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- (12, continued)
-
,?{ " Jalculations were performed in 3-D models of the upper 75 - 100 km. of the
," Jrust and mantle beneath the NORSAR array dhemson and Gubbins, 1982), a model
) ‘or a1 reulon in northern Jalifornia (Zandt, 1981), and a model generated by
,i. randoem rerturbations to a 1-D velocity structure {McLaughlin and Anderson, 1985)°% .
:x In both the NORSAR and Zandt models, azimuthal variations in teleseismic amglitude
o were Tound to be on the order of a factor of 2 and variations in travel time were

h) - R - - .
:¢ found to e on the corder of several 0.1's o7 a second. These models had a maximum .
By cI 4 to 8 velocity fluctuation over scale lengths of 10 to 100 km.

ol 4 significant result obtained with the NCRSAR and California models was
f.~ that the scale-lengths and intensities of perturbations were such that the

s . . . . .

S8 amylitude variations were nearly independent of frequency, and hence adeguately

“w N . . . .

‘\; rredicted by simple ray theory. This result has important consequences for the

b w1eld estimation of underground nuclear explosions by measurements of classical
body wave magnitudes, , versus broader band measurements of radiated energy

K- in the time and frequency domain. If deep seated, broad scale length (50 km.

:?: and greater), velocity anomalies of 2% or more are a common occurrence in

;nj the urper mantle of the earth, they will act to focus and defocus body waves over

;ﬁ a broad rrequency band. The focussing and defocussing caused by these broad

¢ anomalies will be indgendent of frequency and will thus introduce a scatter in

] troader band measures of radiated energy which will be equivalent to that seen
= in the narrow band m, measurement. Focussing and defocussing by structure in
. the scurce region will also affect the coda of P waves if a portion of this coda
- s generated in the receiver again. These effects may help explain why broader
':{ band and integrated coda measures of body wave energy often do not exhibit
- sigrificanrtly less scatter than classical my measurements.

;: " The results obtained with a random model show that a model having a
:& maximum velocity fluctuation as small as 0.8 percent is capable of producing
;ﬁ caustics and multipaths at teleseismic range. The production of multipaths

- \ . - s s
jﬂ stroncly depends on the anisotropy of the distribution of scale lencths, i.e.,

N the ratio of characteristic vertical and horizontal scale length. The multipaths
J of the random model, however, occurred over too small an area and were too closely
~;- siaced 1n arrival time to be resolved with standard seismograph systems operating
., in the 2.01 to 4 Hz. band.
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1 Introduction

The 3-D structure beneath source and receiver can act to focus and defocus teleseismic
body waves. In the receiver region, the focussing and defocussing may account for
variations in my over a 200 km. aperture array as large as that seen over an array
having teleseismic dimensions. The following sections summarize results of forward
modeling experiments designed to measure the amplitude fluctuations predicted by
known 3-D structure beneath sources and receivers obtained by block 3-D inversion of
travel times. The importance of such modeils is that they can always be obtained for a
particular test site given known source locations and times within a test site,
supplemented by constraints on local crustal structure. Given such models and the
location of an event within a test site, it is possible to calculate a magnitude bias factor,
which can be used to correct for the focussing./defocussing effects of the structure.
This factor would vary as a function of event location within the test site and azimuth of
the receiver station. Sirmularly, corrections for the effects of structure beneath receiver

arrays may be formulated.

This report details the results of the first complete year of research on problems of
focussing and defocussing. Several source and receiver models have been investigated
in addition to a model of NTS by Minster et al (1981). The scale lengths of this NTS
model| were too broad and the intensity of velocity fluctuation was too week to produce
any significant amplitude fluctuations. Next a sequence of models having stronger
velocity fluctuations were investigated 1n order to determine the resolution needed to
predict significant focussing. defocussing effects. Thus far, these include a model
berieath NORSAR, a model of the crust and uppermost mantle beneath northern
Cal:formia, and a randorn model constructed to satisfy the characternistic statistics of
magnitude variations. The results reported for the NORSAR model were calculated by
Robert Nowack while he was post-doctoral fellow at M.1.T., supported by this contract

The experiments with the Zandt and random rmodels have been subrmitted for
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publication in GJRAS (Cormier, 1986). A paper on the NORSAR results is in preparation

by Nowack and Cormier.

2 Receiver structure: the NORSAR model

2.1 DESCRIPTION OF MODEL

The structure beneath NORSAR has been studied by a number of investigators
using teleseismic travel time data. In the examples shown here, the model derived by
Thomson and Gubbins (1982) is used. This velocity model is a variation of the model
originally derived by Aki et al. (1976), which was the first application of seismic travel

time inversion for a 3-D structure.

