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SUMMARY

"Fd2" Is a software package developed at Teledyne Geotech Alexandria Laboratories (TGAL) dur-

ing the past several years for generating synthetic seismograms and displaying the wavefields. This

package consists of primarily a 2-dimensional 2nd-order explici linear finite-difference (LFD) code. LFD

method has the advantage that the solution contains all conversions and aN orders of multiple scattering.

It permits examinations of fairly general models with arbitrary complex variations In material properties

and free-surface geometry. Furthermore, it does not require many assumptions commonly invoked in

other theoretical approaches. The basic limitations to the LFD method or the finite-element method are

the computational cost and memory requirements. These constrain the size of the grid and the number

of time steps that can be calculated over a reasonable time frame. Our LFD code has a distinguishable

feature in that it allows the inclusion of topographical free surface. This is particularly useful in modeling

nuclear explosions buried in mountains.

In this topical report, sample scripts are presented to Illustrate the usage of 'd2" and several sup-

porting routines for plotting out the synthetics, generating 2-dimensional media, as well as the graphic

visualization of wavefields. The algorithms for handing the boundary conditions of polygonal topography

are reviewed in detail. Thus this topical report serves as both a programner's guide and the users

manual.
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1. INTRODUCTION

Wave propagation problems in seismology involve the solution of a set of differential equations in a

medium in which the material properties vary in space, i.e., the earth. The use of numerical simulations

is a straightforward means for studying this kind of problem especially when laterally-varying velocity

structure or complex topographic relief is encountered. Methods such as Gaussian beam technique and
ray theoretical schemes are restricted to cases where variations of the medium are much larger than the

seismic wavelength. The Kirchhoff-Helmholtz integration method Is useful for media with sharp inter-

faces, but it does not include the multiple scattering along the interfaces, and it is not appropriate for

reflections from velocity gradients similar in extent to the seismic wavelengh. Perturbation methods are

applicable only for weak scattering problems. Among all numerical approaches, finite-difference (FD) and

finite-element (FE) methods are not restricted to velocity variations of a particular size with respect to

wavelength. FD and FE can generate synthetic seismograms for very complicated media in cases of
weak/strong or multiple scattering.

FD method solves either the wave equations or the elastodynamic equations by replacing the par-

tial derivatives in space and time by their finite-difference approximations. When explicit FD method is

used, which is the most popular FD technique to date, the wavefield of a specific time instant is solved

one grid point by one grid point with nearby grid data at previous steps. For schemes that use second-

order approximations to the temporal derivative, only two grid planes of displacement (or stress, velocity)

must be stored to perform the updating process. Once the entire grid Is updated, FD then proceeds to

compute the wavefield of the next time instant until a certain preselected number of iterations is

reached. The output of FD method can be snapshots of the entire grid at specific times or synthetic

seismograms recorded at specific grid points.

"Fd2" is a software package developed at Teledyne Geotech Alexandria Laboratories (TGAL) dur-
ing the past several years for generating synthetic seismograms and displaying the wavefields. This

package consists mainly of a 2-dimensional 2nd-order explicit linear finite-difference (LFD) code. In this

topical report, we first review in detail the algorithms we developed for the topography handling. We then

present sample scripts illustrating the usage of 'Wd2" as well as several supporting routines for plotting

out the synthetics, generating media, and the graphic visualization of wavefields. Thus this topical
report serves as both a programmer's guide and the user's manual. The supporting routines included In

this manual are 'Yd menu", 'Idsplt" "arrayplrt "trpt" "movie", and "/ymed3", which constitute the most
frequently used portion of our software package.

Although LFD codes are becoming very popular, our code does posses several features that are

not that standard. Perhaps the most distinguishable feature of this code is that it allows simulations with

fairly rough topography. Topography can focus or defocus incident body waves and can convert body
waves to surface waves and vice versa. In this tutorial we therefore include an overview of our topogra-

phy algorithms which are based largely on our published work (Jih et al., 1988). Basically the algorithm

we developed is an improved version of Ilan (1977). On the inclined free-surface, the vanishing stress

conditions are implemented to a rotated coordinate system parallel to the inclined boundary as previous
works did. For each transition point on the topography where the slope changes, we use the first-order

approximation of boundary conditions in a locally rotated coordinate system in which the normal axis
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always coincides with the bisector of the comer. These extrapolation formulae are consistent with boun-

dary conditions to first-order accuracy in spatial increment, the same as the classical one-sided explicit

approximation scheme widely used for the flat free-surface case. Testing results indicate that this

scheme works stably for fairly complicated geometric shapes consisting of ridges and valleys with steep

and gentle slopes over a range of Poisson ratios of practical interest, thus enabling us to study more

realistic problems for which the topography plays a significant role in shaping the wavefleid and analyti-

cal solution might not be available.

A few words on the evolving history of Geotech's LFD code are necessary: Z. A. Der, J. Bumetti,

and T. McElfresh initialized the prototype code design in late seventies. During 1978-1981, they irple-

mented the 2nd-order explicit FD scheme with the heterogeneous formulation of Kelly et a/. (1976), the

monochromatic PISV planar source, as well as the symmetric boundary condition. K. L. McLaughlin, T.

McElfresh, and L. Anderson implemented Ohnaka (broadband) PtSV source, the point (line) source and

the absorbing boundary condition (Clayton and Engquist, 1977; Emerman and Stephen, 1983) during

1983-1985. R.-S. Jih coded up the fundamental-mode Rayleigh wave generation routine (Boore, 1970;

Munasinghe and Famell, 1973), the 1st-order formulation of free-surface boundary condition to handle

the polygonal topography (Jih et a., 1988), the marching grid technique for extending the propagation

distance in the lateral direction (Jih et a/, 1989), as well as a strain filter for far-field body wave synthet-

ics (Jih et al., 1989). The current version of FD code 'Wd2" is totally different from all earlier versions of

Geotech's LFD codes: ('fdabcl" through "Idabc6") after a series of heavy revisions by R.-S. Jih during

1986-1993, even though several subroutines still retain their original names.
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2. TOPOGRAPHIC ALGORITHMS

2.1 Basic Concepts Underlylng Topographic Algorithms

Consider a hal-space with an arbitrary polygonal free-surface. Define a Cartesian coordinate sys-
tem with X horizontal (positive to the right) and Z vertical (positive downward) as in Figure 1. Assume
that the material Is perfectly elastic, isotropic, and homogeneous with conpresslonal and shear vek)cities
a and 0 respectively. Let U and W be the X and Z components of displacement. Then the wave propa-
gation at Interior points Is govemed by the following hyperbolic partial differential equations:

$U(x,z,t) = a2U(XZ.t) + ( _ p2 ) -W(x,z,t) + p U(x,z,t) 1 a

&t2  aX2 Wxz e[a

and

&W(xzt) = (Xxt) + (a?- p2 ) AU(x,z,t) + V [b]
&2 a~WX1Z +~&2[b

A grid Is kiposed on the X-Z plane with fixed mesh size Ax and Az. We let x = iax, z = kz, and
t = IAt, where At Is the increment step in tme, and i, k, and I are positive Integers. We denote byL Lkj

and W1,kj the components of displacement at the discretized grid point dk> a (iAx, kaz, IAW) at the Ith
time step. By replacing the partial derivatives in equation [1] by central differences, the following stan-
dard explicit second-order formulae are obtained:

Ul.;,k-= - ULj_ + 2U1W + 1.(11" UA4.1 - 2U,.I• + Urj j)

+ 2(.-)( Ulk+ij - 2U1k + Uijj )

+ I )At2 W1+1JI• J - Wi+-- J -K-+,j + Wi-A-1.) 1l

and
A? 2

WUj*+•= -Wjj- + 2WW + d 2( -) 2( Wi+,j - 2Wjj + Wjk_j )
AZ

2At 2
+ p2(At) ( W1 j,,1 - 2Wj + %_j )

Ax

+ _I.At2 . _ p ) . ( UdlJk+j1, - -- Uý-.k+lJ + U•-i.k-.l,) [Id)
4 AxAz

The reader is referred to Aiterman and Karal (1968), Boore (1972), and Kelly et aL. (1976) for a
more detailed discussion of the approximation of partial derivatives by finite difference discretizations.

