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A Comparison of Methodologies for Representing Path Effects 
on Regional P/S Discriminants 

by Arthur  J. Rodgers,  Wil l iam R. Walter,  Craig A. Schultz, Stephen C. Myers ,  and Thorne  Lay 

Abstract Short-period regional P/S amplitude ratios hold much promise for dis- 
criminating low-magnitude explosions from earthquakes in a Comprehensive Test 
Ban Treaty (CTBT) monitoring context. However, propagation path effects lead to 
variability in regional-phase amplitudes that, if not accounted for, can reduce or 
eliminate the ability of P/S ratios to identify the seismic source. Here we compare 
four different methodologies that account for the effect of heterogeneous structure 
on P/S amplitude variance: (1) distance corrections, (2) path-specific crustal wave- 
guide parameter regressions, (3) cap averaging (running mean smoothing), and (4) 
kriging. The predictability of each method is established by cross-validation (leave- 
one-out) analysis. We apply these techniques to Pn/Lg, Pg/Lg, and Pn/Sn observa- 
tions in three frequency bands from 0.75 to 6.0 Hz at station ABKT (Alibek, Turk- 
menistan), site of a primary station of the International Monitoring System (IMS). 
Paths to ABKT sample diverse crustal structures (e.g., various topographic, sedimen- 
tary, and geologic structures), leading to great variability in the observed P/S am- 
plitude ratios. For these data to be useful for isolating source characteristics, the 
scatter needs to be reduced by accounting for the path effects, and the resulting 
distribution needs to be Gaussian for most existing spatial interpolation and discrimi- 
nation strategies to have valid application. Each method reduces the scatter of the P! 
S amplitude measurements with varying degrees of success; however, kriging has 
the distinct advantages of providing the greatest variance reduction and a continuous 
correction surface with an estimate of the model uncertainty. The largest reductions 
in scatter are found for the lowest frequency P/S ratios (<3.0 Hz). 

Introduction 

Short-period regional seismic phases will play an im- 
portant role in monitoring the Comprehensive Test Ban 
Treaty (CTBT) for events with body-wave magnitudes, rob, 
less than about 4.0. Because signal to noise is generally small 
for low-magnitude events at teleseismic distances (distances 
greater than about 1500 kin), discrimination strategies based 
on Ms:m b, radiation pattern, and source depth may not pro- 
vide sufficiently reliable source characterization (e.g., 
Blandford, 1981; Pomeroy et al., 1982; National Research 
Council, 1997). Short-period P/S discriminants, for example, 
Pn/Lg, Pg/Lg, and Pn/Sn amplitude ratios, have been shown 
to be effective at discriminating earthquakes and explosions 
at regional distances and small magnitudes (Bennett and 
Murphy, 1986; Taylor et al., 1989; Baumgardt and Young, 
1990; Kim et al., 1993; Walter et al., 1995; Taylor, 1996; 
Hartse et al., 1997). However, the travel times and ampli- 
tudes of regional phases vary greatly due to acute sensitivity 
to highly heterogeneous lithospheric structure. An under- 
standing of and correction for variations in these P/S ampli- 
tude ratios is necessary before they can be used reliably as 

discriminants. Many of the regional P/S discrimination stud- 
ies to date have relied on simple one-dimensional geometric 
spreading and attenuation corrections. However, in complex 
regions, these simple corrections are recognized as inade- 
quate. There have been a number of recent empirical studies 
to correct regional phases for path effects. In this article, we 
systematically and objectively compare the four most prom- 
ising techniques using a common data set. 

For many years, observations of short-period Sn and Lg 
amplitudes have been qualitatively characterized in terms of 
spatially varying propagation efficiency. For example, stud- 
ies by Kadinsky-Cade et al. (1981) and Rodgers et al. 
(1997a) report regional variations in short-period (frequen- 
cies 0.5 to 5.0 Hz) Sn and Lg amplitudes in the Middle East. 
These studies report strong attenuation or inefficient propa- 
gation of Sn for the Turkish-Iranian plateau and blockage 
of Lg by remnant oceanic crust (e.g., the southern Caspian 
and Black Seas). Attenuation of Lg is higher within the Turk- 
ish-lranian plateau than in more tectonically stable regions 
of Eurasia (Mitchell et al., 1997). Inefficient propagation of 
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Sn is associated with high elevations of the Turkish-Iranian 
plateau, low Pn velocities (Hearn and Ni, 1994), and recent 
volcanism. Seismic source discrimination and monitoring of 
the CTBT will require quantitative representation of re- 
gional-phase amplitude behavior using modern broadband 
data and identification of phase blockages. 

Recent investigations have sought to understand the 
quantitative behavior of short-period regional P/S amplitude 
ratios in terms of crustal wave-guide structure. TheSe studies 
establish empirical correlations between P/S amplitude be- 
havior and along-path topographic, bathymetric, sediment, 
and crustal structures (Baumgardt, 1990; Zhang and Lay, 
1994a,b; Zhang et al., 1996; Baumgardt, 1996; Baumgardt 
and Schneider, 1997; Hartse et aL, 1998). Studies by Zhang 
et aL (1994), Fan and Lay (1998a,b), and Rodgers et al. 
(1997b) investigate crustal wave-guide effects using multi- 
variate regression analysis. Multivariate regressions find lin- 
ear combinations of propagation path parameters that best 
describe the observed amplitude ratio data. A drawback of 
this method is that models of crustal and sediment thickness 
are poorly known. Fan and Lay (1998a) found that the most 
important crustal wave-guide parameters controlling low- 
frequency (<3.0 Hz) Pg/Lg behavior in western China are 
distance, mean elevation, mean crustal thickness, and mean 
sediment thickness on each path. These results show that the 
scatter in regional P/S discriminants can be significantly re- 
duced with simple empirical models (variance reductions of 
75% have been obtained). Using short-period waveform data 
recorded at the Iran Long-Period Array (ILPA) for paths 
propagating primarily within the Iranian plateau, Baumgardt 
and Schneider (1997) showed that average basement depth 
is an important factor influencing Pn/Lg amplitude ratios in 
Iran. This conclusion was also reached by multivariate anal- 
ysis of P/S ratios observed at station ABKT (Rodgers et aL, 
1997b). Studies of crustal wave-guide effects on regional 
amplitude ratios will hopefully lead to a physical basis for 
understanding short-period P/S behavior and can be used to 
guide theoretical modeling of short-period regional seismic- 
wave propagation. Because the regression coefficients of 
along path crustal parameters that reduce the P/S  ratio var- 
iance change from region to region and a predictable physi- 
cal basis for these effects remains to be established, it is not 
clear if these regressions will be universally effective at re- 
ducing the scatter of P/S ratios. 

