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PREFACE

Preparing the latest version of Computer Programs in Seismology included a major
effort toward making the programs easier to use. This is done in part by reducing the
number of programs in the distuition andeliminating those designed for algorithrary
ification. The choice of programs to eliminate was based on the usage of programs during
the past decade. Another change was an effort to provide congistdile formats and
command line flags.

In this volume | describe programs used for synthetic seismogram generation. Simple
flowcharts are gen to indicate the logical fl and the program output. The folling

symbols are used:
@ data format

program
Q other output/input

e processing flow

------- » optional processing flow

Since the programs will be run on UNIX and MSDOS systems, command line redirection
in place of terminal entry is used to read data into the program frden & hisstandard

entry in the C language &din. The corresponding standard program outputdeut.

This terminology will be used in fl@ charts. Acircle with stdin indicates input from a
terminal or from a file using the input redirection, and a circle stifout indicates out-

put to the terminal, or output to a user file using output redirection. A simple instance of
redirection is
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rbh> program < input_file > output_file

Here, as in all examples, tk®h> indicates a command line prompt. This program usage
will be represented in a flodiagram as

program

Even though almost all programs are written in FORTRAN, ASCI| files that are used
for standard data formats are defined to be parsed. Thuserhksaumbers are written
per line, thg will be separated by white space. In addition, if an array is written, e.g., a
time series withife values per ASCII line, then the last entry will be zero filled so that a
consistent C format can be used, e.g., " %f %f %f %f %f ".

A reference to a specific documented programl@fdrmat is indicated in bold, e.g.,
genray96 Specific input/output fles are indicated in italic, e.gRAY96.PLT. Terminal
input/output is indicated by a courier font, e.g.,

genray96 —-d dfile.

| begn with a discussion of data formats, followed by a discussion of individual pro-
grams for generating synthetic seismograms.

Finally, | describe the program usage, but thevéeeetailed documentation in the
manual pages for the indlilual volumes. In addition, the ultimate source of what a pro-
gram can do is the actual source code.

Update June, 2021

As new capabilities were added to the codes, the documentation did not describe all
nev command line options. In addition the demise of Tektronix grpahics terminals and
simulations meant that support to such graphics could beveem&11 graphics are still
useful and graphics format oanter packages such as Imagemagick enaossible to
create PNG files for the web from Encapsulated PostScript files. Finally introduction of
gsac means that most of tHige96 filter codes are rarely used.
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CHAPTER 1
DATA FORMATS

1. Introduction

The focus of the previous version Gbmputer Programs in Seismology was the
implementation of specific algorithms for the analysis of seismic data. Little effst w
directed tovard developing a consistent set of input and output files for these programs.
The focus was on specific volumes for each algorithm.

The use of these programs for the analysis of seismic data ittt more focus
should be placed on data/model formats rather than on the algoritfimestwo basic
files used for all synthetic seismogram computations are the earth model file and the out-
put time historyThus the user willihd the programs easier to use if different algorithms
can be run using the same input and output formats. The specification of these file for
mats is complicated by the madifferent ways the earth models can be described and
seismic data can be stored.

All programs described here will userendel96earth model description and will cre-
ate a time history in thiele96 format. The earth model format is well ohefd for layered
isotropic media, but is general enough to encompass other more complicated models. The
output file format is general enough for the present uses of data, canvedemberasily
to other formats, and can betended in the future. The basis of this flexibility is the use
of keyed comment lines at the head of each file and thevalice for future extension.

An example of ha this concept works is gen in FHgures 1 and 2Figure 1 indicates
that the same earth modaéfcan be used to generate synthetic seismograms by general-
ized ray model summation or avenumber intgration. Figure? indicates that certainl-f
tering operations hva keen designed to operate fole96(V) files.
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Generalized Ray

gprep96 genray96 gpulse96
Wavenumber Integration
hspec96
hprep96 tspecot hpulse96

p-1

model96 hprep96p T;g:gsgg hpulse96 file96

Asymptotic Ray Theory Ray

cprep96 cseis96 cpulse96

Modal Summation

. slegn96
I
sprep96 —» sdisp96 sregn96 - spulse96

. tlegn96
tprep96 tdisp96 tpulse96
Prepst =py HAISPIS ¥ 4 egnoe [ PY

Fig. 1. Processing fl@ for synthetic seismogram programs.

fbutt96

fmech96

finteg96

fderivo6

ffi [t96

LY 4 4y

fsel96

Fig. 2. Filtering operations.

2. Earth Model

A model96model file consists of elen ASCII header lines follwed by the detailed
model. An example is the besawto present this concept. The model shownvbeddor
a flat, isotropic, flat-layered, constant velocity earth.
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MODEL.O01
TEST MODEL
ISOTROPIC
KGS
FLAT EARTH
1-D
CONSTANT VELOCITY
LINEOS8
LINEO9
LINE1O
LINE1l1l
H VP VS RHO
40. 3.5
00. 4.7

P S ETAP ETAS FREFP FREFS

0.0 1.0 1.0

Q Q
6.0 2.8 0.0 0.0 0.0
8.0 3.3 0.00.00.0 0.0 1.0 1.0

The context of the lines in this example are as follow:

Line 01: Théfirst line requires the use of theyvord MODEL which identifies this ASCII
file as an earth model file. Thisyvord is absolutely necessaryn this
example the kyword isMODEL. 01 indicates that the format is Version 01.

Line 02: Thesecond line is a descriptie comment for the model. Its only limitation is
that it can be no more than 80 characters long.

Line 03: Thethird line describes the isotrgmf the medium. The allowedekwords are
ISOTROPIC, TRANSVERSE ISOTROPIC andANISOTROPIC. All pro-
grams inComputer Programs in Seismology will work with the ISOTROPIC
designation.

Line 04: Thefourth line indicates the model unit®Gs indicates that the distances, layer
thicknesses are ikilometers, velocities are irkilometers/second, the density
is in gm/cm?®, and that time is irseconds. The units are necessary for idéig
synthetic seismogram amplitudes.

Line 05: Théfifth line uses thedy WordSFLAT EARTH Or SPHERICAL EARTH.
Line 06: Thesixth line describes the nature of model boundaries, =@, 2-D, or 3-D,

Line 07: Theseventh line describes the nature of layer velocities, eCpPNSTANT
VELOCITY Of VARIABLE VELOCITY.

Lines 08-11: Thesighth througheleventh lines are positions left for future extension in
the file format.

Remaining Lines: The remaining lines are specific to a particular model format.

For an isotropic, one-dimensional medium with constaelouity, the earth model
consists of a sequence of flat layers in #IeAT EARTH or spherical shells in the
SPHERICAL EARTH. The first line of this model definition is an ASCII string
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indicating column headings. This is permitted for readabihty the order of the actual
numerical entires ig¥ed. Theremaining lines specifically define the model. The model
is described in free format by 10 columns:

H Ve Vs p Q Qs np ns fp fs

where H is the layer thickness, with the bottom layer thickness being 0 or more kilome-
ters. If H is ngdive & the top of the layer stack, then this will define a referencs &

the surface (this willdcilitate studying earth - atmosphere interactiovip. and Vs are

the compressional and sheaawsvelocities in each layeend p is the layer densityThe
anelastic attenuation model is described in terms of three paramegers, nd f,
where v is either P or S. Forawaype V the specific qualitydctor as a function of fre-
quengy f is gven by Q,(f) =Q,(f/f,)".

In the computer programs, QL is reve permitted, which is not an unreasonable
assumption. Thus the earth model may ergin terms of Q or Q', since the programs
will automatically associate a valuel<as keing Q! and a value 2 as keing Q. This
will make data input easier.

Finally, the documentation of a spaciprogram will indicate the suite of models that
can be considered.

To assist in creating the file correcti@hapter 8 discusses the prograkinod96.

3. Time histories

Time histories are stored in th&ee96 format. Earlier versions of the package had tw
time history formats: one for Gresnfunctions of synthetic seismograms, and other for
three-component time histories. Because of this, it was necessaryetalipdicates of
algorithms, e.g., inggration, filtering or differentiation, to act on theawme history for
mats. Thided to a set of programs differing only in input/output formats.

Other seismological formats exist. The GAormat file consists of a single trace,
which can be incarenient and indfcient for storing Greer’functions, or typical three-
component seismic time histories. Both GAeaders and the CSS data basevige
information about manaspects of the time histqrywhereas the earlier versions of this
package did not.

The approach taken here is to implement general purpose programs that work on
time histories, irrespee® d the specific time history format. Thus one will be abldlto f
ter or display Greenr’functions or specify a source mechanism tovexdrthe Greers
functions to a three-component time history and tiiear br display the traces, using the
same programs.

The cost for generality is a slightly more complicated file forrfniQ6.
Consider the following example:

The format consists of wvsections: a station header and specific traces, each of
which has an individual trace header as well as the trace itself. The meaning of the lines
in this example are as follow:

Version 3.30 14 9 duly 2021
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FILE21.02
SYNTHETIC
TIME_DOMAIN
COUNTS
None
0O 0 0o O O 0.0000 0.000000 0.000000 10.000000
GRN16
0.000000 0.000000 0.000
10.0000 0.0899 0.0000 180.0000
None
model.d
Pa
2.357022524 4.040610313 4.040610313
0.1008E+03 0.1008E+03 0.3220E+02 0.3430E+02 0.3430E+02 0.2800E+01
LINE15
LINE1l6
1 4 1 4 5 1 4 5 1 4 1 4 1 4 5 0 0 0 0 0 O
ZEX
-90.000 0.000 0.125 2
0O 0 0o O O 0.6667
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00
REX
0.000 0.000 0.125 2
0O 0 0o O O 0.6667
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00
ZVF
-90.000 0.000 0.125 2
0O 0 0o O O 0.6667
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00
RVF
0.000 0.000 0.125 2
0O 0 0o O O 0.6667
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00
ZHF
-90.000 0.000 0.125 2
0O 0 0o O O 0.6667
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00
RHF
0.000 0.000 0.125 2
0O 0 0o O O 0.6667
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00
THF
0.000 90.000 0.125 2
0O 0 0o O O 0.6667
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00

Sation Header

Line 01: Thefirst line requires the use of one of the followingykords: FILE01.02,

Version 3.30

FILE03.02, or FILE16.02, which uniquely defines thalé as being a
general time series format. Theylwords indicate that the ASCIilé is a sin-
gle component, three component or sixteen component time history
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respectrely. In the case of multiple components, not all need be present, as
in the case of only tranexse component Grearfunctions. The. 01 exten-

sion indicates the version number of the current formaniteh, with the
current version being 01. One of thesswords is required.

Line 02: Thesecond line requires the use of one of theotkeywords: OBSERVED Or
SYNTHETIC. This is used to identify the origin of the trace, and also to
resole issues concerning the time of the first sample. One of these
keywords is required.

Line 03: Thethird line requires the use of one of theotkeywords: TIME_DOMAIN Or
FREQUENCY_DOMAIN to indicate whether the series is a time series or a
comple Fourier spectra. At present, only tfEXME_DOMAIN is imple-
mented. Onef these kywords is required.

Line 04: Thefourth line indicates the units of the time seridsor TIME_DOMAIN the
current options areCOUNTS, CM, CM/SEC, CM/SEC/SEC, M, M/SEC,
M/SEC/SEC, MICRON, MICRON/SEC, Of MICRON/SEC/SEC, One of
these keywords is required.

Line 05: Thefifth line is a comment string of no more tham 80 characters in length
describing theiltering operations performed on the data stream. If no pro-
cessing has been done, tles\ord iISNONE.

Line 06: Thesixth line information on thewent origin, if knavn. Theentries in space
separated free format are
YEAR (an integere.g., 1990),
MONTH (an integereg., 12),
DAY (an integere.g., 28),
HOUR (an integere.g., 13),
MINUTE (an integereg., 6),
SECOND (a float, e.g., 23.345),
EVENT_LATITUDE (a float, north = posite),
EVENT_LONGITUDE (a float, east = posite), and
EVENT_DEPTH (a float, positre = cbwn).
For SYNTHETIC, dl entries are zero, eXCERVENT_DEPTH.

Line 07: Theseventh line provides informationon the station name. The line consists of
a character string for the station name:
STATION_NAME (character*8),
For SYNTHETIC, STATION_NAME iS GRN16,

Line 08: Theeighth line provides information the station location. Space separated free
format is used. The order of entries on the line are
STATION_LATITUDE (a float, north = posie),
STATION_LONGITUDE (a float, east = posite),
STATION_ELEVATION (a float in kilometers, posite = p).

Version 3.30 1-6 9 duly 2021
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For SYNTHETIC, STATION_LATITUDE andSTATION_LONGITUDE are
0.0, andSTATION_ELEVATION is recever depth in kilometers (down is
positive).

Line 09: Theninth line provides information about the position of the station with respect
to the source, if knen. Theentries in space separated free format are
DISTANCE_KILOMETERS (distance between source and reeei
DISTANCE_DEGREES (distance in degrees, roughly 111.195°/km)
STATION_EVENT_ AZIMUTH (azimuth in °, North=0, East= 90)
EVENT_STATION_AZIMUTH (back azimuth in °, North=0, East= 90).

All four fields are required.

Line 10: Thetenth line is a comment string up to 80 characters in length describing the
source pulse used in making the synthetic seismograms. If voleton
with a source time function has been performed, dya/érd NONE is used.

Line 11: Thedleventh line is a comment line.df SYNTHETIC time histories this will be
the name of the earth model file.

Line 12: Thetwelvth line indicates the units of the pressure or stress time series. Fhe cur
rent options area, MPa, One of these éywords is required.

Line 13: Thethirteenth line gives the model predicted ray theory first aatitimes of P
SV and SH for the model. If these are notirted, each is set td2345.0,
which is SAC syntax for an undefined numbdthe purpose of this field is to
be able to define the first ard times in the S& file for use in source
parameter iversion.

Line 14: Thefourteenth line gives the model predicted medium paramet&rE<, F, L, N
and p at the source depth. These are the hedium parameters for a trans-
versely isotropic medium with vertical axis of symmetry and the denBay
an isotropic mediumA=C=A+2u, F=A, and L =N = x. The units chosed
here assume that the correspondiryevelocty is inknm/sec and the density
is gmver®. If the the data file corresponds to obsenand not synthetic time
series, or if these are not defined, then all six parameters are set to 0.0!

Lines 15-16: Thdifteenth throughsixteenth lines are positions left for futurexgansion
of the file format.

Line 17: Theseventeenth line consists the of th&SRC array of 21 integers. The purpose
of this array is twofold.

First, if thei’'th trace does not exist, or is not generated, H&RC(i) = 0.
This makes this ASCII file smaller in size since only non-zero trares
stored.

The second purpose is to identify the trace type, e.g., 1 erdoal), 2 = N

Version 3.30 1-7 9 duly 2021
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(north), 3 = E (east), 4 = R (radial), 5 = T (transverse), and 6 = O (other).
This second purpose is only introduced to enlter manipulation of traces
easier The ultimate defition of trace orientation is in the individual trace
header.

Trace Header and Trace

There are a maximum of 1, 3 or 16 traces associated witf1he01, FILEO3 or
FILE16 keywords, respectely. The presence of a trace is indicated byJ8RC(i) # 0
flag in the Station HeadeEach trace description consists of a three line headewdio
by the traces.

Line 01: Thefirst line contains a character string for the component name:
COMPONENT_NAME (character*8),

Line 02: Thesecond line gives cmponent orientation and sampling information:
COMPONENT__INCIDENCE (float that describes the angle of pagtimotion
with respect to the vertical. Aalue of -90 indicates up, O indicates horizon-
tal, and 90 indicates down)

COMPONENT_AZIMUTH (float that describes horizontal orientation of posi-
tive notion, e.g., 0 is north, 90 is east)

COMPONENT_SAMPLE_INTERVAL (float describing sampling interval in
seconds),

COMPONENT_NUMBER_OF_SAMPLES (integer)

Line 03: Thethird line uses space separated free format to define the time afdhe f
sample:
YEAR (an integere.g., 1990),
MONTH (an integere.g., 12),
DAY (an integere.g., 28),
HOUR (an integere.g., 13),
MINUTE (an integereg., 6),
SECOND (a float, e.g., 23.345),

Remaining Lines: The remaining lines consist of the trace written in thd RAOR for-
mat (€16.8,1x,e16.8,1x,e16.8,1x,e16.8). There are four entries per line. If
number of points is not a multiple of 4, then the line is zidexlf (Beware
of differences in the E notation in FORTRAN and C for different compilers.

In FORTRAN on usually will see and entry like +1.000E+21 and in C an
entry like +1.000E+021. This make cause difficulty if the user attempts to
duplicate this format in C.)

4. DistanceFile

Version 3.30 1-8 9 duly 2021
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This file defnes characteristics of the time series to be created. It consigte of f
ASCII entries per line in free format. These entries are

DIST DT NPTS TO VRED

whereDIST is the desired epicentral (horizontal distance) from the source to theerecei
DT is the sampling interval in second®Ts is the number of samples which must be a
power of 2 (note the programs will automatically check this), and the time ofrshe f
sample is

TO + DIST/VRED seconds. IVRED = 0, then the time of the first sample T®.
For use by 2-D ray tracing progransIST can be ngative.

This issue of distance may be revisited later when 2-D models are fully incorporated,
since one may wish to specify the horizontal position of the source as well as the receiver.

Some programs, e.chprep96(VI) andhprep96p(VI), will read the distanceilé in
its entirety and attempt to determine a commanusually the smallest, arNPTS, usu-
ally the largest. The time series output valueBDBNdNPTS may thus differ from that
requested. This because of the need to sample exactly the same frequencies for all dis-
tances. If this result is not desired, the user shoxéduée the programs separately for
each distance.

A sample distance file is

10.0 0.125 256 -1.0 6.0
20.0 0.125 256 -1.0 6.0
30.0 0.125 256 -1.0 6.0
40.0 0.125 256 -1.0 6.0
50.0 0.125 256 -1.0 6.0
60.0 0.125 256 -1.0 6.0
70.0 0.125 256 -1.0 6.0
80.0 0.125 256 -1.0 6.0
90.0 0.125 256 -1.0 6.0
100.0 0.125 256 -1.0 6.0
5. DepthFile

This file defines the source or reesidepths in the case that synthetics for more than
a sngle depth are to be generatdd. the program$prep96(VI) for wavenumber inte-
gration, andhprep96p(VI) for p-r response, multiple depths for source or ne=eis
indicated by the command line flagsFHS source_depth_file Or -FHR
receiver_depth_f£file, respectrely.

The contents of the depth file consist of a single ASCII entry per line in free format
giving the depth:

depth
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A sample depthile is

=
o
O Ul O uUlo ULt oL O

6. SURF96

The surf96 format is used forxperimental dispersion data and is generated by the
programsdpegn96and used bgdpegn96andsdpdsp96 The format is very simple:

SURF96 WAVE TYPE FLAG MODE PERIOD VALUE DVALUE

SURF96 WAVE TYPE FLAG MODE PERIOD VALUE DVALUE

where

SURF'96
WAVE
TYPE

FLAG

MODE
PERIOD
VALUE
DVALUE

a left-justified keyword,

single character i L for Rayleigh or Lee

single charactec, U, or G for the observed phaselocity, group \elocity

or gamma

single charactex for observed orr for theoretical value. This distinction

is used in plotted theoretical dispersion curves and observed data

mode of observatiora is fundamental modeq, is 1st

period of observation in units eéconds

observed dispersion in units fkmvsec for ¢ or u or kni'! for G type

error in observed value. Note for synthetics, this is set to a small value of
0.001 for velocity and0.0000001 for gamma. For observed data, theak v

ues should be be standard error of the mean and not the standard error of
the observation.

A sampleSURF96dispersion ife is

SURF 96
SURF 96
SURF 96
SURF 96
SURF 96
SURF 96

[ o A A

CX 0 5.0000 3.2044 0.10000E-02
UrT 0 5.0000 3.0707 0.10000E-02
GT 0 5.0000 0.31785E-03 0.10000E-06
crT 0 8.0000 3.6255 0.10000E-02
UrT 0 8.0000 3.4402 0.10000E-02
GT 0 8.0000 0.16573E-03 0.10000E-06

As with all formats, rcept theDepth File format, the keywords are a required part of the

Version 3.30

1-10 9 duly 2021



Data Formats

file definition. In addition tha,, R, ¢, U and G codes are used for benefit of people
and not computers.

7. SAC

SAC is a sandard trace analysis package for manipulating time se@esyuter
Programs in Seismology.

Several corversion programs, described in detail in Chapter 6, were writterotk w
with SAC files:

sactoasc - convert SAC binary to SAC ascii format

asctosac - convert SAC ascii to SAC binary format
This is useful in transferring SAfiles between machines of different binary archi-
tecture.

shwsac - reads a S8 hinary file, shows all header variables, and lists ten represantati
values of the times series.

f£96tosac - convert file96(V) to SAC hbinary format

sacto£96 - convert SAC binary tofile96(V) format

saclhdr - list the SAC header value for use in SHELL scripts.

sacdecon - a water level decorvolution program using S@& files.

saciterd - iteratve ime domain decorolution program using S@& files.

sacevalr - instrument response deeotution using amplitude and phase response
files generated by the IRIS prograwalresp.

sacfilt - apply or remae a flter response defined by a SAwle-zero file

saccvt - convert SAC file from big-endian (SPARC) to little-endian (INTEL) and vice
versa.
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CHAPTER 2
GENERALIZED RAY REVISED

1. Introduction

In this chapter | describe the use of generalized rays for
the generation of synthetic seismograms. This type of seis-
mogram synthesis isewy eficient if only a fev rays
between the source and reeeiare required in simple lay-
ered media. The ditulties in using more rays for a

detailed structure are tfold. First,the ray description is gprep96
tedious, since the program requires each ray segment to_be
defined in terms of ray typeThe second problem is that +

computations with mgnrays may ta& much longer than

. : ) . genray96
using modal summation orawenumber integration tech-
niques. +
gpulse96

To address theiffst problem, the progrargprep96 is
used to automatically generate the ray description file. This
output is then used by the progragjanray96to compute
the medium response. The outputgenray96is in the @
file96 Greens function format, but comlution with the

second devitive d the source time function is done by the
programgpulse96

2. gprep96

The generalized ray technique requires the complete specification of a ray path
between the source and reei This means that one must kmavhether the ray leas
the source in an upward orwlioward section, the layer in which each segment of the ray
lies, and the avdype itself for each segment, e.g.,.I¥ or H. Such descriptions are
not difficult for a simple model with ¥ conversions upon reflection and transmission
between P and S\Wbut become laborious for more complicated models. In addition,
changing the layer in which either the source or vecéie requires a completely é&ir-
ent ray specification.

The programgprep96 automatically provides the ray specdtions for all rays
between the source and reeeiin a manner that makes it trivial to change source or
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recever depths. The secret of the ray generation is to change the pointwofreia that

of rays in layers to one of rays interacting at layer boundaries, with the source and
recever occupying pseudo-boundaries. With this ention, a ray may lee the source
going upward (0) or denward (1). The ray may next interact with the adjacent boundary
going either up (0) or den (1). This quickly suggests the use of a binary number system
to represent a ray path. If the ray has swgments or legs after leaving the source, then
there are four possible rays. Figure 1 illustrates this.

00

01

10

11

Fig. 1. Simple ray descriptions.

In this picture 4 rays can be represented by #&gments. Since a 4 byte integer is
used to represent the unique raysgimep96, there can be there can be u@tbpossible
rays, e.g., 2 with one segment, 4 wittotsegments, ...23! with 31 sgments. Thenini-
mum number of segments is the direct ray path between the source and tlee iéeei
ray path extends abe the top or belw the bottom of the model, the particular path is
ignored.

Once a ray path is determined, each rayrsnt can systematically &lon 2 \alues,
e.g., P or SMeading to yet another set of combinations. The maximum number of P-SV
segments, permitting caersion upon reflection and refractions, &,4vhich is signif-
cantly more than one woulde desire to run.

The lage number of possible total rays, as well as the use of a 32 pejnteans
that one may ner wish to consider a model with makayers. Br example, it would be
impossible to use this program with itiyf layer model, with the source and reagiat
opposite ends of the model, since 5@msents would be required just for the direct ray
and only 31 segments are permitted using the 4 byte representation of integers.

Figure 2 shows the processingwidor this program. The program requires one earth
model file in themodel96format and tw optional control files. The output consists of
the ile GPREP96.PLT, a CALPLOT(I) graphics file, theile genray96.ray, the ray con-
trol file for genray96(V), and screen output designateddigout.

Program control is through the command line:

gprep96 [flags], where the command flags are
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-M model - model is a file in themodel96format. Thisis required.

-DOP

-DOSV

-DOSH

-DOALL
One or more of these must be spedif These tell the program to computeS,
SH and all ray segments. If for example, no SH is desueddth P and SV are
desired, then useDoP -DOSV. If only —-DOP is specified, then there will be no P
-> SV or SV -> P coversions.

-DOREFL
Permit P-SV cowversions only upon reflection, otherwise reflections will only be P
- P S - SW

—~DOTRAN
Permit P-SV cowersions only upon transmission, otherwise transmissions will
only be P~ P SV - SV.

—~DOCONV
Permit P-SV coversions on both reflection and transmission

The default is that no cearsions are computed.

—-DENY deny_file
A simple listing of interfaces at which only transmission withoatdype cower-
sion is permitted. Reflections are denied at this boundaseyfile consists of a sin-
gle entry per line, giving the specific boundary number of the earth model. This
may be useful to approximate a gradient when there are no turning rays.

-R reverberation_file
A simple listing of layers and the maximum number of ragnsents in a layer
This is useful to focus on theveeberations within spedd layers. The default is to
permit as mayas ssible.

-N maximum_number_of_segments
The maximum number of ray segments permitted in the ray description. Since arti-
ficial boundaries are inserted at the source andveeasgpths, this number must be
large enough to permit one direct ray between the source angerecei

—HS source_depth
The depth of the source in the model

—HR receiver_depth
The depth of the recasr in the model

p—

-h
Online help

3. genray96

genray96 creates the synthetic seismogram by applying the Cagniard-de Hoop tech-
nique to each ray descriptionThis technique is well described in seismological
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‘ ‘
| |
v

v

gprep96

‘ é genray96.ra

Fig. 2. Processing flw for gprep96

literature. Thigprogram is a modification of a program originallwdeped by DrC. A.
Langston, The Pennsylvania State \érsity, in the late 1970’s.

Figure 3 shows the processingwidor this program. The program requires one earth
model file in themodel96format which is referenced through thie fenray96.ray gen-
erated bygprep96(V). The other required inputlé is adistance file described in Chap-
ter 1. The output consists of théef genray96.grn in thefile96(V) format, a tabulation of
travel time for each ray description in thiéefgenray96.tim and screen output designated
by stdout.

Program control is through the command line:

genray96 [flags], where the command flags are

-ALL
Compute all Greer’functions(default true).

—-EQEX
Compute only Grees'functions for moment tensor sourcédefault false)

—-EXF
Computer Green’functions for explosion and point forces. This addresspl®-e
ration sources(default false)

-d dfile
The required distance file. The file contains the following ASCII entries per line:
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DIST DTNPTS TO VRED

whereDIST is the epicentral distance in kilometenq, is the sampling interval for
the time serieyPTS is the number of points in the time series ( a power oftB).
and VRED are used to defe the time of the first sample point whichte +
DIST/VRED if VRED # 0 OrTO if VRED = 0.

Thisfileisrequired
-n nasym
Number of asymptotic terms to use from the expansion of the modified Bessel
function K_(spr). If nasym = 1, near-feld contributions are not includedlhe
effect of this term can be seen in Helmberger and Harkrider (1908jault
nasym= 1)
-SuU
Only produce Grees’functions for rays that lea the source upward.
-SD
Only produce Greeg’functions for rays that lga the source downward.
—SPUP
Only produce Grees’functions for P rays that leathe source upward.
—-SSUP
Only produce Grees’functions for S rays that lea the source upward.
—SPDN
Only produce Grees’functions for P rays that leathe source downward.
—SSDN
Only produce Greer'functions for S rays that leathe source downward.
(If none of these flags are given, the synthetic will consist of all rays from the
source)
-TIME
Do not produce the Greenfunctions. Just create thiéiefgenray96.tim which con-
tains trael time information.
-va -vb -vec -vd -ve -vf -vg -vh
Various flags to output intermediate results. Used as aigighg tool. Only
attempt to use this with theory and source code at hand.
-2
-h
Program does nothing, other than to list the command line flags.

4. gpulse96

Figure 4 shows the processingwldor this program.The program requires thgen-
ray96.grn file created bygenray96(V) and optionally the source pulse itéfon file
rfile. The program output is asidout and is a time series iine96(V) format. See Ap-
pendix B concerning the Gresrfunctions.
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model96 ? genray96.ra

genray96

‘ genray96.tim genray96.gr

Fig. 3. Processing fl@ for genray96

Program control is through the command line:

gpulse96 [flags|, where the command flags are

-V
Verbose output

-t
Triangular pulse of base 2At, whichAt is the sample inteald. To avoid problems
with sharp truncation in the frequgndomain spectra by sampling,veeset L < 2.
The special case of L = 2 for the triangular pulse isvagrit to the parabolic
pulse with L = 1.

P
Paabolic Pulse of basd L At

-0
Ohnaka pulse with parameter alpha

-i
Dirac Delta function

-1 L
Source duration factor for the parabolic and triangular pulses.

—a alpha
Shape parameter for Ohnaka pulse

-D
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Output is ground displacement
-v
Output is ground velocity (default)
-A
Output is ground acceleration
-F rfile
User supplied pulse
-m mult
Multiplier (default 1.0)
-0D
Output is forced to be named displacement
-ov
Output is forced to be named velocity
—-OA
Output is forced to be named acceleration
-Z zero phase triangular/parabolic pulse, else causal

Online help concerning program usage
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genray96.grn

gpulse96

stdout
file96

Fig. 4. Processing flo for gpulse96

5. SampleRun

Given the sample model and distance files of Chapter 1, the following commands are
run:

rbh> gprep96 -DOALL -HR 0 -HS 10 -M model.d -N 10 -DOCONV
rbh> genray96 -d dfile > genray96.out

rbh> gpulse96 -V -p -1 4 | fprof96

The graphics output a@fprep96is given in Hgure 5.
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TEST MODEL DEPTH SRC=10.000 REC=0.000

H VP VS

40.000 6.000 3.500

(0.000)
(10.000)
— — — — ARTIFICIAL BOUNDARY FOR SOURCE-RECEIVER model.d
—————————— LAYER BOUNDARY
- - LAYER BOUNDARY (NO CONVERSIONS)
0.000 8.000 4.700

RHO

2.800

3.300

Fig. 5. The GPREP96.Flgenerated.

The synthetic trangrse time histories for a vertical strike-slip source arengn Fgure

6.
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1.205E-04 10.0000
10.0000 0.0000

8.359E-05 10.0000
20.0000 0.0000

5.802E-05 10.0000
30.0000 0.0000

7.74A7E-05 10.0000
40.0000 0.0000

6.309E-05 10.0000
50.0000 0.0000

2.823E-05 10.0000

60.0000 0.0000
2.676E-05 10.0000
70.0000 0.0000
2.759E-05 10.0000

80.0000 0.0000

2.720E-05 10.0000
90.0000 0.0000

1.956E-05 10.0000
100.0000 0.0000

18 24 30 36 42
L e e e e T AL e e e e e o R B s e e e e e AL
SRC = TSS DT = 0.125000

model.d

Fig. 6. The TSS time histories file generatedpfo6.
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CHAPTER 3
WAVENUMBER INTEGRATION REVISED

1. Introduction

model96

This chapter describes the use @vwaumber intgra-
tion for the generation of synthetic seismograms. This type

of seismogram synthesis is completat ban be computa- hprep96
tionally intensve. There are three stages between the speci-
fication of the modelile and the final synthetic seismo- +
grams.
hspec96

The programhprep96 creates a datald hspec96.dat +
for use byhspec96to create the Green’functions in the
w-distance space. The output of this program is a binary hpulse96
file, hspec96.grn, which is used byhpulse96to corvolve

the response with the source time function to creé&86

Greens function time histories. @

2. hprep96

The purpose of this program is to generate a data file for use byattmeumber inte-
gration programs. These programs are more general than the generalized ray programs in
that one may consider more than a single distance, source depth werr@egih. This
permits creating record sections for vertical seismic profiling as well as ordinary refrac-
tion lines. Havever there is the requirement to compute synthetics using the same number
of points, N, and the sample time domain sampling intétal

To generate synthetics as free as possible from numerical artifacts, due to the time and
space domain periodicity caused by sampling in the frequem@avenumber domain,
certain parameters must be carefullyimied. These are and L.a is used to alleviate the
time domain periodicityand should be such thatNAt=2. 5, which usually works well
unless the layer multiples do not decay rapidlyis default choice ensures that \zais
that wrap around to interfere with the desired signal are reducedduyoa 6f &°. The
wavenumber sampling iAk =27/ L, where the L parameter is defined using the criteria
developed by Bouchon.

This program will read a model, the distanie, fand get source and reesi depth
information from the command line, and will generate the data file required by the
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wavenumber integration programs.

Unless @erridden by specific command linegarments, the program will attempt to
define suitable values of and L.

Figure 1 shows the processingwidor this program.The program requires one earth
model file in themodel96 format and tw optional control files. The output consists of
the file hspec96.dat.

hprep96 [flags], where the command flags are
-M model (default none, this is required ) Name of earth model file.
-d dfile (default none, this is required ) Name of distance file
The required distance file. The file contains the following ASCII entries per line:

DIST DTNPTS TO VRED

whereDIST is the epicentral distance in kilometeng, is the sampling interval for
the time serieyPTS is the number of points in the time series ( weoof 2). TO
and VRED are used to define the time of the first sample point whichois+
DIST/VRED if VRED # 0 OrTO if VRED = 0.