Good quality amplitude data has been recorded at NORSAR and has been studied by
several investigators. Faddon and Husebye (1978) used a thin lens model at a depth of
150 to 200 km to describe both the amplitude and travel time data. Statistical models
for amplitude fluctuations at NORSAR were investigated by Berteussen (1975) and
Berteussen et al (1975). Thomson and Gubbins (1982) compared the amplitude data to
that predicted by the travel time models and found only moderately good agreement,
with the predictions not showing large enough variations across the array. Thomson
(1983) attempted a separate inversion of the amplitude data with again only a
moderately good agreement with the travel time inversion results. Thomson (1983)
suggested the possibility that ray theory may not give reasonable predictions of the

amplitude data for frequencies of 1.0 to 3.0 Kz, for a structure such as NORSAR.

3 . . . ﬂ
Recently an amplitude comparison was done by Haines and Thomson (1986)
. between the Phase Front method developed by Haines (1983) and the ray amplitudes Da
a

computed using the ray bending method. Their comparison showed quite different

results between the two methods and their interpretation was that ray theory did ailow

for the finite frequency eflects. This is a very interesting result since the NORSAR -
Codes
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velocity model is smoothly varying with length scales on the order of 20. km,, which
approach the wavelengths of short period body waves. We were then interested in
comparing amplitudes derived from ray theory with Gaussian beam amplitudes using
this NORSAR velocity model. C. Thomson provided us with velocity model A2 from

Thomson and Gubbins (1982) for this comparison.

Figure 1 shows this velocity model for NORSAR. The model is 180. km in depth. The
spheres in Figure 1 represent lower velocities and the cubes represent higher
velocities. Only velocity fluctuations greater than 3.5% are shown, with the size of the
symbol corresponding toc the magnitude of the velocity fluctuation from the average
vertical velocity structure. The east side of the model, with values of x greater than 45,
km, is in general fast and the west side of the model is slow. The largest fluctuations

are = 8% and occur in the deepest layer from 96. to 120. km.

In order to display the velocity model more clearly, Figure 2 shows the variations
greater than 1.57% for each layer. Layer 1 is similar to Layer 2 with smaller relative
velocity fluctuations and is not shown. Layer 2 is from 24. to 48. km and has higher
velocities in the south-central regions. The Oslo Graben intersects this region from the
south and trends in a NNE direction. The NORSAR Array occupies the middle 100. km on
the surface of the model region. Layer 3 is from 48. to 72. km, and the higher velocities
have now shifted to the east. Layer 4 is from 72. to 96. km. The velocity fluctuations
are larger with lower velocities in the south and west and higher velocities to the east
Finally, the deepest laycr, Layer 5, goes from 96. to 120. km, the inferred depth of the
lithosphere. The largest fluctuations are seen to occur in this layer with high velocitie«
to the east and a U-shaped region of lower velocities to the south and west. It is
interesting to consider why the derived velocity fluctuations increase with depth, since
the resolution of the derived solution of these lower layers appears to be adequate. Ons
rmught intuitively think that the shallow layers should be more heterogeneous and
therefore have a greater intensity of velocity fluctuation. Since significant velocity

perturbations continue into the deepest layer of this model, it suggests that less

-------
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Figure 1. Velocity model of NORSAR by Thomson and Gubbins
greater than 3.5% are shown.
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Figure 2. Velocity model of NORSAR. Variations greater than 1.5% are shown.
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:l-; intense perturbations that continue below the model may have been mapped by the

-

3 inversion into the lowest layers of the model.

=

~ 2.2 COMPARISON WITE THEE PHASE FRONT METHOD AND RAY TEEORY

|"?

:.:::' Figure 3 shows the location of the NORSAR Array and three specific events, with
::EE: distances from 57° to 70°, used by Haines and Thomson (1986). To compare with their
:: results, ray amplitudes using the shooting method were computed. To do this, rapid

‘. two-point ray tracing was required and here the paraxial ray equations were used to
find the boundary value rays (Cerveny et al . 1984).