Two techniques for spatially averaging data have been 
recently applied to station-based seismic observations. First, 
an effort to represent short-period regional-phase amplitude 
behavior is reported by Phillips et al. (1998). They used a 
cap-averaging scheme (running mean smoothing) to produce 
maps of source- and distance-corrected absolute amplitudes 
of each regional phase. Cap averaging finds the average 
value within a circular area of a specified radius (cap) and 
projects the value to the center of the circle. This technique 
results in a continuous correction surface where there is suf- 
ficient data coverage to estimate an average value. However, 
gaps exist in regions where data are sparse or absent. This 

procedure requires the selection of a cap size (radius) and 
minimum number sampling per cap. These parameters can 
strongly impact the resulting surface. Using this technique, 
Phillips et al. (1998) obtained variance reductions of as 
much as 57% for low-frequency P/Lg amplitude ratios ob- 
served in China. The second spatial averaging technique has 
been introduced by Schultz et al. (1998). This study modifies 
the geostatistical technique of kriging to compute correction 
surfaces for regional P-wave travel-time residuals. Modified 
kriging defines a continuous correction surface using the ob- 
served data and uncertainty along with parameters that 
model the spatial correlation and expected background val- 
ues. The modifications of the kriging algorithm by Schultz 
et al. (1998) account for variable data uncertainties and force 
the surface to return to an a priori background model in 
regions of sparse coverage to remove unphysical extrapo- 
lation artifacts. We found the modified kriging technique to 
have several distinct advantages over other representation 
methods. 

This article explores the effectiveness of various meth- 
odologies for representing the variability of short-period re- 
gional P/S amplitude ratios observed at station ABKT (Ali- 
bek, Turkmenistan). For real-time monitoring of the CTBT, 
there are several issues to consider. First, the path propa- 
gation amplitude correction model must successfully repre- 
sent the input data. A certain problem with this empirical 
approach is that we have little or no observations for ase- 
ismic regions, thus we cannot calibrate the earthquake be- 
havior of these regions. Another important issue is that cor- 
rections for path propagation effects on regional-phase 
amplitudes should vary smoothly and continuously as a 
function of location. This is required because event loca- 
tions, especially regional locations, can have uncertainties 
on the order of 20 to 30 km. It is highly undesirable for 
corrections to change rapidly with position or for the cor- 
rection to be undefined within the error ellipse of the esti- 
mated location. Finally, it is important for any amplitude 
correction to have a realistic uncertainty. For example, if a 
suspicious event occurs and its path propagation amplitude 
correction has a large uncertainty, then this needs to be in- 
cluded in the event identification process. A similar situation 
arises in event location as well--path-specific travel-time 
corrections can he applied and their uncertainty can be car- 
ried through the event location estimation process and 
mapped into the location uncertainty. 

Station ABKT is located on the northern flank of the 
Kopet Dagh Mountains near the major tectonic boundary 
separating the Iranian plateau to the south from the Kazakh 
platform to the north (Fig. 1, an event list can be obtained 
from the first author). The P/S amplitude ratios observed at 
ABKT show strong spatial variability, presumably related to 
topographic, geologic, tectonic, and crustal wave-guide 
structure. Thus, these P/S amplitude ratio data are well suited 
for a comparison of representation methodologies. Station 
ABKT is near the site of the planned International Monitor- 
ing System (IMS) primary array GEYT. Thus, calibration of 
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Figure 1, Locations of earthquakes (circles) and station ABKT (triangle), along with 
topography and regional tectonic features. Thick lines represent the boundaries used to 
subdivide the data by azimuthal sector. 

regional-phase amplitudes at ABKT may be helpful for future 
calibration of GEYT. 

Regional  W a v e f o r m  Data  at ABKT and P/S 
Ampli tude Rat io Measurements  

Broadband waveform data (20 samples/sec) recorded at 
station ABKT were requested from the Incorporated Re- 
search Institutions for Seismology-Data Management Cen- 
ter (IRIS-DMC). Event parameters were taken from the 
National Earthquake Information Center-Preliminary Deter- 
ruination of Epicenters (NEIC-PDE). Because we are most 
interested in crustal earthquakes and phases, the reported 
depths were restricted to be less than 50 km. Distances were 
limited to 200 to 1500 krn to avoid misidentifying Pg as Pn 
at close range and upper mantle triplications at far regional 
distances. The reported body-wave magnitudes of the events 
used span the range 3.9 to 6.1. All waveforms were pre- 
viewed. In this study, we considered only vertical-compo- 
nent data. A first-arriving P wave was picked. Noisy data 
and data with interfering events were immediately discarded. 
Previewing resulted in nearly 200 regional events recorded 
at ABKT for the years 1993 to 1996. These events are plotted 

in Figure 1, along with the Station location, topography, and 
major tectonic features. 

Regional-phase amplitude ratios and signal-to-noise ra- 
tios were measured for these data in three frequency bands 
(0.75 to 1.5, 1.5 to 3.0, and 3.0 to 6.0 Hz). Phases were 
isolated with the following group velocities: Pn 8.0 to 7.6 
km/sec, Pg 6.5 to 5.5 krn/sec, Sn 4.6 to 4.0 km/sec, and Lg 
3.6 to 3.0 km/sec. Noise measurements were taken for a 
window of length equal to the Pn, Pg, or Lg window ending 
5 sec before the first-arriving P wave. Example seismograms 
showing the variability of Sn and Lg amplitudes can be seen 
in Rodgers et at. (1997a). To account for possible location 
and origin time errors, time windows were shifted such that 
the Pn arrival came in at 8.0 km/sec. A Pn tomography study 
by Hearn and Ni (1994) reports that 8.0 km/sec is an appro- 
priate average value for the region. If this time shift was 
greater than 15 sec, the waveform was discarded. This was 
done to avoid gross location and origin time errors and their 
effects on windowing the regional phases. These origin time 
shifts were typically smaller than 10 sec. Given the uncer- 
tainties in event location, depth, and origin time, these win- 
dow shifts isolate the first-arriving P wave in a consistent 
fashion. To the extent that our group velocity windows are 
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appropriate, the later-arriving phases should be windowed 
better after applying these window shifts. For distances 
greater than a few hundred kilometers, Pg is often difficult 
to pick because it is not a distinct phase in a high passed 
seismogram. The energy arriving in the Pg window contains 
crustally trapped P-wave energy. Pg/Lg amplitude ratios 
have been shown to be effective at discriminating earth- 
quakes and explosions for distances out to 1300 km in the 
Basin and Range Province of the western United States 
(Taylor, 1996). 