-FHS srcdep (overrides -HS ) Name of source depfite

-FHR recdep (overrides -HR ) Name of recesr depth fle

—-HS hs (default 0.0) Source depth

-HR hr (default 0.0 ) Receger depth

—-TF (default true ) top surface is free

—TR (default Blse) topsurface is rigid

—-TH (default Blse) topsurface is halfspace

—-BF (default Blse) bottonsurface is free

-BR (default flse) bottonsurface is rigid

—-BH (default true ) bottom surface is halfspace

—-ALL (default true ) Compute all Grearfunctions

—-EQEX (default Blse) Computearthquake/explosion Gresrfunctions

—-EQF (default llse) Computexplosion/point force Grees'functions

—-CMAX cmax -Cl cl -C2 c2 -CMIN cmin (default none) phase velocity-f
ter band

-XL xleng (default automatic determinatiod\k = 6. 2831853 /xleng

-XF xfac (default 4.0) Upper bound in wvno imgeation parameter at avgn a
given frequenyg isk = xfac 277€ / v;,.

-NDEC ndec (default 1) decimate the time series

-ALP alp (default 2.5) time domain dampingdtor The end of the trace is reduced
by a factor ofe™® to reduce the effects of Discrete Fourieaiisform periodicity
and to remwe poles from the real avenumber axis.

-2z The first time point will be tO+abs(source depth - regailepth)/vred

-R the first time point will be t0O+sqrt(z*z + r*r)/vred

-V (default false) Force verbose output
Y d

-h (default none ) provides assistance on command usage
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model96

hprep96

hspec96.dat

Fig. 1. Processing fle for hprep96

Of the command line parameters, MBEC -ndec flag is very useful in ensuring
that thehspec96.dat file is correct for a gen problem. The computational effort is
o (£%), which means that if the number of frequencies is doubled, e.g., by doubling
NPTS, the computation time increases at least by a factor of 4. The only way to determine
if the xleng parameteL, is too small is to create a record section. Numerical noise with
negative noveout will appear in this case. The noise will also be apparenivdtémuen-
cies. When starting evk with a nev model, it is prudent to maka smple record section,
but to save computer time, decrease the number of points in the time seriagdy
keepingNAt fixed. One would imoke the processing sequence with a suitably laejeey
of ndec, examine the results, and then repeat the computationsndgle = 1 for the
final run.

3. hspec96

Figure 3 shows the processingwldor this program. The program requires the
hspec96.dat file created byhprep96(VI). The program output is ogdout and on a
binary file hspec96.grn.

Program control is through the command line:
hspec96 [flags|, where the command flags are

-H (default false) UseHankel function not Bessel. This will be useful at large dis-
tances and high frequencies, especially when phase velocity windowing is
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performed.

-A arg (default arg=3.0) value dtr whereH,, (kr) replacesJ, (kr) in integration
- only used when -H is used

-K (default Futterman) use Kjartansson Causal Q

The following gwern wavdield at source. The default is the entiravdield

-su (default whole vavdield) Compute only upgoingavdield from the source
-sD (default whole vavdield) Compute only downgoingawdield from the source
—SPUP Include upward P at source

-SsuUP Include upward S at source

—SPDN Include downward P at source

—SSDN Include downward S at source

The following gwern the vavdield at the receer. The deéult is the entire avdield.
The usefulness and effect of these for a surfaceveecginot clear.

-RD Include only downgoing awves at lecever
—-RU Include only upgoing aves at ecever
—RPUP Include upward P at recer

—RSUP Include upward S at recer

—RPDN Include downward P at recer
—RSDN Include downward S at recer

—}

—h Online help concerning program usage

4. hpulse96

This was updated June, 2021. The command line options are morécsgiawift the
resulting file and the output units.

Figure 3 shows the processingwidor this program. The program requires the
hspec96.grn file created byhspec96(V)and optionally the source pulse definitiake f
rfile. The program output is astdout and is a time series fle96(V) format.

Program control is through the command lifflhe online help concerning program
usage is

USAGE:hpulse96 [ -t o -p =i ] -a alpha -1 L [ -D -V -A]
[-F rfile ] [ —-m mult] [—STEPl—IMP] [-2] [-?] [-h]

Output time series in ASCII file96 format

TIME FUNCTION SPECIFICATION

-t Triangular pulse of base 2 L dt

-p Paabolic Pulse of basd L dt

-1 L (default 1 )duration control parameter
-o Ohnaka pulse with parameter alpha

-i Dirac Delta function
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model96 hspec96.dat

hspec96

hspec96.grn

Ol
S lmt)

Fig. 2. Processing fle for hspec96

—-a alpha Shape parameter for Ohnaka pulse

-F rfile User supplied pulse

-m mult  Multiplier (default 1.0)

-Z (default false) zero phase triangular/parabolic pulse
By default the source time function is

—STEP (default) steplik integral of aboce pulses

-IMP impulse like pulse with unit area
steplike. -IMP forces impulse like. -D -IMP is Green s function
These do not define the shape but rather the
shape of the source pulse. For earthquake
studies use the default steplike

OUTPUT and UNITS

-D Output is ground displacment
-V Output is ground velocity (default)
-A Output is ground acceleration

If the model is km, km/s, gm/cm”3 then the output is
Option units
-A  cm/s/s for a moment of 1.0e+20 dyne-cm
or a force of 1.0e+15 dyne
-v  cm/s fora moment of 1.0e+20 dyne-cm
or a force of 1.0e+15 dyne
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-D cm foramoment of 1.0e+20 dyne-cm
or a force of 1.0e+15 dyne
In a fluid the stress is inagHor a
moment of 1.0e+16 dyne-cm or force 1.0e+14 dyne
If the model is MKS, e.g, m, m/s, kg/m"3, then
ZRT Greens functions are for moment 1.0 N-m, force
1.0 N with units m, m/s, m/s/s. The P stress are in Pa

-2 Write this help message
-h Write this help message

hspec96.grn

hpulse96

stdout
file96

Fig. 3. Processing fl@ for hpulse96

5. SampleRun

Given the sample model and distance files of Chapter 1, themMioipcommands are
run:

Version 3.30 3-6 9 duly 2021



Wavenumber Integration Revised

rbh> hprep96

rbh> hspec96

rbh> hpulse96 -V -p -1 4

-M model.d -d dfile -HS 10
> hspec96.out

| £fprofge

-HR O

—ALL

The synthetic transverse time histories for a vertical strike-slip sourcevanargiHgure

4.
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10.0000
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5.001E-05
50.0000

4.184E-05
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30 40
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)

60.0000

3.506E-05
70.0000

3.085E-05
80.0000

2.812E-05
90.0000

2.433E-05
100.0000

T

10.0000
0.0000

10.0000
0.0000

10.0000
0.0000

10.0000
0.0000

10.0000
0.0000

10.0000
0.0000

10.0000
0.0000

10.0000
0.0000

10.0000
0.0000

10.0000
0.0000

SRC = TSS

model.d

DT = 0.125000

Fig. 4. TSS Greenr’function for the layered model.

6. hwhole96

This program computes synthetics for a wholespace using the properties ioftthe f
layer of the model. This program hasotunportant uses. First, a wholespace solution is
fundamental in the delopment of seismic awvetheory Second, this analytical solution
permits a direct test of theawenumber integration used lgpec96 Since an analytical
solution is used, avenumber integration is not performed. The excitation of this program
is very rapid. Figure 5 shows the processingwfltor this program. The program
requires thehspec96.dat file created byhprep96(VI). The program output is ostdout
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and on a binary filaspec96.grn
Program control is through the command line:

hwhole96 [flags|, where the command flags are
—K (default Futterman) use Kjartansson Causal Q
-2
-h
Online help concerning program usage

model96 hspec96.dat

hwhole96

hspec96.grn

Ol
S lmt)

Fig. 5. Processing flo for hwhole96

rbh> hprep96 -M model.d -d dfile -HS 10 -HR 0 -ALL
rbh> hwhole96 > hspec96.out

rbh> hpulse96 -V -p -1 4 | fprof96

The synthetic transverse time histories for a vertical strike-slip sourcevanargiHgure
6.
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6.489E-05 10.0000
10.0000 0.0000

5.125E-05 10.0000
20.0000 0.0000

3.818E-05 10.0000
30.0000 0.0000

3.072E-05 10.0000
40.0000 0.0000

2.494E-05 10.0000
50.0000 0.0000

2.089E-05 10.0000
60.0000 0.0000

1.752E-05 10.0000
70.0000 0.0000

1.539E-05 10.0000

w 80.0000  0.0000
1.403E-05 10.0000
%

90.0000 0.0000

1.214E-05 10.0000
100.0000 0.0000

20
T

SRC = TSS DT = 0.125000

model.d

40

Fig. 6. Whole space response for TSS Gietumiction.

7. hspec96p

This program computes therpresponse for a layered media. Thavenumber inte-
gration method for computing synthetic seismograms consistgafaéing the double
integral

g(r,t)= Jo'og(r,f)ejz"ﬂdf
where i

g(r,f) :‘i'og(k,f)Jn(kr)kdk
Since this equation is a Hankel transform, we alse ha

a(k,f) :i'og(r,f)Jn(kr)rdr

In exploration seismology it caenient to think in terms of ray parameter p which is
related to k andv =27f by k =pw. By substitution, we can define g(p) as
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00

g(p,7)=g(p, t—pr) = I g(k = 27fp, f)&27(t-P0) g

= I g(k = 2nfp, f)e?™ 7 df

This last expression shows that the presponse is actually thevarse Fourier trans-
form of g(k f) with the constraint k p27f.

The p—r seismogram has &&al interesting properties. Reflectioggerbolas in the
r —t domain, appear as ellipses in the pdomain. A refracted awa with ray parame-
ter, prer, iS mapped into a point with ray parametes;,pn the p— r domain. Morampor-
tantly, the effect of the Hankel transform is that geometrical spreading isvedmbhe
p—r7 time history gves crrect relatte anplitudes due to plane ave reflection and
refraction in the model.

Figure 7 shows the processingwldor this program. The program requires the
hspec96p.dat file created byhprep96p(VI). The program output is ostdout and on a
binary file hspec96.grn

Program control for the prograhprep96p is through command line flags. The pro-
gram is similar in concept to that bprep96, except for two important points. First the
output is a file by the namespec96p.dat. Since we are interested ingime histories,
distance is immaterial; ray parameter is the important paraniéeerdistance file, indi-
cated by the command line flag dfile is important since this defines the sampling inter
va and the number of points in the time series. The use of the same file rather than
another one, means that one can easily obtain time histories it fgace and the p-
space using the same data files, as indicated by the examples in this diegppeogram
hprep96pis executed as follows:

hprep96p [flags], where the command flags are
-M model (default none) Earth model file
-d dfile (default none) Name of distance file
The required distance file. The file contains the following ASCII entries per line:

DIST DTNPTS TO VRED

whereDIST is the epicentral distance in kilometeng; is the sampling interval for
the time seriedyPTs is the number of points in the time series ( a power of 2).
For this program the entries DIST TO and VRED are NOT used. They are include
in the input for compatibility with the synthetic seismogram programs.

-FHS srcdep (overrides -HS ) Name of source depfite

-FHR recdep (overrides -HR ) Name of recesr depth fle

-HS hs (default 0.0) Source depth

-HR hr (default 0.0) Receér depth

-TF  (default true ) top surface is free

-TR (default flse) topsurface is rigid
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-TH (default Blse) topsurface is halfspace

-BF (default flse) bottonsurface is free

-BR (default flse) bottonsurface is rigid

-BH (default true ) bottom surface is halfspace

-ALL (defaulttrue) Compute all Green s functions

-EQEX (default Blse) Computearthquake/explosion Green s functions

-EQF (default tlse) Computexplosion/point force Green s functions

-PMIN pmin -PMAX pmax -DP dp (default none) ray parameter sample space
in sec/lkm

-TRUE (default false) use modified p-tau response. For a simple direct bady w
arrival, the pulse of theertical and horizontal components are Hilbert transforms
of each otherbecause has a different ordeof the Bessel functions. This program
automatically adjusts the phase of the radial components A% radians, unless
specifcally instructed not to by this command. Application of the correct order of
the Hankel transform to observed three component data would result in the same
phase difference, and this option is provided for a direct comparison.

-NDEC ndec (default 1) decimate the time series

—ALP alp (default 2.5) time domain dampingdtor The end of the trace is reduced
by a factor ofe™*P to reduce the effects of Discrete Fourier Transform periodicity
Note, if hspec96pis used for site spectral response, theraigtha = 0.0. For
time series, use the default.

-? (default none ) this help message

-h (default none ) this help message

Program control fohspec96pis through the command line:

hspec96p [flags], where the command flags are
—K (default Futterman) use Kjartansson Causal Q
The following gwern wavdield at source. The default is the entiravdield
-su (default whole vavdield) Compute only upgoingavdield from the source
-sD (default whole vavdield) Compute only downgoingawdield from the source
—SPUP
Include upward P at source
—-SSUP
Include upward S at source
—SPDN
Include downward P at source
—SSDN
Include downward S at source
The following gwern wavdield at receier. The default is the entireavdield
—-RD Include only downgoing aves at ecever
—-RU Include only upgoing aves at ecever
—RPUP Include upward P at recer
—RSUP Include upward S at recer
—RPDN Include downward P at recer

—RSDN Include downward S at recer
-2
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-h
Online help concerning program usage

model96 hspec96p.da

hspec96p

hspec96.grn

Ol
Oalat)

Fig. 7. Processing flo for hspec96p

rbh> hprep96p -M model.d -d dfile -HS 10 -HR 0 -ALL \
-PMIN 0.01 -PMAX 0.20 -DP 0.01

rbh> hspec96p > hspec96p.out

rbh> hpulse96 -V -p -1 4 | fprof96

The synthetic transverse time histories for a vertical strike-slip sourcevanargiHgure
8. Note hav the reflected amplitudes are enhanced, since geometrical spreading has been
removed.
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model.d

Fig. 8. The prresponse for the TSS Gregrunction. Theannotation at the right indi-
cated the maximum trace amplitude, thetfthat the source depth was 10.0 km, the ray
parameterand the receier depth.

8. rspec96and rspec96pNEW

The programsispec96and hspec96pwere designed for crustal earthqaakudies.
The code was extended to permitrendel with all fluid layers and models with a stack of
fluid layers at the top or the bottom. The implementation does not permit a matel
fluid layers embedded in a solid structure. The reason for the problem is thatgpoopag
matrices were usedone way to address such models viigipec96andhspec96pwould
be to approximate the fluids with a solid having a very &wavevelocity. But todo
this, it is necessary to compare the results to a formulation that permits such a medium.

The rspec96andrspec96pprograms are based on the generalized reflection matrix
technique of Chen (1993) with modification by Pei et al (2008,2009). Extension to fluid
layers was done by Mend Chen (2016).

The programs are run in the same manndrspec96 The comparison forxecuting
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the codes is
hspec96 rspec96
hprep96 -M model -d dfile hprep96 —-M model -d dfile
hspec96 rpsec96
hpulse96 -V -p -1 hpulse96 -V -p -1 1

As with hspec96andhspec96p these codes only work with isotropic models. There
has been no extension to transverse isgtaspaas done withispec96andtspec96p

As an example of running these programs, consider the following shell script:

#!/bin/sh

##4##
# define the two models

#i###

cat > S.mod << EOF
MODEL.01
Fluid layer model
ISOTROPIC
KGS
FLAT EARTH
1-D
CONSTANT VELOCITY
LINEOS
LINEO9
LINE1O0
LINE1l1l
H(KM) VP (KM/S) VS (KM/S) RHO (GM/CC) QP QS ETAP ETAS FREFP FREFS

4.0000 6.0000 3.5000 2.7000 0 00O 11
4.0000 6.0000 0.0000 2.7000 000011
7.0000 6.0000 3.5000 2.7000 0 00O 11
26.0000 6.0000 3.5000 2.7000 0 00011
.0000 8.0000 4.7000 3.3000 000011

EOF

cat > Sa.mod << EOF

MODEL. 01

Approximate fluid layer with low S velocity

ISOTROPIC

KGS

FLAT EARTH

1-D

CONSTANT VELOCITY

LINEOS

LINEO9

LINE1O

LINE1l1l

H(KM) VP (KM/S) VS(KM/S) RHO(GM/CC) QP QS ETAP ETAS FREFP FREFS
4.0000 6.0000 3.5000 2.7000 0 0 001 1
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4.0000
7.0000
26.0000
.0000
EOF

#####
# define
#####
HS=20

#####
# define
#####

cat > FHR << EOF

.6

0 0000 JdNdNNdJdooooo Uttt b BBMWW
B NOOAANBMNOOWOWNBNOOWOONNBNOOWOOND®DNOO®

EOF
P=0.05
DT=0.25

cat > dfile << EOF

6.0000
6.0000
6.0000
8.0000

0.0100
3.5000
3.5000
4.7000

source depth

receiver depths

100.0 ${DT} 512 0 O

EOF

BC="-TF -BH"

L3333

# make Greens functions,

Wavenumber Integration Revised

place them in the subdirectory FINAL.DIR

# rename them with R at end for rspec (fluid layer) and with
# a at end for approximation

L3333
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rm —fr FINAL.DIR
mkdir FINAL.DIR

MODEL=S .mod

Hi#i#

hprep96 -M S$MODEL -d dfile -FHR FHR -HS ${HS} ${BC} —-ALL -NDEC 1

rm —f hspec96.grn

time rspec96 > rspec.out 2>&l1

rm —-f B*.sac

hpulse96 -V -p -1 1 | f96tosac -B

(cd FINAL.DIR

for i in ../B*.sac

do
STEL='‘saclhdr -STEL $i | awk ' {printf "%5.2f",$1}’
KCMPNM=‘saclhdr -KCMPNM $i‘
FNAME=‘echo ${KCMPNM} ${STEL} | awk ' {printf "%s%sR", $1,$2}’
mv $i ${FNAME}

done

)

rm —-f hspec96.grn

rm —-f B*.sac

L3333

MODEL=Sa.mod
hprep96 -M S$MODEL -d dfile -FHR FHR -HS ${HS} ${BC} —-ALL -NDEC 1
rm —-f hspec96.grn
time hspec96 > hspec.out 2>&l1
rm —-f B*.sac
hpulse96 -V -p -1 1 | f96tosac -B
(cd FINAL.DIR
for i in ../B*.sac
do
STEL='‘saclhdr -STEL $i | awk ' {printf "%5.2f€",$1}’
KCMPNM= ‘saclhdr -KCMPNM $i‘
FNAME=‘echo ${KCMPNM} ${STEL} | awk ' {printf "%s%sa",$1,$2}’
mv $i ${FNAME}
done
)
rm —-f hspec96.grn
rm —-f B*.sac

# i
# use gsac to plot a record station
# as s function of receiver depth

L3333

for GRN in RDS

do

gsac << EOF

r FINAL.DIR/${GRN}*[Ra]

bg plt

color list blue red

prs sa 0 amp 0.2 stel reverse vl 3.5 8.5
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a
EOF

mv PRS001.PLT a${GRN}.PLT
plotnps -F7 -W1l0 -EPS -K < a${GRN.PLT} > a${GRN}.eps
done

#it###

# clean up

#it###

rm PRS001.CTL

rm hspec.out rspec.out hspec96.dat FHR S.mod Sa.mod dfile
rm —fr FINAL.DIR

The comparison to for the RDS Greens function isnshoFigure 9. In this true
amplitude plot the fluid lays is between depths of 4.0 and 8.0 km. The blweisune
result of runningspec96with the fluid layer and the red cuwrvs the result of running
hspec96with the lov S-wave velocity approximating the fluid layefhe first thing to
notice is that the signal incident from the belgenerates an Saveat the sharp contrast
in S welocity at a depth of 8 km. The resultant signal is obvious as the large pusle with the
large maveout. On the other hand the signals in the solid layers are virtually the same.
The problem of Discrete Fourier Transform wrap-around is reduced the the use of com-
plet frequeng (the-ALP alp parameter imprep96. We ae thus able to assess the limita-
tions of approximating the fluid layer with one having I8-wavevelocity.

The other aspect is thhspec96takes about one-third longer txeeute thanrspec96

because it must sample a greater range afewwumbers in order to compute thewlo
velocity S-wavearrival.
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Fig. 9. Plot of the radial component velocities as a funciton of vecdepth. (blue)
rspec96 computation with the fluid model and (red) thepec96computation with the
approximate modelThe annotation at the right indicated the maximum trace amplitude,
the fact that the source depth was 10.0 km, the ray paraaretehe receter depth.
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CHAPTER 4
MODAL SUMMATION REVISED

1. Introduction

sprep96

This chapter describes the use of ¥
modal superposition of sate vaves to sdisp96 N sdpsrfo6
create synthetic seismogram&or low
frequeny seismograms, this technique . v
can be much faster thanaweumber | scomb96 |
integration and generalized ray tech- ‘
niques. In addition, extension of the slegn96 sdpegn9s
model by adding a high velocity cap zone sregn96 ™ sdpder96
at great depth permits the computation of v
almost complete synthetic seismograms spulse96
by the locked mode approximation.

There are four stages between the specif
cation of the modelile and the final syn- @

thetic seismograms.

The progransprep96creates a datald sdisp96.dat for use bysdisp96to determine
the multimode phase velocity dispersion for the modégn96and sregn96 compute
the eigenfunctions required for synthetics from the dispersioresurkinally spulse96
uses the eigenfunction and dispersion information to create the requiredsGueen’
tions infile96 format. The programcomb96can be used to correct the dispersion esirv
generated bgdisp96by filling in missing modes. The prograredpsrf96 andsdpegn96
are used to display the dispersion curves and thusdera quality control checkThe
programsdpder96 lists and plots the depth dependence ofama@fnave eigenfunctions
and phase velocity partial deatives.

Given the capabilities of modern computers, it is possible to combine all these func-
tions into a single large program, but the modwdaproach used permits intervention for
quality control at each stage, since determination of dispersion curves is not trivial.

2. sprep96

Figure 1 shows the processingwidor this program.The program requires an earth
model file in themodel96 format and tw optional control files. The output consists of
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the file sdisp96.dat.

! pgrlod model9os freq'uency
file file
| |
sprep96
sdisp96.dat

Fig. 1. Processing flo for sprep96

Program control is through the command line:

sprep96 [flags], where the command flags are
-M model (default none ) Earth model file
-d dfile (default none ) Name of distance file
The required distance file. The file contains the following ASCII entries per line:

DIST DTNPTS TO VRED

whereDIST is the epicentral distance in kilometeng;, is the sampling interval for
the time serieyPTS is the number of points in the time series ( a power ofrd).
and VRED are used to defe the time of the first sample point whichm® +
DIST/VRED if VRED # 0 OrTO if VRED = 0.
This program only uses the DT and NPTS entries to define the frequency range of
desired dispersion

-HS hs (default 0.0 ) Source depth

-HR hr (default 0.0 ) Receger depth

-DT dt (default 1.0 ) Sampling interval

-NPTS npts (default 1 ) Number of points
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-NMOD nmodes (default 1 ) Maximum number of modes

-L (default false) Generate ize Waves

-R (default false) Generate RayleighaViés
Note that at least one of these must be specified. Also note that Love waves do not
exist in a halfspace.

—-FACL faclov (default 5.0) parameter for controlling root search. A small number
is fastey but higher modes may be missed.

-FACR facray (default 5.0) parameter for controlling root search

—-FREQ freq User speciéd single frequenc This permits dispersion computation
for a single frequernyc This cannot be used for synthetics.

-PER period User specified single period. This permits dispersion computation
for a single period. This cannot be used for synthetics.

-FARR freq file User specitd file of separate frequencies on each line. This
permits dispersion computation for a list of spedif frequenciesThis cannot be
used for synthetics.

-PARR period_file File of user speaid periods User specified file of
separate periods on each line. This permits dispersion computation for a list of
specifed periodsThis cannot be used for synthetics.

NOTE: one of -DT -NPTS, -FARR, -PARR, -PER or -FREQ required

-2
-h (default none ) this help message

3. sdisp96

This program computes the dispersion curves for thenggarth model. This pro-
gram calculates the desired dispersion curves for the model. All program control is
through the ife sdisp96.dat created by the prograsprep96 The output consists the of
binary dispersion files for @ and Rayleigh vaves: sdisp96.lov andsdisp96.ray, respec-
tively.

Program control is through the command line:

sdisp96 [flags|, where the command flags are

—v (default none ) On a PC, the frequgnaf each computation is written to the
screen on the same line to indicate that the program is actuakyng. Thiscan-
not be easily done with UNIX since UNIX does not support the formatting parame-
ter '+, but instead scrolls the screen..

—-cmin cemrn Instead of starting at about 0.9 Vs(min) start at this velocity

—-cmax cmax Instead of ending at Vs(max) start at this velocity

-

-h (default none ) this help message

Figure 2 shows the processingwlor this program.

Version 3.30 4-3 9 duly 2021



Computer Programs in Seismology - GSAC

model96 sdisp96.dat

sdisp96

sdisp96.ray sdisp96.lov

Fig. 2. Processing fl@ for sdisp96

4. scomb96

This program redoes the root determinatiorsdd$p96 in a user defined rectangular
region. Thismay be necessary if modes are missklissing modes are seen by visual
inspection of the dispersion curves ussupsrf96. This program calculates the desired
dispersion curves for the model. All program control is throughikbesdisp96.dat and
the command lineFor Love waves, the input is thellé sdisp96.lov and the output is the
binary dispersionile tsdisp96.lov. For Rayleigh vaves, the input is theillé sdisp96.ray
and the output is the binary dispersion fsgisp96.ray.

the difference in the input and output file names is to presiey original file. If
mary sequential repairs must be made, the user must systematically resolesp@6.ov
to sdisp96.lov for Love waves and similarly for the Rayleigh awes.

Program control is through the command line:

scomb£f96 [flags], where the command line flags are
-L Recompute the lv@ wavedispersion contained in the fitelisp96.lov.
-R Recompute the Rayleighawedispersion contained in thief sdisp96.ray. br Note
that either —L or —R must be specified
—XMIN Minimum value of X-axis
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—-XMAX Maximum value of X-axis

—CMIN Minimum value of phase velocity for search region

—-CcMAX Maximum value of phase velocity for search region

-FAC factor Factor to control density of search

-I Ignore existing zeros within [CMIN, CMAX] and restart the search
-2

-=h On line command help On line command help

Figure 3 shows the processingwlbor this program.

sdisp96.lov
model96 sdisp96.ray

scomb96

tsdisp96.lov
tsdisp96.ray

Fig. 3. Processing fle for scomb96

5. slegn96/segn96

Figure 4 shows the processingwidor these programsThe programslegn96
requires thesdisp96.lov file created bysdisp96 (or the tsdisp96.lov file created by
scomb9§ and the progransregn96requires thesdisp96.ray file created bysdisp96 (or
thetsdisp96.lov file created byscomb9§. Thecommon purpose of these programs is to
compute the eigenfunctions corresponding to the dispersion curvesvioaidRayleigh
waves, respectiely. The eigenfunctions so created for use by the synthetic seismogram
programspulse96are stored in the filesegn96.egn andsregn96.egn, respectiely.
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Program control is through the command line and is identical for each program:

slegn96 [flags|, where the command line flags are
-FHS srcdepth_file (overrides -HS ) Name of source depfite
-FHR recdepth_file (overrides -HR ) Name of recedr depth fle
—-HS src_depth Source depth,w@rrides previously gien value
-HR rec_depth Recever depth, werrides previously gien value
—NoQ Ignore the Q model. Compute purely elastic dispersion
—-DER output all depth dependent values (default false)
-DE output eigenfunctions(depth) (default false)
—-DH output DC/DH(depth) (default false)
-DB output DC/DB(depth) (default false)
-DR output DC/DR(depth)
-V (default false) list energy integrals
-2
—h Write this help message (default false)

sregn96 [flags|, where the command line flags are
-FHS srcdepth_file (overrides -HS ) Name of source depfite
-FHR recdepth_file (overrides -HR ) Name of recedr depth fle
—-HS src_depth Source depth,w@rrides previously gien value
-HR rec_depth Recever depth, werrides previously gien value
-DER output all depth dependent values (default false)
-DE output eigenfunctions(depth) (default false)
—-DH output DC/DH(depth) (default false)
-DA output DC/DA(depth). This only applies to the prograregn96 since Lwe
waves ae independent of Pavevelocity. (default false)
-DB output DC/DB(depth) (default false)
-DR output DC/DR(depth)
-V (default false) list energy integrals
-2
—h Write this help message

Note that if the flags —-DER, —DH, —DA, —DB Or —DR are set, only the file slegn96.deror
sregn96.deris computed. If these flags are not set, then only the file sregn96.egnor
slegn96.egrare created. The files slegn96.derand sregn96.derare created for use in
waveforminversion or other programs.

6. spulse96

This was updated June, 2021. The command line options are morécsgiawift the
resulting file and the output units.

Figure 5 shws the processing flo for this program. The program requires either or
both of the iles slegn96.egn sregn96.egn to compute synthetic seismograms on the stan-
dard output irfile96 format.
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sdisp96.lov
tsdisp96.lov

sdisp96.ray
tsdisp96.ray

slegn96 sregn96

slegn96.egn
slegn96.der

sregn96.egn
sregn96.der

Fig. 4. Processing fle for slegn96andsregn96

Program control is through the command liflhe online help concerning program
usage is

spulse96:Help
USAGE:spulse96 -d Distance_File [ -v ] [ -t -0 -p -i ] -a alpha -1 L
[ -D -V -A] [-F rfile ]
[ -m mult] [-STEP|-IMP] [-FUND] [-HIGH] [-Z]
[-EQEX -EXF -ALL] [-LAT] [-2] [ -M mode ] [-LOCK] [-?] [-h]
Output time series in ASCII file96 format
-d Distance_File Distance control file
This contains one of more lines with following entries:
DIST(km) DT(sec) NPTS TO(sec) VRED(km/s)
The first time point is TO + DIST/VRED
VRED=0 means infinite velocity though
TIME FUNCTION SPECIFICATION

-t Triangular pulse of base 2 L dt

-p Paabolic Pulse of basd L dt

-1 L (default 1 )duration control parameter
-o Ohnaka pulse with parameter alpha

-i Dirac Delta function

—-a alpha Shape parameter for Ohnaka pulse

-F rfile User supplied pulse

-m mult  Multiplier (default 1.0)

-Z (default false) zero phase triangular/parabolic pulse
By default the source time function is

—STEP (default) steplik integral of aboce pulses
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-IMP impulse like pulse with unit area
steplike.—1MP forces impulse like-D —IMP is Green s function
These do not define the shape but rather the
shape of the source pulse. For earthquake
studies use the default steplike
OUTPUT and UNITS

-D Output is ground displacment
-V Output is ground velocity (default)
-A Output is ground acceleration

If the model is km, km/s, gm/cm”3 then the output is
Option units
-A  cm/s/s for a moment of 1.0e+20 dyne-cm

or a force of 1.0e+15 dyne
-v  cm/s fora moment of 1.0e+20 dyne-cm

or a force of 1.0e+15 dyne
-D cm foramoment of 1.0e+20 dyne-cm

or a force of 1.0e+15 dyne
In a fluid the stress is inagHor a

moment of 1.0e+16 dyne-cm or force 1.0e+14 dyne
If the model is MKS, e.g, m, m/s, kg/m"3, then
ZRT Greens functions are for moment 1.0 N-m, force
1.0 N with units m, m/s, m/s/s. The P stress are in Pa
OUTPUT GREENs FUNCTIONS

—EXF Explosion and point force green s functions
-EQEX Earthquak and double couple green s functions
-ALL Earthquake, Explosion and Point Force

—LAT (default false) Laterally varying eigenfunctions
-2 (default false) Use double length internally

OUTPUT MODES

—-FUND (default all) fundamental modes only

-HIGH (default all) all higher modes only

-M [ nmode ] (default all) mode number to compute[0=fund,1=1st]
-LOCK (default false) locked mode used

OTHER

-v Verbose output

-2 Write this help message

-h Write this help message

7. sdpsrfo6

This programs reads the phase velocity dispersion file createdifig96and plots
the dispersion curves. A listing is optional. The outputi€ALPLOT file with name
SDISPL.PLT or SDISPR.PLT for Love and Rayleigh wavedispersion, respeegly. If the
-TXT flag is used, then a listing of the dispersion information isilerSDISPL.TXT or
DISPR.TXT for Love and Rayleigh vaves, respectiely. Figure 6 shows the processing

Version 3.30 4-8 9 luly 2021



Modal Summation Revised

slegn96.eg sregn96.eg ? ‘
|

spulse96

stdout
file96

Fig. 5. Processing flo for spulse96

flow for this program.

Program control is through the command line:
sdpsrf96 [flags], where the command line flags are

-L Plot the Lare wavedispersion contained in the figelisp96.lov.

-R Plot the Rayleigh avedispersion contained in thédef sdisp96.ray. br Note that
either —L or —R must be specified, but not both.

—FREQ the X-axis is frequernyc(default)

-PER the X-axis is period

=XMIN Minimum value of X-axis

—XMAX Maximum value of X-axigdefault is automatic determination of limits)

-YMIN Minimum value of phase velocity for vertical axis

-YMAX Maximum value of phase velocity for vertical axis

-X0 x0 (default 2.0 in =5.08 cm)

-Y0 yO0 Absolute coordinates of lower left corner of plot (default 1.0 in = 2.54 cm)

—-XLEN xlen Length of X-axis (default 6.0 in = 15.24 cm)

-YLEN ylen (default 6.0) Length of Y-axis

-K kolor CALPLOT color code for dispersion curves. Default=1

—NOBOX Do not plot the coordinate ag, only plot corner tics. This is useful foren
laying several plots.

