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1.0 Introduction

Monitoring a CTBT requires accurate assessments of how well the monitoring
networks detect and identify seismic events. The computer program Xnice, for Network
Identification Capability Evaluation running under an X-windows interface, has been
written by Maxwell Technologies to assess the ability of a seismic network to identify
seismic sources. The program simulates the detection, location and identification of
populations of events recorded on regional and teleseismic networks using a Monte Carlo
approach. This approach allows isolation of the effects of source type, propagation path,
and choice of discriminants on the discrimination process. In addition, discriminant
performance and network thresholds of detection, location and identification are assessed.
Xnice generates the parameters of a sequence of events and computes the ground motions
from the events at the stations of the network. The features of the ground motions used
for discrimination are then measured, and discrimination scores are assigned to each
event. From a suite of events, the performance of the network and the discriminants can
be assessed. The program has the capability to compute signals from earthquakes, quarry
blasts and both overburied and normally buried explosions.

Under programs jointly sponsored by DoD and DoE, data on the source and
propagation characteristics of the Middle East and North Africa have recently been
compiled. These data were used to simulate earthquakes and explosions in this region and
then assess the identification performance of proposed IMS Alpha stations (Figure 1).
This is a complicated area with several regions of Lg blockage. We show magnitude and
moment levels at which identification can be made and expected success rates.

This report consists of three major sections. The first describes source and
propagation characterization for network performance simulations in the Middle East.
Accurate network performance simulation depends on accurate characterization of
regionalized source and propagation parameters. To improve network performance
simulation in the Middle East, we have incorporated new and previously determined
Middle East seismic propagation and source parameters into the Xnice simulation
software (Barker, 1996). Results and implications of the simulations are discussed in the
second section of this report. The last section of this report focuses on location errors,
using Xnice simulations to investigate formal location uncertainties.

These results demonstrate both the power of the Xnice program to simulate
network detection and identification performance in a complex region, and the need for
comprehensive compilations of source and propagation characteristics to infer accurate
network performance characteristics.




Figure 1-1. Proposed IMS seismic stations and study area.




2.0 Source and Propagation Properties in the Middle East and North Africa

2.1 Source Excitation.

The first part of this section concentrates on the determination of source
excitations, and on crustal and upper mantle attenuation characteristics. Source
excitations predict the amplitude that will be observed in a signal from a particular region
for a given event magnitude (assuming the propagation parameters are also known).

We analyze regional phases from distinct source areas in and around the Saudi
Shield, the Turkish and Iranian Plateau, the adjacent Arabian, Mediterranean, Black, and
Caspian Seas, and the western edge of the Hindu-Kush (Figure 2). Data come from two
sets of stations, with no temporal overlap. One set comes from a broadband array
deployed on the Saudi shield (Vernon et al., 1996) and permanent IRIS and GEOSCOPE
broadband stations. The other data set comes from historical SRO and Iranian Long-
Period Array records, obtained from the Ground Truth Data Base (GTDB) web site
(Grant et al., 1996). The two sets are linked by a large number of events from a common
region, the Zagros. Wherever possible, the source excitation for each of Pn, Pg, Sn, and
Lg, is estimated for each region. A conservative estimate of variations between regional
source excitations indicates an expected factor of 15 wvariation regionally in Lg
amplitudes for events of the same magnitude, independent of propagation effects. Where
high signal to noise ratio recordings are available for a wide range of frequencies, we
determine the frequency dependence of the source excitations. For events in the Zagros,
Pn and Sn excitations are frequency independent from 0.6 to 15 Hz. That contrasts with
excitations, variously of Pn, Pg, and/or Lg, from the Gulf of Aqgaba, the Arabian shield,
the Arabian Sea, and eastern Turkey, which decrease with frequency.

Source excitations trade-off with attenuation, which must be determined
independently. For the crust, we use Qo and n values determined from Lg coda (Mitchell
et al., 1997), with adjustments where indicated by our increased data coverage. Where no
other information is available, we use mantle Qo values twice those of the overlying crust.

A cluster of events that span the Red Sea provides a unique set of observations of
the transmission of energy between Lg and Sn. The shear-wave energy from events
nearest the Saudi shield arrives at Saudi stations in the Lg phase. For events somewhat
further from the Saudi shield, with paths crossing more of the Red Sea, the Lg phase is
still observed, but some shear-wave energy arrives as Sn. Recordings at Saudi stations of
Red Sea events farthest from the Saudi shield have no Lg, only Sn.

