denominator this equa-
tion represents the transfer function of an electromagnetic
seismograph. As the natural period of this system can be
chosen much greater than the period of the mechanical receiv-
er, a velocity response can be obtained in broad frequency
band. Such seismographs are called Very-Broad-Band (VBB)
seismographs [STEIM, 1986]. They will be recommanded as a new
standard in global seismic networks. With high resolution A/D
converters such broad-band seismographs are able to record
the whole spectrum and dynamic range of seismic signals.

5. The strainseismographs

The seismographs discussed up till now uses the inertia of a
suspended mass. Therefore, they are called inertia seismo-
graphs contrary to the strainseismographs which measure the
variation of the distance between two points during the pas-
sage of seismic waves [BENIOFF, 1935 and AGNEW, 1986]. 1In
other words, these instruments are excited by the phase dif-
ference of the propagating wave. They also measure as so-
called extensometers the ground deformation caused by earth
tides, meteorological influences, and tectonic processes.
Their main field of application is the recording of long-
period events reaching from seismic waves to secular varia-
tions.

The terminals of the strainseismograph are wusually piers
inbedded in the soil. For measuring the variation of the
distance three methods are mainly used (Fig. 8). In the first
suitable instrument one pier was lengthened by a rigid rod,
so that a transducer can be fixed between its free end and
the second pier. Instead of the rod an invar wire can be used
as length normal, too. The third possibility is the 1light
beam strainseismograph constructed by the aid of lasers. As
the strainseismographs using rods or wire are not longer than
30 m, laser strainseismographs of 1000 m length have been
developed.
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Fig.7 Circuit diagram of electronic seismograph
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CONSTRUCTING RESPONSE CURVES - AN INTRODUCTION TO
THE BODE DIAGRAM

Jens Bribach

Geoforschungszentrum Potsdam, Division 2: Solid Earth Physics and Disaster Research,
Telegrafenberg, D-14473 Potsdam, Germany
Fax: +49 331 288 1266; E-mail: brib@gfz-potsdam.de

1. THE BODE DIAGRAM

True Ground Motion is of main interest in seismology. On the other hand any measuring device
will alter the incoming signal as well as any amplifier, and as any output device. Working in
the frequency domain, the quotient of input signal and output signal is called RESPONSE. This
response is complex, and to get a more handy result it can be split into two terms: amplitude
response and phase response (see FOURIER Transform). Amplitude response means the output
amplitude divided by the input amplitude at a given frequency. Phase response is the difference
between output phase and input phase, or the phase shift. A graphical expression of this
splitting is known as BODE-diagram. One part shows the logarithm of amplitude 4 versus the
logarithm of frequency f (or angular frequency o, or period 7, see figure 1a). The other part
depicts the (linear) phase ¢ versus the logarithm of frequency f(or © = 2xf, or T = 1/f, cf.

Fig. 1b). For A4 also the terms Amplification or Magnification are used.

1.1. The signal chain

The signal passes a chain of devices. Any single element of this chain can be described by its
response. It is useful to split any response into elements of first or second order. At the end the
Overall Amplitude Response of the complete chain can be constructed by multiplying all single
amplitude responses, and the Overall Phase Response by adding all single phase shifis.

1.2. First and second order elements

For the amplitude response the double logarithmic scale of the amplitude diagram facilitates an
easy and fast construction. Any element can be approximated by two straight lines. One
horizontal line leads to the element corner frequency, and one line dropping from that point with
a slope depending on the order of this element.

A first order element is completely described by its amplification 4 and by its corner frequency

¢- The slope beyond f¢ is one decade in amplitude per decade in frequency. The real amplitude
value at f. is dropped to 0.707 of maximum amplitude (see figure 2, dotted line), for our fast
construction we do not take this dotted line into account.

A second order element inhibits the slope of two decades in amplitude per amplitude in
frequency. Additionally it needs another parameter called Damping D, describing the amplitude
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behaviour at frequencies near 1, (compare figure 3).

2. THE SEISMOLOGICAL SIGNAL CHAIN

The seismological signal passes the chain

- mechanical receiver

- transducer

- preamplifier

- filter

- recording unit (to be recognised separately)

Note! In sections 2.1 and 2.2 we discuss amplitude responses related to ground displacement.
Therefore, the ordinate axis of the BODE-diagram (amplitude 4) for the mechanical receiver
has no unit (or the unit /m/m]), and for the transducer the unit is /¥/m/]. Changing to other types
of movement, being proportional to ground velocity or to ground acceleration, will be described
in section 3.

2.1. The mechanical receiver

The mechanical receiver is a second order system. It describes the relative movement of the
pendulum (i.e. a seismic mass attached to a frame by a spring) with respect to the frame.
Damping D is set mostly to 0.707 . Only at this damping value the amplitude value at £}, is also
0.707 (Fig. 3, dotted curve). For higher values of damping one obtains a more flat curve
(dashed). For lower values of D the dash-dot curve strongly exceeds the amplification level at
Je, signalising low-damped resonance oscillations of the pendulum, which can be stimulated by
any signal.

The amplification of the mechanical receiver is 4 = / . That means for frequencies f > . the
amplitude of the pendulum movement with respect to the frame is similar to the ground
amplitude. For the phase shift see Fig. 7b (HIGH Pass 2).

2.2. The transducer

The transducer transforms the relative movement of the pendulum into an electrical signal, i.e.
in a voltage. The Transducer Constant G gives the value of the output voltage U depending on
the relative pendulum movement z . There are three main types of transducers, distinguished by
their proportionality to ground motion and its derivatives:

- Displacement U~z Gq[Vim]
(capacity or inductivity bridges)

- Velocity U ~ dz/dt Gy[Vs/m]
(magnet-coil systems)

- Acceleration U~ d%/dr? GalVs*/m]
(pieco-electric systems, U ~ F = m a)
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The above proportionality of the transducer voltage to ground motion (i.e. to displacement,
velocity er acceleration, respectively) is, of course, only given for frequencies /> fc , i.e. for the
horizontal line of the mechanical receiver response (cf. Fig. 3).

All transducer amplitude responses can be drawn as straight lines over the full considered
frequency range (Fig. 4). They differ only in their slope.

The phase responses have a constant phase shift over the whole frequency range at values of 0°
(displacement), 90° (velocity), or 180° (acceleration).

2.3. The preamplifier

The preamplifier is a first order LOW Pass. Its corner frequency is beyond the signal range of
seismology - up to several /0 kHz. Thus, only the amplification is of interest (Fig. 5). The
response is a horizontal line drawn at the amplification level 4 .

The phase shift is ¢ = 0°, but one should keep in mind that, if using the inverting input, the
phase shift will be ¢ = -180° over the whole frequency range.

2.4. First and second order LOW Passes

LOW Passes have constant amplifications 4 for frequencies lower than their corner frequencies
Je - For frequencies higher than £, the amplification drops with a slope depending on the order
of the filter (Fig. 6a). LOW Passes cut the high frequencies, therefore, also the term High Cut is
in use. The phase shift for £ < £, is about 0° and for J> Jfe- it turns to - 90° (first order, LP1)
respectively -180° (second order, LP2; see Fig. 6b), passing half of the phase shift exactly at £,

Of course, the given amplitude and phase values are approximations. In reality we would obtain
¢ = 0° only if inserting a frequency of 0 Hz, and ¢ =-90° (-180°) for infinite frequency values.
But the accuracy is sufficient for our fast construction.

2.5. First and second order HIGH Passes

HIGH Passes have constant amplifications 4 for all frequencies higher than their corner
frequency fc . For frequencies lower than f;. the amplification drops with a slope depending on
their order (Fig. 7a). It cuts the low frequencies, so one can also find the term Low Cut.

The phase shift for f > £, is about 0°, and for S < Jfe it tumns to +90° (first order, HP1)
respectively +180° (second order, HP2; see Fig. 7b), passing half of the phase shift exactly at f.

Comparable to the description of LOW Passes the given amplitude and phase values are an

approximation.

2.6. Second order BAND Pass

The second order BAND Pass (BP2) can be explained as a combination of a first order LOW
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Pass and a first order HIGH Pass. It suppresses all frequencies, except fe» with a slope of one
decade in amplitude per decade in frequency (Fig. 8a). The top at f can be turned into a
horizontal line (symmetrical to f¢) by increasing the damping to values D > 1. Thus it is
possible to construct a BAND Pass by combining a HIGH Pass with a LOW Pass.

The phase shift for f < f; is about +90°, and for f> £, it turns to -90° (see Fig. 8b), passing half
of the phase shift at £..

3. THE OVERALL RESPONSE

The construction of the overall response should be divided into two steps:
- from mechanical receiver to the final filter stage;
- adding the recorder response.

The first result, the electrical output, is useful for fitting the signal to the recorder input. It has to
be fixed, i.e. changes in magnification (or signal resolution) should be done only when setting
up the recorder.

3.1. From the mechanical receiver to the final filter

As defined in section 2, the amplitude response is constructed related to ground displacement.
Multiplying all the units of our signal chain, we get the unit [V/m] for the axis of ordinates. All
elements, mechanical receiver, transducer, and filter stages can be implemented into the same
sheet of a double logarithmic grid, each element with its magnification and its corner frequency.
Then the resulting amplitude response has to be constructed point by point at certain
frequencies. It can be done by multiplying the amplitude values of all elements at these
frequencies. This is the more accurate method. Another way is to add in the double logarithmic
diagram the distances (e.g. in millimetres) of all element amplitudes to the amplitude level line
of A = I (i.e. log A4 = 0). Note that distances above this line are positive and below it negative
and also that linear adding in a logarithmic scale means multiplication of the amplitude values
while subtraction means division. This graphical method is faster. The final amplitude response
curve can be drawn on the same sheet, together with the single elements.

3.2. Adding the recorder

At the real end of our signal chain we will find a commercially available recorder, transforming
the obtained voltage back into movement (drum recorder) or into computable digital values
(Analogue-to-Digital Converter = ADC). Their main parameter is the input sensitivity H.

In case of a drum recorder, H is the pen deflection per Volt (in units [m/V])).

For an ADC H is the digital count per Volt (in units [digit/V7]).

Thus the overall amplitude response needs a separate BODE-diagram for each recorder type.
Multiplying the units we obtain the units [m/m] for the drum recorder, and [digit/m] for the
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ADC. You will find also derivatives of this unit, like [digit/nm] or [counts/nm].

3.3. Introducing ground velocity and ground acceleration

If the amplitude response curve has to be constructed related to ground velocity (or ground
acceleration), it is sufficient to redraw either the response of the mechanical receiver or this of
the transducer. The more simple method is to change the transducer response. Each slope will
change one order if turning from displacement to velocity, or from velocity to acceleration. The
unit of the ordinate turns from [V/m] (displacement) via [Vs/m] (velocity) to [Vs*m]
(acceleration). These units will also be the units of the amplitude response from the mechanical
receiver to the final filter stage. Beyond this the construction of the overall amplitude response
is similar to section 3.1. The units of the recorder amplitude response will alter to [m-s/m]
(velocity) or [m-s?m] (acceleration) for the drum recorder. For the ADC we obtain [digit-s/m]
(velocity) or [digit-s?/m] (acceleration).
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EXERCISE ON PLOTTING SEISMOGRAPH RESPONSE
(BODE-DIAGRAM)

Jens Bribach

Geoforschungszentrum Potsdam, Division 2: Solid Earth Physics and Disaster Research,
Telegrafenberg, D-14473 Potsdam, Germany
Fax: +49 331 288 1266; E-mail: brib@gfz-potsdam.de

The BODE-diagram displays the transfer function of a given device as a plot of logarithmic
amplitude A and of linear phase shift ¢ versus logarithmic frequency f (or period 1/f) scales.
Its main advantage consists of an easy construction of response curves which can be
approximated by straight lines:

e any Pole in the transfer function generates an amplitude decay proportional to frequency f
(20 dB per decade or 6 dB per octave) and a phase shift ¢ of -90°;

e any Zero causes a slope of 1:1 too and a phase shift of +90°;

e corner frequencies (e.g. of filters) correspond to the point of interception of two straight
lines.

All stages of a signal transfer chain can be constructed component by component. It is
recommended to decompose all functions into parts of 1% or 2" order. One gets the complete
transfer function by multiplying these individual functions. In the logarithmic amplitude scale
as well as in the linear phase scale this is done by adding of the related individual curves.

Task 1: Plot the BODE-diagrams (amplitude only) of the following devices:

Seismometer
Transducer Constant Gg = 15.915Vs/m
Natural Period Ts = 5s
Attenuation Ds = 0.707
HIGH Pass HP1 (1* order)
Magnification Am = 10
Corner Frequency fu; = 0.01 Hz
LOW Pass LP1 (1* order)
Magnification A, = 2
Corner Frequency fiy, = 02Hz
LOW Pass LP2 (2™ order)
Magnification L, =2
Corner Frequency fi, = 10Hz
Attenuation D, = 0.707

Task 2: Plot the systems overall amplitude response approximated by straight lines.

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132 25
GeoForschungsZentrum Potsdam



EXERCISE ON ESTIMATING SEISMOMETER PARAMETERS
BY STEP FUNCTION

Jens Bribach

Geoforschungszentrum Potsdam, Division 2: Solid Earth Physics and Disaster Research,
Telegrafenberg, D-14473 Potsdam, Germany
Fax: +49 331 288 1266; E-mail: brib@gfz-potsdam.de

1. BACKGROUND

Transition Function means the response of a system versus time caused by a STEP Function
mput. Applying a step in any way to a seismometer allows to derive the main seismometer
parameters by analysing the generated time series. In the absence of expensive calibration
equipment (e.g. shaking table) or in case of sealed seismometers this simple method is very
suitable and can also be used under field conditions.

2. STEP TRANSITION: PROCEDURES AND RELATIONSHIPS

2.1. Applying STEPs to the seismometer

Applying steps is the oldest calibration method in seismology. Teupser ( 1962) describes three
main types:

a) pulling a thin block (thickness max. 0.01 mm) off the seismometer bottom;
b) applying a heavy weight upon the seismometer platform;

¢) applying a constant current to the coil of an electrodynamical system (if available; for
driving current see Exercise on calibration by harmonic drive).

Because a) is the most rough method one should use it for field or for portable seismometers
only and never for sensitive station sensors. In case a) and b) the seismometer mass will
return to the former position after deflection, in case ¢) the seismometer mass will move to an
offset position which will depend on the applied current. To assure linearity the mass
deflection - or the seismometer displacement - should not exceed several 100 micrometers.

2.2. Evaluating STEP-transition time series
2.2.1. All types of seismometers ( Ds < 0.5)
Fig. 1 shows the time series of a low-damped seismometer (Ds = 0.1). The time section A

represents the time from the moment of step input up to the transition to a real harmonic
movement of the mass. The moment of step causes odd signals. Mechanical application of a
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step impulse generates additional vibrations because of hitting effects. An electrical step can
induce an electrical pulse if the calibration coil and the signal coil are mounted to the same
core (the so-called transformer effect). Therefore the analysis of generated time series should
start only beyond section A with:

Q
n

-
l—l-v

Fig. 1: Response of a low-damped seismometer to a step pulse.

First step: Measuring of the period and damping of the time series

The period T should be measured by averaging over as many cycles as possible (10 or more)
to get an accuracy better than 99% .

Note! The measured period is larger than the natural period because of the seismometer
damping.

The damping D is calculated from the equation

D= 2 )
In(a,/a,)

with a; as the double amplitude between the first two oscillation peaks (p; and p, ) and ay as
the double amplitude between the peaks (pn and pn+1 ). N should be selected so as to get an

aN ~ 02..04 a) .
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Second step: Estimation of the seismometers natural period Ts

If possible switch off all external attenuators (e.g. resistors) to decrease the measuring error.
For example: with a damping D = 0.2 the measured period is T = 1.02 Ts.
The natural period of the seismometer is

Ts= TA/l- D2 @)

2.2.2. Electro-dynamical system (moving coil)

The electrodynamical constant (or generator constant) Gs of moving coil systems can also be
estimated by step transition via its relation to damping D. The complete seismometer damping
DS is

Dg=Dgo + Dg (3)

with Dgy as the natural damping of the seismometer (mostly mechanical effects), and with Dg
as the moving coil damping. The latter is caused by an external resistor R, shorting the coil
(electromagnetical force), i.e.:

_ GSZTS
¢ 4zm (R +R,)

“

Except R, and Ts all other parameters in eq. (4) are documented by the manufacturer and will
not change over time. While for pendulum seismometers usually the parameters

- Ks [kg.m?] inertial moment
- 1o [m] reduced pendulum length

are given instead of m; one gets for geophone systems

- mg [kg] =Kg 1o seismic mass and
- Rg [Ohms] coil resistance.

Note! When measuring coil resistance don't forget to lock the seismometer.

The evaluation again starts as above with: measuring of the period and damping of the time
series as the first step and the estimation of the seismometers natural period Ts as the second
step.

This is followed by:

Third step: Estimation of the seismometers natural damping Dgg
The external damping resistor must be removed (open circuit). Then we get, similarly to (1),

1
DSO = (1)

(N - Dx 2+1
In(a,/a,)
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Fourth step: External damping

The external resistor must be set to a value that causes an damping down to 20 ... 50% per
period. Then we measure the neighbouring amplitudes a; (between p; and p,) and a; (between
p2 and ps; p2 is used twice to reduce measuring error) and get

Gs [Vs/m] = \/(DS ~DSO)-‘¥’-mS (R, +Ry) (6)

N

This constant can also be used when calibrating a system by harmonic drive.
Note! For pendulum seismometers there are different notations of this constant

1) force/current [N/A] =[Vs/m] and
2) torque/current [Nm/A] =[Vs]

They are transferable via the reduced pendulum length Iy as

Gs,) [Vs ] =Gy, [Vs /m]- ly [m] (7)
3. APPLICATION TO A SPECIFIC SEISMOMETER

3.1 Parameter list
Below a typical seismometer parameter list is given.

Mechanical constants:

Natural Period Ts ... s

Open Damping (Attenuation) Dso  ......

Reduced Pendulum Length lo 0.0785m

Inertial Moment Ks 0,0201 kg m?

(Seismic Mass ms ... kg)
Transducer constants 1 (signal coil):

Coil Resistance Rgi 6030 @

Electrodynamical constant Gs1 ... Vs/m
Transducer constants 2 (calibration coil):

Coil Resistance Rg, 835 Q

Electrodynamical constant Gy ... Vs¢/m
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3.2 Exercise tasks

Task 1: Mark those seismometer parameters which are absolutely necessary for calculating
the seismometer response curve (Bode-diagram)

Task 2: Complete the list below by analysing the related time series plots in F ig. 2a-c¢

Task 3: Calculate the current through the calibration coil which is necessary to deflect the
seismometer mass by 1 pm at a frequency f = 1 Hz (see Exercise on calibration by
harmonic drive)

REFERENCES

Teupser, Ch. (1962). Die Eichung und Priifung von elektromagnetischen Seismographen,
Freiberger Forschungshefte C130, 103 pp.
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EXERCISE ON CALIBRATION BY HARMONIC DRIVE

after a manuscript by Christian Teupser

If the seismometer possesses an auxiliary magnet and coil assembly, the calibration can be
carried out by the aid of an electric current. The equation of motion (see Fundamentals of
seismometry) shows that a current ig acts in the same way as a ground acceleration

- i . (1)

where G, is the electrodynamic constant of the auxiliary coil (given in [Vs/m]. For other
constants see Exercise on STEP function. It corresponds to a harmonic drive of frequency f
with an equivalent ground displacement

GSZIO

X, ZW——ZS . (2)
§

For a translational seismometer, for example a geophone, with the seismic mass mg the
equivalent seismic displacement is

GS 2
X =—52 g 3
© At fimg ° @)
Since the output voltage of a geophone with electromagnetic transducer is
dz
E, =Gy — , 4
s =0, “)

where z is the displacement of the seismic mass, G, is the electrodynamic constant of the
signal coil, and f; the natural frequency, one obtains for a harmonic excitation

E — GSlGSZf
s 2 2 2 )
2 (f2 - £:2) +4DS f2 f,

()

Changing the frequency of the exciting current the output voltage attains a maximum at f = f;.
This can be used to determine the natural frequency and the damping using an oscilloscope.
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INFLUENCE OF THE FREQUENCY CHARACTERISTICS OF THE
SEISMOGRAPH ON ITS SEIMIC RECORDINGS

Peter Bormann

Geoforschungszentrum Potsdam, Division 2: Solid Earth Physics and Disaster Research,
Telegrafenberg, D-14473 Potsdam, Germany
Fax: +49 331 288 1293 or 1204; E-mail: course@gfz-potsdam.de

1. Introduction

Quantifyable instrumental recordings of the ground motion are & precondition for de-
riving quentitative scientific information from the analysis of seismic date. Seismo-
logically relevant ground motions cover a wide range of periods (0,03 s <T<3200 s),
Within this range the frequency characteristic of the selsmographs, i, e. the frequen-
¢y dependence of their magnificetion is normelly designed such as to ensure the best
possible signel - to-ncise ratio. This requires to consider the selection of frequency
characteristics in the context of predomineating spectra of selsmic signsals as well as
noise, On the other hand misconceptions are widespread as to the proper meaning and
use of the frequency characteristice or instrumental response curves derived from the
calibration of seismographs, From this a mumber of systematic errors result when
standard procedures of deriving the so-celled "f{rue ground motion" from instrumental
recordinge are applied, This will be illustrated both from & theoretical ss well as

& phenomenological point of view,

2, Frequency snd bhase characteristice of electrodynemic seismographs

A mechanicel seismic receiver with galvanometriec recording forms & coupled vibretion
syatem., Assuming smell deflections of the pendulum and the galvenometer mirror the
magnification of this system results from the solution of a linear diﬁ?erential
equation of the 4th order., The solution consistsz of a time~dependent negative expo~
nential term desoribing the transient response and of a time-independent stationary
term, In case of a stationary harmonic ground oscillation the frequency and phase
characteristicas of the system (U(w) and ? (w), resmpectively) are unembiguously defi-
ned by the eigenperiods Ty 'and T, of seismometer and galvanometer, respectively,
their demping factors Dy and D_, the coupling factor 0’ between seismometer and
gelvenometer and the magnifioation factor V « These parameters can be determined

by various calibration methods. The reaonance factor U results as the product of
the mdividual resonance factors of meismometer (fig. 1) end galvanometer (fig. 2),
i, ¢ U=0,» U /w with w = 2%/T and T -~ period of ground motion. The amplitude—
magnification characteristic of the coupled system is V(w) = V » U. In case of
galvanometric recordings and under the conditions Ty > Ts and D < Dg, V and T can
be determined from the following formules /1/:

D T K
n LA I——-ai' O . and
©  ‘red g &g
- 2D 1

(2) U=

8 V2, aib12, 014, a6

with l.L—length of the light indicetor, lred ~ reduced length of the pendulum,

K and K8 ~ moments of invertis of the seismic pendulum and galvanometer, respectively,
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‘and

a=m-2p, b=p°-2mq+28, oc=qt-2ps8, d=8°,

: D, D 4D_D
(N9 m=2(f+yd) ,pmtygt s+ B (107,
8 e Ty T 8 7g

g
2D 2D
‘1"1;"';12+T‘°;1'2- 5= gl
8 € s s g

Because of the symmetry of these formulas one obtains identical frequency characte-
ristiocs when permuting the respective psrameters of the seismometer and gelvanometer
and observing the conditions T’< &s and D.>D e« This option is very important for the
recording of very long-period seismic waves since it is relatively easy %o operate
galvanometers even at periods T_> 100 s while geiumometera with T,>30 8 tend to be
unstable, In this case the recorded ground motlion is displacement proportional when

the conditions T.av,T<Ts, Dg<1 and D, > 1 are observed,

The recorded harmonic motion y(t) = Y sin (wt + ) shows a phase shift ¢ when
compared with & harmonic ground motion x(%t) = X sinwt. The phese characteristic
4 =}’(w) can be determined from the relationship

2
(4) tan?=PT;5T4T;1
m?-gq

when taking the relations given under (3) into account.

The amplitude X of the true ground motion could be determined from the recorded
amplitude Y 1f V, end U(w) are known and the presupposition of stationary harmonie
oscillations holde true:

(5) b QUG S
Vo Ulw)
-
3, Influence of the seismogreph's transient response
But meismic waves are more complicated, In particular body wave onseis cennot be
desoribed by a stationary harmonic oscilletion but rather by wavelets with modula-

ted amplitudes corresponding to & generalized BERLAGE function

0 . for t<0
(6) x(%)

2 &Pt ginat for t2 0

with & and b - wavelet parameters, t - time (cf, /2/).

In this case the transient response of the seismogreph hes to be taken into
account, Its duration and character depend on the duration and form of the seimmic
signel as well as on the vibration paremeters of the seismograph. The transient
response results in a systematic distortion of the amplitude and period of the
recorded signal, 1. e, the effective magnification ﬁz(w s+ 8, b) is different from
the frequency characteristic W(w) for stationary harmonic oscillations. This
difference is largest for the first half-cycle, While in this case the distortion
shows no strong dependence on the wave form the latter has a significant influence
on the effective magnification of later half-cycles., The period of the incoming wave
- particularly that of the first cycle - is elso distorted due %o the poismograph's
phase shift. On the other hand the true and recorded onset time &g well as the di-
rection of first motion are always identical as long as the condition x(t) = 0 for
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t<0 is fulfilled (i. e, if there is no movement of the seismograph prior to the onset-
time due to noise or any preceding ground motion.

The transieni response is largest for narrow-band pesk - like frequency characteristics,
This rescn&nce iype of frequency responss is realixed if for g T 2 D, and Dgg 1
and 0’ > 0,1, In this case the seismograeph reacts strongly only to grcund periods
close to the elgenperiod of the system. But the meximum smplificetion is only reached
after the system has absorbed the emergy of many ground oszillation, i, €, the transient
response will take & long time., At the same time owing to ite small attemmation the
system will respond rather unspecifically with a long mono-freguency wave train to any .
kind of ground motion contesining frequencies identicel or close toc the resonance
frequency. In case of zero attenuation this wave train - once excited - would be of in-
finite duration, On the other hand a broad-band characteristic with a flet top im ori-
gilneted by combining a seismometer and gelvanometer with very different eigenperiods
and highly overcritical damping of at least on component of this coupled system, nor-
mally that with the shorter eigenperiod., This means that the resonence peak has to be
truncated at the expense of the system's megnification, The strong demping of the indi-
vidual reaction of the seismograph results in & small phese shift between ground motion
and seismograph response for ground pericds T between T, and '].‘g and consequently in a
very short transient response, The seismograph thus follows the ground motion very
c¢logely with minimum distortion. A seismmograph with infinite attemmation would be equi-
valent to & rigid body that follows exaotly the ground motion for all fregquencies
without magnification or distortion y.nd thus, without t{ransient responsme,

Besides this physical explanation there is & very illustrative one from the point

of view of FOURIER-iransformetion. A needle impulse in the time-domein is equivelent

to an infinite spectrum in the frequency domain while s single spectral line in the
frequency domain corresponds to an infinite wave train of one defipnite period in the
time domain. Therefore a ground deformation in form of a needle impulse can only be
reproduced properly on the record if the frequency characteristic of the selsmograph
corresponds to a filter of infinite band-width, If, on the contrary, the band-width

of the frequency characteristic is infinitesimal small the geismograph picks up only
one of the infinite number of endless mono-freguent wavetrains that form the needle
impulse, Its reaction, therefore, will be an undamped wave train of that glven filter
frequency.

But naturel phenomena as well as technical possibilities for constructing real seis.
mographs lie between these extremes of mathemetical and physicsl abstrection., For
illustration fig. 3, showa various short-period frequency characteristics used at
Moxe station of the Central Institute for Physics of the Earth as well as examples
of their recordings (figs.4, 5 and 6). Although the narrow-band charecterisiic At

is the optimal fit to the inverse shorit-period moise specirum obmerved at Moxe
station with & meximum maegnification &% T = 1 8 44imes that of the standard type A
the ampliftude of the recorded first motions is not larger tham in records of type 4,
Even the maximum ground motion of body wave onsets as calculated by using formule (5)
is 8till generally lower when records of type A' are used (fig. 7). This pertly ex-
plains the systematically lower megnitude estimates from records of nerrow-band

peek characteristice such as the ones instelled at WANSS stations as compared with
the medium -~ to broed - bend records itypicel for basic stations in most socialist
countries, Geophones used in exploration geophysics and deep meigmmic sounding nox~
mally have nerrow-band resonance characteristics, too, resulting in limited frequency
content of the recorded signals and significant distortiom of their character with
respect to the true ground motion., The longer wavelets in narrow-tand records make
the discrimination and exact determinstion of onset-times of closely spaced succes-
sive onseis generally more diffioult and sometimes impossible, These effects are
‘detrimental for both quantitative amplitude studies am well as detailed travel-time
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analyses of later arrivals (depih phases of shallow events, intersections and tripli-
cations of travel.time curves).

4. Deconvolution of sedismogramms

Seismological interpretation methods leading to physically more informative results
require in most cases the knowledge of true ground motion and/or high-resclution
travel-time data, The true ground motion cen be restored by deconvolving the seismo-
gremme, .

In principle the deconvolution of the selmmographic record means its transformation

to the record of e seismogreph with the band width (2T,,¢0) by means of calculation,
This cen he accomplished in the frequency domain by a two-fold Fourier transformation
or in the time domein by applying the exaoct or the approximate inverse filter operaior
of the seismograph (cf, NEUGEBAUER /9/). But the exact restoretion of the true ground
movement is poési‘bla only in osse of perfect unbiased selsmogramms,

The presence of noise as well &8 random snd truncation errors can felsify the result

to uselessness, Another independent epproximate method was proposed by NEUNHOFER /10/
who accomplished the deconvolution by repeated convolution of suitable wavelets using
a generslired Monte.Cerlo-technique and trial end error until the residuala between the
recorded seismogremme and the seismogramme for the synthesired approximate ground
movement become smaller than & given figure, This method allows the recognition and
elimination of disturbing drifts and Juwsps and cannot be applied on & routine basis,
KORCAGINA and MOSKVINA /8/ outliine in their pasper, too, the difficulties and uncertein-
ties involved in practicel attempts to restore the true ground motion from claessicel
analog recordings, Therefore, to aveid all these problems, the easiest and best way

of deconvolutien ie to avoid convolution. But this means that one should give pre-
ference to broad-band seismographs, to guarentee that the primery information has been
recorded with minimum distortion. This is all the more so 1f one has facilities for ane-
log or digital recording on magnetic tape which, by means of computers, will later
allow the applicetion of desirable operations such as the determination of other deri-
vatives of the ground displacement (ground velocity &nd acceleration), spectral analy-
sis, band-pass, multi-channel and noise prediction filtering.

The only significant problem when recording teleseismic signels of both very week as
well as strong seismic events with en exiremely broed displacement proportionel fre-
quency characteristic is the very large dynemic range to be coped with (some 120 dB).
It can be reduced by some 20 @B when using & pass-band magnificetion proportional to
ground acceleration., At the same time such a cheracteristic fite best the overall trend
of the inverse noise spectrum thus ensuring a good signel-io-noise ratio with & minimum
dynemic range, Frequency oharacteristics of this type have for the first time bheen
recommended for world-wide use by BERCKHEMER /4/. In cese of digital recordings ground
displacement and velocity cam easily be derived from these daia by one- or two-fold
integration, very stable records presupposed.

5. Conclusions

Broad-band frequency characteristics give & better picture of the itrue ground motion
than smell-band onei!’." The expected gain in megnification when fitting a frequency
characteristic into & smsll noise window might be lost completely in cese of short
wavelets owing to the reduced effective magnification during the transient response,
This faect &lso explains partly the discrepency between so-called "Eastern” and
"Western" body wave megnitudes|

Broad-band characteristice ere particularly suitable for the determination of the di-
rection of first motion and the identification and onset-time determination of
successive body wave groups, e, g. in connection with & multiple rupiture process in
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the focal region or with closely spaced travel-time curves in case of itriplications,
depth phases of shallow events etc,

While narrow-band frequency characteristice distort strongly the character of true
ground motion extreme broad~hand characteristics show minimum convolution, In case
of velocity or acceleration proportional characteristice a good fit with the general
trend of the inverse noise spectrum is achieved thus insuring a good signal-to-noise
ratio over the whole period range and a dynamic range still managable with modern di-
gital records,
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PRINCIPLES OF ACQUISITION, HANDLING AND STORAGE OF
DIGITAL SEISMOLOGICAL DATA

by Jens Bribach

Geoforschungszentrum Potsdam, Division 2: Solid Earth Physics and Disaster Research,
Telegrafenberg, D-14473 Potsdam, Germany
Fax: +49 331 288 1266; E-mail: brib@gfz-potsdam.de

1. SIGNAL TERMS

This lesson deals with terms related to technical realisations of signal acquisition. It covers the
signal path from the seismic sensor to the computer final memory. Generally, a signal can be
described by its dynamic range and its bandwidth. Dynamic range means the relation between
available resolution and (estimated) maximum amplitudes in the logarithmic form of

max. amplitude [

201g dB} dB = deciBel. (1)

resolution
But any technical solution will limit both resolution and maximum amplitudes which can be
recorded or processed. Analogue records on paper, on film or on magnetic tape have a
dynamic range less than 45 dB.

Example: Direct writing paper record

max. pen deflection 20 mm

}40dB . 2)
resolution 0.2mm

Digital records permit to realise a significantly larger dynamic ranges (up to about 140 dB, see
section 4.). When estimating the achievable or reasonable resolution one has to take into
account the Signal-to-Noise Ratio (SNR). The smallest signal to be processed should have an
SNR =5 ... 10 with respect to the instrumental noise. On the other hand, especially for
investigations of the ambient seismic noise, it might be required that the latter is still well
resolved, i.e. that the record resolution is several times smaller than the smallest ambient noise
amplitude of interest and that the instrumental noise is still well below the ambient noise.

Bandwidth means the frequency range B = f; - f;;, with £, and £, as the corner frequencies
of the related lowpass and highpass filters, respectively (cf. Fig. 1). Technical solutions by
means of a seismic sensor, filters etc. necessarily limit the overall bandwidth of the whole
acquisition unit.

The comner frequency is defined as the point at which the amplitude A of the response
function has dropped by -3 dB (= 0.707). Under real conditions the recorded minimum and

maximum frequencies, f,, and f,,, are different from the related corner frequencies because
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technical filters cannot realise an infinite slope. Alternatively, one sometimes finds in
literature the definition B =f,,, - f, ;. which is larger than f - £, (cf. Fig.1).

logAd

fcL

\‘\ -3dB

fmax

-
log f
Fig. 1: Amplitude-frequency response of a bandpass filter. f. - corner frequency; index H -

highpass, L - lowpass

Note: The noise power density is proportional to the square of bandwidth. Therefore, the
signal-to-noise ratio SNR can be improved by bandpass filtering before processing. This is
relevant also for the selection of the appropriate resolution.

2. THE SEISMIC SIGNAL

The bandwidth of the seismic signal covers approximately the frequency range from about
ImHz to 1kHz ( i.e. about 7 decades or 20 octaves). Tab. 1 gives a rough estimate of
maximum possible frequencies which can be recorded depending on distance from the source.

Tab. 1: Maximum seismic signal frequencies as a function of source distance.

Distance = Max signal frequencies
0.1 km 1000 Hz

10 km 100 Hz

100 km 10Hz

1000 km 5Hz

10000 km 1Hz
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The dynamic range of both seismic noise and seismic signal is in the first instance a function
of bandwidth. But the amplitudes of noise and signal vary also by more than 3 decades as a
function of frequency (cf. Fig. 2 and chapter Bandwidth-dependent transformation of noise
data ...).

Narrowband short-period measurements (f > 1 Hz) at quiet places show ambient noise

amplitudes less than 1 nm (nanometer) (cf. Fig. 2). In order to resolve this seismic noise a
resolution of about of 0.1 nm is required in this frequency range.

S §
[m/ VHZ)

1077
1078

10-9

l | { -

.01 0.1 1 1.0 o
0 f[Hz)

Fig.2: Amplitude spectra of minimum noise at global low-noise sites according to Peterson
(1976).

On the other hand, both events of magnitude M; = 5.5 and of M, = 8.5 produce at an
epicentral distance of 10 km and 40° (about 4500 km), respectively, ground motion
displacement amplitudes of about 10 mm. With a resolution of 107 mm this would
corresponds to a dynamic range of 160 dB.

3. INSTRUMENT RESPONSE

Mechanical seismic sensors (spring-mass-system) follow the earth displacement for signal
frequencies higher than the natural frequency of the sensor. Their bandwidth is in the range of
2 to 3 decades between their natural frequency at the lower end and spurious resonances at the
upper end, e.g. due to the natural frequency of the spring. Tab. 2 summarises the bandwith of
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several types of seismic sensors, i.e. the frequency range between their natural frequency and
the maximum frequencies which can still be recorded undisturbed by spurious resonances

Tab. 2: Bandwidth of seismic sensors.

geophone (G.) 2.0 . 20.Hz ... 3000 Hz
short period seismometer (SP) 0.2 .. 2.Hz|50 .. 200Hz
long period seismometer (LP) 0.01 .. 0.1Hzf1 .. 20 Hz
broad band seismometer (BB) (0.003) ... 0.1Hz |10 ... 50 Hz

The transducer transforms the mechanical movement of the sensor into an electrical signal.
Depending on the type of transducer the electrical output is proportional to acceleration,
velocity or displacement (Tab. 3).

Tab. 3: Types of transducers.

piecoelectrical G; SP Acceleration a

electrodynamical G; SP; LP | Velocity v
capacitive/inductive | SP; LP; BB | Displacement d

The frequency dependence of both noise amplitudes and signal amplitudes is, in a wide range,
approximately proportional to f ™' up to f 2 Therefore, the use of a velocity proportional
output reduces the necessary dynamic range from 160 dB to 120 dB.

But common mechanical systems as transducers can perform either with high linearity or with

high dynamics. This problem was solved by feedback systems which always force the
mechanical sensor back to zero position (Fig. 3). Thus high linearity of both sensor and trans-

mass
.

. displacemenl
/ transducer

N

I
feedback
an feedback
amplifier
signal

Fig. 3: Scheme of a force-balance feedback system.
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ducer can be assured together with high resolution of the transducer, and independent of the
dynamic range. The system output of a force-balance system is proportional to acceleration
(down to f — 0). By additional integration a velocity proportional response can be generated
within a rather broad frequency range (according to Wielandt 1986 between about 3 mHz and
10 Hz).

Fig. 4 shows typical response curves of short-period (SP), long-period (LP) and broadband
(BB) seismographs. The steep slope of all response curves for f > f is necessary to prevent
aliasing effects due to digitisation.

108

105

104

103

~2 -1 100
10 1 10
10 T[S]

Fig. 4: Typical response curves of seismographs. v - velocity proportional and d -
displacement proportional response. M stands for magnification of ground-motion
displacement amplitudes.
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4. DIGITISING ANALOGUE SIGNALS
4.1. Sampling

Sampling means to get probes of the analogue signal. The sampling time T has to take into
account the speed of possible signal changes. It should be chosen according to the relation

T, < resolution 3)
27 f . * max.amplitude

max.

Accordingly, in order to prevent errors due to digitisation the 1/7 has to be much higher than
the maximum frequency f, . to be recorded. On the other hand the Analogue-to-Digital
Converter (ADC) needs as much time as possible for digitising the probe. This is performed
by a Sample-and-Hold Circuit (S & H; cf. Fig. 5). To get probes an electronic switch S is
closed for the time T only. The input voltage U remains on the capacitor C.

operational amplifier

u

signal probe

Fig. 5: Sample-and-hold circuit

The necessary sampling frequency (digitisation rate) f, is defined by Shannon's sampling
theorem:

f, =21 “4)
with £ - maximum frequency to be recorded.
Often £, is named the Nyquist frequency (fy, = 0.5 ;) which is related to the avoidance of
the second kind of digitisation errors, namely aliasing. Because of the structure of real filters
any analogue signal will still contain components of f > fy, . But spectral lines of those
frequencies will then be presented as spectral lines of f < fy, (periodical repetition of the
spectrum; cf. Fig. 6). The size of the aliasing effect depends on how much the signal
amplitudes can be reduced for frequencies f < fi, with respect to the main amplitude-

frequency level. But the possible error range due to aliasing can only be estimated; no
information on the real amplitude and real phase of aliasing can be obtained.
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Fig. 6: Spectral aliasing:
1. Original SPECHIUIN ——————
2. Periodic repetition
3. Aliasing effect  __._________

In seismology the corner frequency of anti-aliasing LOW PASS filters is mostly set at

fc = 0.5 £, = 0.5 fi,. In this case a 6 ™ or a 7" order low pass is sufficient for analogue
recordings and visual data analysis. The related amplitude decay for f >> f. is then 6 or 7
octaves per one octave of frequency. This corresponds to a factor of 2° = 64 or 36 dB,
respectively. '

When using digital data acquisition and analysis the amplitude reduction at fy, has to cover the

dynamic range of the Analogue-to-Digital-Converter (4DC). But analogue filters should not

exceed 8™ order (i.e. 48 dB per octave). This problem can be solved by oversampling, i.e. by

setting:

- the input sampling rate f; more than 10 times higher than the wanted sampling or
acquisition rate fy,;

- the corner frequency of the analogue input low pass at f.=0.5 ... 0.1 fo.

Thus, e.g., with an oversampling of £, = 20 £, and a 6™ order low pass of fo = 0.5 f, = 0.025 f,
the signal is reduced at fy, (£f) = 0.5 £, by -156 dB. This would be sufficient even for a (still
theoretical) 27-bit-ADC.

The final filtering to reduce the sampling rate to £, is done digitally, mostly by special signal
processors fast enough to process real time filtering up to 64% order. This steep slope allows
low-pass corner frequencies closer to the originally wanted sampling rate f;,, commonly up

to foge = 0.8 £y, (fp). For the given example (64" order, 0.08 fy,) the low pass performs a
damping of -124 dB at f, = 0.5 f;,.

