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ABSTRACT 

Sponsored by Air Force Research Laboratory 

Contract Nos. FA8718-09-C-00 12 
Proposal No. 

O ur o bJective is to improve seismic event screening using the properties of surface waves, We are accomplishing 
this through (I) the development ofa Love-wave magnitude formula that is complementary to the Russel l (2006) 
formula for Rayleigh waves and (2) quantifying differences in complexities and magnitude variances for ea rthquake 
and explosion-generated surface waves. 

W e have app lied the M. (VMAX) analysis (Bonner cc ,/ 1. , 2006) using both Love and Rayleigh waves to e vents in 
the Mi ddle East and Korean Peninsula, For the Middle East dataset consisting of approximately 100 events, the 
Love M. (VMA X) is greater than the Rayleigh M. (VMAX) estimated for individual stations for the majority of the 
events and azi mut hs, with the exception of the measurements for the smaller events from European stations to the 
northeast. It is unclear whether these smaller events suffer from magnitude bias for the Love waves or whe ther the 
paths, which include the Caspian and Mediterranean, have variable attenuation for Love and Rayleigh waves. 

For the Korean Pe ninsula, we have estImated Rayleigh- and Love-wave magnitudes for 31 earthquakes a nd lwo 
nuclear explo sions, including the 25 May 2009 event. For 25 of the earthquakes, the network-averaged L ove-wave 
magnitude is larger than the Rayleigh-wave estimate. For the 2009 nuclear explosion, the Love-wave M. (VMAX) 
wa 3,) whi le the Rayleigh-wave magnitude was 3.6. 

We are also utiliizing the potential of observed variances in {vi. estimates that di ffer signiftcantly in earthquake and 
exploslOn populations, We have considered two possible methods for incorporating unequal variances into the 
discrimination problem and compared the performance of various approaches on a population of73 western United 
States earthquakes and l31 Nevada Test Site explosions. The approach proposes replacing the A component by M. 
+ a* 0', where CJ de notes the interstation standard deviation obtained from the stations in the sample that produced 
the M, value, W e replace the usual linear discriminant a* M +b* mo with a* (Vi +b* m . +c*cr, In the second 
approach, we estimate the optimum hybrid linear-quadratic discriminant function resulting from the unequal 
variance assumption, W e observed slight improvement for the discriminant functions resulting from the theoretical 
interpretations of the uneq ual variance function, 

We have also studied the complexity of the "magnitude spectra" at each station. Our hypothesi s is t hat exp losion 
spectra should have fewer focal mechanism-produced complexities in the magnitude spectra than earthquakes . We 
have developed an intrastation "complexity" metric t- Ms wh>::re t-Ms = Ms(i)-M s(i+ 1) at periods, i, are between 9 and 
25 seconds. The complexity by itself has discriminating power but does not add substantially to the condit ional 
hybrid discri minant that incorporates the di ffering spreads of the earthq uake and explosion standard deviations. 



OBJECTIVES 

The Russell (2006) ivi formula has opened up new avenues of scientific research, such as the development of 
improv d reg ional surface wave Q models (Stevens or 01., 2006; Lcvshin '" 11.,2006; Cong and Mitche ll , 20011) that 
may fu rther reduce interstation variance of the magnitudes. We believe that application of the i\!I (VMAX) technique 
to Love waves is the next logical step in the scientific process that could lead to improved discrimination. Our 
objective is to improve seismic event screening using the properties of Rayleigh and Love waves. We are 
accomplishing this through (1) the development of a Love-wave magnitude formula that is complementary to the 
Ru s~ II (2006) formula for Rayleigh waves and (2) quantifying differences in complexities and magnitude variances 
for earthquake and explosion-generated surface waves. 

RIS~ ARCH ACCJ \~ PLl S H ED 

We have applied the Ivi (VMAX) analysis (Bonner ,,' ", .,2006) using both Love and Rayleigh waves to -1 00 events 
located in the Middle East. A{ (VMAX) is for estimated both Rayleigh ".od Love waves using the Russell (2006) 
formula: 

10g(rJ I 0.43 !1 0.6610~ 2~) (I) 

Our initi al hope is to be able to use the same formula for both phases. The details of the processing used to estimate 
Ivl (VM A X ) are described in Bonner O[ a I. (2006). 

