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ABSTRACT 
We are investigating techniques to improve regional discrimination performance in uncali- 

brated regions. These include combined source and path corrections, spatial path corrections, path- 
specific waveguide corrections, feature selection, and outlier detection. We use the combined source 
and path corrections to construct frequency-dependent amplitude corrections that remove attenua- 
tion, corner frequency scaling, and source regiodpath effects (such as blockages). The spatial 
method and the waveguide method address'corrections for specific source regions and along specific 
paths. After applying the above corrections to phase amplitudes, we form amplitude ratios and use a 
combination of feature selection and outlier detection to choose the best-performing combination of 
discriminants. Feature selection remains an important issue. Most stations have an inadequate popu- 
lation of nuclear explosions on which to base discriminant selection. Additionally, mining explo- 
sions are probably not good surrogates for nuclear explosions. We are exploring the feasibility of 
sampling the source and path corrected amplitudes for each phase as a function of frequency in an 
outlier detection framework. In this case, the source identification capability will be based on the 
inability of the earthquake source model to fit data from explosion sources. 

Corrections to discriminants remain an important problem. Currently, we form an amplitude 
ratio and regress versus distance to construct a simple distance correction. However, for discrim- 
inants that combine measurements in different frequency bands, the corner-frequency scaling 
remains and the discriminants will not be normally distributed (and not amenable to analysis by 
most multivariate discrimination methods). We have derived a simple method 'to invert for com- 
bined source/path corrections for individual phases as a function of frequency. A set of frequency- 
dependent corrections can be developed for a particular station to correct each phase for attenuation, 
source scaling, and source/path effects (such as phase blockages) prior to forming a discriminant. 
After the corrections are made, we show that multivariate-normal discriminants can be directly con- 
structed that have reduced scatter and improved separation between earthquake and explosion popu- 
lations. 

In addition to correcting for general source and path effects, we have evaluated path effects on 
regional seismic phases by geographically smoothing source- and distance- corrected amplitudes. 
For stations in China, path correction reduced variance up to 57% for P L g  ratios, compared to 
correction for distance alone, indicating this method will be useful in discrimination studies. We 
also applied waveguide methods to data recorded at LZH in central China. For low frequency Lg 
(0.5-1 Hz) we reduced variance by amounts similar to that obtained using the geographical smooth- 
ing technique (mentioned above). The more variable terrain in the study area surrounding LZH may 
be partly responsible for the improved performance of waveguide methods. 

Following application of all source and path corrections, we combine feature selection and the 
Generalized Likelihood Ratio Outlier Detection Technique for seismic event identification using 
synthetic test data and frequency-dependent P/S measurements from western China. We find good 
discrimination performance by combing low-frequency (0.5 Hz) and high- frequency (6 Hz) PIS 
ratios (either Pg/Lg or PdSn). Although the low-frequency ratio does not separate earthquakes and 
nuclear explosions, it can be effectively combined with the high-frequency ratio to improve discrim- 
ination. 
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OBJECTIVE 
Monitoring the Comprehensive Test Ban Treaty (CTBT) to magnitude levels below 4.0 will 

require use of regional seismic data recorded at distances of less than 2000 km. Our objective is to 
find the best combinations of discriminants for a particular region, using feature selection and gen- 
eralized likelihood outlier analysis. However, before we can search for the best combinations of 
discriminants, we correct for the effects of source and path on amplitude measurements. Typically, 
researchers correct phase ratios by removing ratio-distance trends from the observations (cf; Hartse 
et aZ., 1997). A linear distance correction approximately accounts for attenuation and geometrical 
spreading, but other path effects, such as partial blockage of S, or L g ,  are not accounted for and 
contribute to scatter on discrimination plots. Furthermore, there are trends on spectral and cross- 
spectral discrimination plots because of the effect of source-scaling. Here, we outline an approach to 
regional discrimination that corrects for source and path effects, and then identifies the best combi- 
nation of discriminants for a particular region. 

RESEARCH ACCOMPLISHED 
Data Used and Region Studied. 