; Figure 4 shows an example of this where the ray from A to B is given and we want
!- to use the paraxial ray equations to determine the ray from 4, to B,. Since this is only
:‘_ an approximation, iteration is required to find the exact ray. The problem investigated
\ here is a slight variation of this where an initial wavefront is given with some initial ray

. directions, and the ray eminating from the wavefront surface going to a particular
station is required. Using the iterative application of the paraxial ray equations,

:. excellent convergence properties were found. Typically only two or three iterations
: were required to get within .1 km of the station using the NORSAR velocity model.
Figure 5 shows the rays going through the NORSAR model from teleseismic events
A, B, and Cin Figure 3. Twenty-five equally spaced stations were specified on the

:' surface covering the general location of the NORSAR array. The ray trajectories were
:.~. checked at each point along the ray by using the eikonal equation. The paraxial ray
: equations were then used once again to compute the amplitudes at the stations. Our
-. derived amplitudes were checked with ray differencing calculations and the
:-3': comparisons were within 1. percent.

7
$:5§ Our computed ray amplitudes were then compared with the results of Faines and
', Thomson (1986). In comparing the ray bending amplitude calculations to our ray
'._: calculations, there were some discrepancies at particular points  Part of this

i
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Figure 3. Location of NORSAR array and three events studied by Haines and

Thomson (1988).
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Boundary Value Ray Tracing

Application of paraxial ray equations

Given the ray Q(A.B), find the approximate ray (}(A,.B,).

Application: the calculation of a normal ray

from an initial wavefront

Figure 4. Paraxial approximations can be used to develop an iterative

s_cheme to sglvg the two point ray tracing problem. These approxima-
tions are valid in the neighborhood of ray AB and can be used to find a
ray A1 B1 that solves a two point ray tracing problem
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Figure 5. The rays from the NORSAR model from the teleseismic events A, B,

. and C of Figure 3.
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discrepancy involved boundary value rays, shown in Figure 5, that exit the model on the
sides of the box. Qur ray amplitudes resulted from extending the box by 100. km on all
sides. It s unclear how the ray bending calculations handled this. These particular
events had distances between 57° to 70°. For the actual data, distances of the events

ranged from 25° to over 1007, and for the closer events this problem of rays exiting

from the sides would increase.

Excluding the stations which had rays that exited the model from the sides, only
four points for the three events A, B, and C varied by more than 15% in amplitude from
the ray bending calculations of Haines and Thomson (1986). The remaining differences
are assumed to be from slight parameterization differences of the model. With these
considerations, the Phase Front calculations of Faines and Thomson (1986) were not in
agreement with either the ray bending calculations or our paraxial ray calculations.
Also the diflerences of the Phase Front calculations with frequency an the ray
calculations did not vary in a systematic fashion. Since both the Phase Front and
Gaussian beam methods involve similar parabolic approximations, the expectation was
that they should have been in excellent agreement. Haines and Thomson note that the
Gaussian beamn method would be inaccurate in the deep shadow of a caustic compared
to the Phase Front method. The NORSAR model, however, generated no caustics over
the short ray paths of the expanded plane wave. With these considerations, our
prelirmunary conclusion is that there may be some errors in Faines and Thomson's

application of the phase front method.

2.3 FREQUENCY DEPENDENCE

In the following, a comparison was done between ray theoretical amplitudes and
Gaussian beam amplitude for several frequencies. To simplify the comparison, a
vertically incident plane wave from befow the NORSAR model was used. Figure 6 shows

the variation of travel time at the surface of the model for the vertically incident plane
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Figure 8. Variations in travel time and amplitude for a plane wave incident on
the NORSAR model.
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wave from below. The time scale is 1.0 sec. Comparing with the velocity model in Figure
2, the delayed times of the travel time surface are associated with the slower U shaped
velocity region 1n the lowest layer of the model to the south and west. The earlier times
to the southeast are associated with faster velocities. The corresponding amplitude
surface for this case is also shown in Figure 6. The amplitude values plotted in 20. Log
(A/ S,). are shown with a vertical scale going from -8.0 to +6.0 db. The amplitude
surface can be seen to be much rougher than the travel time surface. This is
consistent since the log amplitudes are proportional to VT integrated along the path.

The higher amplitudes are seen to be associated with the delayed travel times.

Next, the srmaller central region of the model covered by the NORSAR seismic array
was investigated. The amplitudes, in db, for this smaller region are shown in Figure 7.
The vertical scales go from -5. to +5. db. Berteussen (1975) found at NORSAR a range of
amplitudes of 14. db. The variation shown here is about .6 db for this vertically incident
case. The paraxial ray amplitude surface shown in Figure 7 has a high peak to the
northwest, a central high amplitude region with a lower amplitude to the south, and a

gradual increase in amplitude to the southeast.