The study area (Figure I) is located in the zone of continental collision between Eurasian, African and Arabian 
plates. The region of study is very complex and spans a variety of different tectonic regimes. The seismicity in South 
and Central Iran and Turkey is in the upper crust, shal.lower than -20 km ( Q IJ Engdahl ", " I, 2006). It deepens 
toward the north in the Alborz region in Northern Iran, where it becomes distributed through the crust. Further 10 the 
North in the Central Caspian Sea, the seismicity follows the Apsheron-Balkhan Sill and reaches depths of 30-100 
km, deepening toward the north. Turkey seismicity is dominated by strike-slip focal mechanisms and concentrated 
between depths of 10 and 20 km. Zagros fold-and-thrust region- most of the earthquakes are shallowe r than 30 km, 
with median depth IS± 7 km. 

45 

F ' r) II '12 1 I "P of thp ~/ (.: :. ~ '" E .... tfltt n eVe'1t~ ro vv t'lcn {\,1(VlViAX) ""or- Love .; cl R ;l 'l !t;llqh 'N.'S esti mated . 



We computed !I"I(VMAX) for over 1 00 seismic events located in this region with reported body wave magnitudes 
( ," ,) between 3,8 and 5 ,6, The majority of the location and magnitude information (with a few exceptions) was 
obtained from the NEC bulletin. The comparison between MJ VMAX) for Love and Rayleigh waves is shown in 
Figure 2 , The M{VMAX) computed llsing Love waves is greater than the magnitude for Rayleigh waves for the 
majority \J f the events of larger magnitudes (above m,,--4), For smaller events, however, we observe a large number 
of events with the Rayleigh A1.(VMAX) exceeding the Love M (VMAX), This peculiarity could be caused by either 
reduced SNR for smaller magnitude events, or by some unknown source processes, such as a dominant norma l fault 
mechani sm, In addition regional differences in the wave attenuation and/or anisotropy could cause changes in (he 
amplitudes for the rays traveling in different directions, Since the station coverage is not homogeneous, these 
propagation effects could potentially result in biases in A1(VMAX) estimate for smaller events with limited 
sampling, 
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Azimuthal dependency of the estimated M (VM.'\X) for several larger events of known magnitudes (m,,) is shown in 
figure 3. The azimuthal differences are most likely caused by source effects (,. 7 non-isotropic source radiation), 
however the propagation effects ( ~ {; anomalies in regional attenuation, anisotropy) can playa certain role, The 
stations located between the azimuths 0° and 60' often have higher magnitude measurements, than the stat ions 
located in other directions, Notice that for larger events the Love M,(VMAX) is greater than the Rayleigh 
M.(VMAX) for most azimuths, This difference is more pronounces for strike-slip type events, and becomes smaller 
for the thrust events, common for the Zagros region, 

To test whether the azimuthal differences in the magnitudes are caused solely by the focal mechanisms, or if there 
are propagation effects, we plotted M.( VMAX) for the individual stations grouped by the direction of propagation, 
Figure 4a shows the cross-plot between Rayleigh and Love IAJVMAX) for the siations located to the ~ from the 
co rresponding events (back azimuth range between 20° and 70°). There is a significant number of measurements 
with Rayleigh M,(VMAX) exceeding Love /Vi,(VMAX) for smaller events. The measurements for the stations 
located to the NW of the events (azimuth range between 270° and 360°) show smeared distribution for broader range 
of magnitudes (F igure 4b), No signi ficant anomaly for smaller events IS observed, Therefore it is likely thal the 
reverse in Love and Rayleigh A{ (VMAX) for smaller magnitudes is cause by the regional propagation effects, rather 
than by the source characteristics, 
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We applied the iv/(VMAX) technique to 31 earthquakes (Figure 5) occurring between 1996-2008 located in the 
Korean Peninsu la and surrounding regions. The events ranged in size between 3.2 < M < 5.1. The distances to the 
three-component stations (red circles in Figure 5) recording the events ranged from 55 km to 1900 km. Fo r the 
estimati on of Love-wave magnitudes data were converted to transverse motion, while the Rayleigh-wave 
magnitudes were estimated using vertical component data. The analysis resulted in 298 single-station estimates of 
M (Love) and 266 estimates of /\;J(Rayleigh). 
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Figure 6 provides a comparison of Love vs. Rayleigh wave iVI,(YMAX) estimates. Applying Equation 1 calibrated 
for Rayleigh- waves results in a positive bias for the Love wave magnitudes. This result is consistent with the results 
for events with Ms(YMAX) > 4 in the Middle East study. Only 6 of the 31 network magnitudes had a larger 
Rayle igh-wave magnitude than Love wave, although when the standard deviation was considered, these events 
could fall below the line representing equivalent Love- and Rayleigh-wave magnitudes. 