-TXT (default .false.) create a Xk file listing of the dispersion with the name
SDISPL.TXT or DISPR.TXT for Love and Rayleigh vaves, respectiely.

—ASC (default .false.) create an ASCII texlkef listing of the dispersion with the name
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DISPL.ASC or DISPRASC for Love and Rayleigh vaves, respectiely. These
files hae a #ngle single line header folleed by numeric column entries as in this
small erpt for a

sdpsrf96 -L —-ASC

LMODE NFREQ PERIOD (S) FREQUENCY (Hz) C (KM/S)
0 1 2.000000000 0.5000000000 3.553414331
0 2 2.000977040 0.4997558594 3.553417631
0 3 2.001955034 0.4995117188 3.553420936

Here the columns are mode (with O for fundamental), the unique freqouenc
ber, the period, frequeycand phase velocity.

-T Use the dispersionilés tsdisp96.lov or tdisp96.ray instead ofsdisp96.lov or
sdisp96.ray, respectiely.

—XLOG X-axis is logarithmic (default is false)

—}

—h On line command help

sdisp96.lov
tsdisp96.lov sdisp96.ray

tsdisp96.ray

sdpsrfo6

SDISPL.TXT SDISPR.PLT

SDISPL.ASC SDISPR.ASQ

Fig. 6. Processing flo for sdpsrfo6

8. sdpegn96
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This programs reads the eigenfunction file createdlegn96or sregn96and plots
the cures. A listing is also permitted. The output & CALPLOT file with name
SLEGNU.PLT or SREGNU.PLT for Love and Rayleigh wave group-\elocity dispersion,
respectrely, SLEGNC.PLT or SREGNC.PLT for Love and Rayleigh vave phase-velocity
dispersion, respeetly, and SLEGNG.PLT or SREGNG.PLT for Love aad Rayleigh
anelastic attenuation cdefient, respectely. Figure 7 shows the processingviidor this
program. Inthe presence of Q, the phase velocities will be those for causait @heb
group velocities are only for infinite Q.

Program control is through the command line:
sdpegn96 [flags], where the command line flags are

-L Plot the Lore wavedispersion contained in the fiselisp96.lov.

-R Plot the Rayleigh avedispersion contained in the fitelisp96.ray.
Note that either =L or —R must be specified

-U Plot the group velocity dispersion

—c Plot the phase velocity dispersion

-G Plot the anelastic attenuation doeient
Note that either —uU, —C or -G must be specified

—A0 AR or AL amplitude factor

—Ac AR sqgrt(c) or AL sqrt(c) amplitudeattor —-E Rayleigh ellipticity (Ur/Uz) -R
required

—-ZR 1/Rayleigh ellipticity(Uz/Ur) -R required

Note one of -C -U or -G is required

—FREQ the X-axis is frequernyc(default)

—-PER the X-axis is period

—XMIN Maximum value of X-axis

—-XMAX Minimum value of X-axis

—-YMIN Minimum value of phase velocity for vertical axis

-YMAX Maximum value of phase velocity for vertical axis

-X0 x0 (default 2.0)

-YO0 yO0 Absolute coordinates of lower left corner of plot (default 1.0)

-XLEN xlen Length of X-axis (default 6.0)

-YLEN ylen Length of Y-axis (default 6.0)

-K kolor CALPLOT color code for dispersion curves. Default=1

—NOBOX Do not plot the coordinate ag, only plot corner tics. This is useful foren
laying several plots.

-TXT (default .false.) create a text file listing of the dispersion ilasf names
DISPL.TXT or DISPR.TXT for Love and Rayleigh vaves respecitiely.

—ASC (default .false.) create an ASCII text file listing of the dispersion in files names
SDISPL.ASC or SDISPRASC for Love and Rayleigh waves respectrely. These
files hae a engle single line header folleed by numeric column entries as in this
small eerpt for a

sdpegn96 —-R —-ASC

RMODE NFREQ PERIOD (S) FREQUENCY (Hz) C (KM/S) U (KM/S) ENERGY GAMMA (1/KM) ELLIPTICITY
0 1 2.0000 0.50000 3.2632 3.2640 0.14010E-01 0.48125E-03 0.68118
0 2 2.0010 0.49976 3.2632 3.2640 0.14003E-01 0.48102E-03 0.68118
0 3 2.0020 0.49951 3.2632 3.2640 0.13996E-01 0.48078E-03 0.68118
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0 4 2.0029 0.49927 3.2632 3.2640 0.13989E-01 0.48055E-03 0.68118
0 5 2.0039 0.49902 3.2632 3.2640 0.13982E-01 0.48031E-03 0.68118

Here the columns are mode (with O for fundamental), the unique frequenc
ber, the period, frequernyg phase elocity, group \elocity, enegy integral, anelastic
attenuation codfcient exp(—-gammdistance) and for Rayleigh \aves, the elliptic-
ity..

—-XLOG (default linear) X axis is logarithmic

-D dispfile (default ignore) plot dispersion values from thke fdispfile which is in
SURF96 dispersion format. Only those values specified byther, -u, —c and
-G specifc flag combination are plotted. The purpose is to plot observed disper
sion on top of model predicted dispersion.

-DT linetype (default solid) linetype= "solid","short" or "long"

-DE dispfile (default ignore) plot dispersion values from tlie tispfile which is in
SURF96 dispersion format. Only those values specified byther, -u, —c and
-G specifc flag combination are plotted. The purpose is to plot observed disper
sion and error bars on top of model predicted dispersion.

-S (default no) create output theoretical dispersion values in files in SURF96 format.
All values, group elocity, phase velocity and gamma wil be placed intala f
namedSLEGN.dsp or SREGN.dsp. Artificial low values will be placed in the error
field.

-TICONLY (default false) no numbers on y-axis only tics

—ONLYKM (default false) km/s not U(km/s) C(km/s)

-LAT (default false) use output of slat2d96

-2

—h On line command help

9. sdpder96

This programs reads the depth dependent eigenfunction file created bpERe
—-DH, -DA, —-DB 0r —-DR options ofslegn96or sregn96and plots the curves. A listing is
also permitted. The output ia CALPLOT file with nameSLDER.PLT or SRDER.PLT
and optionally the ASClliles SLRDER.TXT and SRDER TXT, for Love and Rayleigh
wave functions, respeately. Figure 8 shows the processingvildor this program.

Program control is through the command line:
sdpder96 [flags], where the command line flags are
-L Plot the Lave wavedepth dependent functions contained in thesfggn.der.
-R Plot the Rayleigh wedepth dependent functions contained in thesfibgn.der.
Note that either —L or —R must be specified
—-XMAX Maximum value of X-axis
—XMIN Minimum value of X-axis
—-YMIN Minimum value of independent variable
-YMAX Maximum value of independent variable
-X0 x0 (default 2.0)
-Y0 yO0 Absolute coordinates of lower left corner of plot (default 1.0)
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slegn96.egn sregn96.egn

sdpegn96

SREGN.TXT

SLEGNC.PLT SLEGN.TXT
SLEGNU.PLT SLEGN.ASC SREGNU.PLT
SLEGNG.PLT SLEGN.dsp SREGNG.PLT

SREGN.ASC
SREGN.dsp

Fig. 7. Processing fl@ for sdpegn96

-XLEN xlen Length of X-axis (default 6.0)

-YLEN ylen Length of Y-axis (default 6.0)

-K kolor CALPLOT color code for dispersion curves. Default=1

—NOBOX Do not plot the coordinate ag, only plot corner tics. This is useful fores
laying several plots.

—CLEAN (default false) No period,mode annotation on the plot

-TXT (default .false.) create a text file listing of the dispersion

p—}

—h On line command help

10. sdpdsp96

This programs readdJRF96 dispersion files and plots them oreaxn the same manner
assdpder96 The purpose of the program is to compare observations with predictions.
The output isa CALPLOT file with nameSLDSPU.PLT or SRDSPU.PLT for Love and
Rayleigh vavegroup-\elocity dispersion, respeedly, SLDSPC.PLT or SRDSPC.PLT for
Love and Rayleigh vave phase-elocity dispersion, respeedly, and S DSPG.PLT or
SRDSPG.PLT for Love and Rayleigh anelastic attenuation do@ént, respectely. Up to
100 files can be plotted, but this is certainlydred the capabilities of command line
input.

Program control is through the command line:
sdpdsp96 [flags], where the command line flags are
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slegn96.der sregn96.der

sdpder96

S

Fig. 8. Processing flo for sdpder96

-L Plot the Lare wavedispersion contained in the figelisp96.lov.

-R Plot the Rayleigh avedispersion contained in the fitelisp96.ray.
Note that either —L or —R must be specified

-U Plot the group velocity dispersion

—c Plot the phase velocity dispersion

-G Plot the anelastic attenuation doeient
Note that either —uU, —C or -G must be specified

—FREQ the X-axis is frequernyc(default)

-PER the X-axis is period

—-XMIN Maximum value of X-axis

—-XMAX Minimum value of X-axis

—-YMIN Minimum value of phase velocity for vertical axis

-YMAX Maximum value of phase velocity for vertical axis

-X0 x0 (default 2.0)

-YO0 yO0 Absolute coordinates of lower left corner of plot (default 1.0)

-XLEN xlen Length of X-axis (default 6.0)

-YLEN ylen Length of Y-axis (default 6.0)

-8 symsiz (default 0.03) size of observed symbol.

-K kolor CALPLOT color code for dispersion curves. Default=1

—NOBOX Do not plot the coordinate ag, only plot corner tics. This is useful foren
laying seeral plots.

—XLOG (default linear) X axis is logarithmic

-D digpfile (default ignore) plot dispersion values from thike fdispfile which is in
SURF96 dispersion format. Only those values specified byther, -u, —Cc and
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-G specifc flag combination is plotted. The purpose is to plot observed dispersion
on top of model predicted dispersion. The dispersion values haze speciied
by the size parameter beloand a symbol shapeeled on the mode number.

-DE dispfile (default ignore) plot dispersion values from thie ©ispfile which is in
SURF96 dispersion format. Only those values specified byitheRr, -u, —-C and
-G specifc flag combination is plotted. The purpose is to plot observed dispersion
and error bars on top of model predicted dispersidme dispersion values v&a a
size speciéd by the size parameter be&lend a symbol shapeelged on the mode
number.

-DC dispfile (default ignore) plot dispersion values from thie tispfile which is in
SURF96 dispersion format ascantinueous curve. Only those values specified by
the -L, —-R, -U, —C and -G specifc flag combination is plottedTypically this fle
will be obtained fronsdpegn96

—NOBLACK (default black) do not but black around symbol

-V (default false) verbose output

-2

—h On line command help

11. sdprad96

This program plots theoretical radiation pattern plots fovengperiod, mode and ave
type. This program is used asiaat step in determining focal mechanisms from acef
wave Pectral amplitude radiation patterns.

To use this program it is necessary to run the progratsgn96é -DER and
slegn96 -DER t0 generate the binanjds, sregn96.der andslegn96.der, of eigenfunc-
tions as a function of depth.

The output of the program is a eitheBRADR.PLT or aSRADL.PLT CALPLOT file.
The plot consists of the radiation pattern with a maximum radius of 1 inch (2.54 cm), the
theoretical radiation pattern in black, the observed data points in red, a scale indicating
the spectral amplitude in units afn-sec, and the obsemtion period. The command line
required a target distancdist. Obsened data at a distance,are first corrected for
anelastic attenuation by using the model \@eriy by multiplication by the dctor
exp(+yr) and then propagated to the reference distance my multiplication badioe f
Vr/dist.

If the obsered data file is notwailable, just the theoretical radiation pattern is plot-
ted.

Program control is through the command line:
sdprad96 [flags], where the command line flags are

-DIP dip dip of fault plane

—-STK Strike strike of fault plane

-RAKE Rake slip angle on fault plane

-M0 Moment (def=1.0) Seismic moment in units of dyne-cm
MW mw Moment magnitude

-E Explosion

—fx FX -fy Fy —-fZ fz
Point force amplitudes (N,E,down) in units of dynes
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XX Mxx -YY Myy -ZZ Mzz -XY Mxy —-XZ Mxz -YZ Myz
Moment tensor elements in units of dyne-cm
-DIST dist Normalizatiordistance in km
-HS hs Source depth in km
-X0 x0 (default=1.5) x-coordinate of center of plot
-Y0y0 (default=1.75) y-coordinate of center of plot
-0 observed data File with observations in MFT96 format
—-PER period (default 20.0 sec) desired period
-Mmode (default 0)desired mode (0-Fund)
-L (default Rayl)Plot Love waveradiation
-R (default Rayl)Plot Rayleigh vaveradiation
—DMIN dmin (default 0 km ) minimum for distance sue
-DMAX dmax (default 200000 km) maximum for distancevsie
—A (default false) Plot all periods in one plot
CRACK (default no ) use crack model: Dip is dip of
crack, Strile is dp direction of crack ra&and Mw or MO, where MO > 0 and
Ralke > 0 for expanding crack
< 0 for closing crack.
MO= sgn(rake) mu DEIA Volume
Poisson ratio = 0.25
-V (default false) Verbose output of theoretical amplitude versus’
-2
—h On line command help

12. SampleRuns

Given the sample model and distance files of Chapter 1, the following commands are

run:

rbh> sprep96 -HR 0 -HS 10 -M model.d -d dfile -NMOD 100 -L -R
rbh> sdisp96 > sdisp96.out

rbh> sdpsrf96 -L —-XMIN 0 -XMAX 4 -YMIN 3.0 -YMAX 5.0

rbh> sdpsrf96 -R —-XMIN 0 -XMAX 4 -YMIN 3.0 -YMAX 5.0

rbh> slegn96 > slegn96.out
rbh> sregn96 > sregn96.out
rbh> spulse96 -d dfile -V -p -1 4 | £prof96

The phase velocity dispersion curves computed usdigp96and plotted usingdpsrfo6
are shown in Figure 9 for lve and in Figure 10 for Rayleighaves.
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Fig. 9. Love wavephase velocity dispersion curves
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Fig. 10. Rayleigh wavephase velocity dispersion curves

The synthetic transverse time histories for a vertical strike-slip sourcevandrgHgure
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11.

7.418E-05 10.0000
10.0000 0.0000

9.045E-05 10.0000
20.0000 0.0000

8.146E-05 10.0000
30.0000 0.0000

5.967E-05 10.0000
40.0000 0.0000

4.837E-05 10.0000
50.0000 0.0000

4.078E-05 10.0000
60.0000 0.0000

3.433E-05 10.0000
70.0000 0.0000

2.996E-05 10.0000
80.0000 0.0000

2.749E-05 10.0000
90.0000 0.0000

2.396E-05 10.0000
100.0000 0.0000

18 24 30 36 42
T T L A L A L A L B
SRC = TSS DT = 0.125000
model.d

Fig. 11. The TSS time histories file generatedppfo6.

The other example shows the useskfgn96to generate depth dependent eigenfunc-
tions and partial deratives for the gien model, which are displayed usirsgipder96
The following test modehodel.wat is used.

Version 3.30 4-18 9 luly 2021



Modal Summation Revised

CONSTANT VELOCITY

LINEOS8

FLAT EARTH

WATER MODEL
1-D

ISOTROPIC

MODEL
KGS
LINEO9
LINE1O
LINE1l1l
HR

VS RHO QP QS ETAP ETAS FREFP FREFS

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0.0 1.0 0.0 0.00.0
0.0 1.0 0.0 0.00.0
0.0 1.0 0.0 0.00.0
0.0 1.0 0.0 0.00.0
0.0 1.0 0.0 0.00.0
0.0 1.0 0.0 0.00.0
0.0 1.0 0.0 0.00.0
0.0 1.0 0.0 0.00.0
0.0 1.0 0.0 0.00.0
0.0 1.0 0.0 0.00.0

3.52.8 0.00.00.0

.8
.8
.8
.8
.8
.8
.8
.8
.8
.8
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0

1
1
1
1
1
1
1
1
1
1
6
6
6
6
6
6
6
6
6
6

3.52.8 0.00.00.0

3.52.8 0.00.00.0

3.52.8 0.00.00.0

3.52.8 0.00.00.0

3.52.8 0.00.00.0

3.52.8 0.00.00.0

3.52.8 0.00.00.0

3.52.8 0.00.00.0

3.52.8 0.00.00.0

4.7 3.3 0.0 0.0 0.0

4.7 3.3 0.0 0.0 0.0

4.7 3.3 0.0 0.0 0.0

4.7 3.3 0.0 0.0 0.0

4.7 3.3 0.0 0.0 0.0

4.7 3.3 0.0 0.0 0.0

4.7 3.3 0.0 0.0 0.0

4.7 3.3 0.0 0.0 0.0

4.7 3.3 0.0 0.0 0.0

4.7 3.3 0.0 0.0 0.0

the following sequence of commands is run:
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rbh> sprep96 -M nmodel.wat -DT 5.0 -NPTS 2 -L —-R —-NMOD 2
rbh> sdisp96 -v

rbh> sregn96 -HS 10 -HR 20 -DER -NOQ

rbh> sdpder96 -R —-TXT -K 2 -XLEN 3.0 -X0 1.0 -YLEN 4.0
rbh> reframe -N1 -O < SRDER.PLT > UR.PLT

rbh> reframe -N2 -O < SRDER.PLT > UZ.PLT

rbh> reframe -N3 -O < SRDER.PLT > TZ.PLT

rbh> reframe -N4 -O < SRDER.PLT > TR.PLT

rbh> reframe -N5 -O < SRDER.PLT > DH.PLT

rbh> reframe -N6 -O < SRDER.PLT > DA.PLT

rbh> reframe -N7 -O < SRDER.PLT > DB.PLT

rbh> reframe -N8 -O < SRDER.PLT > DR.PLT

rbh> reframe -0 -Y0+5000 -X0+500 < UZ.PLT > 3junk
rbh> reframe -0 -Y0+5000 -X0+5000 < UR.PLT >> junk
rbh> reframe -0 -Y0+5000 -X0+9500 < TZ.PLT >> junk
rbh> reframe -0 -Y0+5000 -X0+14000 < TR.PLT >> junk
rbh> reframe -0 -X0+500 < DH.PLT >> junk
rbh> reframe -0 -X0+5000 < DA.PLT >> junk
rbh> reframe -0 -X0+9500 < DB.PLT >> junk
rbh> reframe -0 —-X0+14000 < DR.PLT >> junk
rbh> mv junk ALL.PLT

In this sequence, th®ER flag to sregn96indicates that the depth dependent quantities
should be output at each of the initial layer boundaries. The sequerefeaaie com-
mands are used to extract and reposition each of the depthipigise 12 displays these
functions. TheDC/DH is the partial devistive d the phase velocity with respect to a
change in layer thickness.

uz
-0.90  0.90

TR TZ
-0.90  0.90 ©2.000.00 2.00
0

00E +01MODE C=3.006+00
DC/DB C/DR
-0.020 0.020 -0.30 0.000.200.40
T T ¢ T T

1 g it I
(0DE-0 C=3.006€+00 T0-1.000E +01MODE0 C=3.006E 400 T0-1.000E +01HODE=D C=3.006E 00 T0=1,000E +01MODE=0 C=3.006E 400

Fig. 12. Display of depth dependent eigenfunctions and phase velocity partiati ki

The next example shows Wwao invoke the programsdpdsp96to plot dispersion
curves. The ifes SREGN.dsp, mmsurf96.d andmsurf96.d were created by other programs.
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The theoretical dispersidBREGN.dsp is plotted as a continuous cer(note that the fol-
lowing command is on one line).

rbh> sdpdsp96 -R —-C -PER —-XLOG -YMIN 2.5 -YMAX 5 -DC SREGN.dsp
-DE mmsurf96.d -DE msurf96.d -XMIN 4 -XMAX 500 -K 1025 -s 0.07

5.00 =77 T T T TTT]

D

o

o

{ T
o
%%

C (km/sec)

3.50

3.00

RN | Lol
10* _ 10°
Period (sec)

Fig.13. Output obdpdsp96

To plot surface-vaveradiation patterns one first uses the progdwnmft to per
form a multiple-filter analysis on surfaceawes. Assuming that this @ done for all sta-
tions recording an earthquake, with all ttation.dsp files concatenated into the single
obsenration fle all.dsp. The following scripts she how to compute the eigenfunctions
as a function of depth and thenwhto plot the radiation patterns, The resultant plot is
shown in Figure 14:
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BWWWWWwwWwWwwwuwwwwwuwwwwuwwwwuwwwwwwbdN

define the earth model

VS RHO QP QS ETAP ETAS

.8700
.7000

.0000 2000 1000
.4000 2000 1000

.8900 2.5000 2000 1000 0.0
.5200 2.7000 2000 1000 0.0
.5200 2.7000 2000 1000 0.0
.5200 2.7000 2000 1000 0.0
.5200 2.7000 2000 1000 0.0
.5200 2.7000 2000 1000 0.0
.5200 2.7000 2000 1000 0.0
.5200 2.7000 2000 1000 0.0
.5200 2.7000 2000 1000 0.0
.5200 2.7000 2000 1000 0.0
.7000 2.9000 2000 1000 0.0
.7000 2.9000 2000 1000 0.0
.7000 2.9000 2000 1000 0.0
.7000 2.9000 2000 1000 0.0
.7000 2.9000 2000 1000 0.0
.7000 2.9000 2000 1000 0.0
.7000 2.9000 2000 1000 0.0
.7000 2.9000 2000 1000 0.0
.7000 2.9000 2000 1000 0.0
.7000 2.9000 2000 1000 0.0
.8700 3.0000 2000 1000 0.0
.8700 3.0000 2000 1000 0.0
.8700 3.0000 2000 1000 0.0
.8700 3.0000 2000 1000 0.0
.8700 3.0000 2000 1000 0.0
.8700 3.0000 2000 1000 0.0
.8700 3.0000 2000 1000 0.0
.8700 3.0000 2000 1000 0.0
.8700 3.0000 2000 1000 0.0

3 0.0

3 0.0

define the desired periods

#!/bin/sh
H###

#

ik

cat > modcus.d << EOF
MODEL

CUS Model
ISOTROPIC

KGS

FLAT EARTH
1-D

CONSTANT VELOCITY
LINEOS8

LINEOY9

LINE1O

LINE1l1l

HR VP
1.0000 5.0000
1.0000 6.1000
1.0000 6.1000
1.0000 6.1000
1.0000 6.1000
1.0000 6.1000
1.0000 6.1000
1.0000 6.1000
1.0000 6.1000
1.0000 6.1000
1.0000 6.4000
1.0000 6.4000
1.0000 6.4000
1.0000 6.4000
1.0000 6.4000
1.0000 6.4000
1.0000 6.4000
1.0000 6.4000
1.0000 6.4000
1.0000 6.4000
2.0000 6.7000
2.0000 6.7000
2.0000 6.7000
2.0000 6.7000
2.0000 6.7000
2.0000 6.7000
2.0000 6.7000
2.0000 6.7000
2.0000 6.7000
2.0000 6.7000
0.0000 8.1500
EOF

H####

#

ik

cat > perfil << EOF
10

20

40

EOF

sprep96 -M modcus.d -HS 10 -HR 0 -L -R —-PARR perfil -NMOD 1

sregn96 -DER
slegn96 -DER

FREFP

OO0 0000000000000 O0OO0OO0OO0OO0OO0OO0OO0OO0OOO0O0O0O OO
OO 0000000000000 OO0OO0OO0O0O0O0OO0OOOOO0O0OOO
RFRRPRHRERRERHEHRERRREREBRBRHERERRRPHEBEBHERERRREREBRBRERERRERRRRR
OO 0000000000000 OOO0OO0O0OO0O0OO0OOOOO0O0OOO
RFRRHERRERHERERRREREBREBHERERRREPEBEBHERERRREREBRBRHERERRERRRRR
OO 0000000000000 OO0OOO0O0OO0O0OO0OOOOO0O0OOO

|
4
]
0
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#!/bin/sh

#hH#

# define the mechanism, seismic moment and source depth

H###

HS=2

MOM=1.0e+22

DIP=70

RAKE=70

STK=20

H###

# define reference distance

####

DIST=1000

MODE=0

####

# Loop over Rayleigh Wave Data

#h#H#

for FIG in 01 02 03

do

case ${FIG} in
01) PER=10 ; X0=2.0 ; Y0=6.0;;
02) PER=20 ; X0=5.0 ; Y0=6.0;;
03) PER=40 ; X0=8.0 ; Y0=6.0;;

esac

sdprad96 -R -DIP ${DIP} —-RAKE ${RAKE} —-STK ${STK} -DIST ${DIST} \
-PER ${PER} -HS ${HS} -M ${MODE} -MO ${MOM} -O all.dsp \
-X0 ${X0} -YO ${YO0}

mv SRADR.PLT R${FIG}.PLT

done

for FIG in 04 05 06

do

case ${FIG} in
04) PER=10 ; X0=2.0 ; Y0=2.0;;
05) PER=20 ; X0=5.0 ; Y0=2.0;;
06) PER=40 ; X0=8.0 ; Y0=2.0;;

esac

sdprad96 -L -DIP ${DIP} —-RAKE ${RAKE} —-STK ${STK} -DIST ${DIST} \
-PER ${PER} -HS ${HS} -M ${MODE} -MO ${MOM} -O all.dsp \
-X0 ${X0} -YO ${YO0}

mv SRADL.PLT L${FIG}.PLT

done

###H

# use calplt to annotate the final figure

#h#H#

calplt << EOF

NEWPEN

1

CENTER

5.0 3.5 0.20 "Love’ 0.0

CENTER

5.0 7.5 0.20 ’"Rayleigh’ 0.0

PEND

EOF

###H

# concatenate all invividual figures to make

# final display figure

###H

cat L??.PLT R??.PLT CALPLT.PLT > SRAD.PLT

#h#H#

# clean up

H###

rm —-f CALPLT.PLT CALPLT.cmd L??.PLT R??.PLT
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Rayleigh

N N N

| | |
2 x 10°* 2 x 107* 2 x 107*
— — —_—
T =10.0 T = 20.0 T = 40.0

Love

N N N
2 x 10°* 2 x 10°* 2 x 10*
— —
T =10.0 T = 20.0 T = 40.0

Fig.14. Output obdprad96

13. DispersionRepair

As mentioned in the discussion ®fomb96 there may be times that the dispersion
following technique used isdisp96fails. This is not necessarily an imperfection in the
latter program, bt rather reflects a traddddetween a desire for rapid root determination

and accurac The following example illustrates the usesacbmb96

Low velocity zones in the model \aely challenge the dispersion following tech-
nigue used imisp96. In addition, at high frequencies the dispersion curves flatten signif

cantly a phaseelocities equal to layerelocities. Thefollowing test modelmodel.d is
used.
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MODEL
Challenging Model
ISOTROPIC

KGS

FLAT EARTH

1-D

CONSTANT VELOCITY
LINEOS8
LINEO9
LINE1O0
LINE1l1l
HR

=
o
OO
cououwu
Baadwwl
R
whwbha
WORrUuO0
cooooo
cococoo
coooo0oo©
cococoo
oocooooHn
HERERRS

the following sequence of commands is run:

rbh> sprep96 -HS 10 -HR 0 -M lmodel.d -d dfile -L

|
w
|

NMOD 400
rbh> sdisp96 -v

rbh> sdpsrf96 -L —-XMIN 0 -XMAX 4 -YMIN 3.0 -YMAX 5.0
plot_nps -F7 -W10 -EPS < SDISPL.PLT > 0401l.eps

rbh> sdpsrf96 -R —-XMIN 0 -XMAX 4 -YMIN 3.0 -YMAX 5.0
plot_nps -F7 -W10 -EPS < SDISPL.PLT > 04012.eps

rbh> scomb96 -XMIN 3.9 —-XMAX 4.0 -CMIN 4.3 -CMAX 4.7 -R
rbh> mv tsdisp96.ray sdisp96.ray
rbh> scomb96 -XMIN 1.75 —-XMAX 1.85 -CMIN 4.1 -CMAX 4.2 -R -I

rbh> sdpsrf96 -R -T -XMIN 0 -XMAX 4 -YMIN 3.0 -YMAX 5.0
plot_nps -F7 -W10 -EPS < SDISPL.PLT > 04013.eps

The first command creates the data $disp96.dat. The second command generates the
dispersion curves. The third command plots theeLoave dispersion, shown beloin
Figure 15; the Lee wavedispersion has no problems. On the other hand, the plot of the
Rayleigh vavedispersion, shown in Figure 16, st®problems. First a mode is missed at
high frequency; and secondlyseems as if tw modes are mistakenly identified near 1.8
Hz.

scomb96is invoked to repair the dispersion near 4.0 Hz. The output is ilee f
tdisp96.ray. Snce we wish to repair the dispersion cuat another frequeng the UNIX
mv (or DOS 6.22move /Y tsdisp96.ray sdisp96.ray)renames the program
output to be used as input. Since Figure 16 indicated a msthlplication of a root near
1.8 Hz, the second use 6omb96is told to ignore all previous roots between 4.1 and
4.2 km/sec, and to recompute them. The result of this computationne shéigure 17.
The dispersion cueshas been repaired.
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To oontinue the process and generate synthetic seismograms, the following com-
mands are required:

rbh> sregn96 -T
rbh> slegn96 -T
rbh> spulse96 -V -p -1 4 | fprof96

Heresregn96 -Tsays to use thiglisp96.ray file rather than the incorrestisp96.ray. Of
course one can also rename the file again and pokeisregn96

4.80 | -
\
4.40 \\\\
~ AN
S N
§4.oo
o
3.60
3.20 _— —_
_IIIIIII|IIIIIII|IIIIIII|IIIIIII|IIIIIII_
0.80 1.60 2.40 3.20
Frequency (Hz)

Fig. 15. Lave wavephase velocity dispersion curves
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Fig. 16. Rayleigh wvephase velocity dispersion curves showing bad dispersion
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Fig. 17. Repaired Rayleighavedispersion curves
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CHAPTER 5
ASYMPTOTIC RAY THEORY

1. Introduction

This chapter describes the use of high

frequeng ray theory to create synthetic

. 7 cprep96
seismograms. Thprogramcseis96is a
slightly modified \zvarsion of the program v
seis81lwritten by Grveny and PSelic cseis96 > cray96
There are three stages between the speci= 3
fication of the modelile and the ihal

: . cpulse96

synthetic seismogramscprep96 creates

a data fle cseis96.dat for use bycseis96

which performs the ray tracing and @
amplitude computationscpulse96 uses

this information to create thdile96

Greens functions for a specific source

time function. The prograraray96 plots

the ray trajectories in the medium.

2. cprep96

This program is @ry similar internally to the programprep96 in that it reads an
earth model, automatically generates rays, and creates the input data file for the subse-
guent program. It differs in that the earth model consists of a lateeaijing layers and
medium parameters.

Figure 1 shows the processingwidor this program. The program requires one earth
model file in themodel96format and tw optional fles. Theoutput of the program con-
sists of the ife cseis96.dat, two CALPLOT graphics iles CPREP96M.PLT and
CPREP96R.PLT, and screen output designatedsbgout.

Program control is through the command line:

cprep96 [flags], where the command flags are
-M model - model is a file in themodel96format. Thisis required.
-DOP
-DOSV
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-DOSH

-DOALL
One or more of these must be spedif These tell the program to computeSy,
SH and all ray segments. If for example, no SH is desueddth P and SV are
desired, then useDOP -DOSV. If only —-DOP is specified, then there will be no P
-> SV or SV -> P coversions.

—DOREFL
Permit P-SV cowversions only upon reflection
—-DOTRAN
Permit P-SV cowersions only upon transmission.
—~DOCONV
Permit P-SV cowversions on both reflection and transmission

The default is that no cearsions are computed.

—-DENY deny_file
A simple listing of interfaces at which only transmission withoat/dype cower-
sion is permitted. Reflections are denied at this boundasyfile consists of a sin-
gle entry per line, giving the specific boundary number of the earth model.

-R reverberation_file
A simple listing of layers and the maximum number of ragnsents in a layer
This is useful to focus on theveeberations within specific layers. The default is to
permit as mayas ssible.

-N maximum_number_of_segments
The maximum number of ray segments permitted in the ray description.

—HS source_depth
The depth of the source in the model

—-XS source_x_coordinate
The x-coordinate of the source in the model

-d dfile
(default none) The name of the distance file.
The required distance file. The file contains the following ASCII entries per line:

DIST DTNPTS TO VRED

whereDIST is the epicentral distance in kilometepq, is the sampling interval for
the time serieyPTS is the number of points in the time series ( a power oftB).
and VRED are used to defe the time of the first sample point whichte +
DIST/VRED if VRED # 0 OrTO if VRED = 0.

B

-h
Online help
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i i
v

v

cprep96

CPREP96M.PLT
CPREP96R.PLT

cseis96.dat

Fig. 1. Processing fl@ for cprep96

3. cseis96

This program performs the dynamic ray tracing through the 2-D medium and com-
putes arnal times and amplitudes for a point source in the 2-D model. This 2.5-D model
is equvalent to 3-D vavepropagtion perpendicular to the axis of symmetwt essen-
tially in a 2-D medium.The receiver must be a point at the free surface? There can be
no water layers.

Figure 2 shows the processingwidor this program.Default operation does not
require ag command line arguments to run, with control from theddes96.dat.