When using such steep slope low passes one should process frequencies up to f.y, only. Re-
calculating the filter influence for feqig > £ > £, would increase digital noise and would re-
magnify the just damped aliasing effects too.
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4.2. Analogue-to-digital conversion

The Analogue-to-Digital Converter (ADC) turns the values of given samples into a number of
quantified values. The smallest digitisation step is called digit or count. The ADC counts in
steps of powers of 2 (2"). Every cipher is called bit as an abbreviation of binary digit.

Example: The 4 bit number HHLH ; H — High or present (i.e. current on)
L —Low or absent (i.e. current off)
binary number |H H L H
binary values |2’ 2’ 2! 2°
decimal value |8 + 4 i+ 0 + 1 = 13

The smallest unit of a digital value or word is Byte (= 8 bit). 12 bit and 16 bit ADC are sold as
personal computer plug-in boards including S & H interface and multiplexer for 8 or 16 input
channels. Their dynamic range is insufficient for some applications and can be extended by
switchable amplification levels depending on signal level (so called gain-ranging). A wide-
spread solution uses a 12-bit ADC in the form of

mantissa |11 bit
sign 1bit |16bit=2 Byte
exponent |4 bit

The exponent represents the gain level in powers of 2 or 4 or 8. But nowadays more and more
24-bit ADCs are used in modern data loggers. Tab. 4 gives the dynamic range which be
realised with common ADCs

Tab. 4: Dynamic ranges of common ADCs

24 8,338,608 |140dB

5. SIGNAL TRANSMISSION

Analogue transmission is still often used for short or non-expensive connections. Typical
distances are given in Tab. 5.

Tab. 5: Distances for analog transmission lines.

Signal o ilink | Distance
direct connection wire some 100 m
amplitude modulation |wire some 10 km
telephone line |direct conn. 40 ... 100 km
frequency modulation |radio link via relays > 1000 km
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The most often used analogue method is frequéncy modulation. The instrument analogue
output controls a Voltage Controlled Oscillator (V¥CO). Instrument voltage changes cause
frequency changes in the range of the speech band of 300 ... 3400 Hz. you have only to take
into account the modulation condition: carrier frequency >3 £, .

The VCO output can be switched immediately to commercial transmitters (cf. Tab. 6).

Tab. 6: Available commercial transmitters

’éelephone 300...3400 |60...90 10 mW
walkie-talkie |300...3400 [40...60 .. 10 W

A typical analog data transmission-acquisition chain is depicted in Fig. 6. For a larger number
of channels one should hire whole carrier groups. A carrier group of 24 telephone channels
can be switched via one galvanic coupled telephone wire, e. g. in local networks.

Ampli_fier Modulator

Filter (veo)

—— Transmitter |- —'>- - Receiver }— Demodulator Recorder

Seismometer}—

Fig. 7: General scheme of an analog data transmission-acquisition system.

The same links are available for digital transmission. The digital information is converted bit
by bit into frequency or phase jumps of the carrier frequency by help of a MODEM
(MOdulator/DEModulator).

Digital transmission allows connections in both directions via one line either simultaneously
(full duplex) or alternatingly (half duplex). Fig. 7 depicts the general scheme of a digital data
acquisition-transmission system.

. Amplifier
Seismomeler }—— + .
Filter L_o Mulﬁ?(exor Somple Anglog-~to~ 2
e . (S&H) (AD -
2
or
Micro~
~— processor
{pP)
2" i)
. ——— Digital- o~ Demultiplexgr § 1
— MopgM |-link ] MODEM Compuler | éggx?ter (DMPX) o_.;_L Recorder
1 (DAC) e

Fig. 8: General scheme of a digital data transmission-acquisition system.
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6. DATA TRANSMISSION

Data rates depend on sampling rates. In the following explanations we count on the base of a
16-bit-word (= 2-Byte-word) per sample. The sampling rate is the number of samples per
second (sps). Seismology commonly uses sampling rates f, of

£,=25..4f, (5)

with f; as the filter's upper corner frequency. For evaluating the slope of the signal spectrum
f. should be up to two times higher than the expected signal corner frequency. Common
sampling and data rates are given in Tab. 7. Note that sampling rates are generally a
compromise with respect to transmission and storage capacity.

Tab. 7: Common sampling and data rates at seismic stations.

near 1000 1 16,000

field investigation

local networks 200 103) 3,200 (9,600)
territory 20 3 960
monitoring

global monitoring |1 (20) 3 48

Example of single|1 * 200 Vertical 3200
3-component 3*20 vert.; N-S; E-W | 960
broadband station |3 * 1 vert.; N-S; E-W (48

Su BB - [3-component ~ |4208 .

Line or channel transmission rates (capacity) are given in Baud (1 Bd = 1 bit/s). Transmission
procedures reduce this values to 90 ... 80 %. On the other hand the statistical behaviour of the
information allows bit coding to run 4800 and 9600 bit/s on 2400 Bd lines. This coding is
part of the MODEM transmission procedure, and it does not touch computer input or output
routines (MNP5-protocol: compression factor 2; V42: factor 4). Tab. 8 summarises typical
data transmission rates.

Tab. 8: Transmission rates (brutto)

' Transmission rate: - | Telephone ‘|Datanetwork ~  |Radio
65,000 Bd ISDN narrow band %
9,600 Bd Datex
4,800 Bd Datex
2400 or 1200 Bd  |leased lines walkie-talkie
300 Bd acoustic coupling |
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According to transmission rates storage capacity forms the second limitation. Tab. 9

7. DATA STORAGE

summarises storage media and capacities commonly used in seismological applications.

Tab. 9:

Storage media used in seismological applications. Storage duration is based
on the assumption of a single broadband station as in Tab. 7 with 1 x 200
sps +3 x 20 sps + 3 x 1 sps. ” for data no commercial solution available

Tapes
tape 14" 25...200 MByte |13 ...100h several min.
- Video" 13 GByte 280 d several min.
- R-DAT 3 GByte 65d several min.
-  EXABYTE/video8 5 GByte 110d several min.
Discs
- floppy disc ... 3 MByte ..25h some 10 ms
- hard disc ... 30 GByte ... 2 years some 10 ms
- optical disc . 5 GByte .. 100d some 100 ms
Solid state
- 1-Mbit-chips 4 MByte/board |2 h/board some 100 ns
- 4-Mbit-chips 16 MByte/board |8 h/board (for all solid
(C-MOS-SRAM) state memories)
- Flash-RAM (PCMCIA) |... 440 MByte ...200h

Storage of triggered records will reduce the data amount down to about 5...10 %. The same
can be achieved by daily or weekly inspection of the whole time series and selection of event
record sections. This has the additional advantage of minimising false alarms and non-
detections.

In field measurements solid state memories (Integrated Circuits 1C) have replaced older audio
tape cassette technique. But also floppy disc drives can be used under rough field conditions.
Data processing demands quick access and will run within the computer’s main solid state
memory supported by discs. In data archiving the trend is from high density tape to optical
disc (MOD) and to compact disk (CD).

Before storing data their formats should be standardised, both for sampled data for
complementary guiding (header) information. But there is no dominating international
standard. Note, that data of time series should be stored in dual form (i.e. in powers of 2) and
that any group of data (file, data set) has to be opened with a guiding information named
'header'.

The header should contain at least the following;:
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- time beginning of the record (year, month, date, hour, min, sec)
length
time correction if no absolute time base is available
- order of channels
stations
station components (vertical, N-S, E-W ...)
- station information station code and co-ordinates
status(e.g. out-times of station or components)
sampling rates
response curves
- event information location
origin time
magnitude
comments

The multiplex structure defines the order or the arrangement of data from different sources
within a data file. Sampling of different components generates

time multiplex:  first sample of component 1
first sample of component 2

first sample of component 3

1

second sample of component 1

second sample of component 2

second sample of component 3

Also transmission and immediate storage are done in this structural form. But before
processing and archiving the data file should be converted into:

channel multiplex: first sample of component 1
second sample of component 1
third sample of component 1
first sample of component 2
second sample of component 2
third sample of component 2

Because data transformation and filtering are carried out channel-wise. The following scheme
is run inside the processing system:

1) Samphng Unit Time Multiplex Disc Channel Multiplex Tape
s
2) Tape Channel Multiplex Disc Channel Multiplex Processing
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8. TIME SIGNAL

The time signal is the main guiding information of time series. Its accuracy should be better
than t = 0.1 s for global and better than t = 0.01 s for local evaluations. In case of digital data
acquisition the required time accuracy depends on the sampling rate f,, and should be roughly:

1
=
10 £,

©

Crystal clocks run with an error of 10 to 10 for temperature compensated crystals (7CXO0).
This corresponds to about 0.1 ... 0.001 s per day.

Radio time signal errors occur on the receiver side only. Their first relevant component is due
to the finite travel time which depends on the station distance. A distance of 300 km causes a
delay of 1 ms. Weather induced time errors are not relevant in seismological applications. The
second relevant cause of time errors occurs within the receiver (filters). They are in the order
of 1 ms up to several 10 ms depending on the receiver type. Because of different receiving
conditions a radio controlled crystal clock is the most widely used device. Advanced solutions
use computer controlled compensation of the crystal behaviour due to ageing, temperature
changes etc. Corrections are derived from average time signal differences.

Absolute time signals are distributed by national and world-wide services. National time
service signals are transmitted by radio stations (hourly pulse groups), time transmitters (pulse
coded signal: year ... sec) and by television transmitters: On several well defined times the
start time of a (picture) frame synchronising pulse is controlled by the atomic clock of the
national time service.

World-wide time signals are available from satellite positioning systems such as the United
States Global Positioning System (GPS). Its signals can be received continuously around the
world for 24 hours per day. Limitations for non-military users do no affect seismological time
signal requirements. In 1988 also the former Soviet Union opened its similar GLONASS
system for civil use. One gets satisfying results also by using world-wide long wave
transmission systems such as the Omega time service. But needed technical efforts and
receiver costs are meanwhile higher than for the mentioned satellite time services.

The absolute time signals should be related to the recorded time series in two ways:

- In order to find archived data the header should give the exact date of the record down to
minute or second;

- Within the time series additional time pulses (e.g. 1 bit per word) allow precise data
synchronisation and correlation and ease the orientation in long data blocks.

Time synchronisation is necessary for block-wise digital transmission because outside
sampling happens at a time different from centralised storage time and secondly, transmission
procedures change the length of a data block dependent on information structure,
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Figure 9 shows schematically various components and options of seismological data
acquisition systems. The solution depicted in the upper part (seismometer to paper record) is
the cheapest one (if no expensive special recording paper is required) but expensive in
evaluation. In the middle part the one-way transmission of frequency modulated analogue or
hardware coded digital signal is shown. The lower part represents computer based acquisition
which allows data transmission in both directions for additionally automatic checking and
control of the outside station. This can be used for clock correction, seismometer and
amplifier calibration, and for changing of station parameters.
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Fig. 9: Components and links of seismological data acquisition systems (from seismometer
to computer.
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9. TRIGGER CRITERIA

Amplitude criteria are non-expensive in analogue hardware or in computer software
realisation. The most simple one consists of a threshold level fixed at 3 ... 5 times of
maximum noise amplitudes. But noise level is proportional to bandwidth. This problem can
be solved by passband filtering at the expected maximum of the signal-to-noise ratio SNR:

local events higher than 5 Hz
regional events 2..5Hz
global events lower than 1 Hz

Additionally, the amplitude threshold level can be adapted to current noise conditions by
relating average long-time changes of natural (weather) or human noise (traffic) to short-time
changes (STA/LTA: Short-Term Average / Long-Term Average). The latter differ strongly
from the LTA in case of the onset of transient seismic signals of sufficient SNR.

Fig. 10 shows an analogue realisation of an STA/LTA trigger.

’t’STA:2-Ut Ry C =01 1s
T LTA:Q-IJL’-RQ-CZZ 10...100s
Rectifier
Signal R1 Comparator

Trigger
pulse

>—— P>t

Fig. 10: Analogue realisation of an STA/LTA trigger. 1 - time interval of averaging.

The signal is rectified, and its absolute values are integrated by first order low passes of
different integration times t:

STA ~ 0.1s..1s
LTA ~ 10s..100s

Commonly the amplitude threshold level is set to STA/LTA = 3 ... 5. A digital software
solution of an STA/LTA trigger requires first order recursive low passes only. It can be run
on-line in background processing of any PC.
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The functioning of STA/LTA triggers and the setting of the most suitable parameters
depending on the task and type of seismic signals to be monitored are described in detail in
chapter Understanding and setting STA/LTA trigger algorithm and associated parameters.

Frequency criteria are more sensitive and they cover a broad signal band simultaneously. The
less expensive ones use periodogram analysis to monitor some main spectral lines via
STA/LTA. More sophisticated trigger algorithms, some of them including also pattern
recognition, are described by Murdock and Hutt (1983) and Joswig (1990, 1993, 1995).

Fourier transformation of a given time window is also used for identification. Spectral
analysis can not be run on-line without additional signal processors. To reduce calculation
expense often the Walsh transform is applied (cf. Gofforth and Herrin, 1981). It needs
addition and subtraction procedures only, but calculated Walsh spectral lines are different
from signal frequencies. Thus evaluation becomes more difficult.

Error prediction filters use the difference between the (predicted) model and the true signal.
Models can be Fourier or Walsh spectra or the statistical behaviour of random variables. The
trigger compares model coefficients with signal coefficients or model generated time series
with origin time series.

Lowering the threshold level will increase the false alarm rate exponentially. Checking criteria
will reduce this effect. The most widespread criteria are postdetector and voting.

The postdetector checks the signal behaviour after triggering, e. g. the signal envelope. For
short period measurements the signal duration should be longer than 3 seconds to exclude
pulses generated by disturbances within the device.

Voting means that an event must be triggered by 3 ... 5 stations of a network within given
time window depending on signal travel times trough the network.
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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) =20 (1)
x - displacement of the suspended X
mass relative to the ground

y - displacement of the ground

(true ground motion)

k - spring constant I l

D - friction coefficient VI

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’ +2ihwe,-0°) =Y (0) T(w) (2)

with /= k/m ay=2 7 f, - angular eigenfrequency of the seismometer
and h =D/(2may) - damping constant

The expression
T(w) =0’ /(0 +2ihow-o?) (3)

is denoted as frequency response function and its inverse Fourier transform as impulse
response function of the system. Indeed, a Delta impulse §(0) has a flat spectrum 3(w)= 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(w) 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 (0 << ®,) the response is proportional to ’, at high frequencies ( ® >> )
the response is -1. The behaviour in the vicinity of the eigen- or corner frequency o 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(0) =G id /(o +2ihow-o) (4)
log A
(DZ
>
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 = 1 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:

(iw‘ZI)(iw'ZZ)(iw'Z3)---(iw— Zm)
T(w) = C (5)
(iw-p1)(iw-p2)(iw-ps). . . (i®-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

piz = (-hap, xapV(I-h?)) 2123 =1(0,0). (6)

1.2 Digital data recorder

Before sampling the analogue data they have to pass through an ant-alias lowpass filter which
should remove all signal energy above the so-called Nyquist frequency f,, that is half the
sampling frequency f; . Otherwise, the sampling process would map this energy into the
frequency band from O to f, and distort the digitised time series. Therefore, anti-alias filtering
has to be done using analogue filters. Analogue filters of course influence the recorded trace
what has to be taken into account when analysing the data. They change both the amplitude
and the phase spectrum. The corer frequency of the analogue filters is usually about 30% f,,,
what means, that a significant portion of the frequency range is lost or its 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
are still 16 bit systems on the market and a lot of 12 bit systems are still in use in many
countries. The theoretical dynamic range DR of digital systems is being calculated in Decibels
[db] as

DR = 20log (Apax/ Amin) =20(n-1) log2 =6(n-1). (7)

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

1. Gain ranging

Gain ranging AD-converters sample the same analogue signal from different channels with
amplifications differing by i = 2V (k - integer constant, V is the voltage corresponding to 1
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

analogue muti |— APC3 \I .| digital
input channel ogic unit output

amplifier [~———_ ADC?2 b—

o

Fig. 3: Schema of a gain ranging ADC

2. Oversampling

Oversampling means, that the primary sampling rate is larger than the final sampling rate
desired. The method (Oppenheim and Schafer, 1989) is based on the assumption, that 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 is
the quantization step. The variance of the quantization noise equals Q?/ 12. When applying
the Parseval theorem, which states that the energy in the time domain equals the energy in 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 ;=2nf; and w,=2mnf>,
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 ®,.

INJ/ZIND = V (H/f1) (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 v (f,/ f,) and therefore increases the dynamic range of the recording system. For
example, a recording system with an oversampling ratio £, / 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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1. Dynamic range

According to equation 7 we have to find 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
seismic signal that can be identified in a record depends on the eigennoise of the recorder in
counts. A comparison of sinus oscillations with different amplitudes (model of a seismic
trace) superimposed by normally distributed noise with standard deviation G (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 (Amax/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? = ¥ YIF,1? (11)
=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) with
superimposed sinus oscillations of different amplitudes (left) and corresponding
spectrum for noise and sinus oscillations with amplitude of 1.4 . The spectrum 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.
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The ratio of the power of the noise n; to the power of the sinus signal s; = Ay sin(® t;) can be
derived in the time and frequency domain as

N N N2
Sni/Xsf =20 /A7 and XIR;P/A) (12)
=1 i=] =]

respectively. R; are the Fourier coefficients of noise. For the assumed minimum signal
amplitude of Ag=1.406 ~V2 G 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;1?) (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 =20 log (Aaip/ 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
- PDASI100, TELEDYNE Geotech, 16 bit ADC, gain ranging, oversampling
- MARSS8 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, 6 — 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 MARSSS 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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Fig. 7: Spectra of noise records superimposed by sinus oscillations of different amplitudes.
The data were stored in gain ranging format.

0D8:54:57.0
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Fig. 8: Records, showing acausal effects for impuls (above) and step test functions (below).

The exact time of the beginning of the impuls and step, respectively, is marked by the
vertical bar.
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4. Anti-alias filter

In modern high gain seismic recorders are usually linear phase finite impulse response (FIR)
filters implemented (Scherbaum and Bouin, 19972). They are 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
fn. 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 amplitude
and at high frequencies an ®™ decay. The high frequency decay usually ranges between ©~
and (x)z_ The seismic moment My =pn A D ( [ - shear modulus, A - area of the rupture
plane, D 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 record 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 = ¢ + i ® (for complete theory see Plesinger et al.,
1996)

+ [==)

L(f(t)) =F(s)= [f(t)e"'ds (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 N
Z bmy ) = Z ay X (”). ( 16)

m=0 n=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-z,)
n=10 n=40
H(s)="n =C Tn (17)
2 b, s I (S - pm)

m=40 m=10

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 simulation 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. (79 )

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

V*(z) co+61z'1+czz'2+...+c,lz'"

H* = = 20
(z) U*(z) l+diz' +dyz?+. .. +dpz™ (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 w; by k samples. The application of this shifting theorem (21)
converts equation (20) into a difference equation

Vi = Coup+crupp+ iyt .ot quupa-divi v davip+ .+ dyvi,. (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 w; and the last m samples of the filtered time series v;. 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 @;/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:
1. permanent station MOX, German Regional Seismograph Network, seismometer STS2

(T=100 sec), recorder: Quanterra

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

PDAS100, LA4-3-D (T=1sec)

REFTEK 72A07 LA4-3-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 intermediate period seismometer records (eigen-
period 20 sec) derived from records of a broadband (200 sec),(left) and a short period
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STS2, T = 200 sec) and from a PDAS-recorder, equipped with a short period seismometer
(right: Mark LA4-3-D, T = 1sec). This example shows, that at least for the vertical component a
good short-period seismometer can be used for simulating intermediate period records. The
horizontal components of a MARK 14-3-D seismometer are mechanically less stable than the
vertical component. This results in a higher noise 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=6.3
Killari intraplate earthquake of September 29, 1993.

The factors contributing to the strong damage and the high death toll (12000 people) caused
by the Killari earthquake were:

1. high population density

2. occurrence at night time

3. the area was assumed to have the lowest seismic risk in India

4. traditional building style (basalt stones without cement or concrete)

5. strong ground motion amplification.

Figure 12 shows the epicentre distribution of the Killari aftershocks (Baumbach et al. 1994).
They were recorded with 3 digital PDAS-stations, 4 strong motion stations and 9 analogue
stations (magnetic tape records). The velocity recordings have a rather monofrequent character
(Fig. 13). This is a first hint for ground motion amplification caused by a thin low-velocity
surface layer. The resonance frequencies for a vertically incident S-wave are f,=(2n+1)Vy/ 4H.
H is the thickness of the surface layer and Vj is the S-velocity, n=0,1,2,... . The coda of the
records is very long. This could be caused by high crustal scattering and low
attenuation. The geological underground consists of granite, covered by a 300 m basalt layer
and few meters of black soil. The depth of the basalt could be estimated at some places from
wells. Figure 14 displays spectra at PDAS station sites with epicentre distances of 5 to 10 km.
They show typical spectral peaks with an amplification of 5-8 due to the surface layer. Some
of the spectra display overtones. The amplification peaks are within the frequency range of the
corner frequencies of the P- and S-waves from low magnitude aftershocks. Therefore, it is
impossible to estimate reliably their source parameters from the P- or S-spectrum.
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Figure 13: Velocity record of a Killari aftershock
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Fig. 14: Spectra of aftershocks (upper trace, horizomtal components) showing soil
amplification effects. Noise spectra are indicated for comparison (lower trace).

To analyse the ground motion amplification in detail theoretical seismograms were calculated
for the following velocity model:

Layer thickness [km] pl[g/cm 3] Vp (km/sec) Vs (km/ sec) Q Qs

1 0.005 13 1.2 0.2 80 20
2 0.300 2.5 4.5 2.6 500 220
3 o 2.7 6.0 3.5 800 270

The assumed layer thicknesses coincide well with the results from drillings in the epicentre
area of the Killari earthquake, carried out in 1996 (Gupta, 1996, personal communication).

Figure 15 shows the synthetic displacement seismograms for an epicentral distance of 20 km
and a thrust mechanism. The upper three traces (radial, transversal and vertical) show the
displacement at the surface, the lower ones at a depth of 5 m (soil-basalt boundary).
Remarkable are the high frequency oscillations after the P- and S-onsets caused by the surface
soil layer. The second onset after the P-wave at 00:00:04 could be misinterpreted as reflection
from a deep crustal boundary. Both, travel time and amplitude studies showed that this is an
inhomogeneous P-wave, guided at the 300 m deep basalt/granite boundary.

Finally, theoretical seismograms were computed for an aftershock and a small 3-station
network with an aperture of 8 km. The 3-component seismograms were recorded by PDAS-
stations. For analysis they were converted into Wood-Anderson records. The typical spectra of
the stations MUD, KIL and NAR (figure 14) show different resonance frequencies: 4 Hz, 10
Hz and 20 Hz, respectively. These differences are caused by different thickness of the surface
layer and result in different periods of the S-wave onset (fig. 16). The above shown velocity
model gives a resonance frequency of 10 Hz and is therefore typical for station KIL. The fault
plane solution was calculated from polarity readings only, because the amplitudes are strongly
influensed by the surface layer. The S-wave periods and amplitudes of the Killari (KIL) radial
component record are in good agreement with the corresponding synthetic seismogram. The
amplitudes of the recorded and calculated transversal and vertical component records differ
remarkably. The other stations show differences in periods because of the wrong model
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thickness of the uppermost layer. Because of the dominant influence of the uppermost layer, a
beiter fit could be expected when using models with different soil thickness for different
stations.

The P-polarities of records and synthetics coincide for all stations. Differences in the
amplitudes show that the fault plane solution calculated with only 12 P-polarities is less
accurate. Further modelling with different source mechanisms, different source duration and
different surface and intermediate layers could probably improve the fit.

The calculations show, that the analysis of dense network recordings of aftershocks of strong
earthquakes could contribute to the estimation of ground motion amplification caused by low
velocity surface layers. The results could be used for microzonation studies.
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Fig. 15: Synthetic seismograms for a Killari aftershock with thrust mechanism. Upper traces:
surface displacement, lower traces: displacement at 5 m depth
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Fig. 16: Comparison of records (top) and synthetics(bottom) for a 3 station network
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DEMONSTRATION OF DIFFERENT DIGITAL DATA ACQUISITION
SYSTEMS TOGETHER WITH SEISMOMETERS FOR MOBILE AND
STATIONARY USE—STRONG-MOTION RECORDINGS AND
DISPLAY OF THE COLLECTED DATA

ZHANG Wenbo

Beijing Strong Motion Observation CenterInstitute of Engineering Mechanics,
China Seismology Bureau,P.O. Box 2722, Beijing 100080, China, E-mail: wenbo@public.east.cn.net

1. STRONG MOTION RECORDERS USED IN CHINA

SMA-1, analog accelerograph

Recording medium: 70mm Estar base photo film
Recording traces: Total of seven traces: three active acceleration tracks,
Two timing traces, and two fixed traces for reference.
Timing marks: Two marks per second (£0.2%)
Charts speed: 10 mm/second
Recording time: 25 minutes
Start-up time: Full operation within 50 milliseconds
Dynamic range: 0.01gto 1.0g
Sensor: Three flexure-type accelerometers in an
orthogonal arrangement
Natural frequency: 25Hz
Damping: 60% critical
Range: +1g full scale. Full scale deflection on film is 18.5 mm
Bandwidth: 1to 10 Hz

PDR-1/FBA-13, digital accelerograph, made by Kinemetrics, USA
Number of channels: 3

Input signal: 125 pV min to £2.5 V max

Input filtering: Selectable 2.5, 12.5, 25, 50 Hz
Gain-ranging: 1+36dB up and down during event
Dynamic range: 102dB

Resolution: 12 bit

Recording medium: Digital cassette tape

Digital recording: Phased encoded; 4-track: three-data, one parity
Bit density 1280 bits/inch/track

Recording time: 22.5 or 45 minutes with 300 ft. Tape
Tape speed 1.25 or 2.5 inches/second

Start-up time: 150 millisecond

Sample rate: 100 or 200 sps

Trigger: STA/LTA selectable ratios or differences
Full scale: 2g

Natural frequency: 50 Hz

Damping: 70% critical

Timing system: Quartz crystal clock is standard

(3x107 over temperature range of 0-50 °C)
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SCQ-1/WLJ-100, digital accelerograph, tape recorder, made by IEM, China

Number of channels: 3

Input filtering: Selectable 25, 50 Hz
Gain-ranging: +36dB up and down during event
Dynamic range: 102dB

Resolution: 12 bit

Recording medium: Tape

Sample rate: 100 or 200 sps

Trigger: STA/LTA selectable ratios or differences
Full scale: 2g

Natural frequency: 70+2 Hz

Damping: 70% critical

Timing system:

Quartz crystal clock is standard
(1x107° over temperature range of 0-40 °C)

SSA-2, SSR-1, K2, solid state accelerograph, made by Kinemetrics, USA.

SSA-2

Sensor: Internal, orthogonally oriented triaxial accelerometer.
Full scale: 2g

Natural frequency: 50 Hz

Damping: 70% critical

Bandwidth: DC to 50 Hz

Sample Rate: 200 sps

Anti-alias filter:
Frequency response:

2 pole, 50 Hz, Butterworth
Dc to anti-alias filter cutoff

Sensitivity: +2.5 volts full scale

Resolution: 12 bits

Trigger: Programmable threshold trigger, 0.1 to 10% of full scale,
bandwidth 1Hz to 12 Hz

Recording medium: 256 kilobytes of CMOS static RAM standard

Timing system:

(with battery back-up)
Internal clock standard

(Accuracy approx. +/- 5x10 from 0-50 °C)

SSR-1

Number of channels: 3, Optional 6

Dynamic range: 16 bits

Converter resolution: 16 bits

Full scale: +2.5 V at 0 dB gain

Sensor interface: 3 channel general purpose sensor interface.
Compatible with FBA-23, WR-1 and SS-1.
Additional 3 channel input for optional channels.

Sample rate: 1000 sps for 1 channel, 500 sps for 3 channels,

200 sps for 6 channel.
High-Pass filter: 0.01 Hz, each channel individually in or out

Anti-alias filter:

Bandwidth:
Preamplifier gains:

3 plug-in filter modules provide 1 corner frequency each
for 3 channels. Standard 5, 15 and 50 Hz. Additional 250
Hz filter is standard. Response is 6-pole Butterworth.
DC to anti-alias filter corner frequency
0 to 60 dB software selectable in 20 dB steps.
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Trigger:

Recording medium:

Timing system:

K2

Sensor channels:
Input level:
Gain:

Damping:
Anti-alias filter:

Dynamic range:

Each channel independent.
1) Band-pass filter threshold;

2) STA vs. LTA, ratio or difference;

3) Pre-programmed experiment windows;

4) External
1 megabyte of CMOS RAM. Expandable to 4 megabyte

a) keyboard; b) armed with keyboard, started with TICK

plus; ¢) continuous and automatic decoding and
synchronization to external IRIG time code;
d) optional internal OMEGA receiver.

3 standard; 6 and 12 optional

Standard 2.5V

User selectable of X1, X3, X10, X100 (opt)

Provision for internal resistor (opt)

Brickwall FIR filter. Cut-off at 80% of output Nyquist;
120 dB down at output Nyquist

>114 dB

Frequency: DC to 80 Hz @ 200 sps

Sampling rate: 20, 40, 50, 100, 200, 250 sps

Trigger selection: Independently selected for each channel.
Threshold: selectable from 0.01% to 100% of full scale
Voting: internal, external and network trigger votes with
arithmetic combination. Additional: STA/LTA

Recording medium: 6 MB ScanDisk; optional 20 MB ScanDisk;

Optional 170, 340 or 520 MB hard disk.
Free running disciplined oscillator (standard); GPS (opt)
5 microseconds of UTC

Timing system:
Timing accuracy:

2. K2 - DEMONSTRATION FOR STRONG MOTION RECORDINGS AND
DISPLAY OF THE COLLECTED DATA

2.1 Introduction

K2 is a high dynamic range accelerograph. Technical advances and innovative engineering
have increased performance and flexibility of this recorder to offer a dynamic range greater
than 114 dB. The high dynamic range and superior resolution offer significant advantages for
applications where signal fide and data integrity vital. Developed for Microsoft Windows™,
QuickTalk® and QuickLook® software provide a user-friendly environment, making system
setup, communications and rapid analysis. Up to now there are about ten K2s deployed in
China. They are distributed in structural monitoring arrays, borehole array and regional
seismic networks and atrays.

2.2 Getting started

Connecting PC  # Connecting the internal battery (make sure OPER/STBY switch
is in the STBY position)
m Connecting the power supply
» Turning on the power (turn the OPER/STBY switch to the OPER
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position)
= Running QuickTalk
= Zero-Adjusting an internal FBA

Date: [%PR 1. 1999 07:41:02 KEYBOARD

Acquisition: IACQUISIT'ON DETRIGGERED

lALARM NOT TRIGGERED

‘ L . Alarm:
& Setfime
Heset
L) Ao I Drive A: & MB FREE Drive B: [NOT READY

For Help, press F1: -

Fig. 1: QuickTalk Window
2.3 Configuring instrument
B Parameters setting:  Fig. 2 (below): Flowchart showing parameter setting

Recorder
|

Y

Acquisition Control
|
v
Edit Parameters
|

12

From Recorder
|

A

Parameter Setting:
Station... Timing...
Modem... Channels. ..
Streams... DigFldStation...
Serial Data...

To Recorder
7,

Close: end of parameter setting
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Fig. 3: Window for parameter editing

B Station parameters — They determine which channels are recorded and provide
information on the instrument.

. 'Serial Number: 1077

 Latitude:
Longitude;  {116.32

~C°mﬁ'é"t: > l:l'his is the position of BSMOC. l

Us‘er'Cddkés: ﬁ k J IU | J lll ! F] l

: &ancel‘

Fig. 4. Window for station parameters
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B Timing parameters — They edit timing-related parameters.

Fig. 5: Window for editing timing parameters

B Modem parameters — They determine the modem settings, how power to a cellular phone
is controlled, and when the K2 calls you.

VALTUS Modem Parameters

~Mn em VSetup

Initialization Comm‘Ana:“ - |AT&FE0RCIS0-1aW

Primary Phone Number

r‘E&treme Temperature -

. Secondary Phnne Nombervw

, ST —I : ﬁutu-Answer,aMuﬁéé :
Dialing Prefix: e |ATOT ] : e s
 Dialing Suﬁix: E 1 0 ~Call Qut lf:f;
Hangup Commnnd. : : IﬁTHU I : e SEo
Auto, Answer On Command: =1 ] 1 I Battery L‘”‘" .
e f AC
Auto AnswerOﬁCommend ; =0 } o I:,ngs s ’AC_F"uwerﬁ
_I 1 .GPS Failed To Lock

Wait For Connectmn éécohds :

Pause: Baiwoen Ca!ls B seconds

Max. Dial Attempts

atompi(e) |

Fig. 6 Modem Parameters Window
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M Channel trigger parameters — They determine what type of seismic signal will cause the
triggering of an individual channel.

. Alarm :Triggen L
+++12.0000 %FS

Threshold Trigger: |
i . | J. Ratio: Threshold Detrigger:
[[THRESHOLD » ] * : ] oo |xrs

Fig. 7: Window for setting channel parameters

B Stream parameters — They determine at what sampling rate the instrument will record, and
how long the unit will record before the trigger and after the de-trigger.

s Stream Parameters

[ lsec PrimayStrege:  [PoMoaa -]
;éec: _Secondary Storage:  |[PCMCIAA: v
~ R
“Stream Trigger Sources and Weights ———————— e
L : ~ R ' « Total Weight:
o [ onr [[] onin [ Newerks [ ] Teeen
External: D ‘ ‘
k‘D’e(riggsr i
Weight:
Trigger ‘
Woight

Fig. 8: Window for setting stream parameters
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B Digital field station configuration — It determines whether and what data is sent on the
auxiliary digital output port.

Output Protocol: - [CRLF-16-bit. up to 3 chan.

Fig. 9: Digital field station configuration window

B Serial data stream configuration — It determines if real time packetized data is sent out on
the RS232 port.

+Serial Data Streams Trans

Mode 2 Conflgumtmn' e
Send Continuation Packets Every
{6t0 32767):

EJ packets

j

Mode: MODE 1 l_'

Data Format: - ICOMPRESSED

— Transmit Data Channels’ (lell L)

-» mrekocks |

MChl l—Ch? ‘r'C

‘Fchz2  [ickg

~Ch4 I Ch1g o Transmit Samples Per Block: |
100 SPB FUEE

[FChb repwy - o . T e

Fig. 10: Serial data stream configuration window
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2.4 Trigger- and functional tests

Acquisition Control || Start Acquisition [ Begin: Keyboard Trigger [-» End: Keyboard Trigger

Acquisition Control ——{ Functional Test

2.5 Receive files

To use Quick Talk to download event files from K2 to PC:

1. From Quick Talk, go to the desired drive by clicking on A: or B: button in the
Directory window.

2. Double click on the directory entry to change to that directory.

3. Double click on the filename to download that file. After download the files the K2
clears the archive bit in the file’s directory entry.

4. Use QuickLook for Windows or another communication program to view K2 event
files.

2.6 Displaying event files

Use the QuickLook software to view event files retrieved from a K2 recorder.

B Starting & exiting QuickLook
To start QuickLook from within QuickTalk, select Window and QuickLook Window.

The Run QuickLook dialog opens, as shown in Figure 11.

D\ALTUSYAJODT EVT
|DVALTUS\AJ002 EVT

Fig. 11: Run QuickLook window

Exit QuickLook just to double-click in the upper left-hand corner of the window, or select
File and Exit.
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B Opening an event file
When QuickLook starts, the Run QuickLook dialog box makes accessible event files
recently from the K2 recorder. In Figure 11, there are two event files named AJ001.Evt
and AJOO2.EVT.
Use the Add button to add previously retrieved event files to Select Event File to View
list.
Changing the Path: click on the Path button to change the event file path.
Removing Files from the List: select the name of the event file to remove from the list,
then click the Remove button.
Viewing an Event File: Select an event filename and click the View button. Or, double-
click on the filename. The QuickLook window opens displaying the trace.

B The QuickLook window

Figure 12 shows the QuickLook window and its components.

4LL241898 jiez) 221 isplay 5(3

&L DL ¥I
Cand 5.02:1
fCand  4.3L: L

P
ae v an [TEEYRTIT) T _n.un

Ch. L 2322 i
0.2200828¥00x  {F
5. 0EHE1Ynid

-0, BEE1ILA¥Rin

T r.2n50245%00

ch. 2
F.2128900Ynax
LD EOYnid

'— —{[- V1. 1941 2¥nin
0. IL28 21V

Kh. 3

1230543 max
—q| LID)IBELYnid
-0. 3531LL)¥nia

[TTIEITT%S

Fig. 12: QuickLook Window
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TRENDS AND REQUIREMENTS IN STRONG-MOTION DATA
ACQUISITION, MANAGEMENT, ANALYSIS AND EXCHANGE

Li-Li Xie

Institute of Engineering Mechanics, China Seismological Buareau
29 Xuefu Road, Harbin, 150080, China,
Fax: +86-451-666 4755; Email: llxie@public.hr.hl.cn

1. INTRODUCTION

Safeguarding life and property from the destructive effects of earthquakes is a sertous world-
wide problem. The ultimate goal of any earthquake hazard mitigation effort is to devise and
implement socially and economically acceptable strategies for minimizing the loss of life and
property resulting from earthquakes. For designing safe and economical structures and
facilities in earthquake-prone regions, it is necessary to understand both the nature of the
ground motion that these systems may experience and the nature of their responses to the
motions. Much can be learned from lessons of seismic damage, and analytical, experimental
and theoretical results by computer and mathematical modeling of fault-mechanisms, wave
propagation, structural response, soil-structure interaction, and other factors. But a complete
and reliable understanding of the phenomena involved can only be obtained from direct
measurements of the various aspects of the overall processes. This requires measurements of
both the near-field strong ground motion and of the response of structures during actual
earthquakes. The Strong-Motion Instrumentation Program (SMIP) is defined here as a
general title of the totality of activities related to strong earthquake motion data acquisition,
data management (i.e. archiving, storage, dissemination etc.), data processing and data
application.

The SMIP plays an essential role to improving public earthquake safety. Its primary purpose
is to create new knowledge on strong earthquake ground motion and the seismic response of
structures. The fundamental task of SMIP is to record each damaging earthquake on ground
and in man-made structures in densely urbanized areas by using strong-motion instruments
such as analog or digital strong-motion accelerograph. The program usually covers a
cooperative instrumentation network, a data center, and a supporting strong-motion data
analysis and research center at the national, regional, or local level in support of this task.

1. OBJECTIVES OF SMIP

The SMIP aims at improving public earthquake safety by implementing its task of
coordination, acquisition, rapid dissemination and interpretation of strong-motion recordings
of each damaging earthquake in the area concerned. Strong-motion recordings of damaging
carthquakes in densely urbanized areas are critical for improvements in the design of
earthquake-resistant structures and efforts to reduce potentially catastrophic losses of property
and lifes in future earthquakes. The recordings are fundamental for understanding and
characterizing the physics of seismogenic failure, the generation and propagation of damaging
ground motions, and the shaking performance of structures. The program's consistency of
strong-motion recordings and long-term effectiveness are well-illustrated by a immense
collection of accelerograms, which were recorded during significant earthquakes that occurred
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all over the world, but mainly in the United States, since 1933.

2. HISTORY AND SCOPE OF SMIP

Strong-motion recording was initiated in the United States and rooted in the World
Engineering Congress that convened in Tokyo in 1929. American engineers returned from
these meetings convinced that there was an immediate need for the United States to develop a
rugged seismograph able to record potentially damaging ground motions and to monitor the
response of critical structures during strong local earthquakes. In 1931, the US Congress
allocated additional funds to the Coast and Geodetic Survey for the establishment of an
engineering seismology program, including the development of a strong-motion seismograph
(accelerograph), and the implementation and operation of a national strong-motion network.

The first U.S. accelerographs were installed in southern California in the summer of 1932; by
1972 the network included 575 accelerographs at permanent stations located throughout the
United States and in Central and South America. The U.S. Geological Survey's National
Strong-Motion Program (NSMP) has evolved over more than six decades. The NSMP’s
National Strong-Motion Network (NSMN) currently operates over 900 strong-motion
recorders at approximately 570 permanent stations located in 33 States and the Caribbean. As
a rough estimate, there are now about ten thousands strong-motion recorders installed all over
the world, among them one third in the United States, one third in Japan and one third in
remaining parts of the world.

A complete SMIP should encompass the following components: a strong-motion instrument
network for data acquisition, a data center for data routine analysis, data management and
data interpretation and utilization. The data management is responsible for archiving,
dissemination and quick reporting of data and for preparing also the relevant complementary
data needed for data interpretation such as geological, seismological and geotectonic data.

3. DATA ACQUISITION AND STRONG-MOTION NETWORKS

Strong-motion networks may be permanent or mobile. Besides this there exist integrated
borehole and portable strong-motion arrays, which are instrumented with high-fidelity,
wide-dynamic range recorders (General Earthquake Observation System, GEOS). They can
be used both for array operations and for critical post-earthquake response studies. Analysis is
conducted as data becomes available.

Besides data on seismic strong-motion complementary data are required which are crucial
for the interpretation of existing strong-motion recordings of damaging earthquakes. This
requires the compilation of seismic, geotechnical and geologic borehole data on the near-
surface lithology and for seismic site characterization.

Additionally, there exist programs for development and installation of special-purpose
instrumented arrays for soil-structure interaction studies (Structure and Soil-Structure
Interaction (SSI) Arrays). Such programs require the cooperation of many agencies.