Absolute amplitudes within each band were measured 
in the frequency domain by computing the log-10 mean 
spectral amplitude of each individual phase from the 
smoothed broadband instrument-deconvolved displacement 
spectrum, similar to Walter et al. (1995) and Taylor (1996). 
Ratios were formed from the individual spectral amplitudes. 
Rodgers et aL (1997c) showed that time-domain and fre- 
quency-domain measurements of regional-phase amplitude 
ratios are similar for frequencies less than 3.0 Hz. It is not 
known if one amplitude measurement method, time or fre- 
quency domain, discriminates better. We have recently 
shown that time-domain rrns and frequency-domain mea- 
surements of regional amplitude ratios result in about the 
same discrimination performance of earthquake and explo- 
sion data from the Nevada Test Site. 

Phase amplitudes were compared to pre-Pn background 
noise to form signal-to-noise ratios for each phase and fre- 
quency band. Only data for which the signal-to-noise ratio 
was greater than 2:1 for each phase and frequency band were 
used in the analysis. Because the signal-to-noise ratio was 
measured for later-arriving phases by comparing S-wave am- 
plitudes to pre-Pn noise (rather than prephase noise), we 
could be including data where Sn and Lg are very weak. 
This is especially true for the higher frequencies. Maps of 
the Pn/Lg, Pg/Lg, and Pn/Sn amplitude ratios are plotted in 
Figure 2. The behavior of all three P/S ratios is quite similar. 
These maps show that the P/S ratios from the Hindu Kush 
region are often low (indicating strong S-wave energy), and 
the P/S ratios from the Zagros region are typically high (in- 
dicating weak S-wave energy). Note that due to poor signal- 
to-noise ratio, many events from the Zagros are discarded 
for the highest frequency band. 

Distance Corrections 

Following Taylor and Hartse (1998), the instrument- 
corrected amplitude of a regional phase, A(f),  can be rep- 
resented in the frequency domain as 

A(f,A) = S(f) G(A) Q(f), 

wheref  is frequency, A is the epicentral distance, S(f) is the 
source spectrum, G(A) is the geometric spreading factor, and 
Q~) is the attenuation operator. Geometric spreading does 
not depend on frequency and is simply dependent on a power 
of the distance. For a fixed frequency band, the attenuation 

operator depends only on distance. Forming the P/S ampli- 
tude ratio within the same frequency band explicitly cancels 
the source spectrum and yields a form that depends on the 
differential effects of P- and S-wave geometric spreading 
and attenuation. For the amplitude ratios, it is generally as- 
sumed that source radiation, depth, and site effects cancel. 
Strictly speaking, this is probably not true, but there is no 
way to account for these because the effects of source depth 
and focal mechanism on short-period regional phases and 
the depths and mechanisms themselves are largely unknown. 
If there is sufficient sampling of depths and focal mecha- 
nisms, then hopefully these effects will average out. Scat- 
tering of high-frequency energy probably reduces the effects 
of depth and mechanism on regional-phase amplitudes. We 
plotted the P/S ratios versus the PDE m b and found no sig- 
nificant trend with magnitude. This indicates that source- 
scaling and corner frequency effects are eliminated by form- 
ing the P/S ratio within the same frequency band. Thus, 
under the above-stated assumptions, for a region where the 
elastic and anelastic structure is homogeneous, the amplitude 
ratio behavior for regional earthquakes should vary most 
strongly with distance as a result of geometric spreading and 
attenuation. In the following, we model the P/S amplitude 
ratios by their linear trend with distance. 

The lOglo[Pn/Lg ] amplitude ratios are plotted versus 
distance and fit to a linear regression in Figure 3a. The data 
are very scattered, and the linear correlations of these data 
with distance are rather weak. It is apparent from the maps 
of the P/S ratios (Fig. 2) that paths coming from the Zagros 
Mountains result in higher P/S ratios than those emerging 
from the Hindu Kush. Because these source regions are at 
approximately the same distance from ABKT, this behavior 
must result from path effects that cannot be described by a 
single one-dimensional distance correction. 

When ratios are subdivided by sectoring the major 
source regions by backazimuth from the station as drawn in 
Figure 1, the resulting distance corrections are much more 
strongly correlated with distance, and variance reductions 
are greater for the subdivided data relative to the entire data 
set (Rodgers et al., 1997d). In Figures 3b, 3c, and 3d, the 
linear regressions of loglo[Pn/Lg] with distance are shown 
when the backazimuths are limited to isolate distinct source 
regions with differing P/S amplitude behavior (see Fig. l). 
The correlations shown in Figure 3b, 3c, and 3d are much 
stronger than those seen in Figure 3a. This is most clear for 
the lowest frequency band (0.75 to 1.5 Hz). Furthermore, 
the slopes and intercept values are different for the Hindu 
Kush and Zagros regions, indicating that the propagation 
effects are different for these two source regions. The stan- 
dard error about the regression fit (se) is smaller for the sec- 
torized data sets than for the entire data set, indicating that 
the scatter can be more favorably reduced by subdividing 
the data by source region. 