The Gaussian beam results were computed using a simple Gabor wavelet with a y =

6. and several center frequencies. Optimal or critical beam widths are specified at the

source plane (Cerveny, 1982, 1985a, 1985b. and Klimes, 1984). The peak amplitudes 1re

then plotted. The 8. Hz Gaussian beam result is shown in Figure 7, and all the features

shown 1n the ray amplitude diagrams are present. But, the two high amplitude regions

[
oo

are slightly lower 1n amplitude than the corresponding ray results. The 4. Fz Gaussian

_r'l.‘v 'v"v‘

beam result shown in Figure 7 1s very simular except the amplitude peak to the

<, a

PN

northwest 1s slightly lower still. Finally, the 10}z Gaussian beam case is shown and

i N

now the amplitude peak to the northwest is rournded and broadened and the whole

s
F N S N ]

amplitude surface has been smoothed Thus, there appears to be a progression from

N )
e’ 8 &
A )

the ray amplitude results to the high frequency beam results, with greater similarity for

higher frequencies. The frequency dependence between 1 to 8 Fz, however, 1s small.
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LOG AMPLITUDE VARIATIONS
PARAXIAL RAY THEORY

LOG AMPLITUDE VARIATIONS
GAUSSIAN BEAM —~ 4 HZ

LOG AMPLITUDE VARIATIOXNS
GAUSSIAN BEAM - 8 HZ

LOG AMPLITUDE VARIAT;ONS
GAUSSIAN BEAM - | HZ
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Figure 7. Variations in amplitude for a vertically incident plane wave on the
Results for several frequencies are shown.

NORSAR model.
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This is consistent with the scale lengths of this model, which are broad (20 km.)

compared to the wavelengths at these frequencies (greater than 8 km.). Since the
wavelengths for the 1., 4. and 8. Kz cases are 8., 2., and 1. km with approximate Fresnel
zone radii of 20., 12., and 8. km, the Gaussian beam solutions should give reasonable

results for the NORSAR model, at ieast down to 1. Hz.

In summary, the beam amplitude results behave in a similar fashion to the ray
amplitude results with the lower frequency beam solutions becoming smoother. This
suggests the possibility of using lower frequency amplitude data to smooth over
unwanted amplitude variability to obtain results for an equivalent smooth median. The
paraxial ray equations have been used for the 2-point boundary value ray calculation

and have shown very rapid convergence.

3 Source structure

3.1 THE NORTHERN CALJFORNIA MODEL

The focussing and defocussing of teleseismic body waves by 3-D structure in the
vicinity of the source have been investigated with two different models. The first model
is one obtained by Zandt {1981) for central California using a block inversion of

teleseismic travel times by the method of Aki et al (1976).

The Zandt (1981) model has four layers from 0.0 to 80.0 km 1n depth. The
horizontal block size is 10.0 km in the top layer and 20.0 to 25.0 km in the lower layers.
Average velocity variations are between 4.0 to 8.0 percent in the top layer and 2.0 to 1.0
percent in the lower layers. The rms velocity variation measured over grid points,
however, s generally much lower, on the order of less than 2 percent. This s because
the largest variations take place over relatively broad regions, having characteristic

scale [engths of between 50 to 100 km. {(Figure 8)
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17.

Seismograms were synthesized in this model by summation of Gaussian beams. An
explosive point source was assumed at the center of the model at 9.6 km. depth. The
3-D model was patched into a 1-D, flattened whole earth model by use of the propagator
matrix of dynamic ray tracing {(Cormier, 1988). The elements of the propagator matrix
[l were calculated in the 3-D source region by numerical integration of the kinematic
and dynamic ray tracing equations. Velocities and their first and second order spatial
derivatives in the 3-D region were defined by the coefficients of cubic spline
interpolators between grid points. The 3-D region was patched into a 1-D, radially
symmetric earth model at 75 km. ¢<pth. The 1-D earth model was the 1 Hz., isotropic
PREM of Dziewonski and Anderson (1981). PREM was first flattened using the

transformations described by Maller {(1971) . The Il elements were then computed using

a fast algorithm in which the quantities g—g and X are given by a analytic formulae

summed over thick, vertically inhomogeneous layers (Cerveny and Jansky, 1983). Il was
determined at the ray end points tn the receiver region by propagator multiplication.
The matrices P?, QF needed to evaluate the weighting factor for superposition of
Gaussian beams are given by the 2 x 2 sub-matrices of Il, [; and [1,, respectively.
Focussing /defocussing »fTfects of the structure were calculated at teleseismic range for

the variations tn azimuth and variations in lateral source location shown in Figure 8.