Another important aspect are near-real time strong-motion measurements for emergency
response and warnings. They necessitate the configuration and implementation of modern
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telecommunication which allows rapid retrieval and interpretation of on-scale (strong-motion)
measurements in urbanized areas for near-real time damage assessment and quick effective

decision-making on emergency response and the deployment of relief and reconstruction
forces.

4. DATA MANAGEMENT

The acquisition of large amounts of strong-motion data by a variety of organizations results in
an increasing need to develop data archiving, management, and retrieval procedures that will
increase data accessibility for research and engineering applications. A user-friendly data-
management system permitting ready access to complete strong-motion time series and
spectral data bases is a fundamental need of both the scientific and engineering communities.
A prime consideration is that strong-motion accelerograms be made available without delay
after an earthquake to designers, researchers, and others who have a need to see the
recordings.

The volume of digital data requires a data archiving and retrieval system which involves two
components. One component should provide a catalog of information regarding station, event,
and data parameters. A second component, comprising a much larger volume of information,
should provide the actual time series and spectral values. The first component should be
interfaced with the second one so as to facilitate archiving and retrieval of the time series. The
first component of the system should be maintained by appropriate data-collection agencies
which should also maintain the second component depending on resources and objectives of
the agency. These two interactive components suggested a database management system
which is consistent with present uses of strong-motion data.

Based on the above observations, the following three points should be emphasized in order to
improve the management of strong-motion data :

1. An operational strong-motion data center should be established with the following major
activites:

1) digitizing, processing, archiving and disseminating analog strong-motion
records recorded by the Strong-Motion Network;

2) implementing a modern data base for rapid data retrieval and
dissemination via Internet, ftp sites, CD-ROM, etc.;

3) developing and implementing hardware and software for rapid
incorporation of near-real time strong-motion data into a data base for
rapid dissemination at a web site;

4) preparing specific guidelines for effective coordination and unification of
all program efforts towards archiving, cataloging and disseminating
strong-motion data.

2. Strong-motion data should be archived and cataloged so that these data can easily and
readily be obtained by users and a commitment should be made to continuously update the
catalog of strong-motion data so as to kept it current.

3. A minimum standard of documentation should be developed for existing and future strong-
motion data collected by various agencies and organizations. The strong-motion data refers
to the strong-motion records ( processed and unprocessed ) and to information pertaining to
these records that is relevant for research purposes. For each record three general categories
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of information can be identified: accelerogram, recording station, and causative earthquake.
In each of these categories the following information should be documented:

Accelerogram
® Date and time of earthquake
® Location ( address ) and identification ( 1.D.) number of recording station
® Earthquake magnitude and site intensity
® Source-site distances ( epicentral, hypocentral)
® Accelerogram characteristics (uncorrected peak acceleration, corrected peak

acceleration, velocity and displacement, and RMS acceleration)

Recording Station
® [ ocation, coordinates, and I.D. number
® Structure which houses the instrument (size and type )
® Type of instrument and location within the structure
® Local geology (description and classification)
Earthquake
® Date and time
® Location description and hypocentral coordinates (including location uncertainty if

known)

Magnitudes ( My, Ms, Mw, My, Mpya, etc. )

Maximum intensity

Source dimension (length, width, radius, area)

Seismic moment and stress drop

Source rupture characteristics ( fault type, strike, dip, displacement, slip and rupture
directions, rupture velocity)

Each organization maintaining strong-motion instruments should document the above
information for every accelerogram digitized. It is recognized that some of this information,
such as earthquake source parameters, may not become available for some time. However,
organizations should attempt to maintain this documentation to the best of their ability in an
organized manner.

S. DATA UTILIZATION

Applications of strong ground-motion data take a variety of forms. For the purposes of this
written lecture, they are arbitrarily divided into (1) basic seismological and engineering
seismology research, (2) basic earthquake engineering research, and (3) engineering practice
and code development.

5.1 Basic seismological and engineering seismology research

Strong motion data contribute to the understanding of source mechanisms and propagation of
seismic waves from the source to the point of interest, including local site effects (see Figures
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7 and 8 in the chapter Data processing and analysis of strong-motion accelerograms). The
characteristics of the source mechanism that can be examined using strong-motion data
include: rupture velocity, point of initiation of the rupture, asperities or irregularities on the
fault that produce strong radiation of high-frequency seismic waves, the direction of fault
rupture and the resultant pattern of wave radiation, spectral content, stress drop, fault-rupture
dimensions, time sequence or slip rate of fault-rupture dimensions, time sequence or slip rate
of fault motion, amount of energy release or seismic moment, type of ground rupture, and
possible regional differences in these parameters. An enhanced knowledge of the physics of
the source is valuable not only to the science of seismology but also for the estimation of
strong ground motion for engineering application.

Strong ground-motion data also contribute to a better understanding of wave propagation
characteristics, such as geological and physical characteristics of the wave path (e.g.,
velocities, density, and rigidity); attenuation along the path, both geometric and that from
anelasticity; scattering effects; near-source parameters topography or other structural
elements; and site effects caused by variations in soil type, water table, and neighboring
geologic structure and topography. The resultant strong-motion duration and frequency
content are strongly affected by the characteristics of the propagation path as well as the
duration of the earthquake source. Strong regional differences have been observed in high-
frequency wave propagation in various parts of the United States.

Adequate strong-motion instrumentation, including two-and three-dimensional arrays, is
required to obtain the basic data for a better understanding of the seismological source and
propagation parameters. This enhanced understanding will significantly improve the
capability to predict strong ground motions in a given geologic environment.

5.2 Basic earthquake engineering research

Over the past 40 years, the specialized field of earthquake engineering has grown from
infancy to its current advanced state, allowing the design and construction of buildings with
greatly improved safety and cost-effectiveness. This progress could not have taken place
without the availability of strong-motion accelerograms and high-speed digital computers that
together enabled the development and implementation of the current methodologies of
analysis and design.

The research that played a major role in the development of these methodologies can be
classified into four areas: (1) strong ground motions, (2) mathematical modeling and dynamic
analysis, (3) structural performance, and (4) seismic design.

5.2.1 Strong Ground Motions

Understanding the nature of strong ground motions, 1.e., intensity, frequency content, phase
relations, duration, and spatial variations, is fundamental to achieving good earthquake-
resistant design of critical structures based on economic and safety considerations. These
structures include buildings, bridges, dams, offshore platforms, liquefied natural gas storage
tanks, and nuclear power plants.

Through the improved strong-motion instrumentation program, much valuable information
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has been recorded that has led to a better understanding of the expected ground motions
which are required in the design process (see figure 8 in chapter Data processing and analysis
of strong-motion accelerograms). The ground-motion criteria used for earthquake-resistant
design of critical structures have undergone major revisions in recent years because of
recorded ground motions. Further revisions can be expected as new knowledge is gained
through the strong-motion instrumentation program.

5.2.2 Mathematical modeling and dynamic analysis

Because of the availability of high-speed digital computers, it is possible to perform the
numerical work required by detailed mathematical models of critical structures. Twenty-five
years ago the practicing engineering profession was very limited in its ability to calculate
seismic response. Presently, however, detailed dynamic analysis are routinely carried out for
important structures. For example, seismic response analysis of nuclear power plants
containing a multitude of piping systems, equipment, and secondary structures are made,
including soil-structure interaction effects. These design activities set up a demand in
modelling which, in turn, creates a demand for improved knowledge of strong motion.

5.2.3 Structural performance

Because of economic considerations, controlled damage must be allowed to take place in
many structures, such as buildings, offshore platforms, and bridges during maximum credible
earthquake conditions. This requirement necessitates an understanding and an ability to
predict the resisting forces developed under large deformation cyclic conditions and the
failure mechanisms likely to take place under extreme conditions. With the availability of
modern electronically controlled, hydraulically powered testing equipment and shaking
tables, high-speed data acquisition and processing equipment, and computers and associated
computer programs for control and analysis, much knowledge has been recently gained
regarding structural performance under seismic conditions. The validity of this knowledge is,
of course, highly dependent upon the ability to prescribe realistic seismic excitations, which is
dependent upon information gained through the strong-motion instrumentation program.

5.2.4 Seismic Design

The practice of earthquake engineering in the design and construction of structural facilities
has undergone major changes during the past 25 years as a result of advances made in the
areas of seismic ground motions, mathematical modeling, dynamic analysis, and structural
performance. Codes have been modernized, requiring the designs to be based on more
realistic seismic ground-motion criteria, better detailing of structural components and
systems, and improved control of materials. Considering that basic earthquake engineering
research leads to economic and safety improvements in seismic design and construction, it is
very clear that every effort should be made to strengthen the strong-motion instrumentation
program, which is fundamental to this development.

Scientific Technical Report STR 99/13 92

DOI: 10.2312/GFZ.b103-99132 GeoForschungsZentrum Potsdam



5.3 Engineering practice and code development

Accelerogram data have also led to improvements in building codes. For example, the
evolution of the lateral force provisions in these codes is base on the accelerograms recorded
during major earthquakes. More accelerogram data are required, however, because of the
need for further improvements in engineering practice and building codes. Few
accelerograms have been recorded near the fault ruptures of earthquakes greater than
magnitude 7, although these pose the largest threat to many urban environments. Engineers
rely on extrapolations of the existing data base to predict the motions of these potentially
destructive events. As a result, the uncertainty in these estimates is greater than those where
little or no extrapolations are involved. Consequently, the design of future structures may not
be optimal and the evaluation of existing ones may be inaccurate in some cases.

6. DATA PROCESSING

The recorded strong-motion data usually need to be processed to eliminate and /or correct
various of effects or errors from recording system, digitizing process and so on. As a standard
data processing procedure the processed data usually are provided in uncorrected and
corrected form with also calculated velocity, displacement, response spectra and Fourier
spectra.

6.1 Uncorrected and corrected data

The term "uncorrected" indicates that a digitized (or digitally recorded) time series has
received no processing that involves any hypotheses as to the character or frequency content
of the ground motions or recording instruments. An "uncorrected” analog-recorded time series
has been corrected only for uneven film transport with time and for transverse motion of the
film as it moved longitudinally through the recorder; it has been shifted to have zero mean;
and it has been translated from digitization units to units of cm/sec/sec (ordinates) and
seconds (abscissas).

The "correction" process applies bandpass filters (removing noise contamination) and
instrument correction (removing the effects of frequency-dependent instrument response) to a
time series. A software developed by the US Geological Survey located at the Menlo Park,
California USA named BAP, that will correct the time series, is available from the NSMP web
site (http:/nsmp.wr.usgs.gov).

6.2 Basic Strong-Motion Accelerogram Processing (BAP) software

The Basic Strong-Motion Accelerogram Processing (BAP) computer program was developed
at the U.S. Geological Survey (USGS) to process and plot digitized strong-motion earthquake
records. BAP will calculate velocity and displacement from an input acceleration time series
or it will calculate acceleration and displacement from an input velocity time series. The
program will make linear baseline corrections, apply instrument correction, filter high
frequency and/or low frequency content from the time series, calculate the Fourier amplitude
spectrum, and calculate response spectra. It will also plot the results after each processing
step. A paper copy of the BAP manual: "BAP: Basic Strong-Motion Accelerogram Processing

Scientific Technical Report STR 99/13 73

DOI: 10.2312/GFZ.b103-99132
GeoForschungsZentrum Potsdam



Software; Version 1.0" by April M. Converse and A. Gerald Brady, 1992 (USGS Open-File
Report 92-296A) is available upon request by contacting Kent Fogleman fogleman@usgs.gov
(telephone: 650-329-4745) or by ordering a copy from the USGS Information Services
(Internet: http:// mapping.usgs.gov/esic/to_order.html).

6.3 Strong Motion Analyst (SMA)

Recently the Kinemetrics developed a software package for strong motion data routine
processing. This Strong Motion Analyst (SMA) software package is a tool designed for
carthquake engineers, seismologists and academic researchers to process strong motion
accelerograms. It is a Windows™.-based interactive processing tool that features instrument
correction, data editing, filtering, ground motion integrations, Fourier and Response Spectra
calculations, and .V1, .V2, .V3, file format output. Its key features are to support up to 18 data
channels, up to 5 damping values, and up to 100 period values and to produce uncorrected
acceleration (.V1 files), corrected acceleration, velocity and displacement (.V2 files), Fourier
and response spectra (.V3 files), power spectral density and FFT graphs. For more
information contact sales@kmi.com .

In China, rather sophisticated software for data processing was developed. It can be applied
for recording systems with a single degree of freedom (such as pendulum systems) and also
for systems of a pendulum coupled with a galvanometer. This software can provide all results
as BAP does and takes more factors into consideration such as limitation of record length,
uncertainties in baseline and restriction on the cut-off frequencies for band-pass filter.

7. DATA EXCHANGE AND DISSEMINATION

As a consequence of the large number of strong-motion programs throughout the world, a
number of data management and distribution problems have arisen. There is a growing
concern that, as the number of participating organizations and the strong-motion data base
continues to increase, a significant amount of the data may not get into the hands of the user
on a timely basis. This problem already exists to some extent and is likely to become worse.
The major reason for it is the fragmentation of existing programs and the lack of coordination
among them. However, with the rapid development of the internet web technology, many
organizations have put their data onto their specially designed web site. The users can easily
access most of the data recorded so far through the internet.

At present, there are many efforts dedicated to the dissemination of strong motion data in a
variety of forms, such as:

7.1 Publications

The U.S. Geological Survey (USGS) National Strong-Motion Program (NSMP) routinely
publishes a variety of reports related to strong-motion recordings from U.S. earthquakes, such
as the GEOS Reports - USGS Open-File Reports of earthquake and aftershock data collected
by the NSMP General Earthquake Observation System (GEOS) project. In Japan, the Port and
Harbour Research Institute of the Ministry of Transport and the Abiko Research Laboratory
of the Central Research Institute of Electric Power Industry (CRIEPI) also publish their strong
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motion data reports, namely the “Annual Report on Strong-Motion Earthquake Records in
Japanese Ports’’ and the “Strong Motion Earthquake Records Obtained by the CRIEPEI
Observation Network”, respectively. In China, about 10 big volumes of strong-motion data as
well as the results of their routine analysis, such as calculated velocity, integrated
displacement, response spectra and Fourier spectra, have been published since 1980.

Preliminary Data Reports: These are compilations of strong-motion records from individual
earthquakes, aftershocks, or related series of earthquakes.

Catalogues of Strong-Motion Records: These are summaries of the accelerograms
recovered from the U.S. National Strong-Motion Network and from the strong-motion
accelerograph stations of cooperating agencies. From 1974-1980 these reports were issued
quarterly and titled "Seismic Engineering Program Reports". Beginning in 1981, the reporting
period switched to an annual cycle. From 1981 to 1985 the reports were called "Strong-
Motion Program Reports, January-December [year]"; since 1986 the title has been "Catalogue
of U.S. Geological Survey Strong-Motion Records, [year]".

CD-ROMs: The National Oceanic and Atmospheric Administration of the United States
Department of Commerce has prepared a CD-ROM Strong Motion Data Collection which
contains more then 15,000 digitized and processed accelerograph records dating from 1933 to
1994.

7.2 Online Database

The USGS Publications database is now online and available at "http://usgs-georef.cos.com/.
This database provides access to the publications of the USGS and includes references to U.S.
Geological Survey reports and maps published from 1880 to date, references to non-USGS
publications with USGS authors published from 1983 to date, and 225 references to reports
produced by the Hayden, King, Powell, and Wheeler surveys.

A very similar database titled: “ON-LINE WORLD-WIDE STRONG GROUND MOTION
DATABASE (SMDB) ” is also available at the web-site: http://www.wdcb.rssi.rw/CGDS/.
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DATA PROCESSING AND ANALYSIS FOR STRONG MOTION
ACCELEROGRAMS

Lili Xie

Institute of Engineering Mechanics, China Seismological Buareau
29 Xuefu Road, Harbin, 150080, China,
Fax: +86-451-666 4755; Email: lixie@public.hr.hl.cn

1. INTRODUCTION

At the present time (1998) there are about 10,000 recording strong-motion earthquake
accelerographs distributed very unevenly throughout the seismic regions of the world. In a
typical year, these instruments will generate several dozen records of strong earthquake
ground motion to be added to the several thousands of important records which already exist.
Practically, all of these accelerographs produce records as a digital data set or as an analog
trace of acceleration versus time, either in a computer-compatible format in a RAM, or as
photographic trace on film or paper, or as a scratch on waxed paper.

The object of the present report is to explain to the non-specialist in instrumentation and data
processing the way in which the information contained in these analog traces can be as
accurately and completely recovered as is practically feasible. Emphasis will be on the
records of mechanical-optical-photographic type of accelerographs which have been standard
for more than 50 years. Most of the basic ideas and theory will apply with only minor
modifications to other types of recording, such as the modern digital accelerographs with state
RAM as well as to the older waxed paper system used in some standard Japanese
accelerographs.

The analog photographic trace acceleration-time record of the current standard accelerograph
is of special significance in that it yields a great deal of information of immediate practical
importance by inspection and by simple scaling without the need for more elaborate data
processing. Any engineer with a modest amount of special knowledge and experience will be
able to learn much from such records. The first main chapter of this paper will be devoted to
the simplified type of data analysis using only dividers and scales without trace digitization or
calculations. In the second main chapter it will be shown that additional information of
importance can be derived form the record by special data processing techniques.

2. DIRECTLY -SCALED INFORMATION FROM ACCELEROGRAMS

2.1 The accelerogram

A typical accelerogram will be an analog trace of acceleration versus time in the form of (Da

35 or 70 mm film negative, (2) a photographic enlargement or copy on film or paper, positive

or negative, of a 35 or 70 mm film, (3) a 12-inch wide photographic paper record or a copy

thereof, (4) a computer plot perhaps derived form either a digital magnetic tape, or play-

backed from the RAM system of a digital instrument, or (5) a reproduction in a book or report

which maybe photographed from an original, a copy, a tracing or a computer plot. For the
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simplified analysis discussed in this chapter, any of these basic formats normally will provide
satisfactory accuracy. For more accurate analysis involving digitized records, it will be
necessary to use original records or carefully prepared film copies made on dimensionally
stable materials on equipment of known distortion characteristics.

Fig. 1 is a copy of a typical accelerogram of the most complete form likely to be encountered

in practice. The seven traces can be identified as follows:

(1) absolute time code for reading absolute time (received on a special radio included in some
accelerographs, more commonly, this first trace is a duplicate of trace 7,

(2) horizontal linear acceleration in direction of the long dimension of the accelerograph case;

(3) fixed trace for digitization purposes;

(4) linear acceleration in the vertical direction;

(5) fixed trace;

(6) horizontal linear acceleration in direction transverse to the long dimension of the
accelerograph case, and

(7) relative time marks, a certain number of pulses per second, generated by an internal timing
circuit.

Time on the record is in effect measured directly from the recorded internal time marks rather
than deriving it from the record speed. The internal time marks, calibrated to an accuracy of
0.2 percent in case with time marks of two pulses per second, provide a means for correcting
non-uniformities in the recording speed if they should occur. Relative time intervals on the
acceleration traces themselves, such as periods of predominant waves or duration times of
strong shaking, can usually be determined to a sufficient accuracy using dividers placed
directly on the timing trace opposite the features being timed. For an example of the use of the
time marks, note than on trace 2 the length of one period of a prominent sinusoidal
component of the waveform has been indicated. By scaling this directly against the time scale
of trace 7 with dividers and a millimeter scale, the period of the wave is ascertained to be
about 0.07 second (14 Hz). Direct scaling from trace 7 also indicates that the duration of
strong shaking on Traces 2 and 6 is about 2 seconds.

The absolute time marks of trace 1 are not present on most accelerograms and are not
essential for most engineering applications. They do, however, serve two potentially useful
purposes. First, they make possible a positive identification of the earthquake event being
measured, since it can be compared with data from seismological observatories. Secondly,
they provide an accurate way of synchronizing various accelerographs located at any distance
so that exact phase relationships can be established. Where suitable standard time radio
transmissions are available, this radio link is the best way to provide synchronization between
accelerographs hundreds of kilometers apart, being usually less expensive than hardwire of
telephone line links.

The two fixed traces (3 and 5) which record the position of light beams reflected from mirrors
attached to the instrument case provide a means for correction for certain types of spurious
trace motion. Should small transverse motions of the whole film occur during transport, as
could happen if the perforation holes were oversize, the fixed and variable traces would be
affected alike, and the difference between them would be free of such an error. Such fixed
traces are sometimes missing from older accelergrams and in such cases the base of a timing
pulse mark can often be used as a substitute. These fixed traces are not needed for the
simplified analysis of the record and play a role only for the more detailed computer
processing of the accelerograms.
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2.2. The acceleration-time traces

For the acceleration traces (2, 4 and 6), the most important information required for
interpretation is the transducer sensitivity, expressed as cm/g trace displacement on the
original film. The instrument manufacturer supplies with each accelerograph a calibration
sensitivity for each accelerometer trace. In Fig. 1, for accelerograph serial No. 1472, the
manufacturer’s calibrations (shown at the right of Fig. 1) are: trace 2, longitudinal, 1.76 cm/g;
trace 4, vertical, 1.88 cm/g; trace 6, transverse, 1.77 cm/g. These calibrations are carried out
on special fixtures in the manufacturer’s laboratories, and are specified to be accurate to 0.5
percent. An overall calibration can also be carried out in the field by the user on the complete
assembly by rotating the whole accelerograph in the earth’s gravitational field through a
measured angle and noting the corresponding trace deflections. With care, such tilt
calibrations can be made to an accuracy of about 1%. The relative ease with which an
absolute calibration of the whole instrumentation system can be carried out is one of the main
advantages of the current types of strong-motion accelerographs.

It should be noted that the measured sensitivities can depart significantly from the “nominal”
sensitivity which is given in the manufacturer’s data sheet for the instrument type as 1.9 cm/g.
For this particular serial number, there is a 6 percent variation in sensitivity between the
various components and a 7 percent departure from the nominal value. Since acceleration
values can be directly scaled from the record with an accuracy greater than these figures, it is
clear that the individual trace sensitivity figures should always be used for quantitative work.

Given the 1.9 cm/g nominal sensitivity of the transducer system and the overall width of the
recording medium, which for standard 70 mm perforated film is 60 mm space between
perforations, it is clear that for full scale 1 g readings these may be a large overlap of the three
acceleration traces. The accelerograph specifications call for a positioning of the traces on the
film to minimize this overlapping while keeping full-scale deflections on the film. In practice
it is usually not difficult to distinguish the individual traces and their peak values, but for
some high frequency, high amplitude records this may require special attention.

The general instrument specifications call for a maximum photographic trace width on the
original film of 0.2 millimeters. Considering that the full scale 1g acceleration value gives a
trace deflection of about 2 centimeters, this means that the trace width is 1 percent of full
scale. By direct scaling by eye a resolution of 0.01 g is the best that can be expected. As will
be seen later, this resolution can be improved by an order of magnitude with modern
digitization techniques.

Note that instrument sensitivity figures are always expressed in terms of the original film
record. In working with copies from the original record, care must be used to take account of
possible scale changes and distortions. In particular, great care should be exercised with
copies made on office duplication machines which may involve uncertain magnifications and
serious distortions. The numerical values shown in Fig. 1, for example, can be accurately
checked only on the original film record. Where it is expected that various copies may be
made from an accelerogram representation of the type shown in Fig. 1, it would be good
practice to include a small scale as shown at the right of trace 2.

With the above precautions, values such as peak accelerations can be determined by direct
measurement with dividers and linear scale and the application of the appropriate sensitivity.
From Fig. 1, trace 2, it can be seen that the peak horizontal acceleration is about 0.21 g.
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A visual inspection of the acceleration trace will also reveal many significant features of the
frequency content and wave shape. Fig. 1, trace 2 shows a relatively simple wave form with
predominant periods of 0.07 second (14 Hz) with some preceding lower frequency motions
and some succeeding higher frequencies. The vertical motions of trace 4 have distinctly
higher frequencies, as is always the case with strong earthquake motions, and have somewhat
lower amplitudes. As a rough average for past earthquakes, vertical motions are usually about
two-thirds the amplitude of horizontal components.

It will be seen that the vertical motion record of trace 4 begins considerably ahead of the
horizontal motions of traces 2 and 6. At most stations, particularly those very near to the
epicenter or on soft low-velocity ground, earthquake waves emerge at near vertical angles and
therefore, since the longitudinal waves travel faster than the transverse shear waves, the first
motions are usually predominantly vertical. If the starting mechanism of the accelerograph is
arranged to respond to vertical rather than horizontal motion, the more rapidly arriving
longitudinal P-waves will start the instrument well ahead of the arrival of the larger horizontal
motions. In this way, the complete initial sequence of the first horizontal arrivals
corresponding to shear waves can be recorded. The vertical trigger is set to operate at an
acceleration threshold which can be adjusted from 0.005 g to 0.05 g, with a flat frequency
response from 1 to 10 Hz and a rapid cutoff above 10 Hz to eliminate false starts caused by
high frequency machinery and vehicle vibrations in the immediate vicinity of the
accelerograph. The total time elapsing from triggering to full operating capability is specified
to be not greater than 0.1 second, which means that the initial P-wave arrival time is known to
within one-tenth of a second and the initial S-wave arrival time to a somewhat better
accuracy. This S-T time (shear wave arrival time minus trigger time) is thus nearly equal to
the S-P time (shear wave arrival time minus longitudinal wave arrival time). Once the values
of the shear wave and the longitudinal wave velocities or just the differential travel-time
curves in the region are known, the distance from the recording site to the earthquake
hypocenter can be determined.

2.3. Summary of directly-scaled information

The information which has been directly obtained from the accelerogram by visual inspection
and simple scaling without digitization or further processing can be summarized as: (1) peak
acceleration, (2) time duration of strong shaking, (3) frequency of predominant waves and
rough idea of frequency range, (4) amplitude and frequency relationships between vertical and
horizontal motions, and (5) approximate distance from recording site to earthquake
hypocenter. Information of this kind is sufficient to relate the given earthquake to past
recorded earthquakes in many significant ways.

2.4, Typical earthquake accelerograms

Fig. 2 shows a collection of representative acceleration-time records for earthquake ground
motions in the epicentral region close to the source. One typical horizontal component is
given for each event. All have been plotted to the same acceleration and time scale so that
direct comparison can be made. It is obvious that earthquakes produce acceleration records of
rather different shape and size. It is also evident that the eye is a sensitive pattern recognition
instrument. Various acceleration peak distributions or envelope shapes can be distinguished
which might be difficult to describe quantitatively through simplified representations such as
frequency spectra, threshold duration, or peak distribution statistics.
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Fig. 2: Earthquake ground acceleration recorded in different epicentral regions
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The present world data bank of strong motion accelerograms contains about thousands of
important three-component records of strong ground motion from several hundred different
earthquakes, recorded under many different conditions of distance, site geology, transmission
path, etc. For each of these earthquakes a considerable amount of information is available on
the effects of the earthquake on structures, on people, and on nature. One way in which the
kind of information obtained above from scaling and inspection of the accelerograms can be
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used is to infer additionally similar properties of the event as compared to those contained in
the data bank whose accelerograms resemble most the new record. This comparison of
similarity should be based on criteria such as amplitudes of peak value, duration of strong
shaking, approximate frequency characteristics, and general envelope shape. The latter
indicates the way in which the peak amplitudes vary over the length of the record. These
similarly appearing past earthquake records as judged by the eye should then point the way to
several past earthquakes for which considerable information as to damage and so forth might
be available which could be assumed to share some of the practical characteristics of the new
event.

To make meaningful visual comparisons, it is almost essential that the accelerograms be
plotted to the same scale. When comparing, e.g., Fig. 1 with records in Fig. 2, the nearest
resemblance would appear to be the San Francisco 1957 State Building record. However,
noting that the time scale in Fig. 2 is about five times that of Fig. 1 it will be seen that the
duration of the Fig. 1 record is much less than that of the State Building record, although the
peak accelerations are about twice as big. One can thus conclude that the Fig. 1 record was
recorded closer to a smaller earthquake. This is in fact be supported by seismological
measurements. They give magnitudes M = 5.3 for the 1957 San Francisco earthquake and M
= 3.5 for the earthquake producing Fig. 1 and indicate that the State Building record was
made at about 18 kilometers distance as compared to about 6 kilometers only for the record in
Fig. 1. In both cases the ground motion was not of a damaging size.

The practical usefulness of the above approach depends on the availability of past
accelerograms in a suitable form and on conveniently summarized data for past earthquakes.
As the number of well recorded earthquakes increases, such correlations should become more
and more valuable.

Information such as that derived above by direct scaling and inspection of uncorrected and
unprocessed accelerograms is often sufficient to answer many of the important practical
questions which arise immediately after an earthquake. Decisions as to the need to evacuate a
damaged building, to empty a reservoir, or to carry out expensive inspection procedures need
not await a detailed analysis of the record, but can usually be given with a satisfactory
accuracy from the above simplified analysis. Subsequent processing will refine the answers
and add significant additional information, but it is not likely that it will alter such practical
decisions. This is one of the main advantages of the ready availability of analog
accelerograms from the current types of photographic recording field accelerographs.

3. DIGITIZED ACCELEROGRAMS AND ADVANCED DATA PROCESSING

3.1 Introduction

The more detailed problems of accelerogram processing to recover additional information

from the record will be considered now. The main advantages to be gained are:

(1) resolution is improved and yields an increased dynamic range by an order of magnitude;

(2) 1t is possible to introduce corrections for transducer characteristics so that the frequency
range of the measurements can be extended;

(3) digital computations permit accurate integration of accelerograms to find ground
velocities and ground displacements, quantities which can be correlated in a significant
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way with various geophysical and geological parameters;
(4) calculation of frequency spectra, response spectra, and structural responses becomes
relatively simple with the input information in digital computer-compatible format, and
(5) the existence of the digitized data makes it feasible to carry out many statistical studies
and to prepare various plots in any desired form or scale.

Unless the data have already been collected by modern digital accelerometers these
advantages can in case of primary analog recordings only be realized by digitizing them so as
to produce the basic data in a computer-compatible format. Although very few engineers who
wish to use accelerograms will need to understand the details of digitization and data
processing but can simply use the results of standard procedures, there are several advantages
in knowing in a general way what these procedures are. First, a knowledge of the limitations
of the measurements and of the data processing will ensure against misinterpretation. For
example, the data processing procedures impose definite high and low frequency limits on the
calculated spectrum curves, depending on the characteristics of the record. Secondly, the
extent to which additional refinements in data processing might be justified for special
research purposes can be assessed. Thirdly, a knowledge of the care with which the data
processing has been carried out will enhance the confidence with which the information is
used.

3.2 Digitizing method and digitizing noise

In the Institute of Engineering Mechanics (IEM)/China Seismological Bureau, analog
accelerograms are digitized on a flat table of a semi-automatic digitizer. The table is ~ 55 cm
x123 cm. The cross hairs are manually set to successive x, y coordinates on the record trace.
The coordinates are converted to digital form by means of two separate potentiometers and
are stored in a four-digit accumulator system from which they are readout to a four-digit
Digitron-Displayer and a tape puncher. The maximum range along which the cross hairs can
move on the table, is 72 c¢cm in the x-direction and 30 cm in the y-direction. The finest
resolution of this system is 100 digital counts per centimeter on the abscissa and 500 digital
counts per centimeter on the ordinate.

The accelerograms are sampled in an unequal interval, which seems to give the best definition
of the trace for a given sampling rate. All significant peaks and inflection points are picked,
along with as many intermediate points as are needed for an accurate definition of shape. The
average number of sampled points per second of record in the rapidly oscillating part are ~
70-80.

If the record is too long to be digitized in one position, every two consecutive sections should
include an overlapped part of ~ 5 cm in length. On each overlapped part, two cross straight
lines should be drawn arbitrarily and then digitized along with digitizing of the acceleration
traces, fixed traces and time marks on the same section. It means that these two drawn straight
lines would be digitized twice and have two different sets of digital coordinates. Then, two
sets of fitted straight lines (each set consists of two fitted lines) could be obtained for the two
drawn lines by making the sum of the squares of the coordinate deviations from the assumed
fitting line a minimum. By the coordinate converter, two sets of fitted lines could be translated
and rotated to coincide with each other. Thus, by means of the same coordinate converter, the
digital coordinates of acceleration trace, fixed lines and time marks on the following section
are easily transformed into the coordinate system used in the previous section and then the
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digital coordinates of traces, fixed lines and time marks on two consecutive sections are
connected.

It has been shown that the digitizing error, consisting of systematic and random errors, is
introduced to digitized results during digitization. Ten sets of digital results independently
obtained from digitizing the same straight nylon line 0.2 mm in diameter by seven operators
are shown in Fig. 3. The curve on the bottom of Fig. 3 which is obtained by averaging the ten
digitizations, represents the systematic errors of the specified digitizing equipment. The

difference Y, = Z, - Z between the average result and individual digitization represents the
random digitizing noise.

Fig. 4 shows several typical random errors and Fig. 5 the standard histograms, constructed by
the total random noise points of individual digitization, which approximate well the
probability density distribution function. All the distribution functions are very close to the
normal Gaussian distribution with zero mean, and variance equal to unity. The Fourier
amplitude spectra of digitizing noise displacements (computed from twice integrating the
random digitizing noise) are given in Fig. 6.

10 bit
OE CL 1]0 210 cm
=10 bit

Fig. 3: Ten digital results independently obtained from digitizing a straight line
and their average.
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Fig. 4: Several typical random digitizing noise

Fig. 5: Statistical distribution of random digitization noise.
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Fig. 6: Fourier amplitude spectra of digitizing noise displacement

From Figs. 3 to 6 the characteristics of digitizing noise can be summarized as follows:

(1) the random noise due to manual digitization is an ergodic stationary random process
with the amplitude of normal Gaussian distribution;

(2) the standard deviation of digitizing noise is about 3 bits which corresponds to the real
acceleration of 0.015/A (cm s )with the instrument sensitivity of A (cm gal™) for the
record; and

(3) the energy of digitizing noise displacement is predominantly distributed at long periods.
It has been found that at the period shorter than 25/V s. (V is the recording speed at
which records are produced), the amplitude of digitizing noise displacement becomes
so large that it may significantly distort the actual displacement record. Therefore, a
cut-off frequency f,.2V/25 Hz (or T, 1c £25/Vs) for high —pass filtering is
suggested for the zeroline correction of the accelerograms. In such a case an equivalent
maximum displacement error of 0.15 /AV? (cm s2) will be left in actual displacements.
If a strict requirement is needed for a particular research, it would be possible to choose
a higher cut-off frequency . Then an acceptable small displacement error could be
expected . Table I lists the recommended cut-off frequencies f, for high-pass filter and
the appropriate values of possible displacement errors.

Table I Recommended cut-off frequencies and possible displacement errors

Recommended cut-off frequency f, (Hz) V/25 V/10 V/5
Possible max. Displacement error (cm) 0.15/AV® 0.045/AV®  0.025/AV”°
Voroooeee recording speed, cm s . A-—-o- sensitivity of instrument, cm gal ™.
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4. INSTRUMENT RESPONSE CORRECTION

As mentioned above, the 12-channel accelerograph of model RDZ1 designed by IEM
engineers and manufactured in Beijing Geological Instruments Factory are mostly used in the
strong-motion instrument network in China.

The essential part of this kind of strong motion instrument is composed of 12 velocity-sensing
pendulums separately coupled with 12 galvanometers through an attenuation circuit. The
dynamic differential equation of motion of the pendulum-galvanometer system can be written
as:

8(t) +2nDB(t) + n6(t) = - X (t)/1 +2n,D,c,¢(¢) (1)
$(0) +2n,D,(1) + n;9(t) = 2n,D,6(0) 2)
This is a coupled dynamic differential equation of a system with two degrees of freedom.

Equations (1) and (2) can be further combined together as a single fourth order differential
equation with constant coefficients such as

die@)/dt* +2(n,D, + n,D,)d (t)/dt’
+(nt+nl+4nn,D,D,(1-0c’)d’p(t)/dt?
+2n,n,(n,D, +n,D))de(t)/dt +n’n;p(t)
=-2D,n,o,/1,-d>X(t)/dt’

3

where, 6(t),p(t) are the angular displacement of coils of pendulum and galvanometer,
respectively; n,,n, are the natural circular frequency of pendulum and galvanometer,
respectively; D,, D, are the critical damping ratio of pendulum and galvanometer,
respectively; d’> X (t)/dt’ is the first derivative of measured acceleration with respect to time;
I, is the reduced pendulum; o’ =0, -0, is coupling coefficient which is a dimensionless
quantity used as a measure of the coupling relation between a pendulum and a galvanometer,

where o, is the coefficient reflecting the action of a pendulum-galvanometer and o, is the
coefficient reflecting the reaction of galvanometer-pendulum.

In fact, the recorded accelerograms are directly proportional to ¢(¢), which is the response of

the galvanometer of the coupling system under the action of input acceleration X(1). The
extent to which the response @(¢) could be considered as the exact input acceleration depends

on the parameters n,, D,, n,,D, and o’ of the coupling system. In the case of RDZI system,
a flat frequency response range is from 0.5 Hz to 30 Hz. But out of this range, the recorded
accelerogram will be seriously distorted not only in the high frequency band but also in the
low frequency band. In such a case, an instrument correction in both amplitudes and phases
for recovering the exact input seismic motion from distorted accelerograms is necessary.

It is not straight forward to understand the relation between response ¢@(¢f) and input

acceleration X () by solving eq. (3) or egs. (1) and (2) directly. But for most pendulum-

galvanometer accelerographs, coupling coefficient o’ are generally very small, so that it
could be neglected. Thus the differential eq. 3 will take the form as:
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d*@ )/ dt* +2(n,D, +n,D,)d’@(t)/ dt’
+(n} +n} +4n,n,D,D,)d*@(t)/ dt’

4
+2n,n,(n,D, +n,D,)d@(t)/ dt + n}n; @ (t)
=-2D,n,0, /1, -d*X(t)/dt’
Or, it could be rewritten as an equivalent form
0(t)+2n,D,0(t) + 20 (t) =—X ()11, (5)
6 (1) +2n,D,p () + mp(1) = 2n,0,0,0 (1) (6)

where, the quantities 6 (¢) and @(¢) denote the effects of neglecting o’ on responses 0 (t)

and @(z). Obviously, egs. (5) and (6) are simplified to a decoupled second order
differential equation set. It is expected that egs. (5) and (6) could be used in instrument
correction instead of egs. (1) and (2) or eq. (3). But the important point is to verify the
reasonableness of such substitution.

Let £(¢) denote the errors coming from substitution of @ (¢) for ¢(z), i.e.
s =p0)-o@) (7)

By subtracting eq. (4) from eq. (3) a differential equation on £(¢) could be derived as

d*e(ty/dt* + 2(n,D, + n,D,) - d’e(t)/ dt’
+(n} +nl +4nn,D,D,)d’e(t)/ dt’
+2nn,(n,D, + n,D,)de(t)/ dt + nln;e(t)
= 4D,D,n,n,c> (1)

(8)

2 .
where n,, D,,n,,D, and o are the instrument parameters as demonstrated above, and

@(t) is the second derivative of the angular displacement response of the galvanometer,
i.e., the second derivative of the distorted accelerograms recorded by accelerographs. It has
been proved (Xie Lili et al., 1981) that under the assumption of zero initial conditions, the

maximum error }G(t)}max could be evaluated as
le(®)|  <8nD,D,c’p,, /n,

and the relative error will be
@) /@, <8n,DD,c*/n,

Where ¢, 1s the maximum recorded acceleration.
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For RDZ1 accelerographs, D; = 6~11,D,=0.6, n, =87 s™', n, = 2407 s™' and the value

of coupling coefficient o’ depends on the resistance of attenuation circuit and the
parameters of the pendulum-galvanometer system which usually varies between 107>-107.

Therefore the maximum relative error willbe ¢ /¢, . <1.6x(107 ~107).

It could be concluded that the effect neglecting o* on instrument response @(t) ineq. (3)
is small enough to use eq. (4) or egs. (5) and (6) as a substitution for eq.(3) or egs. (1) and
(2). In case the natural frequency of galvanometer, f, =n,/2x is much higher than that is
significant in normal engineering practice, it is reasonable to convince that @(¢), the

response of the galvanometer governed in eq. (6), is almost directly proportional to o (), n
a rather wider frequency range starting from zero Hz, that means

P(t) =2D,0,0(1)/ n, )

would not bring any errors to the solution of eq.(6) and no correction is needed for @(z) as
a first derivative of 6 (¢), the solution of eq. (5).

From the theory of seismometers and eq. (5), it is known thaté(r), the response of

pendulum is almost directly proportional to the measured acceleration X () in a limited
frequency range centered at the natural frequency of the pendulum, i.e., a relationship

between (t) and X(¢) in this given frequency range could be expressed as

0(t)=-X(t)/2n,D/l,. (10)

As an example, the velocity sensing pendulum of the Model RDZ1 accelerograph has

n, =8zs”' and D| = 6~11, thus, formula 10 is acceptable only in the frequency range from
0.5 Hz to 30 Hz, and will result in significant errors both at lower and higher frequencies
beyond this range (cf. Fig.7). In this case, the instrument correction of the recorded
accelerogram is important for retrieving the exact signal from a distorted record. For such
correction the Imaginary Pendulum Method and the Differential-Integral Method are used.

10
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Fig. 7. The frequency response of the velocity sensing pendulum
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4.1 Imaginary Pendulum Method

It is supposed that there exist an ideal velocity sensing pendulum which has an appropriate
natural circular frequency Q and a large enough damping ratio Z. Therefore, it will have a
sufficiently wide frequency range with flat response to make formula (10) effective in a
wide range from low to high frequencies. The response velocity of this imaginary

pendulum, &(¢), with respect to a real input acceleration X(¢), can be derived as follows:

£6)=6(t)+(n,D, —2Q)-£(6)/ n,D, +(nt —Q?)/ 21D, (11)

It shows that, the response velocity of an imaginary pendulum is composed of three parts:

(1) a distorted accelerogram o (t) recorded by the real pendulum (n,, D,); (2) the term
including the response velocity £(f) of imaginary pendulum (Q, Z) with respect to the
distorted accelerogram; and (3) the term including the response displacement ¢ (r) of
imaginary pendulum (€, Z) for the same distorted accelerogram.