2.2  Attenuation and Blockage

To characterize source regions, we must account for propagation effects. To that
end, we incorporate attenuation parameters from Mitchell ef al. (1997) and Xie and
Mitchell (1990). Mitchell has provided us with their most up to date estimates of
frequency dependent Q in Africa and Eurasia. We have augmented and refined these
models where additional data permit. Rodgers ef al. (1997) examined Lg and Sn




propagation for paths in the northern part of the map in Figure 2. Their extensive study,
particularly in Iran, but also in propagation to ANTO and KIV, confirms and augments
our observations, and better constrains propagation effects so that we can effectively

estimate source excitations.
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Figure 2. Events (circles) and stations (triangles) used to estimate source and propagation parameters.
All events are assumed to be crustal based on PDE and/or regional network bulletin depths.

Distinct features are labeled.

Figures 3 through 6 indicate paths for which Lg and Sn are, and are not, observed.
There are several areas where Lg is blocked, including areas of oceanic crust, e.g. the
Red Sea, the Arabian Sea, the Black Sea, and the Mediterranean Sea. Other seas with
deep sediments block Lg as well, including the Persian Gulf and the Caspian Sea. In
those cases, the blockage is not as clearcut. For example, a low frequency signal (<0.25
Hz), does appear in the Lg window for Zagros events recorded on the Saudi Shield, from
which we infer an Lg Qo of ~30 in the Persian Gulf. There is also distinct Lg for paths
both entirely within and crossing into the Turkish-Iranian Plateau, although for long paths
across the plateau Lg is not observed, which is consistent with the low Lg Qo of ~200
found by Mitchell ez al. (1997). While Lg does not propagate across the Caspian or Black
Seas, it does propagate between them. This observation was previously noted by
Baumgardt (1996). Lg is also observed at MAIO for a nearby event east of the Caspian
Sea, but is not observed from a slightly more distant event. Figures 5 and 6 for these
events show that Sn is clearly observed from all events in the Black/Caspian Sea region,
except for those two from which Lg is observed. This highlights an important
consideration for future implementations of network simulations, which is the desirability
of the ability to define regions with arbitrary boundaries. There is no consistency in Lg
observations propagating north from the Zagros. Some events have clear Lg while nearby
events have none.
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Figure 3. Paths for which Lg is clearly observed (solid lines). For clarity a single circle is drawn for
each source region. Similarly, one triangle represents the five stations within the Saudi
shield, the adjacent stations ABKT and MAIO, and the stations of the ILPA array.

40°

30°

20°

30° 40" 50° 60° 70°

Figure 4. Paths for which Lg is not observed (dashed lines) despite clear P arrivals and low noise
levels. Even so, abrupt blockage is not necessarily implied for each path. Some paths,
particularly in the northern part of the map may indicate low crustal Q throughout entire
path lengths. Paths from the southern Red Sea region to the Saudi Shield are drawn both
here and in Figure 2. A consistent and interesting pattern in this region, which is too fine
scale for the maps above, is detailed in Figures 7-9. The event north of the Caspian Sea was
a nuclear explosion, for which Lg presumably was small.
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Figure 5. Paths for which Sn is clearly observed (solid lines).
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Figure 6. Paths for which Sn is not observed (dashed lines) despite clear P arrivals and low noise
levels. As was the case for Lg, paths from the southern Red Sea region to the Saudi Shield
are drawn both here and in Figure 5. Details are shown in Figures 8-10.

In many regions Lg and Sn are mutually exclusive phases for particular paths.
That is commonly the case here, although both phases are observed for some paths. In the
southern Red Sea, we see that whether Lg, Sn, or both, are observed at Saudi stations
depends on the distance of the event from the shield (Figures 8-10). This highlights the
difficulty of parameterizing structurally and tectonically complex regions on the coarse
scale necessary for complete global coverage.