Program control is through the command line:

cseis96 [flags], where the command flags are
—-v (default false) verbose output
-R (default false) Generate ray trajectory fileGRAY96
-? (default false) Online help
-h (default false) Online help
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cseis96.dat

cseis96

cseis96.amp)

Fig. 2. Processing flo for cseis96

4. cpulse96

Figure 3 shows the processingwildor this program. The program requires the
cseis96.amp file created byseis96(V)and optionally the source pulse definitide ffile.
The program output is astdout and is a time series file96(V) format.

Program control is through the command line:

cpulse96 [flags], where the command flags are

-V
Verbose output

-t
Triangular pulse of base 2 At, which At is the sample inteal. To avoid
problems with sharp truncation in the frequedomain spectra by sampling,
never set L < 2. The special case of L = 2 for the triangular pulse isrequi
alent to the parabolic pulse with L = 1.

P
Paabolic Pulse of basd L At

-1 L
Source duration factor for the parabolic and triangular pulses.
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-D
Output is ground displacement
-v
Output is ground velocity (default)
-A
Output is ground acceleration
-F rfile
User supplied pulse
-m mult
Multiplier (default 1.0)
-0D
Output is forced to be named displacement
-ov
Output is forced to be named velocity
-OA
Output is forced to be named acceleration
-Q
(default false) do causal Q
—-EX (default) Explosion and point force green s functions
—-EQ Earthquak and double couple green s functions
—ALL Earthquake, Explosion and Point Force
-Z zero phase triangular/parabolic pulse, else causal
—}
-h
Online help concerning program usage
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cseis96.amp

cpulse96

stdout
file96

Fig. 3. Processing fle for cpulse96

5. cray96

This program plots the ray trajectories found by the progiseis96 Figure 4 shws
the processing flo for this program. The program requires tseis96.trc file created by
cseis96(V) The program output is @ALPLOT graphics #le CRAY96.PLT. The pro-
gram will operate without gncommand line arguments, but the user may wish finer con-
trol of the plot.

Program control is through the command line:

cray96 [flags], where the command flags are
-V
Verbose output
—XMIN xmin
Minimum distance range for plot
-XMAX xmax
Maximum depth range for plot
—ZMIN zmax
Minimum depth range for plot
—ZMAX zmax
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Maximum depth range for plot
-2
-h
Online help concerning program usage

cray96

stdout
CRAY96.PLT

Fig. 4. Processing flo for cray96

6. SampleRun

Given the sample model and distance files of Chapter 1, the following commands are
run:

rbh> cprep96 -DOALL -HR 0 -HS 10 -M model.d -N 10 —-DOCONV -d dfile
rbh> cseis9%6 > cseis96.out

rbh> cpulse9%6 -V -p -1 4 | fprof96

The graphics output afprep96are gven in FHgures 5 and 6.
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Fig. 5. CPREP96M.PLwhich plots the 2-D model.

The synthetic tran®rse time histories for a vertical strike-slip source arengn FHgure
1.
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TEST MODEL DEPTH SRC=10.000 REC=0.000

(0.000)

(10.000)

— — — — ARTIFICIAL BOUNDARY FOR SOURCE-RECEIVER model.d
LAYER BOUNDARY
LAYER BOUNDARY (NO CONVERSIONS)

Version 3.30

Fig. 6. CPREP96R.ALwhich plots the ray description
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1.325E-04 10.0000
10.0000 0.0000

9.278E-05 10.0000
20.0000 0.0000

7.715E-05 10.0000
30.0000 0.0000

6.232E-05 10.0000
40.0000 0.0000

w 4.938E-05 10.0000
50.0000 0.0000
w 4.163E-05 10.0000

60.0000 0.0000

3.481E-05 10.0000
70.0000 0.0000

2.961E-05 10,0000
80.0000  0.0000
4‘\\/W\/,—\/A¥a444*4444447 2.916E-05 10.0000
90.0000  0.0000

2.385E-05 10.0000
100.0000 0.0000

18 24 30 36 42
T T T T T
SRC = TSS DT = 0.125000
model.d

Fig. 7. The TSS time histories file generatednpfo6.

To illustrate the output ofray96, synthetics are computed only at a distance of 100
km, using the distancdd dfile.100. Given the sample model and distanded of Chap-
ter 1, the following commands are run:

rbh>cprep96 -DOALL -HR O -HS 10 -M model.d -N 10 -DOCONV -d dfile.1l00
rbh>cseis96 -R > cseis96.out

rbh>cray96

The graphics output afray96 is given in Fgure 8.
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Fig. 8. CRAY96.PI which plots the 2-D model as well as successful ray paths

7. Laterally Varying Models

The original computer prograseis8l permitted a 2-D laterally varying model and a
2-D velocity function in each layeihe model definition is complicated, especially since
the velocity depth function does notveahe same value near a boundary since #hecv
ity function is defined on a rectangular grid, upon which the layering is impdsd.
simplicity only linear velocity variation is permitted with depth. One cavayd manu-
ally edit the fle cseis96.dat to create a truly 2-D velocity model by following the docu-
mentation of the original program. The following earth models are run using the
sequence:

rbh>cprep96 -DOALL -HR 0 -HS 10 -M MODEL -N 10 -DOCONV -d dfile.100
rbh>cseis9%96 -R > cseis96.out

rbh>cray9%96

Constant Velocity Model - model.1c. This model is
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MODELO1l.1
TEST MODEL
ISOTROPIC
KGS

FLAT EARTH
1-D

LINEOS8
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LINE1O
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0
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The ray traced output is shown in Figure 9.
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Fig. 9. CRAY96.PI for a 1-D constant velocity model.

Variable Velocity Model - model.1v. This model is differs from the constant velocity 1-D
model by the use of theek word VARIABLE VELOCITY instead of CONSANT
VELOCITY and the fact that each layer is replaced by a dual,egming the medium
parameters at the top and bottom of each layer.
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MODELO1l.1

TEST MODEL
ISOTROPIC

KGS

FLAT EARTH

1-D

VARIABLE VELOCITY
LINEOS8
LINEO9
LINE1O
LINE1l1l
H

40.
40.
00.
00.

mqmwﬁ
oooo

B wwd
JdNhoyO

wwmmg
wWouNO
o000
oooo

o000
oooo

ocooooH
oooog
ocooooH
ocoooopy
I—‘I—'I—‘I—‘g
oooow
I—‘I—'I—‘I—‘g

oooomn

The ray traced output is shown in Figure 10. Note the curved rays.
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Fig. 10. CRAY96.PI for a 1-D linear velocity depth model.

Constant Velocity 2-D Model - model.2c. This model is characterized by theykwords

2-D and the use of CERVENY for the pieusly unused LINE11Fdlowing the header

is a 2 line comment indicating the format. Next comes the description of the boundaries.
The first line gves the number of boundaries (MLYR) and the number of (x,z) pairs
defining each boundary (NC(1) .. NC(MR)). Thenfor each layerNC (x,z) pairs are

read in. Falowing this is the standard 1-D constant velocity model.

Version 3.30 5-13 9 duly 2021



Computer Programs in Seismology - GSAC

MODELO1.1
TEST MODEL
ISOTROPIC
KGS
FLAT EARTH
2-D
CONSTANT VELOCITY
LINEOS
LINEO9
LINE10
CERVENY
MLYR (NC(i), i=1,MLYR)
((XC(I,J),2C(I,J),I=1,NC(i)),I=1,MLYR)

2 211

-10 0 200 O

-10 40 20 30 40 50 60 40 80 30 100 40 120 50 140 40 160 30 180 40 200 40
H VP VS RHO QP QS ETAP ETASREFP REFS

40. 5.0 3.0 2.2 0.0 0.00.0 0.0 1.0 1.0

00. 8.0 4.7 3.3 0.0 0.0 0.0 0.0 1.0 1.0

The ray traced output is shown in Figure 11.
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Fig. 11. CRAY96.PI for a 2-D constant velocity model.

Variable Velocity 2-D Model - model.2v. This model is characterized by theykwords

2-D, VARIABLE VELOCITY and the use of CERVENY for the unused LINEIAdJ-

lowing the header is 2 line comment indicating the format. Next comes the description of
the boundaries. The first linevgs the number of boundaries (MR) and the number of

(x,z) pairs defining each boundary (NC(1) .. NC(KR)). Thenfor each layerNC (x,z)

pairs are read inFadlowing this is the variable velocity in Z. indicated by a double entry
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for each layerBecause of the way theeis81program separates the velocity model and
the boundaries, the linear velocity gradient starts at the shallowest depth of the layer
above and the deepest depth of the layer beneath.

MODELO1.1

TEST MODEL

ISOTROPIC

KGS

FLAT EARTH

2-D

VARIABLE VELOCITY

LINEOS

LINEO9

LINE10

CERVENY

MLYR (NC(i), i=1,MLYR)
((Xc(I,J),2ZC(I,J),I=1,NC(i)),I=1,MLYR)
2 2 11
-10 0 200 O
-10 40 20 30 40 50 60 40 80 30 100 40
120 50 140 40 160 30 180 40 200 40

H VP VS RHO QP QS ETAP ETASREFP REFS
40. 5.0 3.0 2.2 0.0 0.00.0 0.0 1.0 1.0
40. 6.0 3.6 2.5 0.0 0.0 0.0 0.0 1.0 1.0
00. 7.0 4.2 3.8 0.00.00.0 0.0 1.0 1.0
00. 8.0 4.7 3.3 0.0 0.00.0 0.0 1.0 1.0
The ray traced output is shown in Figure 12.
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Fig. 12. CRAY96.PI for a 2-D linear velocity depth model.
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CHAPTER 6
FILE9G FILTERS REVISED

1. Introduction

In 1996, when Comptuer Programs in Seismolo@gs weeloped, the outputiles
were in thefiled6 format. Sincethengsacwas written to emulate andxéend sac2000
Thus maw of these operations are mordieently performed using thgsacafter con-
verting thefile96 files to SAC files. Thus the prograrf®6tosacdiscussed in the we
chapter is most often used.

The first part of this chapter describes the use of rou-
tines that act as filters for data in th&96 trace format.

This means that the programs read tracediile@6 format, @
modify the traces, and then write the output inled6 for-
mat. Some of the programs, efgnech96change the trace
data stream from Greenfunctions to a three component filter
time history The unifying feature is that the outputs can b
cascaded. thus for example, the sequence of Buattdrw

filtering and cowersion of Greers functions to three com-
ponent time histories can be interchanged.
fbutt96 -£f1 0.10 —fh 0.20 -n 3 |

fmech96 -D 45 -R 90 -S 90 -A 0 -B 180

(D

is equvalent to

fmech96 -D 45 -R 90 -S 90 -A 0 -B 180 |
butt96 -f1 0.10 —-fh 0.20 -n 3

although the second will takess computational time since only three tracesikeeetl
instead of up to 16 for each station.

The second part of the chapteescribes plotting routines for tHde96(V) files.
These routines arfplot96(V), fplot396(V), fplotg96(V), and fprof96(V). These routines
read dile96(V)file and create @ALPLOT(I) graphics file.

2. fmech96
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This program coverts Greers functions into a three component time history for a
particular source mechanism - double couple, general moment tensor or point force.

fmech96

Program control is through the command line:

fmech96 [flags], where the command flags are

-D dip dip of fault plane

-8 Strike strike of fault plane

-R Rake slip angle on fault plane

-M0 Moment (def=1.0) Seismic moment in units of dyne-cm
—MW mw Moment magnitude

-E Explosion

-A Az Source to Station Azimuth

-B Baz (def=0) Statiorto Source azimuth

—ROT

Force the three component time histories to leetisal, radial and transvse
instead of vertical, north, and east. Since the Gsdanttions are alreadyevtical,
radial, and transverse, the value of the back-azimuth is not used.

—fx FX —-fy Fy —-fZ fz
Point force amplitudes (N,E,down) in units of dynes

XX Mxx -YY Myy -ZZ Mzz -XY Mxy -XZ Mxz -YZ Myz
Moment tensor elements in units of dyne-cm

-h

=2 Online help

The relation between seismic momeng, lshd moment magnitude, used is

log,, Mo =1. 5My +16. 05

The program will permit a superposition of the point force with @nthe moment
tensor sources. hever, one may wish to do this with separate operations since the
source time functions of the point force and moment tensor sources may differ.

The three moment tensor spémtions are mutually xelusive: e.g., strike, dip rag;
explosion, moment tensor matrix. By this | mean that only one of these specified on the
command line will be used to malkthe three component time histpig fact, the ery

last entry on the command line controls. Thus the command

fmech96 -D 45 -S 120 -R 33 -E

will yield the three component time histories for an explosion.

Given the sample model and distance files of Chapter 1, the generalizexaraple
of Chapter 2, the following commands arecuted:
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rbh> gprep96 -DOALL -HR 0 -HS 10 -M model.d -N 10 -DOCONV
rbh> genray96 -d dfile > genray96.out
rbh> gpulse96 -V -p -1 4 > g.vel

rbh> fmech96 -D 45 -S 45 -R 45 -MO 1.0e+24 -A 0.0 -B 180 < g.vel | £plot96

The graphics output dmech96andfplot96 is given in Fgure 1.

z
8.999E-02

N
5.245E-02

E
7.612E-02

TMIN= 15.667 TMAX=47.542 DT = 0.1250
DIST= 100.00 SDEPTH=10.00 RDEPTH=0.00
model.d

Fig. 1. Result of corerting the Greers functions into a three component seismogram. This is the ground

velocity in units ofcm/sec at a distance of 100 km for an source with seismic momedt GfX 10%
dyne-cm for a source pulse with duration of 2 seconds.

3. fbutt96

This program lowpass, highpass or bandpiisss a time history using an n'th order
Butterworth filter.
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fbutt9e

Program control is through command line flags:

fbutt96 [flags], where the command flags are

-f1 £1 (default 0.0) lav cut corner frequency

-fh fh (default Nyquist frequency) high cut corner frequency

-n norder (default 1) order of filter & n<10

-h

=2 Online help

Given the sample model and distanded of Chapter 1, the the generalized ray run of

Chapter 2, following commands are run:

rbh> gprep96 —-DOALL -HR 0 -HS 10 -M model.d -N 10 -DOCONV
rbh> genray96 -d dfile > genray96.out
rbh> gpulse96 -V -p -1 4 > g.vel

rbh> fbutt96 -£f1 0.10 —fh 0.50 -n 2 < g.vel | £prof96

The graphics output ¢butt96 is given in Hgure 2.
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8.932E-05 10.0000
10.0000 0.0000

\ 6.174E-05 10.0000
20.0000 0.0000

N 4.328E-05 10.0000
30.0000 0.0000

5.685E-05 10.0000
Q) 40.0000  0.0000

4.623E-05 10.0000
D 50.0000  0.0000

Q 2.135E-05 10.0000
60.0000 0.0000

0\ 2.018E-05 10.0000
70.0000 0.0000

2.072E-05 10.0000
\ 80.0000  0.0000

0 2.068E-05 10.0000
90.0000 0.0000

1.476E-05 10.0000
100.0000 0.0000

18 24 30 36 42
T T T T T
SRC = TSS DT = 0.125000
model.d

Fig. 2. Result of band pass filtering the ground velocities.

4. ffilt96

This program applies or remes a general instrument/filter response define in terms
of poles and zeros.oF compatibility with routines that ceart SEED or GSES3.0 to S3,
the pole-zero response is defined inCSfarmat.

filt96

Program control is through command line flags:

ffilt96 [flags], where the command flags are
-DEMEAN (default false) remee mean before filter
-TAPER (default false) apply taper before filter
-PCT pct (default 5.0 percent) taper percentage
-A  (default true) apply filter
-R  (default false) remee filter
-PZ pole_zero_file (none) SAC response file
-W water_level (0.01) to control response rewabby avoiding a division by zero
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-h
-2 Online help concerning program usage
Two examples will be gien for this program. Therkt compares the highpaskefr
operation offbutt96(V), performed using a bilinear recwsi dgital filter on the time
series to the results using the discrete Fourier transform technidti#96{V). The
SAC pole-zero response file is calleac.resand is

ZEROS 2
0. O.
0. 0.
POLES 2
-7.071067 -7.071067
-7.071067 7.071067
CONSTANT 1.0E+00

(Note that the keywords begin in column 1)
Given the sample model and distance files of Chapter 1, the the generalizecmgyle

of Chapter 2, bt restricting the synthetic to only one distance at 100 km usingl¢he f
dfile.100, the following commands are run:

rbh> gprep96 -DOALL -HR 0 -HS 10 -M model.d -N 2 -DOCONV
rbh> genray96 -d dfile.100 > genray96.out
rbh> gpulse96 -V —-p -1 4 > file96

High pass using recursive filter and pole-zero filter

rbh> fbutt96 -n 2 —-f1l 01.591549 < file9%96 > file96.b
rbh> ££filt96 -A -PZ sac.res < file96 > file96.s

Compare the time domain recursive Butterworth with the
frequency domain filter result in a plot

rbh> fplotg96 —-fl1l file9%96.b —-f2 file96.s
rbh> mv FPLOTG96.PLT FWD.PLT

Inversefilter the recursive filter output
rbh> ££filt96 -R —-PZ sac.res -W 0.001 < file96.b > file96.ss
Compare the original timeseries with the inverse filter results

rbh> fplotg96 —-fl1 file96 -f2 file96.ss
rbh> mv FPLOTG96.PLT INV.PLT

The comparison of the twhigh pass filters is gen in Fgure 3a, while the result of the
inverse filtering is g¥en in Fgure 3b The most glaring difference in this latter case is the
distortion in the lav frequeng content of the decwolved trace since it is impossible to
recover the lov frequeng information lost by the initial high pass filter.
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4.419E-07 4.240E-07 479E-07 .324E-07

jf\W\]\ ZDD RDD ZEX REX
.784E-07 4.745E-07 .651E-07 .816E-07

379E-07 3.021E-07 .670E-07 .912E-07

ZDS RDS
.728E-07 3.954E-07
.653E-07 1.473E-07 .995E-07 .072E-07

TDS ZSS ZHF RHF

v
.972E-07 1.887E-07 .619E-07 .265E-07
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IN
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-
IN
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o
w

ZVF RVF

=

~

.466E-07

o

.149E-07

o

N
[N
I

2 2 5
4.296E-07 2.649E-06 1.252E-06

RSS TSS THF
4.779E-07 2.968E-06 Hw 1.631E-06

TMIN =15.667 TMAX=47.542 DIST =100.000 DEPTHR=0.000
DT =0.1250 DEPTHS=10.000

Fig. 3a. Comparison of the time domain filtered (top trace of each Greaction to the pole-zerdltered

trace.
1.337E-05 9.289E-06 1.114E-06 3.480E-06
ZDD W ZEX REX
1.013E-05 6.987E-06 8.934E-07 2.745E-06
1.431E-05 9.762E-06 3.704E-05 2.483E-05
1.064E-05 7.294E-06 “J\/;E%
1.971E-06 4.110E-06 7.621E-06 1.353E-05
™S 78S ZHF RHF
1.553E-06 w\/:;g 6.527E-06 8.360E-06
3.562E-06 1.956E-05 4.011E-05
RSS L TSS THF
2.790E-06 1.543E-05 2.668E-05
TMIN =15.667 TMAX=47.542 DIST =100.000 DEPTHR=0.000
DT =0.1250 DEPTHS=10.000

Fig. 3bh Comparison of the initial groundelocity (toptrace) to the reconstructed ground velocity (bottom
trace).
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5. finteg96

This program integrates a time history numerically simple running sum is used,
which is equ¥alent to a rectangular rule. The algorithm implemented is

nAt

! x(dt= At 3 x(j)
i=0

If there is a DC offset inherent in the synthetic seismogram technique, e.g., modal sum-
mation or vavenumber integration which use the discrete Fourier transform, then it may
be appropriate to reme a DOC trend, defined by tharkt sample point, prior to summa-

tion. The flag-DC yields the following approximation to the integral:

niAt

P N
é’x(t)dt _Atjgo %(j) x(0)7

finteg96

Program control is through the command line:

finteg96 [flags], where the command flags are
-DC - Remove the DC offset prior to performing the igi@tion. (default - DC offset is
not removed)
-h
-}

Online help

Given the sample model and distanded of Chapter 1, the the generalized ray run of
Chapter 2, following commands are run:

rbh> gprep96 -DOALL -HR 0 -HS 10 -M model.d -N 10 -DOCONV
rbh> genray96 -d dfile > genray96.out
rbh> gpulse96 -V -p -1 4 > g.vel

rbh> finteg96 < g.vel | fprof96

The graphics output difnteg96is given in FHgure 4.
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6.935E-05 10.0000
T 10.0000  0.0000
4.979E-05 10.0000

20.0000 0.0000

3.512E-05 10.0000
30.0000 0.0000

4.032E-05 10.0000
40.0000 0.0000

3.269E-05 10.0000
50.0000 0.0000

1.740E-05 10.0000
v/’—/% 60.0000  0.0000
1.602E-05 10.0000

\/k—\/k 70.0000  0.0000
1.588E-05 10.0000

\/ 80.0000  0.0000
1.545E-05 10.0000

\/ 90.0000  0.0000
1.155E-05 10.0000

100.0000 0.0000

18 24 36 42
T T T T T

SRC = TSS DT = 0.125000

model.d

Fig. 4. Result of integrating the ground velocities.

6. fderivo6

This program differentiates a time history numericallysimple backward diérence
is used. because of the simplicity of the algorithm, fderiv96é | finteg96
sequence will yield a one unit time delayhe algorithm implemented is

dx _x(n) —x(n—-1)
dt |FAET At

tderivos

Program control is through the command line:

fderiv96 [flags], where the command flags are
-h
-

Online help

Given the sample model and distanded of Chapter 1, the the generalized ray run of
Chapter 2, following commands are run:
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rbh> gprep96 -DOALL -HR 0 -HS 10 -M model.d -N 10 -DOCONV
rbh> genray96 -d dfile > genray96.out
rbh> gpulse96 -V -p -1 4 > g.vel

rbh fderiv96 < g.vel | fprof96

The graphics output délerivob is given in Hgure 5.

2.778E-04 10.0000
10.0000 0.0000

1.996E-04 10.0000
20.0000 0.0000

1.414E-04 10.0000
30.0000 0.0000

2.060E-04 10.0000
40.0000 0.0000

1.677E-04 10.0000
50.0000 0.0000

7.057E-05 10.0000
60.0000 0.0000

6.514E-05 10.0000
70.0000 0.0000

6.411E-05 10.0000
80.0000 0.0000

NN/ 6.288E-05 10.0000

90.0000 0.0000

4.712E-05 10.0000
100.0000 0.0000

18 24 30 36 42
T T T T T
SRC = TSS DT = 0.125000
model.d

Fig. 5. Result of differentiating the ground velocity time history.

7. fsel96

This program selects subsets offi@96(V) to create a sequence of single trace
file96(V)files.

Thus one may select all times histories (components or Griegictions) for one station
or select a single component from all stations, e.g., to selectréital components of
three-component time histories. This may be useful when passing syn#rgtal\com-
ponent data through a phase velocity determination program. The processiigy flo
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fsel96

Program control is through the command line:

fsel96 [flags], where the command flags are

-NT number_trace Select only this trace/Greenfunction from each station.
Note the program requires an igég and thus it is required the the user \nihat
2 represents the RDD component for synthetic Geemrictions or that 1 repre-
sents vertical component data for three component time histories.

-NS number_station Select all time histories for a single station/distance. The
numbering is in the order of the sequence irillke@6file.

-h

-h

-2 Command help

8. fplot96

This program creates t@ALPLOT(I) file FPLOT96.PLT from the contents of the
file96(V) file read from the standard inpubrFeach station, e.g., each unique distance-
depth set for synthetics, all traces are displayed on a single page. Subsequent pages sho
the results for other traces. The processing flo

fplot96

Program control is through the command line:

fplot96 [flags], where the command flags are
-K kolor wherekolor is an integer indicating CALPLD color for the trace
(default =1 which is black)
-T tmax (default all) maximum length of plot in sec
—A (default off) annotate with 1st ard time
-h
-2

Online help

Given the sample model and distanded of Chapter 1, the the generalized ray run of
Chapter 2, following commands are run:
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rbh> gprep96 -DOALL -HR 0 -HS 10 -M model.d -N 10 -DOCONV
rbh> genray96 -d dfile > genray96.out

rbh> gpulse96 -V -p -1 4 | fplot96

The first page of the graphics outputfpfot96 is given in FHgure 6. This display may be
of use to understand the individual ray contributions to the seismogram by analyzing the
particle motion between the vertical and radial components for each Sfgsstion.

ZDD
1.866E-04
RDD
8.006E-05
ZDSs
3.365E-05
RDS
5.138E-05
TDS
1.287E-04
zss
6.111E-05
RSS
2.777E-05
TSS
1.205E-04
ZEX
2.308E-05
REX
2.543E-05
ZVF
2.213E-04
RVF
1.156E-04
ZHF
1.185E-04
RHF
8.772E-05

THF
3.417E-04

S

12 18 24 30

e e LA e e e e B e N B s e LA B m e e e e e B
TMIN=0.667 TMAX=32.542 DT = 0.1250
DIST=10.00 SDEPTH=10.00 RDEPTH=0.00

model.d

Fig. 6. The Grees'functions for a distance of 10 kilometers.

9. fplotg96

This program creates tl@ALPLOT(I) file FPLOTG96.PLT from the contents of the
file96(V) file read from the standard inpubrFeach station, e.g., each unique distance-
depth set for synthetics, all traces are displayed on a single page. Subsequent pages sho
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the results for other traces. The processing fo

fplotg96

Program control is through command line flags:

fplotg96 [flags], where the command flags are

-f1 filel The name of thalé tobe plotted

-£2 file2 The name of the file to be plotted.
If neither flag is used, then the trace data is read from the standard input. If both are
used, the traces are compared side by side.

-R
When both the-£1 filel and-£2 file2 flags are used, the second trace is
plotted using the scaling of the first trace, for each component. Thislpsadirect
comparison of amplitudes.

-K kolor wherekolor is an integer indicating CALPLD color for the trace
(default =1 which is black)

-h

-2

Online help

Given the sample model and distandked of Chapter 1, and the generalized ray
example of Chapter 2, following commands are run:

rbh> gprep96 -DOALL -HR 0 -HS 10 -M model.d -N 10 -DOCONV
rbh> genray96 -d dfile > genray96.out
rbh> gpulse96 -V -p -1 4 > g.vel

rbh> hprep96 -M model.d -d dfile -HS 10 -HR 0 -ALL
rbh> hspec96 > hspec96.out
rbh> hpulse96 -V -p -1 4 > h.vel

rbh> fplotg -fl g.vel -f2 h.vel -R

The first page of the graphics outputfjplotg96 is given in Fgure 7.
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1.866E-04
ZDD

8.006E-05

RDD

2.308E-05
ZEX

2.543E-05
REX

3.365E-05
ZDs

5.138E-05
RDS

2.213E-04
ZVF

1.156E-04

1.287E-04
TDS

6.111E-05

ZSS

1.185E-04

g ZHF

3.417E-04

2.777E-05 1.205E-04
RSS TSS THF

TMIN =0.667
DT =0.1250

TMAX =32.542 DIST =10.000 DEPTHR=0.000

DEPTHS=10.000

Fig. 7. The Grees'functions for a distance of 10 kilometers, comparing generalized ray (upper trace) to
the wavenumber integration (lower) for each Gresfunction.

10. fprof96

This program creates tHeALPLOT(l) file FPROF96.PLT from the contents of the
file96(V) file read from the standard input. This creates a unique page for each compo-

nent. Theprocessing flav is
FPROF96.PLT

fprof96

Program control is through command line flags:

fprof96 [flags|, where the command flags are

-R
The first trace of each component is used tindghe scaling of subsequent traces
on the same page.

-K kolor wherekolor is an integer indicating CALPLD color for the trace
(default =1 which is black)

—-TMAX tmax (default end of trace)

-TMIN tmin (default beginning of trace)
Define the time windw for plotting the trace. This is rele@ o the beginning of
the trace and not absolute time.
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-S scaletrace (def 1.0)scale plotted trace factor

—A Annotate the trace with the P and S\ariimes, if deined. (de&ult do not anno-
tate).

-h

—

Online help
This program is used to create the figures used to desati@y®6 of this chapter.

11. fplot396

This program operates in a slightly different manner than the other plotting programs.
Instead of directly plotting &1e96(V) file in the manner adfplot96(V), fplotg96(V), or
fprof96(V), the list of files to be plotted is deed from a commandlg. A special com-
mand language is used. In addition, this program will onlytptee-component time his-
tory files. Thepurpose is to be able to compare traces for publication.

The command file is read either from the standard input or is indicated on the com-
mand line. All other action is controlled by the program.

Program control is through command line flags:

fplot396 [flags], where the command flags are
-C cmdfil The name of the command file. If not spefhere, then it is desed
from the standard input.
-h
B

Online help
The command language used is as follows:

Command Action

NEWRAGE Force a ne page
SHOWZRT Place the symbols Z R T on the plot
SHOWZNE Placethe symbols Z N E on the plot

If the file96 file only has Z R ;Tonly Z is plotted.
For side by side plots, these symbols are column

headers.
NOSHOWZR Turn this option off
NOSHONZNE Turn this option off
RELATIVE Top trace in column defines scaling.
All other traces are relag © first
ABSOLUTE Turn of the RELATIVE scaling
SHOWABC Putsequential identifier to right of trace
RESERBC Restarthe sequencing at (a)
TIME Puttime axis in side by side plot at

current position. Requires next line torha
character string of times.
tmin’ "tmax’
SHOWTITLE placestitle on right of trace. Next
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line is the title string, quoted.
‘title’

SHOWFILE placedile name to right of trace.
NEWYO Redeiihes position of top of plot.
Default is 7.0 Next line is the
floating point value
yy0
DELY Defines the vertical spacing between traces
Default is 0.75. The Next line is the floating point value
dely
FILE Plot a file96 file. Next line contains name of file,
start and end times of plotted segment with respect
to origin time. File name is quoted.
'file_name' tstart tend
VERTICAL Plot traces verticallynot side by side
HORIZONTAL Plot traces side by side (default)
NEWPEN Net line gives integer indicating CALPLD color.

kolor

Two examples will illustrate the use of this prograrfhe first will use the synthetic

seismograms.

rbh> gprep96 —-DOALL -HR 0 -HS 10 -M model.d -N 10 -DOCONV

rbh> genray96 —-d dfile > genray96.out

rbh> gpulse96 -V —p -1 4 > g.vel

rbh> fmech96 -D 45 -S 45 -R 45 -A 22.5 -B 202.5 < g.vel > zne.vel

rbh> fplot396 -C cmdfil

where the contents of the command ¢ihadfil are

SHOWZNE
SHOWABC
SHOWTITLE
ISYNI
SHOWFILE
DELY
0.75
NEWPEN
4
HORIZONTAL
FILE
’zne.vel’
TIME
Iol

0.0 80.0

,40,

Figure 8 shows the resulting plot. Note that plotting wim@ofrom O to 80 seconds after
the origin time, bt since the traces Y& dfferent start times as a function of distance,
they appear to shift to the right in thegtire. If the data for individual distances had been
in different files then the commandovd TITLE could hae keen used to indicate the
recever distances on the traces instead of using the (a) ... (j) tags.
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SYN

8.351E-25 6.630E-25 8.308E-25

syn  (2)

Z E
“ 5.692E-25 1.236E-25 6.171E-25
syn  (b)
2.818E-25 1.128E-25 4.002E-25
syn  (¢)
1.021E-25 1.608E-25 4.924E-25
syn  (d)
1.239E-25 ﬂ 1.655E-25 3.858E-25
syn  (e)
1.100E-25 1.026E-25 1.743E-25
syn ()
9.928E-26 1.062E-25 1.600E-25
SYN (9)
9.931E-26 9.021E-26 1.635E-25
syn  (h)
9.345E-26 6.417E-26 1.628E-25
syn (i)
8.960E-26 4.970E-26 1.113E-25
(i)
0 40
L

Fig. 8. The ground velocity as a function of distance. (a) is 10 km, (b) is 20 km, and (j) is 100 km.

The other example is from a synthetic seismognarno fa real data set. In this case
the command file is
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SHOWZNE
SHOWABC
SHOWTITLE

"FLO’
DELY
0.65
RESETABC
NEWPEN
2
RELATIVE
FILE

'3f.wwlp.96’ 20.0 120.0
SHOWTITLE
FILE

"3dataflo.196’ 20.0 120.0
FILE

’3dataflo.296’ 20.0 120.0
FILE

’3dataflo.396’ 20.0 120.0
DOWN
0.65
RESETABC
RELATIVE
SHOWTITLE

,SIIM,
FILE

"3s.wwlp.96’ 20.0 120.0
SHOWTITLE
FILE

’3dataslm.196’ 20.0 120.0
FILE

"3dataslm.296’ 20.0 120.0
FILE

’3dataslm.396’ 20.0 120.0
TIME

lol l30’

The resulting plot is gen in Hgure 9.
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FLO
9.654E-04 1.061E-03 7.439E-04
(a)
“008E-03 8.117E-04 5.075E-04
(b)
1.007E-03 8.102E-04 5.076E-04

(c)
1.139E-03 8.056E-04 6.680E-04
ﬁmq/\/\_f (d)

SLM

1.212E-03 9.354E-04 1.038E-03
(a)

1.476E-03 1.070E-03 7.468E-04
(b)
1.476E-03 1.070E-03 7.468E-04
(c)
1.316E-03 1.013E-03 1.041E-03
(d)
0 30

L |

Fig. 9. Comparison of obsertt (a) and synthetic time histories for FLO and SLM for the March 3, 1963
Missouri earthquake. The traces are WWSSN 15-100 long period instrumerdgaivitbf 1.0. (b) if for the
previously published mechanisms; (c) is that mechanism with P andsTiterchanged; (d) is that mecha-
nism with P and T axes interchanged and rotated 180°. Trace amplitudes are in cm.