The second term £ (¢) will give a much larger correction to the high frequency signal than

to the low one while this is opposite for the third term ¢ (). Also, if a lower (higher) Q is
selected, a more exact signal at lower (or higher) frequency will be retrieved.

4.2 Differential- Integral Method

The fundamental idea of this method could be described as follows: differentiate and

integrate the distorted accelerogram 0 (t) to get 0 (r) and @(r). The corrected
accelerogram could then be obtained by summing up all the three terms as indicated on the
left side of eq. (5). Fig. 8 describes the flow-chart of these two methods.
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Bandpass 9 [calculate
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%, (nat) grams as [~
r O equation
; ' (5)
Input di- Tnterpo- X, o 6
gitized | . | Jate 3 _ 3
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Calculate Calculate
response 3 . correoted
f(nAt) and £.2. 6 accelero- | OUT-PUT
Z(nat) of grams ag [ ™
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Fig. 8: Flow chart for the instrument distortion correction.
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5. DETERMINATION OF THE CUT-OFF FREQUENCY FOR BAND-PASS FILTER

In the program of a data processing routine developed in the California Institute of
Technology, the acceleration data should be low-pass filtered at the corner frequency of 25 Hz
to reduce digitization noise, and are then corrected for the instrument response. Then, high-
pass filtering is performed on acceleration, computed velocity and displacement, respectively,
for base line correction and corrected records. But, in the routine processing procedure used in
IEM the acceleration data should be high-pass filtered as well as low-pass filtered before the
instrument correction of the accelerogram is executed. After instrument correction, high-pass
filtering should still be performed on acceleration, computed velocity and displacement for
baseline correction. Taking into account the transducer characteristics, recording speed at
which records are produced, digitization noise and application of the records, different cut-off
and terminated frequencies for low-pass and high-pass filters are selected.

5.1 Selection of cut-off frequency f,. for low-pass filter

In the IEM routine procedure, a cut-off frequency of 35 Hz is selected for low-pass filters.
This is based on the following reasons:
(1) the acceleration instrument used in IEM has a flat response at high frequency up to 30
Hz and the response falls down ~20% at even 35 Hz;
(2) equally spaced data with an interval of 0.01 s are prepared for instrument correction
and the Nyquist frequency of 50 Hz is greater than the selected cut-off frequency; and
(3) no significant noise exists in the high frequency up to 35 Hz.

Obviously, it is reasonable to set the cut-off frequency as 35 Hz for low-pass filter. This upper
limit is also agreeable with the needs of earthquake engineering.

5.2 Selection of cut-off frequency f ;¢ for high-pass filter

It is a rather sophisticated problem to select the cut-off frequency of the high-pass filter for
the base-line correction of the accelerograms, especially for those records with a short
duration. Several effects mentioned below should be taken into consideration in selecting the

cut-off frequency f,,. of the high-pass filter (Fig. 9):

(1) Background of digitization for specified digitizer. In general cases, the cut-off frequency
fye for a high—pass filter could be taken from recommended values f, given in Table I,
based on the permitted maximum noise displacement.

(2) Errors from uncertainties in the baseline of accelerograms. This error originates mainly
from the uncertainties in the parameters by which a baseline is defined. The baseline of a
given accelerogram is usually determined by fitting the “closest: curve to the data by the least-
squares method. In this case, for a given accelerogram, values of the baseline parameters
strongly depend on the particular selection of digitized data points along the length of the
record. It has been reported that the uncertainties of baseline parameters significantly affect
the low-frequency components of the amplitude as well as phase spectra of displacements and
the long period limits due to such errors can be expressed as
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T, =2.69+0.194L (12)

where 7, is the long period limit due to the error rising from the uncertainties in baseline
parameters, L is the duration or the length of the record. This relation shows that the long
period limit increases with the record length.

It is suggested that the bigger one of such two low frequency limits as f, and f, would be
finally selected as the cut-off frequency for the high-pass filter, i.e. Suc =max(f, f,)
where f, =1/T,.

10

HT fLy

Figure 9. Selection of cut-off frequency for high-pass filter

5.3 Selection of the width of transition zone

According to the theory of Ormsby filter (Ormsby, J F.A., 1961), a relation between the width

Df of the transition zone and the error & of the transfer function, when a finite number of
weights are used, is given experimentally by

5=0.012/Df -N-At (13)

where N is the number of weights on one side of symmetric filter, A¢ is the time sampling
interval for the record and the filter function.

For the low-pass filter, if an error & of 1.2% is permitted and At is usually taken as 0.01 s,
Df is then the reciprocal of N. Generally, N = 50 can assure economical computing time and
Df =2 Hz, i.e., a terminated frequency of Jur=37 Hz is adopted.

For the high-pass filter, the selection of the terminated frequency f,,, could be determined in
the following two ways:
(1) 1f the duration of the record is very long, the value of f,. and also the width Df of

transition zone are very small. It could be known from eq. (13) that the value of N becomes
very large and the consumption of computation time is then inevitable. For solving this

Scientific Technical Report STR 99/13

:10.2312/GFZ.b103-99132
PO 102 112 GeoForschungsZentrum Potsdam



problem, a running mean filtering and the decimation of data are used before the high-pass
filtering. This can extend the value of Df and improve computing-time economy. But it
should be pointed out that the decimation will introduce the aliasing error into records unless
the procedure of running-mean filter is performed successively on the velocity and the
displacement as well as the acceleration before their decimation in the step to high-pass filter
of the data; and

(2) for most accelerograms produced by near earthquakes, records are characterized by short

duration. In such cases, a higher cut-off frequency f,,. is always required, and a larger value

of the width of transition zone such as 0.3-0.6 Hz and a moderate N could then be selected.
Thus, it may provide a possibility to eliminate all decimation in filtering and to ensure that no
aliasing errors would be introduced to integrated displacements.
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1. INTRODUCTION

By introducing the digital seismic data acquisition, long term continuous recording and
archiving of seismic signals became a demanding technical problem. A seismic network or
even a single seismic station operating continuously at high sampling frequency produce an
enormous amount of data, which is often difficult to store (and analyze) locally or even at the
recording center of a network. This situation forced seismologists to invent triggered seismic
data acquisition. In a triggered mode a seismic station or a seismic network still process all
incoming seismic signals in real time (or in near-real-time) but incoming data is not stored
continuously and permanently. Processing software - a trigger algorithm - serves for the
detection of typical seismic signals (earthquakes, controlled source seismic signals,
underground nuclear explosion signals, etc.) in the constantly present seismic noise signal.
Once an assumed seismic event is detected, recording and storing of all incoming signals
starts. It stops after trigger algorithm 'declares' the end of the seismic signal.

Automatic trigger algorithms are relatively ineffective when compared to a seismologist's
pattern recognition ability during reading of seismograms, which is based on years of
experience and on the enormous capability of human brain. There are few exceptions, where
the most complex detectors, mostly dedicated to a given type of seismic signals, approach to
human ability. In all practical cases automatic trigger algorithms are loosing some data on one
side and generate falsely triggered records, which are not seismic signals, on the other. Small
amplitude seismic signals are often not resolved from seismic noise and are therefore lost for
ever, and, if the trigger algorithm is set sensitive, false triggers are recorded due to
irregularities and occasionally excessive amplitude of seismic noise. False triggers burden off-
line data analysis later and unnecessarily occupy data memory of seismic recording system.
As a result, any triggered mode data acquisition impairs the completeness of the recorded
seismic data and produce some additional work to clean-out false records.

Several trigger algorithms are presently known and used - from a very simple amplitude
threshold type to the sophisticated pattern recognition, adaptive methods, and neural network
based approaches. They are based on the amplitude, the envelope, or the power of the
signal(s) in time domain, or on the frequency or sequency domain content of seismic signal.
Among the more sophisticated ones. Allan's (1978; 1982) and Murdock and Hutt's (1983)
trigger algorithms are probably the most commonly known. Many of these algorithms
function i association with the seismic phase time picking task. Seismic array detection
algorithms fall into a special extensive field of research, which will not be discussed here. For
more advanced algorithms see e.g. Joswig (1990; 1993; 1995). However, in practice, only
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relatively simple trigger algorithms have been really broadly accepted. and can be found in
seismic data recorders in the market and in most network's real time processing packages.

The simplest trigger algorithm is the amplitude threshold trigger. It simply detects any amplitude
of seismic signal exceeding a pre-set threshold. The recording starts whenever this threshold is
reached. This algorithm is rarely used in weak-motion seismology but it is a standard in strong
motion seismic instruments, that is in the systems where high sensitivity is mostly not an issue,
and where consequently man-made and natural seismic noise amplitudes are much smaller than
the signals which are supposed to trigger the instrument.

The root-mean-square (RMS) threshold trigger is similar to the amplitude threshold algorithm,
except that the RMS values of the amplitude in a short time window are used instead of 'instant’
signal amplitude. It is less sensitive to spike-like man-made seismic noise, however it is rarely
used in practice.

Today, the ‘short-time-average through long-time-average trigger' (STA/LTA) is the most
broadly used algorithm in weak-motion seismology. It continuously calculates the average
values of the absolute amplitude of seismic signal in two consecutive moving-time windows.
The short time window (STA) is sensitive to seismic events while the long time window (LTA)
provides information about the temporal amplitude of seismic noise at the site. When the ratio of
both exceeds a pre-set value, an event is 'declared' and data starts being recorded in a file.

Several more sophisticated trigger algorithms are known from literature (e.g. Joswig 1990; 1993;
1995) but they are rarely used in the seismic data loggers currently in the market . Only some of
them are employed in the network's real time software packages available. When in the hands of
an expert, they can improve the events/false-triggers ratio significantly, particularly for a given
type of seismic events. However, the sophisticated adjustments of operational parameters to
actual signals and seismic noise conditions at each seismic site that these triggers require, has
proven unwieldy and subject to error in practice. This is probably the main reason why the
STA/LTA trigger algorithm still remains the most popular.

Successful capturing of seismic events depends on proper settings of the trigger parameters.
To help with this task, this document explains the STA/LTA trigger functioning and gives
general instructions on selecting its parameters. Technical instructions on setting the trigger
parameters depend on particular hardware and software and are not given here. Refer to the
corresponding manuals for details.

2. PURPOSE

The short-time-average/long-time-average STA/LTA trigger is usually used in weak-motion
applications that try to record as many seismic events as possible. These are the applications
where the STA/LTA algorithm is most useful. It is nearly a standard trigger algorithm in
portable seismic recorders, as well as in many real time processing software packages of the
weak-motion seismic networks. However, it may also be useful in many strong motion
applications, except when the interest is limited to the strongest earthquakes.

The (STA/LTA) trigger significantly improves the recording of weak earthquakes in
comparison with amplitude threshold trigger algorithms. At the same time it decreases the
number of false records triggered by natural and man-made seismic noise. To some extent it
also allows the discrimination among different types of earthquakes.
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The STA/LTA trigger parameter settings are always a tradeoff among several seismological
and instrumental considerations. The goal of searching for optimal parameter settings is the
highest possible seismic station sensitivity for a given type of seismic signals (which includes
‘all earthquakes' target as well) at a still tolerable number of false triggers.

The STA/LTA trigger is most beneficial at seismically quiet sites where natural seismic noise
(marine noise) is the dominant type of seismic noise. It is also effective in case of changes of
'continuous' man-made seismic noise. Such changes, for example, occur due to day/night
variation of human activity close to or in urban areas. The STA/LTA algorithm is less
effective in the presence of irregular, high amplitude man-made seismic noise which is often
of burst and/or spike type.

3. HOW IT WORKS - BASICS

The STA/LTA algorithm continuously keeps track of the always-present changes in the
seismic noise amplitude at the station site and automatically adjusts the seismic station's
sensitivity to the actual seismic noise level. As a result, a significantly higher sensitivity of the
system during seismically quiet periods is achieved and excessive number of falsely triggered
records is prevented, or at least mitigated, during seismically noisy periods. Calculations are
repeatedly performed in real time. This process is usually taking place independently in all
seismic channels of a seismic recorder or of a seismic network.

The STA/LTA algorithm processes filtered seismic signals (more in the section 5.1 'Selection
of trigger filters') in two moving time windows — a short-time average window (STA) and a
long-time average window (LTA). The STA measures the Instant’ amplitude of the seismic
signal and is watching for earthquakes. The LTA takes care of the current average seismic
noise amplitude.

First, the absolute amplitude of each data sample of incoming signal is calculated. Next, the
average of absolute amplitudes in both windows is calculated. In a further step a ratio of both
values — STA/LTA ratio—is calculated. This ratio is continuously compared to a user
selected threshold value - STA/LTA trigger threshold level. If the ratio exceeds this threshold,
a channel trigger is declared. A channel trigger does not necessarily mean that a multi-channel
data logger or a network actually starts to record seismic signals. All seismic networks and
most seismic recorders have a 'trigger voting' mechanism built in that defines how many and
which channels have to be in a triggered state before the instrument or the network actually
starts to record data (more in the section 5.4 'Selection of voting scheme parameters'). To
simplify the explanation, we shall, for the moment, observe only one signal channel. We will
assume that a channel trigger is equivalent to a network or a recorder trigger.

After the seismic signal gradually terminates, the channel detriggers. This happens when the
current STA/LTA ratio falls below another user selectable parameter - STA/LTA detrigger
threshold level. Obviously, the STA/LTA detrigger threshold level should be lower (or rarely
equal) than the STA/LTA trigger threshold level.

In addition to the data acquired during the 'trigger active' time, seismic networks and seismic
recorders add a certain amount of seismic data to the event file before triggering — pre-event-
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time (PEM) data. After the trigger active state terminates, they also add post-event-time (PET)
data.

For better understanding, Fig. 1 shows a typical local event and the trigger variables
(simplified) during STA/LTA triggering. Graph a) shows an incoming continuous seismic
signal (filtered). Graph b) shows an averaged absolute signal in the STA and LTA windows
respectively as they move in time toward the right side of the graph and graph c) shows the
ratio of both. In addition, the trigger active state (solid line rectangle), the post-event time
(PET), and the pre-event time (PEM) (dotted line rectangles) are shown. In this example, the
trigger threshold level parameter was set to 10 and detrigger threshold level to 2 (two short
horizontal dotted lines). One can see that the trigger became active when the STA/LTA ratio
value exceeded 10. It was deactivated when the STA/LTA ratio value fell below 2. At the
bottom on graph d) the actually recorded data file is shown. It includes all event phases of
significance and a portion of the seismic noise at the beginning.

In reality, the STA/LTA triggers are usually slightly more complicated. However the details
are not essential for the understanding and proper setting of trigger parameters.
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Fig. 1: Function and variables of STA/LTA trigger calculations.
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4. HOW TO ADJUST STA/LTA TRIGGER PARAMETERS

To set the basic STA/LTA trigger algorithm parameters one has to select the following:
* STA window duration
e LTA window duration
e STA/LTA trigger threshold level
e STA/LTA detrigger threshold level.

However, optimal triggering of a seismic recorder or a seismic network does not depend only
on these parameters. There are usually four additional associated parameters which, only if
well tuned with the trigger parameters, guarantee optimal data recording. These parameters
are:

e trigger filters

* pre-event time (PEM)
¢ post-event time (PET)
e trigger voting scheme.

Although not directly related to the STA/LTA trigger algorithm, these additional parameters
are also discussed in this document in order to provide a complete information.

The STA/LTA trigger parameter and associated parameters settings depend on the goal of the
application, on the seismic noise condition at the site, on the properties of seismic signals at a
given location, and on the type of sensor used. All these issues vary broadly among
applications and among seismic sites. Obviously, there is no general, single rule on setting
them. Each application and every seismic site requires some study, since only practical
experiences enable the determination of really optimal trigger settings.

Note that seismic recorders and network software packages come with a set of default (factory
set) trigger and trigger associated parameter values. They are rarely optimal and must
therefore be adjusted to become efficient in a particular application. For best results, changing

these parameters and gradually finding the best settings is a process which requires a certain
amount of efforts and time.

4.1 Selection of short time average window (STA) duration

Short time average window measures the 'instant’ value of a seismic signal or its envelope.
Generally, STA duration must be longer than a few periods of typically expected seismic
signal. If the STA is too short, the averaging of the seismic signal will not function properly.
The STA is no longer a measure of the average signal (signal envelope) but becomes

influenced by individual periods of the seismic signal. On the other hand, STA duration must
be shorter than the shortest events we expect to capture.
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To some extent the STA functions as a signal filter. The shorter the duration selected, the
higher the trigger’s sensitivity to short lasting local earthquakes compared to long lasting and
lower frequency distant earthquakes. The longer the STA duration selected, the less sensitive
it is for short local earthquakes. Therefore, by changing the STA duration one can, to some
extent, prioritize capturing of distant or local events.

The STA duration is also important with respect to false triggers. By decreasing the duration
of the STA window, triggering gets more sensitive to spike-type of man-made seismic noise,
and vice versa. Although such noise is usually of instrumental nature, it can also be seismic.
At the sites highly polluted with spike-type noise, one will be frequently forced to make the
STA duration significantly longer than these spikes, if false triggers are too numerous.
Unfortunately, this will also decrease the sensitivity of the recording to very local events of
short duration. Fig. 2 explains the effect of STA duration on local events and spike-type noise.
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Fig. 2: Influence of STA duration on trigger sensitivity to short local events and 'spiky'
and 'spiky’ noise in seismic signals.
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On graph a) a signal with an instrumental spike on the left and with a short, very local
earthquake on the right side is shown. Graphs b) and c) show STA, LTA, STA/LTA ratio, and
trigger active states along with PEM and PET. The STA/LTA trigger threshold was set to 10
and detrigger threshold to 2. One can see that when using a relatively long STA of 3 sec, the
carthquake did trigger the system, but only barely. However, a much bigger amplitude (but
shorter) instrumental spike did not trigger it. The STA/LTA ratio did not exceed the
STA/LTA threshold and there was no falsely triggered record due to the spike. The lower two
graphs show the same variables but for a shorter STA of 0.5 sec. The spike clearly triggered
the system and caused a false record. Of course, the earthquake triggered the system as well.

For regional events, a typical value of STA duration is between 1 and 2 sec. For local
earthquakes shorter values around 0.5 to 0.3 s are commonly used in practice.

4.2 Selection of long-time average window (LTA) duration

The LTA window measures average amplitude seismic noise. It should last longer than a few
'periods’ of typically irregular seismic noise fluctuations. By changing the LTA window
duration, one can make the recording more or less sensitive to regional events in the 'Pn'-wave
range from about 200 to 1500 km epicentral distance. These events typically have the low-
amplitude emergent Pn- waves as the first onset. A short LTA duration allows that the LTA
value more or less adjusts to the slowly increasing amplitude of emergent seismic waves.
Thus the STA/LTA ratio remains low in spite of increasing STA (nominator and denominator
of the ratio increase). This effectively diminishes trigger sensitivity to such events. In the
opposite case, using a long LTA window duration, trigger sensitivity to the emergent
earthquakes is increased because the LTA value is not so rapidly influenced by the emergent
seismic signal, allowing Sg/Lg waves to trigger the recording.

Fig. 3 explains the described situation. In graph a) an event with emergent P waves is shown.
Graphs b) and c) show the time course of trigger parameters for a relatively long LTA of 60
sec. The LTA does not change fast, allowing the STA/LTA ratio to exceed the STA/LTA
trigger threshold (short horizontal dotted line) and a normal record results. Graphs d) and e)
show the same situation with a shorter LTA of 30 s. The LTA value increases much faster
during the initial phase of the event, thus decreasing the STA/LTA ratio value which does not
exceed the STA/LTA trigger threshold. No triggering occurs and the event is missed forever.

Similarly, efficient triggering of recording of events with weak P waves compared to S waves
requires a longer LTA for two reasons. First, if P waves do not trigger, they 'contaminate' true
information about seismic noise prior to the event measured by LTA, since their amplitude
exceeds the amplitude of seismic noise before the event. This results in diminished trigger
sensitivity at the moment when S waves arrive. This 'contamination' is decreased if a longer

LTA duration is selected. Second, longer LTA makes the trigger more sensitive to P waves as
well, if they are not strictly of impact type.
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Fig. 3: Influence of LTA duration on trigger algorithm sensitivity to earthquakes with
emergent seismic signals.

Fig. 4 represents such a case. Graph a) shows a typical event with significantly bigger later
phase waves than P waves. Graphs b) and c¢) show trigger parameters for a long LTA of 100 s.
P wave packet as well as S wave packet trigger the recorder. Appropriate PEM and PET
assure that the event is recorded as a whole in a single file with all its phases and a portion of
seismic noise before them. Graphs d) and €) show the same situation but for a shorter LTA of
45 sec. One can see that the P waves did not trigger at all, while the S waves barely triggered.
The STA/LTA ratio hardly exceeds the STA/LTA trigger threshold. As the result, the
recorded data file is much too short. P waves and information about seismic noise before them
are missing in this record. A slightly smaller event would not trigger at all.
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Fig. 4: Influence of LTA duration on trigger algorithm sensitivity to earthquakes containing
weak P waves.

On the other hand, a short LTA will successfully accommodate recorder sensitivity to gradual
changes of 'continuous' man-made seismic noise. Such 'transition’ of man-made seismic noise
from low to high is typical for night-to-day transition of human activity in urban areas.
Sometimes, using a short LTA can mitigate false triggers due to traffic. Examples of such
cases could be a single heavy vehicle approaching and passing close to the seismic station on

a local road, or traips on a nearby railway. A short LTA can ‘accommodate’ itself fast enough
to such emerging disturbances and prevent false triggers.

Fig. 5' shoxys an example of the LTA response on increased seismic noise. Graph a) shows
seismic noise, which gradually increased in the middle of the record. Note that the change of
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its amplitude is not sudden but lasts about 20 to 30 sec. Graphs b) and c) show the situation at
a short LTA of 30 sec. One can see that the LTA value more or less keeps track of the
increased noise amplitude. The STA/LTA ratio remains well below the STA/LTA trigger
threshold and there is no false trigger in spite of significantly increased seismic noise at the
site. Graphs d) and e) show the situation with a longer LTA of 60 s. In this case, the LTA
does not change so rapidly, allowing a higher STA/LTA ratio during noise increase. As the
result, a false trigger occurs and a false record unnecessarily occupying data memory is
generated.
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Fig. 5: Influence of LTA duration on false triggering when seismic noise conditions change.
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Natural seismic noise (marine noise) can change its amplitude by a factor exceeding the value
of twenty. However, these changes are slow. Significant changes can occur only during a few
hours period, or at worst, in several tens of minutes. Therefore even the longest LTA duration
is short enough to allow LTA to accommodate completely to marine noise amplitude
variations.

The LTA duration of 60 seconds is a common initial value. A shorter LTA duration is needed
to exclude emergent regional events from triggering, if desired, or if quickly changing man-
made noise is typical for the site. A longer LTA can be used for distant regional events with
very long S-P times and potentially emergent P waves.

4.3 Frozen versus continuously updated LTA during events

Calculations of the LTA value during an event, that is after a channel trigger is declared, can
be performed in the first approximation in two different ways.

Either the LTA value is continuously updated and calculated during the event as usual, or the
LTA value is kept frozen at the moment when channel trigger is declared. In this case the
LTA is not allowed to change (increase) during an event at all. Most of seismic recorders
available in the market have both frozen or continuously updated LTA user selectable options.
However, each approach has its good and bad points.

The 'frozen' LTA window (the word 'clamped' is also used in literature) can force the unit
into a permanently triggered state in case of a sudden increase of man-made seismic noise at
the site. The situation is illustrated in Fig.6.

Graph a) shows an earthquake during which seismic noise increases and remains high even
after the termination of the event. Such situation can, for example, happen if a machinery is
switched on in the vicinity of the recorder. In such case a completely frozen LTA (graph b)
would never again allow the STA/LTA ratio to fall below the STA/LTA detrigger threshold
level (graph c) and a continuous record would result. The result is that the seismic recorder's
memory soon gets full and blocks further data recording,

A continuously updated LTA (the word 'unclamped' is also used in literature), on the other
hand, frequently terminates records too early. Graphs d) and €) of Fig. 6 explain this situation.
Very often records with truncated coda waves result because the LTA increases rapidly if the
beginning portion of large earthquake signal is included in its calculation. Thus the STA/LTA
ratio decreases too rapidly and terminates recording prematurely. Coda waves of the event on
Fig. 6 are lost. This undesired result could be much more distracting for lasting regional
events as it is shown in the Fig. 6.

Some seismic recorders work with a special calculation of LTA. The LTA value is, to the first
approximation, 'frozen’ after a trigger. However, this 'freezing' is not made complete. Some
‘bleeding’ of event signal into the LTA calculation is allowed. Such algorithm tries to solve
both problems. It does not cause endlessly triggered records in case of a rapid permanent
increase of seismic noise and, at the same time, it does not cut coda waves too early.
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Fig. 6: Potential problems with two conventional ways of calculating the LTA: an endless
record with a completely frozen LTA and cut coda waves with updated LTA

calculations.

4.4 Selection of STA/LTA trigger threshold level

The STA/LTA trigger threshold level to the greatest extent determines which events will be
recorded and which not. The higher value one sets, the more earthquakes will not be recorded,
but the fewer false-triggers will result. The lower the STA/LTA trigger threshold level is
selected, the more sensitive the seismic station will be and the more events will be recorded.
However, also more frequent false triggers will occupy data memory and burden the analyst.
Optimal STA/LTA trigger threshold level depends on seismic noise conditions at the site and

Scientific Technical Report STR 99/13

DOI: 10.2312/GFZ.b103-99132

125 GeoForschungsZentrum Potsdam



on one’s tolerance to falsely triggered records. Not only the amplitude but also the type of
seismic noise influence optimal STA/LTA trigger threshold level setting. A statistically
stationary seismic noise (with less irregular fluctuations) allows lower STA/LTA trigger
threshold level, completely irregular behavior of seismic noise demands higher values.

Note that some false triggers and some missed earthquakes are an inevitable reality whenever
recording seismic signals in an event-triggered mode. Only a continuous seismic recording, if
affordable, completely solves the problem of false triggers and incompleteness of seismic
data.

It is a dangerous trap to select a very high STA/LTA trigger threshold level and a high
channel gain simultaneously. Many recorders in the market allow this setting without any
warning messages. This situation is particularly dangerous in extremely noisy environments,
where, due to too many false triggers, the instruments are usually set to record only the
strongest events.

Suppose one has set the STA/LTA trigger threshold level to 20. Suppose also that one has set
the gain of the channel in such a way that he has about 150 mV of average seismic noise
signal at the input of the recorder and that the input full scale voltage of the channel is + 2.5
V. Obviously, this setting would require a 0.15 V=20 = 3 V signal amplitude to trigger the
channel. Since its maximum input amplitude is limited to 2.5 V, it can never trigger, no matter
how strong an earthquake occurs. Note that this error is not so obvious, especially in low
seismicity regions with rare events. One can operate an instrument for very long time without
records and forever wait for his first recorded earthquake.

With certain products in the market, this potential danger of erroneously setting is solved in
the following way: Whenever one uses the STA/LTA algorithm, an additional threshold
trigger algorithm remains active in the 'background'. Because of it the channel triggers
whenever its input amplitude exceeds 50% of channel input voltage range for example, in no
relation to the STA/LTA trigger setting. In this way the strongest, and therefore the most

important events are still recorded, no matter how carelessly the STA/LTA trigger algorithm
parameters are set.

An initial setting for the STA/LTA trigger threshold level of 4 is common for an average quiet
seismic site. Much lower values can only be used at the very best station sites with no man-
made seismic noise. Higher values about 8 and above are required at less favorable sites with
significant man-made seismic noise. In strong-motion applications higher values are more

common due to the usually noisier seismic environments and generally smaller interest in
weak events.

4.5 Selection of STA/LTA detrigger threshold level

The STA/LTA detrigger threshold level determines the termination of data recording (along

with the PET parameter - more information about it in the section 5.3 'Selection of post-event
time (PET) parameter').

The STA/LTA detrigger threshold level determines how well the coda waves of recorded
carthquakes will be captured in data records. To include as much coda waves as possible, a
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low value is required. If one uses coda duration for magnitude determinations, such setting is
obvious. However, a too low STA/LTA detrigger threshold level is occasionally dangerous. It
may cause very long or even endless records, for example, if a sudden increase in seismic
noise does not allow that the STA/LTA ratio falls below the STA/LTA detrigger threshold
level. On the other hand, if one is not interested in coda waves a higher value of STA/LTA
detrigger threshold level enables significant savings in data memory and/or data transmission
time. Note that coda waves of distant earthquakes can be very long.

In general, the noisier the seismic site, the higher the value of the STA/LTA detrigger
threshold level should be used to prevent too long or continuous records. This danger is high
only at sites heavily polluted by man-made seismic noise.

A typical initial value of the STA/LTA detrigger threshold level is 2 to 3 for seismically quiet
sites and weak motion applications. For noisier sites higher vales must be set. For strong-
motion applications, where coda waves are not of the highest importance, higher values are
frequently used.

5. HOW TO ADJUST ASSOCIATED PARAMETERS FOR PROPER
TRIGGERING AND DATA RECORDING

5.1 Selection of trigger filters

Nearly all seismic recorders and networks have adjustable band-pass trigger filters. They
continuously filter the incoming seismic signals prior to the trigger algorithm calculations.
Selection of these filters is important for a proper functioning of the STA/LTA trigger
algorithm (as well as for amplitude threshold trigger algorithm). The purpose of these filters is
three-fold:

e They remove DC component from incoming seismic signals. Namely, all active
seismic sensors have some DC offset voltage at the output. This DC offset, if too high,
deteriorates the STA/LTA ratio calculation. The calculation of the absolute value of the
signal becomes meaningless if the DC component is higher than the seismic noise
amplitude. This results in malfunction of the STA/LTA trigger algorithm and drastic
reduction of trigger sensitivity for weak seismic events.

e Their frequency band-pass can prioritize frequencies corresponding to the dominant
frequencies of seismic events one wants to record.

e Their stop-band can attenuate dominant frequencies of the most distracting seismic
noise at a given site.

The trigger filter pass-band should generally accommodate the frequencies of the maximum
energy of expected seismic events. It should, at the same time, have a band-pass that does not
coincide with peak frequency components of typical seismic noise at the site. If this is
possible, a significant improvement of the event-trigger/false-trigger ratio results. Obviously,
one can understand that if the peak amplitudes of seismic noise and the dominant frequencies
of the events of most interest coincide, the trigger filter becomes inefficient.
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One should not forget that the frequency response function of the seismic sensor used with a
recorder or in a network channel also modifies the frequency content of events and noise
signals at the input of trigger algorithm. Therefore the sensor used is an important factor in
the choice of a trigger filter. The type of sensor output - proportional to either ground
displacement, velocity or the acceleration - has a similar effect. Sensors with ground
acceleration proportional output - accelerometers - emphasize high frequencies. They usually
require a filter protection against excessive high-frequency man-made seismic noise. Ordinary
seismometers have typically an output proportional to ground velocity, sometimes also to
ground displacement. They are less influenced by high-frequency man-made seismic noise.

The adjustment flexibility of high- and low-comers of these filters varies among different
products. The same is true for the steepness of the filter flanks. Generally, one does not need
very steep (high order) filters and a lot of flexibility, because events, similar to the seismic
noise, are highly variable. It is generally impossible to determine very precisely where exactly
to set the frequency limits of these filters.

5.2 Selection of pre-event time (PEM ) parameter

Ideally, the triggered earthquake records should include all seismic phases of an event and, in
addition, a portion of the seismic noise signal prior to it. Selection of an appropriate pre-event
time (PEM) assures that the earthquake records are complete. For the majority of weak
events, the trigger algorithm usually does not trigger at the beginning of the event but
sometimes during the event, when the waves with the maximum amplitude of ground velocity
reach the station. This happens very often with the earthquakes, which have emergent onset
waves, and with most of the weak local and regional events where the S phase amplitudes can
be much bigger than the P phase. In practice, triggering on the S waves of the weak local and
the regional earthquakes is actually more frequent than triggering on the P waves. But for
seismological reasons, the P onset waves plus some seismic noise prior to them should be
included in the record. A proper PEM should take care about this.

Technically this is solved in the following way. In seismic recorders and in a network's central
recording computer a portion of seismic signal prior to the instrument trigger time is
temporally stored in a pre-event ring buffer (abbreviation PEM denotes 'pre-event-memory')
and prepend to the data recorded.

PEM must surmount the following periods of time:
* the desired record duration of seismic noise prior to the event;
o the maximal expected S-P time of earthquake records, and

* time needed to calculate the STA/LTA ratio, which, in the worst case, equals one
STA window duration,

Add these three time periods and the result is the appropriate PEM value.

The effect of a too short PEM is shown in Fig. 7. Graph a) shows an event approximately 400
km away from the station with weak P waves partly buried in the seismic noise. On graph b)
the STA and the LTA values are shown. Graph c) shows the STA/LTA ratio and the trigger
and detrigger thresholds (short horizontal dotted lines). The trigger threshold is set to 6. One
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Fig. 7: Proper and improper setting of the pre-event time (PEM) and the post-event time (PET)

can see that the channel triggers on the S waves. However, a PEM of 10 seconds is much too
short to catch the P waves. Graph d) shows the actually 'recorded’ event. It starts much too

late and contains n

o seismic noise record. Graphs e) and f) show the same event but with a

properly set PEM parameter. Seismic noise as well as the P waves are properly recorded.
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The maximal expected S-P time depends on maximal distance of relevant earthquakes from
the station and on seismic wave velocity in the region. For practice and for local and regional
events, accurate enough results can be gained by dividing the maximum station-to-epicenter
distance of interest by 5 (distance in miles) or by 8 (distance in km) to get the required
maximum S-P time in seconds.

The application dictates the choice of the desired pre-event noise record duration. At least a
few seconds are usually required. Note that if one wants to study spectral properties of weak
events, seismic noise spectra are usually required to calculate signal-to-noise ratio as a
function of frequency. This, however, requires a significant length of noise records depending
on the lowest frequency of interest. The PEM must be set accordingly.

As an example, let us calculate a required PEM parameter value for a temporal local seismic
network with 50 km aperture, where 0.5 sec is set for the STA duration. Suppose that no
coincidence trigger exists and all stations run independent trigger algorithms. The owner is
interested in the seismicity 200 km around the center of the network. He would also like to
have a 10 sec long record of seismic noise before the P waves. We need 0.5 sec for STA
calculation, 10 sec for seismic noise, and ~ (200 km + 50/2km)/8 ~ 28 sec to cover the
maximal expected S-P time. Note that the most distant station from the epicenter in the
network still has to record P waves — that is why we added one half of the network aperture
to the maximal epicentral distance of interest. The PEM should therefore be set to 0.5 + 10 +
28 ~ 40 sec. Obviously, smaller networks and shorter ranges of interest require shorter PEM
and vice versa.

5.3 Selection of post-event time (PET) parameter

The post-event time parameter assures complete recording of seismic events after a detrigger.
The main purpose of PET is catching the remaining earthquake coda waves that are smaller in
amplitude than the STA/LTA detrigger threshold level. Functionally PET is simply a fixed
recording time added to the event file after an instrument or a network (not individual
channels!) detriggers. It has a similar effect on coda waves as the STA/LTA detrigger
threshold level parameter. However, its effect is event-size independent. This makes it a less
effective coda wave 'catcher' than a low STA/LTA detrigger threshold level. It is most
suitable for local events. Practical values of PET are usually too short to be of any help for
large distant earthquakes with very long coda waves. Contrary to a very low STA/LTA
detrigger threshold level that may cause re-triggering problems, a long PET is safe in this
respect (see section 4.5 'Selection of STA/LTA detrigger threshold level').

Optimal PET duration depends mostly on the application. If coda waves are important, a long
PET should be selected. If coda waves have no significance, use a short PET. Obviously, the

short local events require only a short PET, regional and teleseismic events, on the other hand,
would require much longer PET.

A reasonable value for local seismology would be 30 sec, and 60 to 90 sec for regional
seismology, assuming one wants the coda waves well recorded. To find optimal value,
observe coda waves of your records and adjust the PET accordingly.
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There are usually no practical instrumental limitations on selection of the longest PET.
However, note that very long PET use up the recorder's data memory easily. So, do not
exaggerate, particularly in seismically very active areas or if a high rate of false triggers is
accepted.

5.4 Selection of voting scheme parameters

The coincidence trigger algorithm, available either in seismic networks or within a multi-
channel stand-alone seismic recorder, or in a group of interconnected seismic recorders, uses
voting scheme for triggering. The voting scheme parameters are actually not directly related
to the STA/LTA trigger algorithm. However, inappropriate setting of voting scheme prohibits
efficient functioning of overall triggering of a network or a recorder. For that reason we also
deal with the voting scheme parameters in this section.

In section 4 'How to adjust STA/LTA trigger parameters,’ we described how each individual
channel would trigger if it were the only one in an instrument or in a network. In the
following section we describe how the individual channel triggers are combined to cause the
system to trigger in a multi-channel recorder or in a seismic network. We call this 'voting', as
a number of votes or weights can be assigned to each seismic channel so that it may cast
towards getting the system to trigger. Only if the total number of votes exceeds a given pre-set
value, the system actually triggers, a new data file opens, and data acquisition begins.

How this voting system is set up depends on the nature of the signals that one is trying to
record and on the seismic noise conditions at sensor sites. The noisy channels, which would
frequently falsely trigger, will obviously have less 'votes' or assigned weights than the quiet,
‘reliable’ channels. Obviously one will need some first-hand experience of the conditions at
the sites before optimizing this voting scheme. The voting mechanism and the terminology
differ to some extent among products. However, there are usually four basic terms associated
with the voting scheme parameters

¢ Channel weights (votes).

A channel weight defines the number of votes the channel contributes to the total when
it is triggered. If the channel has a good signal/noise ratio, assign it some positive
number of votes. The more 'reliable’ the channel in terms of the event trigger/false
trigger ratio is, the higher number should be selected. If a channel is noisy and
frequently falsely triggers, give it lesser or even zero weight. In case you want a channel
to inhibit triggering (a rare case indeed), give it negative weights.

o Trigger weight

This is the total number of weights required to get the seismic recorder or the network
to trigger.

e Detrigger weight

The Detrigger weight is a value below which the total trigger weights (sum of all
individual weights) must fall in order to cause a recorder or a network to detrigger. The
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Detrigger weight of 1 usually means that all voting channels must be detriggered before
the recorder will detrigger. However, other definitions are also possible.

e External channel trigger weight

This value represents the number of weights one assigns to the 'external trigger channel'
source. This parameter is most useful in networks of interconnected stand-alone seismic
recorders. In this configuration every triggered recorder 'informs' all other units in the
network that it triggered. If one wants to ensure that all recorders in the network trigger
when one unit triggers, the external trigger channel should have the same weight as the
Trigger weight. If one wants to use a combination of an external trigger with other
internal criteria, one should set the weights accordingly.

Understanding of the voting scheme parameters is best gained through examples. The
following section gives a few examples of various voting schemes.

e A classic strong-motion seismic recorder set at a free-field site has no
interconnected units and normally has a three-component internal FBA accelerometer.
One would set all three Channel weights to 1 and also set Trigger weight to 1.
Consequently any channel could trigger the system. At noisier sites a Trigger weight set
to 2 would be more appropriate. In the latter case, two channels must be in a triggered
mode simultaneously (or within a time period usually named aperture propagation
window (APW) time, which is an additional parameter available with seismic networks)
for the beginning of data recording.

e A small weak motion seismic network around a mine is designed for monitoring
local micro-earthquakes. It consists of 5 surface seismic stations with vertical
component short-period seismometers and one three-component down-hole
accelerometer. An 8-channel data logger is used at the network's center. One of the
surface stations is extremely noisy due to nearby construction works. All others have
approximately the same seismic noise amplitudes. One can temporally set a Channel
weight 0 to the noisy station to exclude its contribution to triggering and channel
weights of 1 to all other surface stations. The down-hole accelerometer is very quiet but
less sensitive than surface stations (accelerometers). Select Channel weight 2 for each of
its components. For this network a trigger weight of 3 would be an adequate initial
selection. The system triggers either if at least three surface stations trigger, or two
components of the accelerometer trigger, or one surface station and one component of
the accelerometer trigger. Suppose also that there are frequent blasts in the mine. If one
wishes, one can use an External trigger channel weight set to -8 and manually (with a
switch) prevent seismic network recording of these blasts (down-hole: 3x2 channel
votes + surface stations: 4x1 channel vote - 8 External votes < 3 Trigger votes).

e Let us suppose that an interconnected strong motion network of two seismic
recorders with the internal three-component FBA accelerometers is installed in a
building, one in the basement and one on the roof. Initially one can set the Channel
weights to 1 for each signal channel, as well as for the External trigger channel.

Suppose the Trigger weight is set to 1 as well. As a result each channel of the system
can trigger both units in the system.
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After a while one discovers that the seismic recorder on the roof triggers the system
much too frequently, due to the sway of the building in the wind. Changing the voting
scheme of the roof unit so that Trigger weight is 3, its channels have 1 weight, while the
External trigger channel has 3 weights, can compensate for this action. Now, the
recorder installed on the roof triggers only if all its three channels trigger
simultaneously or if the ‘quiet’ recorder in the basement triggers. The number of falsely
triggered records will be drastically reduced.

e A small regional radio-frequency (RF) FM modulated telemetry seismic network,
with a coincidence trigger algorithm at the central recording site, has 7 short period
three-component seismic stations. The three stations, #1 west of the center and #2 and
#3 east, not far from the center, have a low seismic noise and are connected to the center
via three independent reliable RF links. The two stations north to the center, #4 and #5,
are linked with the center via a joined RF repeater. The link between this repeater and
the center is, unfortunately, frequently influenced by RF interference, resulting in
frequent and simultaneous spikes and glitches in all six transmitted seismic signals. Due
to unfavorable geology these two stations have a relatively high seismic noise. The two
stations south of the center, #6 and #7, are also connected to the center via another
common RF repeater. The station #6 is very quiet and the station #7 is influenced by
traffic on a nearby new busy freeway. The RF link from this repeater to the center is less
RF interference prone.

