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Summary 
This report consists of a review of the interpretation of Generalized Seis- 

mological Data Functional (GSDF) as a means of refining earth structure 
through waveform modeling. An inversion procedure is developed, and exam- 
ples are shown for synthetic and observed data. 

The focus has been on the algorithm implementation, and more work 
must be done to understand the limitations and applicability of the technique 
with respect to real data. The effects poorly constrained source depth and 
mechanism as well as noisy data remain to be investigated. A useful tool has 
been implemented, though. 
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SURFACE WAVE WAVEFORM INVERSION USING GSDF THEORY 

Tao-Ming Chang and Robert B. Herrmann 

1. Introduction 

In this report, we extend the Generalized Seismological Data Function- 

als (GSDF) theory to the inversion of broadband waveforms modeled as a 

superposition of surface-wave modes. We demonstrate the utility of this 

inversion algorithm by conducting a simple synthetic test, and then apply the 

algorithm to real data to see what new knowledge about earth structure can 

be obtained from this new inversion algorithm. 

2. Theory of Generalized Seismological Data Functionals 

Gee and Jordan (1992) introduced the theory of Generalized Seismologi- 

cal Data Functionals (GSDF) as a means of characterizing differences 

between observed and predicted seismograms in terms of time delays with 

respect to the earth model used. The importance of the Gee and Jordan 

(1992) paper is that it defines the framework for working with multimode sig- 

nals. 

To use the GSDF approach, we need to construct a synthetic seismogram 

(s), an isolation function (/) and single-mode seismograms. An isolation 

function is a sum of single-mode seismograms which may represent the domi- 

nant part of the observed seismogram (s). Using a cross-correlation tech- 

nique, we can quantify the similarity observed and synthetic seismograms. 

For a model which does not significantly deviate from actual earth structure, 

the peak of cross-correlagrams will be located near zero lag-time for all fre- 

quency bands and for all windowed segments of the seismograms. The cross- 

correlagrams reflect the degree that the model used to create synthetic seis- 

mogram, isolation function and single-mode seismograms is different from 

real earth structure. To utilize this information, we have to extract informa- 

tion from different frequency ranges and interpret it in term of differences in 

earth structure. 



Gee and Jordan (1992) call the extracted information Generalized Seis- 

mological Data Functional (GSDF). In the following, we give a brief review 

of how the GSDF is denned, how the GSDF is related to familiar physical 

quantities, and how we extend this theory to invert for Earth structure Equa- 

tions directly adapted from Gee and Jordan (1992) will be cited as (GJ.#), 

where # indicates the original equation number in their paper. 

First, we review the definition and computation of a GSDF. We can use a 

Gaussian wavelet to approximate the filtered and windowed cross- 

correlagrams at a specified frequency. Specifically, the windowed, filtered 

cross-correlagram of an isolation function with a seismogram (either observed 

or synthetic) is modeled using a five-parameter Gaussian wavelet: 

FiWCftit) « git) s AGa[cTs(t - tg)] cos[o>s(t - tp)] (GJ.5) 

FiWCfs(t) = g(t) = ÄGa[äsit - tg)] cos[3sit - fp)] (GJ.8) 

FtWC ffit) = Ga[ffft] cos[<5ft] 

where 

F,- is a Gaussian frequency content filter with center frequency €ot and 

half-bandwidth oh 

W = Ga[Gwit-tw)]\l + 0.01[awit-tw)Y
c 1 is a temporal window with 

half-bandwidth errand centered at tw; usually tw = tc, where tc is the lag- 

time of the peak of FjWCyy, 

Cfs(t) - fit) ® sit), is represents cross-correlation, is the cross-correlation 
with the observed time history, 

Ofsit) = fit) is sit), is the cross-correlation with the synthetic time his- 
tory, 

x2 

Ga[x] = exp(- —), Ga is the Gaussian function, 

A is the amplitude of Gaussian envelope, 



a is the half-bandwidth of envelope spectrum, 

a> is the angular frequency of oscillating wavelet, 

tg is the envelope group delay from zero lag-time, 

tp is the wavelet phase delay from zero lag-time, 

the subscript s denotes observed seismogram, subscript s combined with 

- denotes synthetic seismogram, and the subscript f with ~ denotes iso- 

lation filter. 

From (GJ.5) and (GJ.8), Gee and Jordan define four data functionals to char- 

acterize the agreement between observed and predicted time histories: 

(GJ.9) 

(GJ.10) 

(GJ.ll) 

(GJ.12) 

These four data functionals are related to differential phase delay, differen- 

tial group delay, differences in logarithmic amplitudes and the differences in 

center frequencies. These four data functionals are defined from two filtered, 

windowed cross-correlagrams, they can be transformed into the more familiar 

quantities such as phase velocity, group velocity, and attenuation corrections. 