12. fspec96

Program control is through the command line:

fspec96 [flags], where the command flags are
-K kolor (default 1) pen color
-XLOG (default .false.)
-XLIN (default .true.)
-YLOG (default .false.)
-YLIN (default .true.)
—XMIN xmin (default auto) minimum value of x-axis
—XMAX xmax (default auto) maximum value of x-axis
—YMIN ymin (default auto) minimum value of y-axis
-YMAX ymax (default auto) maximum value of y-axis
—NXx nx (default auto ) maximum cyles in log x-axis
-NY ny (default auto ) maximum cyles in log y-axis
-FREQ (default .true.) x-axis is frequency

-PER (default .false.) x-axis is period
-2
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-=h Online help

13. fdecon96

fdecon96 performs a decamlution in the frequencdomain by dividing the spec-
tra of the numerator by the spectra of the denomindbandlimit the results for a suc-
cessful decorolution, a cosine taper can applied. The degotution uses a water Vel
set as 0.001 maximum spectral amplitude of the denominator.

The program is woked as

fdecon96 [flags)
—FN file_num (default none) numerator
-FD file_den (default none) denominator
—-W (default false) force cosine taper in freq domain
-2
—h Online help.
A sample irvocation would be
fdecon96 -N numerator -D denominator

The output is given in the standard output.
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CHAPTER 7
SAC FILTERS REVISED

1. Introduction

This chapter describes programs written to interact wit 8ls. SAC - Seismic
Analysis Codeis a seismic trace analysis package written at Lawrengernhore
National Laboratory and is copyrighted by the Regents of theetsity of California. At
present S& runs on a number of different hardware and operating system platforms,
MS-DOS and Apple Macintosh excepted. While the packagewsna, there is often a
need to covert SAC binary trace files to other formats without using the actual program.

The synthetic seismogram code presented here uB&E96(V) format that difers
from the SAC trace format by permitting multiple components and multiple stations on
the same ASCIlile. Thus there is a need to quickly gert between S& and the
file96(V)format. Thischapter presents programs that work withCSies.

2. sactoasc

This program coverts a SAC binary trace file to a S& ascii file. Thecommand is
run directly from the command line as:

sactoasc SAC_BINARY_FILE SAC_ASCII_FILE

The order of arguments is important. TB&C_ASCII_FILE will be over-written if it
already exists.

3. asctosac

This program coverts a SAC ascii trace file to a S& binary trace ite. The com-
mand is run directly from the command line as:

asctosac SAC_ASCII_FILE SAC_BINARY_FILE

The order of arguments is important. TR&C BINARY_FILE will be over-written if it
already exists.
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4. shwsac

This program reads a EAfile given on he command line, and tellseeything possi-
ble about the contents of the GAeader In addition, a simple plot is presented of the
trace. The command is run with arguments on the command line:

shwsac [-A] [-B] SAC_FILE
where the flaggd-A] and [-B] indicate that the SB FILE is ascii or binaryrespec-
tively. The user is responsible for specifying the type o€Sike, since this information

is not directly obtainable from théd itself. An example of the output follows from the
invocation of the command

shwsac -B B0101ZDD.sac

for which the SA file was created bip6osac(V) The screen output is

REAL INDEX NAME INT VALUE REAL VALUE
1 DELTA 0.12500E+00 0.12500E+00
2 DEPMIN —-0.86318E-05 -0.86318E-05
3 DEPMAX 0.13413E-04 0.13413E-04
4 SCALE —0.12345E+05 -0.12345E+05
5 ODELTA —0.12345E+05 -0.12345E+05
6 B 0.00000E+00 O0.00000E+00
7 E 0.31875E+02 0.31875E+02
8 O 0.00000E+00 0.00000E+00
9 A —-0.12345E+05 -0.12345E+05

10 FMT —0.12345E+05 -0.12345E+05
11 TO —0.12345E+05 -0.12345E+05
12 T1 —-0.12345E+05 -0.12345E+05
13 T2 —0.12345E+05 -0.12345E+05
14 T3 —0.12345E+05 -0.12345E+05
15 T4 —-0.12345E+05 -0.12345E+05
16 TS5 —0.12345E+05 -0.12345E+05
17 T6 —0.12345E+05 -0.12345E+05
18 T7 —-0.12345E+05 -0.12345E+05
19 T8 —0.12345E+05 —-0.12345E+05
20 T9 —0.12345E+05 -0.12345E+05
21 F —-0.12345E+05 -0.12345E+05
22 RESPO —0.12345E+05 —-0.12345E+05
23 RESP1 —0.12345E+05 —-0.12345E+05
24 RESP2 —-0.12345E+05 -0.12345E+05
25 RESP3 —0.12345E+05 —-0.12345E+05
26 RESP4 —0.12345E+05 —-0.12345E+05
27 RESPS5 —-0.12345E+05 -0.12345E+05
28 RESP6 —0.12345E+05 —-0.12345E+05
29 RESP7 —0.12345E+05 —-0.12345E+05
30 RESPS8 —-0.12345E+05 -0.12345E+05
31 RESPY —0.12345E+05 -0.12345E+05
32 STLA 0.00000E+00 0.00000E+00
33 STLO 0.00000E+00 O0.00000E+00
34 STEL 0.00000E+00 O0.00000E+00
35 STDP —0.12345E+05 —-0.12345E+05
36 EVILA 0.00000E+00 O0.00000E+00
37 EVLO 0.10000E+02 O0.10000E+02
38 EVEL —0.12345E+05 -0.12345E+05
39 EVDP 0.00000E+00 O0.00000E+00
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INTEGER INDEX

16

LOGICAL

CHARACTER INDEX

Version 3.30

FHDR40 -0.
USERO -0.
USER1 -0.
USER2 -0.
USER3 -0.
USER4 -0.
USERS -0.
USER6 -0.
USER7 -0.
USERS8 -0.
USER9 -0.
DIST 0.
AZ 0.
BAZ 0.
GCARC 0.
SB -0.
SDELTA -0.
DEPMEN -0.
CMPAZ 0.
CMPINC 0.
XMINIMUM -0.
XMAXIMUM -0.
YMINIMUM -0.
YMAXIMUM -0.
ADJTM -0.
FHDR65 -0.
FHDR66 -0.
FHDR67 -0.
FHDR68 -0.
FHDR69 -0.
FHDR70 -0.
NAME

NZYEAR
NZJDAY
NZHOUR
NZMIN

NZSEC
NZMSEC
NVHDR

NINF

NHST

NPTS

NSNPTS

NSN

NXSIZE
NYSIZE
NHDR15

NAME

IFTYPE

IDEP

IZTYPE
IHDR4

IINST
ISTREG
IEVREG
IEVTYP
IQUAL
ISYNTH

NAME

LEVEN
LPSPOL
LOVROK
LCALDA
LHDRS

NAME

7-3

12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
89930E+00
18000E+03
00000E+00
00000E+00
12345E+05
12345E+05
72922E-08
00000E+00
00000E+00
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
12345E+05
INT VALUE
1970

1

0

0

15

666

6

0

0

256
-12345
-12345
-12345
-12345
-12345
INT VALUE
1

-12345

9

-12345
-12345
-12345
-12345
-12345
-12345
-12345
INT VALUE

oooor

INT VALUE

.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.89930E+00
.18000E+03
.00000E+00
.00000E+00
.12345E+05
.12345E+05
.72922E-08
.00000E+00
.00000E+00
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
.12345E+05
INT VALUE
1970
1
0
0
15
666
6
0
0
256
-12345
-12345
-12345
-12345
-12345
ENU VALUE
ITIME

IB

LOG VALUE

Lo B ]

CHAR VALUE

SAC Filters Revised
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1 KSTNM GRN16 GRN16
2 KEVNM SYNTHETI SYNTHETI
3 KEVNMC C C
4 KHOLE -12345 -12345
5 KO -12345 -12345
6 KA -12345 -12345
7 KTO -12345 -12345
8 KT1 -12345 -12345
9 KT2 -12345 -12345
10 KT3 -12345 -12345
11 KT4 -12345 -12345
12 KT5 -12345 -12345
13 KT6 -12345 -12345
14 KT7 -12345 -12345
15 KT8 -12345 -12345
16 KTO -12345 -12345
17 KF -12345 -12345
18 KUSERO -12345 -12345
19 KUSER1 -12345 -12345
20 KUSER2 -12345 -12345
21 KCMPNM ZDD ZDD
22 KNETWK -12345 -12345
23 KDATRD -12345 -12345
24 KINST -12345 -12345
1 0.
26 7.40105E-07
51 1.51866E-07
76 8.95409E-08
101 5.38562E-07
126 -8.63175E-06
151 -2.72976E-06
176 —-2.86479E-07
201 -2.29318E-09
226 1.70056E-08
251 1.41848E-08

256 1.33739E-08

and the graphics output is st in Figure 1. The table contains the components of the
floating point, intger and character headers of theCS#fe. In addition, the integeral-

ues may be interpreted as logical or to represent some ennumerated values. The second
column shows the SAinternal name, or something dEHDR70 if there is not difcial

SAC name, the actualalue in the headgand the enumerated value. Finally the last 12

lines shav the first, last and ten intermediate values of the time history.

5. f96tosacUpdated

This program coverts afile96(V)trace file to single trace SAfiles, either inbinary
or ASCII format. The program is controlled from the command line as follows:

f96tosac ([flags
OUTPUT FILE NAME
—-A SAC dphanumeric file, else binary

-B SAC binary (default)
-G (default) Output names in form DDDDdHHHh.grn (binary)
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NPTS=256 MAX=1.337E-05
DT=0.125E+00 MIN=-8.609E-06

Fig. 1. Graphic output of the prograshwsac(V)

-=T Output names in form DDDDDdHHHh.grn(binary)
—E Output names in form DDDdddHhhh.grn(binary)

The format for the name of the binary output attempts to

give information on epicentral distance (km),

source depth (km), and reeei depth(km). The options are
-FMT 1 DDDDDd_HHHh_ZZZz.grn e.g. 005001_1234 0045.Uz
-FMT 2 DDDDDddd_HHHhhh_ZZZzzz.grn e.g. 00500123 123456 004578.ZVF
-FMT 3 DDDDDdHHHh.grn (sameas -T) e.g. 0050010041.ZVF
-FMT 4 DDDDdHHHh.grn  (samas -G) e.g. 050010045.ZVF
-FMT 5 DDDdddHhhh.grn (samas -E) e.g. 5001234578.ZVF

where D is for epicentral distance, H source depth, and

Z recever depth. The lower case indicates the digits

to the right of the decimal place. The examplesrabo

are for an epicentral distance is 500.123 km, source

depth 123.456 km and rewei depth 4.578 km.

The -FMT x naming corention is compatible with the

mt command of gsac. Howver the model must be in units of

km, km/s and g/cm”3
-2 This online help
-h This online help

The mary options are provided for the camnience of the useOriginally there vas
interest only in the Greemfunctions as a funciton of distance. Lateere was a need to
view synthetics for different receer depths. The only limitation occurs when the rnange
of distance, source and rewe depth cannot be described by the FORTRAN format
fields. Thus there would be problems if the remeilepth is 0.001 km, in which cse the
ZZZz woould be 0000. One camalys change the source code.
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The naming of the GREEBIfunctions is discussed in Appedix B.

6. sactof96

The cowersion of SAC files to thefile96(V) format is not trivial, since all files for
one station must be input. The prograatfto96uses an interac®e cmmand language
to accomplish this. The program will creat&la96(V)file, with the ixed namdile96.fil,
for only one station.

The command line language consists of single line commands, which can be in either
upper or lower case, and optional second line entries. Only the comiidhbsr those
indicating a specific component, e.g1 or Z are folloved by an additional line. The
command syntax can be seen by entering the commMBbhE which prompts the user for
anenter so the screen does not fill so quicKiye results of thelELP command are:

Control the creation of FILE96(V) files by these

commands :

KEYWORD MEANING

HELP Print this help screen
REVIEW Print current input 1list
BINARY SAC file is in binary form
ASCII SAC file is in ASCII form
OBSERVED Series is observed

SYNTHETIC Series is synthetic
TIME_DOMAIN This is a time series
FREQUENCY_DOMAIN This is a complex Fourier transform series
PROCESS Begin conversion to FILE96
QUIT Exit this program

FILEO1l Create a 1 component FILE96
FILEO3 Create a 3 component FILE96
FILEl6 Create a 16 component FILE96
UNIT The next line is one of the

following left justified keywords:
COUNTS CM CM/SEC CM/SEC/SEC M M/SEC
M/SEC/SEC MICRON MICRON/SEC MICRON/SEC/SEC

01 The following FILE is ZDD

02 The following FILE is RDD

03 The following FILE is ZDS

04 The following FILE is RDS

05 The following FILE is TDS

06 The following FILE is ZSS

07 The following FILE is RSS

08 The following FILE is TSS

09 The following FILE is ZEX

10 The following FILE is REX

11 The following FILE is ZVF

12 The following FILE is RVF

13 The following FILE is ZHF

14 The following FILE is RHF

15 The following FILE is THF

4 The following FILE is Vertical
N The following FILE is North

E The following FILE is East

T The following FILE is Transverse
o The following FILE is Other

ENTER to continue
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An actual run combining three of the GAiles created by96tosacinto a three compo-

nent file required the following commands:
FILEO3
SYNTHETIC
UNIT
CM/SEC
BINARY
Z
B0106ZSS.sac
R
BO107RSS.sac
T
B0108TSS.sac
REVIEW
PROCESS

The REVIEW COMMAND provides the current state of the desiredveosion. The
results for this run are:

File Type: FILEO3

Data Source: SYNTHETIC

Domain: TIME_DOMAIN

Units: CM/SEC

SAC File Type: BINARY
Z SAC Data File: B0l1l06ZSS.sac ——- Exists
R SAC Data File: BO01l07RSS.sac —— Exists
T SAC Data File: B01l08TSS.sac -- Exists

Figure 2 shows the plot of the contents of tike ffle€96.fil created using the command
fplot96 < file96.fil.
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ZSS
4.110E-06

RSS
3.562E-06

TSS
1.956E-05

20 30 40
T T T T T T T T T T T

TMIN= 15.667 TMAX=47.542 DT = 0.1250
DIST= 100.00 SDEPTH=0.01 RDEPTH=0.00

Fig. 2. Plot of thdile96file created bygactofo6

7. sacdecon

sacdecon performs a decalution in the frequencdomain by dividing the spec-
tra of the numerator by the spectra of the denomindmbandlimit the results for a suc-
cessful decorolution, a cosine taper can applied. The degolution uses a water Vel
set as 0.001 maximum spectral amplitude of the denominator.

The program is voked as

sacdecon [flags|
-FN file_num (default none) numerator
-FD file_den (default none) denominator
-W (default 0.001) water Vel
-T (default false) force cosine taper in freq domain
—ALP alpha (default 2.3) compbefrequeng parameter
-D delay (0 sec) Begin output delay sec before t=0
-A (default false) data are &Aascii
-B (default true) data are $Abinary
-

—h Online help.
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A sample irvocation would be
sacdecon -FN numerator -FD denominator -B

The output is given in the file sacdecon.bin if the original files were in
SAC binary and in the filessacdecon.asc if the original files were in S& dpha format.

8. saciterd

saciterd performs a time domain deoastution. This program was written b¢.
J. Ammon and is described in

Ligorria, J. Pand C. J. Ammon (1999). Iteraé decorvolution and recefer-func-
tion estimationBull. Seism. Soc. Am. 89, 1395-1400.

An important aspect of this program is that the dedloion is expressed as a sequence

of Gaussian filtered impulses. The zero phase Gaussian filter is defined as
H(f) = ™",

The parameter alpha controls the freqyecentent, with the € point at a frequenc
alm. Thus ana = 1. 0give a bwpass version of the reeer function at a frequerycof
about 0.3 Hz.

The program is voked as

saciterd [flags|
-FN file_num (default none) numerator
-FD file_den (default none) denominator
-E error (0.001) comergence criteria
—ALP alpha (default 1.0) Gaussian Filter Width
H(f) = exp( - (pi freg/alpha)**2)
Filter corner ~ alpha/pi
—N niter (default 100) Number iterations/bumps
-D delay (5 sec) Begin output delay sec before t=0
—-POS (default false) Only permit posie anplitudes
-2 (default false) use double length FFT toid FFT wrap around in caolution
—RAYP rayp (default -12345.0) Ray parameter in (sec/km) to set i@ &&ader for use
by r£tn96 andjoint96. This value is not used by this program. Wsidd to
determine this value
4
-h Online help.
Output files:
observed : original numerator corolved with Gaussian
numerator : original numerator corolved with Gaussian
denominator : original numerator corolved with Gaussian
decon.out : Recever function for Gaussian
predicted : Recever function for Gaussian
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SAC header values set afecon.out:

SAC header values set"

B : delay

USERD : gwidth KUSERQO: Rftn
USER4 : rayp (sec/km)

USERS5 :fitin %

KEVNM : Rftn KUSERL1:IT_DECON
USERO : gwidth USERS fitin %

A sample irvocation would be
saciterd -FN file_num -FD file_den

wherenumerator anddenominator are binary S files.

This program creates\sal files which are in S& binary format:

decon.out - final Gaussian filtered deceoiution

observed - Gaussian filtered numerator

numerator - Gaussian filtered numerator

denominator - Gaussian filtered denominator

predicted - prediction of Gaussian filtered numerator obtained bwaemg decon.out
with the original denominator fflle_den

In addition the program setsveeal of the SAC header values in the fildecon.out:

B - set to-delay seconds

USERO - set to the value of the Gaussian filter paramatina

KUSERO - set to the strindrftn.

KUSERL - set to the strindT_DECON.

USER4 - set to the value of the ray parameter (sec/km) on the command line. If not speci-
fied on the command line, the SAlefault value of -12345.0 is used.

KUSER4 - if the ray parameter > 0, then this variable is sp{kavs).

USERS - set to the quality of fit value, e.g., for the example telbis will be 99.5 indi-
cating that the predicted numerator accounts for 99.5% of the actual filtered numera-
tor.

KUSERS - set to the strind-IT

The folloving example uses the programspec96p to generate vertical and radial
plane-vavesynthetics for a teleseismic signal incident from a halfspace onto a 1 km thick
soil deposit. The vertical and radial binary GAiles are denoted asile.z and
file.R, respectiely. saciterd is invoked to perform 100 iterations withr = 5.

Figure 3 presents the input traces and the traces generated by the script:
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#!/bin/sh

cat > dfile << EOF
100.0 0.01 4096 5.0 0.0

EOF

kit

# define the simple soil model

####

cat > soil.mod << EOF

MODEL

simple soil model

ISOTROPIC

KGS

FLAT EARTH

1-D

CONSTANT VELOCITY

LINEO8

LINEOY9

LINE1O

LINE1l1l

HR VP VS RHO QP QS ETAP ETAS FREFP FREFS

1.00 1.80 0.80 1.6 100 100 0.0 0.0 1.0 1.0

10.0 6.1000 3.55 2.7 100 100 0.0 0.0 1.0 1.0

EOF

kit

# Make synthetic plan wave response

# This should be a good approximation for teleseisms
# especially since we are interested in the receiver function
#

# We only consider upgoing P saves form the source in hspec96p
kit

hprep96p -M soil.mod -d dfile —-HS 10 -HR 0 -TF -BH —-EQEX -PMIN 0.07 -PMAX 0.07 -DF 0.0
hspec96p —-SPUP

hpulse96 -p -V -1 2 | f96tosac -B

mv BO109ZEX.sac file.Z

mv BO1l1lOREX.sac file.R

rm B*sac

#i###
# now run saciterd

HHH4

saciterd -FN file.R -FD file.Z -N 100 -D 10.0 -E 0.00001 -ALP 5.0 —-RAYP 0.07
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Fig. 3. Traces in order from top to bottomi le.R, radial time seriesfile.z, vertical time series;
decon.out, recever function;numerator; denominator; predicted and observed. The fle
decon.out would be input to a program toviert the receier funciton for earth structure.

If the —v flag is invoked, SAC files are created at each stage of the iteration with
namesrxxx, dxxx and £xxx, where XXX is the three digit iteration numbEor exam-
ple,p001 is the predicted Gaussian filtered numerator at iteratiat® 4} is the receier
function as of iteration 1, anglo01 is the residual recegr function to be fit by further
iterations.

9. sacealr

Rather than using this with tHi¢e96 files, use th&sac transfer command with the
argumenteval subtye amp_file phase_file.

Using the amplitude and phase ascii files output from the IRIS progvabresp,
this program covolves or decovolves the instrument response.

sacevalr [flags|

-DEMEAN (default false) remae mean before filter

-TAPER (default false) apply taper before filter

-FREQLIMITS f1 f2 f£3 f£4 apply a taper for decwalution (-R) This cubic
taper ensures that the deeoled spectrum passband is [f2,f3] and that the spectum
is zero forf < £1 and£ > £4 with a cubic taper int the region [f1,f2] and [f3,f4].
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-A  (default true) apply filter
-R (default false) remee filter
-aAMP amp_file (none) earesp amp file
—PHA phase file (none) earesp phase file
—SACIN binary sac input file (none)
—SACOUT binary_sac_output file (none)
-2
-h

Online help

In addition the program setsveeal of the SAC header values in thdd binary sac.out if
the instrument response is rerao:

USER1 - minimum period in the passband

USER2 - maximum period in the passband

KUSERL - set to the strind®’ER_MIN.

KUSER?Z - set to the strindPER_MAX.

These ields are set when removing the instrument resporgesp hat other programs,
such asacmft 96 andsacpom96, only use frequencies within the passband of decon-
volution. Theuse of frequenclimits ensures a stable deeolution by a zero-phase
bandbass.

10. saclhdr

This is a very useful program to interrogate the values in the header of a sacfile and
then to use thosealues in a shell script. This isWwaysac can fundtion without the use
of blackboard variables.

This program gamines the header of a SAile to return a specified headealve.
The purpose of the program is to return the headlerevin a way that permits is to be
assigned to a SHELL variable. The following shell script illustrates its use. Note that a
different syntax is required icsh.

#!/bin/sh

###H

# test sac file using the new saclhdr
#hH#

ISSAC='‘saclhdr -ISSAC $1°

if test $ISSAC =1
then

echo ISSAC FILE
fi
DIST='‘saclhdr -DIST $1‘
echo $DIST

The command is run directly from the command line as:
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saclhdr [-?] [-h] -Cmd[s] -NL SAC_ALPHA_OR_BINARY_FILE

The -Cmd is one of the $SAheader items listed in the descriptionstfwsac. The SAC
file can either be machine dependent binary or in thé 8gha format. The program
attempts to determine the data type.

In addition to the S& header values, we recently added H#MON and NZDAY to
permit output of month and day.

If the -NL flag is not used, then only the first command is output using a C printf stat-
ment, such aprintf("%f",fval) - no newline is placed in the output, which permits it use
as a SHELL variable.

If the —NL flat is invoked, more than one command can bdwated, and a space is
output in between theelds using a C printf statement, suctpastf("%f " fval), with the
entire stream terminated by a newline.

The outputis free format. If the SB header is set to the default no-value 12345.,
-12345 or "-12345" for real, integer or string values, then these appear on the output.

Special formatting is used for tNMZYEAR, NZJDAY, NZMON, NZDAY NZHOUR,
NZMIN and NZMSEC fields to ensure that the complete field widths of 4, 3, 2, 2, 2, 2,
and 3, respeately are used. Thus successigueries can lead to the time stamp:

2001 002 05 10 03 010
This is useful for defining unique trace names awdrom directories directly from the
header:

#!/bin/sh

ikt
# query the SAC header to define a name for storing the receiver function
# for this station
ikt
ALP=1.0
for STA in *BHZ*
do
BASE='‘basename ${STA} .BHZ‘
saciterd -ALP ${ALP} -P 0.10 -N ${BASE}.BHR -D ${BASE}.BHZ -D 10
KSTNM="'‘saclhdr -KSTNM ${STA}"
NZYEAR="‘saclhdr —-NZYEAR ${STA}"'
NZJDAY="‘saclhdr —-NZJDAY ${STA}"'
NZHOUR=‘saclhdr —-NZHOUR ${STA}"'

# be careful here in that the trace time may not be the origin time
# does the directory for this stations’ receiver functions exist

if [ -d ../${STA}RFTN ]

then

echo exists

else

mkdir ../${STA}RFTN

fi
###H
# rename the decon.out file and move it to the station directory
#hH#

mv decon.out ../${STA}RFTN/${NZYEAR}$ {NZJDAY}${NZHOUR}S {STA}${ALP}
done
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The-NL flag was introduced to permit an quickakiation of the contents of the €A
header without a lot of SHELL programming. This example examines the heddes v
of some receer functions.

#!/bin/sh
for i in */*.1.0
do
saclhdr -NL -KSTNM —-KCMPNM -USERO -USER4 -USER6 $i
done

11. sacit

This program applies or rewes a gneral instrument/filter response define in terms
of poles and zeros. For compatibility with routines thavedrSEED or GSE3.0 to S
the pole-zero response is defined inCSfarmat.

sacfilt

Program control is through command line flags:

sacfilt [flags], where the command flags are

-DEMEAN (default false) remee mean before filter

-TAPER (default false) apply taper before filter

-FREQLIMITS f1 f2 £3 £4 apply a taper for decwalution (-R) This cubic
taper ensures that the deeodled spectrum passband is [f2,f3] and that the spectum
is zero forf < £1 and£ > £4 with a cubic taper int the region [f1,f2] and [f3,f4].

-A  (default true) apply filter

-R  (default false) remee filter

-PZ pole_zero_file (none) SAC response file

—SACIN binary sac input file (none)

—SACOUT bhinary_sac_output file (none)

-h

-2 Online help concerning program usage

In addition the program setsveeal of the SAC header values in thdd binary sac.out if
the instrument response is rerao:

USER1 - minimum period in the passband

USER2 - maximum period in the passband

KUSERL - set to the strind®’ER_MIN.

KUSER?Z - set to the strindPER_MAX.

These ields are set when removing the instrument resporgeso hat other programs,
such asacmft 96 andsacpom96, only use frequencies within the passband of decon-
volution. Theuse of frequenclimits ensures a stable deegolution by a zero-phase
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bandbass.

12. saccvt

This program addresses the problem of transportinG 8idary files between a
SFARC, or other machine using IEEE big-endian INTEL little-endian representations of
numbers. This utility thus performs the necessary byte swaps to accomplish this.

Program control is through command line flags:

saccvt [flags], where the command flags are
—-I (default none) intelligently guess whether toeh
-h
-2 Online help concerning program usage

The use of the program is illustrated bye@iting sacevt -h Or sacecvt -2,
which gwes:

Convert SAC binary IEEE to INTEL format
Convert SAC binary INTEL to IEEE format
All 4 byte integers and floats (a,b,c,d) are
transposed to (d,c,b,a)
Example: saccvt < SAC_BINARY > tmp ; mv tmp SAC_BINARY

-I (default none) intelligently guess whether to convert
-h (default none) this help message
-2 (default none) this help message

Ultimately this program will be modified to permit thi#e$ to be cowerted to be
given on he command line. The reason for theot#age process outlined al®is to
ensure that the ceersion is a conscious act. The other altemsafs to se thesac-
tosac andasctosac routines to covert the natve bnary SAC file to ASCII, transfer
the ASCII between the machines, and thenvedrnthe ASCII to the other machirse’
binary SAC file format. The use adacevt is the preferred mechanism.

The -1 flag is the latest addition to the code. If this flag oked, then the file is
examined by looking for the pattern -12345. in the floating point header values or the
integer -12345 in the integer header values. if this ig N€en then the file is coerted.
Otherwise if is not.l usually run this program in a shell script:

for i in *sac
do

sacevt -I < | >tmp; mvima
done

This will ensure that all S8 files in the current directory are in the format for the local
architecture.
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CHAPTER 8
EARTH MODEL FILES

1. Introduction

This chapter describes the earth model format in detail. Preliminary versions of pro-
grams that use the earth model format are documented.

2. model96

Themodel196 format is described in Chapter 1 for flat-layered media. Chapter 5 dis-
cusses the extension to 2-D varying interfaces and vertically varying velocity functions in
the cont&t of asymptotic ray tracing. The focus of this chapter is on layered media with
constant velocity layers.

3. shwmod96

This program plots an earth model in tirede196 format.

The program is woked as

shwmod96 [flags] model96 file[ 5]
-XLEN Xxlen (default 6.0 ) Length of horizontal axis
-YLEN Yylen (default 6.0 ) Length of depth axis
-X0 x0 (default2.0) (x0,y0) are lower left corner
-Y0 yO (default1.0)
-K kolor (default 1 ) Profe in color If kolor < 0 plot modelswith progression
from red to blue.
=VMIN vmin (default 2.0 ) Minimum value of horizontal
-VMAX vmax (default 5.0 ) Minimum value of horizontal
—ZMIN zmin (default 0.0 ) Minimum value of depth axis
-zZMAX zmax (default 60. ) Minimum value of horizontal axis
-W width (default 0.001") Line width in inches
-NOLABX (default label X) Do not label X-axis’
-NOLABY (default label Y) Do not label Y-axis’
-P (default S) plot P-velocity
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-S (default S) plot S-velocity

-D (default S) plot density

-? (default none ) this help message
-h Online help.

NOTE: WORKS ONLY FOR ISOTROPIC EARTH MODELS

4. timmod96

This program predicts and plots the first\alrtimes of the PSV and SH arnvals for
a gvenmodel96 file[s].

The program is woked as

timmod96 [flags] model96 file[ s

-XLEN Xxlen (default 6.0) Length X-axis
-YLEN Ylen (default 6.0) Length Y-axis
-VRED vred (default not used) reduction velocity
-HS hs (default 0.0) Source depth km
-HR hr (default 0.0) Recever depth km
—TMIN tmin (default 0.0) Minimum value of time
-TMAX tmax (default 100.0) Maximum value of time
—-XMIN xmin (default 0.0) Minimum value of distance
-xXMAX xmax (default 300.0) Maximum value of distance
-X0 X0 (default 2.0) x-position of lower left corner
-Y0 yO (default 1.0) y-position of lower left corner
-K kolor (default 1 ) Proie in color If kolor < 0 plot modelswith progression

from red to blue

-K kolor (defwlt 1 ) Profile in color

if kolor < 0 use red->blue progression

-P (default ) Plot P times
-sv (default P ) Plot SV times
—-SH (default P ) Plot SH times

-W width (default 0.001") Line width in inches

-2

—=h Online help.

NOTE: WORKS ONLY FOR ISOTROPIC FLAT EARTH MODELS

The program also creates an outplet TIMMOD96.TXT which has four columns of
output: distance (km), P time (sec), SV time (sec) and SH time (sec). Of these only one
set of trael time-distance values are plotted according to the use effthesv and-sH
flags. The-VRED vred can change the plot to a reducedré¢raime plot, but this does
not affect the listing of times in the ilEMMOD96.TXT.

The graphics filer TIMMOD96.PLT is also created.
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Note also that this is preliminary code and that the presentation must be cleaned up.

5. mkmod96

This program currently interagtly creates amode196 file for a 1-D velocity model
with constant elocity layers. One use of the program is to prototype the correct model
format and then to use aditor to add detail to the model.

The following examples indicates the use of the program. User input is indicated by
thecourier Bold font and program output by tlimurier font.
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mkmod96
Write creating model96 file for isotropic constant velocity layers, 1-D model
Enter name of the earth model file
modell.d
Model file is :modell.d
Enter model comment
Isotropic model
Comment is :Isotropic model
Enter 0 for flat earth model
1 for spherical earth model

Model flat/sph: 0
Enter Velocity Model, EOF to end:

H VP vs RHO QP QS ETAP ETAS FREFP FREFS
(km) (km/s) (km/s) (gm/cm”3) -—- —-— ———— ———— (Hz) (Hz)
0 7 4.5 2.7 100 100 0.0 0.0 1.0 1.0
40. 7. 4.5 2.70000005 100. 100. 0. 0. 1. 1.
0 9 5.7 3.3 1000 1000 0.0 0.0 1.0 1.0

0. 9. 5.69999981 3.29999995 1000. 1000. O. O. 1. 1.
(enter a End Of File- a CTRL Z RETURN in DOSor usually a CTRL D on UNIX/LINUX
Overwriting Existing model File

mkmod96
Write creating model96 file for isotropic constant velocity layers, 1-D model
Enter name of the earth model file
model2.d
Model file is :model2.d
Enter model comment
Spherical isotropic model
Comment is :Spherical isotropic model
Enter 0 for flat earth model
1 for spherical earth model

Model flat/sph: 1
Enter Velocity Model, EOF to end:

H VP VS RHO QP QS ETAP ETAS FREFP FREFS
(km) (km/s) (km/s) (gm/cm”3) -- —-—- —-——— ————  (Hz) (Hz)
-50 0.30 0.0 0.001 O 0 0 0 1.0 1.0
-50. 0.300000012 O. 0.00100000005 O. O. O. O. 1. 1
-10 0.31 0.0 0.001 O 0 0 0 1.0 1.0
-10. 0.310000002 ©O. 0.00100000005 O. ©O. O. O. 1. 1
40 6 3.5 2.7 100 100 0.0 0.0 1.0 1.0
40. 6. 3.5 2.70000005 100. 100. O. O. 1. 1.
0 8 4.7 3.3 1000 1000 0.0 0.0 1.0 1.0

0. 8. 4.69999981 3.29999995 1000. 1000. O. O. 1. 1.
(enter a End Of File- a CTRL Z RETURN in DOSor usually a CTRL D on UNIX/LINUX
Overwriting Existing model File

Note that the second model file used thgatiee layer thicknesses of the first dw
layers to indicate that the model extendedvaltbe reference datum - the surface of the
earth. D plot the velocity prafes shwmod96 is used. Note thadhwmod96 correctly

plots the model with respect to the surface datum.

shwmod96 -P -VMIN 0 -VMAX 10 -ZMIN -100 -ZMAX 50 -K 2 model*.d

Themodel*.dis a UNIX/LINUX wild-card expansion. This will also work under DOS

because of the use of the gcc/g77 compilers.
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Fig. 1. Plot of the models files produced usiignod96.