In such situation (apart from trying to technically solve the RF link problem with the
northern stations and repositioning of the station #7) an appropriate initial voting
scheme would be as follows. A Trigger weight set to 7 (to disable otherwise much too
frequent false triggering of the system due to RF interference on all 6 channels of the
two northemn seismic stations) and a Channel weight 1 to all channels of the northem
stations (their total Channel weight should not exceed the Trigger weight), a channel
weight 3 to all three channels of the station #1 (to allow independent triggering of the
system if all three channels of this good station are triggered), a channel weight 2 to all
channels of the stations #2 and #3 (to allow triggering of the whole system if at least
four channels of these two closely situated stations are activated), a channel weight 2 to
all channels of the station #6 (to accentuate its low seismic noise characteristics but to
prevent independent triggering of the system due to occasional RF interference), and a
weight 0 to all channels of the station #7 (to exclude its partition in triggering due to
excessive man-made seismic noise).

These examples should give enough insight into the flexibility of the coincidence triggering
options and about some of the ways in which this flexibility can be used for a particular
application. Note also that any initial voting scheme can be significantly improved after more
experience with seismic noise conditions at the sites is gained.
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6. PRACTICAL RECOMMENDATIONS FOR FINDING OPTIMAL TRIGGERING
PARAMETERS

A systematic approach is required for successful adjustment of the optimal triggering and the
associated parameters. First, the goals of the seismic installation must be carefully considered
and apriori knowledge about seismic noise (if any) at the site(s) must be taken into account.
Based on this information, the initial parameters are set. Information about them must be
saved for documentation purpose. Start with rather low trigger threshold level settings than
with a too high setting. Otherwise one can waist too long to get sufficient number of records
for a meaningful analysis required for further adjustment steps.

Then the instrument or the network is left to operate for a given period of time. The required
length of operation without changing recording parameters depends strongly on the seismic
activity in the region. At least several earthquakes and/or falsely triggered records must be
recorded before the first readjustment of parameters is feasible. Judgements based on a single
or a few records rarely lead to improvements. Such work simply doesn't converge to any
meaningful adjustment.

Afterwards, all records, including those falsely triggered, must be inspected. The
completeness of the event records is checked (seismic noise, the P arrivals, the coda waves),
and the causes of the false triggers are analyzed. The ratio of event-records/false-records is
calculated and compared to the target level. If the number of false triggers does not reach the
accepted level, increase the trigger sensitivity by lowering the STA/LTA trigger threshold
level(s). Basically, one will acquire more seismic information for nearly the same price and
effort. If the number of false triggers is too high, find the reasons for that and try to mitigate
them by changing STA/LTA and/or voting scheme parameters. Only if this doesn’t help,
decrease trigger sensitivities.

After the analysis is finished, the parameters are changed according to its findings and the
new settings archived for documentation purposes. Again the instrument or the network is left
active for a certain period of time, the new records are analyzed, and other changes made if
needed. By repeating this process one will gradually find the best parameter setting.
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WDCs AND ACCESS TO DATA SOURCES
VIA INTERNET AND CD-ROM

Zhao Zhonghe

National Centre for Seismic Data and Information, China Seismological Bureau, 56 Sanlihe
Road, Beijing 100045, China;
Fax: +86 10 68530226; E-mail: zhzhao@sdb.csdi.ac.cn

1. INTRODUCTION TO THE WORLD DATA CentreS

1.1 The World Data Centre system

The World Data Centre system was a product of the International Geophysical Year of 1957-
1958. Planning of the IGY was co-ordinated by CSAGI, the Special Committee for the IGY
set up by the International Council of Scientific Unions. CSAGI established the World Data
Centre system to serve the IGY, and developed data management plans for each IGY
scientific discipline. The data specifications were published in a series of Guides to Data
Exchange originally issued in 1957 and updated in 1963, 1973, 1979 and 1987. The 1955
recommendation mentioned that Data Centres should be prepared to handle data in machine-
readable form, which at that time meant punched cards and punched tape.

National IGY Committees were invited to establish and to operate World Data Centres at
national expense, abiding by the CSAGI rules. The USA and USSR established complex
centres, known respectively as WDC-A and WDC-B, to serve most IGY disciplines. In many
disciplines there was a third or even a fourth centre, known as WDC-C1 if in Western Europe
and WDC-C2 if in Asia or Australia (the European centres being known simply as WDC-C if
there was no corresponding WDC-C2). Multiple centres were deemed advisable to guard
against catastrophic loss of data, and for the convenience of data providers and users.

Because of its success, the WDC system was made permanent and used for post-IGY data.
New programs evolved, based on the IGY structure as a general framework, such as the
International Quiet Sun Year of 1964-1965, the International Magnetospheric Study of 1976-
1979, the Solar Maximum Year of 1979-1981 and the Middle Atmosphere Program of 1982-
1985. Most of the sponsoring national bodies agreed to continue the WDCs to serve these
programs, and the data collections have remained accessible to users.

Since the IGY, the gathering and exchange of data has been transformed by technological
advances, such as the replacement of analogue with digital instruments, the networking of
digital instruments to simplify collection and exchange of data, and unstaffed automatic
observatories. Personal computers and compact disc readers are ubiquitous. Many WDCs
publish collections of digital data sets on compact discs for easy distribution. Digital
communication networks make it possible to transfer large data files by electronic mail,
reducing much of the routine work of WDC staff, who are now largely engaged in developing
new data compilations and new tools for data display and analysis.

The environmental WDC disciplines make use of map-based data and information on natural
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features and human activities that differ in character from the numerical data sets of the older

disciplines and require new analytical techniques.

Over the years the tally of WDCs has changed because of scientific, technical and economic
factors. A comprehensive set of WDC-D was established in China in 1988. WDC-A in the
USA has expanded; many of its discipline centres are collocated with national data centres.
WDC-B in Russia is now operated by three different organisations. Some of the C, C1 and C2
centres in Europe and Asia have moved or have closed (especially those that depended on the
expertise of a particular research group), but new centres have opened. All centres now have
computer facilities and most use electronic networks to meet requests, to exchange catalogue

information and to transfer data.

Following, all WDCs, including their homepage addresses are listed:

WDC-A for Atmospheric Trace Gases (Oak Ridge)
http://cdiac.esd.oml.gov/cdiac/wdca/wdcinfo.html
WDC-A for Glaciology (Boulder)
http://www-nsidc.colorado.edu/NOAA/wdc-a.html

WDC-A for Human Interactions in the Environment (Saginaw)

http://www.ciesin.org/home-page/WDC.html

WDC-A for Marine Geology and Geophysics (Boulder)
http://www.ngdc.noaa.gov/mgg/wdcamgg

WDC-A for Meteorology (Asheville)
http://www.ncdc.noaa.gov/wdcamet.html

WDC-A for Oceanography (Silver Spring)
http://www.nodc.noaa.gov/NODC-dataexch.html

WDC-A for Paleoclimatology (Boulder)
http://www.ngdc.noaa.gov/paleo/paleo.html

WDC-A for Remotely Sensed Land Data (Sioux Falls)
http://edcwww.cr.usgs. gov/doc/edchome/world/wdcguide.html
WDC-A for Rockets and Satellites (Greenbelt)
http://nssdc.gsfc.nasa.gov/about/about_wdc-a.htmi

WDC-A for Rotation of the Earth (Washington)
http://maia.usno.navy.mil

WDC-A for Seismology (Golden)
http://wwwneic.cr.usgs.gov

WDC-A for Solar Terrestrial Physics (Boulder)
http://www.ngde.noaa.gov/stp/ WDC/wdcstp.html

WDC-A for Solid Earth Geophysics (Boulder)
http://www.ngdc.noaa.gov/seg/wdca/wdcaseg.shtml

WDC-B General Page (Moscow)
http://www.wdcb.rssi.rt/ WDCB

WDC-B for Marine Geology and Geophysics (Gelendzhik)
http://www.sea.rw/cmgd/wdc.html

WDC-B for Meteorology (Obninsk)
http://www.meteo.ru/

WDC-B for Oceanography (Obninsk)
http://www.meteo.ru/

WDC-B for Rockets and Satellites (Obninsk)
hitp://www.meteo.ru/

WDC-B for Rotation of the Earth (Obninsk)
http://www.meteo.ny

WDC-B for SolarTerrestrial Physics (Moscow)
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http://www.wdcb.rssi.ru/WDCB/wdcb_stp.shtml
WDC-B for Solid Earth Physics (Moscow)

http://www.wdcb.rssi.rt/WDCB/wdcb_sep.html
WDC-C for Earth Tides (Brussels)
http://www.oma.be/KSB-ORB/ICET

WDC-C1 for Geomagnetism (Copenhagen)
http://www.dmi.dk/projects/wdccl/

WDC-C1 for Geomagnetism (Edinburgh)
http://ub.nmh.ac.uk

WDC-C for Glaciology (Cambridge)
http://www.spri.cam.ac.uk/wdce.htm

WDC-C for Recent Crustal Movements (Prague)
WDC-C for Soils (Wageningen)
http://www.isric.nl

WDC-C for Solar Activity (Meudon)
http://www.obspm. fr/departement/dasop/dasop.html
WDC-C1 for Solar Terrestrial Physics (Chilton)
http://www.wdc.rl.ac.uk

WDC-C for Sunspot Index (Brussels)
http://www.oma.be/KSB-ORB/SIDC/sidc_txt.html
WDC-C2 for Airglow (Mitaka)
http://www.nao.ac.jp

WDC-C2 for Aurora (Tokyo)
http://www.nipr.ac.jp/english/aurora.html

WDC-C2 for Cosmic Rays (Mito)
http://www.env.sci.ibaraki.ac.jp/Sun/sunl5-eng.html
WDC-C2 for Geomagnetism (Bombay)
WDC-C2 for Geomagnetism (Kyoto)
http://swdedb.kugi.kyoto-u.ac.jp

WDC-C2 for Ionosphere (Tokyo)
http://wdc-c2.crl.go.ip

WDC-C2 for Nuclear Radiation (Tokyo)
WDC-C2 for Solar Radio Emission (Nagano)
http://solar.nro.nao.ac.jp

WDC-C2 for Solar-Terrestrial Activity (Sagamihara)
http://www.isas.ac.jp

WDC-D for Astronomy (Beijing)
http://www.bao.ac.cn/wdc

WDC-D for Geology (Beijing)

WDC-D for Geophysics (Beijing)

WDC-D for Glaciology and Geocryology (Lanzhou)
WDC-D for Meteorology (Beijing)

WDC-D for Oceanography (Tianjin)
http://www.coi.gov.cn

WDC-D for Renewable Resources and Environment (Beijing)
http://www.CERN.AC.CN/wde-d

WDC-D for Seismology (Beijing)
http://www.eq_csi.ac.cn/wdeds

WDC-D for Space Sciences (Beijing)

The WDC homepages are rapidly expanding, and the addresses are subject to change. Up-to-
date information is maintained on the WDC System homepages at WDC-A in Boulder,
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Co!orado, which are mirrored in Europe by the WDC-C1 for Solar Terrestrial Physics at
Chilton, England, and by WDC-B at Moscow, Russia. At the time of writing, these addresses
are:

http://www.ngdc.noaa.gov/wdc/wdecmain.html]
http://www.wdc.rl.ac.uk/wdcmain
http://plato.wdcb.rssi.ru/wdc

1.2 Activities of WDCs

The following list given by WDCs guide summarises the general activities of WDCs.

(1) Collecting and cataloguing data and information in co-operation with other WDCs.

(2) Maintaining the data in good condition.

(3) Providing data to users, at minimum costs of copying and distribution.

(4) Working with originators of data to improve documentation of the data.

(5) Preserving important old data sets by converting them from tabular to digital form.

(6) Compiling specialised data sets for small-scale, regional and global geophysical research.
(7) Making data sets available on such media as compact discs, enabling users to search large
data collections and transfer them to their home laboratory.

(8) Assessing technical issues of ageing, error growth and lifetimes of data storage media.

(9) Combining data from various sources to derive data products, such as indices of solar or
geomagnetic activity.

(10) Compiling numerical models to describe the time-varying and space-varying geophysical
environment, such as the geomagnetic field and the upper atmosphere.

(11) Maintaining on-line information services related to the above activities.

(12) Operating visitor programs to enable scientists to work on WDC data holdings with the
assistance of the WDCs professional staff.

(13) Assisting scientists to locate and access related data not held in the WDC System.

Exercise:

Access the WDCs homepage with a Web browser to find the WDC Guide and read the brief
description of WDCs for seismology and for solid earth geophysics, including WDC-A for
Seismology, WDC-A for Solid Earth Geophysics, WDC-B for Solid Earth Geophysics, WDC-
D for Geophysics and WDC-D for Seismology. The Web site is

http://www.ngdc.noaa. gov/wde/wdcmain.html

2. ACCESS TO DATA SOURCES VIA INTERNET

2.1 Brief introduction to the Internet

The Internet, with a capital "I" as the first letter, is a wide area network supported by TCP/IP
protocol. The Internet has developed very fast. Actually, it appeared in 1960s, during the time
of the "cold war". At that time, there was a strange question in the United States: "What
would happen after a nuclear war?" The U. S. authorities thought about the so-called "post
nuclear situation”. They needed a network to command and control the country. So some
people were asked to develop a computer network. It was assumed that the network on the
whole is unreliable. But it was needed, for instance, to transmit a message from one node, the
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source node, to another node, the destination node. If some part of the network was blown
down, the information could be transmitted through another route to the destination. With this
idea, a communication protocol called TCP/IP (Transmission Control Protocol / Internet
Protocol) was developed. With TCP protocol, a message is divided into several packages;
each one is transmitted individually from one node to another, roughly along the direction to
the destination. So the particular route is not important, just the destination, the result, is
important. Then the IP protocol is for handling the address, the routing. With this TCP/IP
protocol, it is easy for other computers or networks to join into the network. That is why this
network developed very fast. At the beginning, this network was sponsored by the Advanced
Research Project Agency of the U.S. Department of Defence. So it was named as ARPANET
after its sponsor's name. Then, with the fast development of the network, the ARPANET,
though it was still a part of the network, became smaller and smaller in the midst of the
networks. Finally, people call this network as Internet, a network of networks.

At present the Internet has become a worldwide computer network. Human created the
Internet and, in turn, the Internet has changed humans life. Also the Internet has become a
useful and easy way for scientific data collection and distribution all over the world. The
Internet makes the world much smaller.

2.2 E-mail

E-mail, the electronic mail, is the most widely used service of the Internet and it is the main
way to transmit messages between the Internet and other networks, such as OMNET. In
addition to the usual usage of E-mail for exchanging information, there are several other
applications.

(1) Subscribed E-mail data services

Some data centres or research groups offer their data to users by E-mail based on the
subscription of the users. For example, U.S. National Earthquake Information Centre/World
Data Centre-A for Seismology has two E-mail data services that provide earthquake
information rapidly. You may subscribe by sending a specially formatted e-mail message.

The first service, known as BIGQUAKE, sends a message whenever a large earthquake
release is issued (the criteria varies depending on the location of the event). To subscribe, send
an e-mail message to:

majordomo@ghtmail.cr.usgs.gov
In the body of the message (not the subject line) put
subscribe bigquake

The second service, QEDPOST, sends a daily message of the earthquakes located 7 days
behind the current day taken from the Quick Epicentre Determinations (QED) listing. It is a
preliminary publication and typically contains 10-30 events per day. To subscribe, send an e-
mail message to the same address as mentioned above and in the body of the message (not the
subject line) put

subscribe gedpost

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132 140
GeoForschungsZentrum Potsdam



For these two kinds of subscription, you will receive an e-mail message with instructions on
how to confirm your subscription.

To REMOVE your address from the mailing list, send a mail message to
majordomo@ghtmail.cr.usgs.gov

In the body of the mail message (not the subject line), put

unscribe bigquake for BIGQUAKE
or
unscribe gedpost for QEDPOST

(2) autoDRM

An AutoDRM (Automatic Data Request Manager) is a software package that allows anyone
with access to electronic mail to retrieve data from the site where such an AutoDRM is
installed.

AutoDRM is now a widely used method to retrieve earthquake information from
seismological observatories, including earthquake catalogues, station information, waveform
data and the information. It should be noted that when you send a request to an AutoDRM
system you must carefully fill in the body of your mail message, following the format given
by the AutoDRM guide. Otherwise the AutoDRM system would return an error message to
you.

You can get a list of urgently available AutoDRMs providing seismic data from Web site of:

http://seismo.ethz.ch/autodrm list.html

You may obtain instructions by sending an e-mail to any AutoDRM listed above with the text
‘HELP' in your mail. For instance, you may send an e-mail to the address:
autodrm(@seismo.ifg.ethz.ch with the text 'HELP'.

An example of the use of AutoDRM is to get an earthquake catalog for June 29,1999 from
Swiss Seismological Service:

E-mail address: autodrm@seismo.ifg.ethz.ch
No subject

Text of your e-mail:

BEGIN

DATE1 199906290000

DATE2 199906300000

DETEC

EMAIL your e-mail address

STOP

Then you will get an answer from the AutoDRM of Swiss Seismological Service like this:

### Below follows what you requested
### (unless your request contained a severe error!):

Scientific Technical Report STR 99/13 141

DOI: 10.2312/GFZ.b103-99132

GeoForschungsZentrum Potsdam



DETECTIONS OF THE SWISS SEISMOLOGICAL SERVICE

Recording Date & Time may be used for specific waveform requests!
Q: quality remark (A = very good, B = good, C = fair, D = poor)
L: type of location (A = automatic, M = ‘manually’ by an analyst)

Recorded at | Origin | Location |[Region(or
YYYYMMDDHHMM]| Date Time|Lat Lon Dep Mag QL |Azim/Slown if PKP)

+ + + + et RS N
199906290812:29 Jun1999 08:12:46.5 46.3N 8.0E 3 MI=1.6 B M Brig / Switzerland
199906291356:29 Jun1999 13:56 A not located
199906291512:29 Jun1999 15:12:44.6 452N 9.3E 10 MI=2.6 D A Northern Italy
199906291514:29 Jun1999 15:14 A not located
199906292325:29 Jun1999 23:18:12.7 37.2N 67.4E 10 M>=6.4 A A Afghanistan-Tajikis
199906292328:29 Jun1999 23:28 A not located

199906292332:29 Jun1999 23:32:35.0 46.4N 10.2E 10 MI=2.2 C A Bormio / Italy

If you want to install AutoDRM in your data centre as a tool for providing data to other
people, you can get the complete AutoDRM software package from its original designer, Dr.
U. Kradolfer of Swiss Seismological Service, with a WWW browser. The URL is:

http://seismo.ethz.ch/autodrm.html

or you can use anonymous ftp account as described in section 2.3.

Exercise:

(1) Send an e-mail to NEIS for subscribing a BIGQUAKE service, confirming the

subscription, and then removing the subscription.

(3) Make an AutoDRM request for getting an earthquake catalog from Swiss Seismological
Service.

2.3 File Transfer Protocol

File Transfer Protocol (FTP) is one of the members of TCP/IP family, which includes more
than one hundred protocols. With FTP, many ftp servers are established for providing
information and data. There is a kind of FTP servers called anonymous ftp. When you use an
anonymous ftp, usually you can use "anonymous" as the user name and use your E-mail
address as password, so that the ftp server can know who are interested in those data.

Following example shows how to get AutoDRM software package from Swiss Seismological
Service with ftp command in a UNIX system. But here the user name is ftp and password is
also ftp.

ftp seismo.ethz.ch

login as user=ftp and password=ftp
cd pub/gse

binary

get README

get INSTALL_autodrm.readme
get autodrm_2.9.tar.Z .
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Now there are some softwares for ftp which work on MS windows. And most WWW
browsers have incorporated the ftp function into WWW system. So it is much easier to use fip
function than ever before.

Exercise:
Download a file from the anonymous FTP server of CSDInet Centre ( at National Centre for
Seismic Data and Information, CSB)

ftp://sdb.csdi.ac.cn

2.4 Finger

As an easy way to provide earthquake catalogues to the public, people use a function given by
UNIX operating system called "finger". (At present there is special software for other
operating systems to realise "finger" function.) Actually, this function is to give information
of the status of people with a given E-mail address. There is a file ".plan" in his/her directory,
which content will be returned to you, if you "finger" his/her E-mail address. File ".plan" is
usually used for telling you his/her plan for the next few days. With this function, many
seismic networks put their earthquake catalogue for the recent days in file ".plan", and anyone
can use a finger command to get such catalogue like this:

finger quake@machine.domain

For instance, to get IRIS DMC catalogue of 10 recent large earthquakes, for which waveform
data are available, you may

finger spyder@jris.washington.edu

Following is a part of the answer from IRIS DMC as an example:
[iris.washington.edu]

The following are the most recent events (as reported by the USGS NEIC) for which
Spyder(R) has retrieved data:

DATE-TIME SEC LAT LON DEPTH MAG REGION NUMBER VBB LP
9906101507 21.3626 N 71.28 E 113 5.3 AFGHANISTAN-USSR BORDER RE 70 56

9906152042 01. 1833 N 97.39 W 33 6.5 CENTRAL MEXICO 67 62
9906152152 18.17.20 N 95.50 W 100 4.5 OAXACA, MEXICO 12 11
9906161835 59.17.04 S 173.36 W 79 5.6 TONGA ISLANDS 17 09
9906161932 33.14.54 S 176.15W 33 5.5 FIJI ISLANDS REGION 09 09

9906181055 25. 546 N 126.66 E 33 6.2 MINDANAO, PHILIPPINE ISLAN 67 52
9906190903 08. 5.41S 146.77E 210 5.2 EAST PAPUA NEW GUINEA REGI 26 24

9906211743 01. 18.33 N 101.40 W 33 5.7 GUERRERO, MEXICO 29 24
9906211737 27.36.45 N 70.61 E 229 5.6 HINDU KUSH REGION 68 57
9906220047 42. 449 S 133.81 E 33 5.8 WEST IRIAN REGION 22 21
Exercise:

Get a rapid earthquake catalogue by using "finger" function:

Finger guake@andreas.wr.usgs.gov
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2.5 Bulletin Board

IRIS's Bulletin Board represents a kind of application of the Internet. As a matter of fact, it is
a "telnet” function. You can use "telnet" to login into a remote host computer, by using a
proper user name and password, which are recognized by the host computer. IRIS Bulletin
Board is an interactive data service system, which requires a user name of "bulletin” and a
password of "board". Here is an example showing how to get into IRIS's Bulletin Board.

wdcds:~> telnet dmc.iris.washington.edu
Trying 128.95.166.129...

Connected to dmc.iris.washington.edu.
Escape character is "*]".

SunOS 5.6

login: bulletin
Password:
Last login: Thu Jun 24 01:55:25 from 210.72.96.80

Though, with the development of World Wide Web system, many functions of IRIS's Bulletin
Board have been moved to the WWW server, it is still a useful way for users to retrieve near
real-time waveform data from IRIS DMC (Data Management Centre).

Exercise:
Login to IRIS DMC Bulletin Board system and get some data from IRIS DMC.

2.6 World Wide Web

The World Wide Web is an on-line information delivery system with the so-called hypertext
and hyper-media documents. That means, these documents are specially coded texts or
multimedia documents. If you want to put your information to the Internet world with WWW,
you may run your own Web server or put your web pages onto a Web server run by others.
Each Web server has a Uniform Resource Locator. The URL is the address on the web with
that people can visit the pages on the Web server. Web pages can include text information,
pictures, sounds, video, FTP links for downloading software, and much more. You can create
living documents that are updated weekly, daily, or even hourly to give web surfers a different
experience every time they visit your pages. As the technology develops, even more amazing
applications will be possible.

A web browser is a program that is used to visit web pages. The two most well known web
browsers are Netscape Navigator and Microsoft Internet Explorer, which are used by the vast
majority. Other browsers are available as well. Most web browsers need you to include http:/
at the beginning of the URL so the program knows that you want to visit a web page. Thus,
you will need to tell your web browser to open, for instance, http:/www.cq-csi.ac.cn to get to the
pages of CEQinfo, the Chinese Earthquake Information Service.

The web does not look the same to everyone. Some people use Netscape, Internet Explorer,
Mosaic or other browsers that support graphics. Others can only make a connection through
lynx, which supports the text and the links, but no pictures.
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Even though the European Laboratory for Particle Physics, CERN, can be credited for laying
the foundation of the Web, the National Centre for Supercomputing Applications, NCSA,
developed many of the tools that made the Web usable to mere mortals. The very first web
browser was written by Tim Berners-Lee, while at CERN the first web browser to capture the
public's imagination was Mosaic, which was written by Marc Andreessen and other
undergraduate students at NCSA.

2.7 Surfing the Internet for earthquake data

Dr. Steven Malone of Washington University maintains a list of Internet type connections
where original seismic data or seismic research information is available. You may use this list
as a guide to surf the Internet for earthquake data. And from the following Web sites you can

get this list:

http://www. geophys.washington.edu/ seismosurfing.html

or

http://seismo.ethz.ch/seismosurf/, seismobig.html

If you do not remember these addresses, you may search the Web site by using an Internet search engine,
e.g., Yahoo (http://www.yahoo.com), and then you may type "Surfing the Internet for Earthquake Data" in
the search window. Yahoo will give you the connection to the list.

A similar list for surfing the Internet for strong motion data is provided by Dr. Dave Wold at his site:

http://www-socal.wr.usgs.gov/smdata.html

With these lists as beginning, you can find much many more data centres and institutions on
the network, which may provide you with significant volume of useful data and information.

Exercise:
Access the Web site of the list of strong motion data.

3 CD-ROM FOR DATA SHARING

3.1 An example of CD-ROM usage

Here we take the first CD-ROM prepared by the International Seismological Centre (ISC) as
an example, which contains data from the ISC Bulletin for 1992-93. This disk was requested
by ISC Council as a method of supplying the complete Bulletin to subscribers. In addition to
ISC Bulletin files, the CD contains an explanatory note (README.TXT) and a program
(ISCBUL.EXE) which will run under MS-DOS, together with its FORTRAN source. The
ISCBUL program will extract earthquake data by origin times and positions of events.

This CD-ROM contains:

\1992\ Twelve monthly bulletin files
e.g. 199201.FFB for 1992 January
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\1993\ Twelve monthly bulletin files
e.g. 199310.FFB for 1993 October
\USEFUL\FFORM.TXT Details of format of .FFB files
\USEFUL\PROGRAM\ All FORTRAN source files for ISCBUL.EXE, compiled at
ISC with Microsoft FORTRAN, Compiler Version 5.00.03.
ISCBUL.EXE  Simple program to list ISC bulletin files.
README.TXT An explanation of how to use this CD-ROM

ISCBUL.EXE should be copied to a directory on your hard disk before use, as it will create
temporary files in the directory from which it is run.

ISCBUL is run by typing iscbul at the command prompt followed by at least one keyword and
value pair.

e.g. iscbul time 1993
This command should cause the program to begin listing the prime estimates of the events in
the ISC bulletin for 1993 January. Once a full screen of information has been displayed a
prompt will be shown. Hitting the 'Enter’ key at this point will display a further screen. The
process can be stopped by entering ~C (Control-C) or 'n' at the prompt.

Exercise:
Read an ISC data disk and display a part of earthquake catalogue by using a program given by
the disk.

3.2 CD-ROM products for earthquake data
Up to now, ISC has published 6 CD-ROMs. They are:

(1) Bulletin (events and phases) 1964-1977

(2) Bulletin (events and phases) 1978-1985

(3) Bulletin (events and phases) 1986-1991

(4) Bulletin (events and phases) 1992-1993

(5) Bulletin (events and phases) 1994, Catalogue (events only) 1964-1993, iscbul, Seisan (a
seismic data manipulation program from the University of Bergen)
(6) Bulletin (events and phases) 1994-1995

Catalogue (events only) 1964-1993

iscbul, a program to search the Bulletin and Catalogue
International Registry of Seismic Station Codes

Bibliography of Seismology

U.S. National Geophysical Data Centre (NGDC)/ NOAA National Data Centres maintains an
online store. You can order their CD-ROM with geophysical data products on the Internet. A
list of the CD-ROM products can be found at the Web site:

http//www.ngdc.noaa.gov/seg/flicrs/products.shtml

There are also many CD-ROM data products available at the Orfeus (Observations and
Research Facilities for EUropean Seismology) Data Centre (ODC). The ODC is a regional
data centre funded by corporate founders and participants in the European-Mediterranean
region with the aim to gather and redistribute broadband waveform data. ODC primarily
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serves its participants. Participants receive the CD-ROMs with ODC volumes, containing
quality controlled waveform event data from the European-Mediterranean region, as the data
has been processed. The ODC acts also as the regional distributor for waveform data
published by NEIC and the FDSN on CD-ROM. Relevant seismological software is available
from ODC's Seismological Software Library. You can get a complete updated list of those
CD-ROM products from following Web site:

http://orfeus.knmi.nl/

There are many other data centres or institutions that produce CD-ROM products for data
distribution. And you may make your own CD-ROMs for data archive and/or distribution.

Exercise:
Find CD-ROM products for earthquake data available at Orfeus Data Centre by browsing the
Web page at

http://orfeus.knmi.nl/
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HOW TO RETRIEVE DATA FROM IRIS/USGS STATIONS
Sue McLafferty

Albuquerque Seimic Lab, Kirtland AFB East, Bldg. 10002, Albuquerque,
New Mexico 87115, U.S.A., Fax: +1-505-846-6973, Email: sue@asl.cr.usgs.gov

1. OVERVIEW

Data can be retrieved from the IRIS/USGS stations in either decompressed ASCII format or in
compressed binary (SEED) format.

Choices of ACSII format data include "Expanded variable record length ascii", "Expanded
fixed record length ascii" and "SAC ascii digital counts”. There is a limit of 10.000 samples
per request (8.3 minutes of 20 sample/second data). SEED data is a much more efficient way
to transfer and store data than ascii data but requires a program that will decode the data (such
as DIMAS or rdseed). The limit per request varies from hours to days of data depending on
the sample rate of the data. The method of data retrieval depends both on the desired data
format and the type of connection available between the analysis computer and the
IRIS/USGS station computer.

To access the IRIS/USGS computer at the user's station, the user can set up either a direct
serial connection or a LAN (Local Area Network) connection. The direct serial connection
requires that a cable be connected from a serial port on the analysis computer to a serial port
which is configured as a spare terminal on the IRIS/USGS computer. The LAN connection
requires that network software (including TCP/IP programs telnet and fip) be running on the
analysis computer and that the appropriate ethernet cable and transceiver are available.

Remote IRIS/USGS stations can be accessed either by dial-up (telephone) connection or by an
Internet connection depending on the station. The dial-up connection requires that the analysis
computer be connected via a modem to a phone line. The Internet connection requires that
you have access to the Internet and that the analysis computer has the programs telnet and ftp.
For a current list of station phone numbers and network addresses, contact the Albuquerque
Seismic Labs (a list current to 10/97 is attached to this handout). The list is also available on
the web site http://aslwww.cr.usgs.gov/stations/dialup.html.

2. HOW TO RETRIEVE DECOMPRESSED ASCII DATA

The basic method for retrieving ASCII format data is to capture/log a retrieve session to a file
on the analysis computer. A retrieve session entails connecting to the IRIS/USGS station and
logging in as user=seed and password=data. This starts a program called retrieve which
allows the user to select and transmit the requested data.
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The method that is used to log the retrieve session and connect to the station computer will
depend on the type of analysis computer and the software running on the computer. For a PC
running Windows95, the program Hyperterminal will allow the user to connect to the station
computer through a direct serial connection or by dial-up connection. The Transfer menu
option "Capture Text" will allow to user to log the retrieve session. The Windows95 program
Telnet will allow the user to make a network connection to the station (either a LAN or
Ineternet connection). The Terminal menu option "Start Logging" will allow the user to log
the retrieve session.

Once the user is connected to the station computer, the retrieve session will be the same no
matter what method was used to connect to the computer. The following is an example of a
retrieve session to request SAC ascii data. The session is annotated with comments delimited
by asterisks (*comment*):

0S-9/68K V2.4 Motorola VME147 - 68030 97/10/03 19:52:49

User name?; seed *Enter seed for the User name*

Password: *Enter data - the Password will not be displayed*
Process #29 logged on  97/10/03 19:52:53
Welcome!

WELCOME to the Global Telemetered Seismograph Network (GTSN) - DP

...please wait
Data Retrieval System / GTSN - DP / GT1X

Please type your name and organization - up to 50 characters:
sk sk sk 2k ok ok 3k sk 3k sk 3k vk ok ke sk ok ok sk ok ok sk sk 2k 3k sk sk ok ok sk sk sk ok sk Sk ke 3k 3k ke ok vk sk ok ok 2k 3k ke ok ok Kk sk

sue mclafferty - asl  *Enter your name and organization*

Data Retrieval System / GTSN - DP / GT1X
Copyright 1986-1994 by Joseph M. Steim & Quanterra, Inc.
Retrieve (C) 1986-1994 - Release 35/06-1213- 68020- FPU

type ? for help
Command? ? *Enter ? to display the help menu shown below*

Data Retrieval System / GTSN - DP / GT1X

Retrieve (C) 1986-1994 Quanterra, Inc. - Release 35/06-1213- 68020- FPU
"C <C/E>" = Change buffer from/to continuous/event data
"T <V/F/C/CS/S/P>" = select Transmission file format
"F <W/S/L/V..>" = select optional Filters
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"E [ALL]/<DATE> <DATE> [<SEEDNAMES>]" = Examine available data or logs
"S <SEEDNAME> <DATE>" = Setup single data channel to retrieve

"G" = start or resume sending selected segment

"G P[LOT]" = Plot selected segment on 4014 terminal

"G <S/B>" = Store selected segment to local/backup file

the following 4 methods are available for SEED binary transfer:

"K <SEEDNAMES> <DATE> <DATE> [MAXREC] [TIMETOL]" = via Kermit
"X <SEEDNAMES> <DATE> <DATE> [MAXREC] [TIMETOL]" = via STP

"V <SEEDNAMES> <DATE> <DATE> [MAXREC] [TIMETOL]" = archiVe local file
"I <SEEDNAMES> <DATE> <DATE> [MAXREC] [TIMETOL]" = via uuencode
"R" = send station description

"L[|B|C] [ALL]" = view entries in event, caliB, or Clock Log

"P" = display active Processes

"U <N>" = view User log <N> entries backward

"Y[T] <N> [<M>]" = view [<M>] activitY log <N> entries backward

"M <message text>" = send Message to station operator

"Q" = Quit on-line session. CTL-"C" is ABORT key.

<SEEDNAMES> supports wildcards (i.e. BH?,?LZ,???) and DET|CAL|TIM|MSG

Command? t *Enter t to select the transmission format*
Possible transmission formats are:

"C" - Compressed hexadecimal ascii

"CS" - Compressed hexadecimal ascii SEED
"V" - Expanded variable record length ascii
"F" - Expanded fixed record length ascii
"S" - SAC ascii digital counts

"X" - Exit to main command menu

Transfer mode? s *Enter s to select SAC ascii digital counts*
Current transmission mode is SAC ascii

Transmit card numbers with each line of data? (y/n): n *Enter n for no*
*card numbers*
Command? s bhz 97/10/2 1:00:00 *Select the channel and start time for*
*data retrieval*
...scanning available channels

Search requested starting at 1997/10/02 01:00:00
Time window begins in segment 4 at buffer record 14419

Maximum number of samples to transfer? 25 *Select number of samples*
*limit=10000 samples*

Buffer server is processing your request
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skipping first 1759 samples...
transmission will begin at requested starting time within -0.009113 sec

...event detector on in record starting at 1997/10/02 00:58:32

Use the "G" command to begin transmission
or to re-transmit data received incorrectly.

Command? g *Enter g to transmit the data*

Start (31) and end (35) cards to transmit?<CR> *Enter <CR> for all cards*

0.0500000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
-0.0091130  1.1908870  0.0000000  0.0000000  2.0000000
-12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
-12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
-12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
-12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
-12345.0000000 40.5800018 -122.5400009 300.0000000 -12345.0000000
-12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
-12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
-12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
-12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
-12345.0000000 -12345.0000000  0.0000000  0.0000000 -12345.0000000
-12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
-12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000 -12345.0000000
1997 275 1 0 0
0 6 0 0 25
-12345 -12345 -12345 -12345 -12345
1 1 11 -12345 -12345
-12345 -12345 40 -12345 -12345
-12345 -12345 -12345 -12345 -12345
-12345 -12345 -12345 -12345 -12345
1 1 1 1 0
GT1X H972750100ZVBB
-12345 -12345 -12345
-12345 -12345 -12345
-12345 -12345 -12345
-12345 -12345 -12345
-12345 -12345 -12345
-12345 -12345 -12345
-12345 -12345 -12345
2649.0 2649.0 2649.0 2649.0 2649.0
2650.0 2649.0 2649.0 2650.0 2649.0
2649.0 2649.0 2650.0 2649.0 2649.0
2649.0 2649.0 2649.0 2649.0 2649.0
2650.0 2649.0 2650.0 2649.0 2649.0
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Command? q *Enter q to quit the retrieve session*
...normal termination
...vbb data retrieval system logged out

IMPORTANT NOTE: Do not close the Hyperterminal or Telnet window before
entering "q" to quit the retrieve session.

Once disconnected from the computer, the user should close the log
session file. Depending on the analysis application, the file will
probably need to be edited to remove all extraneous command lines
(non-data).

The following is an example of expanded variable length ascii format
data:

GT1X 1997/10/02 01:00:00 -0.009113 SEC Z VBB 20.00 SPS UNFILTERED 25

2649 2649 2649 2649 2649 2650 2649 2649 21193
2650 2649 2649 2649 2650 2649 2649 2649 21194
2649 2649 2649 2649 2650 2649 2650 2649 21194
26490000000 2649

The following is an example of the expanded fixed length ascii format
data:

GT1X 1997/10/02 01:00:00 -0.009113 SEC Z VBB 20.00 SPS UNFILTERED 25

2649 2649 2649 2649 2649 13245
2650 2649 2649 2650 2649 13247
2649 2649 2650 2649 2649 13246
2649 2649 2649 2649 2649 13245
2650 2649 2650 2649 2649 13247

3. HOW TO RETRIEVE SEED DATA

Since SEED data is in binary rather than ascii format, the procedure to log a retrieve session
will not work. Two of the available procedures entail making a file on the IRIS/USGS
computer and then transferring the file

For data requests using a direct serial connection or dial-up connection, the Windows95
program Hyperterminal will allow the user toconnect to the station computer. The retrieve
program option "K" is used to generate a file which is then transferred to the analysis
computer using Kermit protocol. See the "Procedure to retrieve data using Kermit" in the

DIMAS (Display, Interactive Manipulation and Analysis of Seismograms) operations manual
for the details.
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For data requests using a network connection, the telnet program will allow the user to
connect to the station computer. The retrieve program option "V" is used to create an archive
local file. The program fip (on the analysis computer) is used to transfer the file to the analysis
computer and delete the file from the IRIS/USGS computer. See the "Procedure to create and
copy a SEED data file via the network" in the DIMAS manual for details.

If the user is running the DIMAS software on the analysis computer, the DIMAS program
NETRD will also allow the user to retrieve SEED data using a network connection. This is
the preferred method as it does not create files on the IRIS/USGS computer disk.
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Station Phone numbers and Internet Addresses

A phone line or internet connection enab

les many IRIS/USGS Global Seismic Network stations to provide

users data recorded within minutes of a data request. The table below contains the current phone number
and/or internet addresses available for digital data retreival from IRIS/USGS GSN stations. The Data
Collection Center updates the table whenever changes or additions occur.

Contact the Data Collection Center, webmasters @asl.cr.usgs.gov or (505) 846-5646, for information
regarding accounts and passwords for data retrieval from stations.

The most recent change to the table occurred on 2 Sep 1997, 11:27:13 MDT.