The effectiveness of the distance corrections on Pn/Lg 
ratios can be seen from the cross-validation statistics com- 
piled in Table 1. Cross-validation measures the effectiveness 
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Figure 2. Maps of the loglo (a) Pn/Lg, (b) Pg/Lg, and (c) Pn/Sn amplitude ratios 
observed at ABKT (plotted at the event location) for three frequency bands. 
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Figure 2. Continued. 

of a correction in a realistic manner by removing an obser- 
vation and using all the remaining data to estimate a correc- 
tion for the left out observation. This method insures that 
the correction for any single data point is not influenced by 
the point itself. Distance corrections based on data for all 
azimuths do not model much of the scatter (ALL Aa 1 = 
-3 .9%  for the 0.75 to 1.5 Hz band). However, rms reduc- 
tions obtained by simply subdividing the data by backazi- 
muth, Aal, are greater (7 to 30%). When the sectorized dis- 
tance corrections are applied to the entire data set, greater 
rms reductions, Aa> are obtained (39.0% for 0.75 to 1.5 Hz, 
26.4% for 1.5 to 3.0 Hz). The distributions of the raw and 
cross-validated Pn/Lg ratios for the frequency band 0.75 to 
1.5 Hz are shown in Figures 4a and 4b, respectively. Note 
that not all data were included in the sectorization. The 
cross-validated data are much less scattered and more nor- 
mally distributed relative to the raw data. The case of station 
ABKT is unique in that the station is situated near a major 
tectonic and topographic boundary and the event-station 
paths lend themselves to subdivision by azimuthal sectors. 
This is certainly not the case for all stations. 

Path-Specific Crustal Wave-Guide  Corrections 

In recent years, several studies have explored the cor- 
relations between parameters that characterize the path- 
specific crustal wave-guide and regional-phase amplitude ra- 
tios (e.g., Baumgardt, 1990; Zhang and Lay, 1994a,b; Zhang 
et al., 1996; Baumgardt, 1996; Banmgardt and Schneider, 
1997; Rodgers et al., 1997b; Fan and Lay, 1998a,b; Hartse 
et al., 1998). These studies report that the scatter in regional- 
phase amplitudes can be reduced by applying either uni- 
variate or multivariate path corrections based on crustal 
wave-guide parameters. The most important wave-guide pa- 
rameters vary with data set and region, but generally, the 
strongest correlations are found for distance, mean elevation, 
mean sediment thickness, and mean crustal thickness. An 
important conclusion from these studies is that often the ob- 
served scatter is reduced more by a crustal wave-guide pa- 
rameter (such as mean elevation, crustal thickness, or sedi- 
ment thickness) than by a standard one-dimensional distance 
correction. This suggests that path propagation effects in 
regions of crustal wave-guide variability are more important 
than distance effects alone. These regressions typically result 
in greater variance reductions for the more variable low- 
frequency (<3.0 Hz) ratios. Detailed statistical analysis of 
crustal wave-guide effects on regional P/S ratios observed 
at station ABKT is described in a previous report (Rodgers 
et al., 1997b). That study reports that distance, mean ele- 
vation, and mean sediment thickness are the most important 
single factors impacting the Pn/Lg and Pn/Sn ratios observed 
at ABKT for frequencies below 3.0 Hz. Regression on these 
three parameters (plus a constant) lead to rms reductions of 
up to 30%. Multivariate regressions that add rms elevation 
and mean crustal thickness to these parameters can improve 
the rms reduction by a few percent over that which is 
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Figure 3. Loglo[Pn/Lg] amplitude ratios versus distance for (top) 0.75 to 1.5 Hz, 
(middle) 1.5 to 3.0 I-Iz, and (bottom) 3.0 to 6.0 Hz. The regression fit (solid) and l-or 
uncertainty (dashed) are also plotted. (a) Ratios from all backazimuths; (b) ratios from 
the Hindu Kush, backazimuths: 55 ° to 110°; (e) ratios from the Zagros, backazimuths: 
175 ° to 255°; and (d) ratios from the Caspian, backazimuths 255 ° to 310 °. In each panel, 
the regression statistics are given: number of data, n; linear correlation, r; standard error 
about the regression, se; the regression parameters intercept, a; and slope, b. 

achieved with distance, mean elevation, and mean sediment 
thickness. 

Analysis of crustal wave-guide effects on PIS ratios is 
repeated for the current data set to evaluate the effectiveness 
of the path parameter regression method relative to other 
methods. Crustal wave-guide models are exactly the same 
as those presented in Fan and Lay (1998a,b) and Rodgers et 
al. (1998b). Topography was taken from the global topog- 
raphy model GTOPO30. This model represents continental 
surface elevation on a 30-sec (0.93-km) grid. Sediment 
thickness (basement depth) and crustal thickness (Moho 
depth) were taken from maps produced by the Former Soviet 
Union Institute of Physics of the Earth (IPE) (Kunin and 
Sheykh-Zade, 1983; Kunin, 1987). These models were dig- 
itized and gridded (i0 kin) by Seber et al. (1997). Sediments 
are extremely thick in the southern Caspian basin (>30 kin) 
and moderately thick in the Mesopotamian foredeep (>  10 
km) and the basins in around Iran. Crustal thickness does 
not vary greatly for the paths to ABKT (mean values are 
typically 40 to 50 kin). The accuracy of these models is 

certainly debatable; however, because we are only interested 
in average values and not point-wise values or gradients, the 
IPE basement and Moho depth models are probably ade- 
quate. 

Univariate regressions of the loglo[Pn/Lg] amplitude ra- 
tios on mean elevation and mean sediment thickness are 
shown in Figures 5a and 5b, respectively. Linear correlations 
involving the Pn/Lg ratios (<3.0 Hz) are stronger for mean 
elevation and mean basement depth than for distance, and 
the scatter after the trends are removed is smaller. It is in- 
teresting to note that the Pn/Lg ratios have a negative trend 
with mean sediment depth, indicating that Lg is stronger than 
Pn for paths with thicker sediment on average. For the ABKT 
data set, paths from the Hindu Kush pass through the thick 
sedimentary cover of the Turkmen Basin while paths from 
the Zagros pass tb~'ough several smaller sedimentary basins. 
This observation may support the idea that changes in sed- 
imentary basin depth can weaken Lg amplitudes as sug- 
gested by Baumgardt and Schneider (1997). The correlations 
in Figure 5 are weak for higher frequency ratios, possibly 
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Table 1 
Statistics of Cross-Validated Data Using Distance Corrections 