6. time96

This program predicts the first aral times of the PSV and SH arwals for a gven
model96 file[s]. This program is designed to used in the mannedd@td in that out-
put can be placed in a SHELL variable.

As an &ample, assume that you wish to reanthetics that start 100 seconds before
the predicted P-awvefirst arrval. Also assume that you wish to place the Rdrame,
relatve o the origin time in to the S8 header alue A and that you wish do define a
parameteiO for a synthetic seismogram program. This can be done as following, in this
BASH SHELL fragment:

for GCARC in \

20 30 40

do

A=“time96 -M AK135sph.mod —-GCARC ${GCARC} -T —-EVDP ${HS}"“
TO=“echo $A | awk '{printf "%$£f", $1 - 100}' ™

done
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The program is woked as

time96 [flags]
—GCARC gcarc (default none) epicentral dist deg
-DIST dist (default none) epicentral dist km
-EVDP evdp (default 10.0) source depth km

-T (default true) output treel time

—-RAYP (default false) output ray param
—GEOM (default false) output geometrical spreading
-TS (default false) output ray T*

-P (default true) output for P-awe

-SVv (default false) output for SV-awe

-SH (default false) output for SH-ave

-pP (default false) output for teleseismic pP
-sP (default false) output for teleseismic sP
-sS (default false) output for teleseismic sS
-M model_name Model96 velocity model

-h this command help

-2 this command help

An earth flattening approximation is used for spherical models.

Ultimately this program could be used to provide the geometrical spreading for a
spherical Earth model.

7. refmod96

This program predicts and plots the first\artimes of the PSV and SH arwals, as
well as reflection times, for a\g@n mode196 file[s].

This special purpose program is mean to be used witpldttecordsection or refr
command plot output afsac.

The program is woked as

refmod96 [flags]
-XLEN Xxlen (default 6.0) Length X-axis
-YLEN Ylen (default 6.0) Length Y-axis
-VRED vred (default not used) reduction velocity
-TMIN tmin (default 0.0) Minimum value of time
-TMAX tmax (default 100.0) Maximum value of time
—-XMIN xmin (default 0.0) Minimum value of distance
-XMAX xmax (default 300.0) Maximum value of distance
-X0 X0 (default 2.0) x-position of lower left corner
-Y0 yO (default 1.0) y-position of lower left corner
-W width (default 0.001) Width of line (inch) for model plot
-KR kr (default 4 ) Color of reflection
-KF kf (default 2 ) Color of first arrval
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-M model (required )model96 file name

-P (default ) Plot P times

-SvV  (default P ) Plot SV times

—-SH (default P ) Plot SH times
-NOBOX (default none) do not plot bounding frame
-NMULT nmult (default 1) number of reflection multiples
-LEG (default none) Put in file legend

-HS hs (default 0.0) source depth in km

-? (default none ) this help message

-h (default none ) this help message

NOTE: WORKS ONLY FOR ISOTROPIC FLAT EARTH MODELS

8. prfmod96

This program contour plots a 2-D Swvevelocity model using 1-Bnode196 veloc-
ity models specified as a function of latitude and longitude.

The program is woked as

prfmod9o6 [flags]
-XLEN Xxlen (default 6.0) Length X-axis
-YLEN Yylen (default 6.0) Length Y-axis
-X0 x0 (default 2.0) x-position of lower left corner
-Y0 yO (default 1.0) y-position of lower left corner
-zMAX zmax (default 100.0) maximum depth (km) for plot
-LAT1 latl (default none) left coordinates of plot
-LON1 lonl (default none)
-LAT2 lat2 (default none) left coordinates of plot
-LON2 |on2 (default none)
-W  width (default 50) Width (km) of projection
—C control (required )control name
—-Kv control_value file If not defined the contour VALUES
are 2.5 - 6.0 in increments of 0.25 km/sec.
The file has one value per line in increasing order
-KA control_label file If not defined the contour LABELS
are 2.5 - 6.0 in increments of 0.50 km/sec
The file has one value per line in increasing order
lat lon model96 _file
-2 (default none ) this help message
-h (default none ) this help message

NOTE: WORKS ONLY FOR ISOTROPIC FLAT EARTH MODELS
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An example of the use of this program in in the following BASH SHELL script. This
script creates thalés for the annotation of the plot. The data set consists of 1-D models
for Korea and creates a profile by using 1-D models wids@ km of the selected pro-
file.

The contents of thelé control which associates latitude, longitude, station name and
velocity model is gven here. Note that FORTRAN requires the use of single quotes to
delimit the station and file names in the script. TheWil& contains entries such as:

36.569 128.706 'AND' '../FINV/FinvAND/end.mod'
37.968 124.630 'BRD' '../FINV/FinvBRD/end.mod'
35.249 129.113 'BUS' '../FINV/FinvBUS/end.mod’
36.823 127.257 'CEA' '../FINV/FinvCEA/end.mod'
36.773 127.119 'CHA' '../FINV/FinvCHA/end.mod'

The processing scripgDOIT, is

#!/bin/sh
##4##

#

#H4H#
VMIN=2.5
VMAX=5.5
ZMAX=40.0
WIDTH=50.0
#H4H4

#
Hi####
cat > kv_file << EOF

.00

.25

.50

define plot limits

define the contour wvalues

define the contour values to be annotated. To have a clean
# appearance, only a few contour labels are plotted
H#H###
cat > ka_file << EOF
3.0
3.5
4.0
4.5
EOF
prfmod96 -YLEN 3 -ZMAX ${ZMAX} -C WW ${LL} -VMIN ${VMIN} \
-VMAX ${VMAX} -W ${WIDTH} -KA ca_file -KV cv_file
cat PRFMOD96.PLT | plotnps —-F7 -W10 —-EPS -K > PROF.eps

The resulting plot is shown in Figure 2. Note that the plotting routine is not perfect in that
station names carverlap. This can be adjusted using Adobe illustrator.
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Fig. 2. Plot of the models files produced usitignod96.
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CHAPTER 9
TRANSVERSE ISOTROPY REVISED

1. Introduction

This chapter describes thenplementation of synthetic seismogram codes for trans-
versely isotropic media. Eventually the documentation will be included in the chapters
corresponding to the particular technique. Thavawmber integration codes for
Chanpter 3 and the sade vave cords for Chapter4 ka keen adapted for use in TI
media, with the name changes indicted in the following table:

tspec96 Extensioto hspec96

tspec96p Extensiotm hspec96p

trftn96 Extensiorof hrftn96

tizismod Conert TI model to best Isotropic Model
is2timod Conert Isotropic model to Tl Model
tmkmod96 Similato mkmod96 - interactely create TI model
ttimmod96 Extensioto timmod96

ttime96 Extensiomo time96

tshwmod96  Extensioto shwmod96

tfmech96 Extensioto fmech96

tprep96 TIversion of sprep96

tdisp96 Tlversion of sdisp96

tregn96 Tlversion of sregn96

tlegn96 Tlversion of slegn96

tpulse96 Thversion of spulse96

tdpsrfo6 Tlversion of sdpsrfo6

tdpegn96 Tlversion of sdpegn96

tdpder96 Thversion of sdpder96

tcomb96 TIversion of scomb96

The termExtension means that the program works with both transverse isotropic (TI) and
isotropic models. Computation times for an isotropic model are isignify faster when
using the corresponding purely isotropic implementati@ertain programs ke keen
modified to use either a Tl or isotropic model (ebgprep96, hspec96)
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2. Tl model

A trans\ersely isotropic velocity model with a vertical axis of symmetry is defined by
five dastic constants (L@, 1944). In the Loe rotation, the moduli of elasticity are A, C,
F, L and N. | deine the velocities VP\EClp, VPH=7Alp, VSV =47Ll]p,
VSH =+/N/p and VPF=/F/p. Four of these hae smple meanings. VPV is theslocity
of a vertically propagating quasi-Pawe and VSV is the velocity of a vertically propa-
gaing quasi-S wavefor which there is no distinction between quasi-SV and quasi-SH.
VPH is the velocity of a horizontally propagating quasi-&#/&VSH is the velocity of
the horizontally propagating quasi-SHawve For reference, the quasi-SVawe propagat-
ing horizontally has the velocity VSWYhe VPF is a constructed velocity related to the F
modulus.

Since an isotropic medium is just a special case of a Tl model, the TI moduli are
related to the Lamé parameters by the simple relatioasCA A +2u, F=2A and
L=N=_u.

Because a Tl medium requiregefelastic constants for a complete description, mncor
poration of anelasticity should also requineefdifferent Q \alues. Inthe wavenumber
integration and sudce-vavedispersion programs, causal Q is introducAdlesign deci-
sion was made to describe the Q-effect in terms of only two values- Qpand Qs, which
are used in the isotropic mdeia. Since anisgtiaghe Earth exists in the upper mantle
as a subtle perturbation to the isotropic earth, the decisiorvéochly a Qp and aQg is
justifiable on the basis oflack of knowledge of actual T@ in the Earth and becauseyan
effect may be subtleBefore introducing a design decision for implementgn a TI
model, a revie of some concepts is presented.

Anderson and Archambeau (?, 1966X) discussed the attenuation of P- avesSaw
terms of the blk moduluss and rigidity p. At a fixed frequeny, the compl& Vp and Vs
are defined in terms of compléulk and shear modulk +ix *and g+ iy *:

B PRk
K+ p+ie ™+ )
Voo 3 3
o=
Jo,
i *
WA
0

Assuming thak* << x and y* << y, then

and
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—I U I u*0
Ve= fguff
S'\/p 2 u O

. i 0
= +
V¢(elastic 20500
which leads to the definitions
1 K * + : /,[ *
Qx4
K 3 7,
and
1 _wur
Qs H

Anderson and Archambeau (1967, ?) note that ifggniess is due only to shear* =0,
and that as a consequence

Qp _ 3 Vi(elastic)
Qs 4 Vi(elastic)
WhenA = y, then @/ Qs=2. 25.

To implement attenuation into the Tl model, three design decisions are made:

A* C* 1
A C Q
. L*_N*_ 1
L N Qs

. F*is chosen in a manner to reduce to the isotrdpicso that the model synthetics
reduce to isotropic synthetics as the Tl modekotropic.

To accomplish this we start with equations (8.191) and (8.192) of Dahlen ramopT
(1998) that relate the TI constants to the best isotropic model bulk moduli:

1
Kk=A+ pu=g(C+aA-AN+4F)

1
= — (C+A+6L+5N-2F
H= 1 )
Fdlowing Archambeau and Anderson (1967, ?), at a fixed fregquenc

2 1
KE= A%+t = (CH+AA* —AN * +4FY)

1
u* = 15 (C*+A* +6L * +5N * —2F*)
Noting that a causal Q operator also makes the real part of the zovejbeity fre-

queny dependent, te factors, f(w, wrer, Q) and fy(w, wer, Q') are introduced that
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corvert the frequengindependent purely elastic moduli to the freqyedependent com-
plex moduli. The factors» 1asQ - oo. The compl& F is dotained from the definition

2F = Cf2 + Af2 + 6Lf2 + 5Nf2 — 15uf2
wherey, A, C, L and N are real constant®\lgebraic substitution shows that in the iso-
tropic limit for the special case & =0 A */1 = Q' andu*/ u = Q. This approach

is taken since the P- and Q- causal atenuation operators neayflierent reference fre-
guencies.

3. tmkmod96

This program interactely creates anodel96 file for a 1-D velocity model with
constant elocity layers. One use of the program is to prototype the correct model format
and then to use aatlitor to add detail to the model.

The folloving examples indicates the use of the program. User input is indicated by
theCourier Bold font and program output by tltmurier font.

tmkmod96
Write creating model96 file for transverse isotropic
constant velocity layers, 1-D model
Enter name of the earth model file
MVDH.mod.ti
Model file is :MVDH.mod.ti
Enter model comment
Modified Van der Heiden beryl TI model - P vel scaled to 6 km s"-1
Comment is
Modified Van der Heiden beryl TI model - P vel scaled to 6 km s"-1
Enter 0 for flat earth model
1 for spherical earth model
0
Model flat/sph: 0
Enter Velocity Model, EOF to end:

H VPV VSV RHO QP QS ETAP ETAS FREFP FREFS
(km) (km/s) (km/s) (gm/cm”3) -—- —— ———— ————  (Hz) (Hz)
VPH VSH VPF
(km/s) (km/s) (km/s)
1.0000 5.7530 3.0220 2.7000 0.00 0.00 0.00 0.00 1.00 1.00

6.1430 3.4730 3.0430
1. 5.75299978 3.02200007 2.70000005 O. O. O. O. 1. 1.
6.14300013 3.47300005 3.04299998

Creating the model file:MVDH.mod.ti

Overwriting Existing model File

The model file createdjVHD . mod. t i is the following:
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MODEL. 01
Modified Van der Heiden beryl TI model - P vel scaled to 6 km s"-1
TRANSVERSE ISOTROPIC
KGS
FLAT EARTH
1-D
CONSTANT VELOCITY
LINEO8
LINEOY9
LINE1O
LINE1l1l
H(KM) VPV (KM/S) VSV (KM/S) RHO(GM/CC) QP QS ETAP ETAS FREFP FREFS
VPH (KM/S) VSH(KM/S) VPF (KM/S)
1.0000 5.7530 3.0220 2.7000 0.00 0.00 0.00 0.00 1.00 1.00
6.1430 3.4730 3.0430

4. is2timod

This program reads an isotropic model andveds it into a Tl model. One use of
this program is to do the hardbvk of corverting a model that is mostly isotropic to one

that is in the Tl model format. Fox@mple, one may wish an upper mantle model that

only has true transverse isotyopithin a narrev regon of the upper mantleThe TI
model file can then be edited tavgithe correct TI model values to selected layers.

This program does not Y& an on-line help with the-h or -2 command line flags.
The program is just a filter.

Consider the following isotropic model contained in the fitedel . is.

MODEL

TEST MODEL

ISOTROPIC

KGS

FLAT EARTH

1-D

CONSTANT VELOCITY

LINEOS

LINEO9

LINE1O

LINE1ll

HR vP VS RHO QP QS ETAP ETAS FREFP FREFS
40 5.8383 3.3408 2.7000 0.00 0.00 0.00 0.00 1.00 1.00
0o 8 4.7 3.3 0.0 0.0 0.0 0.0 1.0 1.0

Running the command
is2timod < model.is > model.ti

creates the equalent model file in Tl formatmodel . ti:
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MODEL. 01
TEST MODEL
TRANSVERSE ISOTROPIC
KGS
FLAT EARTH
1-D
CONSTANT VELOCITY
LINEOS
LINEO9
LINE10
LINE11l
H(KM) VPV (KM/S) VSV (KM/S) RHO(GM/CC) QP QS ETAP ETAS FREFP FREFS
VPH (KM/S) VSH(KM/S) VPF (KM/S)

40.0000 5.8383 3.3408 2.7000 0.00 0.00 0.00 0.00 1.00 1.00
5.8383 3.3408 3.4298
0.0000 8.0000 4.7000 3.3000 0.00 0.00 0.00 0.00 1.00 1.00
8.0000 4.7000 4.4520
5. tizismod

This program reads a transverse isotropic model andedsrit into an equwialent
isotropic model.This comwersion uses equations (8.191) and (8.192) of Dahlen and
Tromp (1998):

2

1
K:/]+§,U:§(C+4A—4N+4F)

1
u=-—(C+A+6L+5N-2F)
15
The use of this program may be to create anvelguit isotropic model so that isotropic
synthetic seismograms can be compared to the Tl ones.

This program does not & an on-line help with the-h or —? command line flags.
The program is just a filter.

Consider the following transversely isotropic model contained inlthmédel . TI:
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MODEL. 01
TEST MODEL
TRANSVERSE ISOTROPIC
KGS
FLAT EARTH
1-D
CONSTANT VELOCITY
LINEOS
LINEO9
LINE10
LINE11l
H(KM) VPV (KM/S) VSV(KM/S) RHO(GM/CC) QP QS ETAP ETAS FREFP FREFS
VPH (KM/S) VSH(KM/S) VPF (KM/S)
40.0000 5.7530 3.0220 2.7000 0.00 0.00 0.00 0.00 1.00 1.00
6.1430 3.4730 3.0430
0.0000 8.0000 4.7000 3.3000 0. 0. 0.00 0.00 1.00 1.00
8.0000 4.7000 4.4520

Running the command
ti2ismod < model.TI > model.IS
creates the following best isotropic model filwdel . IS :

MODEL. 01

TEST MODEL

ISOTROPIC

KGS

FLAT EARTH

1-D

CONSTANT VELOCITY

LINEOS

LINEOY9

LINE1O

LINE1ll
H(KM) VP (KM/S) VS (KM/S) RHO(GM/CC) QP QS ETAP ETAS FREFP FREFS

40.0000 5.8383 3.3408 2.7000 0.00 0.00 0.00 0.00 1.00 1.00
0.0000 8.0000 4.7000 3.3000 0.00 0.00 0.00 0.00 1.00 1.00

6. tshwmod96

This program plots an earth model in thede196 format either for the isotropic or
transverse isotropic 1-D constant velocity layered specification.

The program differs frorshwmod96 in that the plotted depth values increasemward
instead of decreasing. If the model is trase isotropic the VPH and VSklecities,
corresponding to a horizontally promding quasi-P and quasi-SH, respedyi, are plot-
ted with dashed lines.The VPV and VSV velocities, corresponding to vertically ptepag
ing quasi-P and quasi-Sv or quasi-SH, respegtias well as the P- and Saveveloci-
ties for an isotropic medium are plotted with solid line segments.

Although the program plots VPV¥SV, VPH and VSH the pseudo-velocity VPF is not
plotted. Rathethe parameten = F/A — 2L (Dahlen and Tromp, 1999) is plotted using
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the command line optioRE. The parametey = 1 for an isotropic medium.

The output is a CALPLD plot file with nameSHWMOD 96 . PLT.
The program is woked as

tshwmod96 [flags] model96 file[ s
-XLEN Xxlen (default 6.0 ) Length of horizontal axis
-YLEN Ylen (default 6.0 ) Length of depth axis
-X0 x0 (default 2.0) (x0,y0) are lower left corner
-Y0 yO (default1.0)
-K kolor (default 1 ) Profe in color If kolor < 0 plot modelswith progression

from red to blue.

=VMIN vmin (default 2.0 ) Minimum value of horizontal
-vMAX vmax (default 5.0 ) Minimum value of horizontal
—ZMIN zmin (default 0.0 ) Minimum value of depth axis
-zZMAX zmax (default 60. ) Minimum value of horizontal axis
-W width (default 0.001") Line width in inches

—-NOLABX (default label X) Do not label X-axis’
—NOLABY (default label Y) Do not label Y-axis’
-P (default S) plot P-velocity

-S (default S) plot S-velocity

-D (default S) plot density

-E (default S) plot eta

-? (default none ) this help message

-=h Online help.

The relation between seismic moment, lshd moment magnitude, used is
log;oMp=1.5M,, +16.05

The following shell script plots the Tl and egaént isotropic models in tovdis-
plays. thefirst plots the glocities, densities and eta side-by-side to produce theilglot f
TIMOD1.PLT with different colors representing the fdifent models. The othewer-
lays all model parameters in thkefnodel . TTI onto a single frame with different colors
representing the twwelocities, density angl.
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${RED} model.TI
cat SHWMOD96.PLT >> mm
reframe -YH7200 -O < mm > TIMOD2.PLT
rm mm
rm SHWMOD96.PLT
plotnps -EPS -K < TIMOD2.PLT > timod2.eps

#!/bin/sh

###H#

# Define colors

ik

BLACK=1

RED=2

GREEN=3

BLUE=4

RAINBOW=-1

###H#

# P S density Eta in side-by-side frames

ik

tshwmod96 -X0 1.0 -XLEN 2.5 -VMIN 5.0 -VMAX 9.0 -ZMIN
-K ${RAINBOW} model.TI model.ti

mv SHWMOD96 .PLT mp

tshwmod96 -X0 3.5 -XLEN 2.5 -VMIN 2.0 -VMAX 6.0 -ZMIN
-K ${RAINBOW} model.TI model.ti

reframe -N1 -O -XL3500 < SHWMOD96.PLT > ms

tshwmod96 -X0 6.0 —-XLEN 2.5 -VMIN 2.0 -VMAX 4.0 -ZMIN
-K ${RAINBOW} model.TI model.ti

reframe -N1 -O -XL6000 < SHWMOD96.PLT > md

tshwmod96 -X0 8.5 -XLEN 2.5 -VMIN 0.0 -VMAX 1.5 -ZMIN
-K ${RAINBOW} model.TI model.ti

reframe -N1 -O -XL8500 < SHWMOD96.PLT > me

cat mp ms md me > TIMOD1l.PLT

rm —f mp ms me md

rm —fr SHWMOD96.PLT

plotnps -EPS -K < TIMOD1.PLT > timodl.eps

ik

# Plot P S Density and Eta on one frame -

# cut off the top

ik

tshwmod96 -X0 1.0 -XLEN 4.0 -VMIN 0.0 -VMAX 9.0 -ZMIN
${BLACK} model.TI

cat SHWMOD96.PLT > mm

tshwmod96 -X0 1.0 —-XLEN 4.0 -VMIN 0.0 -VMAX 9.0 -ZMIN
${RED} model.TI

cat SHWMOD96.PLT >> mm

tshwmod96 -X0 1.0 -XLEN 4.0 -VMIN 0.0 -VMAX 9.0 -ZMIN
${GREEN} model.TI

cat SHWMOD96.PLT >> mm

tshwmod96 -X0 1.0 -XLEN 4.0 -VMIN 0.0 -VMAX 9.0 -ZMIN

0 -zZMAX 50. -P \

0 -zZMAX 50. -S \

0 -zZMAX 50. -D \

0 -zZMAX 50. -E \

use different colors for each

0 -zZMAX 50. -P -K \

0 -zZMAX 50. -S -K \

0 -zZMAX 50. -D -K \

0 -zZMAX 50. -E -K \

The resultant plots are
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P-Velocity (km/s) S-Velocity (km/s) Density (gm/cm”3) Eta
5.60 6.40 7.20 8.00 8.80 3.20 4.00 4.80 5.60 2.40 2.80 3.20 3.60 0.30 0.60 0.90 1.20
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Fig. 1. TIMOD1.PLT
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Depth (km

30.00

40.00

Fig. 2. TIMOD2.PLT

7. ttime96

This program predicts the first aral times of the PSV and SH arwals for a gven
model96 file[s]. This program is designed to used in the mannadd@td in that out-
put can be placed in a SHELL variable.

As an gample, assume that you wish to reanthetics that start 100 seconds before
the predicted P-awefirst arrval. Also assume that you wish to place the Rdréme,
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relative o the origin time in to the SB header alue A and that you wish do define a
parametei0 for a synthetic seismogram program. This can be done as following, in this
BASH SHELL fragment:

for GCARC in \

20 30 40

do

A="“ttime96 -M takl35sph.mod —-GCARC ${GCARC} -T -EVDP ${HS}"“
TO0=“echo $A | awk '{printf "%f", $1 - 100}' ™

done

The program is woked as

ttime96 [flags]
—GCARC gcarc (default none) epicentral dist deg
-DIST dist (default none) epicentral dist km
-EVDP evdp (default 10.0) source depth km
=T (default true) output travel time
—RAYP (default false) output ray param
—GEOM (default false) output geometrical spreading
-Ts (default true) output ray T* time
—P (default true) output for P-awe
-sP (default false) output for teleseismic sP
-sV (default false) output for SV-ave
—SH (default false) output for SH-ave
—pP (default false) output for teleseismic pP
-M model_name Model96 velocity model
-h this command help
-2 this command help

An earth flattening approximation is used for spherical models.

Ultimately this program could be used to provide the geometrical spreading for a
spherical Earth model.

8. ttimmod96

This program predicts and plots the first\alrtimes of the PSV and SH arwals for
a gvenmodel96 file[s].

The program is woked as

ttimmod96 [flags] model96 file[ g
—-XLEN xlen (default 6.0) Length X-axis
-YLEN Yylen (default 6.0) Length Y-axis
-VRED vred (default not used) reduction velocity
-HS hs (default 0.0) Source depth km
-HR hr (default 0.0) Recever depth km
—TMIN tmin (default 0.0) Minimum value of time
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-TMAX tmax (default 100.0) Maximum value of time

—-XMIN xmin (default 0.0) Minimum value of distance

-xXMAX xmax (default 300.0) Maximum value of distance

-X0 X0 (default 2.0) x-position of lower left corner

-Y0 y0O (default 1.0) y-position of lower left corner

-K kolor (default 1 ) Proie in color If kolor < 0 plot modelswith progression
from red to blue
-K kolor (defwlt 1 ) Profile in color
if kolor < 0 use red->blue progression

-P (default ) Plot P times
-sv (default P ) Plot SV times
—-SH (default P ) Plot SH times

-W width (default 0.001") Line width in inches
-LEG (default none) Put in file legend
-2

-=h Online help.

The program also creates an outplet TTIMMOD96.TXT which has four columns of
output: distance (km), P time (sec), SV time (sec) and SH time (sec). Of these only one
set of trael time-distance values are plotted according to the use effthesv and-sH
flags. The-vRED vred can change the plot to a reducedré¢raime plot, but this does
not affect the listing of times in the filtTIMMOD96.TXT.

The graphics filer TIMMOD96.PLT is also created.
Note also that this is preliminary code and that the presentation must be cleaned up.

9. tspec96

tspec96 generates the Grearnfunctions for Tl media as a function of distance and
frequeng. Its output is used bkpulse96 to yield the Greess functions as a function
of distance and time. Although program will accept an isotropic or Tl model ispecif
tion, computation time for an isotropic model will be greater thamégrec96 because
of the need to compute eigenfunctions and eigaas and then the propagator matrices.
hspec96 uses known algebraic equations for the propagator matrices. Greers
functions will be the same as those fragpec96 if the model is isotropic.

Figure 3 shows the processingwildor this program. The program requires the
hspec96.dat file created byhprep96(VI). The program output is ogdout and on a
binary file hspec96.grn.

Program control is through the command line:

tspec96 [flags], where the command flags are
-H (default false) UseHankel function not Bessel. This will be useful at large dis-
tances and high frequencies, especially when phase velocity windowing- is per
formed.
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-A arg (default arg=3.0) value atr whereH, (kr) replacesJy, (kr) in integration
- only used when -H is used
-K (default Futterman) use Kjartansson Causal Q

The following gwern wavdield at source. The default is the entiravdield

-suU (default whole vavdield) Compute only upgoingavdield from the source
-sD (default whole vavdield) Compute only downgoingawdield from the source
—SPUP Include upward P at source

—SSUP Include upward S at source

—SPDN Include downward P at source

—SSDN Include downward S at source

The following gwern the vavdield at the receer. The default is the entireavdield.
The usefulness and effect of these for a surfacevesgginot clear.

-RD Include only downgoing @wves at lecever
—-RU Include only upgoing aves at ecever
—RPUP Include upward P at recer

—RSUP Include upward S at recer

—RPDN Include downward P at recer
—RSDN Include downward S at recer

B

—h Online help concerning program usage

If we run the following script,

hprep96 -M model.TI -d dfile -HS 10 -HR 0 -ALL
tspec96 > hspec96.out

hpulse96 -V —-p -1 4 > TI.vel

fplot96 < TIvel

mv FPLOT96.PLT TIhPLOT

hprep96 -M model.IS -d dfile -HS 10 -HR 0 -ALL
tspec96 > hspec96.out

hpulse96 -V —-p -1 4 > IS.vel

fplot96 < ISvel

mv FPLOT96.PLT IShPLOT

we will be able to compare the Greghinctions for the Tl and isotropic media. Figure 4
shows this comparison for the SS source Gesfanctions.
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model96 hspec96.dat

tspec96

hspec96.grn

Ot}
D

Fig. 3. Processing fle for tspec96
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7.511E-05 10.0000
10.0000  0.0000

6.504E-05 10.0000
10,0000 0.0000
1.071E-05 10.0000 3.084E-05 10.0000
zu 0000 0.0000 20.0000 ~ 0.0000
s 576E-06 10.0000
:n 0000 0.6000

§,9526:06 10,0000
30.0000

4 602E-06 10,0000

40.0000 ~ 0.0000
4.159E-06 10.0000
50.0000 ~ 0.6000
4.888E-06 10.0000
60.0000 ~ 0.6000
5.272E-06 10.0000
70.0000  0.0000
8.837E-06 10,0000
80.0000 ~ 0.0000
7.259€-06 10.0000
90.0000 ~ 0.6000
7.220E-06 10.0000
100.0000 0.6000

T T T T
SRC = ZSS DT = 0.125000 SRC = ZSS DT = 0.125000
model.TI model.IS

§;10E-05 10,0000 5.132E-05 10.0000

000 10.0000 ~ 0.0000
2.986E-05 10.0000 3.620E-05 10.0000
zn 0000 0.6000 \ 200000~ 0.0000

1 §976:05 10,0000 1;783€-05 10,0000

6.324E-06 10.0000
40.0000  0.0000

6.187E-06 10.0000
50.0000 ~ 0.0000

6.324E-06 10.0000
60.0000 ~ 0.0000

4.543E-06 10.0000
70.0000  0.0000

§554£:06 10,0000
80,0000

4.168E-06 10.0000
90.0000 ~ 0.0000

4.537€-06 10.0000
100.0000 0.0000

ao 0000 30.0000 ~ 0.00
1.350E-05 10.0000 1,307E-05 10.0000
40 0000 0.0000 20.0000  0.0000
1.095E-05 10.0000 1.005E-05 10.0000
50.0000 ~ 0.0000 50.0000 ~ 0.0000
9343806 10,0000 \ 7.915E-06 10.0000
60.0000 60.0000 ~ 0.0000
8.060E-06 10.0000 6.503E-06 10.0000
70.0000  0.6000 70,0000~ 0.0000
6.924E-06 10.0000 §434€-06 10,0000
80.0000 = 0.0000 80.0000
5.986E-06 10.0000 4.475E€-06 10.0000
90.0000 ~ 0.6000 90.0000 ~ 0.0000
5.226E-06 10.0000 3.961E-06 10.0000
100.0000 0.0000 100.0000 0.0000

T T T T T T T T T T T

SRC = RSS DT = 0.125000 SRC = RSS DT = 0.125000

model.TI model.Is

1.160E-04 10.0000
10.0000  0.6000

1,505E-04 10.0000
10,0000 0.0000

1.196E-04 10.0000
20.0000  0.6000

12845504 10,0000
20.0000

9.409E-05 10.0000
30.0000  0.6000

9.491E-05 10.0000
30.0000 ~ 0.0000

T.404£-05 10,0000 7.312E-05 10.0000
000 40.0000  0.0000

5,958:05 10,0000
50.0000

5.919E-05 10.0000
50.0000 ~ 0.6000

50276205 10,0000
60.0000 ~ 0.0000

4,906£:05 10,0000
60.0000

4.172E-05 10,0000
70.0000  0.6000

4.150E-05 10.0000
70.0000 ~ 0.0000

3.791E-05 10.0000
80.0000 ~ 0.0000

3.760E-05 10.0000
80.0000 ~ 0.0000

3.416E-05 10.0000 3.347E-05 10.0000
90.0000  0.6000 80.0000  0.0000

3.071E-05 10.0000
100.0000 0.0000

2.960E-05 10.0000
100.0000 0.0000

SRC = TSS DT = 0.125000 SRC = TSS DT = 0.125000
model.TI model.Is

Fig. 4. Comparison of the ZSS, RSS and TSS Gsdanttions for the TI media (left
and equralent isotropic media (right). Synthetics are made at distances of 10 - 1
in increments of 10 km. Each trace consists of 256 points atith0.125 sec.A

reduction velocity of 8.0 km/sec is used and each trace start at the
-1.0+r/8.0

DO km

time

10. tspec96p

tspec96p generates the Greenfunctions for TI media as a function of a

ray

parameter and frequendts output is used blypulse96 to yield the Grees' functions

as a function of ray parameter and time. Althoysrbgram will accept an isotropic or
model specification, computation time for an isotropic model will be greater th

TI
an for

hspec96p because of the need to compute eigenfunctions andveiges and then the
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propagator matricesThe Greers functions will be the same as for the isotropic case.
This program computes thernresponse for a layered media. Thavenumber inte-

gration method for computing synthetic seismograms consistgalfaéng the double
integral

g(r,t) = Jo’og(r,f)ejz”“df
where i

g(r,f) :‘i’og(k,f)\]n(kr)kdk
Since this equation is a Hankel transform, we alse ha

a(k,f) =i’og(r,f)Jn(kr)rdr

In exploration seismology it cganient to think in terms of ray parameter p which is
related to k andv =2nf by k=pw. By substitution, we define g(p) as

00

9(p.7) =g(p, t=pn)= [ gk =2nfp, et

= J g(k = 2nfp, )2 7 df

This last expression shows that the presponse is actually theverse Fourier trans-
form of g(k f) with the constraint k p2rf.

The p—r seismogram has w&al interesting properties. Reflection hyperbolas in the
r —t domain, appear as ellipses in the pdomain. A refracted ana with ray parame-
ter, prer, IS mapped into a point with ray parametes,pn the p— r domain. Morampor-
tantly, the efect of the Hankel transform is that geometrical spreading isvandhe
p— 7 time history gves orrect relatte anplitudes due to plane ave reflection and
refraction in the model.