Station Location l Phone Number || Internet Address " Notes
ADK Adak, Alaska 907-592-3724 - -
AFI Afiamalu, Western 685-27-028 i i
Samoa
ANMO || Albuguerque, New | 55 846 0384 || anmo.cr.usgs.gov -
Mexico
ANTO || Ankara, Turkey  [90-312-210-1273 - - ;
- . NOTE: limited success with the
BILL Bilibino, Russia 4217-62-25742 - dialup at present time.
BOCO | Bogota, Colombia i 5-71-338-4537 200.3.149.8 -
CASY | Casey, Antarctica | 672-12-846 - - |
| com | Cothedral Caves, 314 9456555 - -
Missouri
CHTOJ Chaing Mai, Thailand| 66-53-220-506 - - _ !
|COLA | College, Alaska | 907-474-5913 cola.giseis.alaska.edu - |
COR | Corvalis, Oregon | 541-737-0853 - I -
CTAO Charters Tgwers, 61-7-3365-2374 || ctao.seis.ug.edu.au -
Australia
I'DAV || Davao, Philippines | 63-82-97-1290 - -
GNI Garni, Armenia__| - 194.67.210.253 | -
GuMmo || Ovam Marianas |} ) 6374647 | 202.128.5.75 .
_ Islands
| HNR Honiara, Solomon 677-25-165 _ _
Islands
Harvard, NOTE: The telnet connection is
HRV Massachusetts 508-456-3099 hrv.harvard.edu not working at this time.
HKT | Hockley, Texas | 512-346-3292 | 129.116.194225 I - i
| Iven || Inchon, Republicof )} g5 553 46988 || incn.kma.gokr -
L. Korea I . o
KBS Ny-Alesund, | 47 79 057129 | 193.156.10.249 i
: Spitzbergen L
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| KEV | Kevo,Finland || 358-16-678550 - | -
| KIEV || Kiev, Ukraine  |[380-41-222-7206 - | -
KIP | Kipapa, Hawaii | 808-689-7413 140.90.183.151 -
kmpo| KilimaMbogo, | 5545 445896 i :
Kenya
KMI Kumryng, Yur_man 86-871-5212583 X NOTE: !1m1ted success with the
Province, China dialup at this time
1KONO || Kongsberg, Norway | 47-55-32-6101 kono.ifjf.uib.no -
LSA | Lhasa, Tibet, China ||86-89163-39567 | - -
LSZ | Lusaka, Zambia | 260-1-250-774 - I -
LVC Limon Verde, - | 5¢ 55 335 407 | 165.182.34.175 -
| Calama, Chile
MAIJO || Matsushiro, Japan || 81-262-78-9393 - | -
MA2 | Magadan, Russia || 7-413222-0154 194.87.56.194 | - !
| MDJ || Mudanjiang, China |86-453-652-8858 - H -
NWAO | Narrogin, Australia || 61-9-295-2880 - I -
| PAB || SanPablo, Spain || 34-2-541-6132 - I -
PET Petropaviovsk, 7 415 99 59136 195.9.105.45 -
Russia
pMG | PortMoresby, New | 675 376 0864 . i
Guinea : :
PTGA | Pitinga, Brazil || 55-92-723-1194 - | -
| RAR Rarotonga, Cook 6-82-27-446 i i
Islands
NOTE: The dialup does not
Santo Domingo, 1 work presently, this may be
SDV Venezuela 57-61-840 i problem with local telephone
company VSAT.
SFJ Sondrestrom Fjord, 299-113-69 i i
Greenland ] o
sig | Sanjuan, Puerto | ;o0 563 5934 } ] |
Rico
| snzo || South Karori, New § o4 4 475 3833 131.203.44.28 -
4 Zealand
NOTE: The satellite is only
South Pole, S
SPA P - 199.4.250.15 | visible for about 6 hours a day -
expect a large failure rate.
ssg | Sheshan Shanghai, fg¢ 51 57654170 . .
) ~ China i ) o
sspa | Standing Stone, | g1, 667 4486 . i
Pennslyvania
[TSUM || Tsumeb, Namibia | 264-672-20717 || - ] ; |
[TATO || Taipei, Taiwan | 886-2-783-9920 || 140.109.80.44 | -
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Taburiente, Canary

34-22-24-4679
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Island, Spain
TIXI Tiksi, Yz}kutla, 7-41167-53434 ) NOTE: 'Dlalup is currently
Russia inoperative
[ TUC || Tucson, Arizona__| 520-621-1733 - - ]
ULN | Ulanbatar, Mongolia - 202.131.1.100 - _J’
WAKE Wake Island 808-424-2148 - - |
Urumqi, Xinjiang q01. ) )

WMQ Province, China 86-991-2625262 |
XAN Xian, China | 86-29-5954447 | - f - 5
YAK Y akutsk, Russia §[7—41 122-6-28-21 J 194.87.244.5 | - E
yss | YuzhnoSakhalinsk, ) 75 0441 62518 | 193.124.51.66 .

Russia
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SEISMIC NETWORK PLANNING, PROCUREMENT, INSTALLATION,
ORGANISATION, AND TUNING

Amadej Tmkoczy

Kinemetrics SA, Z.I. Le Trési 3
CH-1028 Préverenges, Switzerland

1. INTRODUCTION

In the last two decades of the 20th century, several developing countries have set numerous
seismological projects into motion. Unfortunately, viewing many of them from the end of the
1990s, one must realise that many have not fulfilled the expectations. As to the reasons that
would adequately explain this situation, probably the greatest factor is the shortage of
seismometry knowledge in the developing countries that began these projects. Yet such
specialised knowledge is unquestionably required if one expects to establish and operate a truly
beneficial seismic network. Misunderstandings of the process of establishment of a new network
and unrealistic expectations have led quite a few seismic network purchasers to disappointments.

It is clear that every newcomer in seismometry, as well as every serious manufacturer of seismic
equipment wants the purchased system to operate at the best benefit for the community. For that
reason this document will outline the following to the less experienced:

. procedures for establishing a seismic network,

° criteria for a proper allocation of the available finances among all the various tasks
essential for establishing and operating a successful seismic network, and

. some conceptual and technical aspects of seismic system selection which several less
experienced purchasers have neglected or have been unaware of.

2. PLANNING AND FEASIBILITY STUDY

2.1. Goal-setting and feasibility study

The very first step toward establishing a new seismic network is understanding and setting the
network's goals. These goals can differ significantly. The same applies to the seismic system

requirements. On will not have an optimal system unless one clearly defines the projects
unique goals.
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Accordingly, several issues must be addressed:

. the main purpose of setting up a network, usually either monitoring a region's
general seismicity; or to perform special studies (monitoring of special seismo-
tectonic features, of important civil engineering structures, chemical or nuclear
explosions, man-induced seismicity, etc.)

. the purchaser's interest in ranked order in: local seismology (epicentral distances <
140 km), regional seismology (epicentral distances between 140 and 2.000 km),
and/or global seismology (epicentral distances > 2.000 km)

. relative importance to the project: of the network's alarm function for civil defence
purposes; of the seismological research aimed at either the long-term mitigation of
the country's seismic risk; and/or at the scientific research of the Earth's deep
structure.

Many countries that have little or no seismic equipment first consider buying a system to monitor
the region's general seismicity. With good arguments they expect the new system to help
mitigating the region's seismic risk over a longer period. Nevertheless, even for a project of such
well-defined scope, several questions must still be answered. Country’s needs as well as
countries financial, personal, and infrastructural abilities must be realistically assessed:

] how big is the country or region to be monitored?
. what is the seismicity level in the country or region?

. what is the country's existing level of seismology and seismometry knowledge, and
considering the country's financial and academic realities, what are its resources for
improving that knowledge?

. how developed is the country's infrastructure, particularly in telecommunications?

J how much is the country willing to pay, per year, long term, to operate the system,
and to support research work using the recorded data?

. how much is the country willing to pay to establish the system?

Having realistically quantified the above facts, one can then begin 'shopping' for a seismic system
that meets those criteria. This is always a trade off between desires and reality. This procedure
ensures that the new network will perform successfully in the existing environment, if carried out
realistically.

If there are few or even no seismology experts employed in the country, definitely get help from
seismic equipment business independent consultants in the international academic world. In this
early phase, focus on your country's specific socio-economic needs and seismic-awareness, and
do not worry too much about specific equipment. In the later phases of network establishment,
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contact also sales and system engineers from seismic-equipment manufacturers, who can help
you defining the technical details of your system.

2.2. Realistic awareness of finances

Often newcomers in seismometry do not know how to allocate the finances in a way that the
network would gain optimal effectiveness. Too often they spend majority of their seismic
network funds purely on buying equipment (boxes), even though an identically important
expenditure is to make sure it meets the conditions for proper operation of this complex
equipment. To make sure one has correctly prepared for the purchase of seismic network
equipment, one’s budget must include money for:

. a feasibility study that examines potential network layouts, site selection, and
potential seismic systems,

. preparation of a remote station and a central recording site,
. purchase of the network equipment,

. payment of manufacturer's services such as installation, training, maintenance, and
long term support,

. new scientific and technical personnel usually required and their training,

. network operating costs (personnel, data transmission cost, consumables, and spare
parts), and

° network technical servicing and maintenance cost.

The five figures on the following pages show examples of funding apportionment among several
different already established seismic network projects. The numbers in the figures show the
amounts allocated to different tasks (normalised per single station), both in thousands of US
dollars and as a percentage of the project's total cost.

Cost per seismic station in $1.000

Operation &
mainten. - Equipment

147 (28%) 200 (39%)

Services

170 (33%)

Fig 1: Cost distribution of establishment and 5-year operation of global seismic network (GSN).
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Figure 1 shows an approximate cost distribution (per station) for establishing and operating the
global seismic network (GSN) during five years according to IRIS plan 1990-1996 (IRIS
consortium is composed of about 70 leading universities in USA with research program in
seismology). Not only did this network use the most demanding and expensive equipment
available, also expensive site preparations and world-wide maintenance were often required
which increased costs per station.

Figure 2 shows details of the IRIS GSN system's establishment costs (excluding all operational
costs; again, costs are averaged per station). Cheaper surface vault seismic stations are considered
only. IRIS constructed many of the sites as deep expensive bore-hole installations. Even if they
are not taken into account in this figure, IRIS still allocated substantial funds for the vaults and to
tasks other than equipment-buying.

Cost per seismic station in $1.000

Other
services —
27 (12.8%)

Site /
preparation {
35 (16.4%)g

Equipment
‘ 131 (61.5%)
ite selection

20 (9.2%)

Fig. 2: Cost distribution of establishment of IRIS GSN surface vault seismic stations.

Figure 3 shows a distribution of the finances, which a developing country spent to establish a
reasonably large seismic network, using analogue RF telemetry. The country's significant
investment in services (21.6%) paid for training at the factory and during installation, as well as
one year of the manufacturer's full-time engineer support led to the successful start and operation
of this network.

Figure 4 shows a negative example of cost distribution, for a small, yet technologically
demanding seismic network. Note the small amount invested into tasks other than equipment-
buying. Particularly the site preparation works; 4.1% is surely not sufficient, making it difficult
to believe that these sites could provide ample working conditions for such demanding sensors as
very broad band (VBB) STS-1 and STS-2 seismometers. The relatively high amounts spent for
services (9.3%) came mostly because the purchasers desired a turn-key type of system. With no
experiences in seismometry, the chances of efficiently using the installed equipment seem small.
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Site
selection

2.5 (4.6%) Equipment

Services 25 (46%)

) % /

~
-

[

Sites & Cost per seismic station in $1.000
center

preparation
17.5 (32%)

Fig. 3: Cost distribution of a relatively large national seismic network with 20 SP seismic
stations, strong-motion instrumentation, and analogue FM telemetry.

Turn-key

installation

Services 8.7 (9.3%)

2.1 (2.4%)
1

Equipment
71.4 (81%)

Sites :
preparation
36(4.1%

Site selection Cost per seismic station in $1.000
2.9 (3.3%)

Fig. 4: Cost distribution of a small, technologically high-end seismic network with an
inappropriate allocation of funds.

Figure 5 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 most modern equipment, and the central recording equipment for two centres, the
country only invested about 60 % of its total project funds in the equipment. The other half of the
money was spent on follow-up services, including a great deal of training and two years of full-
time engineer support provided by the equipment's manufacturer.

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132 162
GeoForschungsZentrum Potsdam



Site Services Equipment
preparation 20 (5.3%) field stations
116 (31%) J 182 (48%)

Site

selection Equi

4 (1.1%) quipment
center
56 (14%)

Cost per seismic station in $1.000

Fig. 5: Cost distribution of a very large national, high-end technology, duplex-digital RF and
phone line telemetry seismic network with two recording centres.

The funding distributions shown in Figures 1 through 5 are approximate and for illustration
purpose only. Actual conditions (including the type of network, the level of existing local
technical knowledge, local labour prices, and the type of seismic site preparation works), will
change from country to country, thus significantly influencing dispersion of the funds. But
despite deviations and the differences in absolute cost, these figures seem to indicate that the
percentages of the total cost for each task remain in the similar proportions from network to
network. The main message of these figures is the same:

2.3. Basic system engineering parameters

Once the goals are clear and the funds are properly allocated, one has to clarify the entire
project's interrelated seismological and technological aspects. One should pay attention to:

. the size and the layout of the proposed seismic network (this should affect the choice
of the type of transmission links for transmission of seismic data from the remote
stations to the centre),

. the seismicity level to be monitored - in other words, the amount of data one will
deal with (this should effect data transmission equipment, central processing site's
real-time and off-line capabilities, whether the system will need continuous or
triggered data recording capabilities, if and what type of the trigger algorithm it will
use, the type of data archive system; this should also affect one's choices of the
equipment's weak-motion versus strong-motion partitioning),
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. how accurate one wants the network's event determination to be (this should effect
the number of stations and the network's layout),

. how wide a dynamic range and resolution are desired for the data acquired from the
network, (this should influence the choice of technology for data acquisition, as well
as the sensor type and data-logger designs),

. the importance of the new system having alarm capabilities for civil defence
purposes and the expected response time (this should influence which data-
transmission links will be chosen, as well as how much real-time processing power
will be needed at the central recording site),

° the amount of technical reliability one expects from the system (this should affect the
choice of data transmission links, how much hardware-system redundancy one can
afford, like auto-duplicating memory drives, double computers, etc., as well as
decision between ‘office-grade’ and industrial grade computers),

. the desired robustness of the system in terms of functioning throughout damaging
earthquakes (this should influence the selection of data-transmission links, of power
back-up utilities for the remote stations and the central recording site, and last but not
least, of seismic risk safe civil-engineering designs for the building of the central
processing site).

After reasonably assessing these aspects and making a decision for each unique situation, one can
then choose a coarse system engineering approach and begin selecting equipment which best
matches one’s idealised needs. Obviously everybody, almost certainly, has to agree to certain
trade-offs.

2.4. Determining the network's layout.

Determining a layout for one’s seismic network requires two steps:

- articulating one's preferred estimates for the number of stations and their approximate
positions, and

- determining the exact final station sites for the actual installation.

Since the first stage closely relates to the goals of the network and available funds, the purchaser
of the network should carry it out, delineating how many stations he wants and can afford to set
up and where approximately he would locate them.

Since the second stage typically requires knowledge of seismometry, seismo-geology, and data
transmission technology (if applicable), and good knowledge of seismic equipment capabilities
and limitations, the customer may want to have it performed by the manufacturer of the network.

2.4.1. Number of stations in the network

The number of seismic stations should be based on the goals of the network, on the size of the
region of the network, and, of course, on the available funding. For space reasons we will not go
into details on the minimum number of stations that are technically required for a given
seismological goal, but here is a short overview:
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For determination of an event location (based on phase readings), the theoretical minimum is
three to four stations (depending on whether one also wants to determine the event depth).
However, remember that such results, due to their uncertainty, usually have little value. For a
more-accurate determination of location, six stations acquiring good records of an event should
provide scientifically credible evidence of an event's location, and ten to fifteen stations acquiring
good-quality records of an event should provide an acceptable basis for more-sophisticated
studies of the earthquake's source parameters. A waveform analysis of digital, high dynamic
range, three-component records leads to good results with lesser stations.

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 adequately record a given event (‘record’ meaning that they trigger data acquisition and the
records have large enough signal-to-noise ratio). In large regions, long epicentral distances often
prevent the triggering of distant stations, or the earthquake signals get buried in the seismic noise.
Thus the total information available for a given event, unless strong one, typically comes from
only a portion of the total network.

2.4.2. Seismic network layout geometry

Although the spatial distribution of the stations in a seismic network is very important for the
network's capabilities of event determination, for space reasons we will only give some very brief
recommendations.

On a map, subdivide the region to be monitored into a series of reasonably irregular triangles
having approximately equal areas. Avoid too narrow and long triangles. Avoid thinking in rigid
patterns, locating the stations into perfect triangles, circles or straight lines, because such rigidity
may result in "blind spots"” - that is regions with poor event-location determination (note: seismic
arrays are not discussed here.) The corners of these triangles are the approximate points where
one will try to locate seismic stations. Take into account any existing seismic stations in
neighbouring countries or regions as well. If there are none, push some of seismic stations as
close as possible to the borders of the region being monitored.

Have realistic expectations concerning the earthquake depth determination based on phase
readings. Here is the rule of thumb for a reliable depth determination. First, we need to estimate
the average depth of the earthquakes in the network's region. Then make sure that the average
distance between stations in the seismic network does not exceed twice that average event depth.
The latter is admittedly a tough requirement, especially in the large regions and in the regions
where the events are typically shallow! Only a few small countries and practically none of the
larger countries can afford such a dense network.

Yet one can still temporarily afford to make the network denser in places. Buy a few portable
seismic stations, and then temporarily install them in any sub-region of particular interest at the
time. For example, such temporal networks are regularly established in the epicentral region right
after a strong event to perform aftershock studies. At least for a time, this will drastically increase
the seismic network's density in the region of interest, allowing much better detectability and
locations, including depth, and more detailed studies.

Have realistic expectations also about the system's earthquake epicenter determinations. For
events outside the seismic network, expect large errors in determining their epicenters. Generally,
do not expect reliable determination of events, unless the "seismic gap" (the largest of all angles
among the lines connecting a potential epicenter with all the stations in the network, which
recorded the event) is more than 200, Thus, to increase the accuracy of epicenter determinations,
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especially for the events outside the seismic network, one needs to include data in the analysis
from seismic stations in neighbouring countries, as well as from any other available national
or international sources. Acquiring this wider database is nearly necessary for determining
reliable event locations on the border and outside any seismic network.

3. SELECTING THE RIGHT SYSTEM

In this chapter only a very brief description of seismic systems will be given with the aim to help
the very beginners in seismometry. It is intended to provide an overview on basic ideas in
seismometry and describe the existing possibilities on the market. Much more thorough
information about particular elements of a seismic system and concepts in seismometry may be
found elsewhere.

3.1. Seismic sensors

The most important factors in selecting seismic sensors suitable for a particular application are:
- the type of the sensors - accelerometers versus seismometers,
- the number of sensor components per seismic station,
- the sensor’s sensitivity, and

- the sensor’s frequency range of operation.

3.1.1. Seismometers and/or accelerometers?

The new network purchaser will need to decide whether weak-motion sensors - seismometers or
strong-motion sensors - accelerometers, or a combination of both types of instruments are best
suited to his needs. Note that, in the high seismic-risk countries and in the networks whose main
goal is future seismic risk mitigation, strong motion instrumentation plays a very important role.
During most damaging earthquakes, weak motion records recorded with seismometers installed
close to the epicentre are usually clipped. This is much less true for modern high dynamic range
seismic data recording compared to old analogue recording, however, it still remains a relevant
issue. For large regional or national projects, a portion of the budget should be set aside for
strong motion equipment, which, if properly selected, will never be clipped.

Although there are significant technical differences in strong and weak motion network designs,
both types of sensors are nowadays frequently integrated into a single system. Six-channel data
loggers with three weak and three strong motion channels are a state of the art product and very
cost effective choice of today. They are capable of covering the whole dynamic range of seismic
events, down from seismic noise to the biggest damaging events.

The relative merits of these systems, as well as specific technical details of strong motion
networks are not addressed in this document.

3.1.2. One-component and three-component seismic stations

Historically, many seismic stations and networks used single component sensors - usually
vertical seismometers. Many of them still operate. This had been the case because the equipment
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was analogue and required paper-recording for seismic data. If three components were used, then
exactly three times more equipment was required but three times more valuable information was
not gathered. It was also 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 1is different.
The price/performance ratio is much more favourable for three-component stations. Most data
recorders and data transmission links are capable of accepting at least three channels of seismic
data. The costs for upgrading the central processing facilities for an increased number of channels
due to three-component sensor are relatively small. Generating vector-of-ground-motion is easy
with computers.

Since ground motion is essentially a vector containing all seismic information, and considering
the fact that many modern seismological analyses require this vector as input information, one
component stations are no longer a sensible choice for new installations. Only very rarely can a
one-component seismic station be of real use.

3.1.3. Sensitivity of seismic sensors

Strong motion accelerometers are relatively insensitive since they are designed to record the
strongest events at small hypocentral distances. Their maximal acceleration measuring range is
usually expressed in g-s. However, modern accelerometers will produce valuable records of
smaller events within epicentral region as well, where seismometer records may still be clipped.
Accelerometers with 0.25, 0.5, 1, 2, and 4 g full-scale sensitivity are available today. One should,
of course, order full-scale sensitivity, fitting to the maximal expected acceleration at the sites of
the new network. Ordering too sensitive accelerometers may result in clipped records of the
strongest and most important events in the region. Installation of accelerometers with too high
full-scale range causes diminished sensitivity and needlessly reduces data acquisition resolution
of all future records.

Weak motion sensors - seismometers - are usually orders of magnitude more sensitive. They can
record very weak and/or very distant events, which produce ground motion of comparable
amplitudes to natural seismic noise. Some seismometers can measure ground motion smaller
than the amplitudes of the lowest natural seismic noise found anywhere in the world. Their
sensitivity is from hundred to several thousand V/m/s. If one plans to purchase very sensitive
sensors, he must be willing and able to find the appropriate low seismic noise sites for their
installation. If the sites are not appropriately chosen and have high seismic noise (natural and/or
man made), this very high sensitivity of the modem seismometers is of little use.

3.1.4. Frequency range of seismic sensors
Today's weak motion sensors are roughly divided into three categories:

° the short-period (SP) seismometers that measure signals from approximately 0.1 to
100 Hz, with comer frequency around 1 or 2 Hz and flat, ground velocity
proportional output above this corner frequency (a typical example: Kinemetrics' SS-
1 seismometer with a comer frequency at 1 Hz and flat response up to 100 Hz),

. the broadband sensors (BB) with flat ground velocity proportional response from
approximately 0.01 to 50 Hz (a typical example: Guralp CMG40T seismometer with
frequency range from 0.03 to 50 Hz),

. the very broadband seismometers (VBB) measuring frequencies from below 0.001
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Hz to approximately 10 Hz (a typical example: Streckeisen STS-1 seismometer with
frequency range form 0.0028 to 10 Hz). By definition, they should be able to resolve
Earth tides.

The frequency limits shown above are the corner frequencies of sensors’ frequency response
function. This means that analysis below low-frequency and above high-frequency corner is still
possible to some extent. How much we can extend this range depends on the sensor design,
instrumentation noise, and, in many cases, on seismic noise conditions at the seismic station site.

The choice of the right sensor depends on its seismological application. In general, the flat
portion of frequency response function (FRF) should cover the range of frequencies, which are
generated by particular seismic events of interest or which are important in a particular
phenomenon studied.

The strong motion sensors (accelerometers) measure seismic signals between DC to up to 200
Hz (a typical example: Kinemetrics EpiSensor from DC to 200 Hz). However, they differ from
the weak motion sensors in their output voltage, which is proportional to ground acceleration and
not to ground velocity as it is usual for seismometers.

Some strong motion sensors in the market have no DC response but a low frequency high-pass
corner at around 0.1 Hz. These sensors have an important drawback: their records can hardly be
used for residual displacement calculations, either of the ground in the near field of very strong
earthquakes, or of the permanently damaged civil engineering structures after strong events.
They are considered as less appropriate for seismic applications where low frequency signals are
also important.

The following table should help in selection of appropriate sensors. It shows some typical
seismological applications and their approximate frequency range of interest.

Application description and approximate frequency from to
range of interest [Hz] [Hz]

Seismic events associated with mining process 5 2,000
Very local and small earthquakes, water pond | 1 100
induced seismicity
Local seismology 0.2 80
Strong motion applications 0.0 100
General regional seismology 0.05 20
Frequency dependence of seismic wave absorption 0.02 30
Energy calculations of distant earthquakes 0.01 10
Scattering and diffraction of seismic waves on core | 0.02 2
boundary
Studies of dynamic process in earthquake foci 0.005 3
Studies of crust properties 0.02 1
Dispersion of surface waves 0.003 0.2
Free oscillations of the Earth, silent earthquakes 0.0005 0.01
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3.1.4.1. SP seismometers

The SP sensors (as well as long period LP seismometers), called also the "narrow-band" sensors,
were historically developed as 'mechanical filters' for mitigating distracting natural 0.2 - 0.3 Hz
seismic noise peak which heavily blurred small seismic signals on paper seismograms. However,
with today's digital and high-resolution data recording and processing, this rigid 'hardware
filtering' can easily be replaced by much more flexible computer processing. A need for sensors
that filter seismic signals by themselves does not exist any more. In addition, when filtering
seismic signal with sensors, we irreversibly lose a portion of seismic information and we
introduce undesired signal phase distortion.

Nevertheless, the SP seismometers are still, and will remain in the future, a valid selection for
several seismological applications, particularly for local seismology where low frequencies of
seismic signal are not of major interest or do not exist at all.

Most SP seismometers are passive sensors and are therefore easy to install and operate. They
require no power, which allows use of smaller back-up batteries for the rest of the equipment at
remote station sites. They are relatively stable in a broad range of temperatures, which allows less
exacting (and inexpensive) vault design. 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 of interest are not expected to contain significant
components below 0.1 Hz.

3.1.4.2. Broadband seismometers

Today, the broadband sensors are a very popular choice. They provide complete seismic
information from below 0.01Hz to 50 Hz and therefore allow a much broader range of studies
than the SP records.

BB seismic station can determine as
several conventional SP

However, the BB seismometers are significantly more expensive and demanding for installation
and operation than SP seismometers. The BB seismometers require a higher level of expertise in
regard to instrumentation and analytical methods. They are active feedback sensors and require a
stable single or double polarity power supply. They also require very careful site-selection in a
seismo-geological sense, better controlled environment in seismic vaults, and they are sometimes
a bit "tricky" to install.

Since they do not attenuate 0.2 - 0.3 Hz natural seismic noise peak, their raw output signal
contains much more seismic noise than signals from a SP seismometer. Consequently, small but
useful seismic signals are often buried in seismic noise and can be resolved and analysed only
after digital processing. In principle, their raw signals are not viewed directly in routine work but
should be pre-processed to reveal their full content. A simple phase reading from broad band raw
signal is far more difficult than phase reading from the traditional SP traces.

3.1.4.3. Very broadband seismometers

The VBB sensors are utilised in global seismology studies. They are able to resolve the lowest
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frequencies, as they occur due to Earth tides and free oscillations of the Earth. Their primary
purpose is the research of the deep interior of the Earth. Their only, however important,
advantage, compared to the BB seismometers, is their ability to record frequencies around and
below 0.001 Hz. They are expensive, require very elaborate and expensive seismic shelters, and
are, as a rule, tricky to install. They are ineffective for seismic-risk mitigation projects and some
also lack frequency response high enough for local/regional seismology.

However, data from a VBB station is very useful to the international scientific setsmological
community. It is also excellent for educational purposes. For a large national project, we
recommend the installation of one VBB station, or perhaps two in a very large country or region.
Such a station could serve as a very attractive "meeting point" with seismologists from the
developed countries who can, through these contacts, transfer expertise and knowledge to a less
experienced owner of a new seismic network.

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

3.1.4.4. LP passive seismometers

The long-period passive sensors are not a suitable choice for new installations. These sensors are
clearly inferior to the BB equivalents and more or less of historical value.

3.2. Seismic data acquisition

The two most important decisions about data acquisition system one will need to make are:
. digital versus analogue data acquisition and
. continuous versus triggered mode of operation.

The third technical decision is a choice of data transmission from the remote stations to the
central recording facility. This will be briefly discussed in the next chapter.

3.2.1. Digital versus analogue data acquisition

There exist three primary types of seismic systems with respect to the technology of data
acquisition: analogue, mixed, and digital.

3.2.1.1. Analogue seismic systems

The analogue seismic systems include analogue sensors, analogue signal conditioning, usually
frequency modulated (FM) telemetry through radio (RF) or phone lines, analogue
demultiplexers, and analogue drum recorders. Paper seismograms are the final result of a
completely analogue system. The two primary drawbacks of such systems are:

Low dynamic range and resolution of data acquired (about 40-45 dB with single and about 60-65
dB with double, low-and high-gain data transmission channels) lead to modest completeness of
seismic data. On one hand, many events are of too weak amplitude to be resolved on paper
records and on the other hand, many records of strong events are clipped because their amplitude
is too large to be recorded undistorted. In fact, only a very small "window" of the full dynamic
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range of earthquakes that interest seismologists is actually recorded distortion-free.

Their second disadvantage is the incompatibility of paper records with computer analysis. This is
a fatal drawback today because modern seismic analysis is almost entirely based on computer
processing.

For these reasons such systems are no longer built.

3.2.1.2. Mixed analogue/digital seismic systems

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

Such systems also have a low dynamic range (FM data transmission links are the limiting factor)
and therefore, they have the same disadvantage as the analogue systems regarding data
completeness and quality. However, they can accommodate off-line as well as automatic near-
real time computer analysis. One can use most modermn analysis methods, except those, which
require very high-resolution raw data. Such systems are still useful for some applications when
the high dynamic range of recorded data is not of prime importance and the purpose of the
seismic network is limited to a specific goal.

3.2.1.3. Digital seismic systems

In digital systems only the seismometers are analogue. All other equipment is digital. The
dynamic range and the resolution are much higher than that of analogue and mixed type systems.
It depends mainly - but not only - on the number of bits of analogue-to-digital (A/D) converters
used in the digitizers. With converters available from 12 to 24 bit A/D today, the obtainable
dynamic range is approximately from 72 to 140 dB. In practice, however, the total dynamic
range and the resolution of data acquisition is usually somewhat less than the number of bits an
A/D converter would theoretically allow. There are two known design principles that can further
increase the dynamic range and/or the resolution of seismic data recording.

The gain-ranging method automatically adjusts the analogue gain of the system according to the
amplitude of the seismic signal and thus prevents clipping of the strongest events. In this way,
the dynamic range of data acquisition can be dramatically increased, however, the resolution
remains roughly unchanged. Unfortunately, even modem electronics is imperfect and gain-
ranging amplifiers induces ‘gain-ranging errors’ in the data. Therefore, the resolution of gain-
ranged recording is actually decreased. These errors depend on data itself, which makes them
hard to detect. For this reason, many seismologists are reluctant to use the gain-ranging systems.
They have been mostly replaced by straightforward, multi-bit A/D conversion, which nowadays
allows nearly as wide dynamic range.

The over-sampling principle is another approach, which helps improving the dynamic range and
resolution of digital data acquisition. The data is sampled at a much higher rate than it is required
in seismology and then the value of each sample of the final (lower sampling rate) output data
stream is calculated by a statistical model. The increase in the resolution is significant. However,
the efficiency of over-sampling depends on the ratio between the over-sampling frequency and
final sampling rate of actual seismic data. The higher the final sampling rate used, the less benefit
is gained from over-sampling. Therefore, for example, in local seismology, which frequently
requires 200 Hz sampled data, the benefit of over-sampling is quite modest with some data
logger designs.
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Buyers of digital seismic networks from the developing countries often ask for additional paper
drum recorders because they wish to 'continuously monitor' incoming signals and/or they believe
drum recorders will serve as an excellent educational tool. However, there are a number of
problems with paper drum recorders in digital systems. "Hardware-wise" they are fundamentally
incompatible with digital systems. This requires additional digital-to-analogue converters. Being
mechanical devices, they are and will continue to be expensive. They require continuous and
specialised maintenance and consumables. On the other hand, nearly all modern observatory
seismic software packages allow continuous observation of the incoming signals in (near) real
time and some even simulate the traditional appearance of paper seismograms. In our experience,
once the user becomes familiar with the digital system, expensive paper drum recorders soon
prove to be of little use and come out to be a false investment. There is not much benefit in
purchasing drum recorders with digital systems.

3.2.2. Continuous versus triggered mode of data acquisition

Continuous digitally acquired seismic signals by their very nature provide a huge amount of data.
A reasonably sized digital weak motion seismic network operating in continuous mode will
produce a volume of data so large that most people would find it implausible to store for any
length of time. Yet, only a small portion of that data is in fact useful earthquake information.

This storage problem has frequently led seismic network users to operate their systems on a
"triggered" basis (particularly the local and regional seismic networks that require a high
frequency of data sampling). Triggered systems still do continuous, real-time acquisition and
processing of seismic signals, but for trigger purpose only. They begin storing those signals only
if the system's trigger algorithm recognises a seismic event. Such systems do not generate
continuous time histories of seismic signals, but rather produce "event files”.

However, the inexperienced users often do not sufficiently understand the data-producing limits
of the triggered mode of operation of seismic networks, and many have felt disappointed at the
results. Note that a decision between a continuous and a triggered mode of operation usually
means a decision between a high network event-detectability and significantly reduced
detectability. The difference in detectability is not small - approximately one event magnitude
scale. And it easily becomes drastic if man-made seismic noise at the remote station sites is high
due to poorly selected sites.

Note that:

However the quality of data, recorded either in continuous or in triggered mode, is in both
cases the same.
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3.2.2.1. Trigger algorithm types

Triggered seismic systems can have various trigger algorithms:

e The amplitude threshold trigger simply searches for any amplitude exceeding a pre-set
threshold. Recording starts whenever this threshold is reached. This algorithm is normally
used in strong motion seismic instruments. That is in the systems where high sensitivity is
not an issue, and where consequently man-made and natural seismic noise is not critical.

e The root-mean-square (RMS) threshold trigger is similar to the amplitude threshold
algorithm, but the RMS value of the amplitude in a short time window is used instead of
'Instant' signal amplitude. It is less sensitive to spike-like man-made seismic noise, however it
is rarely used in practice.

e The short-time average through long-time average trigger (STA/LTA) is the most frequently
used trigger algorithm in weak-motion seismology (cf. chapter Understanding and setting
STA/LTA trigger algorithm and associated parameters). It continuously calculates the
average values of the absolute amplitude of seismic signal in two consecutive moving-time
windows. The short time window (STA) is 'sensitive' to seismic events, while the long time
window (LTA) provides information about temporal amplitude of seismic noise at the site.
When the ratio of both exceeds a pre-set value (usually set between 4 and 8), an event is
'declared' and data starts being recorded in a file. The STA/LTA trigger algorithm is well
suited to cope with fluctuations of natural seismic noise, which are slow in nature. It is 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 does not
function well.

e Several more sophisticated trigger algorithms are known from the literature. They are
frequently used in seismic networks but rarely in the seismic data loggers currently on the
market. In the hands of an expert they can improve the events/false triggers ratio over
STA/LTA algorithm, particularly for a given type of seismic events. However, the
sophisticated adjustments of operational parameters to actual signal and seismic noise
conditions at each seismic site that these triggers require, has often been proven unwieldy
and subject to error.

Every triggered seismic system must have an adjustable band-pass filter in front of the trigger
algorithm. This is particularly important with BB seismometers where small earthquake signals
are often buried in dominant 0.2-0.3 Hz seismic noise. The adjustable pass-band filter allows the
trigger algorithm to be sensitive to the frequency band of one's most interest. In this way it
allows that such events may still be resolved and acquired.

3.2.2.2. Stand-alone, coincidence triggered, and ring buffered systems

Trigger algorithms are generally implemented in two ways.

In seismic networks with stand-alone stations, each remote station has its own independent
trigger. In such networks data is usually transferred to the central recording site on request-only
or it is collected in-person. These seismic networks have the lowest effectiveness of triggering
and consequently the smallest detectability and/or the highest rate of falsely triggered records.
The completeness of data is modest because not all stations in the network trigger simultaneously
for each event. This approach requires a good deal of routine maintenance work in order to
"clear”" numerous false records from the local data memory (if trigger thresholds are set low — if
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not, the network has a lower detectability). Remote stations may come across 'memory full’
problems because they evidently have a limited local memory. Such networks absolutely require
a very careful selection of station sites with as low as possible man-made seismic noise. If low
noise is not assured, such observatory seismology type networks become very insensitive and
may frequently be considered a serious project failure. Nevertheless, such networks are
frequently used as temporal networks. They also function well where high sensitivity is not
desired at all - for example in most strong motion networks.

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

An even better solution is provided by systems which temporally store continuous signals in their
memory (ring buffers) for a given period of time. This time can range 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, associate, and
analyse events far better than any automatic 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 or earthquake swarms, the
data can be stored in a continuous manner, thus keeping permanently all information contained
in the signals. Such systems may still have an automatic trigger algorithm operating
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 the use of the ring buffer
approach by the relatively inexpensive systems. Probably this approach is presently the best
compromise between a triggered and a fully continuous seismic system.

3.3. Seismic data transmission from remote stations to central processing site
3.3.1. General considerations

While data transmission may seem like a less important task of a seismic network, poorly
selected or designed data transmission capacities are the most frequent cause of disappointments
and technical failures. The technical quality of a telemetry seismic network operation rests
largely on the reliability and the quality of data transmission.

Another very important but frequently over-looked factor is the cost of data transmission. Note
that these costs may largely determine 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 their data transmission links to cheaper solutions after some years of operation. Note that
data transmission costs per year in a network that was established just after a damaging
earthquake, seem completely acceptable but may no longer seem acceptable after five years of
relative seismic silence.

The three key technical parameters in data transmission related decision making are:
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e the required Baud rate (the amount of data which must be transmitted in a second),
o the distances to which data must be transmitted, and

e the desired reliability (acceptable time unavailability of the links, that is the maximum time
per year where signal-to-noise ratio is lower than required (analogue links) or bit error-rate
(BER) is higher than allowed (digital links).

These parameters must fit to the available data transmission infrastructure in the country and to
the acceptable long-term cost of seismic network operation.

Conditions in a particular country are a very important factor in the selection of an appropriate
data transmission system and therefore require the user to be actively involved. It is essential to
get information about the availability, reliability, and cost of different approaches from local
communication experts. The manufacturers of seismic equipment are generally not familiar with
the local conditions and may be unable to correctly advise the best solution for a particular
country. The responsibility for finding the optimal solution for a given country lies on the
buyer. At least, he must acquire realistic information about the communication infrastructure
and is obligated to discuss the situation with the potential network manufacturer.

3.3.2. Basic concepts

From the aspect of data transmission to the central processing site there are several basic
concepts applying to the design of seismic networks.

In the simplest case a seismic network is a group of stand-alone seismic stations with local
recording medium. The majority of older networks, particularly analogue, are still of this type.
The information is gathered in person, either by collecting paper seismograms, or by
downloading digital data from stations into a lap top computer. Data can be stored on a
removable memory medium, like memory cards, DAT tapes, or removable hard or CD disks.

Such networks are suitable for low seismicity regions and are often used in strong motion
seismology. Often such networks are temporally established for aftershock studies or similar
special research purposes. As a permanent, national or regional observatory seismic network,
such networks are rarely suitable.

The next level of network sophistication is enabling real time or near-real time data transfer from
the remote stations to the central processing site. Data may be stored in the ‘event file’ form or in
the form of continuous data streams. Networks in this group differ significantly in their
capabilities, depending mainly on trigger algorithm (if applicable) and communication links
used. At present these are the most frequently used designs.

The latest, most modern design concept of seismic networks is the so-called Intranet concept.
Data transmission is done through computer networks. At the moment Internet/Intranet solution
seems the most promising where the tools found on Internet are used in the Intranet. These
networks work in an open architecture client/server environment. Data transmission itself is done
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by commercially available and standardised software and by off-the-shelf hardware components.
This significantly reduces the cost of network ownership, increases reliability, and guaranties
flexibility. With such systems ‘central processing site’ looses much of its meaning since data can
be processed and/or archived in every authorised node of the network.

However, the so-called ‘last-mile’ problem remains acute at the time being, particularly in the
developing countries. The availability of computer network ‘tabs’ and the indispensable
remoteness of seismic stations conflict. This conflict can be efficiently solved by short distance
spread spectrum RF links from the stations to the nearest network 'tabs'. Also a certain time
latency (data can be transmitted only in a near-real time manner with delays up to several tens of
seconds) may represent a drawback in the applications with emphasised seismic alarm purpose.

Below we give a short summary of types of data transmissin lins used in seismology. More on
this can be found in the chapter Radio-link transmission of seismic data and feasibility survey.

3.3.3. Types of data transmission links used in seismology

In seismometry there are several different kinds of data transmission in use, from simple short
wire lines to satellite links on global distances. They differ significantly in respect to data
throughput, reliability of operation, maximal applicable distances, robustness against damaging
earthquakes, and in cost of establishment, cost of operation, and required maintaining. A table in
the Worksheet: 'Seismic data transmission links used in seismometry in brief', which is added to
this document, enumerates the most common types, their major advantages and drawbacks, and
potential applications.

Note that strong-motion seismic networks generate far less data than weak-motion networks and
therefore, their designs differ significantly. Seismic data transmission links that are fully
acceptable for strong-motion data may be totally inadequate for weak-motion data and data
transmission links used in weak-motion field may be an absolute overkill and too expensive for
strong motion networks.

3.3.4. Simplex versus duplex data transmission links
There are two basic types of digital data transmission links.

The simplex type links transmit data one-way only - usually from remote stations to the centre.
These links are relatively error prone. Radio interference or fading may corrupt data during
transmission and there is no way of recovering data, unless the forward error correction (FEC)
methods are used. However, the FEC methods are rarely used except with satellite links. They
require a significant bandwidth overhead, which is sometimes hard to provide using standard,
low cost 3.5 kHz bandwidth RF channels. The simplex links usually use only different types of
error-checking methods that allow recognition of corrupted data. They allow recognising errors,
but not also correcting them. The error recognition methods practically used range from very
simple parity check and check-sum (CS) error detection, to more efficient cyclic redundancy
check (CRC) error detection.

The duplex type links allow data flow in both ways — from the remote station to the centre and
vice versa. Different types of error-checking methods are used, ranging from the simple parity
check, the CS error detection, to the CRC error detection. Also the error-correction methods are
regularly used. They are usually based on repeated re-sending of corrupted data blocks until they
are received correctly. In this way a very significant increase of reliability of data transmission is
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achieved. However, these links require nearly double amount of the RF equipment and are
therefore expensive compared to the simplex-links.

Another very important benefit of the duplex links is that they allow remote access to data
acquisition parameters and their control as well as remote use of various diagnostic commands at
the remote seismic stations from central facilities. This ability significantly reduces the
maintaining costs of such seismic networks.

3.3.5. Notes on dial-up phone lines and selection of modems.

Dial-up phone lines are very often proposed for seismic data transmission because they are
readily available and apparently cheap. However, they have important limitations that one must
be aware of.