Pn/Lg 0 .75 -1 .5  Hz  

Data Set Number Mean ~ Acq Act z 

A L L  data 167 - 0 . 5 5 5 3  0 .5490 - -  - -  
A L L  c-v  167 0 .0000 0 .5277 - 3 . 9 %  - 3 9 . 0 %  
H I N D U  K U S H  data 78 - 0 . 9 1 2 9  0 .4018 - -  - -  
H I N D U  K U S H  c-v  78 0 .0003 0 .3514  - 12.5% - -  
Z A G R O S  data  63 - 0 . 1 0 6 6  0 .3576 - -  - -  
Z A G R O S  c-v  63 - 0 . 0 0 0 3  0 .3133 - 12.4% - -  
C A S P I A N  data 26 - 0 .5122 0 .4760 - -  - -  
C A S P I A N  c-v  26 - 0 . 0 0 4 3  0.3333 - 3 0 . 0 %  - -  

Pn/Lg 1.5-3 .0  Hz  

Data Set Number Mean cr Aal Aa2 

A L L  data  108 " - 0 . 3 6 7 3  0 .4425 - -  - -  
A L L  c-v 108 - 0 . 0 0 0 8  0.4418 - 0 . 2 %  - 2 6 . 4 %  
H I N D U  K U S H  data  67 - 0 . 5 2 8 4  0 .3396 - -  - -  
H I N D U  K U S H  c-v  67 0 .0015 0 .3128 - 7 . 9 %  - -  
Z A G R O S  data 20 0 .1415 0 .3614 - -  - -  
Z A G R O S  c-v  20 - 0 . 0 0 4 9  0 .2762 - 2 3 . 6 %  - -  
C A S P I A N  data  21 - 0 . 3 3 8 0  0 .4296 - -  - -  
C A S P I A N  c-v  21 - 0 . 0 1 9 7  0 .3999 - 6 . 9 %  - -  

~r = root  mean  square, rms. 
~O-  1 = ITIIS reduc t ion  o f  c ross -va l ida ted  data re la t ive  to sector ized data. 
Aaz = rms reduc t ion  o f  c ross -va l ida ted  sector ized data  re la t ive  to A L L  

data. 
c -v  = c ross -va l ida ted  data  set u s ing  l eave-one-ou t  analysis .  

because many high-frequency data are lost due to low signal- 
to-noise ratio and the variability of the path sampling is di- 
minished. We regressed the low-frequency P/S amplitude 
ratios on five path parameters (distance, mean elevation, rms 
elevation, mean crustal thickness, and mean sediment thick- 
ness) plus a constant. The effectiveness of these regressions 
can be seen in the cross-validation statistics compiled in Ta- 
ble 2. Rms reductions on the order of 25% are obtained for 
the low-frequency P/S ratios using the path parameter re- 
gression method. The distributions of the raw and corrected 
ratios using cross-validation are plotted in Figures 4a and 
4c, respectively. Although the scatter of the raw data is di- 
minished, the distribution of the corrected data appears to be 
bimodal. The available crustal wave-guide characterizations 
appear not to capture the basic distinctions that allow the 
azimuthal sectorization to further reduce the scatter in Figure 
4b. 

Correction Surfaces by Cap Averaging  

In a recent study, Phillips et al. (1998) used a spatial 
averaging technique to construct geographic patterns of 
source- and distance-corrected absolute amplitudes of re- 
gional phases. These patterns (correction surfaces) were de- 
rived by computing the moving average (cap average) of the 
logt0 amplitude residual observed at a single station and pro- 
jected to the event location. When more than a specified 

minimum number of observations fall within a specified ra- 
dius, the data are averaged. Although they cap averaged the 
absolute amplitude data, forming corrections for amplitude 
ratios resulted in variance reductions of as much as 57% for 
the low-fi'equency P/Lg data. Using the same amplitude ratio 
data as that presented in previous sections, we computed 
correction surfaces using the cap-average method. The data 
mean was removed before the correction surface was com- 
puted. We chose to use a cap radius of 2.5 ° (similar to Phil- 
lips et al., 1998) and required there to be five or more ob- 
servations within each cap. The choice of the cap size and 
minimum number of data per cap can strongly impact the 
resulting correction surface. For example, if the region is 
uniformly sampled and the values vary slowly across the 
region, then a small cap size may be appropriate to model 
the data variability. However, if the region is unevenly sam- 
pled (as is the usual case for seismic data), then it may not 
be possible to determine the true rate of spatial variability 
(correlation length). In such a case, if  one chooses the cap 
size or the minimum number of data per cap to be small, 
then there will be gaps in the surface. If these parameters 
are made too large, then the spatial variability of the data 
might not be well represented. 

Figure 6a shows the cap-averaged Pn/Lg ratios in the 
0.75 to 1.5 Hz pass band. The different mean values of the 
Hindu Kush and Zagros source regions are clear. These 
regions can be well defined by the 2.5 ° cap, and thus the 
cap-averaging method results in a surface that represents 
these features; however, smaller-scale variability is not 
matched. An obvious problem of the cap-average method is 
that the surface can only be defined where there are a suf- 
ficient number of observations. Where there are observations 
but no defined surface, it was not possible to compute a mean 
value using the stated cap size and minimum number sam- 
pling. The predictability of this method can be seen from the 
histogram plotted in Figure 6d. The scatter of the corrected 
data is reduced by 37.1% and the distribution appears to be 
closer to a Gaussian distribution than the input ratios (Fig. 
6a). Note that 24 observations (184 to 160) that were in the 
input data set were not corrected because of gaps in the cap- 
averaged surface. 