Both Lg and Sn are observed from events with paths entirely within the Saudi
shield, although the passbands in which Lg and Pg are observed have practically no
overlap with the passbands in which Sn and Pn are observed (Figure 7). This underscores




a point that is important to event identification under a CTBT. Which P-phase and which
S-phase are being used for discrimination must be considered. Simply using whichever
phase is observed or largest (i.e. Pn vs. Pg and Sn vs. Lg) can lead to errors in
discrimination, particularly with spectral discriminants. For example, for recordings at
approximately 10° we commonly observe either Pn and Lg, which have very different
spectra, or Pn and Sn, which usually have similar spectra, as illustrated in Figure 7.

0 50 100
Time (seconds from Pn arrival)

Figure 7. Seismogram of an event on the Saudi shield recorded at HALM (a Saudi shield station).
Pn, Pg, and Lg (group velocity window is delineated by vertical lines) are clear in the
top (unfiltered) and middle (lowpass filtered below 4 Hz) traces. The bottom trace
(highpass filtered above 10 Hz) show Pn and Sn dominating at higher frequencies.
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Figure 8. Events (circles) occurring within and on the African side of the Red Sea, and recorded at
Saudi shield stations (triangles).

The appearance of Lg vs. Sn on the Saudi shield appears to be a function of
distance the shear wave energy must traverse across the oceanic crust of the Red Sea to
stable continental crust. This is illustrated with a record section of events recorded at one
station. Record sections of events recorded at other stations are very similar.




Figure 9.
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Envelope record section of Red Sea events recorded at the Saudi station RANI, arranged by
distance from the Red Sea axis toward the Saudi shield. Events corresponding to each trace
number are shown in Figure 10. Two passbands are used, 2-6 Hz (left), and 0.4-2 Hz
(right), as Lg and Sn are typically dominated by different frequencies. For easier
observation the envelope functions are smoothed by two passes of a one-second triangle
function. The traces are aligned by the predicted Sn arrival time (first vertical line). The
second vertical line marks the beginning of the pre-Lg noise window at 3.7 km/sec, and the
next two vertical lines delineate the beginning and end, at 3.6 and 3.0 km/sec, of the Lg
window. There is a gradual transition from the top trace to the bottom (from events nearer
the Saudi shield to events nearer to or in Africa) from the dominance of Lg, to the
dominance of Sn. The arrival times also shift with distance. For example, Sn arrives at the
predicted Sn time for event 10, but arrives successively later for events 9, 8, 7, and 6, at
some point looking more like early Lg than late Sn.
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Figure 10. Events labeled 1 through 10 are those shown (from top to bottom) in Figure 9. For events shown
as stars, Lg is observed at Saudi shield stations with peak amplitude in the 1-2 Hz passband
more than twice that in the pre-Lg window. For those shown as circles peak Sn amplitude is
more than twice that in the pre-Sn window (to avoid clutter, the pre-Sn window is not shown in
Figure 9). For events shown as stars within a circle, both phases are observed with greater than
two times the pre-phase noise window amplitudes.

The propagation paths within the Red Sea of the earthquakes in Figures 8 and 10
are likely in oceanic crust, although there is a transition southward to continental crust
beginning somewhere around 16° (e.g. Gettings ef al. 1986). There are at least two
simple possible explanations of the observations noted in Figure 8. One is that Lg
propagates some short distance in the oceanic (or partially in extended continental) crust
before leaking into the upper mantle and travelling as Sn. That would provide somewhat
late starting initial arrivals for Sn. Another possibility is that there is essentially no Lg
from the beginning for the oceanic crustal events, but that there is significant Sn-to-Lg
conversion at the very abrupt oceanic-continental crust interface (e.g. Gettings et al
1986). Again, with distance from the Saudi coastline, this would lead to later Sn (or
earlier Lg) times. Also, with sufficient event distance from the oceanic-continental
boundary, Sn could propagate deep enough to pass under that transition and so avoid
conversion to Lg. We are currently testing these hypotheses with finite-difference
synthetics.

Source Excitations for Pn, Pg. Sn, and Lg.