We will briefly describe this transformation. We note that all filtered 

and windowed cross-correlagrams will be normalized by scaling F;WC^ to 

unit amplitude. Also, if the observed and synthetic seismograms are com- 

posed only of a single mode, then the GSDF are easily interpreted in terms of 

differences in modeled and actual phase velocity, group velocity and Q. For 

multi-mode time histories their interpretation is much more difficult. 

Before relating GSDF to physical quantities, we must know the roles 

these quantities play in wave propagation. For a known instrument response 

and   source,   the   difference   between   the   spectrum   of  isolation   filter 

stp = tP- *P 

stg = u- tg 

8tq = 
l 

[In A -lnA] 

sta = 
l 

[a>8- ä>s] 



f{ai) = I(o))P(co)S((o) and its corresponding component of the observed seismo- 

grams f{a) = I((o)P((o)S{co) is called "differential propagation". The are 

related by the equation 

P(ü))   ~ m-mfW 

= D(a))f(co) (GJ.42) 

= eim°>)Rf(co) = e^(o>)-kM]R^ 

where R is source-receiver distance. To a first order approximation, the dif- 

ferential propagation can be approximated as 

Dial) - exp\-ü)jÖTq(cOj)-{co-co^Sr^coj) j (GJ.44) 

+ exp \i [a>jÖTp(ü)j) + (o> - a>j)STq(a>j)~\ J 

The propagation effects of the isolation filter f(t) and the corresponding 

waveform f(t) on the observed seismogram are defined in four equations 

which are described in terms of familiar physical quantities such as total 

phase delay, total group delay, and attenuation factor. 

STP(O)J) = Tpicoj) - ?p(a)j) (GJ.45) 

STgicoj) = Tgicoj) - igicoj) (GJ.46) 

Stq(cOj) = - fpiaßlQT1 - Q -1] (GJ.47) 

^(ö^-f^^t^-Q-1] (GJ.48) 

where 

Tp(a)j) is total phase delay of f(t) at an arbitrary frequency coj with 

respect to the original time, 

ipicoj) is total phase delay of f(t) at a» -, 



Tg(ü)j) is total group delay of f(t) at a>j, 

Tg(coj) is total group delay of fit) at CDJ, 

Q is attenuation factor of f(t), 

Q -1 is attenuation factor of f(t). 

This means that whenever we are able to measure four differential quanti- 

ties Stx from observed and synthetic seismograms at a certain frequency CDJ, 

we can approximate the true waveform spectrum behavior fico) at any arbi- 

trary frequency co to a first order precision. 

The GSDF Stx based on the filtered, windowed cross-correlation, and the Stx 

is related to the time domain windowing function. Their relationships are 

given by 

Stg = Stg(&f) + (1 - g)[tc - Stgi&f)] (GJ.56) 

Stp » Stp(&f) + (1 - g){?L^L)[tc - Srg{&f)\ (GJ.57) 
COf 

Sta ~ ZlStJLäf) (GJ.58) 

Stq - Stq{&f) - (1 - f1){^LZ^.)8ra{&f) (GJ.59) 
COf 

where 

&c is the frequency from Cff, 

gx is a window width factor, 

tc is the lag-time of the peak of cross-correlagram F^WC^-. 

There is an additional assumption that must be stated. Due to the difficulty 

in relating the isolation filter's corresponding feature in observed seismo- 

gram, it is not easy to evaluate F;WC^. However, if the windowing proce- 

dure is effective in isolating f(t) from other phases on the seismograms, then 

FfWCyi-FiWCV. 

We can estimate tc from an isolated waveform.  For non-isolated wave- 

forms, the Cff can not be simply replaced by Cfs and this is a more general 



Situation.  For non-isolated waveforms, the Gaussian wavelet can be repre- 

sented as a sum of interference effects of different modes. 

FfWCyiCO = £ X F;WCmn(*) (GJ.63) 
m=ln=l 

FiWCfiit) = £ £ F,WCmn(0 

where 

cmre(0 = [mode m off(t)] is [mode n of f(t)], 

Cmn(t) = [mode m of fit)] ® [ mode n of f(t)]. 

We now characterize these by the relation 

FtWC^it) - ÄmnGa[äf(t-t™)] cos[3mn(t-1?)\ (GJ.68) 

where 

Ämn=exp(-äft™), 
~ ~ ~   rmn 
Mmn-af ~ Oft a    . 

In this case, we need to know four time shifts that describe the deviations of 
F:wc/s from FiWCff. Assume that the windowing and filtering effectively 

suppress the bandwidth variations, so that <rs = öy. The four time shifts are 

the phase delay tp, a group delay tg, and two amplitude parameters 

*"<7=-7TlnA~ (GJ.60) 

ta=--zä[äs-äf] (GJ.61) 
af 

By denning the following notation, 

Bmn = 2^b exP[-^(C - tq)]Ga[*f(t™ - tg)] (GJ.73) 

<t>mn = (Sf - öftTKiT ~ t~P) - äpT - fa)(fp - tg) (GJ.74) 

the perturbation expansions can be simplified by using asetNxN matrices 

(C)mn = Bmn cos <pmn (GJ.75) 



(S)mn = Bmnsin<pmn (GJ.76) 

(Cx)mn = Bmnä>f{tT - fx)cos<t>mn (GJ.77) 

(SJmn = Bmn3f(tT - tx)sin<pmn (GJ.78) 

Gee and Jordan (1992) gave the following linearized relationships between 

the GSDFs and computable quantities from individual mode branches. 