Correction Surfaces by Modified Kriging 

Kriging is a minimum variance, linear estimation tech- 
nique that models nonuniformly distributed data as a contin- 
uous surface with uncertainty estimates. Recent modification 
of the kriging algorithm and application to seismic travel 
times by Schultz et al. (1998) make it possible for this tech- 
nique to be applied to other types of seismic observables in 
a CTBT monitoring context. There are several distinct fea- 
tures of the modified kriging technique. First, a continuous 
smooth surface is generated for a region of arbitrary size. 
Second, the observations and associated uncertainties drive 
the solution so that in areas of dense data coverage, the re- 
sulting surface is close to the local average of the observa- 
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Figure 4. Histograms of the Pn/Lg ratios (0.75 to 1.5 Hz) (a) before and (b to f) 
after the various corrections for path effects were made. All distributions for data sets 
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Figure 5. Loglo[Pn/Lg] amplitude ratios for (top) 
0.75 to 1.5 Hz, (middle) 1.5 to 3.0 Hz, and (bottom) 
3.0 to 6.0 Hz versus along-path crustal wave-guide 
parameters: (a) mean elevation and (b) mean sediment 
thickness. 

dons. In regions of sparse data coverage, the surface returns 
to an a priori background model. The error estimates asso- 
ciated with individual observations are propagated through 
the process resulting in a correction surface that accounts for 
measurement uncertainty. The surface is generated from the 
data and a few statistical parameters. More precisely, these 
parameters are (1) the correlation length, representing the 
spatial variability; (2) the background variance, representing 
the variability of the surface; and (3) the measurement error, 
representing the uncorrelated error in the measurements. In 
addition to these three parameters, the modified kriging al- 
gorithm also requires a blending range to determine how the 
surface is extrapolated in regions of sparse data coverage. 
These parameters are detailed in Schultz et al. (1998). 

In order to choose the kriging parameters, it is necessary 
to characterize the statistical properties of the data. This is 
done by variogram modeling in standard kriging. We chose 
to plot the mean square differences of all pairs of observa- 
tions as a function of the interpair distance. The raw obser- 
vations are highly scattered, so we chose to bin the squared 
differences in 20-kin-distance intervals and plot the mean 
values for all data within the bin. This is shown in Figure 7. 

Table 2 
Statistics of Cross-Validated Data Using Crustal 

Wave-Guide Regressions 

D a t a  S e t  N u m b e r  M e a n  c~ A ~  

Pn/Lg 0.75-1.5 data 184 -0.5622 0.5311 - -  
Pn/Lg 0.75-1.5 c-v 184 0.0186 0.4127 -22.3% 
Pn/Lg 1•5-3.0 data 118 - 0.3587 0.4276 - -  
Pn/Lg 1•5-3.0 c-v 118 -0.0200 0.3570 - 16.5% 
Pn/Lg 3.0-6.0 data 61 0.0620 0.2552 - -  
Pn/Lg 3.0-6.0 c-v 61 - 0.0066 0.2436 - 4.5% 
Pg/Lg 0.75-1.5 data 201 -0.3178 0.3290 - -  
Pg/Lg 0.75-1.5 c-v 201 - 0.0371 0.2420 - 26.4% 
Pg/Lg 1.5-3.0 data 153 - 0.0538 0.2446 - -  
Pg/Lg 1.5-3.0 c-v 153 0.0313 0.1800 - 26,4% 
Pg]Lg 3.0-6.0 data 82 0.0833 0.1873 - -  
Pg/Lg 3.0-6.0 c-v 82 0.0288 0.1962 4.8% 
Pn/Sn 0.75-1.5 data 183 -0.4047 0.4632 - -  
Pn/Sn 0.75-1.5 c-v 183 -0.0072 0.3636 -21.5% 
Pn/Sn 1.5-3.0 data 123 - 0.4838 0.4269 - -  
Pn/Sn 1.5-3.0 c-v 123 - 0.0248 0.3404 - 20.3% 
Pn/Sn 3.0-6.0 data 70 - 0.2884 0.3038 - -  
Pn/Sn 3.0-6.0 c-v 70 -0.0170 0.2502 - 17.6% 

Ratios are regressed on distance, mean elevation, rms elevation, mean 
basement depth, and mean Moho depth. 

= root mean square, rms. 
Aa = nns reduction of cross-validated data. 
c-v = cross-validated data set using leave-one-out analysis. 

The data are modeled by a simple analytic exponential func- 
tion: 

f(x) = b + c * [1.0 - exp(-x/a)].  

In the foregoing equation, b = f (x  -- 0) is the measurement 
error (assuming the same measurement error exists for all 
data points), b + c = f ( x  = infinity) is the background 
variance, and a is the correlation length. The value of the 
mean squared difference for very large interpair distances, 
b + c, known in kriging literature as the sill value, repre- 
sents the variance of the entire data set. For large interpair 
spacing, one does not expect the observation pairs to be cor- 
related. The correlation model represents how quickly data 
pairs become relatively uncorrelated as the interpair spacing 
increases and approach the background variance. For the 
binned data plotted in Figure 7, it is apparent that a corre- 
lation length of 600 km, along with the intercept, b = 0.1, 
and multiplicative factor c = 0.5 represent the observations 
fairly well. We are most concerned with fitting the short 
wavelength behavior of the data. For large distances (>  1000 
km), no correlation is expected, and we are not distressed 
that the curve, f(x; a = 600 km), does not pass through the 
data points. Fortunately, kriging results are robust to changes 
in these statistical parameters, but it is, nonetheless, impor- 
tant to constrain these parameters by modeling the data. 

Figure 6a shows the kriged surface for the Pn/Lg ratios 
(0.75 to 1.5 Hz) plotted with the individual observations. 
The mean of the data has been removed before kriging, so 
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Figure 6. (a) Demeaned LOglo[Pn/Lg] ratios for the passband 0.75 to 1.5 Hz (color- 
coded circles) plotted over the cap-average correction surface. The surface was com- 
puted on a 0.5 ° grid using a 2.5 ° radius cap and requiring at least five observations/ 
cap. (b) Same Loglo[Pn/Lg] ratios as (a) plotted over the kriged correction surface. 
Kriged surface was generated using a correlation length of 6.0 °, blending range of 2.0 °, 
background variance of 1.0 log units squared, and maximum measurement error of 0.2 
log units squared. (e) Error surface for the kriged surface shown in (b). (d) Krigefl 
surface for Loglo[Pn/Lg] ratios 0.75 to 1.5 Hz after the distance trend shown in Figure 
4a is removed. 
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corrections near zero correspond to the mean value of the 
entire data set. We chose a correlation length of 6.0 °, a mea- 
surement error of 0.2 loglo[Pn/Lg] units, and background 
variance of 1.0 loglo[Pn/Lg] units. The kriged surface is de- 
fined only for points with distances from ABKT of 200 km 
or greater. Notice that the kriged surface follows the trends 
of the data more closely than the cap-averaged surface, es- 
pecially on scales smaller than the cap radius (2.5 °, Fig. 6a). 
In regions where the sampling is poor, the kriged surface 
returns to zero in a smooth fashion. The estimated error is 
plotted in Figure 6c. Notice that the error is small near data 
points but large (near the background variance) where the 
coverage is sparse. Thus, for a new event in a region of poor 
coverage, the kriged correction will be near the mean value 
of the data, and the estimated error will be large. However, 
corrections for new events in regions of good coverage will 
be near the local mean of the data with smaller error. Kriging 
does an excellent job of reducing the scatter in the observed 
Pn/Lg ratios. Cross-validation of the corrections derived 
with the kriging method reduces the rms by 46.7% and re- 
sults in a more normally distributed population shown in 
Figure 4e. 