The vanishing of stress on the flat free-surface boundary is expressed by zTz = 0 and Tzz = 0, or,
equivalently,
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X- + 0 (2a]

and

-- + (1-2 IV) = o. [2b]

Alterman and Karal (1968) presented an explicit central-dlfference approximation of [2a, b] which is
stable when P/a > 0.3:

UiJ = U1. 14 - AZ (W4.¶Jl - Wl-k.,) [2c]

and

Wk=W,- - (1 -21-)(U 1. 1.k1 - UA.W). [2d]

Another approach which adopts one-sided differences was proposed by Alterman and Rotenberg
(1969):

Uh.- -U (WIA j. - W..) [2e]

and

W IX - W lijt - Az ( 1 -2 f )(U•j ;+j,+ - 1.111>.-) . 21]

At the vertical surface the boundary values can be derived by the following transformations:

U -- ,* W. W -- * U. ON -- ,+ &z az ---+ ax. [31

Although the one-sided approximation [2ef] is applicable over a somewhat more restrictive range
of Poisson's ratios, In some cases results are even better than the central-difference approximation
[2c,d] or a composed second-order scheme by Ilan and Loewenthal (1976). All algorithms discussed in
later sections will use either equations [2cd] or equations [2e,f].

Alterman and Loewenthal (1970) proposed two approaches to the calculation of the displacements
at 900 and 270P comers. The first approach requires that the normal stress components on both the hor-
izontal and the vertical surface be zero, and In place of condition [2a], it imposes a more restrictive con-

dition of a)U/ax - MW/az - 0. The second approach smooths the corner slightly, making the tangent to
the boundary be at an angle of 45o to both axes. Two similar difference schemes following the second
approach can be found In Ilan et al. (1975) and Fuyuki and Matsumoto (1980). Boore et al. (1981)
reported that Fuyuki and Matsumoto's difference equations are somewhat better. We will follow the idea
of the second approach to derive formulations for arbitrary comers.

To implement arbitrary topography in the 2-dimensional finite-difference scheme, it suffices to

approximate the topography by polygons. Six algorithms are presented here to implement the free-
surface boundary condition for the six separate cases shown in Figure 1 labeled (A) through (F). Only

4



the formulae for increasing elevation with increasing x are given for brevity. Since the calculation of
comer points always requires displacements of points nearby, it is necessary to follow a specific order in

each time marching step to solve the boundary values: first compute points on the horizontal and verti-

cal free-surface segments with [2c,... 2f] (or transformation 3), then points on the ramps, and finally the

comer points. The topography is restricted such that each segment of the polygon consists of at least

three points, so that comer points are always separated by ramp points (at least one). The selection of

spatial sampling increment, Ax and Az, depends on the velocities, frequencies, and geormetric resolution

of the problem to be solved. For complicated topography it is necessary to adopt smaller Az (relative to

Ax) to ensure the inclusion of the most gentle ramp encountered, namely the ramp with slope Az/Ax.
The temporal spacing At is then determined by the mesh spacings as wel as by wave velocities so as

to match the general stability constraint.

The underlying procedure for all the six topography algorithms is the following:

(1) At every node on the topography, set up a rotated coordinate system X'-Z' which accounts for the

local geometric orientation. For comer points, simply take the bisector of the comer as the Z' axis.

For points on the ramp, this means that Z' is the local normal to the ramp.

(2) Set up a four-atom molecule with diagonals parallel to the X'-Z' axes and let the unknown node

<i,k> be one of the atoms by default. Remaining atoms are selected so that their displacement

can be computed with interior points, thus ensuring the scheme remains explicit. The molecule

itself should be as close as possible to the boundary to reduce error due to coarse sampling of the

wave field. Usually it is convenient to put an atom just one grid below node <ik>.

(3) Apply equations [2c,d] or equations [2e,fJ to the four-atom computational molecule to solve for the
boundary value at node <ik> in the X'-Z' coordinate system. The solution is then rotated back to

the original X-Z system.

The details of the various algorithms are presented in Section 2.3.

5



zx

D
B

Figure 1



2.2 Ilan's Method for Constant-slope Ramp

Ilan (1977) uses a rectangular grid with fixed height &z and variable width Ax,. Each Ax4 is deter-
mined via Ax a Azcot , where 0 is the local angle between the X-dlrection and the inclined free-surface.

Suppose that node <i,k> lies on an inclined free-surface with slope Az/Ax (Figure 2). If
0 - tan-'(Az/Ax).545 0 , Let

U',• =U'o - sin2O(W'kjlk - W'IM+) [4a]

and

W'i• =W'o - sin26(1 - 2 )(U'I.1,k - U'•.1+)), [4b)

where

Uo = EOUilk+ (1- O )UiJ+2, 15a]

WO = EoWk1tA+l + (-E )WI 1 , [5b]

and

eo - 2sin2O. [Sc]

If 0 > 450 ,then replace equations [5] by

UO = eoU.k++( 1 -e o)Uk+2.k [6a]

WO = OW 1+1 +I( 1- EO )W+2A, [6b1]

and

eo a 2cos20 1[6c1

Finally rotate U'lk, Wik of equations [4] back to the original system.

We have observed that without appropriate manipulation of the transition points on the topography
as proposed in the present work, this algorithm alone would suffer from instabilities. Furthermore, this
single algorithm with varying grid spacing approach yields more complexity in its use than does the
multi-algorithm with fixed grid spacing described in the present work.

7



-Z"

0I I

k+l
/kd

k+2

F i+l

Figure 2



2.3 Algorithms Used In FD2

(A) Constant Steep Slope

Suppose that a grid point <idk> es on an Inclined free-suface with slope m&VJ&x, m > 2 (Figure
3). If we rotate the X-Z coordinate system by the angle 0 a tan-i(m rzJAx) oounterclocik e to the

X'-Z' system, then In light of equations [2a,b] we have

-W- + =0 (A-la]

and

+11- 2  ax =0. [A-lb]

where U',W" are the displacement in X',Z" direction respectively. These two equations wil be used

to solve for the displacement at every grid point on the free-surface topography with different 0.

Let point 0 be the projection of <dk> on the line joining points <d+lk> and <,k+m>. With first-order

accuracy, the displacements at 0 can be approximated by the folowing linear interpolations:

Uo = EoUi+•k+( 1 -eo )Uij.m

and

Wo = ,W1,+( 1 -I )W1 .,

where

*a sin2e.

Rotate the displacements at the three atoms 0, <i+1,k-l>, and d,k+m-l> to the inclined system

X'-Z' and substitute them into equations [A-1]. We have the following extrapolation formulae:

J',k = U'o - cosesin9(W'i 1A1-W'1i4. 1) [A-2a]

and

W1.k = WIo - cosesin(1-2.-)(U'•l•_(-U'u.4_l) [A-2b]
az2

Uk and W'.k are then rotated back to the original X-Z system by the angle -e.

9
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(B) Constant Gentle Slope

For grid point <d> on an inclined free-surface with slope Az/jx (Figure 4). let

0 a tan-1 (Azz/x)

and

to sink.

Let point 0 be the projection of <,k> on the line joining points <1+1 ,k> and d,k+l>. Again, the displace-

ments at 0 can be approximated via

Uo = eoU•1,j + (1 - eo )Uik+1

and

Wo = oW•Wk+( 1 - eO )WiX+.

Now in the XW-Z' coordinate system, displacements U'tk, W'k can be solved via equations [B-1I as

U-11 = U'o - sWncosO(W'I+l.k - wIA+l) [B-laj

and

W'ij = W'o - sinOCOsO(1 - 2-O-)(U' 1 4 .1 - 'uj+l). [B-lbi

We then rotate U'uk, Wlk back to the original X-Z system with the angle -0. Note that this algo-
rithm Is simpler than Ilan's (1977) formulation, and the weighting factor sinxoo9s in formulae [B-li Is

applicable whether 0 < 450 or not, although In most actual applications, 0 is rarely larger than 450. Also

note that we use gentle and steep In algorilhms A and B simply to distinguish whether m, the elevation

rising from grid column I to column 1+1 In terms of Az, Is equal to one or greater than one.
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(C) Concave HoulzontMl-ogv S"op TransItIon

For grid poknts at fth bottom of a canyon w~it dope m6M~x . m a I (FOgur 5), aswumIng ftht
Ax a Az , let 0 *tan 1 '(mhzAx), £e tan(0f2)&zihX, e, a tan(0d2)coIW, and

UO = + Coo)Uo.1 + [C-l a]

WO= 0 -Q~W~j.~l + C.W.4IJW.1 - [C-1Ib)

U1 = (l--es)LIkJ + e1U~Jw,,. [ C-Ic)

WI = (1--CI) W1..1, + t 1W61jA,, [ C-idA

U2 = (1--eI)Ukajk + eIUI~J~jm, [ C-Ie)

and

W2= (1--c1) WiIk + c1W141jI,,. [ C-If)

Then,

U'Lk = U'O - Az(W'2 - WI) (C-2aJ

and

Wlt= W'0 - -!-l- 21-)(U' 2 - U'1) jC-2b]
2Ax a

Note that we rotate U, W by the angle 0/2 inteadlof 0to getUV, W so that ve Z' axlsIs cn-
sistent with the drirein of the local bisector at grid point d<lc.