Most of the waveforms used in this study were recorded at station WMQ in northwest China, 
AAK in Kyrgyzstan, NIL in Pakistan, and MAK(Z) in Kazakstan. Most events studied are regional 
earthquakes, but WMQ has recorded, over 25 KTS explosions (at a distance of about 960 km), AAK 
has recorded 7 Lop Nor nuclear explosions (1180 km), NIL recorded 4 Lop Nor nuclear explosions 
(1625 km), and MAK recorded 4 Lop Nor nuclear explosions (780 km). We obtained event loca- 
tions, magnitudes, and origin times from United States Geological Survey Preliminary Determina- 
tion of Epicenter (PDE) catalogs for the years 1987-1997, the Prototype International Data Center 
(PIDC) Reviewed Event Bulletin (REB) for the years 1995-1997, and regional Chinese catalogs for 
earthquakes smaller than about magnitude 4.0 for the years 1987-1989 (Gao and Richards, 1994). 
Only station WMQ was operating for the time period that the Chinese catalogs are available. A 
bounding box with latitudes ranging from 52" to 35" north and longitudes ranging from 100" to 
75" east define the study area (Figure 1). 
Step I - Source and Path Amplitude Corrections 

After measuring phase amplitudes (see Hartse et al., 1997), our first step in discriminant pro- 
cessing is to apply source and path amplitude corrections to the measurements (SPAC) (Taylor and 
Hartse, 1998). For a given station and phase, we invert a number of well-recorded earthquake spec- 
tra for source and path corrections. We assume a simple Brune (1970) earthquake-source model 
and a simple propagation model consisting of a frequency-independent geometrical spreading and 
frequency-dependent power-law Q.  We invert low-frequency levels against mb to derive a set of 
corrections that are a function of mb and distance. Once a set of corrections are derived, effects of 
source scaling and distance as a function of frequency are applied to phase amplitudes. The result- 
ing discriminants are normally distributed and amenable to multivariate feature selection, 
classification, and outlier techniques. 

To date, most discrimination studies have removed distance corrections once a particular 
amplitude ratio is formed (Distance Corrected Ratio - DCR). DCR generally works well for phase 
ratios taken in a particular frequency band. However, when different frequency bands are combined 
(for phase spectral ratios or cross spectral ratios), significant source-scaling effects (e.g. corner- 
frequency scaling) can remain, causing the discriminants to vary as a function of event size and to 
be non-normally distributed. It is then often necessary to construct non-physical transformations in 
an attempt to make the discriminants multivariate normal. The SPAC technique can be used to 
construct discriminants that are multivariate normal. Moreover, phase amplitude residuals as a 
function of frequency can be spatially averaged and used as additional path-specific corrections to 
correct for additional propagation effects, such as phase blockages. 

For the frequency-dependent amplitude inversion, we basically follow the technique of Sereno 
et al., (1988) with minor modifications. The results of the inversion for the source-path corrections 
for Lg at WMQ are shown in Figure 2. Once the parameters are obtained, the amplitudes from 
other events can be corrected for source scaling and propagation using SPAC. To do this, it is first 
necessary to obtain an estimate of the low-frequency level, So. We have chosen to tie the low- 
frequency level to magnitude. Note that although the dislocation source model used in correcting the 
amplitudes is not appropriate for nuclear explosions, we still use it because, in an actual monitoring 
situation, the source type would be unknown. 



As an example application, we correct P9 amplitudes from WMQ and plot Pg (0.75-1.5 / 4-8) 
Hz spectral ratios versus mb. The top porhon of Figure 3 shows the distance-corrected spectral 
ratio and the SPAC-corrected ratio. For the upper left figure, we formed spectral ratios for earth- 
quakes with good signal-to-noise ratio, and then regressed the ratios against the logarithm of dis- 
tance. We then applied the distance correction factors to all ratios for earthquakes and nuclear 
explosions having signal-to-noise values greater than 2. The comer frequency scaling is still present 
as an increase in the spectral ratio with magnitude. The overlap between the two populations is 
illustrated in the lower left portion of the figure using the estimated normal probability density func- 
tion. Visually, the Pg ratio with just the distance correction plotted versus mb appears to show 
good separation between earthquakes and explosions. However, mb is never actually used as a 
discrimination variable and a multivariate discrimination method would see the projection of the 
spectral ratio on the ordinate. For the SPAC method, the trend with mb is removed and the separa- 
tion and variance projected on the ordinate are improved and reduced, respectively (compare Figure 
3 lower left with lower right). 

Figure 4 shows the SPAC-corrected amplitudes for each phase and frequency band 
(spacogram) at WMQ. Examination of the spacogram can be used to find the best individual 
discriminants by finding pairs of amplitudes that give large separation between earthquakes and 
explosions. Discrimination is dependent on the inability of the earthquake model to fit an explosion 
source. For example, the P, spectral ratio (high to low frequency) will be much larger than 1.0 for 
the explosions and will be near 1.0 for the earthquakes. Other examples evident from fiigure 4 are 
the high-frequency P,  to Lg ratio or a high-frequency P to low-frequency Lg cross-spectral ratio. 