The pattern of the correction surface plotted in Figure 
6b appears to have a distance trend. That is, events on the 
periphery of the sampled region tend to have high ratios 
compared to events closer to ABKT. As shown in Figure 3a, 
the low-frequency Pn/Lg ratios have a positive slope dis- 
tance trend. We removed this trend and kriged the residual 

amplitude ratios, shown in Figure 6d. These residuals and 
the associated correction surface show a larger scale pattern 
of positive and negative values. The error surface for this 
case is similar to that shown in Figure 6c. Cross-validation 
of the data using this approach resulted in a slightly larger 
rms reduction (49.1%, Fig. 4f) than the kriging method with- 
out removing the distance trend. An important effect of re- 
moving the distance trend is that the background model used 
for determining the residual amplitude ratios for kriging is 
probably more appropriate than simply demeaning the data 
before kriging. 

Discussion 

Short-Period regional P/S ratios hold much promise for 
identifying low-magnitude seismic events. However, path 
propagation effects lead to variability in the P/S ratios that 
can inhibit isolation of the seismic source. The regional P/S 
observations presented earlier show great variability due to 
path effects. In this article, we investigated four strategies 
for representing path propagation effects on regional P/S dis- 
criminants. While each strategy succeeds in reducing the dis- 
criminant scatter, the kriging method provides the greatest 
scatter reduction (Fig. 4) and has several advantages that 
distinguish it from the other methods. In the following sec- 
tions, we discuss the results along with the features and 
shortcomings of each method. The advantages and disad- 
vantages of each method are summarized in Table 3. Finally, 
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Table 3 
Summary Comparison of Methodologies 

Method Advantages Disadvantages 

Sector/distance works well discontinuous 
difficult to draw boundaries 

Path parameter continuous does not work very well 
regression crustal wave guide not 

well known 

Cap averaging works well poorly defined error 
easy to compute surface undefined where 

data are sparse 

Kfiging works best computationally intensive 
continuous 
well-defined error 

we discuss the more general applicability of these results to 
regional seismic discrimination. 

Distance Corrections 

Distance corrections have a well-founded theoretical 
justification because geometric spreading and attenuation 
lead directly to a distance dependence for ratios of regional 
P- and S-wave phase amplitudes. For regions where elastic 
and anelastic structure are approximately constant, it is ex- 
pected that P/S ratios vary most strongly with distance. The 
Pn/Lg, PglLg, and Pn/Sn ratios observed at ABKT are highly 
scattered and show only a weak dependence on distance 
when data from all azimuths are grouped together. This ob- 
servation alone indicates that path propagation effects due 
to laterally varying structure are important for the P/S ratios 
recorded at ABKT. However, when the data are subdivided 
by azimuth to isolate distinct source regions and path prop- 
erties, the distance trends are stronger (Fig. 3). The case of 
ABKT is unique because this station is situated near a major 
tectonic boundary, so paths from different azimuths sample 
completely different crustal structures. This point is clearly 
illustrated in Rodgers et al. (1997d, Fig. 4). It is interesting 
to contrast the distance trends for data from all azimuths at 
ABKT with the P/S ratios observed at WMQ and reported by 
Lay et al. (1997). That study shows that P/S ratios at WMQ 
are more strongly correlated with distance than the ABKT 
data set presented here, suggesting that propagation effects 
due to laterally varying structure are less important at WMQ 
or that distance is correlated with other parameters that con- 
trol the P/S amplitude behavior. The WMQ paths do show 
correlation of distance with mean elevation, rms elevation, 
mean Moho depth, and mean sediment depth (Fan and Lay, 
1998a). So in the case of WMQ, distance corrections may be 
successful because of covariance between path characteris- 
tics. Although the sectorized distance corrections signifi- 
cantly reduce the scatter of the P/S ratios observed at ABKT, 
there are certain problems that can arise with this method. 
If  a tectonic region is poorly defined or aseismic, then it may 
be difficult to define the sector boundaries. If tectonic bound- 

aries are oblique to great-circle paths of regional events to a 
given station, then azimuthal sectorization may not succeed 
in reducing P/S ratio scatter. Because of uncertainties in 
event location (typically less than 30 kin), one must be cau- 
tious when associating an event with a sector when the event 
is near the sector boundary. It is probable that the corrections 
do not vary smoothly across a sector boundary, which is an 
undesirable feature of the sectorization method. Finally, the 
only way to assess the uncertainty in a distance correction 
is from the formal errors of the regression, which will not 
represent the true uncertainty if the data are not Gaussian 
distributed. 

Path-Specific Crustal Wave-Guide Corrections 

Regressions of P/S discriminants on path-specific 
crustal wave-guide parameters provide a continuous pa- 
rameterization of the data, and they succeed in reducing the 
observed scatter. However, the rms reductions are not as 
significant as the other methodologies. The fact that certain 
wave-guide properties are better predictors of P/S behavior 
than distance alone supports the azimuthal sectorization 
strategy presented earlier and in Rodgers et al. (1998d). 
Crustal wave-guide parameter regression studies report that 
P/S ratios behave differently at each station, so that correc- 
tions derived for one region may not be transportable to 
another region. For example, the univariate regression pa- 
rameters reported by Fan and Lay (1998a) for P/S ratios 
observed at WMQ are different from the values obtained 
by regressing P/S ratios observed at ABKT. However, the 
slopes of the trends are generally in agreement (e.g., low- 
frequency P/S ratios are positively correlated with distance, 
mean elevation, and mean crustal thickness, and negatively 
correlated with mean sediment thickness). This issue is in- 
vestigated further in the multiple-station path parameter re- 
gression analysis reported by Fan and Lay (1998c). It is pos- 
sible that scatter reductions result because the path-specific 
parameters are surrogates for the true controlling factors, and 
there are correlations between the parameters chosen and the 
true controlling factors, similar to the covariance between 
distance and other path parameters at WMQ discussed in the 
last section. Another important issue that arises when em- 
ploying this technique is the fact that models of sediment 
and Moho depth are either poorly constrained or completely 
unknown. 