For the case Ax < Az, substituite to a cot(0/2)Ax/Az and el = tanG tan(0/2) in fornijlae [C-i],
and replace Az12Ax In equations [C-2) by cot(0I2)/2.

13
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(0) Concave Gentle-to-steep Slope Transition

For gid points with left slope nAJAx and right slope mAJzix. m > n. assumring that Ax < nAz , let

0 tanW-(nA•zAx). tan- (mA•z/x), 11q (e + # )/2, co m em tancotq, e2 tant col#, and

o= (1-Q.o)Wikj + E8-WkAk, - [D-1a]

Ui = (1-eI)UuCi + eCU-ixm. [O-lc]

Wi = (1--ei)W%-i. + C1Wi-1A•, [D-ld]

U2 = (1-E•JMoL, + elUw.ý-m, [D-1el

and

W2 = (l--el)WI+.•k + elWI+I*m - [D-If]

Then,

U'l• = U'o - tanlitano (W'2 - W'I) [D-2a]

and

Wik = Wo (1- 2-)(U'2 - U' 1). [D-2b]

tanql+tanO U2

Note that we rotate U, W by angle -q to get U', W' so that the Z' axis is consistent with the direc-
tion of the local bisector at the grid point <i,k>.

For the case that Ax > nAz (Figure 6), substitute to m tanetanl, el . tanocotq, and e2 a tarnlcoto,

in formulae [D-l], and replace tani+ tanO in [D-2] by cotlicotO. Also, replace [D-la,b] with

Uo = (1-eo)Uikn + OwUi.Am,- [D-3a]

Wo = (1-eo)WWj.n + eoWwj+.• [D-3b]
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(E) Convex Change in Mope

For grid points with decrease in slope from niA••x to mAhuAx, n > m. let 0 a tan-l(n~ziAx),

*,,tan-(m•Ax),. ,I (0 + 4 )/2. and etaroJw Ax. Rf t Is less than 1, then let

Uo = (1-eo)Uik+1 + eoUi+4 j1t. [E-la]

and

WO= (1-C.oW1k+ + cWs.k+1 , [E-1b]

as shown in Figure 7b where atom 0 Nes between <ik+l> and d+l,k+l>. Otherwise let e3 " lIeo, and

UO = (1--)UI+,.k+ + CUA0,1 [E-lc]

and

WO (=- 0 ) Wk1tk1 + C ,4Wlk, [E-ld]

so that atom 0 lies between <d+l,k+l> and d+1,;> (Figure 7a).

Now depending on the value of m, we have 2 cases :

(E.1) m = 1. Let <i+1,k> be an ~o (Figure 7a). Then the diagonal of the molecule passing
through <i+1 ,k> wIN Intersect the Ith grid column somewhere between d,k> and dk+n>. Let the inter-
section point be atom I (Figure 7a). Note that tan# < tan1 < tane, hence, el m (tanvcot# -1)/(n-1) Is
always between 0 and 1. The displacement at atom 1 can be Interpolated as

U1 = (1-et)Ulm1  + ItUio [E-2a]

and

WI = (1-e)WIA+O + Elkn • [E-2b]

Note that we use point <I,k+l> rather than d,k> In equations (E-2), since the displacement at <i,k> is

unknown. Then,

U'ik = U'o - e2(W'61,-W 1) [E-3a]

and

W'i.k = Wo - e2(1 - 2 -E) .(U'I.-j-U'1), [E-3b]

CE2

where C2 a tan4 if e < 1, or cotq if e > 1.

(E.2) m > 1. Let atom 2 be at node <i,k+l> (Figure 7b), and elm (2.z•Otl/AX), so el is always

between 0 and 1.

U1 = (1-e1)Ui,k-1 + e1U,+k-1  [E-2c]

and

W1 = (1-ef)Wikl + E1Wik-1 • [E-2d]

17



The displacehents at point <i,k-l> are computed by extrapolation (see aloothm (G)) since it's out-
side the grid. Now,

U'Ut = U'o - eC(W' - W'II,) [E-3c]

and

W,.k = WO - e2(1 - 02 )(1', - U ) [E-3d]

wheree 2 W 0.5tan1 if fe <1, or e2 .aA/(2Az) I ee > 1 .

Note that again we rotate U, W by angle q to get U', W", so that the Z' axis is consistent with the
direction of the local bisector at the grid point <i,k>.
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(F) Convex Gentle Slope4o-horlzontal Transition

Without loss of generality, we may assume that the topography changes slope from *Azh/ to 0 at
the crests (Figure 8). Let + = tarr'(Az/Ax), e.o - tan($t/2)tan#, and el n tan(#/2)cot#. In this case the
offset between the Z-direction and the Z'-directlon is #/2. Let the intersection of the local normal with the
(k+1)-th grid row be atom 0. The other two atoms are chosen so that they are collinear with node
<i,k+1>. Note that e0 :51 provided A~z !5dAX , i.e., *:5600. Let

UO =0 (-fo)Ujk+1 + £OUi1.k+1 [F-laJ

WO 0(-eO)WI~+i + eoWklk+1 , [F-1b]

U, = (l-el)U,-Ik+l + EAUI 1 k+2 , F-id]

W1= 0l-e1)W-.k.+i + E1W-.¶k+2 , [F-i dl

U2 =(1- 1l)U,.1.k+1 + EIUI+1,k, [F-le]

and

W2 (l--1)Wk1.k+1 + elWi+l~k. [F-lfJ

Then,

U'i,k = U'O - t"n (W2 - WO1  [F-2a]
2

and

Wj,= WO- tar*( 2-9-)(U'2 - U'1). [F-2b]

Here we rotate U, W by angle 0/2 to get U', W' so that the Z' axis is again consistent with
the direction of the local bisector at the grid point <i,kc>.

20



k+2

Figure 8



(G) Fictitious Boundary Points for Steep Slope

Suppose that a grid point <ik> les on the free-surface with slope mnz/Ax, M 1. OWu to the
explicit scheme (Equations [1c] and [Id]) we adopt for the interior points, the calculation of the displace-
ments at inner points <+l.k>, <.+l,k-l> ..... d+l,k-m+l> requires displaoement values at dk-l>, -dk-
2>,...<i,k-mn> which are outside the topography. This difficulty can be easily removed by evaluating m
fictitious layers above the topography as follows (Figure 9):

For 1 < n < m, let e0 - (rVm)sin2O, where 0 - tan'-mhz/Ax, use UO = oUj+.." + (1 - eo)U, and
Wo = eoW 1-m + (1 - eo)Wk, as the approximate displacement of the orthogonal projection of point dk-
m+n> on the free-surface.

Now rotate displacements at points <+1,k-m>, d<,k> and 0 by angle 0 as before to extrapolate the

approximate motion at point <i,k-m+n> :

= U0 - -slnecosG(wj0,. - w'- )

and

Wilk-.m = WO - (1-2 )-sinecosO(U'•lk - U'zk.

Then rotate U', W" back to the original system.
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2.4 Some Remarks on Topographic Algorithms

Even in the simplest hal-space models, the central-difference approximation (formulae 2c,d) and
the one-skied approximation (formulae 2ef) of the boundary conditions are only conditionally stable.
When quarter planes are Involved, the range of stability is inevitably smaller. Since our schemes are a
(rotated) extension of these two methods and since we are dealing with more complicated irregular
geometries, a stronger limitation of Polsson's ratios should apply. It is obvious that our scheme has trun-
cation error of order one (with respect to the mesh spacings) due to the spatial discretization and linear
interpolation, as well as the local asymmetry in our formulation, even though the original (i.e., unrotated)
central-difference approximation (2c,d) has second-order accuracy. Nevertheless, better accuracy can
be achieved by sampling the polygon with a finer grid at the expense of computation. AN algorithms are
of the explicit type, since only Interior nodes nearby are needed for evaluating tangential derivatives.
The actual surface configuration implied by this scheme is a somewhat smoothed version of the original
discretized polygonal boundary.

Recently a number of techniques have been pursued in an effort to improve the computational per-
formance of finite-difference solutions to wave equations. These include higher-order schemes, implicM
rather than explicit methods, velocity-stress schemes, etc.. Our formulations were developed mainly to
adapt to the traditional explicit second-order finite-difference schemes for wave equation (equations 1)
as described by Alterman, Boore, and Kelly because of its popularity. Incorporation of similar treatments
of a free boundary with elastodynamic equations might be promising, since a velocity-stress scheme
(e.g., Virleux, 1986) Is more tractable than the standard displacement schemes at liquid-solid interfaces.