In addition to the eanhquake dataset we analyzed the two Nonh Korean underground nuclear explosions (lINE), 
Bonner L" ~I (2008) found /1;!JYMAX)=2.93 for the Rayleigh waves from the 9 October 2006 North Korean lINE. 
There were no Love waves registered on any of the analyzed stations. The 25 May 2009 announced lINE in North 
Korean had a larger magnitude (iVI,(VMAX)=3.6) and had Love waves large enough for analysis . The M (YMAX) 
estimated for the Love waves was 3.1, which placed it below the earthquake population in Figure 6. T he 25 May 



2009 event's standard surface wave magnitude, based on Rayl eigh waves, plots above the Murphy", ," (1 997) 
screening line for M.mb and is perhaps even more anomalous than Its predecessor (Bonner ,, ' ",.,2006). It appears 
that the reason the first event did not separate from the earthquake population well was not due to convergence of 
the populations near ~4. 
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We have attempted to usc the potential of observed variances that differ significantly in earthquake and explosion 
M (VMAX) populations (Figure 7) for improved event screening. We have considered two possib le methods for 
incorporating unequal variances into the discrimination problem and compare the performance o f various 
approaches 0 a population of 73 Western U.S. Earthquakes and !31 Western U.S. Explosions. 

The conventional statistical approach to separating the distributions with unequal variances would be to derive the 
likelihood ratio criterion for that case which yields a hybrid discriminant composed of a linear term and a quad ratic 
term wi th weights dependent on the unequal covariance matrices for the two populations. Taking the solution 
involving the likeli hood ratio guarantees that the pmbability of correctly ruling out an event as an explosion subject 
to a tixed probability offailing will be maximized under the multivariate normal assumption for the input variables, 
usually taken to be M s and mb. Sometimes, additional tunmg parameters are added to covariance matrices that may 
impro ve performance in particular samples or when the joint Gaussian assumptions are not satisfied (see FrieJman, 
1989, Anderson et al 2007). The common assumption that the covariance matrices of the two populations arc 
appro ximately equal reduces the classification function to a linear function of the input variables. For example, the 
simple d ifference Ms-mb is often used as a further approximation. This approach, however, is no t recommended 
because of poor performance in sample populations such as the one considered here. 

An al ternat e method proposes replacing the Iii, component by Iv!, + a*a, where a denotes the interstation standard 
deviation obtained from the stations in the sample that produced the M. value. In this context, we inte rp ret this as 
replac ll1g the usual linear discriminant a* /II( +b* mv by a* /1.1 +b*.o v+c* a (Figure 9). We also estimate the optimum 
hybrid linear-quadratic discriminant function resulting from the unequal variance assumption. While, th input 
standard deviations will not be normally distributed (they follow the chi distribution), the linear appro ximat ion may 
be reasonable for the same reasons that the linear discrim inant function works in the usual case. While the two 
discriminant functions resulting from the two theoretical interpretations of the unequal variance functi on d id slightly 
better in the test samples used here, all methods except A{ - mo did extremely well using the western United States 
dataset. We pl an o n evaluating this method further using our entire dataset of earthquakes and explosions. 
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We have also studied the complexity of the "magmtude spectra" at each station. Our hypothesis is that explosion 
spectra should have fewer focal mechanism-produced complexities in the magnitude spectra than earthquakes 
(Figure 10). We have tried several different methods, including the intrastation std as a function of period shown in 
Figure 10 and a "differencing" approach. For periods between i=9 and 25 seconds, we estimate: 

11,,15 ;; Ms(i)-Ms(i+ 1). (2) 