We have used the concept of source excitations (Barker, 1996) to parameterize
source regions in a manner useful for network performance evaluation. The source
excitation is the logarithm of the factor that predicts amplitude from my, relative to the
amplitude predicted for that m, at some reference location. That is, the log of the
amplitude of a given phase should simply equal my plus a constant, given appropriate
corrections for geometric spreading, attenuation, and source spectral shape. Amplitudes
of any particular phase, however, vary depending on the source region. Likely causes for
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this include variations in focal mechanism and depth, and in near source scattering and
attenuation characteristics. The source excitation thus serves as a catchall factor for
describing amplitude variations. Because they cover such a multitude of causes for
amplitude variation, which are not likely to be well characterized globally in the near
future, physical characteristics of the source and source region cannot be directly inferred
from the source excitations. On the other hand, this concept enables a very practical
statistical characterization of each source region, permitting predictions of amplitude at
each station for each phase, given the IMS m;,. We present next the details of the source
excitation estimation, the assumptions made, and the results obtained. We use IMS body
wave magnitudes, which have been determined from maximum P-wave amplitudes
recorded at greater than 20 degrees, with the peak typically between 1 and 2 Hz. We
assume these magnitudes accurately reflect the amount of energy released from the
source.

First we define a reference Lg amplitude that is tied to the IMS my,. The path for
the magnitude 3.68 event on January 7, 1996 is entirely within the Arabian Shield, and
has a maximum Lg displacement of 117 nm at RAYN, the permanent IRIS station at a
distance of 3.62 degrees. For comparison of amplitudes we scale all observations to 10°
distance and m;, of 5.0. This scaling is done according to

log,, (Amb:S_O (10° ))= 5.0-mb+log, (Ao,,s (A° ))+2;log,0 [Ao,,s [fo—oo-]] +0.4343[’(~‘?]—0’7 Jl 11. 19(A° -10° )

g

A° is distance, U, 1s group velocity (3.5 km/sec for Lg), Qo is the quality factor for
attenuation, and n describes the frequency dependence of attenuation. We use Q=400
and n = 0.5 for the Saudi Shield. For this calculation we use f=1.4 Hz, as this is the center
of the measurement passband used. We employ the same filter and passband for this
reference Lg amplitude measurement as is used for IMS amplitude measurements for m
estimation. The fourth term on the right represents geometric spreading. The 5/6 comes
from a value of 1/2 for any regional phase which propagates in 2 dimensions (along a
surface) plus an additional 1/3 for Lg, due to the definition of its peak amplitude as an
Airy phase (Nuttli, 1973). The reference event so scaled should have a log;o amplitude of
log10(A(10°))=2.20, and source excitations for all other passbands and phases are relative
to this value.

To estimate the predicted amplitude at the source, we must also correct for the
shape of the source spectra. Because the my is based on amplitude at approximately 1.4
Hz, the amplitude predicted in the equation above is also valid for approximately 1.4 Hz.
To estimate source excitation at other frequencies, we must account for the relative
source spectral amplitudes at 1.4 Hz to the amplitudes at other frequencies of interest.
Due to the source finiteness, high frequencies have lower amplitude in the far field. The
Brune model (Brune, 1970) predicts decay in spectral amplitudes above the corner
fe
2

~. We predict corner

frequency, f., proportional to LZ as follows: Q) «
@ f c tw

frequencies using the dynamic modeling results of Madariaga (1976), in which
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A ~0212 for S-waves and fs ~0322 for P-waves. This is consistent with the most
a a
accurate observational studies of the relationship between magnitude and corner

frequency (e.g. Abercrombie, 1995). B is the shear wave velocity, and a is the

characteristic dimension of the fault, defined by a=( ) Moj , where My is seismic
(o2

moment, and © is stress drop.

We assume 6=100 bars throughout. Although some studies have indicated a
dependence of stress drop on moment for events smaller than my=4.0, observations made
at 2.5 km depth in crystalline granite conclusively demonstrate a constant stress drop
down to ML=-1.0 (Abercrombie, 1995). To estimate the moment, we use the equation
log(M,) = 15M,, +161 of Hanks and Kanamori (1979), where M, may be My, mb, or M,

depending on event size. This choice is consistent with the moment magnitude relation
obtained for Israeli earthquakes by Shapira and Hofstetter (1993), of
log(M) = (15£01)M +(160£04).