Alternative approaches are available to handle seismological problems involving topographic struc-
tures. For instance, the finite-element method offers another natural solution with which one can use
more general grid elements such as triangles or even higher order forms instead of the rectangular grids
used in the finite-difference method. Drake (1972) and Ohtsuki et al. (1984) use the steady-state
finite-element method and the transient finite-element method respectively to study the scattering of
Rayleigh waves by topography. Finite-difference and finite-element methods can be interpreted as
degenerate cases of each other under some conditions (Lapidus and Pinder, 1982). It Is reported that
finite-element methods give superior accuracy relative to finite-difference methods when modeling elastic
media with Poisson's ratio between 0.3 and 0.45, and the accuracy is comparable to finite-difference
methods for media with Poisson's ratio less than 0.3 (Marfurt, 1984). The major advantage of the finite-
difference method over finite-element methods is its simplicity in implementation. Our work shows how
the finite-difference technique can be extended to an irregular free-surface with special treatments.
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3. SAMPLE INPUT FILES FOR FD2

"Fd2" reads in control parameters through the standard inlut and dumps the error messages to
the standard output. The output synthetics as well as the snapshots of the wavelield are stored in
separate output buffers. The source medum file Is specfied in the input file or assumed to be a preset
homogeneous halt space. Topograph can be specified as an Input file. A sample Inpu file is shown
here with each One of argument discussed in more detail at the end. For the users convenience, an
interactive routine 'Yd menu' is avallable which would create the kput parameter file.

Sample Input Parameter File

[11) gri dhensibn kwjch
8S0600
[2) x.z apacngs of me grid mesh & npcri sps= n: cdxcdt
0.25 0.25 0.025
(3) homogeneous (0). hewogeneous (f.2)
2
inVp
inVs
InAho
14) Awpogwvtr Ne
none
15) choose wam e
3
616 swidat ang~b, 40J. Wfr*S

2O.0O 4W 32 5.0
IM opdon f wsnpehot a :splay: componentAGC, bepn ,end o wmin

1 800 1800132200
401 Soo 180O13210O
201 W0 15001 2600
301 00 01 20O0 2250
701 00 901 1261 2 100
901 W 1201 1561 2 100
1101 W0 1381 1801 2 100
1301 0 16812161 2100
1501 0 19412341 2 100

181# of seeamorghs
10
I9] cooordnates of sensors: (2 lines, Abe 1.X's, line 2-Z's)
12W04W06W08SW-1-200-400-6=0-800
2 2 2 2 23 3 3 3 3
110 totaf # of iteraions, # of steretinsanpshot
8W1 200
111) nwchkng grid (>O>yws)? So0 grd widh dekse,
400 1200

Remarks:
Item (1)

The grid size specifies the number of nodes in the horizontal and vertical directions. The program
will stop if the requested grid size exceeds the predefined size, which is currently compiled with
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800 by 600 nodes on CSS SUN4.

Item (2)
The grid mesh, AX and AZ is measured In km. The temporal spacing Is In sec. Once the grid
mesh is specified, the temporal spacing should be determined so that the stability can be ensured
throughout the Iterations.

Item (3)
If 0, the default homogeneous model with density, p, of 2.Sgnncc, and X - - 21 for the soil,
which implies Vp - 5.02kuVs and Vs - 2.9kmls.
If 1, the program expects to read in ). L, and p fields.
If 2, the program expeds to read in Vp, Vs, and p fields.

Item (5)
The initial wave could be

(+1) broadband planar P wave of Ohnaka shape,
(-1) broadband planar S wave of Ohnaka shape,
(+2) monochromatic planar P wave of sinusoldal shape,
(-2) monochromatic planar S wave of sinusoidal shape,
(+3) pure Compresonal wave generated at a single point,
(-3) double-couple point source,
(+4) fundamental mode Rayleigh wave with Ricker wavelet shape,
(+5) a (time-serles) P driver file shaking a single point,
(+6) arbitrary wavefleld setting,
(+7) broadband planar P wave of Gaussian shape,
(-7) broadband planar S wave of Gaussian shape,
(+S) rpple-fired explosions with multiple sources of type (+3),
(+9) ripple-fired explosions with multiple sources of type (+5).

Except for cases (+5) and (+9) in which the shaker or driver file must be generated elsewhere in
advance, "Wd2" is completely self-contained to initialize the waveflelds at 2 consecutive time
Instants to produce proper wave propagation.

Item (6)
(a) the wave length (in kin) is needed for a point source, sine or Rayleigh wave
(b) the location of the source point can also be used to adjust boundary conditions
Absorbing boundary condition is default for the bottom and side edges. For normally incidert
planar waves (options 1, 2. 7), the side edges would be symmetric. Free surface Is assumed on
the top of the grid whenever a nontdrivial topography Is involved. AN these boundary conditions can
be aitered by choosing appropriate Input parameters. For Instance, in the case of point source
(options 3, 5, 8, 9) without topography, there are 3 more options available by playing with incident
angle:

(1) 0-degree Indicates that all 4 edges are symmetric,
(2) 360-degree indicates that all 4 edges are absorbing,
(3) 720-degree indicates that a symmetric top with absorbing sides and bottom.

These options are meant only to demonstrate the effects of miscellaneous boundary conditions. In
reality, models with free-surface boundary condition on the top and the absorbing boundary
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condition a the remaining thine edges would be the most useful ones. In thi sample input Me,
the Incident angle of 20 has no e and hence the default bound"y condllion for sourc option
+3 will be used, which is absorbn side.

Item (7)
Program '1"2" converts the numerical wavefields into the character waveflelds and stores these
snapshots In ASCII text files. The output wavefleld could be the whole grid or only a portion of the
grid as specified In the Input parameter file. An Input parameter determines whether fixed gain or
automaticaly adustable scale Is used in the conversion procedure. islacements andfor strain
may be recorded as a time series at any interior points for the strain or any grid points for the dis-
placements.
7 options for snapshot displaying are available:

H : horizontal wave fields

V : vertical wave fields
B : both horizontal & vertical wve fields
S : dilatational & rotational strain fields
M combined displacement fields
A : all components will be shown

AGC > 0 -> resolution adjusted for each frame Individually,

At most 9 slices (stripes) can be saved in compressed files with prefix "$S" through "S9", respec-
tively. Each stripe needs one line to specify (1) beginning column, (2) ending column, (3) begin-
ning tire, (4) ending time, (5) beginning row, and (8) ending row. I any of the three ending entity
Is smaller than its associated beginning entity, then that stripe will not be shown at aN. In this
example, only two stripes are stored in compress ASCII files. Files S1" store the upper 200 rows
of the whole wavefleld (800-grid wide) at a rate of one snapshot per 200 keratons (cf. Item [IOD
throughout the 8001 Iterations (cf. Item 110D. Files 82', however, store the central portion of the
grid from column 401 to column 800. Also, only the top 100 rows wil be shown, as specified in the
input file. The remaining seven stripes all have an ending column (00 In this case) smaller than
the beginning column, which simply turns off their snapshot output. AN snapshots are shown from
row 2 and down. However, a different "beginning" row can be given to force the gray level be nor-
malized by the peak displacement of a subgrid. In this example, the gray scale is determined by

32th row and below, although the top portion will be shown as well.

Item (9)
(a) list X-coordinates of all sensors first
(b) negative X-coordinate means strain sensor

(c) it should be consistent with the number of sensors as specified in Item (8)

Item (10)
There will be 8001 iterations in total in this example, and one snapshot will be produced for every

200 iterations.

Item (11)

If a number larger than 0 is given, the marching-grid feature will be turned on, and the grid will be

shifted by that number of columns when the wavefront is approaching the right edge. In this

example, 400 columns will be shifted each time. The total grid width desired is 1200, which is the
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oinal grid size, 800, plus 400 oolumms, so only one stiling will be peoed (cf. Slop 4 of
Example 3).

Sample Topogrmphy File

The following sample tile defines a simple ramp:

1o
ooooooo000000001 026 0600o0700A0600060908090010608

The ist Ene gives the "reference floor" level of the lopography. The 2nd Ine gives the elevation

with respect to the reference level. For example, the "3W" In line 2 actually means the 7th (-10-3) row
from the lop of the grid. Note that the reference evel Isel muast be deep enough so that the peak of
the topography Is stil within the qid. Each segment must cotain at least 2 sub-sogmelb before the
slope -langes.