First, continuous seismic data transmission is not possible via dial-up lines. This makes
coincidence triggers hardly applicable or at least very clumsy and slow. Second, their throughput
is in practice, in spite of the high baud-rate capabilities of modern modems, frequently limited.
Even the fastest modems do not help if the public phone system in a country is of low quality,
unreliable, or overused. Especially in the developing countries, public phone system reliability is
often over-estimated by seismic network purchasers. This easily results in inefficient data
transmission and tedious re-transmitting of data files. A public phone system must be very
reliable for comfortable transmission of sometimes very big seismic event files.

In practice, dial-up phone lines based networks cannot 'digest' earthquake swarms and the
numerous after-shocks after strong events. Therefore, they are an appropriate choice for low
seismicity regions only. In addition, they often do not function at all for several hours after strong
events, due to either especially high usage of public phone system or technical difficulties. They
are certainly not the right choice for networks whose important or even predominant purpose is
seismic alarm.

In many countries, public phone networks have specific properties and special ‘tricks'. Therefore
it is advisable to purchase modems locally. Obviously one has to choose a modem type, which is
attested in the country and which performs best under local circumstances. Modems react
differently to each phone system's particular weak points. A modem, which works perfectly in
one country, may not be the optimal solution for another country. We strongly recommend the
purchase of modems locally and only after a consultation with local communication experts who
have practical experience with digital data transmission over local phone lines in a particular
country.

4. SEISMIC STATION SITE SELECTION

The matter of seismic site selection is too often not given sufficient depth of study and attention
in spite of the fact that:

c c “""’have a detect;lblhty only as
natter how.. ‘echnologrcally
vanced an expenswe its equipment is. -
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If seismic noise at the sites is high, all or a part of the benefits of a modern, high-dynamic
range equipment are lost. A professional site selection procedure is therefore essential for
success of any weak motion seismic network. For good results, many factors at the 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 one actually plans to use. Then we study each one and see which sites meet as
many of the criteria as possible. Gradually, selecting the most promising, one will eliminate
certain sites and get down to the number of sites required plus two or three. By computer
modelling of a few most likely network layouts and by comparing the results, one will be able to
make an informed decision about which sites will record and locate seismic events best. Only the
basic steps of the site selection procedure will be presented here. For more details see chapter
Seismic site quality and site selection of surface seismic stations. The site selection procedure
encompasses office and field studies.

Off-site, "office" studies are relatively inexpensive and are therefore the first to perform. From
an office, one can study maps and contact local authorities to gather information about the
potential sites. The first step is defining the geographical region of interest. We gather and
examine existing geological faults, seismo-tectonic features, and all available information about
seismicity in the area. If the main goal of the new network is monitoring general seismicity in an
entire country, this stage is, of course, trivial. Then we prepare a simplified map of regional
seismo-geological conditions showing the quality of bedrock. The rule is: the higher the acoustic
impedance of the bedrock, the less seismic noise and the higher the maximum possible gain of
seismic station. Next we study the topographical aspects of the possible locations. Moderately
changing topography is desired. To study man-made and natural seismic noise sources in the
region, one should evaluate road traffic, railway traffic, heavy industry, mining and quarry
activities, agricultural development of the region, and any other source of man-made seismic
noise around the potential sites, along with the natural sources like oceans and lakes, rivers,
waterfalls etc. Refer to the Manual of Seismological Observatory Practice, Ed. Willmore (1979)
for details. Much of the information we need can be found on maps and obtained by asking
questions to the local authorities.

If the new network is a radio-frequency (RF) telemetry system, one has to correlate RF data
transmission requirements with seismological requirements. Topographic profiling of RF paths
based on topographical maps and link budget calculation is performed. The result is known as
link availability, which is compared with the desired one. If one plans the use of phone lines for
data transmission, their availability and the distances to which new phone lines would have to be
laid have to be checked. If one plans to power future stations by main power, the availability of
main power lines and the distances to which new power lines would have to be laid must be
checked - or one must decide for solar panels.

It is also very important to research land ownership and future land use plans for the potential
sites. It makes no sense to undertake extensive studies if one will be unable to use certain sites
because of property ownership issues or if it appears that future development will make the site
unsuitable for seismic stations.

The climate at the sites also influences site selection and preparation. Temperatures, wind,
precipitation, insulation data (for solar panels powered stations), lightning treat etc. may all
influence site selection.

Once one has gathered all this information, it is likely that half or more of initially proposed sites
will be eliminated for one reason or another.
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The field studies are the next step in the site selection process. Expect to make several visits to
each site. A seismologist familiar with seismic noise measurements, a seismo-geologist, and a
communication expert (if we are considering a telemetry network) should all visit the sites. They
should verify the ease of access to the site, search for very local man-made seismic noise sources
adjacent to the site, which may not be visible from the maps, perform seismic noise
measurements, study the local seismo-geological conditions at the site, investigate the local RF
data transmission conditions (if applicable), and on site verify power and phone line availability.

Local geology should be studied to determine its complexity and variations as well as seismic
coupling between local seismic noise sources and the potential station site. To the extent that is
possible, uniform local geology is preferred for seismic stations. The degree of weathering that
local rocks have undergone is another important parameter - it can give the first, however highly
unreliable, estimate of the required depth of the seismic vault. Better approach is to make
shallow profiling at the sites. Shallow profiles are an important part of high-quality site selection
procedure. If profiles from any reason are not made, then expect surprises when you begin
digging seismic vaults. Many times it is really a matter of almost pure chance what one might
run into. Note that the seismic vault must reach hard bedrock.

After all these studies we end up with a two or three potential sets of the best suitable seismic
stations. The resulting network layouts are now studied for the best network performance by
computer modelling. By comparing the results, one will be able to make an informed decision
about the final seismic network layout.

5. SEISMIC STATION SITE PREPARATION

5.1. Purpose of seismic shelters

Civil engineering structures at seismic stations assure a good mechanical contact between seismic
sensors and non-weathered, solid bedrock. They protect equipment from temperature and
humidity impact, dust and dirt, lightning treat and from small animals. The shelter should also
provide a good, low-resistance electric ground for sensitive electronic equipment and
lightning-protection system grounding, and easy and safe access to maintain and service the
equipment. The well-engineered seismic shelter structure must also minimise distortion of
seismic signals due to structure-soil interaction and man-made and wind-generated seismic noise.
seismic sensors generally require a stable thermal environment for operation. With passive
sensors, mass position may change too much and with active sensors temperature changes result
in an output voltage drift, which cannot be resolved from low frequency seismic signals. This
ruins signal-to-noise ratio of recording at low frequencies or even clip the sensor completely.
Also many active sensors require mass centring if temperature ‘slips’ outside a few degree C.

Less than 0.5 degree C peak-to-peak temperature changes in a few days must be assured for good
results with broad band sensors. This is, of course, not a trivial requirement in a shelter.
Extremely demanding non-vault VBB shelters assure even better temperature stability down to
~30 m degree C peak-to-peak in two months (Uhrhammer at all, 1998).

The passive SP seismometers and accelerometers are less demanding than BB and VBB
seismometers in respect to thermal stability of sensor environment.

Two vital, but often overlooked issues, leading to potentially fatal consequences if neglected, are
lightning protection and grounding system.
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Note that lightning is the most frequent cause of seismic equipment failures. One needs to
research the best lightning protection for each particular situation and then invest in its purchase,
installation and maintenance. We have known of several seismic networks that lost half or more
of their equipment in less than two years after installation because people simply neglected
adequate lightning protection measures.

Good, low impedance grounding system keeps instrument-noise low, allowing proper grounding
and shielding of equipment and cables. It is a pre-requisite for lightning protection system
functioning and is also absolutely required for an interference-free VHF or UHF RF telemetry.

We also suggest raising a light fence around the vault to minimise man- and animal-made
seismic noise and to some extent protect stations against vandalism. The 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,
on the population density in the vicinity, the ground quality, natural seismic noise levels, and the
depth of the vault. Note that fencing often represents a significant portion of the site and structure
preparation costs.

Inadequate site preparation and seismometer placement can easily wipe out all the benefits of
expensive, high-sensitivity, high dynamic-range seismic equipment. For example, a too shallow
seismic vault, which sits on unconsolidated alluvial deposits instead of bedrock can, due to
thermal and wind effects, make broad-band recording useless. It is pointless to invest money in
expensive seismic equipment only to have its benefits wasted because of improper site
conditions.

5.2. Types of seismic shelters
The three main types of seismic shelters are:

. the surface vaults; these are the least expensive and by far the most frequently used,
however they suffer the greatest level of natural and man-made seismic noise (for
more details and figures related to this type of installation see chapter Surface vault
seismic station site preparation);

. the deep vaults placed in abandoned tunnels, old mines or natural caves; these are
usually the best locations with respect to the price/seismic-noise-performance ratio,
however, they are not easily available and sometimes require extensive cabling,
which may increase their cost;

. the bore-hole seismic stations with depths from 10 to 2000 m; these are best from the
perspective of seismic noise. Signal/noise ratio improvement up to 30 dB in ground
velocity power density at about 0.01 Hz can be obtained by a 100 m deep hole. For
high frequencies above 1 Hz the greatest gains in noise level reduction are realised
within the first 100 m of hole depth. Wind generated high frequency noise can be
attenuated as well, however a complete shielding from it is possible only by a very
deep bore-hole (Young et all. 1996). Bore-holes are expensive. They may cost from
$5,000 to $200,000 for the bore-hole itself, plus the cost of bore-hole type sensors,
which cost as much as three-times more than regular surface sensors. Bore-holes are
used principally in regions entirely covered by alluvial deposits where no sites with
good bedrock outcroppings are available, or for the most demanding research work.
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5.3. Civil engineering works at vault type seismic stations

Today, seismic stations are most often in the ground vault-form. The massive, solid concrete,
"seismic piers" traditionally found in old seismic observatories are no longer built. Above-ground
buildings or shelters are not desired at all. In fact, above-ground structures are far less suitable
than under-ground vaults because of potential structure-soil interaction problems and due to
wind-generated seismic noise caused by the above-surface structural elements. (Bycroft 1978,
Luco at all, 1990). Also sufficient thermal stability of the environment is much easier to achieve
in an underground vault. If small buildings of any kind already exist at the selected location,
make sure the seismometer vault is placed far enough to minimise wind-generated noise and
according to the recommendations of the Manual of Seismic Observatory Practice (Willmore, ed.
1979). The structure of the vault should be light and above-ground parts kept to minimum,
therefore creating as little wind resistance as possible.

Surface seismic vaults usually measure between 1 and 2 m in diameter, depending on their depth,
the quantity of installed equipment and the desired ease of maintaining. They are from 1 to 10 m
deep, depending on the depth, the quality, and the weathering of bedrock at the site. Round or
rectangular cross-sections are equally suitable.

5.4. Organisation of civil engineering works

Whatever construction work is needed to prepare the sites, it is usually arranged and paid for by
the customer of the new network rather than the manufacturer of the seismic equipment. Very
large national projects may be an exception to this rule. Site construction will require a great deal
of preparation and involvement by the system buyer. There is generally a number of good design
alternatives from which to choose and we suggest to hire a local civil engineering contractor to
design the best solution for a particular system and specific circumstances in the country. A
seismo-geologist and a civil engineer should supervise the construction works. Their main
responsibility is assuring that the enclosure is watertight and that the sensors have a good contact
with solid bedrock. The system's manufacturer can provide sketches and suggestions about the
procedure, he can also supervise the works, but usually he does not provide true structural
drawings for seismic shelters. Working in tandem with a local civil engineer is usually a more
efficient solution because he is familiar with all local circumstances, which are generally
unknown to the manufacturer of seismic equipment. Local builders know best what materials and
construction methods are available and workable in a particular developing country. Do not
"over-engineer” the project; it is usually not necessary that a big civil engineering firm designs in
every detail, builds, and oversees seismic site preparation.

6. DATA TRANSMISSION USING VHF, UHF, AND
SPREAD-SPECTRUM RF LINKS

6.1. The need for a professional RF network design

In practice, the most frequent technical problems with radio-frequency (RF) telemetry seismic
networks origin in inadequately designed data transmission links. Therefore we are discussing
this topic separately.

The design of RF telemetry links in a seismic network is a specialised technical matter,
therefore guessing and "common sense" approach usually cause problems or even complete
project failure. There are quite a few common misunderstandings and over-simplifications
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regarding the amount of data that must be transmitted, the degree of reliability required for
successful transmission of seismological data, the significance of "open line of sight” between
transmitters and receivers as a required and sufficient condition for reliable links, as well as
regarding the over-simplified methods of link verification. However, the real issues in the RF
link design and reliability calculations are the frequency of operation, Fresnel ellipsoid
obstructions by topographic obstacles, the curvature of the Earth, the gradient of air reflectivity
in the region, expected fading, potential wave diffraction and/or reflections, time dispersions of
the RF carrier with digital links, etc. All these are specialised technical issues. More details on
this are given in chapter Radio-link transmission of seismic data and feasibility survey.

In any event, to prevent failures, a professional RF survey is strongly recommend which should
be a part of the seismic network planning procedure. It includes the calculation of RF links based
on topographical data and only seldom field measurements. A professional RF survey provides
several benefits for the customer:

. Assurance that the links will provide the desired reliability of operation.

. The minimum number of required links and RF repeaters in the network. Note
that, in most designs, every RF repeater degrades data quality to some extent
and obviously increases the probability of link-down time and the price of the
system.

. A minimum number of licensed frequencies required.

o Optimal distribution of RF frequencies over the network, which minimises the
probability of RF interference problems.

. Less polluted RF space in the country.

. Minimised antennae size and mast heights, resulting in potential savings on
antennae and antenna mast cost.

. Significantly increased robustness to technical failures due to proper RF layout
design.

The cost of a professional RF survey represents generally a few percent of the total
investment. We believe that the combined benefits of an RF survey are well worth the
investment. It is a major step toward the reliable operation of the seismic network.

6.2. Problems with RF interference

Radio-frequency interference caused by other users of VHF or UHF RF space in the
developing countries is quite a common and difficult problem. There are several reasons
for that. In some countries, the lack of discipline and confusion in RF space where army,
police, security authorities, and civil authorities all operate under different (or no) rules
causes unforeseen interference. In others, poor maintenance of high power communication
equipment results in strong stray radiation from the side-lobes of powerful transmitters that
interferes with seismological links. Extensive, unauthorised use of walkie-talkies can also
be the cause of problems.

The best, and more or less the only solution is to work closely with local experts who are
familiar with true RF space conditions in the country during the design phase of a seismic
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network. Note that RF interference problems are generally beyond contro! of seismic
system manufacturers. All RF equipment, no matter who manufactures it, is designed to be
used in an RF space where everybody strictly obeys the rules. Therefore, the interference
problem can be solved - or at least mitigated - only by employing local experts in the
network buyer's seismic team while designing a network.

6.3. Organisation of RF data transmission network design

A RF layout design is always an integral part of a seismic site selection procedure. It can
be performed by the seismic system purchaser if he has adequate knowledge in this field.
Practice shows that this is rarely the case, not only in the developing countries. However,
even if the RF survey is purchased from an independent company or from a seismic
equipment manufacturer as a part of services, the process still requires involvement of the
seismic system buyer. For efficient office and fieldwork the customer has to prepare an
approximate initial seismic network layout, road and topographic maps, and climatic data
beforehand. He has to make available knowledgeable staff members and well informed
local people acquainted with local conditions at the sites, who will join the site selection
field team. Usually he has to assure also efficient logistics during the field work.

A detailed list of what to prepare is given in section 5 of chapter Seismic site quality and
site selection. Note that the maps sent to the RF survey provider are working copies. They
are normally not returned to the customer.

7. PURCHASING SEISMIC SYSTEM

7.1. The bidding process

While sending out a Request for Proposal and asking for bids on a new seismic system may be a
good way to get started, there are a number of important issues one must be aware of when
requesting bids or proposals. First, certain technical requirements and business standards must be
met in order to be able to compare "apples-to-apples” when it is time to analyse received system
proposals. Second, in order to find the most suitable system, one needs to mvest a fair amount of
additional time in research and investigation before sending out the bid specifications. Namely,
many very important issues are hard to define in the Request for Proposal. The proposals can
easily give unclear information regarding the following crucial issues:

. the actual reliability of the equipment,
U the actual user friendliness of the system,

. the availability of long-term support by the manufacturer including true availability
of spare parts in next years, and

. the financial stability of the manufacturer.

In the Request for Proposal one should not forget to state clearly the goals of the new seismic
network and rate their relative importance. Too often what one wants to accomplish with the new
system is not clearly described and the goals are not prioritised, resulting in vague instructions to
manufacturers and hence, potentially disappointed customers.
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In the Request for Proposal one should include all relevant basic technical information, so that
the manufacturer can put together the corresponding technical solution. However, we
recommend that the Request for Proposal does not contain an over-detailed technical description
of the desired system - unless one already decided who should win the bidding process (which is
illegal, but not so uncommon practice). With too many technical details one can end up limiting
one’s choices and even disqualifying the most suitable system just because a relatively
unimportant technical detail can not be fulfilled.

We strongly recommend not to push manufacturers to design a new system specifically for your
needs. The majority of seismic equipment manufacturers is willing to design such 'custom made’'
systems. However there is a high price for this commodity. Such systems will often be
expensive, and as a 'prototype’, obviously less tested than ‘standard products’ and more difficult
to support in the long run. Avoid buying brand new systems in the market unless you are really
assured with an excellent support from the manufacturer. Simply, try not to be a ‘guinea pig’.
Any brand new system obviously has more technical imperfections and ‘kid’s illnesses’ than
others. It obviously requires a higher level of existing knowledge of the system buyer and a
really good co-working relationship with the manufacturer while solving these problems. Some
countries are required by law to accept the lowest bid. Unfortunately, crucial qualities like
services, equipment reliability, user-friendliness of the system, amount of factory testing, set-up
and long-term support might be easily lost if one bases his choice solely on the lowest price and
fulfilment of 'all' stated requirements (but practically never really sufficient) of the bid. In a
legitimate desire to keep the price as low as possible, manufacturers will most probably cut
difficult ‘to measure’ qualities, particularly short and long-term support, and services. This is a
dangerous situation, particularly for less experienced customers. One way of avoiding this
danger is spelling out explicitly all services required in the Request for Proposal. This is the
place to be exacting; specify services and support type, their goal, technical level expected, place
and duration, parts and labour warranties; pricing structure after warranties expire, timeliness
requirements, etc.

7.2. Selecting a manufacturer

When evaluating the proposals, one should assess not only the technical qualities of the system,
but also the quality of every manufacturer. What is their reputation? How long have they been in
seismological equipment business? Obviously ask for references from users of the same or
similar systems and learn about how well the company served them. As you get close to
decision-making time, make a personal visit to the manufacturers whose offers you are
considering seriously; meet their employees and tour their facilities. The company that serves
you well before you have bought their product is more likely to continue to serve you well after
you will have bought and paid for their product. Often manufacturers will pay at least some of
the expenses for new potential clients of realistic projects to visit their facilities and meet their
staff.

Carefully select the people who will participate in these visits. In addition to a member fully
responsible in financial issues, one member of the team should be the individual responsible for
future operation of the network. Other members of the team should be those most knowledgeable
and experienced in seismology, no matter what their position in the hierarchy is or which power
structure of the institution they belong to. Of course, all members should be fluent in the
pertinent foreign language or technically competent translator should be included in the team.

Also take into consideration the size of the company. The relatively small ones may simply not
have the "man-power" for long-term customer support of big projects, no matter how strongly
they actually want to support you. They may manufacture good, technically most advanced
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equipment, however their ability to support large national projects, their longevity and system-
testing capacities may cause problems later.

Generally, one would not expect the best results from companies that merely assemble
systems but they are not experts themselves in seismology. On one hand, the assembler of the
system is incapable of providing profound seismological-technical support and on the other
hand, the actual manufacturer of seismic equipment is not able and willing to spend much of
his time in supporting you, because he was not paid for it. Experience shows that such
projects rarely result in a happy end. Ask for visits with manufacturer's sales or system
engineers. Data sheets themselves never give enough technical information about seismic
systems. Sales and system engineers can provide all the details of a particular technical
solution. Such visits, however, are less appropriate during the early stage of the project when
one’s goals are not yet specifically set. It is understandable that the sales representatives might
be biased toward the equipment of the manufacturer they represent.

7.3. Equipment selection

As already mentioned, data sheets of seismic equipment alone seldom provide enough
information. In addition, it is not easy to compare the data sheets of various manufacturers
because each one to some extent uses a different 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 in use, for example. All of these
factors must be well understood for a fair and accurate comparison. This can be best
accomplished through in-depth contact with the manufacturers and with help of additional
written information. Be sure to ask for all possible information about the system including the
copies of the user manuals (the customer can examine the quality of technical documentation
provided with the system, which is also an important element) and the published results of
independent testing.

Ideally, we recommend buying one piece of key equipment such as a sensor, a data logger,
processing software with demo data or an RF link and testing the product by yourself. In the case
of large projects with adequate financing, manufacturers will often loan equipment for testing
purposes free of charge. While it is ideal to get some first-hand experience before settling on
which new system to purchase, this approach requires personnel who are knowledgeable about
seismology and instrumentation. In reality, however, in many developing countries it is difficult
or impossible to find such personnel and money for such apparently "unproductive experiments".

Be cautious about assembling products from different manufacturers in one system. It is not a
simple or easy task to interface between different products in terms of the dynamic range, the
signal-to-noise ratio, the full scale ranges, the baud rates, the processing power and the power
supply sources. Stay with one manufacturer if possible, or, when that is not feasible, arrange to
have one manufacturer who will be explicitly, contractually responsible also for interface
problems and the functioning of the system as a whole. Understand also that the time spent for
solving equipment interfacing problems specially for a given customer also has its price.

Each technical system, or element in it, properly operates within a certain set of parameters, or
"range". One should be familiar with these ranges and know where within this range the system
or its parts will actually operate. If one or more of the elements of the system are to operate at the
extreme end of their operation range on a regular basis, the system or its element is most
probably not the right choice. Note that there is always a price to pay for operating equipment
under extremes. The results will often be disappointing if, for example, one plans on using the
maximum possible number of channels in a FM radio-frequency link, or would like to acquire
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data with the maximum possible number of channels in a seismic system, or exploit the
maximum number of channels in seismic data analysis software, or operate the hardware at
extreme temperatures, etc. In such case it is often better to find another system or system
element, whose mid-range parameters can accommodate one’s needs. Always make sure you
have a given safety margin in your system and do not expect it to operate continuously,
efficiently, and reliably in the extreme ranges.

7.4. Seismic equipment market is small

The global market for seismic systems and equipment is naturally quite limited. With very few
exceptions, instruments are produced in small numbers. Inevitably, this sets a limit to the quantity
and thoroughness of testing of the newly developed equipment. This is not a result of a lack of
quality or commitment on the part of manufacturers in this field, but a simple, economic reality.
Compared to industries with a far broader and more powerful economic base, like computer and
electronic companies, seismic equipment moves into the field with relatively little testing, even
by the most reputable manufacturers. In general, this equipment arrives with a higher-than-
average number of bugs and technical imperfections that will need to be solved by the
manufacturer and the user 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 from the glory of the Lord. Customers are rarely given comprehensive and easy-to-follow
instructions on how to set-up and use the system. The reputed manufacturers of seismic
equipment compensate for this situation with a committed and effective customer support
services. Due to the fact that in the developing countries there is often a lack of knowledgeable
experts who can cope with the technical problems by themselves, it is truly necessary to maintain
a long-term working relationship with the maker of the purchased seismic system. The
manufacturer's support and a reliable, knowledgeable and friendly relationship thereafter is one
of the most important and crucial issues for success.

8. INSTALLATION

There are four ways of installing a new seismic system:

e The user installs the new system. Only ‘boxes’ are purchased. In this option, the customer is
responsible for the proper functioning of the system as a whole and the manufacturer remains
responsible for proper functioning of the elements, unless they are improperly used or
installed. In practice, especially in the developing countries that are inexperienced with
seismic equipment, this approach is very rarely satisfactory.

e The manufacturer demonstrates installation on a subsystem (a few stations, a sub-network).
In this case, the manufacturer and the user, depending on who installs which portion of the
system share responsibility for the system functioning. This approach is often successful.
However, a certain amount of customer's experience with seismic, computer, and
communication equipment is required for this method to work.

e The manufacturer installs the whole system with the full assistance from local technical
and/or seismological staff that will be responsible for running, maintaining and servicing the
network in the future. Responsibility for making sure the system functions well lies with the
manufacturer. It is highly advantageous if local staff works alongside the manufacturer when
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installing the system. The main benefit of this approach for the users is that they learn an
enormous amount during the hands-on installation and associated problem-solving time. This
is an efficient way of training and therefore the user should not expect savings and potential
shortening of the installation time. To our experience, this seems to be the best way of
installing a seismic network in the developing countries.

e If a customer orders a turnkey installation without his assistance, the manufacturer has
complete responsibility for seeing that the system functions adequately. In this case, the
network will no doubt be successfully installed, but local staff members will learn nothing
about its actually operating and about solving potential future problems. This approach is
adequate only for the countries having high level of seismological and technical knowledge.

Two technical details relating to system installation should also be mentioned here.

In case the system buyer will install the system or its parts, do not accept the 'standard length'
cables offered sometimes by some seismic system manufacturers. The 'standard' cables rarely
work well in the field - they are, according to Murphy's laws, always too short or too long. Do
not loop or coil extra cable length because that will increase the threat of lightning damage and
unnecessarily increase system noise (and, at the end, nobody will get ‘extra’ cable for free).
Rather, ask for bulk cables with separate connectors or cables of a reasonable length margin and
one-side mounted connectors only. You can then cut them to precisely the desired lengths in the
field during installation. However, note that reliable, high quality soldering of connectors
requires experience. Newcomers in soldering have no chance of performing the job correctly.
Note that badly installed connectors are among the most frequent problem makers.

Note also that, in case of purchased installation, the seismic station sites must be completely
prepared before the manufacturer arrives to install the system. All construction works must be
finished, logistics organised, and access permits prepared (if applicable). Time and time again,
manufacturers are faced with unprepared sites when arriving for the installation. A significant
loss of time results and forces both parties to accept undesirable "last-minute" technical
improvisations and compromises during installation. This generally leads to less reliable
functioning of the system. Note that services are usually paid by time, and that an efficient use of
this time is customer's direct benefit.

9. TUNING OF SEISMIC NETWORK

Before a seismic network can function with its full capacity, it must be tuned to local seismo-
geological and system conditions. Tuning is especially important for networks that run in
"triggered mode'.

Unfortunately, many inexperienced customers are not aware of the fact that they will need to tune
the system by themselves. Many think that the manufacturer can do this at the factory or during
installation. But, it is a matter of fact that neither hardware, neither real time processing, nor
off-line analysis software purchased can function properly immediately after hardware
installation of a new seismic network. For best results, all new seismic networks require fine-
tuning of many recording and computational parameters to local conditions. And only the user of
the network can perform these adjustments because this process requires time and on site

experience.
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In addition to region's Earth structure, 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 structure at the sites, all play a role in these adjustments. One will not be
able to correctly tune the system's recording and processing parameters until he has acquired
sufficient experience with natural and man-made seismic noise and earthquake signals at all the
sites in the network and until he fully understands parameters, which have to be tuned. Therefore,
tuning a network takes normally months of systematic work. Because of the long time required to
accomplish this task, the system’s manufacturer simply can not do it. Only network operator can
correctly tune the network. Moreover, since seismic noise conditions at the sites may change in
time, new stations may be added, the goals of the network may drift, etc., re-tuning of the
network will probably be required from time to time. In reality, tuning a seismic network is an
on-going task, which cannot be done 'once and for all'.

We will just enumerate the most common hardware and real-time processing parameters that
need to be adjusted. They are:

° seismic gain at individual stations,
. signal-conditioning filter parameters,
. pre-trigger band-pass filter parameters,
. trigger algorithm parameters, which usually include:
- trigger threshold values,
- de-trigger thresholds values,
- trigger time windows duration and other parameters,
- weights of individual stations in coincident trigger algorithm,

- grouping of stations in sub-regions in the coincidence trigger algorithm
organisation.

. Pre-event time duration,
. post-event time duration,
) minimum run-time and/or maximum run-time duration, and

. propagation window length adjustment.

Note that not all enumerated parameters exist in every seismic network and that some
adjustments may be missing from this list. Detailed discussion of individual parameters is
above the scope of this text. More on trigger parameter setting is given in chapter
Understanding and setting STA/LTA trigger algorithm....

The following are some of the off-line seismic analysis software issues that must be studied and
prepared for efficient routine observatory work, or parameters, which have to be adjusted for
correct analysis of seismic records:

. files with data acquisition parameters (data acquisition configuration file(s)),
. parameter files containing sensor calibration data,

. files containing data about geometrical configuration of seismic stations (network
configuration file(s)),
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. earth model parameters of event location program(s) (ground layer's thickness,
seismic wave velocities, seismic station weights, epicenter distance weighing
function, and similar parameters depending on the program used),

. automatic phase-picker parameters,
. magnitude-determination algorithm calibration parameters, and

. preparation of different macros and forms for routine, every-day analysis of seismic
signals.

Some parameters, for example Earth model parameters, are often insufficiently known at the time
of network installation and require a long term seismological research work, which results in
gradual refinement of the model and increasingly better location of events.

No manufacturer can optimally pre-adjust all these parameters to the specific ground and
network conditions. Truly, seismic networks come with a set of default values for all these
parameters (factory pre-selected values based on 'world averages’). These values may work
sufficiently well for the beginning of network operation in some cases, however, optimum
seismic network performances require reconsidering most of them.

10. RUNNING A SEISMIC NETWORK

10.1. Organising the routine network operation tasks

Keeping one’s network failure-free and in perfect working order, waiting to record earthquakes
year after year requires hard and responsible work and a lot of discipline. High standard working
habits are inevitable required. This goal is generally not simple to achieve. Seismic observatory
staff will have to operate in a highly professional and reliable manner with:

. clearly defined personal responsibility for each task associated with the routine
operation of the network and for other every-day analysis and archiving activities,

. a regular and well defined maintenance procedures of hardware and software,

. a continuous verification of all tasks and hardware operation, and

. a precise record-keeping of all activities, network operational parameters, their

changes, all maintenance works and repair activities and in the seismic data archives.

Well-defined personal responsibility with respect to altering network operation parameters and
strict obedience to the established procedures is an absolute must. Generally, network recording
parameters should be changed only if there is an important and well thought through reason for
this. Any change of recording parameters changes also network's detectability. Therefore
generally the changes are avoided as much as possible. For general seismicity monitoring aspect
reasons, ideally, there should be no changes for years after the network is fully adjusted.
Nevertheless, real life is different, and some changes are inevitable from time to time. However,
one should keep them in reasonable limits and document and archive them very carefully.

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132 189
GeoForschungsZentrum Potsdam



Careful and continuous documentation of network operation parameters in a logbook, log-file, or
in the seismic database itself, is essential. This back-log information should contain all
information about data acquisition parameters and their changes, a documentation of all station
calibrations, a precise stations' down-time, a descriptions of technical problems and solutions,
and descriptions of maintenance and service works. The exact times of parameters setting
changes activation must be thoroughly recorded. This information must become an integral part
of seismic data archive because only those signals, recorded along with the precise conditions at
the time of the recording, can be properly interpreted.

Usually seismic network team is divided into a seismological and a technical group. This is fine
if it relates to every day network operation activities and responsibilities. However, as much as
possible, the basic technical as well as basic seismological knowledge should be ‘evenly’
distributed among the members of both groups. This favourably influences the general quality of
the work of a seismic observatory. It also helps very much in a lot of critical situations, such as
usually follow a severe unexpected technical problem with the network, a strong event in rapid
deployment of portable stations, and during aftershock sequences, when the amount of work
dramatically increases for a limited period of time.

The technical group must accept that no matter how modern and sophisticated seismic network
they operate, they are actually services to the seismological group and therefore subordinated to
seismologists. Seismologists define the goals of seismic network operation and its working
parameters. Frequently personal frictions may appear because this issue is not clearly defined by
the management.

Many national seismological observatories experienced the problem with organising around the
clock, 24 hours per day, presence of their personnel at the central recording site. Usually
governments more or less explicitly require such working regime in order to shorten reaction
time to public and civil defence authorities in case of strong, potentially damaging earthquakes.
But no matter how understandable such desire may be, it is the fact that this working regime is
really feasible only in a few, very large seismological institutions. Only they have enough
seismologists, which are capable of interpreting seismic data fast and competently. Even fully
automated central recording and processing facility still requires verification and confirmation of
automatically determined earthquake parameters by educated personnel. Also interpretation of
automatically determined earthquake parameters in terms of expected intensities in a given
region and probability of potential fatalities and damages is still a matter of experience and not a
matter of automatic calculations.

In practice often the around the clock human presence at the observatory is achieved using all
available, but mostly incompetent, personnel in order to formally fulfil higher authorities’
requirements. Of course, practical value of such solution is highly questionable. If the country is
a high seismic risk country and if the importance of the alarm purpose of a new network is
expected to be high, one should rather consider a system of electronic pagers, which
automatically alarms all available seismologists in the institution in the event of strong
earthquakes. It is the nature of his profession that every seismologist must be made available and
hurries up to the observatory at any time in case of earthquakes with macroseismic effects.

10.2. System maintenance

Maintaining a seismic network's hardware and software is a continuous activity that inevitably
requires well-trained technical personnel capable to cope with mechanical, electrical, electronic,
and computer problems. Nowadays, many vital operational parameters at the remote seismic
stations can be remotely monitored by modem, high-end seismic systems with duplex data
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transmission links. Such parameters are for example: back-up battery voltage, presence of
charging voltage, potential software and communication problems, absolute time keeping
equipment's health, remote stations vault and/or equipment temperature, potential water
intrusion, etc. These utilities significantly reduce the need for field service work and therefore
lower the cost of network operation. However, regular visits to the stations are still necessary,
though far less frequently than in the past. Note that it is a mistake to simply put off in-person
checks of remote seismic stations until something goes wrong. Periodic visual checks of cables
and equipment, of potential corrosion problems on equipment and grounding and lightning
system, of intrusion of water and small animals, and particularly regular change of batteries and
cleaning the vaults and solar panels will help to eliminate potential technical problems before
they occur.

And when something does go wrong, technical staff must be certain that they can respond
immediately with the right personnel, action, and spare parts. One should always maintain a good
stockpile of the most common spare parts and have a well-trained technician(s) with a pager on
duty around the clock. Having technical personnel, in addition to seismological one, on duty 24
hours a day for potential action is a common practice in the observatory seismology.

Batteries require special attention. If the lightning damages are the most frequent source of
technical failures during normal operation of a network, then battery failures are the number one
reason for failures during main power failure and unusual high-seismicity periods. It should be
noted that the output voltage alone of a battery provides little information about its overall health
and capacity. Many types of batteries may still 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 longer duration power failure, which is almost certain to
occur after damaging earthquakes.

Once a year all the batteries in the seismic system must be laboratory-tested for remaining charge
capacity. The batteries should be fully discharged, then fully charged, and again discharged in a
controlled manner and their true charge capacity determined. Once the measured charge capacity
is less than 60% - 70% of their nominal capacity, they should be replaced with new ones. Relying
solely on measurements of battery voltage will certainly lead to technical failures on long run.
We should never forget that we need fully operational batteries after big events since it is very
likely that regular power source will be non-functional, often for quite a long time. The most
important moment in the life-time of the seismic network may happen only once a decade - or
less. One certainly does not want to miss it because of old batteries with insufficient charge
capacity! Non-chargeable batteries, particularly the lithium type, must be replaced regularly
according to the manufacturer’s instructions, regardless of their output voltage at the moment of
life time expiration.

10.3. Sensor calibration

Seismological observatories should calibrate all the sensors in their seismic system regularly -
ideally, once a year. Strictly speaking, only the seismic signals recorded between two
successive system calibrations that show no significant change in frequency response function

are completely reliable.

Seismic sensor calibration requires knowledge that is seldom available in the developing
countries. In most cases, special training is required. A useful approach is to include the first re-
calibration of one or more sensors after one year of service in the purchase agreement with the
manufacturer. The manufacturer and the local staff should perform this first one-year calibration
service together. Hands-on practice under the close supervision of a specialist is the best way of
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learning sensor calibration. If an inexperienced user calibrates the seismic sensors by himself,
inadequate understanding of underlying physics and Murphy's Laws easily lead to errors, which
are, in addition, sometimes difficult to detect. Practice shows that mere "book learning" is often
not enough when trying to calibrate seismic sensors.

In the time of digital seismology, sensor transfer function representation in the 's' or 'z' plane is
most commonly used. An excellent and 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

After several years, or even decades of operation of a seismic network, the scientific and
financial value of a related national seismic archive is extremely high. Therefore, full attention
must be paid to data archiving and a fail-safe back-up for that data. Seismology is a typical non-
experimental science and lost or corrupted seismic data can never be re-generated. It is therefore
an absolute must to provide a complete and reliable back-up archive. The back-ups should be
kept in a different physical location, no matter whether they are on paper, tape, disk, CD or other
memory medium.

When one first sets up a seismic network, he needs to think thoroughly about organising the data
that he records in light of the fact that eventually he will have many, many years of accumulated
records. Often, this crucial aspect of seismic system organisation is overlooked or left to on-the-
spot decision by whoever is starting archiving records at the beginning of a new network
operation. This may work fine for a while, but eventually everybody will run into serious
problems if the archiving system chosen is inappropriate. It is necessary to carefully consider,
from the very beginning, file coding and archive organisation and their long-term perspective.

In a small, weak-motion network in a low seismicity region that generates only a small number
of records each year, or in a small or medium size strong-motion network one can probably get
by with a DOS or Windows-type directory tree organisation for the data archive. Nevertheless,
file-name coding of events must be thoroughly thought out to avoid confusion and/or file name
duplications. Fortunately, due to long file names, UNIX, Windows 95, Windows 98, or NT
operating systems are much more flexible than DOS in this respect

Larger networks in moderate to high seismicity regions require true relational database for
archiving purposes. One should carefully consider different options in the market before one
begins to log records. It is usually very painful to change the data coding or archiving method
after several years of network operation, once thousands upon thousands of records are already
stored.

Very powerful professional databases may not be the most suitable choice for seismology,
primarily due to their high initial and maintaining cost, and secondly, due to too many utilities
which will never be used in seismology (but which have to be paid for, of course). Special data
bases which have been developed in seismological community for the needs of seismology,
thoroughly tested in several existing applications, and accepted by many, seem to be the best
choice at the moment.

Always keep the raw, unprocessed seismic data (raw event files, or sequences of continuous
data) in the archive along with the full documentation about the recording conditions (data
acquisition parameters and accompanying information). Processing and seismic analysis methods
will change and evolve as time passes. Future generations will appreciate having unprocessed
seismic data available to further their research and knowledge.
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10.5. Dissemination of seismic data

International co-operation in the dissemination of seismic data is another pre-requisite for high-

quality operation of any new seismic network in the developing countries. Broad-minded data

sharing is

- the best way for a less experienced institution to get feedback about the quality of its own
work and also

- awidely accepted international obligation.

Everyone can greatly improve their own work, for example, by observing and comparing the
phase reading residuals, the event locations, the magnitude determinations and the source
mechanism results, with the results of others published in international seismological bulletins.
Any seismic study should also include as much seismic information as possible from the
neighbouring regions and countries. Not only one’s own data, but also all available pertinent data
from others should be used in seismic research work. Disseminating one’s own data will, in turn,
facilitate easy and fast accessibility of other seismologists' data. It is very important to establish a
generous data-sharing relationship with other seismological institutions.

Traditionally, seismic observatories of national seismic networks or larger regional networks
regularly publish preliminary seismological bulletins (weekly, bi-weekly, or monthly), final
seismological bulletins (yearly), and earthquake catalogues of the country or region (yearly, but
with a few years delay so that the data from all other external sources can be included in the
analysis). These catalogues are one of the bases for earthquake risk mitigation studies.

Immediate dissemination of data from strong events is another international obligation. Internet,
fax, or phone are familiar forms of seismic data exchange in such cases. The Internet is used
more and more often for sharing not only short information about strong events but also other
publications like seismic bulletins and also earthquake waveform data. Actually Internet has
nearly replaced all other seismic information exchange channels. In all developing countries
where Internet access is not yet easy to get, seismological institutions have to undertake every
possible effort to get it as soon as possible.
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1. INTRODUCTION

Several factors affecting the quality of seismic stations or seismic network operation depend on
seismic site selection. This matter is often not given the required attention. It is a fact that any
new weak motion seismic network today can have high earthquake detectability and record
representative event waveforms only to the extent that its sites allow, no matter how
technologically advanced and expensive equipment is used. If seismic noise at the sites is too
high, all or a part of the benefits of a modern, high-dynamic range equipment are lost. If the
noise is of an excessive burst- or spike-type and large amplitude man-made seismic noise is
present, high trigger thresholds and therefore poor network detectability will result. If a station
is situated on soft ground, very broadband (VBB) or even broadband (BB) recording can be
useless and short-period (SP) signals may be unrepresentative due to local ground effects. If
network layout is inappropriate, the location of events will be inaccurate, systematically
biased, or even impossible. A professional site selection procedure is therefore essential for
the success of any new weak-motion seismic station or network.

Generally, it is best to begin the process of site selection by choosing two to three times as many
potential sites as we actually plan to build. Then we can study each one and chose the sites that
meet as many desired criteria as possible. Gradually, selecting the most promising, we eliminate
certain sites and get down to the target number of sites plus two or three. Potentially, we may
model system performance of a few most likely network layouts and by comparing the results we
will be able to make an informed decision about which layout will record and locate seismic
events best.