For each phase we estimate source excitations for the passbands measured by the
IDC, which are 0.8-2 Hz, 2-4 Hz, 6-8 Hz, and 8-10 Hz. For greater accuracy we also
estimate phase amplitudes at 0.3-0.6 Hz, 1-3 Hz, 3-5 Hz, 5-7 Hz, 7-9 Hz, 10-12 Hz, 11-
13 Hz, 12-14 Hz, 13-15 Hz, and 14-16 Hz. The measurements are of maximum amplitude
for each phase and for noise windows before each phase, with windows defined
according to the IDC protocol. We were able to make the following minor modifications
to the IDC definitions for this study, as individual inspection of records permits us to
avoid misassociation errors. We use longer pre-phase windows (10 seconds rather than
3), ending earlier than the predicted phase arrival time. This prov1des more stable and
conservative noise measurements and avoids erroneously large noise measurements due
to early arriving phases. The IDC Pg window appears to end very early relative to
observed Pg in the Middle East, so we use a Pg window ending at 5.6 km/s group
velocity (the IDC definition is 5.8 km/sec). Further, the Sn window is taken to extend
from the predicted arrival time until 3.7 km/s group velocity, as largest Sn amplitudes
often occur more than 20 seconds after the predicted arrival time (which is the IDC
definition of the Sn end time). Only measurements with a signal to noise ratio (S/N)
greater than 3 were used. Because the behavior of the spectra is complicated near the
comer frequency, we use source excitation estimates from passbands as far above and
below the corner frequency as possible to define an empirical source excitation function,
S(£)=So+S:-f, for each region. S(f) is the log;o of the amplification of each phase relative
to the reference value.

Regions: In this section we describe the results of source excitation estimation for each
region.

Saudi Shield: The excitations here are determined from the reference event, which by
design will have an Lg excitation of log;o(1)=0.0 at 1.4 Hz. That is, the multiplicative
correction factor for my-based predicted amplitudes will be 1.0. Sn was not observed for

12




this event at sufficiently high S/N to permit source excitation estimation. For Pn, the
upper mantle attenuation parameters were set to set Qo=1000 and n=0.9, as described in
the southern Zagros discussion.

Arabian Sea: Despite low noise levels, no Sn was observed from these events, so Sn
excitation, Ss, was set to Spy-0.7, where Spy, is the Pn source excitation. This provides that
the Sn amplitude will be 1/5 of the Pn amplitude, assuming similar attenuation.

Zagros: Events from the Zagros are used to compare excitations determined from the two
distinct data sets, that from current permanent stations and the Saudi array, and that from
ILPA and the old SRO station MAIO. Assuming that propagation effects are well
characterized, excitations should be the same regardless of which sets of stations are used
in their estimation. In practice, site amplifications can vary significantly between stations,
(e.g. Su et al, 1992) which could bias excitation estimates. Further, this comparison
provides a check on the conversion from counts to nanometers, about which we had some
doubts for the older data set. It is therefore encouraging to see that estimates from the two
data sets, for Pn excitation, were similar. The Pn excitations (the best and most
consistently recorded phase for both data sets) in the northern and southern Zagros were
both estimated to be -0.55 using the newer data (corresponding to 0.28 of the reference
amplitude). Pn excitations estimated from the ILPA and MAIO data averaged -0.37
(corresponding to 0.43 of the reference amplitude). More events were observed at ILPA
and MAIO, and they indicate some variation in excitation from south to north.

Events from the southern Zagros recorded at the Saudi shield have large Pn and
Sn phases out to very high frequency. Using n=0.5 for the mantle for the paths to the
Saudi stations, even with Qo=1000, would result in a factor of 20 increase in Pn and Sn
source excitations from 1.0 to 15 Hz for these events. Although a precise physical
interpretation of source excitations is unsettled, we can see no simple explanation that
explains such an increase with frequency. Thus we use a high upper mantle n of 0.9, with
a Qg of 1000, comparable to values in eastern North America (Nuttli, 1973). In that case,
the median source excitations are nearly flat across all frequencies.

Pn for events from the northernmost Zagros is also well recorded at Saudi stations
out to 15 Hz (the highest frequency measured), with no indication of frequency
dependence of excitation (assuming the same attenuation parameters as above). The
variance of Pn and Sn source excitations does increase at the lowest frequencies. This
presumably is because the events have predicted corner frequencies, where the source
spectral shape becomes complicated, ranging from 0.34 to 1.17 Hz. For purposes of
prediction, we use a flat source excitation (i.e. S;=0). The narrower passband recorded,
and ambiguity over the frequency response of the ILPA and MAIO instruments restricted
those observations to periods near 1 Hz.