Figure 5 shows the processingwvildor this program. The program requires the
hspec96p.dat file created byhprep96p(VI). The program output is ostdout and on a
binary file hspec96.grn

Program control fotspec96pis through the command line:

tspec96p [flags], where the command flags are
-K (default Futterman) use Kjartansson Causal Q
The following gwern wavdield at source. The default is the entiravdield
-su (default whole vavdield) Compute only upgoingavdield from the source
-sD (default whole vavdield) Compute only downgoingawdield from the source
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—-SPUP

Include upward P at source
—-SSUP

Include upward S at source
—SPDN

Include downward P at source
—SSDN

Include downward S at source
The following gwern wavdield at receier. The default is the entireavdield
-RD Include only downgoing @ves at ecever
—-RU Include only upgoing aves at ecever
—RPUP Include upward P at recer
—RSUP Include upward S at recer
—RPDN Include downward P at recer
—RSDN Include downward S at recer
-2
-h

Online help concerning program usage

model96 hspec96p.da

tspec96p

hspec96.grn

Ot
Oaliat)

Fig. 5. Processing flo for tspec96p
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rbh> hprep96p -M model.d -d dfile -HS 10 -HR 0 —ALL \
-PMIN 0.01 -PMAX 0.20 -DP 0.01

rbh> tspec96p > tspec96p.out

rbh> hpulse96 -V -p -1 4 | fprof96

11. trftn96

This program computes thertical and radial components for incident quasi-P and
quasi-SV athe top layer of a model consisting of a free surfa@elying a layered half-
space. Th@rogram also computes the surface nemdunction. The output is a sacfile.

Program control is through the command line:

trfn96 [flags], where the command flags are
USAGE: trftn96 [-P] [-S] [-2] [-r] [-z] -RAYP p -ALP
alpha -DT dt —-NSAMP nsamp

-P (default true ) Incident P ave

-S (default lse) Incident wave

-RAYP p (default 0.05) Ray parameter in sec/km
-DT dt (default 1.0) Sample interval for synthetic

-NSAMP nsamp (default 512) Number samples for synthetic
-M model (defaultnone) Earth model name
-ALP alp (default 1.0) Number samples for synthetic
H(f) = exp( - (pi freg/alpha)**2)
Filter corner ™ alpha/pi

-2 (default Blse) Usex length internally

-r (default fllse) Outputadial timeseries

-z (default Blse) Outpuvertical time series

-2 (default false) use double length FFT to
avad FFT wrap around in ceolution

-D delay (default 5 sec) output delay sec before t=0

-2 Display this usage message

-h Display this usage message

As an example of running this program consider thewatig which produces S&files
for the surface P-awverecever function and sudce vertical (z) and radial (r) time histo-
ries for the isotropic and Tl models. The traces are plotted in Figure 6.
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trftn96 -P -ALP 1.0 -DT 0.1 -D 10. —-RAYP 0.10 -M model.IS -2
mv hrftn96.sac 1010.rfn
trftn96 -z -P —-ALP 1.0 -DT 0.1 -D 10. —RAYP 0.10 -M model.IS -2
mv hrftn96.sac z1010.rfn
trftn96 -r -P -ALP 1.0 -DT 0.1 -D 10. —-RAYP 0.10 -M model.IS -2
mv hrftn96.sac rl1l010.rfn
trftn96 -P -ALP 1.0 -DT 0.1 -D 10. —-RAYP 0.10 -M model.TI -2
mv hrftn96.sac t1010.rfn
trftn96 -z -P —ALP 1.0 -DT 0.1 -D 10. —RAYP 0.10 -M model.TI -2
mv hrftn96.sac tz1010.rfn
trftn96 -r -P -ALP 1.0 -DT 0.1 -D 10. —-RAYP 0.10 -M model.TI -2
mv hrftn96.sac trl010.rfn
IS Z
TI
IS R
TI
1S RFTN
TI
Fig. 6. Comparison of surface vertical (Z) and radial (R) synthetics andedieri
recever functions (RFTN) for the isotropic and Tl models. Thdedénces become
apparent at late time.

12. tfmech96

This program coverts Greers functions into a three component time history for a
particular source mechanism - double couple, general moment tensor or point force.
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This programisin evaluation and testing.

This program differs from the currefimech96 in its support of the Tl Grees’
functions. The determination of three-component time histories for a dislocation source
for isotropic media requires only the isotropic Greduhctions and the seismic moment.

For Tl media, the linear combination of Gregernfunctions for a dislocation source
requires terms such asida andNuda whereL andN are two of the fve Tl constantsu

is the displacement on the fault asal is the ault area. For isotropic medig,=L =N
and the common termudA = M, can be factored from the fault definition terms.

To presene the useful concept of seismic moment, this program useslthe of the
seismic moment, llgiven on he command line. The program next defines

1
ﬂeﬁzl—S(C+A+6L+5N_2F)

and then defines the udAMg / k. Finally the exact Tl relations for excitation are used
since we nw have a value for udA. If the source layer is isotropic then the resulting
three-component time history will be the same as that from the orifjieadh96. This
simplifying assumptiondvas the standard approach of specifying seismic moment for
isotropic media while permitting theuvestigation of vavepropagation in Tl media.

An explosion in isotropic media is represented by a diagonal moment tensor with
M1 = M5, = M33. The proper representation of an explosion in Tl media is under investi-
gation.

tfmech96

Program control is through the command line:

tfmech96 [flags|, where the command flags are

-D dip dip of fault plane

-S Srike strike of fault plane

-R Rake slip angle on fault plane

-M0 Moment (def=1.0) Seismic moment in units of dyne-cm
MW mw Moment magnitude

-E Explosion

-A Az Source to Station Azimuth

-B Baz (def=0) Statiorto Source azimuth

—ROT

Force the three component time histories to be vertical, radial and draasv
instead of vertical, north, and east. Since the Gsdanttions are alreadyetvtical,
radial, and transverse, the value of the back-azimuth is not used.

—fx FX -fy Fy —-fZ fz
Point force amplitudes (N,E,down) in units of dynes

XX Mxx -YY Myy -ZZ Mzz -XY Mxy —-XZ Mxz -YZ Myz
Moment tensor elements in units of dyne-cm

-h
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-2 Online help

The program will permit a superposition of the point force with @fnthe moment
tensor sources. ever, one may wish to do this with separate operations since the
source time functions of the point force and moment tensor sources may differ.

The three moment tensor specifications are mutuadbjusve: e.g., strike, dip rak;
explosion, moment tensor matrix. By this | mean that only one of these specified on the
command line will be used to malthe three component time histpig fact, the ery

last entry on the command line controls the result. Thus the command

tfmech96 -D 45 -S 120 -R 33 -E
will yield the three component time histories for an explosion.

13. Limitations and Directions

The names of some of the programs may change since a Tl medium includes an iso-
tropic medium. The programgtimmod96, tshwmod96 Or tfmech96 may be
renamect immod96, shwmod96 or fmech96 respectiely. The functionality oftmk-
mod96 may be included inmkmod96. The computational programgspec96,
tspec96p andtrftn96 will not be renamed since the original programs for isotropic
media are faster for computing synthetics.
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CHAPTER 10
ﬁE\:\/’VESS’ STRAIN, DILATATION AND ROTATION

1. Introduction

This chapter describes theavenumber integration and modal superpoistion codes to
generate stress, strain, dilatation and rotation synthethics foera geciication of the
force or moment of the source. The negtife shows the order that programs are run in
order to go from the model to the output sac files.

model96
model96

\ 4

Y Sprep96
hprep96

i
v sdisp96
hspec96strain tspec96strain

\i

A

¥ hpulse96strain

‘ > spulse96strain [«
sacfile
<> 7

The programhprep96 was dscussed in Chapter 3, whikgprep96 sdisp96 and
sregn96are discussed in Chapter 4.

2. hspec96strairand tspec96strain

Figure 3 shows the processingwildor this program. The program requires the
hspec96.dat file created byhprep96(VI). The program output is ogdout and on a
binary file hspec96.grn.
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Program control is through the command line:

USAGE.hspec96strain [-H] [-A arg] [-K] [-N][-SU] [-SD] [-SPUP]
[-SSUP] [-SPDN] [-SSDN] [-RU] [-RD] [-RPUP] [-RSUP]
[-RPDN] [-RSDN] [-?] [-h]

-H (default Bllse) UseHankel function not Bessel

-A arg (default arg=3.0) value of kr where Hn(kr) replaces

Jn(kr) in integration - only used when -H is used

-K (default Futterman) use Kjartansson Causal Q

-N  (default causal) use non-causal Q

The following gwern wavdield at source. The default is the entiravdield

-sU  (default whole vavdield) Compute only upgoingavdield from the source

-sD (default whole wavdield) Compute only downgoingawvdield from the source

-SPUP Include upward P at source

-SSUP Include upward S at source

—SPDN Include downward P at source

—SSDN Include downward S at source

The following gwern wavdield at receier. The default is the entireavdield

-RD Only downgoing \aves at ecever

-RU Only upgoing vaves at ecever

—-RPUP Include upward P at recer

-RSUP Include upward S at recer

—RPDN Include downward P at reser

—RSDN Include downward S at reeer

-? Display this usage message

-h Display this usage message

USAGE.tspec96strain [-H] [-A arg] [-K] [-SU] [-SD] [-SPUP]
[-SSUP] [-SPDN] [-SSDN] [-RU] [-RD] [-RPUP] [-RSUP]
[-RPDN] [-RSDN] [-?] [-h]

-H (default Blse) UseHankel function not Bessel

-A arg (default arg=3.0) value of kr where Hn(kr) replaces

Jn(kr) in integration - only used when -H is used

-K (default Futterman) use Kjartansson Causal Q

The following gwern wavdield at source. The default is the entiravdield

-sU (default whole vavdield) Compute only upgoingavdield from the source

-sD (default whole wavdield) Compute only downgoingawvdield from the source

-SPUP Include upward P at source

-SSuP Include upward S at source

—SPDN Include downward P at source

—SSDN Include downward S at source

The following gwern wavdield at receier. The default is the entireavdield

-RD Only downgoing \aves at ecever

-RU Only upgoing vaves at ecever

—-RPUP Include upward P at recer

-RSUP Include upward S at recer

—RPDN Include downward P at reser
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—RSDN Include downward S at reser
-? Display this usage message
-h Display this usage message

3. hpulse96strain

Figure 3 shows the processingwidor this program. The program requires the
hspec96.dat file created byhprep96(VI). The program output is ogtdout and on a
binary file hspec96.grn.

Program control is through the command line:

hpulse96strain:Help

USAGE:

hpulse96strain —-d Distance_File [ -t —o —p -i ] [—-a alpha]
-1 L [ -D|-V |A] [-F rfile ] [ -m mult] [-STEP|-IMP]
[-STRESS -STRAIN —-ROTATE -GRN] [-FUND] [-HIGH] [-Z]
[-LAT] [-2] [ M mode ] [-LOCK] -FMT ifmt
[-MO moment ] [-MW mw] [-STK stk -DIP dip —-RAKE rake]
[-FX f£x -FY fy -FZ fz]

[-XX Mxx ... —-ZZ Mzz] [-?] [-h]

TIME FUNCTION SPECIFICATION

-t Triangular pulse of base 2 L dt

-p Parabolic Pulse of base 4 L dt
-p -1 1recommended

-1 L (default 1 )duration control parameter

-0 Ohnaka pulse with parameter alpha

-i Dirac Delta function

—-a alpha Shape parameter for Ohnaka pulse
-F rfile User supplied pulse
-m mult  Multiplier (default 1.0)
—STEP (default)
-IMPf11
By default the source time function is
steplike. -IMP forces impulse likerD -IMP is Green s function
OUTPUT FILE NAME
The format for the name of the binary output attempts to
give information on epicentral distance (km),
source depth (km), and reeei depth(km). The options are
-FMT 1 DDDDDd_HHHh_ZZZz.cmp
e.g. 005001_1234 0045.Uz
-FMT 2 DDDDDddd_HHHhhh_ZZZzzz.cmp
e.g. 00500123 123456 004578.Erf
-FMT 3 DDDDDdHHHh.grn(default)
e.g. 0050010041.ZVF
-FMT 4 DDDDdHHHh.grn

Version 3.30 10-3 9 duly 2021



Computer Programs in Seismology - GSAC

e.g. 050010045.Srz
-FMT 5 DDDdddHhhh.grn
e.g. 5001234578.Err
where D is for epicentral distance, H source depth, and
Z recever depth. The lower case indicates the digits
to the right of the decimal place. The examples/abo
are for an epicentral distance is 500.123 km, source
depth 123.456 km and reeei depth 4.578 km.
OUTPUT TIMESERIES FOR SOURCE as,Wt, Uz components with strain, stress optional

-D Output is ground displacement (m)
-V Output is ground velocity (default) (m/s)
-A Output is ground acceleration  (m/s™2)

—STRESS (default .false. ) output stress for mechanism
units are Pa, with sfik Srr, Srf, Srz, Stt, Sfz, Szz
—STRAIN (default .false. ) output strain for mechanism
with sufix, Err, Erf, Erz, Eff, Efz, Ezz
NOTE the UrUt, Uz components are created WHBTRESS
or —STRAIN flags. The Uz is posite cown.
—ROTATE (default .false. ) output rotation for mechanism
with sufix, Wfz, Wrz, Wrf
—GRN (default false) Output Green;s functions
hpulse96strain -STEP -V -p -1 1 -GRN -FMT IS same as
hpulse96 -V -p -1 1 | f£96tosac -G . For KM,KM/S,GM/CM"3
model, output will be CM/S for moment of 1.0e+20 dyne-cm
of force of 1.0e+l5 dyne
NOTE the Z component of ZDD ... ZHF is positive up

-TEST1 (default .false.) output CPS Green functions ,e.g.,
ZDS RDS ... RHF THF for use with moment tensor codes
and gsac MT command. This is eeaent to
hpulse96 -V -p -1 1 | f£96tosac -G if -FMT 4 is used
with hpulse96strain

COMPUTATIONS

-z (default false) zero phase

SOURCE MECHANISM SPECIFICATION

-DIP dip dip of fault plane

-STK Strike strike of fault plane

-RAKE Rake slip angle on fault plane

-MO0 Moment (def=1.0) Seismic moment in units of dyne-cm

-MW mw Moment Magnitude
moment (dyne-cm) from log10 Mom = 16.10 + 1.5 Mw
For strike,dip,ralke source mw or Moment must be specified

-EX Explosion
-AZ Az Source to Station Azimuth
-BAZ Baz Station to Source azimuth

-fx FX -fy Fy -£fZ £z Point force amplitudes (N,E,down) in dynes
-XX Mxx -YY Myy -ZZ Mzz Moment tensor elements in units of
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-XY Mxy -XZ Mxz -YZ Myz dyne-cm

The moment tensor coordinates are typically X = north Y = east and Z = down
If by accident more than one source specification is used,

the hierarcl is Mij > Strike,dip,rale > Explosion > Force

NOTE: The output units are related tot he model specification.

To havethe desired units the model must be in KM, KM/S and GM/CM"3

-2 Write this help message

-h Write this help message

4. spulse96strain

Figure 3 shows the processingwildor this program. The program requires the
hspec96.dat file created byhprep96(VI). The program output is ogdout and on a
binary file hspec96.grn.

Program control is through the command line:

spulse96strain:Help

USAGE:

spulse96strain —-d Distance_File [ -t -0 -p -i ] [—-a alpha]
-1 L [ -D|-V |A] [-F rfile ] [ -m mult] [-STEP|-IMP]
[-STRESS -STRAIN —-ROTATE —-GRN] [-FUND] [-HIGH] [-Z]
[-LAT] [-2] [ =M mode ] [-LOCK] -FMT ifmt
[-MO moment ] [-MW mw] [-STK stk -DIP dip —-RAKE rake]
[-FX f£x -FY fy -FZ fz]

[-XX Mxx ... =-2Z Mzz] [-?] [-h]
TIME FUNCTION SPECIFICATION
-t Triangular pulse of base 2 L dt
-p Paabolic Pulse of baséd L dt

-p -1 1recommended

-1 L (default 1 )duration control parameter
-0 Ohnaka pulse with parameter alpha
-i Dirac Delta function

—-a alpha Shape parameter for Ohnaka pulse
-F rfile User supplied pulse
-m mult  Multiplier (default 1.0)
—STEP (default)
-IMP
By default the source time function is
steplike.—1MP forces impulse like-D —-IMP is Green s function
OUTPUT FILE NAME
The format for the name of the binary output attempts to
give information on epicentral distance (km),
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source depth (km), and recei depth(km). The options are
-FMT 1 DDDDDd_HHHh_ZZZz.cmp
e.g. 005001_1234_0045.Uz
-FMT 2 DDDDDddd_HHHhhh_ZZZzzz.cmp
e.g. 00500123_123456_004578.Erf
-FMT 3 DDDDDdHHHh.grn(default)
e.g. 0050010041.ZVF
-FMT 4 DDDDdHHHh.grn
e.g. 050010045.Srz
-FMT 5 DDDdddHhhh.grn
e.g. 5001234578.Err
where D is for epicentral distance, H source depth, and
Z recever depth. The lower case indicates the digits
to the right of the decimal place. The examplesrabo
are for an epicentral distance is 500.123 km, source
depth 123.456 km and rewei depth 4.578 km.
OUTPUT TIMESERIES FOR SOURCE as,Wlt, Uz components with strain, stress optional

-D Output is ground displacement (m)
-v Output is ground velocity (default) (m/s)
-A Output is ground acceleration  (m/s™2)

—-STRESS (default .false. ) output stress for mechanism
units are Pa, with sfik Srr, Sf, Srz, Stt, Sfz, Szz
—STRAIN (default .false. ) output strain for mechanism
with sufiix, Err, Erf, Erz, Eff, Efz, Ezz
NOTE the Uy Ut, Uz components are created WHBTRESS
or —-STRAIN flags. The Uz is posite cown.
—ROTATE (default .false. ) output rotation for mechanism
with sufix, Wfz, Wrz, Wrf
—-GRN (default false) Output Green;s functions
spulse96strain -STEP -V -p -1 1 -GRN -FMT 4 is same as
spulse96 -V —p -1 1 | f96tosac -G . For KM,KM/S,GM/CM"3
model, output will be CM/S for moment of 1.0e+20 dyne-cm
of force of 1.0e+15 dyne
NOTE the Z component of ZDD ... ZHF is pogiy
-TEST1 (default .false.) output CPS Green functions ,e.g.,
ZDS RDS ... RHF THF for use with moment tensor codes
and gsac MT command. This is ecaent to
spulse96 -V -p -1 1 | f96tosac -G if -FMT 4 is used
with strainspulse96
COMPUTATIONS
-d Distance_File {required} Distancecontrol file
This contains one of more lines with following entries
DIST(km) DT(sec) NPTS TO(sec) VRED(km/s)
first time point is TO + DIST/VRED
VRED=0 means do not use reducedd¢téime, e.g.
500.0 0.25 512 -23.33 6.0
500.0 0.2551260 0.0
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both hae first sample at trael time of 60s
-LAT (default false) Laterally varying eigenfunctions

-2 (default false) Use double length internally
-M nmode (default all) mode to compute [9-fund,1=1st]
-Z (default false) zero phase triangular/parabolic pulse

—-FUND (default all) fundamental modes only

-HIGH (default all) all higher modes only

-LOCK (default false) locked mode used

SOURCE MECHANISM SPECIFICATION

-DIP dip dip of fault plane

-STK Strike strike of fault plane

-RAKE Rake slip angle on fault plane

-M0 Moment (def=1.0) Seismic moment in units of dyne-cm

-MW mw Moment Magnitude
moment (dyne-cm) from log10 Mom = 16.10 + 1.5 Mw
For strike,dip,rale ource mw or Moment must be specified

-EX Explosion
—-AZ Az Source to Station Azimuth
-BAZ Baz Station to Source azimuth

-fx FX -fy Fy -£fz £z Point force amplitudes (N,E,down) in dynes
-XX Mxx -YY Myy -ZZ Mzz Moment tensor elements in units of

-XY Mxy -XZ Mxz -YZ Myz dyne-cm

The moment tensor coordinates are typically X = north Y = east and Z = down
If by accident more than one source specification is used,

the hierarci is Mij > Strike,dip,rale > Explosion > Force

NOTE: The output units are related tot he model specification.

To havethe desired units the model must be in KM, KM/S and GM/CM"3

-2 Write this help message
-h Write this help message
5. siotate96

Given the stress, strain or ratation in cylindrical coordinasatate96 gives the
cartesnian values for avgh angle between the new;-axis ahd the r-axis.

The coomand line sequence is the following:

srotate96 —-AZ az [-U|-STRESS|-STRAIN] -FILE prototype
-AZ az

(required) angle betweenand x-axes
-FILE prototype (required) identifier for filename

for the example belw this could be ../NEW/005000_0100_0010
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-U Rotate the Ur Ut Uz from [sh]pulse96strain to Ux Uy Uz
if they exist, e.g., ../NEW/005000 0100_0010.Ur etc
to create 005000_0100_0010_Ux etc in the current directory
—STRAIN Rotate the Err Erf .. Ezz from [sh]pulse96strain to Exx Eyy ..
if they exist, e.g., ../NEW/005000 0100 _0010.Err etc
to create 005000 _0100_0010_Exx etc in the current directory
—STRESS Rotate the Srr Srf .. Szz from [sh]pulse96strain to Sxx Syy ..
if they exist, e.g., ../NEW/005000 0100 _0010.Srr etc
to create 005000_0100_0010_Sxx etc in the current directory
—ROTATE Rotate the Wrf Wrz Wfz from [sh]pulse96strain to Wxy Wxz Wyz
if they exist, e.g., ../NEW/005000_0100_0010.Wrf etc
to create 005000_0100_0010_Woxy etc in the current directory
-h (default false) online help

The relation betwene the coordinate systems is shown in the next figure.
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¢

Transformation between t{€, ¢, Z) coordinate system to ¥, Xo, X3) coordinate system. Thé;, or Z
coordinate is posite downward in the figure. The& component of motion is the traresge component.
Often the(xsubl, %) are aligned north and east, respetyi In the case of DAS systems, one might
align theXq-axis witht he local direction of the fiber.

The transformation matrix for strain is

(B1; € €30 [kosd -sing 00Ce, €, €,00cose sing 00
O— Og; 0 0 ; 0
gelz €, €53 O Dsme cosé O Dgem, €0 ©Cm DEL sin@ cosé O -
B1z3 €3 €37 OO0 0 loe: ez €00 O 0 1g

This form is also used to transform the stresses.

Finally the transformation for rotations is

0o w, w3 [kosd -sing 000 O wy, w;00cosd sing 00
B—wlz 0  wy B: Esin & cosd O B%ww’ 0 wy, BB— sing cosé O B
Tws w3 0pg go 0 I1pggw, -w, O0pg O 0 1p

6. SampleRun

The following script is run to ma&kthe stress, strain, rotationa nd dilatation synthetics
at the surface of the CUS model. The source is a strikeasllpdtriking 0° at a depth of
2.5 km in the model. The observation point at 200km distance at an azimuth of 22.5°. The
event has a moment magnitude of 2.6.
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#!/bin/sh

cat > CUS.mod << EOF
MODEL.O01
CUS Model with Q from simple gamma values
ISOTROPIC
KGS
FLAT EARTH
1-D
CONSTANT VELOCITY
LINEOS8
LINEO9
LINE1O
LINE1l1l
H(KM) VP (KM/S) VS (KM/S) RHO (GM/CC) QP QS ETAP ETAS FREFP FREFS

1.0000 5.0000 2.8900 2.5000 0.172E-02 0.387E-02 0.00 0.00 1.00 1.00
9.0000 6.1000 3.5200 2.7300 0.160E-02 0.363E-02 0.00 0.00 1.00 1.00
10.0000 6.4000 3.7000 2.8200 0.149E-02 0.336E-02 0.00 0.00 1.00 1.00
20.0000 6.7000 3.8700 2.9020 0.000E-04 0.000E-04 0.00 0.00 1.00 1.00
0.0000 8.1500 4.7000 3.3640 0.194g-02 0.431E-02 0.00 0.00 1.00 1.00
EOF
DIST=200
T9-0.0
HS=2.5
HR=0.0

cat > dfile << EOF
${DIST} 0.125 512 -5 6
EOF

hprep96 -d dfile -M CUS.mod -HS ${HS} -HR ${HR} -TF -BH -ALL
hspec96strain

STK=0
DIP=90
RAKE=0
AZ=22.5
MW=2.6

hpulse96strain -V -p -1 1 —-STRAIN -STRESS —-ROTATE -MW ${MW} \
-STK ${STK} -DIP ${DIP} -RAKE ${RAKE} -AZ ${AZ}

mkdir WK

mv *.Del *.U? * [EWS]?? WK

sprep96 —-d dfile -L -R -M CUS.mod -NMOD 100 -HS ${HS} -HR ${HR}

sdisp96

sregn96

slegn96

spulse96strain -d dfile -V -p -1 1 -STRAIN —-STRESS —-ROTATE \
-MW ${MW} -STK ${STK} -DIP ${DIP} -RAKE ${RAKE} -AZ ${AZ}

mkdir SW

mv * . Del *.U? *, [EWS]?? SW

DOPLT

rm —f hspec96.??? lunk sdisp96.??? *.egn

TheDOPLT script usegsacto male the plts shown bele
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#!/bin/sh

gsac << EOF

ylim all

pctl xlen 4.0 x0 1.0
r WK/*.E??

fileid name

bg plt

hold on

P

pctl x0 6.0

r SW/*.E??

P

hold off

a

EOF

plotnps -F7 -W1l0 -EPS -K < POOl.PLT > E.eps
gsac << EOF

ylim all

pctl xlen 4.0 x0 1.0
r WK/*.U?

fileid name

bg plt

hold on

P

pctl x0 6.0

r SW/*.U??

P

hold off

a

EOF

plotnps -F7 -W10 -EPS -K < POOl.PLT > U.eps
gsac << EOF

ylim all

pctl xlen 4.0 x0 1.0
r WK/*.S??

fileid name

bg plt

hold on

P

pctl x0 6.0

r SW/*.S??

P

hold off

a

EOF

plotnps -F7 -W10 -EPS -K < POOl.PLT > S.eps
gsac << EOF

ylim all

pctl xlen 4.0 x0 1.0
r WK/*.[WD]??

fileid name

bg plt

hold on

P

pctl x0 6.0

r SW/*.[WD]??

P

hold off

a

EOF

plotnps -F7 -W10 -EPS -K < POOl1l.PLT > WD.eps
mv [ESU] .eps WD.eps
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APPENDIX A
CALPLO T GRAPHICS (REVISED)

1. Introduction

Computer Programs in Seismology is distrituted

with its own graphics package to neake installa-
tion of distributed software easi&ach non-interac- CALPLOT file
tive gaphics program will create a binadevice-

independent metafile of plotting commands, which
must be cowverted for use by a specific hardve

device. Atthe simplest hedl, the lav levd plotting CALPLOT device filter
commands are a sequence of pen up, pereraw

pen down commandsSome of the early plotting
devices supported were Calcomp mechanical plot-

ters, \érsatec electrostatic printers andkifonix
graphics terminals. Today graphic output is sup-
ported for X-Wndows, PC Whdows displays, and

PostScript printers. Only a small subset of output
devices are currently supported, primarily because
of the existence of excellent aansion softvare;
one eample of which ighostscript which comwverts
PostScript to mandevices.

If a CALPLOT device filter is namegblotdev, one uses the program as follows:
plotdev [options] < PLOTFILE for ascreen device

plotdev [options] < PLOTFILE > temp_file (createtempfile)
print temp_file (outputtothe actual printer)

Some common options are

—sscaling_factor

Multiply all plot moves by thescaling_factor (default 1.0)
-R

Rotate the plot by 90°
—Ffont
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Change the default fault to numident. The default is Times Roman. A7 will
invoke lold Helvetica in PostScript.

Other commands are specific to the hardware device. A complete description of all sup-

ported devices is gen in CALPLOT(l) of Computer Programsin Seismology.

2. PostScript Output

The progranplotnps corverts the binary CALPLO file to PostScript. This program

supports 128 unique colors in its palette. The output can also be in the form of Encapsu-

lated PostScript, which is used to provide all graphics in this document.
Program control is through the command line:

plotnps [flags], where the command flags are

—sscalefac

Scale all plot motions by this factor.

—Ppipe_process

On UNIX/LINUX pipe the PostScript output through this process instead of send-

ing throughstdout
-R

Rotate the plot on the printed page. Ifeef the plot region is 8.5" wide and 11.0"

high instead of 11.0" wide and 8.5" high.

-N

Turn off shading options for smaller PostScript file

—Ffont

Make the default font equdbnt

font Font Used

Oooo~NOoOUGIM,WNEO

Times-Roman
Times-Roman
Times-Italic
Times-Bold
Symbol (Greek)
Helvetica
Helvetica-Oblique
Helvetica-Bold
Symbol (Greek)
Courier
CourierOblique
CourierBold
Symbol(Greek)
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Shading commands:

—-H30

-H60
Use a halftone density of 30 or 60 (default) dots per inch. The density of 30 pro-
duces larger dots, and may be of use wheguag must be reduced for publication.
This is old. Use -G fro grayscale

-K

Shaw colors with a red -> green -> blue palette
-KR

Shaw colors with a red -> white -> blue pallette
-KB

Shaw colors with a blue -> white -> red pallette
-KW

Shaw colors, but whiten the spectrum.
-G

Shaw colors in grayscale.

The default action when neitheg, —-K nor —KWw are used is that shading is in gray
but all colored lines and text are black.

-I (default off) Invert background (e.g makdack) for EPS

-BGFILL (default off) Force a background fill for use with ImageMagick or Graphics-
Magick

Media commands:

-B
assume the paper is 11 x 14 instead of 8.5 x 11

-L
assume the paper is 8.5 x 14 instead of 8.5 x 11

-A3
assume the paper is A3 instead of 8.5 x 11

-A4
assume the paper is A4 instead of 8.5 x 11

—wWmin_linewidth
Reset the minimum line width.

-EPS
Make the output an Encapsulated PostScript file.

—Ttitle
Place the title strinditle in the lower left cornerDo not use spaces, or under
UNIX/LINUX place string between quotes, e.gT"a test case"

-XO0xoff (default 0) x-offset in CALPL® units

-XO0xoff (default 0) y-offsetin CALPL® units

-h

=2 Online help

Sandards

To be compatible with PostScript display software and with word processingaeftw
that permits inclusion of PostScript files, PostScript Document Structunee@mm 3.0
(DSC 3.0) is followed.
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Plotspace Mapping

The CALPLQO definition of axes is such that the X-axis is horizontal and tkexig
is vertical. This is then mapped onto a printed page of dimension 8.5" x 11". In the
default case the X-axis is mapped onto the long dimension of the. pHpemlot space
on the paper is demonstrated in Figure 1.

850

Yl PHYSICAL PLOT AREA

0 X 11000

Fig. 1. Default mapping of CALPLDplot space onto physical page.

The -R option rotates the mapping, such that thex¥ is mapped onto the long
dimension of the papeiThe plot space on the paper is demonstrated in Figure 2.

11000

<
PHYSICAL PLOT AREA

o
x

8500

Fig. 2. Mapping of CALPLO plot space onto physical page usifity

Note that the CALPLO plot space is mapped onto a rectangular page with no-distor
tion of the unit lengths of the X- or Y-axes.

The PostScript plot space is assumed to be that the X-axis is horizontal with a length of
8.5" and the Y-axis is vertical with a length of 11.0". The use ofHRS or -LEPS
options permits a plot to be able tO fit within these limitsr the -EPS option, the
CALPLOT X-axis will still be horizontal. The default anBR option changes the lengths

of the plotted ags in the manner consistent with Figures 1 and 2.-LB&S option

malke the X-axis parallel to the long direction of the page.

The following examples use the second page of thenple fle PLTTST to illustrate
the result of using this program with different options.
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Fig. 3. This is the result of usimotnps -EPS< plt > plttst.eps

MiE

Fig. 4. This is the result of usimotnps -EPS-R < plt > plttst.rps

The Windows screen is viewed as a piece of paper exactly 10.0" wide and 8.0" high (

approximately 25.4 cm wide by 20.32 cm high). The default screen has dimensions of
800 x 640 pixels.
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When the page is completely drawn, a cursor will apfigrae can use this to point to
a feature of interest. The following actions can be performed:

* Pressing and releasing theft Mouse Button will advance the page.
* Pressing the menu buttdyext will advance the page.
* Pressing the menu butt@puit terminates the plot.

In order of importance, an entry such as thisrtides a command line or @ron-
ment option. For the other options, the command lireeridles the PLOTMSW eiiron-
ment control.

Last Modified 05 NOV 2001

3. X11Output

The progranplotxvig is a natve X11 program for use under the X11 wimdog sys-
tem. It is based on the XviGe¥sion 1.1 package (Antoon Demarrée, IMEC, © 1993).
This program supports 35 unique colors in its palette. If these colors areanalbla,
dithering is used to create the apparent set. This package is also the basis olveteracti
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X11 software.
Program control is through the command line:

plotxvig [flags

—sscalefac
Scale all motions by this factor.

—~Ffont Change the default font.

-R Rotate the plot by 90°

—N No shading

-I Invert the background. The background will be black instead of white. This is done
by interchanging the black and white color map entries

-K (default) Shev colors with a red -> green -> blue pallette

—KR Show colors with a red -> white -> blue pallette

—KB Show colors with a blue -> white -> red pallette

-G Grayscalgcolor is default)

—wWwidth Minimum linewidth in units of 0.001" or 0.0025cm

—geometry widthxheight+-xoff+-yoff
set geometry in manner of X11. Theff and yoff are optional. (Default
width=800, height=640).