Stq = 1 • C • Jtq + 1 • S • Stp (GJ.84) 

6tp = -1 ■ S • Stq + 1 ■ C • Stp (GJ.85) 

Sta = -1 • (Ca + Sg) • S^ + 1 ■ (Cg - Sa) • Stp + 1 ■ C • St& + 1 • S • Stg (GJ.86) 

Stg=-1- (Cg-Sa) • <?tq - 1 • (Ca + Sg) • £tp - 1 • S • St& + 1 • C • £tg (GJ.87) 

The 1 is a AT-dimension vector, each element of which equals one. The £tx is 

a iV-vector whose rc'th component is Stnx, the perturbation corresponding to 

the quantity x of n'th. mode. In the following section, we will translate this 

£tx into STX which directly relate to seismogram and has clear physical mean- 

ing. 

3. Structure Inversion 

To apply GSDF theory in structure inversion, we must construct the 

inversion kernel, G for our inversion. The inverse problem can be simply 

expressed in the form : 

STx = Gx • <5ni 

where 

x indicates one of {p, g, q, a}. 

£TX is an JV-vector for corresponding to N modes, 

Gx is an N x k Frechet kernel matrix for structural inverse problem, 

Sm. is a model correction vector for k unknowns. 

Keep in mind, that STX is not measurable but fortunately GSDF theory pro- 

vides a way to compute these nonmeasurable quantities using the mode 



interference relationship.   Thus, in actual application of GSDF theory, we 

must relate STX to Stx to create the kernel Gx. 

From (GJ.56-59), we can transform STX to St* as 

Stg = ÖTg(3f) + (1 - fi)[tcl - ÖTg(äf)] 

ötp = ÖTv{&f) + a[tcl - ÖTg(äf)] 

Ötq = ÖTqiäf) - aÖT&{&f) 

where a = (1 - £f)(®L_^). Substituting these into (GJ.84-87) gives the fol- 

lowing equations which relate the four GSDFs to inversion kernels Gx. 

Stn = 1 • C • la tc + 1 -|c(Gp-aGg)- S(Gq-aGa)] Sm 

• [c(Gq - aGa) + S(Gp - aGg)l Sm 

Sta = l- (Cg-Sa) • la tc + 1 ■ S • 1(W?)*C 

'p 

Stq = l-Slatc + 1 

+ 1 Sm -(C. + Sg)(Gq - aGa) + (Cg - Sa)(Gp - aGg) + £?CGa + ^SGg 

Stg =-1 ■ (Ca + Sg) • la tc + 1 • C • ia-fi)tc 

+ l["<Cf - Sa)(Gq - aGa) - (Ca + Sg)(Gp - aGg) - «?? SGa + <f ? CGg] Sm 

Now, we have a general form of inversion problem for earth structure in 

terms of the GSDF's Stx, kernels Gx, and the interference effects C,S,CX,SX. 

At this point, it is possible to outline this structure inversion problem. 

At a particular frequency, according to GSDF theory, using cross-correlation 

technique we can obtain four measurements as our "observations" (GJ.9-12) 

and evaluate the mode interference, which we will use with Gx to form inver- 

sion kernels. Therefore, we perform this measuring procedure at several fre- 

quencies, we then have the "data vector" and "kernel matrix" ready for 



inversion. In the following sections, we will show how we create the kernels 

(Gx). 

Kernel Gn 

Kernel Gp relates phase velocity changes to model perturbations. 

dtp = Gp ■ £m 

The n'th component in the differential phase velocity vector 8TV, StPn is define 

as 

R R 
SrPn = 

Cnobs       Cnsyn 

R R     R 
cn + Scn     cn     cn 

_1 + (1_££»+(££»?...) 

R _^£n+ (^£n )2 

R 
25°n = c2 9m 

• öm. 

where 

R is source-receiver distance, 

cn is phase velocity for n'th mode of synthetic seismogram. 

In the matrix form, we can exactly see the meaning of 5tpi as the total phase 

delay for mode 1 when model m changes into m + öm.. 

R dcx       R dc1      R dcx 

Ox 
p\ 

P2 

ST 
PN ->Nxl 

c\ dm1 c\ dm2 c\ dm3 

R dc2 R dc2 R dc2 

c\ dm1      c\ dm2      c\ dm3 

(#1 mode) 

(#2 mode) 

R de™     R dc N R dc N 

c2 
L   CN dm i c2

N dm2 c2
N dms 

(#N mode) 

' 8mx ' 
5m2 

Sm3 

.Smk. 