Step 2 - Empirical Path Corrections. 
By applying SPAC corrections, we have removed the effect of comer frequency, and average 

distance and attenuation effects from amplitude measurements. However, path-specific effects (such 
as partial phase blockages) may remain in the amplitude measurements (and, therefore, in the 
discriminant ratios). Hence, we search for spatial distributions of either the amplitude residuals or 
the discriminant ratios, to find coherent patterns that can be used as "empirical" path corrections. 
Following Phillips et al. (1998) and Phillips et al. (this volume), we have estimated correction sur- 
faces by interpolating amplitude ratios over a geographical grid (Figure 5). Our implicit assumption 
is that the interpolation averages out source radiation and depth effects, leaving an estimate of the 
path effect that can be used for correcting discriminant ratios. Spatial coherence and correlation 
with regional geology and independent measures of the path effect support this assumption. Furth- 
ermore, waveguide path corrections ( c j  Zhang and Lay, 1994) can be incorporated into correction 
surface interpolation using Bayesian kriging (Schultz et aL, 1998), and waveguide corrections are 
useful for extrapolation into regions where few earthquakes occur (Phillips, 1998). 
Step 3 - Combined Feature Selection and Outlier Detection 

After applying the corrections outlined in Steps 1 and 2, we are now ready to select optimal 
combinations of discriminants. Because of hidden correlation structure, discriminants can often be 
combined to improve overall performance. A simple feature selection method can be used to find 
optimum combinations of discriminants (eg. Taylor and Hartse, 1997). In this preliminary 
analysis, we selected four discriminants to combine. We use the multivariate Mahalanobis distance 
(D 2, as a metric that basically computes the ratio of between-class separation to the within-class 
scatter. Large values of D2 indicate good discrimination performance. As an example, we selected 
four discriminants that may be selected by "expert" opinion in a given region (Pg2Lg2 - low- 
frequency P g / L  ; Pn2Pn7 - P, spectral ratio; Pn7Lg2 - P, to Lg cross-spectral ratio; and Pn7Sn7 - 
high-frequency f', to S,). The Mahalanobis metric is 10.0 for this case. Sampling the normalized 
spacogram at four points yields a Mahalanobis distance of 14.1. The results are shown using an 
outlier detection framework in Figure 6 (Taylor and Hartse, 1997). 

In many regions, adequate nuclear explosion calibration data may be sparse, nonexistent, or 
not representative of nuclear explosions detonated under evasive conditions. Thus, combining the 
sampled spacogram with an outlier detection methodology may represent a reasonable method in 
which to flag suspect events. Because explosion discriminants may show significant variability 
depending on emplacement conditions, it is not always possible to predict which set of discrim- 
inants to use in a monitoring situation. However, we can be reasonably certain that there will be 
some differences between earthquakes and nuclear explosions in a given region and sampling the 
spacogram may present an approach that reduces the feature selection problem. 



CONCLUSIONS AND RECOMMENDATIONS 
We have presented a process for correcting regional amplitude measurements for the effects of 

source size and path prior to forming regional seismic discriminants (phase, spectral, and cross- 
spectral ratios). The corrections are intended to enhance the discrimination performance of the 
regional seismic data. After measuring amplitudes, we simultaneously correct for source-scaling 
and propagation effects. Next, to remove path-specific effects (such as partial phase blockages), we 
apply empirical path corrections to the measurements, relying solely on the residuals of phase 
amplitudes. Finally, we form ratios and chose the best combination of discriminants using a feature 
selection-outlier detection technique. We plan to apply these processing steps to regional data from 
across central Asia. 
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Figure 1. Map of study area showing events and stations used. Most events are earthquakes from 
northwest China. A few events are nuclear explosions from China and Kazakstan. Not all 
events were recorded at all stations. 
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Figure 2. Station WMQ results from inversion of earthquake L spectrum using equation (6)  of 
Taylor and Hartse (1998). Geometrical spreading factor (4 assumed to be 1/2 and K = 1/4. 
Upper left, residual sum of squares versus parameter c .  Middle left; frequency-dependent Q 
values, 95% confidence limits, and y ( Qo set to 400). Bottom left, comer frequency 
(estimated from equation 5) versus m,. Also shown are theoretical curves for S-wave comer 
frequency using a Brune (1970) dislocation source model (where K = 1/3) for stress drops of 5 
and 20 MPa (50 and 200 bars; lower and upper curves, respectively). Upper right; calculated 
and observed spectra for 3 randomly chosen events. Middle right; logarithm of the low- 
frequency level, So, versus mb and 95% confidence limits. Bottom right, normalized 0.5-1 Hz 
amplitude versus and distance fit. 
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Figure 5. Kriged correction surface of Lg (0.75-15. Hz) amplitude residuals. This correction surface 
was estimated after accounting for source and propagation effects using SPAC. 
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Results are from station WMQ. 