Sample input File of Velocty Model

Vd im: 20 25
OWk• 8PCV .1000 0. low

Ekwaaw ftm w - a
5 (ctaWWy 0m)
6 08"awY *W)
7 (dWumy we)
8 (dwny "ne)

Oa49*701 0.M49f601 0.5 ftE&01 0.512SE401 0.5120+.01
OLSo7eE#0 0.5213E#01 0.5U3E#01 0.52216.0 0.5.'dl
0.55W+0.1 OLSOSE40.1 0.553M.1 0.5542E#01 05366.01

Unes I and 2 specify the grid size and and the grid spaci. Lnes 3 and 4 are for idetlicallon
purpose. Lines 5 through 8 are dummies. The remaining Ones give P-wave velociy (or S-wave velo-

city, or density) at the node (1,D where i-l,...,kw; J-i ,...,kh. Lines I and 2 are read with fixed format of (
1lOx, 215 ) and ( 13x, 2f10.4 ), respectively.
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4. OUTPUT FILES GENERATED BY FD2

A number of different output formats are commonly used in Uinle-dilference calculations. In fact,
one of the advantages of the finite-diference method is the ability to save particle displacements for any
number of points on the grid and for al times. The synthetics are nothing but the time history recorded
at specific grid points, for example. A particularly informative way to visualize wave propagation through
the models Is by using numerical Schlieren diagrams. These "snapshots" of the wavefield traveling
through the grid are generated by saving the displacement at each grid point for a given time step.

In our Implementation, the program converts numerical wavelkelds Into character waveflelds and
stores these snapshots in ASCII text files. It consumes relatively smal storage space, as each grid
point only needs one byte. The output wavefleld could be the whole gid or only certain portion of the
grid. An Input parameter determines whether a fixed gain or an automatically adjustable scale is used in
the conversion procedure.

Displacements and/or strain may be recorded as a time series at any interior points for the strain
or any grid points for the displacements.

Program also stores the waveflelcs at two consecutive instants and all required parameters at a
prespecified rate so that it can be re-started in case the job is termidnaed in the middle.
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5. EXAMPLE 1: PLANAR WAVE INCIDENT UPON SIMPLE RAMP

The first exan�Ie demonstrates how to set up an experimart for modeling the propagation of a
normaly Incidert plane P wave through a model with a 45 rarvq on the top of the grid and von Neu-
mann (i.e. 0-slope or symmetric) boundary condlions on both sides. The homogeneous medium has
compressional and shear velocales of 5.02 and 2.898 krvVs, respectively.

Step 1: Gene.utlng Topography File

CMoc I> In TOP
66

0000000000000000000000
0000000000000000

0000000000000000000000000000
00 0000000000 00 00 00 00
�0000000000000O00
000000 00000000 00 000000 00000000
00000000000000000000Ol02O304�06O700091011121314l5161718l920
21 � 32429292729 298031 32 33 342936378039 4041 42 43 44 45 46 4746 49 80
51 52. 54666657565680 61 62 636464646464646464646464646464646464
646464646464646464646464

6464646464646464646464646464
646464646464646464 � * 6464646464646464646464646464646464646464
646464646464646464646464646464646464646464646464646464646464
646464646464646464646464646464646464646464646464646464646464
646464646464646464646464646464646464646464646464646464646464
646464646464646464646464646464646464646464646464646464646464
646464646464646464646464646464646464646464646464646464646464

Step 2: RunnIng FD

#=. geiwate uiput pmmeter lie for Id
cat �< EOF> InFO
1) gdd dimension Ai.�kh
500202
2) x.z speangs of U,. grid mesh 5 temporal spacing: dxdzdr
0.010.010.001
3) homogeneous (0), heterogeneous (1,2)
0
inVp
inVa
inRho
4) topogi'eohy �
in TOP
5) choose wa�'w type
7
6) alpha. �M m'*�s
0.0040-800.2
7) option for snapshot cisplay: cornponentAGCbegin £ end cxahjmn
"In" I
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I 500 150012202
201 00 120012120
201 00 1 D0012 WO
201 00 W12000 2250
701 00 901 1261 2 100
901 00 1201 1561 2100
1101 00 151 1901 2 100
1301 00 1681 21612 100
1501 00 014123412 100
8)# of inlsapha
31

9) caordelus of suoers (Se 1-xak. 2.-zlMS9IC.ska? #WNW)
012 0280• O44 076 0 2100 124 140 1N 172 IN 204 220

26 252 2 28f4 00 316 3323,1 3W64 S 412 42, 444 40 476 492
am066OS ON O 06 66 006 068 MS ON 08 086 0RON on o
0 064 01 6002 6002 W? 006 00 O6 00 00 W 00 6 002 02 002

10) •lo# of Alwauos; * of AllaontWsq---ot
700100

0500
EOF

W-c <s FD > & FD mag

.. dn&upbex time swies
kbt < d.O > S1 erro3
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Thet d2 genersthes oowi errorm ==W

FD am* ,- ,SO1 RSJ

-~ dem- SO0-

A sh8 & OMOW 1 .010 .01o .0010

SETTO1 > hI, U
sEToP. 4 ,ead (awnled emy o wAmn,):

0 0 0 0 03154 64 64 64
sEWn7> 0.3) (mwnd emy W0 ookm):

68 00 0 5 8O m35 2 2 2 2

gowmwy ms (I---b): 0 0 3 0
(hdsof aI s In SETTOP)
gt eoomhn 1)- 65
-~k -igo~ h- 1

Odd msWd pr 51 by21no•
Lamb• bd

2. .0 .0 .0 .0 .0 .0 21.0 21.0 21.0 21.0
23: .0 .0 .0 .0 .0 .0 21.0 21.0 21.0 21.0
44: .0 .0 .0 .0 .0 21.0 21.0 21.0 21.0 21.0

6& .0 .0 .0 .0 .0 21.0 21.0 21.0 21.0 21.0
8: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
107: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
12: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
149: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
170: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
191: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
Mu Mld

2: .0 .0 .0 .0 .0 .0 21.0 21.0 21.0 21.0
23: .0 .0 .0 .0 .0 .0 21.0 21.0 21.0 21.0
44: .0 .0 .0 .0 .0 21.0 21.0 21.0 21.0 21.0
65: .0 .0 .0 .0 .0 21.0 21.0 21.0 21.0 21.0

S6: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
107: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
126: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
149: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
170: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
191: 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
Density fed

2: .0 .0 .0 .0 .0 .0 25 2.5 252.5
23: .0 .0 .0 .0 .0 .0 2.5 2.5 2.5 2.5
44: .0 .0 .0 .0 .0 2.5 2.5 25 25 2.5
65: .0 .0 .0 .0 .0 2.5 2.5 25 25 2.5
86: 2.5 2.5 2.5 2.5 252.5 2.5 2.5 2.5 25
107: 25 2.5 2.5 2.5 2.5 2.5 25 25 25 2.5
128: 25 25 2.5 2.5 2.5 2.5 2.5 25 2.5 2.5

149: 2.5 2.5 2.5 2.5 2.5 2.5 2.5 25 2.5 2.5

170: 25 2.5 2.5 2.5 2.5 2.5 25 25 2.5 2.5
191: 25 25 2.5 2.5 2.5 2.5 25 25 25 2.5
Squaed P wlbdt rW
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2: .0 .0 .0 .0 .0 .0 25.2 2S.2 25.2 2S.2
23: .0 .0 .0 .0 .0 .0 25.2 K2 222&5.2
44: .0 .0 .0 .0 .0 2&2 2I52 212 212 212
66: .0 .0 .0 .0 .0 25.2 2&2212 5.2 212
ft" 26.2 25.2 212 25.2 212 5.2 212 2&2 2&2 252

107: 5.2 212 M12 252 M5.2 212 212212 22 252
1,7: 25.2 212 25.2 252 2S2 25.2 22 212 2M2 2?2
14: 25.2 212 25.22 2 25.2 21.2 X22 21.2 3212

170: 2. 212 25.2 25.2 25.2 2 K2 212 2U 21E2
191: 2.2 21.2 26.2 212 25.2 25.2 212 212 5.2 212
Sqimed 8 mlocit MWA

2: .0 .0 .0 .0 .0 .0 8.4 8.4 8&4 84
2& .0 .0 .0 .0 .0 .0 8.4 8.4 8.4 8.4
44: .0 .0 .0 .0 .0 8.4 8.4 8.4 8.4 8.4
85: .0 .0 .0 .0 .0 8.4 8.4 8.4 8.4 8.4
86: 8.4 8.4 8.4 8.4 &4 8.4 8.4 8.4 8.4 8.4
107: 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4
12: 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4
14: 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4
170: 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4
191: 8.4 8.&4 8.& 8.4 .4 8.4 8.4 .4 8. 8.4
(VWvp)"2
2:.00 .00 .00 .00 .00 .00 .33 .33 .33 .33
2. .00 .00 .00 .00 .00 .00. .33. .33
44: .00 .00 .00 .00 .00 .33 .33 .33 .33 .33
65:.00 .00 .00 .00 .00 .33 .33 .33 .33 .33
88: .33 .33 .33 .33 .33 .33 .33 .33 .33 .33
107: .33 .33 .33 .33 .33 .33 .33 .33 .33 .33
128: .33 .33 .33 .33 .33 .33 .33 .33 .33 .33
140: .33 .33 .33 .33 .33 .33 .33 .33 .33 .33
170: .33 .33 .33 .33 .33 .33 .33 .33 .33 .33
191: .33 .33 .33 .33 .33 .33 .33 .33 .33 .33
Seabctd wav type ,, 7