Cap Averaging 
Cap averaging is a straightforward spatial averaging 

technique that results in a substantial reduction of the P/S 
discriminant scatter. The method is easy to apply to any data 
set and does not require models of crustal structure. For 
densely sampled, smoothly varying data sets, this technique 
may provide an excellent representation of the data. How- 
ever, for the realistic seismic amplitude data sets we consid- 
ered in this study, cap averaging has a few disadvantages 
that severely limit its applicability. Cap averaging provides 
no error estimate, other than the standard error of the mean 
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or the actual spread of the data within each cap. Cap aver- 
aging cannot represent data that varies on spatial scales 
smaller than the cap radius, as discussed previously. Also, 
no model prediction is obtained for poorly sampled or aseis- 
mic regions. Modifications could be made to force the sur- 
face to retum to background model, along the lines of mod- 
ified kriging; however, the above-stated limitation regarding 
error estimates would remain. 

Modified Kriging 

Modified kriging provides an excellent representation 
of the P/S ratio data observed at ABKT and has several im- 
portant features that distinguish it from the other represen- 
tation methodologies. Kriging provides the largest rms re- 
duction and the corrected low-frequency Pn/Lg ratios (Figs. 
4e and 4f) are very nearly normally distributed. Kriging re- 
sults in a continuous correction surface for all points in a 
specified region and returns smoothly to an a priori back- 
ground model in sparsely sampled regions. An error estimate 
exists at each point based on data measurement error and 
other statistical properties of the data. Small-scale variability 
is better represented by kriging than by cap averaging (see 
Figs. 6a and 6b) because cap averaging is a low-pass filter. 
Spatial wavelengths of the kriged correction surface are con- 
trolled by the data and the kriging parameters described ear- 
lier. Identified regions that block S-wave phases (Sn or Lg) 
can easily be incorporated into the kriged surfaces so that if 
a path is expected to have a blocked S wave, the correction 
will be flagged and the Sn or Lg amplitude will not be used 
to form a discriminant. In Figure 6d, the P/S ratios were 
preprocessed to remove the distance trend, then the resulting 
residual ratios were kriged. It is worth noting that the data 
can be preprocessed using any of the methodologies pre- 
sented here, and the residual amplitude ratios can be kriged. 
For example, Phillips (1999) corrected P/S ratios for a path 
parameter regression model before kriging the residual am- 
plitude ratios. Similarly, absolute amplitudes can be pre- 
processed by removing corrections based on an attenuation 
tomography map or on the source and path-corrected am- 
plitudes (Taylor and Hartse, 1998). A possible disadvantage 
of the kriging technique is that it is computationally inten- 
sive relative to the other methods. However, given the speed 
of modern computers and the significant advantages of krig- 
ing over other methods, the longer run time of this method 
relative to others should not limit its use. The most important 
issue regarding speed is the ability to retrieve the correction 
in a real-time monitoring situation. This can be done rapidly 
once the correction surface is defined. 

General Comments 

The path-correction strategies presented here reduce the 
scatter in the low-frequency (<3.0 Hz) P/S amplitude ratios, 
while not significantly reducing the scatter in the higher fre- 
quencies in a consistent fashion. Similar results were re- 
ported by Fan and Lay (1998a,b) and Rodgers etal. (1997b). 
Many studies have reported that higher frequency P/S ratios 

discriminate better than lower frequency P/S ratios (e.g., 
Walter et aL, 1995; Taylor, 1996). However, strong litho- 
spheric attenuation can significantly reduce the signal-to- 
noise ratio in the higher frequency bands for the smaller 
events (mb < 4.5) at distances of 500 km or more that are 
of particular concern to the CTBT monitoring effort. It is 
possible that for such events there will not be sufficient sig- 
nal to noise to measure P/S ratios at frequencies above 3.0 
Hz. Thus, if the strategies presented here can reduce the 
scatter in the low-frequency P/S ratios, they may enhance 
discrimination capabilities. Unfortunately, we cannot ensure 
that reducing the scatter in low-frequency P/S ratios will 
improve discrimination. We have included all paths for 
which the phase amplitude signal-to-pre-Pn-noise is greater 
than 2.0. It is certainly possible that we have included paths 
for which Sn or Lg are weak or blocked, given previous 
studies of regional-phase behavior (Kadinsky-Cade et al., 
1981; Rodgers et al., 1997a). The low-frequency Pn/Lg ra- 
tios show a continuous distribution (e.g., Fig. 4a), suggesting 
that blockage cannot be easily identified by a maximum 
P/S ratio. However, if blockage and attenuation are com- 
plete, blocked paths cannot be used for source discrimina- 
tion. If paths with weak or absent S-wave energy were dis- 
carded, then the variability would be reduced and variance 
reductions might not be as strong. The representations pre- 
sented here certainly describe the expected earthquake P/S 
behavior, including paths for which Sn or Lg is partially or 
totally blocked. So at the very least, the analysis presented 
here helps us understand the regional-phase behavior and 
predict the earthquake P/S ratios recorded at ABKT. We are 
currently investigating techniques to separately map regions 
of Sn and Lg blockage. Once these regions are identified, 
they can be incorporated into the correction surfaces. The 
test of whether variance reductions of earthquake measure- 
ments improves discriminant performance in this region re- 
quires explosion data. We are currently looking for evidence 
of mining explosions recorded at ABKT. The acquisition of 
waveform data recorded at ABKT for explosion sources at 
regional distances will allow us to investigate if path cor- 
rections enhance seismic source discrimination. 
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