P

_Pz

_p4

-pl0

—C Turn on cross-hairs. This is useful with tieoptions to define crop limits when
usingreframe.

—h Online help
Put up background positioning grigeey 1000 CALPLQA units. every 500, eery
250 or @ery 100, respectely

To provide additional user control, the command line arguments can be placed in the
ervironment by separating them by colons (:) with no intervening spabes.is the

only way to change display options when using the graphics libraries amsed br
interactive plots. To force a scale factor of 0.5, and the images size of 800x600 one
would set the environment paramerOTXVIG

set PLOTXVIG=:-S0.5:-g:800x600:
export PLOTXVIG (under sh or ksh)

or

setenv PLOTXVIG=:-S0.5:-g:800x600: (under csh)
-h
-2

Online help

The X11 screen is viewed as a piece of papactey 10.0" wide and 8.0" high ( approxi-
mately 25.4 cm wide by 20.32 cm high). The default screen has dimensions of 800 x 640
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pixels, which can be changed through the wimdaonanager when the prograiegins.
The following screen would appear:

When the page is completely drawn, a cursor will apfigrae can use this to point to
a feature of interest. The following actions can be performed:

* Pressing and releasing theft Mouse Button will advance the page.
* Pressing the menu buttdyext will advance the page.
* Pressing the menu butt@puit terminates the plot.

To be mnsistent with X11, the geometry of the plot windcan be specified by an
entry in the .Xdefaults file:

pPlotxvig.calxvig.plotxvig.geometry: 1000x800+100+50
In order of importance, an entry such as thierrides a command line or wronment

option. For the other options, the command limermdes the PLOTXVIG evironment
control.

Problems;
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Since X11 programming is awexperience, here are some annoyances.

Resizing a windw after plotting begins will truncate the plot, if the winvdas smaller, or
will have whused areas. Because of the size of the binaryilpsgtthere is no way to
rewind and redra a pdot. Instead a backup image is used.

Finally, plotxvig works by setting up tev UNIX processes: one to do do thewliag,

the other to handlevents and to place the dvang on the screen - an interesting use of
interprocess communicatiory¥ou may find yourself with a display that is not respossi

- this usually happens because one, but not both processeiminated. Us@sto list

the processes, and thieii PID to get rid ofcalxvig andplotxvig.

4. Figure Manipulation

The progranreframe permits manipulation of a CALPLDfigure, either by chang-
ing the position on the page, by imposing a priaitlipping. Options exist to select one
figure of a multipage ploilé, and to merge plotilés. Theoutput of this program is
another plotife. Theprogram imput is from the last argument on the command line, if
that argument is not a command flag, or the standard input

Program control is through the command line:

reframe [flags], where the command flags are

-0
Redirect the output to the standard output. Otherwip@atXxXxxXx file will be
created, wher&XXXX is a unique identification number.

-P
Force the output to be a plot file. This the default.

—Mmergefile
This is the file that will be superimposed onto the original file.

-XLX _low_clip (default = -100000000)

—xHx_high clip (default = 100000000)

-YLy low_clip (default = -100000000)

-YHy high clip (default = 100000000)
A selected position of the inpuigtire can be passed through to the output. The
selected region is bounded by these coordinates.

-X0x_origin

-YOy origin
These values are added to the (x,y) coordinates of all input values within the clip-
ping windav to shift the resulting figure on the page.

The sequence of operations is thegtfthe image is clipped, and then the origin is
shifted.

To illustrate the usage of the program, consider the followilgekamples:
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To merge the second frames ofaplot files, one need only do
reframe -N2 -0 -MPLOTrhwvint < PLOTrefplt > PLOTrefplt2

Note that the page number flag applies to both injms. f It may be necessary to run the
program three times to select the desired pages, fiostuns, and then to mge the out-
put using the temporary files.

To =lect the first three pages of a multipage plotfile, and then to combine them on to a
single page,

reframe -V —-XH8500 -YH11000 -N1 -O < TABL > hunkl
(retrieve page 1 and save in the file hunkl)
reframe -V -XH8500 -YH11000 -X0+8750 -N2 -O < TABL > hunk2
(retrieve page 2, move plot 8750 unitsto right and
save in the file hunk2)
reframe -V -XH8500 -YH11000 -X0+17500 -N3 -O < TABL > hunk3
(retrieve page 3, move plot 11000 units to right and
save in the file hunk3)
reframe -V -N1 -O -Mhunk2 hunkl > munkl
( merge the files hunk2 and hunkl into the file munk1)
reframe -V -X0+1000 -Y0+1000 -N1 -O -Mhunk3 munkl > PLOTreframe2
( merge files hunk3 and munkl, and shift the origin 1000 units to
the right and upward)

All units are in the déace independent plot units. When the CALPLf@rograms are
used, 1000 units correspond to 1.000 inches on the hgrglmip

The results of another example arevehan Figures 3 and 4. The object is to cut Fig-
ure 3 into four quadrants centered at (4.0,4.0) anddbagmge the upper right with the
lower left quadrant and the upper left with thevéo right quadrant. The commands used
are as follow:

reframe -N1 -O < PLTTST > p

reframe -N1 -O -X0+4000 -Y0+4000 -XL0O000 -XH4000 -YLOOOO -YH4000 < pl > gl
reframe -N1 -O -X0-4000 -Y0+4000 -XL4000 -XH8000 -YLO0OOO -YH4000 < pl > g2
reframe -N1 -O -X0+4000 -Y0-4000 -XLO000O -XH4000 -YL4000 -YH8000 < pl > g3
reframe -N1 -O -X0-4000 -Y0-4000 -XL4000 -XH8000 -YL4000 -YH8000 < pl > g4

reframe -N1 -O -Mgl < g2 > g5

reframe -N1 -O -Mg3 < g4 > g6

reframe -N1 -O -Mg5 -X0+1000 -Y0+1000 < g6 > g7
plotnps -F7 -W10 -G -EPS < g7 > g7.eps

rm pl gl g2 g3 g4 g5 g6 g7
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Fig. 3. Initial plot to be sectioned
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Fig. 4. Result of clipping and shifting

5. CALPLOT Colors

Many programs permit the user definition of colors for curves. These aoketh
using

-K kolor

The CALPLON graphics uses a set of predefined colors that tak dightly different
meanings depending upon whether the plot proggsiwtxvig, plotmsw, plot-

nps, plotgif), is invoked with the -G, -K, —-KR or —-KB flags. \alues ofkolor
betweeno and999 are mapped into a specified sequence of 7 colors. Values in the range
1000 - 1100 select a palette of continuous color tones selected by the use of these flags.
The table belw defines some of these values as do the figures, which are best viewed on
a olor terminal screen using GhostWi@r Acroread.
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Kolor -G -K -KR -KB
Background Background Background Background
Foreground fereground fereground fereground
(see belw) Red (see belw) (seebelow)
Green
Blue
Orange
Blue-Green
Yellow
Foreground fereground fereground fereground
Red

©CoOo~NOOUIThWNEO

1000 Lt.Gray Red Red Blue

1025 Orange Light Red Light Blue
1050 Med.Gray Green White White
1075 BlueGreen Light Blue Light Red
1100 Dk.Gray Blue Blue Red

Normal plotting uses theGc and-k flags. Displays of continuous color maps can use the
—KR and-KB modes if the color indices are programed to represent a ranggaif/ee
positive values with white representing a mediaue. Thefollowing figures sha the
resulting colors for a gen choice of thekolor index.

0 0
1000 1020 1040 1060 1080 1000 1020 1040 - 1060 1080
-— 1 -— 1
1001 1021 1041 1061 1081 1001 1021 1041 1061 1081
2 2
1002 1022 1042 1062 1082 1002 1022 1042 1062 1087~ —
1003 1023 1043 1063 10p3 o3 1008 1023 1043 1063 1083 3
1004 1024 1044 1064 1084 et 1004 1024 1044 1064 1084 et
1008 1025 1045 1065 1085 s 1008 1025 1045 1065 1085 5
1006 1026 1046 1066 1086 et 1006 1026 1046 1066 1086 6
1007 1027 1047 1067 1087 e 1007 1027 1047 1067 1087 7
1008 1028 1048 1068 1088 -— 1008 1028 1048 1068 1088 -— O
1009 1029 1049 1069 1089 9 1009 1029 1049 1069 FU T J—}
1010 1030 1050 1070 1090 cmmmn 10 1010 1030 1050 1070 1090 e 10
1011 1031 1051 1071 1091 o 11 1011 1031 1051 1071 1091 o 11
1012 1032 1052 1072 1092 12 1012 1032 1052 1072 1092 12
1013 1033 1053 1073 1093 13 1013 1033 1053 1073 1093 13
1014 1034 1054 1074 1094 14 1014 1034 1054 1074 1094 14
-—
1015 1035 1055 1075 1095 5 1015 1035 1055 1075 1095 5
-— -—
1016 1036 1056 1076 1096 6 1016 1036 1056 1076 1096 6
-—
1017 1037 1057 1077 1007 1017 1037 1057 1077 1007
— 17 — 17
1018 1038 1058 1078 1008 1018 1038 1058 1078 1098
-— 18 — 18
1019 1039 1059 1079 1099 1019 1039 1059 1079 1099
19 — 19
1020 1040 1060 1080 1100 1020 1040 1060 1080 1100

plotnps -G < GRAYSC plotnps -K < GRAYSC

JE— — 0 JE— JE— 0
1000 1020 1040 1060 1080 1000 1020 1040 1060 1080
1 1
1001 1021 1041 1061 1081~ — 1001 1021 1041 1061 1081~ —
2 2
1002 1022 1042 1062 1082 — 1002 1022 1042 1062 1082 —
1003 1023 1043 1063 1083 3 1003 1023 1043 1063 1083 3
1004 1024 1044 1064 1084 emmm—t 1004 1024 1044 1064 1084 cmm—t
1005 1025 1045 1065 1085 — 5 1005 1025 1045 1065 1085 — 5
1006 1026 1046 1066 1086 em—06 1006 1026 1046 1066 1086 6
1007 1027 1047 1067 1087 7 1007 1027 1047 1067 1087 e
1008 1028 1048 1068 1088 — 1008 1028 1048 1068 1088 —
1009 1029 1049 1069 1089 O 1009 1029 1049 1069 1089 O
1010 1030 1050 1070 1090 10 1010 1030 1050 1070 1090 10
1011 1031 1051 1071 1091 11 1011 1031 1051 1071 1091 o 11
1012 1032 1052 1072 1092 12 1012 1032 1052 1072 1092 12
1013 1033 1053 1073 1008 13 1013 1033 1053 1073 1003 13
1014 1034 1054 1074 1004 14 1014 1034 1054 1074 1004 s
1015 1035 1055 1075 1095 15 1015 1035 1055 1075 1095 15
1016 1036 1056 1076 1096 1016 1036 1056 1076 1096
-— 16 -— 16
1017 1037 1057 1077 1007 - 1017 1037 1057 1077 1007 -
1018 1038 1058 1078 1008 1018 1038 1058 1078 1008
-— 18 — 18
1019 1039 1059 1079 1099 o 1019 1039 1059 1079 1099 o
1020 1040 1060 1080 1100 = 1020 1040 1060 1080 1100 =

plotnps -KR < GRAYSC plotnps -KB < GRAYSC
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GREEN'S FUNCTIONS

1. Introduction

The Greers functions generated by synthetic seismogram codes can be combined to
create three component time histories for arbitrarily oriented point forces, for double cou-
ple sources and for general moment tensor sources. The correspondence between the
internal representation and what the represent is indicated by the following table:

Position  Greers Function

Description

1 ZDD Vertical Component 45° dip slip
2 RDD RadialComponent 45° dip slip
3 ZDS \ertical Component 90° dip slip
4 RDS RadialComponent 90° dip slip
5 TDS Tangential Component 90° dip slip
6 ZSS \értical Component vertical steldip
7 RSS RadialComponent vertical strékdip
8 TSS Tangential Component vertical stilip
9 ZEX Vertical Component Explosion
10 REX Radial Component Explosion
11 ZVF Vertical Component Downward Vertical Force
12 RVF RadialComponent Downward Vertical Force
13 ZHF Vertical Component Horizontal Force
14 RHF Radial Component Horizontal Force
15 THF Tangential Component Horizontal Force
16 PEX Pressure in Fluid for Explosion
17 PDD Pressure in Fluid for DD source in solid
18 PDS Pressure in Fluid for DS source in solid
19 PSS Pressure in Fluid for SS source in solid
20 PVF Pressure in Fluid for VF source in solid
21 PHF Pressure in Fluid for HF source in solid
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2. Combinationsof Green's Functions

Double-Couple Source

For an abitrarily oriented double couple without moment source model with vector n
=(ny, Ny, N3) normal to the fault and £ (f{, f,,f3) in the direction of the dislocation
(Haslell, 1963; Haskell, 1964), equation 11 of Wang and Herrmann (1980) for the
Fourier transformed displacements at the freeasafat a distance r from the origin
becomes

Uy(r,0,w) = ZSS[(fin, —fony) cos 2o+ (f1n, + foNny) Sin 2¢) (1a)
+ZDS[(f1n3 +f3ny) cosg + (fans +f3nz) sin ¢
+ ZDDJf3ng]

u,(r,0,w) = RSS[(fny —f,n,) cos 2p+ (f1n, + foNn;) Sin 2¢) (1b)
+ RDS[(fyn3 + f3n;) cosg + (fonz + f3ny) sin ¢

+ RDD[f3n3]

Uy(r, 0,w) = TSS[(fhn; —fonp) sin 29— (f1n, +,Nn;) cos 2] (1c)
+ TDS[(f1n3 + f3n1) sin (1 (f2n3 + f3n2) COS¢]

The vertical displacement, is positve yward, the radial displacement is possti
awgy from the source, and the tangential displacemgrg positve in a drection clock-
wise from north.The vectors n and f are still defined in a local coordinate system at the
source in which the 1, 2, and 3 cartesian axes are in the north, eastvamdédbdirec-
tions, respectely. Following Herrmann (1975) the components of these vectors can be
expressed in terms of the fault plane parameters of strike, dip and slip. Tleegtrik
measured clockwise from north, the dip,id measured in a posie nse from the hori-
zontal direction perpendicular to strike, and the slipjs measured on the fault plane in
a oounterclockwise sense from the horizontal direction ofestrMith these coventions,
all possible fault planes are encompassed by the ranges in the andles@f<0360°,
0°<df <90°, and -18 < A; < 18C°. With this notation, the sense of Fave first
motion at the center of the focal sphere is pasitor positve values ofA; and ngaive
for negaive values. Theomponents of the vectors are

f1 = cosAs cosgr + sinA; cos d sing
fo = cosA¢ Singr — SinA; COS @ COSey
f3 =—sinA; sind

n, =-sing sind
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N, = COSg Sin ¢
Ny =-cosd

Moment Tensor

Jost and Herrmann (1989) related the Gredimctions in the formulation of Her
rmann and Wang (1985) to a moment tensor source representatiarror entered into
the Jost and Herrmann (1989) equations A5.4 - A 5.6, which are correct for a\pare de
toric source and for a pure isotropic source. The correct expressions are as follow:

0zss ZDD ZEX U
Uy (r,z=0,w) = MXXDT cos(2) - T + T ]
O O

ZSS ZDD N ZEXU

-
+M ===
nyD 5 cos(2) 5 3 E

ZDD | ZEX[

+
MZZD 3 3 |:|

+ M,y ZSS sin(@) (2a)

+ MXZ%DS cos(o)g

+ MyZ%DS sin@)g

RDD N REXU

[RSS
b 0

RSS RDD REXU

(L
+MyF+——cos(p) - — +—
yy
0 2 6 3

(RDD _ REX

+M,, 0
ZZDB 3 |:|

+ M,y SRSS sin(2) - (2b)
+ M,,BRDS cosf) g

+ MyZBRDS sin@)g

Version 3.30 B-3 9 duly 2021



Computer Programs in Seismology - GSAC

rss . O
Uy(r,z=0,w) = MXXDT sin(2p)
O O

LTSS . O
+ MnyT Sln(2¢)|]
U 0

+ MXyELTss cos(@)g (2¢)

+ MXZErDs sin@)g

+ MyZELTDS cos(o)g.

Point Force

The displacements corresponding to Gredanctions for an arbitrarily point force,
given by the vectorf = (f,, f,,, f5) are

u, = (fycosp+ frsing)ZHF + f3ZVF

u, = (f; cosg + f, sing)RHF + f;RVF
and
u, = (fy sing — f, cosp) THF

where the posie dsplacements in the z, and ¢ directions are taken to he, away
from the source, and clockwise about the source when looking down. The force ector,
though, uses a cartesian coordinate system such that the vertical \& mbsitiward, the
1is north and th@ is east, ang is measured clockwise from north.

Paint Explosion
For an eplosion source, the displacements are just

u, = ZEX
and
u, = REX
and
u,=0

The pressure field in a fluid due to axplsion is gven by the function PEX, which
is defined such that a posiivalue corresponds to a compression.

Units

The physical units of the Greearfunctions depend upon the source time function and
the input earth model. For oamience and historical reasons, the following mixed units
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are often used:

Input Equvalent
Paameter User Units CGS Units MHKnits

Distance  km 10°cm 1¢ m
Velocity km/s 10° cm/s 18 m/s
Density gm/cri 1gm/cn?  10°kg/m?®

If the source time function, 3(tbehaes as a tep-like function with unit final offset, then
its dervative has a unit area. The Fourier transform of the ZEX, REX, PEX affd R
Greens functions for displacement and stress are

M;S@) ““ROh  jw hO
e a +

ZEX = —
4rrpa? S ta R2D

M Sw) ““ROr iw r O
| 6 a

REX = +(0) =
drrpa? 3+ =

M (0)S(@) 1 o8

PEX =
4ra? R

F,Sw) O ~i“R l;uj—sthJr(iﬁ)D—?;th iw ,0-rhi!

RVF = - o L@
anpe? 5 | EIRE O aDR“D(a)DR?’E%

-iwR

(h-3rh iw J-3rhO iw zm;rh@]

re 0 Cplnre 0 () oRe

At large distances and high frequencies, it is seen that
dZEX M,(iw)’S(w) h e—‘wR
= — a
dt 4rrpad  R?

dREX _ M (iw)*S(@) r e—in
dt = 4mpa® R2

M, (iw)®S(w) 1 e‘in
- - a

dra? R

If the input is the user units, dimensional analysisvshiiat the time historyelocity
will be in cm/s for a isotropic moment of ¥adyne-cm. Br the same moment, the pres-

sure field will be in units of 10dyne/cnt, or equivalently in units of 16 nt/n? (Pa).
Similar analysis will indicate that the default force i$>Idynes.

PEX=
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Because of the med units, the program Gresriunctions must be multiplied by the
following scaling factors to obtain the desired output units

Input Scalingrector  Output Greens Function

Mij moment tensor ZDD, RDD, ZDS, RDS,
(dyne-cm) 10%° cm TDS,ZSS, RSS, TSS,

ZEX, REX

Fj force ZVF, RVF, ZHF, RHF,
(dyne) 10%° cm THF

M, isotropic moment PEX
(dyne-cm) 10° ot Pa

This assumes that the model distance units are km and the density i$.gm/cm
Derivatives of ime series yield output units of cm/s or cm/s/s.

The progranEmech96 requires the moment to be in dyne-cm and the

force to be in dynes, and properly adjusts the units to CGS for

3-component time histories to yield displacementsmnvelocities

in cm/s and acceleration ion/s/s).

Geographic Displacements

To oonvert the radial and tangential components of motion to north and east, the fol-
lowing transformation is used:

U, = U,
Uy = — COS6 U, + Sinéu,

Ug = —sindu, — coséu,

whereg is the back-azimuth from the reeei to the source, measured clockwise from
north.

3. Time Functions

The time function is imposed in the last step of computing Gsdencttions (Figure
1, Chapter 1) through the programgpulse96, hpulse96, spulse96 Or
cpulse96. The programs share a set of command line flags:

-t Triangular pulse of base 2 L dt

-p Paabolic Pulse of baséd L dt

-1 L (default 1 )duration control parameter
-0 Ohnaka pulse with parameter alpha
-i Dirac Delta function
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—-a alpha Shape parameter for Ohnaka pulse

-D Output is ground displacement
-V Output is ground velocity (default)
-A Output is ground acceleration

-F rfile User supplied pulse
-m mult Multiplier (default 1.0)

-0D Output is ground displacement

-ov Output is ground velocity

-OA Output is ground acceleration

-Z zero phase triangular/parabolic pulse, else causal

To impose a direct relationship between source moment or force, all pulses, including
the user praidedrfile used with-F rfile, must hae a area equal ta-1.0. The internal
time functions, triangular—), parabolic £p), Ohnaka €o) or impulse £i) consist of
a sngle positve pulse, with the first three functions representingva-pass filtered gr-
sion of the Dirac delta function.

For reasons of numerical stability, the Computer Program in Seismology 3.20 conven-
tion is that these functions represent the first derivative of the displacement on a fault, the
explosion moment, or point force. Thus the near-field displacement of a dislocation
source is a step, the explosion has a step in moment, and the point forces has a step-like
time function. The only difference among the pulses, or equivalently the step offset, is the
degree of smoothing.

The flags -A, -V and -D indicate that the resultant time histories are to be ground
acceleration, velocity or displacement, respeltifor the step-lile ime history of ofset
across the fault, increase in moment at the elastic radius of an explosion, or application of
force. Theseoncepts are illustrated in Figure 1, which computes the TSS Gifaan:
tions for the wholespace at short (near-field) and large distances (far-field).

It is obvious that one ay of thinking of the time histories added to the signal using
[h,s,9,C]pulse is to associate them with thefield time function in the seismicave
field. For example, if you ant a displacement seismogram for a step dislocation across
the fault, you can apply a delta-function time history to the f96 signals using

hpulse96 -i -D
If you want displacement seismograms for an earthgtredt slipped wer a ime of 4*dt,
the far-field time function is a triangle with a duration of 4*dt, then use

hpulse -t -1 2 -D

For clean synthetics, | ver use the Ohnaka or impulse sources because thgse ha
signal at the Nyquist frequeypavhich causes ringing in the synthetics.

The flags-a, -v, and -D indicate that the resultant time histories are to be ground
acceleration, velocity or displacement, respeltifor the efective step time history at
the source. From the discussion addhese flags will gie gound acceleration iom/s?,
ground velocity incm/s or ground displacement om, respectrely, for a default moment
of 10%° dyne-cm for the ZDD, RDD, ZDS, RDS, TDS, ZSS, RSS, TSS, ZEX and REX
Greens functions, and for a default force 13%° dynes for the ZVFRVF, zHF, RHF and
THF Greens functions.
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NEAR FIELD FAR FIELD

/
\

Fig. 1. Comparison of nedield and &r-field wavdorms for displacement (-D), velocity )-V) and accelera-
tion (-A) command flags for the parabolic pulse.

Figures 2 and 3 illustrates thefdifent source pulses upon the read far-field syn-
thetics. Thetriangular and parabolic responses are identical sinceptHel sampled
pulse is identical to thet -| pulse. This was done since the-l 1 would be plagued by
the sharp truncation in the frequgrdomain.

DIS VEL ACC

L

Triangle

e
. y -
h

Fig. 2. Comparison of the effect of the pulse type on the displacemastotity and accelerationaveorms
at short distance.

Three other flags, -obD, -ovand -0OA have a pecial purpose for use in get-
ting the true response to arfieetive impulse source. The Computer Programs in Seismol-
ogy - 3.20 strongly emphasizesyglital units in itsfile96 format so that the Greex’
functions can be used for quantiatiource parameter version. The emphasis on an
effectve gep-like ource time function is appropriate for earthqgsmland explosionsoT
obtain Greers functions for an dééctive impulse, one just has to ke first dewative
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DIS VEL ACC

Triangle

Parabolic

W Ohnaka

o A
-

M

Fig. 3. Comparison of thefett of the
at large distances.

of the time series. Unfortunately whiléderiv96 will take the demative, it will not
redefne the £ile96 header The following alternatie an be used with gnof the
Xpulse96 programs:

To dbtain the ground velocity for a parabolic source pulse for f@cte®e dep source
time function, one wokes

ulse type on the displacement, velocity and acceleraiaonwns

e

spulse96 -p -V

If one wants the ground velocity for a parabolic pulse foeffmative impulse source time
function, invoke

spulse96 -p -A -OV

The -aA flag forces taking the destive, the the-ov ensures that the header in the
file96 file hasCM/SEC instead ofCM/SEC/SEC.

4. Pulses

This section provides more detail on theded triangular and parabolic pulses:

Evaluation of the imerse Fourier transform to yield a time series is usually accom-
plished by an iverse Fast Fourier rainsform (Brigham, 1974) which approximates the
true inverse transform

(o]
g(t) = j G(f)e? ™ dy
by the irverse Discrete Fourier Transform

N-1 .
g(kAt) = 5 G(nAf)e2™MENAf fork=0,...,N-1
n=0
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whereAf:N—m. (Note that this is related to the original Fourier transformndiin

defined in the introduction ih(t) =g(t) and G(f) =H(2rf)). This approximation to the
continuous Fourier Transform introduces concerns about finite freg@adctime win-

dows and periodicity in the time and frequgrdomains. This will alvays be present
when the discretedurier transform pair is used, but can be controlled so that the discrete
Fourier transform result is a reasonable approximation to the desired Fourier transform
solution.

The first problem considered concerns tHfeatfof the finite frequerycwindow in the
resultant time histories. The function MH(s sampled in the range—{y,fy) where

1 . . . .
fny = =——. Frequencies outside this range aréedlvely set to zero. If the transitions

through the frequencpoints f = £fy are not smooth, high frequgnadpples will be seen

in the time domain. This fefct can be significantly reduced in synthetic seismograms by
choosing source time functions thavéaeros at the Nyquist frequencigf,. Two pos-
sible functions that he this property are the triangular and parabolic pulses.

Triangular:

N~ O
~—+
IN
o

N
ooooooo

s(t)=

H
o |
~N |~
—
v
N
~

which has the Fourier transform

o Eéinﬂfrg
o ™7 g
This is a positie pulse with unit area and a corner frequefic= 1/ r. If r = 2MAt and

. . 2 .
M > 1, this function has spectral zeros at frequenlc\sj/‘lra‘&, M fn, ..., Ty, Where § is the

: 1 . : :
Nyquist frequeng defined as { = AL Thus if we sample the Fourier transform of this

pulse and apply thewerse discrete Fourier Transform, we will see a nice sampled trian-
gular pulse without anripples in the time domain.

Paabolic:
0 0 t<0
U 1/2(t/7)2 0<t<
10 (t/ 1) <t
S(t)=Z—TD—1/2(t/r)2+2(t/r)—1 r<t<3r
Bl/Z(t/r)2—4(t/r)+8 3r<t<dr
N 0 t>4r

The Fourier transform of this function is
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4 5n? wr .
[2 €N wr = sin 2wr] iy I, Sihar
(wr)? (wr)?
This time function has a unit area and a corner frequire 1/4.575z7. In addition, it
has spectral zeros at certain frequencies.4fMAt, where M > 1, then spectral zeros

—iw2r

1 2 .
are at frequenmem fno M fn, - -+, fy. By choosingr andAt such that one of the spec-

tral zeros occurs at the Nyquist frequgrtbe pulses can be synthesized and prafga
through the model without the rippling introduced by an arbitrdrgrp high frequenc
spectral cutoff. Note that the parabolic pulse withAt will give the same sampleailues
at the triangular pulse with=2At.
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APPENDIX C
PROGRAM LIMIT ATIONS

1. Introduction

The purpose of this section is to describe limitations in the disédbversion o€om-
puter Programs in Seismology.

2. \olume Il

3. Wolume llI

Program Rrameter Description

all parameter(NL=100) Maximum number of layers
in model
sdisp96 parameter(MAXMOD=2000) Maximum number of modes
sregn96
slegn96
sdpsrfo6
sdpegn96
spulse96 parameter(NSAMP=8192) Maximum length of time series

4. \olume IV

Program  Parameter  Description

5. Wolume V
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Program Rrameter Description
gpulse96 parametéNSAMP=2048) Maximuntength of time series
gprep96 parametéNL=50) Maximumnumber of layers
in model
genray96 paramet@éNL=50) Maximumnumber of layers
in model

all f96 programs  parameter (NSAMP=16384) Maximum length of time series

ffi [t96 parameter(NPZ=100) Maximum number of poles and zeors
shwsac parameter(LN=20000) Maximum length of SE time series
sactoasc parameter(LN=20000) Maximum length of S& time series
asctosac parameter(LN=20000) Maximum length of S& time series
f96tosac parameter(NSAMP=16384) Maximum length of S& time series
sactof96 parameter(NSAMP=8192) Maximum length of S& time series
6. Volume VI

Program  Rrameter Description

hpulse96 paramet¢@NSAMP=4096) Maximuniength of time series

all parameter (NL=100) maximum number of layers

in model

parameter(NSOURCE=100) Maximumymber of source depths
parameter(NRECEIVER=100) Maximunumber of receer depths

parameter(NSR=100) Maximunumber of sources and
recevers together
parameter(NDST=100) Maximurmumber of receer distances

7. Earth Models

At present only isotropic, constant velocity layering is supported. Volume IIl supports
a Pherical to flat earth transformation that must kaneined carefully in the context of
its use for making synthetic seismograms.

Volume 1l permits a stack of fluid layers at the s, and permits buried sources
and recaiers in the fluid (as of 1 N096).

Volume V does not permit fluid layers.

Volume VI permits a stack of fluid layers at the aod, and permits buried sources
and recaiers in the fluid.

Note (as of 1 Nv 96) the earth model specification can permit a definition of the sur
face for atmospheric problems. consider the following model:
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MODEL. 01

ARDC LINEAR GRADIENT MODEL
ISOTROPIC

KGS

FLAT EARTH

1-D

CONSTANT VELOCITY

LINEOS
LINEO9
LINE1O
LINE1ll
H
-40
-40
40.0
0.0

VP
.328
.338
6.10
8.10

Vs
.000
.000
3.50
4.70

RHO

.000220
.001220

2.70
3.30

oP
1000
1000
1000
0

Program Limitations

QS ETAP ETAS REFP REFS

1.434
1.434
0
0

0
0
0
0

[eNoNoNo)

HRRPER

HRRPER

The ngative layer thickness indicate layering alkohe surace. Thesurface is dehed

at the point between the gative and positve layer thicknesses.olplace a source in the
atmosphere 10 km abe the surface, use HS=-100 place a source 10 km in the elastic
medium, use HS=10. Thale of Qs is the specific heat ratio for the atmosphere, which

is required is gravity is accounted for.

As of 1 November 1996, gravity has not been built into the codes
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APPENDIX D
WORK TO DO NOT UPDATED

1.

Intr oduction

The purpose of this section is to describe necessaryigaitins and additions to the

present code.

For surface wave code, permit fluid layer stack (done 1\WN66), and also permit
rigid, free and halfspace boundary conditions at the top and bottom boundaries to be
compatible with the avenumber integration code (still must be done 1/ K6)

For the surce vavecode, determine the lowest medium velocity near the source and
recever, and evaluate propagators down and up to this zone. At present @tgrag

go from bottom up. This is required for numerical stabipecially for the case of

a layered wholespace, e.g., coal seams

Build sphericity in to the ongak code. Also reiew al previous earth flattening
approximations (done 12 Feb 08)

For fluid sources, consider the implications of the energy injection source and also
replacing the atmospheric explosion by a point vertical force at thaceurfhis is
mentioned in Ben-Menahem and Singh, and is valid for solid elaatiesvénce the

the phase velocities of seismic aas, P S and Rayleigh will hae Fri(k**2 -

ka**2) approximately ka, e.g., you would get this by stationary phase.

Build in transverse anisotrggdone for vavenumber integration 10 JUN 2002)
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APPENDIX E
INSTALLATION REVISED

1. Introduction

The purpose of this section is to describe the installation of these programs.
* Install the programs using
gunzip -c NP330.tgz | tar xvf -
or
This will create the directory PROGRAMS.330
cd PROGRAMS.330
Now run the scripSetup to learn the options:

Checking for existence of bin and lib directories

Directory bin exists

Directory lib exists

Usage: Setup SOL WIN32 SOL-EGCS LINUX LINUX64 CYGWIN OSX
LINUX6440 Linux 64 bit with gcc/gfortran compilers
OSX40  Applewith 64-bit gcc/gfortran compilers

----- deprecated since most computers ane é4bit e -----
LINUX40 Linux with gcc/gfortran compilers
0OSX40-32 Applewith 32-bit gcc/gfortran compilers

----- not tested in a long while -----
CYGWIN CYGWIN 98/NT/2K/XP gcc/g77 Compilers
CYGWIN40 CYGWIN98/NT/2K/XP gcc/gfortran Compilers

Now run this as

This says the tget is a LINUX system with a 64-bit processahich is standard today
All output of the run is in th€.txt file. The command line assumes thatgher bash
shel is being used. If there areygmoblem with the compile, these will be documented in
this file.
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The last fav lines of this file will look like

Compile of Computer Programs in Seismology is Over
158 programs were compiled

Finally set your RTH variable in your environment include the path to the CPS bin
directory For example if CPS is in my ${HOME}YRBRGRAMS.310t/PRO-
GRAMS.330/bin, then | do this in thprofilefile in my login directory:

PATH=$PATH
PATH=:.:$HOME/bin:3HOME/PROGRAMS.310t/PROGRAMS.330/bin:30P AT H
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