Nxk 



Kernel Gg 

To construct kernel Gg which relates group velocity variation to model 
perturbations, 

ÖTg = Gg • Sm 

the nth component in differential group velocity vector Srg, 5xgn is denned as 

gn JJ 
R R 

nobs       U n syn 

R R      R 
un + sun   un   un —£♦«>■-> 
R_ 

U„ 
8

JLL + (
S

JLL* 

R 
U 

sun = 2 "^ n 
R   dU» 

Un
2 dm 

öra 

where 

Un is group velocity of n'th mode synthetic seismogram. 

In matrix form 

~ Srgx ' 

Stg2 = _ 

- SZgN  - Nxl 

R dUi       R dU±       R dU1 

R dU2 

__     TJ\ dm1 

U\ dm2 

R dU2 

U\ dm2 

R dU2 

R   BUN      R   dUN      R   dU 'N 

U% dmi     U% dm2     U\T dm, 

(#1 mode) 

(#2 mode) 

(#N mode) 

Sm1 

6m2 

öm3 

Smi kxl 

Nxk 

10 



Kernel Gn 

To create kernel Ga which relates attenuation to model perturbations, 

ÖTq = Gq • £m 

we extend (GJ.47) into a general matrix form and reformulate  the above 

equation to yield 

ST(1 = -TP(C0)[Q-
1
-Q-

1
] 

Sm 
1 

~2 [T>} 3m J 

= G< j • Sm 

Using the relationship between y and Q, the partial derivative of y with 

respect to model perturbations can be calculated. 

Yn = 
2c0n 

Qly 

dyn Cb Wn1 

-Q-rt 
CO dc 0n 

dm    2c0    3m     ^" 2c0 
2 3m 

Therefore, the partial derivative of Q~RL can be rewritten as 

dQn1 

dm 

dTn       Q-l     G>     aCQ» 

3m    ^n 2c0   3m 
2c0„ 

CO 

The Ti'th row (# n mode) of kernel Ga is 

(GQ)» = *P„0> 
c0n 3r„     Qn

x 3c0n 

Gq in matrix form is 

+ 
CO dm     2c0   3m 

11 



"Pi y co dmx    2c0l 3m! 

'co2 3^2   . Q21 3c 
l
P2 + 02 

03  dm1     2CQ2 dm1 

PN 

C
QN ÖYN      QN  d°QN 

co   dmx     2C0N dm1 

f poi dn 1 Ql1 acQi" 
p\ ffl  dm2    2c0l 9m2, 

-  f co2  3y2 _,_ Qi1 3co2 "I 
"P2 + 

ß)  3/n2    2CQ2 dm2 

"PN 

<coN Ö7N + QN_ dcpN 

K co   dm2    2C0N dm2 

(#1 mode) 

(#2 mode) 

(#N mode) 
(Nxk) 

Kernel Ga 

The last kernel is Ga. From (GJ.48), we have the relationship between 

Ga and Q. 

s** = 2 V®)[ Q~1-Q~1]=G3i- öm. 

In a manner similar to deriving Gq, we can use the Q and y relation and the 

partial derivatives of y to obtain the kernel Ga as 

(C   \    - ^(6?)   dQnX 

K   a)n ~     2     "am" 

= ?eM "gn 

cQn ar | Qn aco„ 
co dm.      2    9m 

Ga in matrix form is 

fcQ! 9yj  [ Q11 9c0l' 
V öJ 3mx    2c0l 3/7Z! 

f£°i J^_ + ^L_ ^CQ2 
V. co dm1    2c0  9mx 

coN d/N  ,   QiV   3c 

"gN\ + ON 

co   dmx    2c0    dmx 

T  r°Qi 8^i   , Q~i   9CQI" 
*\ ö> 9m2    2c0l 9m2 , 

^2 

'co2  3/2   . Q21 5CQ2 + 
co dm2    2cQ  dm2 

"8N\ 
'
C

ON ^YN + QN  dcoN
y 

, co   dm2    2CQN dm2, 

(#1 mode) 

(#2 mode) 

(#N mode) 
(.Nxk) 

12 



Partial Derivatives of c, U, and y 

All four kernels Gp Gg Gq Ga are derived in terms of partial derivatives 

of phase velocity c, group velocity U, and attenuation y. In this section, We 

will give all partial derivatives which will be used in creating kernels. 

Perturbation theory is used to obtain phase velocity partials with respect 

to medium parameters, and a numerical method which was introduced by 

Rodi et al.(1975) is used to calculate surface-wave group-velocity partial 

derivatives. The following equations are calculated for a single mode at a cer- 

tain frequency, therefore we omit the subscript n for n'th. mode. The sub- 

script 0 is used to denote the value before introducing causal Q. The sub- 

script v can be substituted by P-wave velocity a or S-wave velocity ß. p is 

layer density, h is layer thickness. coT is a reference angular frequency used 

for introducing causal Q. 