311! Effect of varypang annmuth at constant source location

Figure 9 shows the results of beam summation for a teleseismue P wave from an
explosive source embedded in the Zandt (1981) model. At source location s0,
seismograms were computed at 70° for eight different azimuths. In each column of
Figure 9, the amphitudes predicted in different pass bands are shown. The broadband
pulse was that obtained using the source-timne function of Madariaga and Papadimutriou
(1985) in a frequenry band between 0.03 to 4 'z, Amplitudes are scaled to the

maximum peak to peak amplitude observed at the 101° azimuth. Amplitude variations
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S are on the order of two and travel time variations on the order of several 0.1's of a
: second. The travel time variations are consistent with the focussing,/defocussing
eflects -- large amplitudes correlate with slow travel times and small amplitudes
correlate with fast travel times. The largest amplitudes correlate with azimuths in
) which the beams sample a low velocity anomaly to the southeast of source sO. This
\'. anomaly is a significant feature in both layers 3 and 4 of the Zandt model, persisting
:";l over 50 km. of depth in the model. Zandt interprets this feature as a NW-SE trend of
hthospheric thining associated with a fault zone that includes the Calaveras, Rogers
.:: Creek, Maacama, and Lake Mountain faults.
2
3 312 Effect of varynng source location at constant azimuth
: For a fixed azimuth, and variations in source site from positions s30- to s30+
'.:;-. (Figure 10), amplitude variations are small. This reflects the smaller differences in
structure between the regions sampled by the beams compared to those in the
azimuthal experiment. The velocity anomalies in the deeper layvers are broad features
- having scale lengths of 50 km. or more. The anomalies in the shallower, crustal layers
have smaller scale lengths, but the crustat layers are thin compared to the total
E.:T: thickness of the model and the bearns spend much longer time in the thick layers 3 and
-{i 4. Thus the broad scale lengths of the anomalies in layers 3 and 4 have the greatest
:2 influence on amplitudes. This is consistent with the large variations in amplitude shown
:' in the azimuthal experiment (Figure 9) as well as with the smaller variations in
y : amplitude due to changes in receiver location over a line having a length roughly equal
::'::: to the scale length of the broad anomalies (Figure 10).
by
— 31073 Frequency independence and us implications for treaty verification
'. The retative amplitudes in Figures 9 and 10 are nearly independent with respect to
::-. the frequency band of observation. This result has important consequences for the
iy
1
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yield estimation of underground nuclear explosions by measurements of classical body

wave magnitudes, my,. versus broader band measurements of radiated energy in the
time and frequency domain. If deep seated, broad scale length (50km and greater),
velocity anomalies of 2% or more are a common occurrence in the upper mantle of the
earth, they will act to focus and defocus body waves over a broad frequency band. The
focussing and defocussing caused by these broad anomalies will be independent of
frequency and will thus introduce a scatter in broader band measures of radiated
energy which will be equivalent to that seen in the narrow band my measurement.
Focussing and defocussing by structure in the source region will also affect the coda of
P waves if a portion of this coda is generated in the receiver region. These effects may
help explain why broader band and integrated coda measures of body wave energy
often do not exhibit any less scatter than classical my, measurements. The broadband
and coda magnitudes that exhibit the least scatter typically have 0.15 to 0.2 standard
deviation in units of logarithm of energy flux rate over source or recelver arrays having
apertures of 200 km (Bullitt and Corrmuer, 1984). This corresponds to about a 1.5to 2
variation in the amphitudes of particle velocity, sumular to that seen in the synthetic
seismograms of Figures 3 and 10. These results suggest that knowledge of the broader
scale length velncity anornalies beneath source and recetver sites may be useful in
correcting and reducing the scatter in magnitude estimates and hence the uncertainty

in yleld estimates »f nuclear tests.