0. 40 -80 .200000003
m component wi be dcplayed
AGC fiag- 1
Display laft. right (column), st&n end (dt), WA botPw (row)

1 500 15001 2 202
201 0 1 2001 2 120
201 0 1 5001 2 202
301 0 801 2000 2 202
701 0 901 1261 2 100
901 0 1201 1581 2 100
1101 0 1381 1801 2 100
1301 0 1681 2161 2 100
1501 0 1941 2341 2 100
31 seismomeirs

12 28 44 60 76 92 100 124 140 156
172 188 204 220 236 252 268 284 3W 316
332 348 364 380 396 412 425 444 460 476
492
66666666666666666666
66 66 66 66 50 34 18 2 2 2
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2 22 22 2 22 22

2
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Step 3: Gesatlng Srpshots

S-e - - W -Out

*- Pewo h"a. fo b N
mt<< EOF'> L

454kg .-. W Gw"' plow
GWSW*202 o •.f0 dalns

Ha/spa: Vp-5.02&Ws, Vs-m±18Ws
EOF

#- dung be OwA"d
set( S1OOO 81Wl Slow2 S00)
hmh*i(1234)
ex JSUM<< EOF>> JAmk
4,6d
3
r LaWd
1
wq
EOF
and

#- pWo out aufap oW th moblo•"
novi* -w 4 3 -m 4 #wk > & Error

Figure 10 shows the propagation of a normally Incident planar Gaussian P wave through a model
with a 450 ramp on the top of the gdd and von Neumann (I.e. O-slope or symmetric) boundary conditions
on both sides. The homogeneous medium has the com4resslonal and shear velocities of 5.02 and 2.898
krVs, respectively. Shading In each snapshot Is proportional to the displacement amplitude VU .

The accuracy of the results was tested empirically by comparing results obtained from two
separate finite-difference runs. In the first run, we adopted grid spacings Ax = Az - 0.01km. In the
second run, we used one-half the vertical spacing but doubled the vertical exaggeration at discretization.
Thus two algoitthms, B and A in Section 2.3, were used separately in these two finite-difference runs.
Excellent agreement was obtained, indicating that the two algorithms A and B are consistent and that
both solutions are good approximations to the true solutions, by Lax's equivalence theorem (Smith,
1978; Mitchell and Griffiths, 1980). The appropriate P-SV conversions and the reflections and

diffractions satisfying Snel's law and Huygen's principle are clearly visible in the successive snapshots
taken every 0.1 second, as shown in Figure 10. It is easy to verify the first-order accuracy in spatial
increment of our one-sided explicit representation of the free-surface boundary conditions in this case.
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Step 4: Plofttng Synthetics

Figure 11I shows the veutical components recourded at 31 grid points on the free surface for 630
marching steps In time, with &t = 0.001 sec. The sensors are 0.16km apart in X direction. The numeri-
cal label (at the right) indicates the distance from the corresponding sensor to the nearer corner point.
Reflections from the edge would begin to contamninate the wavefield after 0.6 sec, due to the symmetric
boundary conditions. This figure is generated with a utility program uAffaypit" using the following script.
Note that. we have two more utility programs "TrpI9O" and 'M"tpr which read exactly the same input
parameter file to generate different types of plots (e.g., Figures 14 and 16).

set nonomnatch
setenv PSLANOSCAPE
8- rotate ftie plot bey90 degrees

set DBm( VERT HMR)
foreach I( 1 )
cat<< EOF > input
1) job "e (odd---w, evans-cASCII, nega doveqAeWo mmnesst~ea)
2
2) database name. (lw'40):
$DBW$7
3) samInpkg rate
1000.0
4)8 * o b'aces to be plotted
31
5) give seismogram ir~dos:
123 4 56 7 8910 112 13 141516 17 18 19202122 2324 2526 27 262930 31
6) give sotatn point of each Nace:

7) give signal window of each iace:
630 630 630 630 630 630 630 630 630 630 630 63D0630 63 630630 630 630 630 63D0630 M830630 630 630 630 630 630 630
8) turm on de-sp~er (0-.o~yes)? turn an 989/6-de delclor (>0.oyes)
00
9) AGC(0) or nonnaized by (mar(1), constant(2), specific trace(3)J
2
9-2) give normalizing constarit:
0.30
10) black out negative parl? (50==>yes) tic marks? (>0 =-- yes)
t0
11) reduced time scale? (>0 -> yes) group velocity (dumvmy if .le.0)
0 100
12) decimation option
1
13) tite
45-deg ramp, grid 500 400. dx- 10in, dt=.Wls, planar P wave
14) give channel ID's or distances (as many lines as # of traces)
-2.06km
- 1.92km
- 1.76Mi
-1.60km
-1.44km
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-f. 12An

-asarm
-O.LOMM

-o.4NM

A1Mw
-0. 16Ai

oomxn

cowl
raMp

0. 16km

0.4fn

1.42km
1.44bn
1.60AM

1.76km
1.92fa

2.0oM
EOF
anrtap < kWpt > & enw"

it Is interesting to note that for an Iiddert P wave, the bottom comer of the ramp (or step) Is an
efficlent scatterer of P waves, whereas the top corner of the inclined surface (at 450) produces a strong
scattered Rayleigh field (cf. Figures 10 and 11). The bottom corner has the smallest peak amplitude
(cf. the rightmost column of Figure 11), whereas the top comer has the largest peak amplitude.
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6. EXAMPLE 2: RAYLEIGH WAVE SCATTERING AT SEDIMENTARY BASIN

The relative importance of near-surface effects versus deep-cnastai effects on relatve amplitudes
can be examined by modeling in laterally heterogeneous models. Numerical experiments are particularly
suitable to address the effects of variable crustal thickness, rugged mountainous relief, sediment thick-
ness, and other structural heterogeneities on L. and R. amplitudes. Such studies would complement
the empirical studies by providing better interpretations and better insight of the underlying physics. As
an Illustrating experiment, here we give an example to demonstrate how LFD calculations can be utilized
in explaining and quantifying the R9 IL, blockage as wee as the higher SQ/S, coda level due to strong
L. -to-S, and R. -to-Sg conversion at the pinched attenuating sediment layers.

The initial waveform Is chosen so that the vertical displacement W on the flat free-sudace is a
Ricker wavelet. This wavelet has been adopted frequently in rmite-difference simulations because it is
well localized in both spatial and wavenumber domains (Boore, 1972; Munasinghe and Famell, 1973;
Fuyukl and Matsumoto, 1980; Fuyukl and Nakano, 1984; Levander, 1985). To avoid grid dispersion, we
chose 1.2135 km -48.5 Ax as the dominant wavelength of the incidert Raylelgh wave packet In a
homogeneous portion of the medium with a P-wave velocity 4.57 km/sec and Poisson's ratio 0.35.
Absorbing boundary conditions (Clayton and Engquist, 1977; Emerman and Stephen, 1983) are adopted
on the sides and bottom to suppress the artificial reflections from the sides of the grid. Note that the
quasi-transparent boundary conditions do allow the wave to disappear into the sides and bottom of the
grid.

Step 1: 2-0 Model Generation

The utility program "/ymed3" generates a 2-dimensional medium, of which the material properties
are constant within subregions separated by (piecewise linear) polygons. It reads the coordinates of the
vertices of polygons and fills the medium above the polygon with prespecilled material properties. By
repeating this procedure several times, this routine generates a 2-dimensional velocity model for the FD
simulations. "Iymed3a" and "Iymed3b" produce the corresponding graphic presentation of the medium
(as a PostScript output file). The only difference between these two codes is that "/ymed3a" fills In each
layer with shaded pattern, whereas "Iymed3b" fills in each layer with a predefined pattern. The
PostScript output can be then transmitted to laser printers directly.