In this text, relevant parameters are discussed and the site selection process is demonstrated by
seeking the best placement for six seismic stations of a permanent local seismic network around
a nuclear power plant. The main goals of this particular project (Trmkoczy and Zivcic, 1992)
were monitoring local seismicity, high network’s detectability, and ability to accurately locate
local events. Therefore chiefly, but not exclusively, the placement of short-period seismometers
and surface seismic vaults are discussed.

2. OFF-SITE STUDIES

Site selection procedures encompass off-site studies and fieldwork. Off-site "office" studies are
relatively inexpensive and are therefore performed first. From an office, we can study maps and
gather information about the potential sites from local and regional authorities. Once we have
gather all this information, it is likely that many of initial potential sites will already be
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eliminated for one reason or another. This will obviously minimize future fieldwork and the cost
of the feasibility study as well. A list of parameters usually studied covers:

e geographical region of interest

e seismo-geological conditions

e topographical conditions

e accessibility

e seismic noise sources in the region

e data transmission and power considerations
e land ownership and future land use issues

e climatic conditions

2.1. Definition of geographical region of interest
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Fig. 1: The broader region of the network with its main geological faults (9-Artice fault, 10-
Brestanica fault, 11-Sava fault, 12-Podbocje fault, 13-Brezice fault, 14-Orehovec fault).
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The first step is defining the geographical region in which we are most interested. In this step our
goals, socioeconomic and seismic information are important. We examine all known major
geological faults from geological maps with a view to assess their neotectonic activity and
potential, identify seismo-tectonic features from seismo-tectonic maps, if available, and compile
all accessible information about the seismicity in the area. We compile historical and
instrument-recorded events in the broader region from earthquake catalogs and other sources.
The results of such a study are shown in the following figures. Fig. 1 shows the broader region
chosen for our example and the main geological faults within it. Fig. 2 shows earthquake
epicenters plotted from seismic catalogs and Fig. 3 shows the map of released seismic energy
during the time span of the catalogues and the final choice of the specific region we wish to study
in detail. If the main goal of the new seismic network is monitoring of the general seismicity in
an entire country, this stage can be, of course, simplified.
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Fig. 2: Earthquakes in the broader explored region. Data compiled from all available earthquake
catalogues.

2.2. Seismo-geological considerations

The quality of bedrock at seismic stations is a very important parameter for seismic signal and seismic
noise relations and therefore significantly contributes to potential seismic station sensitivity. Usually, the
higher the acoustic impedance of the bedrock, the less seismic noise and the higher the maximum possible
gain of a seismic station. Therefore, for each new seismic network, we should prepare a map showing
simplified seismo-geological conditions in the region. We determine the quality of bedrock in terms of
acoustic impedance of the rock shown on geological maps for each type of bedrock in the region. We
divide the region into three or four quality grades and draw a map similar to the one in Fig.4. The table
below gives an example of classifying different bedrock into ‘quality’ categories, grade five being the best

rock.
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Grade

1 Unconsolidated clastic sediments | Alluvial sediments
(clays, sands, mud)
2 Consolidated  clastic  sediments | Schist
(sandstone, marls)
3 Less compact carbonatic rocks | Conglomerates, breccia, ophiolit

(limestone, dolomite) and less
compact metamorphic rocks

4 Compact metamorphic rocks and
carbonatic rocks
5 Magmatic rocks (granites, basalts), | Marbles, quartzite

very compact metamorphic rocks

5528
5098 Py {5098
5093} 5093
5088 -/\ 45088
083} c\? ) 5083

b
}— .
50780 5078

28

Fig. 3: Final choice of the region to be studied in detail by the seismic network (dashed area).
Isolines show released log-seismic energy (for the time span of the catalogues) in J/km”.

2.3. Topographical considerations

Rough topography at seismic station sites may undesirably modify seismic event waveforms due
to local effects. From this reason we should take into consideration topographical aspects of
seismic sites as well. Seismic sites that are located in a moderately changing topography are
preferred. Extreme steep mountain peaks or deep valleys may unpredictably and unfavorably
influence recorded event waveforms and signal amplitudes.
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Fig. 4: The region of interest divided into three grades of bedrock quality and potential station
sites.

There are also other undesirable effects of the topography around seismic stations. Mountain
peaks are usually much more susceptible for wind-generated seismic noise, lightning damages,
and sometimes also for icing of the equipment. Therefore, if possible, it is wise to mitigate them.

For radio-frequency telemetry networks, topographical aspects are extremely important. The
choice of the sites is frequently based on RF link requirements rather than on seismological
considerations, which are often over-compromised.

2.4. Station access considerations

Seismic stations are generally placed in remote places and as far as possible away from any
human activity. This obviously results in a relatively difficult access. Public roads do not directly
reach most good seismic stations. Walking a certain distance is more or less inevitable. Practice
shows that newcomers often want to compromise too much in this respect .

Nevertheless, it is always possible to find a reasonable tradeoff between remoteness and ease of
access. Stations which are very easy to access are usually noisy. Stations which are too difficulty
to access are expensive to establish and maintain. Accordingly they often suffer inadequate

maintenance and long repair times.

Road maps and 1:25.000 scale topographic maps usually allow an easy estimate of the
difficulties and time needed to access the potential station sites. In mountain regions not only the
distance from the nearest road accessible by a four-wheel drive car is important. The height
difference between the station site and the last point accessible by car should be considered too.
One should take into account between 15 and 30 min (25 to 50 min) of cross-country walking
time for each km of distance depending on vegetation and between 20 and 30 min for each 100
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m height difference. Stations, which require more than half an hour cross-country walking, are
rare. However, sometimes we have to accept even longer walking distances, particularly if data
transmission using RF telemetry is involved.

Manufacturers frequently encounter an absurd desire to establish seismic stations at existing
meteorological stations. This happens in the countries, which are new in seismometry and where
meteorological institutions are appointed to take care about seismology in future. Note however
that criteria for selection of meteorological and seismological stations are completely different.
Such ‘symbiosis’ is rarely successful.

2.5. Evaluation of seismic noise sources

The assessment of man-made and natural seismic noise sources in the region from maps is the
first stage of seismic noise study. Road traffic, railway traffic, heavy industry, mining and quarry
activities, extensively exploited agricultural areas, and many other source of man-made seismic
noise around the potential sites, along with natural sources like ocean and lake shores, rivers,
waterfalls etc. can be evaluate in a qualitative manner from the maps and by asking questions to
local authorities. The Manual of Seismological Observatory Practice, Willmore (Ed.), (1979)
(Chapter: 'The organization of station networks', Subchapter: 'The siting of stations') gives
valuable information about the minimum recommended station-site-to-noise-source distances.
This information is given for three levels of sensitivity of seismic stations (A - very sensitive, B -
moderately sensitive, and C - modestly sensitive), two geological conditions (hard rock and
hardpan), and high and low seismic coupling between noise source and station site (condition a
and b). The corresponding table is presented in Annex 1 to this lecture.

Note that these recommendations were designed for analogue paper seismogram technology of
the sixties and seventies and are therefore most useful for seismic signal frequencies above 0.1
Hz; ie. for medium- and high-frequency range of seismic signals. Seismic noise at low
frequencies is mostly influenced by seismo-geological and environmental conditions at the sites
and much less by some of seismic noise sources dealt with in this table.

Note also that map studies can give only a preliminary information about noise sources around
the sites. "Paper work" should be obviously complemented by field measurements.

To demonstrate the evaluation of noise-source-to-station-site distances, we prepared a table
(Fig.5) valid for a particular site. We should prepare a similar table for each station in a network
and determine actual distances of the site from relevant seismic noise sources (the right most
column) and compare them with the recommended minimum distances. The sites, which satisfy
all or most of the recommendations, are the best. Local seismic noise sources like trees,
buildings, fences, etc. require site visit, but this information can be added in the table later.

Once we have gathered this information about all potential sites in a network, we draw a map
similar to Fig. 6. In this map all potential station sites and minimum recommended distances
from known seismic noise sources are shown (circles around point noise sources and bands of
appropriate width along with the roads or railways, for example). The minimum recommended
distances in this figure correspond to a SP station with the gain around 25.000 at 1 Hz placed on
hard clay, hardpan, or similar ground (Willmore, 1979). 1t is easy to get an overview over all
noise sources at once from this figure and to see which and how many of them influence a
particular potential seismic site.
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STATION SITE NAME: Loma Palo Bonito o
e
. 7
COORDINATES: SITE #:7 DATEOFVISIT: | 32
N 18046' 58.4" (Z) >
W70 13'20.1" m™
HARDPAN
RANIT HARD CLAY, ETC.
RECOMMENDED MINIMAL DISTANCES
fkm]
C A B C [km}]
1. Oceans, coastal mountains system 1 300 50 1 75
2. Large lakes 1 150 25 1 22
3. Large dams, waterfalls a 1 150 25 5 22
b 5 50 15 10
4. Large oil pipelines a 5 30 15 5
b 10 100 30 10
5. Small lakes a 1 20 10 1 20
b 1 50 15 1
6. Heavy machinery, reciprocating a 1 20 5 2 25
machinery b 2 40 15 3
7. Low waterfalls, rapids of a large a 0.1 15 5 1
river, intermittent flow over large dams b 1 25 8 2 6
8. Railway, frequent operation a 1 10 5 1 40
b 1 20 10 1
9. Airport, air traffic 1 6 3 1
10. Non-reciprocating machinery, a 0.1 10 4 1 25
balanced industrial machinery b 0.2 15 6 1
11. Busy highway, large farms 0.1 6 1 0.5 23
12. Country roads, high buildings 005 |2 1 0.5 2.0
13. Low buildings, high trees and masts 0.01 |03 0.1 0.05 }0.03
14. High fences, low trees, high bushes, 5m 006 | 003 {001 {0.02
large rocks

LEGEND:

A Seismic station with a gain of 200,000 or more at 1 Hz

B Seismic station with a gain from 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 valleys intervene
b Source and seismometer on the same formation and with no intervening

alluvial valley or mountain range

Shaded cells: The actual distance from a source of disturbance to seismometer is
smaller than the recommended distance for a particular gain of seismic station,
ground quality, and seismic coupling.

Fig. 5: Minimum recommended station-site-to-noise-source distances according to Willmore
(1979) and actual distances for seismic site Loma Palo Bonito, Dominican Republic, which
is placed on hard granite rock. We see that for this particular station site all minimal
distance requirements are fulfilled for a station with an approximate gain 50,000 to
150,000. Six criteria are not fulfilled (gray cells) for a station with 200,000 or more gain at

1 Hz.
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Fig. 6: Map of the seismic network region with all potential station sites (full dots) and seismic
noise sources — roads, railway, cities, villages, industrial facilities, quarries, etc — with
minimum recommended distances drawn around them (for the case of gain 25.000 SP
seismic stations at 1 Hz set on hard clay, hardpan and similar ground - case C,d according
to Willmore, 1997).

2.6. Seismic data transmission and power considerations

For radio telemetry seismic networks we correlate RF data transmission requirements with the
topography around the sites. Topographical 1:50.000-scale maps are most commonly used for
this purpose. We seek for a topography, which enables reliable direct radio frequency (RF) links
from the remote stations to the central recording site, or which assures the minimum number of
RF repeaters if topography and/or distance do not allow direct connection. For details see chapter
Radio-link transmission of seismic data and feasibility survey.

If we wish to use telephone lines for seismic data transmission, we check for phone line
availability and the distances to which new phone lines would have to be laid. This information
can be gathered from local phone companies. New phone lines are often a significant expense in

the total cost of site preparation works. To avoid surprises it is wise to collect this information
well in advance of the final selection of the sites.

If we plan to power seismic stations by main power, we have to check the availability of main
power lines and the distances to which new power lines would have to be laid - or to decide for
solar panels. The same comment as above applies to the cost of the new phone lines.
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2.7. Land ownership and future land use

During planing of a new network it is also very important to clarify land ownership and future
land use plans for the potential sites. It makes no sense to undertake extensive studies if one is
actually unable to use certain sites because of property ownership issues or if it is probable that
future development will make the site unsuitable for a seismic station in near future. This
information should be gathered from local (land ownership) and regional (future land use) public
offices and authorities.

If the land is privately owned, one should contact the owner as soon as possible and take every
effort to agree on a renting or purchasing contract to both parties satisfaction. It is very important
to have ‘friends’ rather than ‘enemies’ around the future seismic stations. In many developing
countries this may be decisive for future safety of the installed equipment.

2.8. Climatical considerations

Several climatic parameters influence seismic site selection. Regional or national meteorological
surveys provide this information. It is also found in yearly or longer-term bulletins, which are
published by nearly every meteorological institution. It is true that in developing countries it is
sometimes not easy to get the complete information. Nevertheless, we do not need precise values
for these parameters. Even rough estimates help in proper site selection and proper design of
seismic shelters.

The following parameters have important significance:

e Minimum and maximum temperatures determine how much thermal insulation is needed
for the seismic vault and instruments. Below zero centigrade temperature may cause icing of
antennae. Special antennae shielding is often required in very high mountains and polar
regions.

e We need to know the frequency and maximum wind speeds at station sites. Wind is a
primary source of seismic noise, so sites with less wind are much preferable than sites placed
on windy mountain ridges.

¢ Insolation data determines the minimum size required for solar panels if the station is to
be powered by solar panels. Number of sunny days in the worst month and the longest
uninterrupted cloudy period in a year expected can serve as a measure.

e The frequency and amount of precipitation (total precipitation per year and maximal
precipitation per hour) will determine what waterproofing measures are required to keep the
seismic vaults dry.

¢ In colder climate annual snowfall levels determine how accessible a station will be during
the winter, the waterproofing measures required, and optimal solar panel installation angle
and size (if we are using solar panels).

e Considering information about lightning threat is very important and has a significant
direct financial impact. Based on it, we decide on how extensive (and how expensive)
lightning protection measures have to be taken or - how much lightning damages we will
have to anticipate if these measures will not be implemented. The best is to obtain
isokeraunic isolines, which are related to the probability of lightning strike. However, this
data is rarely available. It is easier to obtain a less accurate but generally available
meteorological parameter — number of stormy days per year. Lightning threat varies
enormously from one region to another and locally depending on the topography. Serious
consideration of this parameters pays off.
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3. FIELD STUDIES

Field studies are the next step in the site selection process. Expect to make several visits to each
potential site. A seismologist familiar with seismic noise measurements, a seismo-geologist, and
a communication expert (if a telemetry network is considered) should all visit the sites. If site
selection is purchased as a part of services (cf. section 5. below) manufacturer’s experts will need
from one to three days per site to accomplish the fieldwork. This assumes that all required maps
and other information are prepared and logistics is well organized. Much depends also on
country’s infrastructure and the size of the network. If the network is an RF telemetry system,
add 20% of time for topographical profiling and RF link calculations (cf. chapter Radio-link
transmission of seismic data and feasibility survey). Experts visiting the sites should:

e verify the ease (in any weather) of access to the site;

¢ search for very local man-made seismic noise sources adjacent to the site, which may not
be visible on the maps;

e perform seismic noise measurements;

study the local seismo-geological conditions;
e investigate the local RF data transmission conditions (if applicable);

¢ verify power and phone line availability.

3.1. Station access verification

Station access should generally be guaranteed throughout the year. However, a few days of
inaccessibility due to snow or high water per year can normally be tolerated. One should check
this by talking to the local people.

If non-public dirt roads are used to access the sites, we should check about the future of such
road. Sometimes roads owned by private, military, or forest authorities are built and then
abandoned. If there is no guaranty that such remote dirt road will be maintained in future, it is
better to reposition the seismic site. Rarely ‘seismology’ is financially strong enough to maintain
such roads.

3.2. Local seismic noise sources and seismic noise measurements

During fieldwork we should explore the vicinity of the potential sites for local man-made sources
of seismic noise which may not be resolvable from the available maps. A single small private
‘industrial’ facility too close to the site may ruin its seismic noise performances completely.
Talking with as many as possible local people is the best source of information.

Measuring seismic noise at the site is an important task. Seismic noise varies greatly, depending
on the season of the year, weather conditions, and innumerable daily occurrences. Seasonal
variability of seismic noise has mainly natural causes and is clearly developed for T>2 s only. It
may be as large as 20 dB at the spectral peak for ocean storm microseisms around T ~ 7 s.
Contrary to this, high-frequency noise is mostly man-made (traffic, machinery). At not very
remote sites it often shows pronounced diurnal variations in the order of 10 to 20 dB as well.
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 earthquakes too. This allows a
comparison of the sites based on the signal-to-noise ratio. This is more relevant since sometimes
higher noise at a site may be compensated by systematically larger signal amplitudes.
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However, ideal long-term measurements are often not performed for financial reasons. But some
measurements are much better than none. While short-lasting measurements can not provide
complete information about the noise levels at the site, they are still very useful to identify man-
made noise sources and to access the daily noise fluctuations in the crucial detection window for
small and high-frequency local and teleseismic events (i.e. from 0.5 Hz to 20 Hz).

To weigh the influence of potential long-term natural seismic noise variation during fieldwork,
we should obtain noise data from existing seismic stations in the region. If there are none we
have to purposely set up a temporal reference seismic station, which is not moved from site to
site. By comparing noise records taken at the same time at such stationary reference station(s)
and the potential new site locations we can, at least with respect to the long-period natural
seismic noise, weigh the representativeness of the noise data sampled at the potential sites. We
can roughly scale it to the reference site(s). This assures that variations in natural seismic noise
levels over time will not effect a fair comparison of different potential sites.

Records of seismic noise are usually re-calculated into noise spectra. In combination they may
reveal much more information about the nature and importance of various seismic noise sources
around the site than time-domain records or spectra alone (cf. Bormann (1998) and chapter
Bandwith dependent transformation of noise data from spectral into time domain and vice
versa). Fig. 7 shows a typical noise spectrum. One can easily see high contamination of the site
by man-made seismic noise (frequencies around 15 Hz). Spectral spikes from 3 to 5 Hz shown in
this spectrum originated in heavy machinery working in a 4 km distant quarry.
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Fig. 7: A typical seismic noise spectrum (ground velocity power density in m%/s*/Hz) at a
potential seismic station site showing man-made seismic noise generated by a nearby city
and heavy machinery working in a 4 km distant quarry.

But at any event noise spectra should not be determined unless the related time-domain records
have been inspected beforehand and cleaned from not representative spurious or transient events.
The analysis of the noise conditions should never be made on the basis of the calculated spectra
alone but always in conjunction with the related time-domain records.

Scientific Technical Report STR 99/13

DOI: 10.2312/GFZ.b103-99132

205

GeoForschungsZentrum Potsdam



At a minimum, make a few minutes long records of seismic noise to allow calculation of stable
seismic noise spectra in the frequency range from 0.1 to 50 Hz for future SP seismic stations.
Make a minimum of twenty to thirty minute records for noise spectra calculations from 0.01 to
50 Hz for BB seismic stations. Sampling rate should be 200 Hz or at least 100 Hz. In order to
minimize, at least to some extent, the possible biasing influence of diurnal noise variations on the
site quality assessment, the measurements at the various sites should be taken at about the same
time of the day. Whenever possible, use the similar equipment and processing methods at your
potential sites and at the reference station(s). This simplifies normalization procedure.

Note also that assessment of seismic noise quality for a future (V)BB seismic station requires
much more effort. Days or even months of measurements are often required to get a full insight
in seismic noise conditions at the potential site (Uhrhammer et al., 1998). A quiet short-period
station site is not necessarily also a good low-frequency noise site. Seismic noise may behave
differently in both frequency ranges.

In summary, in order to ease the interpretation of noise records and spectra and to put the
assessment of site quality on a more objective footing one has to observe the following general
rules with respect to the measurements:

® When searching for high-quality sites one has to be aware that one is measuring extremely
week ground motions at the resolution limit of the seismic sensor and recorder. Accordingly,
one has to determine the level of internal instrumental and digitization noise first because it
might be strong enough to seriously bias the records and calculated spectra at sites with very
low ambient noise;

* The observer should stay-off (or better sit-off) very quietly and sufficiently far away from the
seismic sensor while making noise measurements so as to avoid recording his own noise;

¢ Careful notes should be taken about all relevant environmental features and potential noise
sources in the surroundings of the measurement site, best accompanied with photographic
documentation of the area and of the installation of the equipment in the field. Particularly
important are notes on geology, topography, vegetation cover, nearby rushing waters,
weather conditions at the time of measurements, type and proximity of roads or railways and
kind of traffic at the time of recording, nearby human settlements and on-going activities etc.;

e Stay far-enough away (several 100 m) from major power lines or transformer stations;

* Whenever possible, arrange for reference measurements at the same time (synchronize
internal recorder clocks with your watches!);

e Whenever possible, measure at several alternative potential locations in the area of your
planned site, at different times of the day (or season) and, if affordable, long enough so as to
record not only ambient noise but also useful seismic signals (explosions, earthquakes);

3.3. Field study of seismo-geological conditions

During site visit a seismo-geologist studies the geology to determine its local complexity. As
much as possible, uniform local underground conditions should be preferred for seismic stations.
He also verifies the actual quality of bedrock as compared to that given in geological maps. He
tries to estimate the degree of weathering that local rocks have undergone. This can sometimes
give a rough estimate of the required depth of the seismic vault for placing the seismometers on
unweathered rock. Unfortunately, many times it is highly unreliable to judge about the required
vault depths in this way. At most of the sites only a shallow profiling, drilling, or actual digging

Scientific Technical Report STR 99/13

DOI: 10.2312/GFZ.b103-99132 206
GeoForschungsZentrum Potsdam



of the vault can reliably reveal how deeply the rock is weathered and how deep the seismic vault
must be.

If there are local sources of seismic noise around the site, a seismologist should carefully
consider seismic coupling between them and the seismic site, both by field inspection and
interpretation of measured seismic noise. Local geological conditions and seismic coupling
determine to a great extent how distracting such sources are. Sometimes the transition from soft-
soil cover to an outcropping hard rock may effectively decouple high-frequent local noise
travelling in the soft soil (Bormann et al., 1997). If shallow profiling is planned, the seismo-
geologist should precisely determine the position of the shallow profiles.

3.4. Field survey of radio frequency (RF) conditions

A communication expert visiting the site examines potential local radio wave obstacles. He also
examines the immediate topography surrounding the site because it can frequently not be
resolved from the 1:50.000 scale maps, which are normally used in RF topographical profiling.
These conditions define, to an important extent, the minimum required antenna height for
reliable data transmission (cf. chapter Radio-link transmission of seismic data and feasibility

survey).

3.5. Shallow profiling

Shallow profiling is the last step in the site selection process because it is the most expensive. It
is normally done only at the most likely sites. Shallow refraction profiles reveal quantitative
parameters of the rheological quality of the bedrock and enable determination of the depth of
rock weathering. The results of shallow profiling determine the best "micro” position of the
seismic vault as well as its required depth.

We usually make two approximately perpendicular profiles. Each should be about 100 meters
long. Such profiles determine seismic wave velocity to the depth of 20 to 30 meters, which is
enough even for the deepest seismic vaults.

If one chooses not to do profiling from any reason (most likely financial), then one has to expect
surprises when digging seismic vaults. Often it is a matter of almost pure chance what one might
run into. We need to dig until we reach bedrock and that can sometimes be very deep. Expect
that vaults will have to be repositioned and re-dug if weathered bedrock happens to be too deep.
These possibilities often make the relatively high cost of profiling a wise investment.

4. MODELING NETWORK LAYOUT CAPABILITIES

Once we have decided on the final number of seismic stations and we are very close to the final
layout of the system, meaning that we have chosen two or three possible network layouts, the
next useful step is to make a computer model of the network. The modeling should answer the
question, which particular network layout performs best from different aspects of network
performances. We can then choose competently the best one among the results from each
possible network layout. Among the parameters we may wish to study are:

e network detectability in terms of distribution of minimum magnitude of events for a
given number of records with a given earthquake signal-to-seismic-noise ratio (Fig. 8);

e precision (i.e. internal calculated accuracy) of event epicenter determinations in the
region (Fig. 9);
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e precision of event hypocenter determination in the region (Fig. 10);

¢ maximum magnitude of events that can be recorded without clipping (this presumes gain
and dynamic range of the recording equipment used in the future network).
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Fig. 8: An example of computer modeling of network capabilities. Isolines of minimum
magnitude of events detected on 5 seismic stations (from six in the network) with signal
to noise ratio >20 dB for the best of the alternative network layouts are shown.

Several methods of computer modeling of seismic networks are described in the literature, but an
examination of each of them is beyond the scope of this paper. For our purpose simple methods
suffice because the point is only the comparison of results between the various layout options.
Determination of network’s performances in absolute sense requires much more sophisticated
approach.

Estimated uncertainties of P-phase readings, uncertainties of S-wave readings, uncertainties of
P-wave and S-wave velocities, and predicted sensitivity of seismic stations based on the
measured 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 or double layer ground
model applies well for this purpose.

Note that the results of computer modeling based on such simplified model are almost never
useful in an absolute sense. In general, an oversimplified seismic-wave velocity model, regional
variations and anisotropy of ground, incomplete information about seismic noise at the sites,
imprecise wave attenuation model, etc. prevent the results from being useful in an absolute sense.
However, comparison of the performance between different layouts is still valuable and allows
selecting the most suitable one among the potential options.
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Fig. 9: An example of computer modeling of network capabilities. Isolines of uncertainty of
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Fig. 10: An example of computer modeling of network capabilities. Isolines of uncertainty of
hypocenter determination in km (+ 1 standard deviation) for the best of the alternative

network layouts are shown.

Scientific Technical Report STR 99/13

DOI: 10.2312/GFZ.b103-99132 209

GeoForschungsZentrum Potsdam



Several methods for direct computer calculation of optimal network's geometry can also be
found in the literature (e.g. Kijko 1977; Rabinowitz and Steinberg 1990; Steinberg et al, 1995).
However, practical limiting conditions with respect to infrastructure, topography and
accessibility usually outweigh such theoretical approaches to the optimal network layout. Also,
with these methods, sensitivity of the calculated 'optimal' layout to the initial conditions (like
predicted gain of stations) is very high. This often makes their results questionable for practice. It
is a fact that, in addition to theory, choosing the seismic network layout always involves making
good, educated guesses based on experience. Also, site selection procedure is always a selection
of potentially the best among available, and not so much good/bad type decision making.

5. WHAT TO PREPARE AND PROVIDE IF SEISMIC SITE SELECTION IS
PURCHASED?

If seismic station site selection procedure is purchased as a part of services along with the
seismic network equipment, the purchaser should prepare several logistic things to assure
efficient work of manufacturer’s experts. Note that these services are usually paid by the time the
experts work on site selection for a new seismic network and that site selection is a ‘stretchable’
process. The more time (read money) he spends on it or the more efficiently he works during a
given time period, the better resulting the station sites and consequently network performances
will be. Therefore, it is a direct benefit of the customer that all required issues are taken
thoughtfully and the needed working material and information is gathered as much as possible in
full, as conditions in the particular country allow. The seismic network purchaser should prepare
the following:

D A preliminary and approximate proposal of seismic network layout based on the goals of
the network.

D A general-purpose 'high school type' topographical map of the whole region of the future
network with color representation of terrain altitude (basic topographical display of the
region).

Regional (and local, if available) geological maps covering the region of the network.

Map of past seismic activity in and around the region where the network is planned.
Instrumental (if any) and historic data should be included.

Seismo-tectonic map of the region (if available).

C O O 0O

1:50.000 or 1:25.000 scale topographic maps covering the entire network region for RF
profiling purpose for telemetry seismic systems. 1:50.000 scale maps are the best. 1:25.000
maps are better for fieldwork if there is no RF telemetry planned in the network. Get the
permission to export such maps if they are under export restriction. The site selection
provider will need them before fieldwork starts for initial studies, particularly if the
network is an RF telemetry system.
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A state-of-the-art roadmap of the country for finding easy access to potential sites during
fieldwork. Try to find the latest edition of such map. Road infrastructure changes fast in
many developing countries.

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 seismic profiling of potential seismic sites is planned.

Climatic data in the form of maps or tables published in annual or decade reports from the
country's meteorological survey. Data should include precipitation, wind, insolation (if
seismic stations will be solar panel powered), and lightning threat information (isokeraunic
maps or number of storm days per year).

Knowledgeable staff among the members of the institution, which will operate the
network, and among well informed local people who are acquainted with local conditions
at each potential station site. The member(s) of the responsible institution working in field
together with the manufacturer’s experts should obviously have full competency to make
‘on spot’ decisions regarding acceptability of access difficulties, land ownership issues,
and other issues, which may have financial consequences during network establishment
and future network operation. This person should be full-time and continuously with the
manufacturer’s experts until the site selection procedure is finished. If the region of the
network is large, several different local persons may be needed. They can be members of
local authorities (municipals, land use planing authorities, etc.) and should be familiar with
local development conditions and present and future land use.

One or two obviously four-wheel-drive vehicles in technically perfect condition. At least
one car should be big enough to comfortably transport four people and measuring
equipment in their original packing (two PC notebooks, seismometer, seismic recorder,
cables and, in case of telemetry system, RF spectrum analyzer, provisory antenna mast,
and Yagi antennae). Fairly roomy car is required. Enough cash, coupons or whatever
document is required to purchase gasoline. Two or three customer’s staff members (plus
driver) are the best size team working with usually two manufacturer’s experts.

Air-conditioned working room with three tables, main power, and safe storage place for
measuring equipment. If the network is an RF telemetry system, one of the tables must be
large enough, minimum 1.5 x 3 m (5 x 10 feet), to allow working with several
topographical maps stuck together while taking topographical profiles.

Permits to enter restricted areas (army camps and training land, private land, natural
reserves, state border regions, etc.) for local staff and foreign experts.

The maps sent to the site selection provider and used in the field are working copies. They are
normally not returned to the customer. The maps are used when preparing the final report. If
color maps are code protected against copying, two copies are needed (one for fieldwork and one

for the final report).
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Expect from one to three days of work for each station site of the network. Time spent widely
depends on the dimensions of the network, infrastructure in the country, and general site
accessibility. An efficient day of fieldwork usually lasts from sunrise to sunset.

Hint: Print this form and put check marks in appropriate bullets while preparing on site
selection procedure.
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Annex 1

Recommended minimal distances from sources of seismic

Willmore (Editor), 1979

noise to seismic site after

: DATE OF
STATION SITE NAME: ANALYSIS: =3
. I__1 49
SITE #: _— >d
=z
COORDINATES: DAT/E OF/VISIT: oF
RD
N O " %\CK' ggizl'\T/E HARD CLAY, ETC
W o T QUARTZITE, ETC. ’ ’
_— e RECOMMENDED MINIMAL DISTANCES
[km]
A B C A B C [km]
1. Oceans, with coastal mountains system 300 50 1 300 50 1
2. Oceans, with broad coastal plains 1000 | 200 10 1000 | 200 20
3. Inland seas, bays, very large lakes, with 150 25 1 150 25 1
coastal mountain system
4. Inland seas, bays, very large lakes, with 500 100 5 500 100 5
broad coastal plains
5. Large dams, high waterfalls, large a |40 10 1 50 15 5
cataracts b |60 15 5 150 25 10
6. Large oil or gas pipelines a |20 10 5 30 15 5
b |100 30 10 100 30 10
7. Small lakes a |20 10 1 20 10 1
b |50 15 1 50 15 1
8. Heavy reciprocating machinery, a 15 3 1 20 5 2
machinery b |25 5 2 40 15 3
9. Low waterfalls, rapids of a large a |5 2 0.5 15 5 1
river, intermittent flow over large dams b 15 3 1 25 8 2
10. Railway, frequent operation a |6 3 1 10 5 1
b ]15 5 1 20 10 1
11. Airport, air ways heavy traffic 6 3 1 6 3 1
12. Non-reciprocating power plant a |2 0.5 0.1 10 4 1
machinery, balanced industrial b 14 1 0.2 15 6 1
machinery
13. Busy highway, mechanized farms 1 0.3 0.1 6 1 0.5 i
14. Country roads, high buildings 0.3 0.2 005 |2 1 0.5
15. Low buildings, high trees and masts 0.1 0.03 | 0.01 |03 0.1 0.05
16. High fences, low trees, high bushes, 005 {003 [5m 006 |0.03 |0.01
large rocks

LEGEND:
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ranges or valleys intervene
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SP seismic station with a gain of about 200,000 or more at 1 Hz
SP seismic station with a gain from 50,000 to 150,000 at 1 Hz

SP seismic station with a gain of approximately 25,000 or less at 1 Hz
Source and seismometer on widely different geological formations or that mountain

Source and seismometer on the same geological formation and with no intervening
alluvial valley or mountain range
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Instructions for use of the form:

1. Get the information about all potential sources of seismic noise around the site and write
the distances to them in the most right column of the table.

2. From geological maps and by visiting the site decide on the quality of the bedrock at the
site. Decide either for 'good' rock (left three columns with minimal recommended distances)
or for 'less suitable' ground (right three columns with the minimal recommended distances).

3. For each seismic noise source (where applicable) decide about seismic coupling between
seismic site and the noise source. Select the appropriate horizontal line a) or b) with minimal
recommended distance.

4. Mark appropriate cells in the table based on the steps #2 and #3 and compare their content
with the actual minimal distances in the right most column.

5. Shade all cells where the minimal recommended distances to a noise source is bigger than
the actual distance in the right most column. Find the most left column, C, B, or A, where no
shaded cells appear. This column roughly denotes the approximate expected maximum gain
of a SP seismic station at this site and 1 Hz at the site.

6. Make such table for all potential seismic sites studied and compare the results among
alternatives.

Scientific Technical Report STR 99/13
DOI: 10.2312/GFZ.b103-99132
214 GeoForschungsZentrum Potsdam



SURFACE VAULT SEISMIC STATION SITE PREPARATION

Amadej Tmkoczy

Kinemetrics SA, Z.I. Le Trési 3
CH-1028 Préverenges, Switzerland

1. INTRODUCTION

Civil engineering work at remote seismic observatory stations should insure that modemn
seismic instruments can be used to their fullest potential by sheltering them in an optimal
working environment.

Today’s high dynamic range, high linearity seismic equipment is of such quality and
sensitivity that seismic noise conditions at the site and the environment of the sensors have
become much more important than in the past. Apart from site selection itself, the design of
seismic shelters is the determining factor in the quality of seismic data acquisition.

Seismic vaults are today the most often built type of seismic stations. They are the least
expensive, however they suffer seismic noise the most. A variety of factors must be
considered before the optimal technical and financial solution of the seismic vaults can be
reached: type of equipment installed, geological conditions, variety of available construction
materials, accessibility of the remote stations, and climate at the site, for example.

Various solutions can be employed with equal success. Much depends on potentially planned
future upgrades of the instrumentation and site, how comfortable the working conditions are
desired for maintenance and service personnel, and, of course, on the funds available. Because
of these diverse considerations, no firm design and civil engineering drawings are provided in
this document. Instead, the general requirements that must be satisfied are described in detail
so that any qualified civil engineer can design the shelter for optimal performance, taking into
consideration local conditions in a given country and at a specific site. A design example of a
seismic vault for a three-component short period (SP) station is also shown and its upgrade
for broad band (BB) and potentially very-broad band (VBB) seismic sensors.

Vault shelter for seismic data acquisition and transmission equipment should satisfy the
following general requirements:

» Provide adequate environmental conditions for the equipment.

m Assure the proper mechanical contact of seismic sensors with bedrock.

m Prevent seismic interaction between the seismic shelter and the surrounding ground.

= Mitigate seismic noise generated by wind, people, animals, and by potential noise

sources within the vault.

» Assure a suitable electric ground for sensitive electronic equipment.

= Provide sufficient space for easy access and maintenance of the instruments.
These requirements will be discussed in detail. Some technical hints are given at the end of
this document. Drawings and photos of a seismic vault with some technical details are also
included.
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2. CONTROLLING ENVIRONMENTAL CONDITIONS

Adequate shelter for seismic equipment should:
= Prevent large temperature fluctuations in the equipment due to day/night temperature
differences or because of weather changes,

w Prevent large temperature fluctuations in the construction elements of the vault,
resulting in seismometer tilts,

m Assure adequate lightning protection,

» Mitigate electromagnetic interference (EMI),

w Prevent water, dust and dirt from entering the shelter,
= Preventing small animals from entering the shelter.

At very low seismic frequencies and in VBB seismometers, air pressure changes also influence
seismometer output. Special installation measures and processing methods can be used to
minimize the effect of air pressure. However this issue will not be treated in here. See Beauduin,
R. et all, 1996 for more information. A documentation of typical ‘classic’ design of seismometer
vault is given in the 1979 edition of the Manual of Seismological Observatory Practice,
Willmore while installation guidelines for BB and VBB stations are given by Uhrhammer et al.
(1998).

2.1. Mitigating temperature changes

In general, seismic equipment can operate in quite a broad temperature range. Data sheets
guarantee that most of the equipment on the market today functions properly between -20° to
+50° C. However, this range is merely operational — that is, guaranteeing only that the
equipment functions at a given (constant) temperature within these limits.

Variations of temperature in time, particularly diurnal, are far more important than the high or
low average temperature in itself. Many broadband seismometers require mass centering if the
temperature “slips” more than a few degrees C, although their operating range is much wider.
Frequently even small temperature changes cause problems with mechanical and electronic
drifts, which may seriously deteriorate the quality of seismic data at very low frequencies.
Unfortunately, the practical sensitivity of the equipment to temperature gradients is rarely
provided in data sheets. Very broadband (VBB) and some broadband (BB) seismometers
require very stable temperature conditions. They are sometimes difficult or impossible to
assure in a vault-type seismic shelter for VBB seismometers and require special installations
(see Uhrhammer et all. 1998). Short period (SP) seismometers, particularly passive ones, and
accelerometers are much less sensitive to temperature changes.

Certain elements, for example, some computer disk drives, diskette drives, and certain time-
keeping equipment may also require narrower operating temperature tolerances.

In general, thermal drifts should be kept acceptably small by thermal insulation of the vault.
However, the requirements differ significantly. Maximum +/- 5° C short-term temperature
changes can be considered a target for passive SP seismometers and force feedback active
accelerometers. To fully exploit the low frequency characteristics of a typical BB
seismometer with a 30-sec period, the temperature must be kept constant within less than one
degree C. To fully exploit VBB sensors with several-hundred-seconds period, only a few tens
of milli-degrees C per month are recommended.
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Data loggers, digitizers can tolerate less stable temperatures — on average, ten times greater
changes than BB seismometers for the same output voltage drift. The best of them, for
example, change their output voltage less than +/-3 counts in room temperature conditions. If
daily temperature changes are less than 1° C, their output voltage changes less than +/-1 count
(Quanterra, 1994).

The most effective way to assure stable temperature conditions is an underground vault that is
well thermally insulated (Fig.1 and Fig.2). Underground installations are also best for a
number of other reasons.

Thermal insulation of active seismic sensors is usually made in two places. First, the interior
of the vault is insulated from external temperatures, and second, the sensors themselves are
insulated from residual temperature changes in the vault. In the most critical installations, the
seismic pier itself is also insulated along with the sensors.
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Fig. 1: An example of a vault of a short-period three-component seismic station made of a
large-diameter metal pipe with thin concrete walls.
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Underground vaults are usually insulated with a tight thermal cover made of styrofoam, foam
rubber, polyisocyanuratic foam, or other similar, non-hygroscopic insulation material (Fig. 1,
3, and 4). Such materials are usually used in civil engineering for thermal insulation of
buildings. They come in various thicknesses, often with aluminum foil on one or both sides.
This aluminum layer additionally prevents heat exchange by blocking heat transfer through
radiation. Thinner sheets can be glued together to make thicker ones. Casein-based glues are
appropriate for styrofoam and expanding polyurethane resin is used to glue polyisocyanuratic
foam sheets.

In continental climates, a 20 cm (8") layer is considered adequate but in extreme desert
climates, up to 30 cm (12") of styrofoam is recommended. In equatorial climates a 10 cm (4")
layer is considered sufficient.

There are two thermal cover design issues that are particularly important.

Special care must be taken to assure a tight contact between the vault's walls and the thermal
cover. If it is not tight, then heat transfer due to convection through the gaps can be easily
larger than heat transfer through the thermal cover by conduction. In such cases, the thermal
cover becomes inefficient.

One way to achieve a tight thermal cover is shown in Fig 5. A “rope” is 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. It is available in different sizes and is
inexpensive. The rope insulation must be tightly packed into all the gaps between the cover and
the walls, otherwise heat convection will undo the insulating effects of the cover itself.

The cover should be placed at or below the level at which the ground heats up during the day —
not on the top of the vault. In desert areas, surface ground temperatures can exceed 80° C. At 30
cm (12") depth, temperatures of 50° C is not unusual. In such conditions the thermal cover must
be placed 40 - 50 cm (16" - 20") below ground level. A thermal cover of any thickness at the top
of the vault, particularly if the vault's rim stands significantly above the surface, has almost no
effect.

Fig. 2: Interior of a seismic vault made of welded metal sheets. The vault is big enough to
accept weak and strong motion instrumentation as well as data acquisition and
transmission equipment.
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Fig. 3: The thermal cover of a seismic vault in two pieces made of thick styrofoam. The gaps
between the cover and the vault walls and between both pieces must be made tightly
sealed.

Fig. 4: Installing thermal cover in a seismic vault. In climates with big diurnal temperature
changes the cover should be positioned lower in the vault where external ground
temperature does not change significantly.

If vaults are used for BB or even VBB stations (see Wielandt, 1990), it is advisable to make a
second inner thermal cover just above the sensors but below the floor where all other equipment
is installed (Fig. 6). Since the most of maintenance work relates to batteries, data recording, and
data transmitting equipment, the thermal- and mechanical-sensitive BB/VBB sensors are not
disturbed at all during service and maintenance and additionally isolated.
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A thermal isolation box is usually put around the sensors to additionally insulate them. Thermal
insulation of the seismic pier itself, together with the seismometer, is the best method of
insulation (Fig. 7). This method keeps the heat transfer between seismometer and vault interior

as low as possible, while at the same time assuring good thermal contact with 