The frequency independence of the amplitudes calculated in the Zandt model is a
characteristic of ray-theoretically predicted amplitudes. It suggests that the Gaussian
bearn synthesis should not be necessary to accurately calculate amplitude variations
due to this recewver stroctare. There are no causties in this exampie and there 1« no
particular advantag. tn usng Gaussian beamn superposition over asymptotic ray theory,
other than explotting the paraxial « stimat:on of travel time. Additional evidence of why
bearm superposition oo thas example reprodiuces simple ray theory isatlustrated in

Figure 11 Ray der«ities [Hogure 1) withu the vicamity of a receiver can accurately
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Figure 11. The end points of rays at the surface of the earth at 70° at high and
low amplitude stations in the expeniments shown in Figures 9 and 10.
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All combinations of sources and receivers produce ray densities that are similar in

N

:"-' predict the amplitude observed at that receiver. Amplitude is nearly proportional to 1
' - : over the square root of beam density, consistent with the calculation of the geometric
o spreading by ray tube area.

e

\'.a

o

i

form to Figure 11, i.e., uniform over broad regions surrounding each receiver, with no
evidence of multipathing. This result is identical to that obtained by Cormier and Aki
= (1982). They found that multipaths are not generated even when the intensity of

anomalies in the Zandt model are doubled. Multipathing, however, depends on the scale

:._-

oy length of anomalies as well as intensity. This is emphasized by the results obtained with
i:.:: the second model investigated.

i 3.2 A RANDOM MODEL
:'i The second model was one generated by perturbing a 1-D model at 10 to 20 km.
grid points in horizontal planes with an rms velocity fluctuation of 0.8% (McLaughlin and
._::::: Anderson, 1985). Unlike the Zandt model, this model introduced caustics and

::j"'. multipaths at teleseismic range. This made it essential to use Gaussian beams rather
than asymptotic ray theory (ART) to synthesize seismograms at receivers in the vicimity
::-:' of caustics. ART evaluates the superposition integral by a stationary or saddle point
':-:::: approximation. The stationary phases occur at the discrete rays that solve the two

' -:i point ray tracing problem between source and receiver, leading to amplitudes

o . 1 o

S roportional to factor —==——=. This factor approaches infinity near the caustic
_:x prop faotQF pp y

S

::-l'- surfaces defined by detQ® = 0. The superposition integral and its integrand, however.
‘!.? remain regular at caustics for a generalized, complex M matrix (erveny et al., 1982:
s i

ot Cerveny, 1985a.b)
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. Figure 12 shows contours of velocity at the bottom of the random model and the

::'\ location of sources in a vanable source experiment. The velocity contours have been

::,. left unlabled and are shown only to illustrate the dramatically different scale lengths of

' velocity fluctuation in this model compared to the Zandt model. At a constant azimuth,
;: the amplitude fluctuations (Figure 13) due to variations in source location are both

‘-:‘: larger and occur more rapidly than those seen in the Zandt model (Figure 10). This

o reflects the fact that the smallest scale length of velocity fluctuation (10 km.) roughly
-:: equals the spacing of source points. Greater frequency dependence of the amplitudes

:::': is also seen. This is due, in part, to the presence of caustics in the vicinity of the

~_ receivers for some of the source-receiver paths. Figure 14 is a plot of ray end points,
! ilustrating the development of one of these caustics in the vicinity of the 70° station

for a source at location s10-. A triplicated zone of end points can be seen, which is
elongated along a narrow azimuthal zone. Rays having end points within this zone are

found to have a one unit advance in their KMA}Y index {Ziolkowski and Deschamps,

1980), indicating that these rays have passed through a caustic once. A receiver

PP
R A
P AP

located within this zone of triplicated end points is likely to observe some phase

distortion in its waveform because some of the beams that contribute to the

X,
a

()

r s
L8

superposition integral will have a —g— phase shift. This phase distortion 1s diffcult t»

Photid
. e
Vot

A
»

observe in synthetics calculated for a profile of stations r400- to r400+ shown in Figur«

' a
. oy
v

15 The phase distortion appears as small change in the rise time of the broadband

v '

pulse at station rO. The small negative first break, best visible orn the broadband putse

at r0, 1s not due to the phase shifled beams, but rather due to the unique interference

eflects of this particular bearn pattern. The largest effects to be observed on waveforr.-

) might be cxpected on the short period instrument  The highest frequency band wouid
o ,

'~ have: the lighest per cent contribution from beams within the tripiicated region at ri
.

oW beanse beams more distant from r0 would suffer o stronger exponential decay  \o

- substantial modifications, however are seenan the short period waveform of station r 2
>
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Figure 12 P sveincity contours in a horizontal plane at the bottom of a model
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S

Comparison of amplitudes in different frequency bands in Figure 15 now shows

o~ substantial frequency dependent eflects. Long period amplitudes vary only about half
A

o as much as short period and broad band amplitudes. A much broader area of beams
":.‘_: contribute to the long period response, smoothing over the eflect of the caustic region

near station r0O.