Paths to the Saudi shield from the southern Zagros cross the sedimentary basin of
the Persian Gulf, which appears to block both Lg and Pg, as neither phase is observed in
the passbands examined. Neither phase propagates northward either, where crustal
attenuation is high. For the frequency bands of interest, we use the same Pg and Lg
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excitation as found for the northern Zagros, because of the similarities between the
regions, including comparable Pn and Sn excitations.

A low frequency Lg phase begins to emerge from the noise in Saudi recordings of
southern Zagros events, at ~3.2 km/s at 4 seconds period, and becomes more prominent
at longer period. We use this observation, and assume most attenuation takes place in the
Persian Gulf, to infer an approximate Lg Qo of 30 in the Persian Gulf.

The cluster of events in the central Zagros all belong to the ILPA and MAIO data
set. Pn and Sn excitations are consistent with those of the southern Zagros. Just four Lg
observations were also made, but because of doubts about propagation characteristics,
discussed below, the inferred excitations of -0.3 are dubious.

The Pg and Lg paths for the northernmost Zagros events to the Saudi stations
cross a deep sedimentary basin west of the Zagros, which may significantly diminish
crustal phase amplitudes and could bias the source excitation estimates downward. Pg is
not observed on the Saudi shield for these events, but is observed at ILPA and MAIO. To
estimate Lg excitation using the Saudi shield data, we use Qo of 250, as an average of
values along the path, as Mitchell ez al. (1997) found an average Qo of 200 north of the
Arabian shield, and Lg Q is likely lower in the sedimentary basin. The Lg observed at the
shield sites is quite late, so we use a group velocity of 3.2 km/sec, rather than the typical
value of 3.5 kny/sec. Only the lowest frequencies of Lg were observed, so no estimate of
frequency dependence could be made. These parameters lead to an excitation estimate of
0.2 at 0.6 Hz, cormresponding to amplitudes approximately 1.6 times larger than the
reference value. Just two Lg observations were also recorded at ILPA and MAIO from
events in the same area. Those observations also lead to an excitation estimate of 0.2.
Thus concern over the sketchiness of the Lg excitation estimates is somewhat allayed by
their consistency for different paths and stations. Observations of Lg at ILPA and MAIO
however are extremely intermittent, with most events not recording significant
amplitudes. We suspect that Lg blockage is occurring for many of the paths, but with
high spatial variability in its effectiveness due to the structural complexity and
topographic roughness of the Zagros and the Iranian Plateau. The practical effect is that
the variability in propagation is mapped into a high variance for the source excitations.

East-central Iran (and further east): Pn and Sn were well recorded from the central Iran
events and consistently found to be near the reference amplitude. The results were the
same for the 2 events in southeastern Iran and in Pakistan.

Pn arrivals were also consistently observed from the mountainous region of
northwest Afghanistan, at slightly higher than reference amplitudes (Pn excitation = 0.2).
Sn was also observed (with Sn excitation = -0.15), but only at MAIO, not at ILPA. This
could be due to poor Sn propagation throughout the Iranian Plateau, as noted by Rodgers

et al. (1997). |

Caspian and Black Seas: The events within and near these inland seas all recorded clear
Pn arrivals at LIPA and MAIO, most of which had small amplitudes (Pn excitations of
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-0.6). Lg blockage occurs for paths crossing either sea, but recordings at ILPA of events
between the two seas have clear Lg, which indicate Lg excitation of -0.7.

Eastern Turkey: Events from this and the other remaining regions were recorded on the
Saudi array and at permanent IRIS stations. Pn and Lg are observed from the event in
eastern Turkey. There appears to be some decrease in Pn source excitation with
frequency, although interpretation is difficult due to the low comer frequency of this
mp=4.9 event (f.=1.1). Lg is very prominent at lower frequencies. Pn, Sn, and Lg
amplitudes, corrected for propagation, are much greater in the Saudi shield than
elsewhere. This could be due to the much greater structural complexity on other paths, as
is reflected in the smooth topography only along the path to the Saudi stations.

Southwest Turkish Coast: Only the mantle phases are observed from these events, and
those only at lower frequencies. These provide a tentative indication of frequency
dependence of excitation, but cover too small of a range to be conclusive. These events
appear to occur just offshore, but could be on the continental shelf. As we have no
information about Lg, except that it is not observed, we will for now assume Lg and Pg
excitations that are somewhat smaller those of the mantle phases.