Rayleigh Wave 

1.   , co . _ 
c = c0 + -ln(—)£ 

7t COr 

5c° fln-i . 9c°    n-i 
da 

*•*#♦*„«? 
Zß da 

u = uQ 
l + (2-^)(£Z£o)+?^ 

c0       c0 71CO 

dc _ 3c0 

dv      dv 
l + -7rln(—) 

dp      dp      it       co, '§<-&*?♦£<-#* 
dc     3c0 

dh=~dh 

13 



dC      _   1  W  <° N ÖC0 

oQv
x     n      cor   dv 

dy_ _ jo_ 9CQ     ! _ 2j 9co 

ß) dy _ 
dp~ = 2cj 

3c0/    /? de* H^+2^ 2y 3co 
C0    3/7 

9r       2r 3c0 

3ä        c0 3A 

9^        »  dc0 

dQ?~2c2
0!v~V 

dU    dU0 

dv       dv 
'E._Uo^-Cou 2yU0~ 
UQ     C0      C0           nco 

+ 5£o(^o)2 

du    c0 
2-1- 

c0 -2k~x 

+ ^Eo(2_Uo)+dr2i4 
dv c0 c0       dv nco 

dU     dUn 

dp       dp UQ        CQ CQ 1ZCÖ dp      CQ 
2-1-2-1-1 

c0       UQ 

+ |i^(2_^o)+^M 
dp   CQ CQ dp   KCO 

dU _ dU0 

dh " dh 
Vj_Uo(c-CQ)i 2JJ7Q 

^o     co      co nco d/i    c0 
2-1-2-^-1 

c0       U0 

dtl   CQ CQ dh   KCO 

)QT} Cn Cn      30-1  +   7TM   30-1 W c0 c0   aQ^1      nco 9Q-i 

14 



Love Wave 

1 ,   , co , „ dc0 
c = c0 + - ln(—) X ^ ßQ~ß 

1Z C0T dß 

r=24^JßßQ^ 

U = UQ 1 + (2_^»X£ZfO)+
2^o 

C0        c0 TtCO 

dc     dc0 

dß = Üß 
1 + ^lnÄ 

dc     dc0     1       co 
— = — + - ln(—) 
Op        Op        71 CO, dß{   2p)Q? 

dc _ dc0 

dh'dh 

dc   =lM^^ß 
dQg     it      cor   dß 

dy _   co   dc0     !     2y dc0 
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4. Forming Inversion Kernel 

As shown above, we calculate partial derivatives with respect to all 

parameters (a, ß, p, Qa, Qß, h) instead of computing partial derivatives for 

shear velocity only. The intention is that we try to provide all the possible 

tools to interpret the seismograms as completely as possible, and as automat- 

ically as possible. Therefore, it is the users' responsibility to choose those 

model parameters they want to invert; and only the chosen part will be used 

to assemble the inversion kernel. 

To stabilize the inversion, all information for different frequencies inside 

the inversion kernel are weighted according to their frequency amplitudes. 

This weighting procedure greatly improves the inversion stability. 

When inverting teleseismic surface-waveforms, sometimes the body 

waves (e.g. SS, SSS) or some unwanted surface-waves due to improper rota- 

tion will have bad influence on the cross_correlation between the isolation 

function and the observed seismogram, and cause signal misalignment. To 

avoid this problem, a window is applied on the seismograms before doing 

cross-correlation,   and   this   may   successfully   isolate   the   surface   wave 
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wavetrain from those body waves outside the surface wave wavetrain. 

Although prewindowing procedure is applied, the same trouble still may hap- 

pen occasionally. In such a situation, the information at that frequency must 

be rejected from forming inversion kernel, otherwise it will plague the inver- 

sion for its strong misaligned "phase delay" or "group delay". Figure 1 shows 

an example of this problem. Due to improper rotation, the unwanted Love- 

wave waveform appears on the radial component seismogram prior to the 

Rayleigh wave wavetrain. This unwanted Love wave signal causes two kinds 

of mistakes, wrong identification of a Gaussian wavelet (Figure la) and sig- 

nal misalignment (Figure lb), which can not be incorporated in inversion. 
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Figure 1. This is an example showning how unexpected signal interference affects the 
extracting procedure in GSDF theory. There are five traces presented to show the different 
processing stages. The top two traces are the prefiltered isolation filter and observed seismo- 
gram, respectively, The third trace shows the Gaussian filtered cross-correlation at a target 
period of 20.0 seconds. The five extracted parameters are shown. The dashed curves inside 
the envelope are from the synthetics and the solid curve are from the observed data. The 
fourth trace is the windowed cross-correlagram shown in the third trace. The bottom trace is 
the filtered windowed cross-correlagram and its five Gaussian wavelet parameters which are 
to be used in further processing. Due to improper rotation, the Love wave appears on radial 
component before the Rayleigh wave arrival. The Love wave wavetrain may causes two kind 
troubles like (a) wrong determination of Gaussian wavelet parameters, and 

We have mentioned that users have the power to decide what parame- 

ters will be inverted for during the inversion. An aspect which strongly 

related to this decision is the phrase "using what kind information ?". During 

each iteration in the inversion, we have calculated partial derivatives with 

respect to parameters for each layer at several appointed frequencies, and all 

this information is rearranged to form four kind delays at each frequency. 