:"'__ 322 The features that generate caustics and multipaths

'y Exactly what feature of the random model was responsible for the thin, elongated
s

j::-: caustic intersection shown in Figure 14 ? Since this feature is elongated along a

particular azimuth, the lateral location of the structure is constrained to be along the

ray paths that leave the 3-D portion of the rmodel at this azimuth. The range of vertica!l

Chet take-off angles along this azimuth is also bounded by the apparent edges of the caustic
: intersections i the plot of ray end points. The calculation of the KMAH index can also
3

be used to identify the particular rays that are tangent to the caustic surface at depth.

T By either of these methods, the rays that describe the caustic can be identified and
::.?_: their trajectories plotted through the 3-D region of the model. When this is done

-
J (Figure 16). it can be seen that the structure responsible for the caustic at teleseismic
_*::: distance is a low velocity zone, extended in the vertical direction. The reason why such
-:'.:- structures have been generated in this random model is that the grid spacing at which
velocities were assigned was much larger in the vertical direction (30 km.) than in the
&

- horizontal direction (10 or 20 km.). Thus, there will occasionally be regions of the

'
?_-'_? model where negative perturbations strongly correlate between adjacent vertical grid
:::': lines, forrming a vertically, elongated zone of low velocities. Similarly, elongated zones
.: . of high velocities will be formed. The surprising observation seen with this particular
:;: model 1s that only a very small perturbation of velocity (0.8%), with a vertical scale of 30

-‘..
'-J.':: to 80 k.. and a horizontal scale of 10 km. can generate caustics and phase advances

h

-, at teleseismic distances. These caustics intersect the surface of the earth at

s

-",’

.

L’

27

[
'{, , AT .r\,- ,- \'. "o .' l\-" o g a .r.‘ _" _"'.._;._: - --.'.‘_.-.-_"...}‘.:-.:.-'.:,-n_-_‘,.\ . __ ‘-....‘-.,_-: _- ~.»,..-_..-\.-_, N




|

","."_'-‘_‘—‘»
30.

e

- ——
e T

-}‘.3_&_‘.

a1e SATNI0IA jo s4n0U0YH afuel OUUSIISID) v pauiio} aoujdns oM
.sneo 8 punoq pue yynuiize quesuod ¥ Joys adam il shna 24 uMoys
ghpa oM UL apded au Jo 291U pue aALRIaL Saaanos ayl 1
.ea0f 2U} Kkq pauyap auejd e ojuc —..:u...r:a e sauojasledl, wuotad

aasnos ayy W avﬁo_a 0d uones jo Apudia agy skvda JO Kaoyoafeal 9l ainBry

TeAdUY aas /um co0® ™ umdbys

) uot)

RY 0°0L-

0°'9L

(u) Z

r
.
-

-
-

L3 1“:
N M

~ -

R

- .
»
wan

LN

Cm .
o

[
Y WP

~ - » - ~

R S

- 4 v L .
AT -

i
vt

>

iy
‘,‘»'.‘1

[V,



31.

teleseismic range, but the areal extent of these intersections are too small ta be visibly
identified except for some rather subtle eflects in the waveforms at a few number of 1
stations. The generation of these caustics depends on the strength of velocity
fluctuation as well as on the relation between the characteristic vertical and horizontal
scale lengths of the 3-D model. In the example considered, the shortest scale length in
the vertical direction exceeds that in the horizontal direction, a situation which is
probably not the common state of crust/lithospheric structure (McLaughlin, personal
communication). Some notable exceptions to this would include regions having
concentrations of intrusive pipes and plumes. The results of the single modeling
experiment described here suggest that some distributions of heterogeneity would
produce unacceptably large effects on teleseismic waveforms. It is clear that forward
modeling of the effects of very general distributions of heterogeneities will be useful in
defining the "heterospectrum’ of the lithosphere. (The heterospectrumis a term
adopted by Wu [1986] to embrace both the the strength of velocity fluctuation and its

three-dimensional spatial spectrum).

4 Validity of the results

All the example seisniograms were calculated by superposition of Gaussian beams
The accuracy of this technique depends both on the validity of using the first term in
an asymptotic solution to the elastodynamic wave equation and making a Taylor
expansion of the complex phase about the central ray (the paraxial approximation). It

is thus appropriate to question whether the 3-D models of velocity discussed in this

paper have exceeded the dornains of validity of these approximations. Validity

r

o constraints in continuous media have been formulated by Beydoun and Ben-Menahem
Vo

; (1985) and Lerveny (1985b). White et al (1946) have considerad problems encountered
b

oo with continuous media a3 well with boundary interactions  The simplest constraints to
N' .