Crete: Although there is a hint of frequency dependence in the Pn measurements, it is not
strong enough to use, and we use a constant Pn excitation of —0.4. Sn is only well
recorded at BGIO. No Lg or Pg phases are observed.

Gulf of Agaba: All phases but the rarely observed Sy for these 3 events indicate some
frequency dependence. The variance of Pn excitations is high, but a moderate slope of
excitation with frequency is apparent. As the data at higher frequencies are fewer, and
lower signal to noise level, we purposely underestimate the slope, thus splitting the
difference between choosing a constant vs. choosing frequency dependence. This is the
case with much of the data, and we take the conservative approach in all regions, of
moderating the slope, to avoid predicting erroneous extreme values.

Southern Red Sea: These events present an interesting set of observations, as illustrated
in Figures 7-9. Events within the Red Sea appear to be located on a transform fault, such
as discussed in El-Isa and Shanti (1989). As the source excitation is currently determined
for each 5°x5° region, we use an average of all the values.




Table 1. Regionalized source excitations. Asterisks identify values assumed for phases not observed. These
are assumed to be Sp,-0.7, unless otherwise constrained, as discussed in the text. Average values
are given for the entire Black and Caspian Sea region, although some small geographic variations
exist (the double asterisk indicates that Lg excitation was only measured for events between the
two seas, which had an unobstructed path to ILPA). The finer scale differences are incorporated

into the model for Xnice calculations.

Region Pn excitation Pg excitation Sn excitation Lg excitation
SW Turkey 0.0 -0.7* 0.0 -0.7*
Coast
Crete -0.40 -1.1*% 0.08 -1.1*
Gulf of Aqaba -0.50-0.05-f 0.53-0.17-f 0.0 1.6-0.36-f
southern Red -0.8 -1.5% -0.3 0.2
Sea
Arabian Sea -0.29-0.10-f -1.09%* -1.09* -2.0%
Saudi Shield -0.64 -0.11-0.13-f -1.34* 0.38-0.27-f
southern Zagros -0.55 -1.25% -0.31 0.2*
central Zagros -0.55 -1.25% -0.46 0.2
northern Zagros -0.0 0.4 -.046* 0.2
east-central 0.0 0.1 -0.7* 0.2*
Iran
Northwest 0.2 -0.3* -0.15 0.2*
Afghanistan
Black and -0.60 -1.1%* -1.1% -0.7**
Caspian Sea
eastern Turkey 0.09-0.17-f -0.78-f* 0.11-0.17-f* 1.3

In the following section, we use these parameters to make simulations of IMS

detection and identification performance in this region.
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3.0 Simulations of Detection and Identification Performance

The IMS network proposed by the Conference on Disarmament Experts working
Group in August, 1995 is more dense in the Middle East than that which is currently in
place. We have performed simulations of the network’s performance using Xnice. The
details of the program and its use are given in Barker (1996). We briefly describe the
simulation process here. We begin with a grid of source and propagation properties, as
described in the previous section. At each point on a grid of source locations, we generate
a suite of events and compute the expected signals at the stations in the network. The
events are computed for a sequence of scalar moments at equal intervals of log moment.
Care must be taken at this point to insure an adequate range of log moment values. For
each moment, a number of realizations (40, for the calculations described here) of source
stress drop, propagation noise and ground noise are made. The signal spectra are stored
and analyzed for discrimination properties (e.g., network my, Lg/P). The results are
written to a discrimination bulletin, and various other diagnostic files are generated, such
as a file containing station statistics. This run is usually done in a batch mode, as it is
rather time consuming. A subsequent module queries the user for what information he
would like to extract from the discrimination bulletin and writes the results to a file and
generates a figure, if requested. For the contour plots shown here, the user requests
spatial distributions of thresholds or fractions of events satisfying a particular criterion,
such as those detected or those identified by a particular set of discriminants. The
program fits a Gaussian curve to the distribution of events satisfying the requested
criterion, and reports the results for each source grid point. Finally, a map is made by
contouring or otherwise imaging the grid.