After    manually    rejecting    miscalculated    cross_correlations    at    some 
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Figure 1. (cont'd), (b) Misalignment of signals which produces significant bias phase and 
group delay. This arises because a period of 25 seconds is considered compared to 20 seconds 
in Figure la. 

frequencies, users have to decide which combinations of Stp, Stg, Sta, Stq they 

will use to invert for a particular combination of model parameters (a, ß, p, 

Qa> Qß> h). From our experience, we found that when we invert for velocity 

structure the phase delay (Stp) and the group delay (Stg) play the major roles 

in inversion, and the other two delays (Sta, Stq) are better in inverting for 

attenuation factors. We also found that when the initial model is far from the 

final result, using group delay information in inversion can easily pull the 

model close enough to the final model so that phase delays can be used. It is 

only at the final stage when the synthetic is very close to the observed seis- 

mograms that the phase delay information can be used at a powerful fine 

tuning of the model since there is no "cycle skipping" problem. 
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5. Synthetic Test 

A simple source with strike, dip, rake angles of 45°, 45°, 45°, respectively, 

in 20 km deep was used in this synthetic test. Receiver is located at 1000 km 

away along 10° in azimuth. The "observed" seismograms were created for a 

two layered crust with an upper mantle deviating slightly from the PREM 

model (Figure 2). Here, we only try to invert for shear velocity structure, so 

all the other parameters related to the source and earth model are assumed 

known. The starting model is a two-layered crust model with the PREM 

model beneath 40 km depth. It is clearly seen in Figure 3 that the starting 

synthetic seismograms are very far away "observed" seismograms. 

P a 

E a. 
100 

a. 
UJ 
a 

200 

I 
Qb       Qa 

9        10      100    1000 
1 """i—■ '' i 

i t i mill—■ ■ '•■■'■f 

TRUE INV       SYNTHETICJTEST   START 

Figure 2. The starting model (dashed line) used in synthetic test of GSDF inversion algo- 
rithm and the "true" model (solid line) used to create the "observed data". 

After 12 iterations, the synthetic seismograms are almost the same as 

"observed" seismograms (Figure 4). Checking the model differences between 

the "true" model and the final model (Figure 5), we can see the crust struc- 

ture almost matches the "true" model, except in the upper mantle where the 

surface wave doesn't provide enough resolving power and the inverted struc- 

ture is causing the "zig-zag" pattern. The differences in Q models are not sig- 

nificant at these frequencies and this distance. 
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Figure 3. The velocity time histories of "observed seismograms" (solid line) and the those 
from the starting model (dashed line) are both filtered in the frequency band 0.01-0.05 Hz by 
using a Butterworth filter with four poles. The plotted seismograms are normalized accord- 
ing the maximum amplitude of each component in current frequency band. It is clear to see 
that the starting model is not close to the "true" model and this may demonstrate the ability 
of the inversion programs to resolve structure. 

6. Real Data Test 

After the successful synthetic test, we wish to test this technique on real 

data. The April 14, 1995 Texas earthquake is the one chosen. According to 

Sipkin's USGS solution, the epicenter of the Texas earthquake is at 30.261°N 
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Figure 4. After 12 iterations, the final inversion result show an predicted waveforms almost 
identical to the "observed seismograms". 

103.33°W and origin time is 00:32:55UT. The current collected data set con- 

sists of 49 broadband stations from IRIS, Canadian National Seismological 

Center (CNSDC), USGS, and UNAM (Figure 6). 

Some source parameters were redetermined on the basis of fitting sur- 

face wave amplitude spectra. The redetermined source depth is 23 km deep, 

with strike, dip, rake angles of 114°, 64°, -101°, respectively with M, = 5.6. 

From some stations whose epicenter distances greater than 3600 km, it is 
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Figure 5. The comparison between the final model and the "true model". We can see that the 
2-layer crust is very close to the "true" model, but that in the upper mantle the model shows 
some "zig-zag" pattern. 

easy to see a systematically 7-9 seconds travel time difference between pP 

and P arrivals (Figure 7). This observation confirms that the source depth is 

deeper than those suggested by USGS Sipkin's solution (13 km) and Har- 

vard's CMT solution (15 km). 

The focal mechanism generally matches the surface wave amplitude 

spectra radiation pattern at periods 5-60 seconds (Figures 8a and 8b). The 

source time function used in this study is a parabolic source time function 

with 2.0 seconds duration. 