We start at i=9 seconds to minimize edge effects. This results in n=17 new magnitude dIfferences, 
station. It may be fewer if estimates at some periods fail a signal-to-noise ratio test. 

for each 

We then have est imated several different metrics, M, from "'Ms for comparison of the differenced magnill rlc~. Thus 
far, we have sett led on: 

M = ~:ltIMs-~1 
n 

(3 ) 

Figu re 11 show the histograms for the earthquake and explosion populations M while Figure 12 shows lne 
cumulative distribution functions ofM. The metric M works well for the application of trying to separate complexity 
of source spectra. At 90% explosion confidence, around .02 M, there is about a 30% ealthquake confidence. 
explosion ground truth populations. 

COi\ICLLJS IOi\ 'S AN D RECOMfVl ENDI-\T IONS 

Preliminary research shows that Love wave magnitudes for earthquakes are often equal to or larger than Rayleigh 
wave magnitu des. Conversely, for explosions, Love-wave magnitudes are typically smaller than Rayleigh-wave 

estimates. or below background noise levels. However, we observe a number of smaller events with rever ed 
pattern. In terestingly enough, this peculiarity is observed for the Middle East dataset, but not for Korean dataset. We 
will cont inue to examine this phenomenon, possibly lI1corporating fl.{ maximum likelihood estimates, with hopes of 
porting the results, theory, and statistical p-values into the Event Classification Matrix (E M; Anderson ~I ,I., 

2007). Additional aspects of surface wave propagation, including a new intrastation complexity m tric and 
differences in explosion and eal1hquake magnitude variances, also show promise for improved ~ vent screening. 



We will al.'o develop an improved formula for estimation of i'/J. (VMfJ X) using Love wave . Equation I was 
devc loped using empirical relationships using the Rayleigh waves, which mayor may not be calibrated for Love 
wave" 

WoIl •• "" EO om I/lOOe WOnt. NY 021:1,I200I 
e 

'" EO 
r~ ToHUng 

EO 

i 
f 

4., 

• • 10 .. 10 2~ Q 100 100 - 50Q 

, .. IDd (.c) 'Suuon 

NTSEX 1_121 51500 HTS EX ' _11' S' 500 
6 6 

5. 5 EX S.5 EX 
T'-on~ Tesllng 

i ... o-£l 0 -:;" 

J 

g 

~ • .5 
~ 

f 
o 

4 

3.S ).5 

3 
10 15 20 2S 0 • POSlOd ,,.<) 

F ' 9ur,"~ 10 . A (,') 1 op () ~ec.J n ,' V\I .. Ipp O.J c:r~. rD. ' r"q::: r o v Eu"l d r~c '-r rn, n ;l t ' o l'\ , ( L~ l" t C:U ' V 11111 ). T , 00 on ., 1 I! (V AX) 
vv n .1(' tllu l.. J1~ U I~ th~ I->ttr'tod or rn ,) x ,r1"t uf'T l 't r-1 P~ L '::.U O • (R gl1 t CoIU,"~ ). Tn~' "1tJoi) I of.,) "1Ctlllon ~ 
f:St:,r1j ' r. and , 1-'-, "ton 

11 
o 
b 

METRIC = $um (abs(delta)) / n (Mean Removed) 

120 

100 

80 NTS Explos!Qru 

60 

20 

500 

0 .3 

F 'g V f'D "t 1. r:,)mp~1 1 '!lOl l .:)r I.hO ('U l'N "tr"O"'t~ 1 'C r" l""'\f't'f" 'G Ii ... !. r r-.. )I NTS CI.X p,c:',Orl ( HHt) .:lfr\ ~ We ' t~r " LJ , .. (°0 St~H; '" I 

i)'dl U ' q..,nto.":J (rI9Mt ) . 