Eg check are those related to the asymptotic expansion, which assumes decouphing of P
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and S waves to zeroth order and neglect reflections and conversions by regions of

strong gradient. These constraints require that wavelength be much less than

quantities such as % and ‘VE; (Kravtsov and Orlov, 1980; Beydoun and Ben-Menahem,

1985), where v and p are velocity and density respectively. Both the Zandt model and

the randomn model satisfy this constraint throughout the frequency band 0.03 to 4 Hz.

Constraints on the validity of the paraxial approximation and the beam
superposition have been cast in terms of the real and imaginary parts of the M matrix
and distance from the central ray (Beydoun and Ben-Menahem, 1985; Cerveny, 1985b).
In order to see if these constraints are obeyed everywhere along a beam, the M matrix
must be known everywhere along the central ray associated with that beam. At any
point S along the central ray, M(S) can be found by using the Il matrix to back
propagate the complex M((,) matrix selected at the end point §,. Although these
constraints were not caiculated in the two examples described, a check on the overall
validity of the beam superposition was taken from the results of reciprocal
experiments, in which the positions of sources and receivers were reversed. Examples
of this test in 2-D media are given by Nowack and Aki (1984) and Miller (1984).
Reciprocal experiments were conducted in the form of allowing a plane wave to be
vertically incident on the 3-D models. The plane wave was expanded into Gaussian

beams by the procedure described by Cerveny (1982). and the wavefield was calculated

at receivers on the surface of the 3-D models. Such an experiment was conducted on
the random model (MclLaughlin and Anderson, 1985) and on a model having a
heterospectrum similar in scale length and velocity fluctuation to the Zandt model
(Nowack and Corrmuer, 1985). Although the geometry was not precisely reciprocal and
waveforms were not directly compared, both experiments produced intensities and
coherence of amplitude fluctuations simular to those produced by the teleseismic

experiments.
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~. 5 Conclusions

.:.\

:.:: The theory and examples discussed in this paper have shown how the propagator

: matrix of the dynarmuc ray tracing equations, [1, can be exploited to connect 3-D to 1-D

' portions of a model. Both plane wave and point source initial conditions are required to

.-:‘-": specify the elements of the propagator matrix. Thus, both plane wave and point source

:\ solutions are generally useful for all asymptotic methods of body wave synthesis and

- not just for Gaussian beams.

An investigation was made of the effect of 3-D structure in the source region on the

focussing and defocussing of teleseismic P waves. These effects were observed with two
different models as a function of source location within the 3-D model and of azimuth at
the source. In a 3-D model, block inverted from teleseismic travel times, ray theoretical
- amplitudes matched those predicted from superposition of Gaussian beams. In this
model, the characteristic scale lengths of the most intense veloctty fluctuations (47%)

s were on the order of 50-100 km in the source region. This model produced a factor of
two fluctuation in amplitude, associated with fluctuations in travel time on the order of

several tenths of a second. Amplitude variations due to variations in source location

. were small over location variations that were small with respect to the scale length of
_:::: velocity fluctuation. All amplitude variations were nearly independent of frequency

:.;j across the body wave band of 0.03 to 4 Hz. The frequency independence of amplitude
"f; variations across the body wave band may have important implications for removing the
,-:::'_ eflects of azimuthal amplitude variations due to 3-D structure beneath nuciear test
sites Broad scale length, deep seated structure can affect short period as well as broad
.. band and coda measures of radiated seismuc energy. Its effects, however, may be easily
-".: correctable if a 3-D model of the source region 1s known from block inversion of trav:;
-'_Ej time residuals. A resolvable block size of about 20 km. may be all that is necessary to
:: formulate corrections based on azimuth of teleseismic station and source location

o within a test site.
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Calculations with a random velocity model demonstrated that a smaller intensity of
velocity fluctuation (0.8%) can produce even larger amplitude variations if the smallest
scale length of fluctuation is on the order of 10 k. The random model was constructed
such that the smallest scale length of velocity fluctuation was shorter in the horizontal
direction than in the vertical direction. At teleseismic range, this model generated
1solated caustics, which were elongated along the azimuth of approach. The waveform
distortion associated with these caustics was small. The fact that the caustics were
generated at all by such mild 3-D perturbations is significant. It suggests that this type
of synthetic modeling may be useful in limiting some of the attributes of the

heterospectrum of the earth’s lithosphere.
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