The 1st line of the input file specifies the label (in quotes), which is followed by grid size, grid spac-
ings, the velocity parameters of the half space, as well as the number of the polygons. '"ymed3" and
"Iymed3a" then read exactly as many polygons as defined. Each polygon begins with the number of ver-
tices in this particular oolygon as well as the material parameters for the medium above this polygon.
The material parameters are typically the compressional velocity, shear velocity, and the density, but

they could also be the Lame constants. These parameters are not required for the graphic routine
"Iymed3a".

set nonomatch
#-job 1: run ymed3 to generate medium models (Vp. Vs. Rho)

- job 2,3: fun lymed3b' to generate PostScript plot of th. model
set job-( Iymed3 lymed3a kymed3b)
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1602
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I
$Jaw$I < M~OJLN
end

Program "!ynvd.b generdes the fobowing output mnessae as WON as a POfSDf fomiMte ftl
which can be directed to the basr printer for a hard cop of the model (Figmr 12).

LYAE*M 05 9
-Se~aivy&U (WMW E3P-

"M~p- 9WshW. OP5
-MOOD mash~ .02W AM -a
&medb h@N.pe p - -, -0 (ah bef. fto). 150 &AV ±W
"~Wdub 0 of kftbosa 4
insdaoe 1 as 2 m*-
wffiVs,RhVabA oiW~kl E hv Ae: 57W ±64W 2.5W
inwbmb 2 Aas 4 twls
wMVp.Vs.,'uo abow EkahibAoe I00W 1.6000 2.25*
inrlboe 3,.. 4 mlk
.,*,Vp.Vs.Uo abow va iibrkoe: ± 1400 1.1430 2.0000
InWhMo 4 au 4 w0oss
.*A vp. Ve.Po aboi, E~faWhbvoe 1.34W .6400 1.86w

foal x~z (kmn). . 15000E.02 . 12500E+02
Xscd.4dbkAbgt- .233" .00 5.000
Zsaoupe.dzhA~fh -.X40 -. M060 4O

Inafacin 1 (fromn bottonm)
4 revised Jordan vwtices
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"Sedimfentary Basin (moxdel E3)'
(only uppermost layers we shown)
DX= .0250Km, DZ -.0250Km
Xticmark=Zticmwk= Ilan

Halt space parameters- 6.150 21500 2.80

Interface 1I fromt bottom: 4.57 2.64 2.800
4 revised Jardanvtes

1, 0) ( 1. 120) (600. 120) (600, 0)

interface 2 1ommbottom: &.000 IS60 2.250
4 revised Jordan vertices:

160, 0) ( 280. 60) (320, 60) (440, 0)

Interface 3 from bottom: 1.140 1.143 2.000
4 revised Jordan ve rtie:

160, 0) ( 220, 30) (380. 30) (440. 0)

Interface 4 from bottom: 1.S40 .640 1.800
4 revised Jordan vertlce:

160, 0) ( 240, 10) ( 360. 10) ( 40, 0)

Figure 12
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Stop 2: Running FD

0
Set nonuiaawh

x.zW~akgsof A. udm*I F, mI a.r:II t~

hanopneow cr hearvopneo (A.1.2)
2

nowe

chmeweb p
4
aomI.P. 0AWOWu

MWO W 20 1.213S
Ow -,ob t mqwhWo deploy oaP, WnAGC~begin man nhmm

16OW 1 400122 DX
1 0 1I0022I 0

301 061 7211 100
401 0 361gel11 100

401 0 1201 1501 1 100
101 0lols 131P311 0
301 0106121611 100
401 01941 23411 100
falaw fon, w oo' CO eawreomons

30
coornabs of swuoom (Dia 1 we Di a 2- Zs)
04036012013 DX 2402m 20 MOW 400440 4w0* no00o
0400M6120 1F 0 200 N 20 3W 400440 43652053M600
03002 00203002002 2036 0020326036002 D 002 002 W 2002

2W 2W D 200 2W D 200 X02 DX D 2W2 2002W200 00 200

SoaInumibor ofliawadoa:im -Ikaoa/*- a

mffdftg69,4 kind Mwz

EOF

W < input~ >£ FD~msg
(dapit < de~. 0, >£ Errormeg



Step 3: Generating Snapshots

L. and R. are susceptible to sedimentary basin structures and other types of lateral heterogeneity
such as mountainous topography. The scattering at the edge of a pinched attenuating basin could be
very severe, as illustrated in these snapshots of the displacement wavefield. Snap"ho 3 indicates that
the incident R. generates higher modes in the basin, followed by slower fundamental mode Rayleigh
waves, as well as the converted body waves. Note that a large bulk of the converted S wave energy
tunnels underneath the basin. In snapshot 5, another strong Rayleigh-to-S conversion at the edge of the
basin Is clearly visible. This LFD example can be scaled to explain the Lg blockage by Barents Shelf as
well as the high S, coda level observed at NORESS due to strong L. -to-S, conversion reported by
Baumgardt (1991).

#

set nonomatch
cat<< I> LWie
4
2
1 122
600 122
4
160 2
28O62
32062
4402
4
160 2
220 32
3W 32
440 2
4
160 2
240 12
360 12
440 2

cat<< I> Label

Sedmentary Basih (model E3)
6W 500 j6dx5.d.ct=2.5n,1
Rg: 1.2135km, 2Hz
I

#- 0. 136. 10 sec
set kk - (S1004 S1014 S1034 Si104 Si 104)
fowach i(1 2345 )
#- change label
ex $kkP$i) << EOF>> junk

4,6d
3
r Label
I
w/
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.000001.00 .88667341

Sedimentary Basin (model E3)
600*500 [dx=25m,dt=2.Smnaj
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Stop 4: Ploting Syntheics

*-. xc4Xp Ibr Wyaypjj or vpk90: o plot out a bsmwh of faa
set nonomalch
swtav PSLANOSCAPE
set DOq VERT)
forushi (1 )

oam << EOF kWWu
1) job Mw (bddm-ao.W. own-ac&ASC4I. fl Ubw-wo-ket MW~ Mesae)
2
2) databaew namne (dw-40):

3) sawprk rate

4) # of 8vms so beplte

5) Owv BWNamogUm WnOO":
123 45 67 8 910 11 12 13 14 15
6) give sbuvw point of ead, a'w:

7) ghve signa wwxbw of each &SO:
SWO 530 5C(J SOW 5OW MOW MOW M00 SW 50M S0 50 OSOW 5M W 5M W MOW OW 5M WSOW
8) Wrn on do-sphrw ftr0-uy#)? aimn on 98%4oi decb t,060188)
00
9) AGC(0) or nonmaized bY (Max(1). ccNatV(2) SPe9Mc tnrt))

")-0)ve normalizng conhnbt:

10) black out negative pat? ".--:-Yeh) tic mm"? 000 -- C. YWI)
00
11) reduced thtt scal? (>0 -- > Yes) grOUP wiodt (dAimy 1 -16-0)
0 100
12) decirnaticn option

13) titl
Rg: sedmentaiy basin (model E3)
14) give channel ID's or oftances (as many lines as # of fraces)
-3b"
-2km
-1km

OkmSB

1km 8

6km-B

+ kmB

+ 2km
.3km
.4km
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7. EXAMPLE 3: RIPPLE FIRING

A major issue for the Non-Prorieration Treaty is the discrimination Of large chemical explosions

from possible clandestine or small nuclear tests. Unless discrinination is possible, the numerous miinig

blasts could provide ample opportunity for concealing clandestine tests. Rippled-fired explosions are

commonly used to fragment rocks during quarry and open-pit mining. The periodicity inherent In the rip-

pie firing could produce a seismic reinforcement at the frequency of the delay between shots or rows. It
has been suggested that the convolution of a single explosion with a comb function of variable spacing

and variable amplitude can be used to model the distinctive signature of ripple firing (Stump, 1968;
Anderson and Stump, 1989; Smith, 1989; Hedlin et al., 1990; Chapman et al., 1992; Reamer et al.,

1992; and many others). Baumgardt and Ziegler (1988) delicately demonstrated that the incoherent

array-stack spectra can be used to identify some multiple shots recorded at N')RSAR. By superposi-

tioning the waveform due to a single shot with proper time delay, they were able to model the source

multiplicity under the assumption that the spatial spreading of the shots is negligible with respect to the

distance to the receiver. The work by Stump et al. successfully characterized the major features of the

wavefield due to ripple firings at near-source ranges.

There are, however, some other wave excitation characteristics of ripple-fired explosions which are

not predicted by such spectral or waveform superposition approaches. In this example, the linear finite-

difference (LFD) method is utilized to seek some insights into the ripple-fired explosions.

The preliminary results suggest that ripple firing could excite directionally dependent R. and S.
Thus the lack of R. may not be always Indicative of a deep source. Rather, it could also be due to the

shot pattern. However, the enhanced R. In the forward direction of ripple firing can be strongly

attenuated by lateral heterogeneity and surface topography. The scattered R. energy could then couple

into the crustal waveguide as L. and other phases (McLaughlin and Jlh, 1986, 1987; Jih and McLaugh-

lin, 1988). Since such scattering mechanisms are commonly present in many quarry sites or mines, it is

not surprising that the directional enhancement of R. may not be always observable. The spall could

obscure the azimuthal dependency of R, as well. Previous LFD modeling studies (McLaughlin and Jih,

1986, 1987) suggest that the near-source N, -to-S scattering is usually stronger than that of Rg -to-P,

which could provide a plausible explanation of why quarry blasts and mining blasts should discriminate

less well from earthquakes than would contained nuclear explosions. Further quantitative analysis along

this line could be very useful.