0.8 

OA I
l 
, 

Cumul~ti'fe Distribution 

Qas 0.1 
Intra~St ;lI lo n METR1C for D.MI 

- EX> 
- EO< 
- - 9(10; (onf<ience 
- -·95% Conf:denu-

0.15 

F ' Q 'H· (' ··z. C ~, ·~ ! 1 .. t4 · ... ~ O , '"o, t r , b Lr't'U rl :'"L C "7""I On s fOr ." "., tr,c t\1j (Eq ~ d t 'On 3. F'Y Ur" l' -1 1) r O r VV P .. t € · ,l U ;" I . U St.lJt c"Jo 
~""fl :' an a r'-lTS ,- x pl '")"\O'I ~ 

Anderson, D .N ., D.K . Fagan, M.A. Tinker, G.D. Kraft and K.D. Hutcheson (2007). A mathematical ,tatistics 
formulation of the teleseismic explosion identification problem with mUltiple discriminants. iJ '" Sc"m 
Sec Au" 97 ,1730-1741. 

Bonner, .T. L. , D. Russell, D. Harkrider, D. Reiter, and R. Herrmann, (2006). Development of a T ime-Domain, 
Variable-Period Surface Wave Magnitude Measurement Procedure for Application at Regional and 
Teles c: ismic Di~tances, Part II: Application and M - n; o, Performance. B"" sc,·.~ Soc An,. 96. 678 - 696 

Bonn r, l, R .B. Herrmann, and H. Benz (2008). Rapid estimates of seismic moment using variable-period surface­
wave mag nitudes. Se"~ Rc,. i "" ,. 79,349 

Bonner, J. L. , R. B. Herrman n, D. Harkrider, and M. Pasyanos (2008). The su rface wave magnitude for [he 9 
October 2006 North Korean nuclear explosion. Bun. Su. "" Soc. Am., Cl8, 2598-2506. 

Cong, L. and B . Mitchell , (2006). Continent-wide maps of 5-50 S Rayleigh -wave attenuation for Eurasia inl'erred 
iTom maps o f I -Hz / 9 Coda Q and its frequency dependence. in PrOCO&ct'''9'' of ,n~ 28,n Su, ,,,,,, c g"~Hcn 
R . V P ' w C ro ul'1 ,..,·B.' Se- d Nv d e,l<- E x p 'os' Q·-' Ivlc, n- t.or t n g Tprnn o ' o(] I(' " LA-UR-06-5471, Vol. 1) pp . 3- 7. 

Engdahl, E.R., 1 Jackson, S . Myers, E Bergman, and K. P ri estley (2006). Relocation and assessment c f seismicity 
in Iran region, r-;e n n y , J Inc, 167, 761-778. 

Friedman, J.H. (1989). Regularized discriminant analysis. JAn,", S", ,, , ;'; "0<". ,84,165-175. 
Levshi n. A .. X. Yang, 1\1 Ritzwoller, M. Barmin, and A. Lowry (2006). T oward a Rayleigh wave attenuation model 

fo r Central Asia. in Prn CBIICll o g S of" rf) .. " 2Bch Sa'~f'lf ~ r<O<;C d r c n Rw /te,,/_ G r- oo n Cl - Bnc;.ro ci Nj/'-/~~ ... , L.·x f; tr -. "){1 

Me".'M ,.17 T, ch,,,' ''' ''' ''· , LA-UR-06-5471, Vol. I, pp. 82-92. 
Marshall, P.O. and P.W. Basham, (1972). Discriminatlon between earthquakes and underground e,\piosi ons 

employing an improved M, scale. G~" p " y . J R A,t.-. Soc., 29, 431-458. 
Murphy. 1. R ., B W. Barker, and M. E . Marshall, (1997). Event screening at the IDC using the Mj~" cl1 scriminant. 

Maxwell Technologip~ Final Report. 23 p. 
Russell , D.R , (2006). Development of a time-domain, variable-period surface wave magnitude measurement 

procedure for application at regional and teleseismic distances. Part I--T heory. Bu u. 5"",,, . 5~c. A~. 9G, 
66 5-677 

Stevens, .I ., J. Gi ven, G. B ak..:r, and H. Xu. (2006). Development of surface wave dispersion and attenuati on maps 
and improved methods for measuring surface waves. in Prac,.. ... ~ ' ·,q S ~r tI,~ 28f ,'"l S fJr 'i rr. l(· Re~eu rc I f,'/il v wv .. 

r;';ul/,j u - B~15--'a lVI" /"",.1/" C>rjJIQ.'>IO'l MCf'lt()lfl1 U TCCl'lfl O I :JO . ro"'> , LA-UR-06-547 I , Vol. 1: pp . 273-28 1. 