7. Inversion Procedure 

We have tried three different inversion runs, the first two exhibit some 

significant difficulties in matching the waveform or in reasonableness of the 

resulting model, so the third one has been adapted for inverting structure. In 

performing the inversions, we use an earth flattening approximation to use 

plane-layered surface-wave theory to generate synthetics. 

The first run consisted of a joint inversion of both Rayleigh and Love 

wave seismograms for shear velocity structure.   The result was that the 
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Figure 6. The Texas earthquake in relation to stations providing broadband data, 

synthetic seismograms tended to fit the largest surface wave amplitude, and 

ignored the small amplitude wavefields. This arose because of the amplitude 

level weighting used to stabilize the inversion.   Therefore, separate inver- 

sions for Rayleigh wave and Love wave were necessary. 

The second sequence consisted of inverting for the shear velocity struc- 

ture from the Love wave, and then using this structure as an a priori shear 
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Figure 7. Nine stations whose epicentral distance greater than 3600 km show a general 7-9 
seconds in differential travel time between pP and P phase. This supports a source depth 
deeper than 20 km. 

velocity structure so the the Rayleigh wave provided information on the com- 

pressional velocity structure. This procedure can match both Rayleigh wave 

and Love wave waveforms very well, but we found it is impossible to find a 

reasonable explanation for the anomalous Poisson's ratios in the inverted 

model. It is well known that the surface waves are insensitive to compres- 

sional wave velocity structure, so the only conclusion for this is that the shear 

velocity structure inverted from Love wave is not adequate for Rayleigh 

wave. An unaccounted anisotropy effect may cause the overcorrection in com- 

pression velocity structure. Figure 9 compares waveforms and Figure 10, 

shows the model resulting from the second inversion procedure. Although 

the synthetic waveform does not perfectly fit the Rayleigh wave (Figure 9), 

we can see the general features are matched using a single model for both 

Love and Rayleigh waves. In Figure 10 we see that the P-wave velocity 

structure has lower values to compensate for the high shear velocity, and 

vice versa. The results are some unexplainable Poisson's ratios such as 0.135 
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Figure 8. The source mechanism is redeterminated by fitting the surface wave amplitude 
spectra radiation pattern at periods 5-60 seconds, (a). The Love wave radiation pattern for 
the preferred solution. The bars indicate attenuation corrected spectral amplitudes in cm-sec 
normalized for geometrical spreading to 1000 km. 

for the middle crust and 0.328 for the lower crust. 

Since our forward synthetic seismogram algorithm does not include 

anisotropy effect, we modify our inversion procedure as as follows: we invert 

VßSH from Love wave, and another separate inversion of Vß_PSV from 

Rayleigh wave on the vertical component. We fixed the Poisson's ratio when 

we invert VßPSV from Rayleigh wave. The fixed Poisson's ratios are kept the 

same as the original input model. In this study, we set the Poisson's ratio as 

0.25 for crust, 0.28 for the layers between 40 km and 220 km, and adopt the 
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Figure 8. (Cont'd), (b) Comparison of observed and predicted Rayleigh wave radiation pat- 
terns. 

values from PREM model for those layers deeper than 220 km. 

When we invert for shear-wave velocity structures, the attenuation fac- 

tors can be determined simultaneous either by joint inversion of Vß and Q or 

by another separated Q inversion. The Q determination is not definitive, 

since we have a lot uncertainties in our source and velocity structures in our 

inversion, so the only objective criteria for determining Q is the envelope 

shape of the surface wave wavetrain. As shown on Figure 11, the Rayleigh 

wave signal at large distance is well dispersed with a strong Airy phase. This 

Airy phase corresponding is affected by crustal wave propagation, therefore, 
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Figure 9. The result of inversion using the second procedure. This inversion procedure 
inverts S wave velocity from Love wave and after that inverts P wave velocity from Rayleigh 
wave by assuming no anisotropy effect. This shows a acceptable waveform match in phase, 
but not in envelope. 

the envelope amplitude of the Airy phase is controlled by the crustal attenua- 

tion factors. So the Q structure determined is sensitive to the crust and 
uppermost mantle. 
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Figure 10. The model inverted by the second inversion procedure. 

8. Inversion results 

Data from 43 of 49 broadband stations were inverted. In this report, 

three stations were selected to present the inversion results and the wave- 

form fitting success will be shown on several different frequency bands. 

Station ALE, which located in Arctic region is the farthest station used 

in this study. There are some interesting features for the inverted results. 

Looking at the waveform fit in the low frequency range (0.005-0.03 Hz band- 

pass; shown as Figure 11a), it is clear to see that the synthetic seismograms 

successfully match the observed surface wave. Two velocity models, PSV and 

SH are inverted respectively from Rayleigh wave and Love wave. 