Step 1: Model Generation

Suppose we want to test 7 ripple-fired explosions in a model with a trapezoidal topography. The

whole grid has a dimension of 800 by 600 nodes with the topography embedded in the central portion.

The following sample script generates the topography file for the nominal model in which we set off the

ripple fires from left to right. The topography starts with a flat segment of 350 grids, a 450 ramp of 30

grids high, a plateau of 100 grids long, a -450 ramp of 30 grids long, and followed by a flat segment of

290 grids. To make sure that the topography is !thvwn in the central portion of the snapshots, we will

extract the wavefield from columns 231 to 630. :'he topography for the flipped model would have a
reversed order, and we will extract from columns 171 to 570.

51



cat < I> inTOP.,igt
32

wwwwwwwwwwwwoowr wwwww
wwwwwww0 w 00000o00wwwwww

wwwwwwwwwwwwwww00wwwwww

01 2 3 4 (0607609101113115611819 0 1 2 2 2296 2 2 2 X
2920 29202022929302029320202029203

wwM30 302029wwwwwwwww

330330330330 30303030303033003D30(N30303030 0030 3 030033000
30303303303303 D330330330 303030 030000 3030300300300000 30
303030 30300303030 3 D3 03 03 03 D30 30300 0 330300300303000

303 03DD30 3D00 300003D000D
3D2928272626242922210010S1 81 1 31 11 0 0000 07 605d03000 00

000000000000000000000000wwww
00 0000000000 000000 00wwww
00000000000000000000wwwww

wwwwwwwwwww00000000000000ww

00000000 ww00000000 00000000w
ww0000000000000000000000000000

00000000 w 0000000000000000000000000000000000
000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000
Iwwwwwwwwwwwwwww

wwwwwwwwwwwwwwwwwwwwww52



Step 2: Running FO

For the nominal model, the 7 sources are located at <385,5>, <390,5>, <395,5>, <400,5>, <405,5>,
<410,5>, and <415,5>. Except the first shot, which is detonated at time step 0. the remaining 6 explo-

sions are detonated at 20 time steps apart (cf. the parameter file below). For the flipped model, we
reverse the order to set off the firnt shot at time step 0 at grd point <415,5>. In the nominal model, we

show the wavefield between columns 231 and 630, whereas for the flipped model, we show the grid
between columns 171 and 570. Thus once we flip the model back, both runs will be showing physicaly

the same portion of the waveffeld.

#- ko nominal mode

Set nonomaklh
#need: DRIVER5

# genwwa input pamewr fe kr Id
cat << EOF > InFO
1) grd dMension kwkh
80 600
2) xrz speohi of t•e grid mehll buOpan sapui: dxc,&dt
0.01 0.01 0.001
3) hoWogeoW (0), hetomgerous (1.2)
0
inVp
lnVs
inRho
4) Wpography No
inTOP
5) Mhoos wave (ype
9
5-1) dir fie
DRIVERS
5-2) how many rpples
7
0203905
0403955
0604005
0804055
100 410 5
120,4155
6) a4pa. io.jo wvlns
20.00 38550.2
7) option for snapshot display: componet&wAGCbegin A end colimn
"IV" 1

1 80 1520122 240
231 630 1220122120
201 00 150012600
301 00 80120002250
701 00 901 1261 2 100
901 00 1201 1561 2 100
1101 00 1381 18012 100
1301 W0 1681 2161 2 100
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0) # of eskmoorwbe

9) OMMUNG of assw wm Aw~sk Z.~~8

0)low 0~ of Araftm # of I -,, isNo hot

4wi IWJ

WU< b~FD > FEmsg

54



Step 3: Generating Snapshots

In the Input parameter file for "/d2", we speiied two subgrds for snapshot output (cf. the discus-
sion in Step 2). The following Is a sanple scrip for generating the snapshots of the central portion only.
Note that the topography radiates the fundamertal Raykeigh-wave energy Into body waves of mnuch
lower frequency, as shown at 0.5 and 0.7 sec. Part of the RayleIi-wave energy is trapped between
the two ramps (cf. 0.6 and 0.7 sec) and eventually scattered inko the coda waves. The topography
attenuates the Rayleigh wave In both directons dramaticaly and produces a more corplex wavefom.

*

set nono h
#- 2 Wm: Right (for nomhi modl). Lef (r Eed mod)
set oe-( Right)

oat << EaF> Label
75 1O3W riple--lted abmt
Trapezakbl Wporat•W
Vp-5.Orn2as, VW-2.86Anims
EOF
acs<< 1> Tmp
3855
39O5

3955
4005

4055
4105
4155
I
if ($pe W- .tr) m
set move.( 170 )

cat << I>/ipw ff
pmgram 0f4W

c.--- 930304: fip ovw dwacw #fe
chacWTr800,4, B
characer lO label
read(5, (a 1O,2i5)'labeiong,mn
wrie(6, '(a1O,2iS)')abellong.mn
doi=1,11

read(5, (a)')A
ijk=lnblnk(A)
write(6, '(a))A(1:q*)

end do
100 read(5.'(&a)end-2O)A

do i1 1,long
j--=ong+ 14
B(i:i)=A•fj)

end do
wite(6, (a)?)B(long)
go to 100

200 stop
end
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Step 4: Merging Synthetics

As specified in the sample Input parameter file for '"d2" (page 53), the original grid size was
defined as 800x600. As soon as the wavefront gets close to the edge, the program "W*" shifts the grid
laterally by 400 grid points (cf. the line marked "marching grid"), and it starts to save the synthetics in
another buffer called "data.1" (as opposed the the nominal buffer "data.O"). Since the total grid width
desired was 1200 (- 800 + 400) points, only one shift would be required. At the end of the LFD run, we
need to merge the synthetics according to their physical locations. The following script assumes that
the buffers "data.O" and "data.l" are stored In separate directories "Data.1" and "Data.2", respectively.
The demultiplexer routine fdspit" Is called twice to decode the synthetics in these two directories. Syn-
thetics associated with the same location are then merged (or zero-filled) and renamed.

sW nonomatch
foeach i (Left)
kowch i (12)
cd $00ka $_
#f(-e dam ) Ow

Uncmpreu dam. °Z
a•WtN < damW> S Erw

compneu VERT
rm ESOr HORW

end#

cd $Wh.e
end
end

cat << I> ZERO 25
0000000000000000000000000
I
cat ZERO 25 ZERO 25 ZERO 25 ERO 25 > ZERO 100
cat ZERO 10 ZERO 100 > ZERO 200
cat ZERO 200 ZERO 2W ZERO 200 ZERO 200> ZERO SW0
cat ZERO_800 ZERO_100 > ZERO 900
rm Z

#,- left

zcat LeNDalta IIVERT.8 LeNData_ aVERT.4.Z> Z$i

@ i.$i+ I
Cp ZERO_800 Z$i ;zat LefIDaIZVERT.6.Z>> Z.$i
@i=$i+1

CoP ZERO 800 Z$i; :uat LIDeta 21VERT.&Z>> Z.$i

#- .right

@ i=$i+ I
zcat RighWDate_1IVERT8.Z RightData_2'VERT4.Z> Z$i

@i=$i+ 1
cp ZERO 900 Z$i ; zwat RighIData_2IVERT.6Z >> Z.$i

@ i=$i+ I
cp ZERO 900 Z$i; zcat RighfData_2IVERT.Z. >> Z$i
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flu ZERO*

Step 5: Pblttng Synwtheti

The combined syriietic we then pWsse out with yet anothe plottn routine 'W"p. which plots
the traces in two cohinin. In Othi cm. no rotatin of the plot is required. Note tha uit-p reads the
same format ot Input paramete M~e n do 'wrajpr and "tvpN9O'"
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3) sev"Pog map

4)8ofl ,-m. obeoplbw
10
5) 1,, 5lWnOgmnD bdme
1233345666
6) ghom savabl POWf of .inu save:
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4WO 4KX 4WO 4OW 4Om 40 4O 4WD 400 4M
8) hmu m do-apkv 0~0am~ojw)? am an 98%-h o bc a - (0uavs)
00
9) AGC(0) or namdzd by (nux(1). conaf2). spodk &wap))
2
"9-) Ofv nemabhig ownfouc
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