For ALE, the attenuation factor was fixed during inversion. A high Q 

structure (Qs = 1000) is used for crust, a low Q (Qs = 100) was adopted for 

structure between 40 km and 500 km, and using Qs = 143 for those deeper 

than 220 km. And from Figures lla,b, the synthetic Rayleigh wave and Love 

wave amplitudes only show small deviation from observed seismogram, 

therefore the Q model is considered adequate. We also notice this sharp Q 

contrast between crust and mantle is a common character for those stations 

located inside the North America craton region. 
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Figure 11a. Waveform fit of the final inverted model for ALE in the frequency band of 
0.005-0.03 Hz. The signal which arrives at 1020 seconds and around 1300 seconds are S and 
SS phase, respectively. From the S phase waveform, we can say that the source time func- 
tion used in this inversion is a little short but is close enough. 

The second station is FCC which located on the west shoreline of Hudson 

Bay and is in the center of the North America craton. The inverted models 

(Figure 13) show high shear velocity for upper mantle but not as high as SNA 

model (Grand and Helmberger, 1984). The current inversion result shows 

4.5% anisotropy between 70 km and 140 km. The synthetics fit data well at 

low frequency (Figure 14a) and can fit the fundamental mode as high as 0.1 

Hz (Figure 14 ), but have difficulty to produce some higher mode arrivals at 

800 and 940. the time range. 

The final station is PAS. The wave propagates through the southern 

Rocky   Mountains.    The   inverted   model   (Figure   15)   does   not   require 
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Figure lib. (Cont'd). Waveform fit in the 0.005-0.05 Hz frequency band, 

anisotropy and the shear velocity model is very close to the TNA model 

(Grand and Helmberger, 1984). The synthetics fit the S phase which arrives 

around 350 seconds and surface wave very well (Figures 16abc) and this sug- 

gests that there is a velocity discontinuity at 220 km which can not be seen in 

the TNA model. The Q is very low, with the average Q for crust of lower than 

200. However we found one interesting feature about the Q behavior. The Q 

values between 40 and 220 km are slightly higher than PREM model, i.e., a 

low Q crust underlain a slightly high Q upper mantle with respect to the ref- 
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Figure 12. The inverted models for ALE. Two models (PSV and SH) were inverted for Love 
wave and Rayleigh Wave. From these two models, there is one slight anisotropic zone above 
200 km. 
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Figure 14. The waveform fitting for final model in FCC are shown at three frequency bands : 
(a) 0.01-0.03 (b) 0.01-0.05 (c) 0.01-0.1 Hz. The SS phase arrives at 660 seconds. The inverted 
model can fit fundamental mode Love wave and Rayleigh wave waveforms as high as 0.1 Hz, 
but it lacks the ability to simulate the higher modes. 

9. Conclusion 

We implemented the Generalized Seismological Data Functionals tech- 

nique of Gee and Jordan (1992) in a surface-wave waveform inversion algo- 

rithm. A simple synthetic test shows its robust inversion ability. After a suc- 

cessful synthetic test, we useed this inversion algorithm on real data to fur- 

ther test its ability. The Texas earthquake (30.26 °N 103.33°W, 00:32:55UT, 

April 14, 1995) is a very good earthquake for this purpose because it was well 

recorded, its source depth is well constrained, the focal mechanism is fairly 

determined, and the seismic moment is constrained by long period surface 

waves. The inversion results are excellent and show some interesting fea- 

tures. For the craton there is some evidence for anisotropy and crustal Q is 

high. For the mountain region, although the inverted model show very simi- 

lar shear velocity structure like TNA model, but from the S-wave waveform 

the model prefers a velocity discontinuity at 220 km. These features worth 

more effect on them. 
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Figure 14. (Cont'd), (b) 0.01-0.05 Hz. 
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Figure 14. (Cont'd), (c) 0.01-0.1 Hz. The SS phase arrives at 660 seconds. The inverted 
model can fit fundamental mode Love wave and Rayleigh wave waveforms as high as 0.1 Hz, 
but it lacks the ability to simulate the higher modes. 
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Figure 15. The inverted models for PAS. There is no clear anisotropy effects. The crustal Q 
is very low. 
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Figure 16. Waveform fitting are shown on three frequency bands : (a) 0.01-0.03 (b) 0.01-0.05 
and (c) 0.01-0.1 Hz. The S wave signal arrives at 350 seconds. 

36 



TEXAS950414 PAS VEL 

200 250 300 350 400 450 500, 550 
■ 1 ' ' 

i 1 i i 
■ 1 ■ ■ 

H l WlA/ V FyV 
obs.Z 
2.27SE-04 
syn.Z 
3.01BE-04 

obs.T 
2.992E-04 
syn.T 
3.643E-04 

200       250       300       350       400       450       500       550 

FILTER       Flo=0.010      Fhl=0.0S0 (Hz)   Norder=4 

LON=-103.323       LAT=30.261 DEPTH=   23.00 

AZ=290.980 BAZ=103.070 DIST= 1462.850 

Figure 16. (Cont'd), (b) 0.01-0.05 Hz. 
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Figure 16. (Cont'd), (c) 0.01-0.1 Hz. 
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