The calculations presented here used the following parameters:

Mean stress drop 10 Mpa (100 bars)

Standard deviation of log stress drop 0.5

Minimum source depth S5km

Maximum source depth 15km

Standard deviation in propagation error Lg 0.3, P 0.26, Pn 0.26, Pg 0.25,
S0.19,Sn 0.3

Qo for magnitudes ' Lg 400, Pg 400, Pn 1000, Sn 1000

n for magnitudes Lg0.5,Pg0.5,Pn0.9,Sn0.9

Noise spectra for the SAUD station were obtained from analyses of pre-event noise at
nearby stations in the data collected by Vernon ez al. (1996). Noise levels at other stations
were those collected for the Xnice/NetSim database (McLaughlin et al., 1997).

An image of predicted my(P) detection thresholds for the proposed network is
shown in Figure 11. Detection is based on the criteria used in GSETT-3 and currently
implemented at the IDC. The rules are based on a weighted sum of travel time, azimuth
and slowness measurements (J. Carter, Center of Monitoring Research, personal
communication). Variations in m;, thresholds are due to variations in source excitation (as
described above) and array geometry. Thresholds increase towards the southern part of
the Arabian peninsula.
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Figure 11. Image of my, (P) detection thresholds for the proposed IMS network.

Detection thresholds for my(Lg) are shown in Figure 12. Thresholds are high in
the southern part of the Arabian peninsula and low in Libya. This figure illustrates a
problem in interpreting a magnitude threshold. A low threshold at a location is generally
interpreted to indicate that smaller events can be detected there. However, the low my
threshold in the southern part of the Arabian peninsula corresponds to events with larger
moment. The following equations explain this. Regional amplitudes are calculated
according to a relation (Barker, 1996) which we write as

A, =8,P(4)M,,

where M is the seismic moment, S, is the source excitation (essentially the amplitude for
M, = 1 at a reference distance) and P, is a propagation operator incorporating geometric
spreading and anelastic attenuation. As discussed above, the amplitudes for this region
are quite variable and we set the parameters of the Xnice simulation to accurately predict
amplitudes there. In an automatic monitoring environment, regional magnitudes will be
assigned using a uniform magnitude distance relation, which can be parameterized by

m, = log(cP,”" (4)4,),

where ¢ is a variable which does not depend on distance. To be consistent with this
practice, magnitudes are computed this way in Xnice. Combining the two relations
above, we have
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m, =log(cSOMoP, (A)P2'1 (A)) )

Thus, in source region where the source excitation is low, threshold values of m, will be
low (for a given My). Threshold values of m;, will also be low if the path is attenuative
relative to the uniform value (P,/P;<1).

: i H i
202224262830323436384.042444648
eg.cd85.mblgthresh

o 15° 30° 45° 60°
Figure 12. Image of m;, (Lg) detection thresholds for the proposed IMS network.

It is instructive to compare the magnitude detection thresholds in Figures 11 and
12 with the moment thresholds in Figure 13. Moment thresholds are high in the southern
part of the Arabian peninsula and low in Libya, in contrast to the magnitude thresholds.
Note the large range in moment threshold values from 10'*°t010'"’Nt-m.

Much of the variability in threshold values is due to very low Lg Q values
surrounding the region which prohibit signals reaching the requisite 3 stations, as
exemplified by Lg Q shown in Figure 14 (see discussion in Section 2). Lg blockage
(modeled in Xnice by zones of very low Q) prevents Lg measurements at the stations
LXEG and NIGER from many source regions. Similarly, very low Q in the Persian Gulf
and the sediments to the north of the Gulf prevent Lg energy from reaching THR. Even
for purely continental paths, the low Lg Q of ~200 greatly attenuates Lg signals traveling
to BRTR.
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Figure 13. Contours of log moment (Nt-m) detection levels for the proposed IMS network.
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Figure 14. Image of Q at 1 Hz for Lg. Low Lg Q north of the Arabian Shield, very low Q in the Persian
Gulf and blockage in the Red Sea prevent detections of Lg by the requisite 3 stations from
events in the southern part of the shield.
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Variability within the region is also due to variations in source strength. This is
described in detail in Section 2 and summarized in Figure 15 for the Lg phase. The
greatest variation occurs along the southern coast of the Mediterranean Sea.

i
-29-25-21-1.7-1.83-0.9-05-0.1 0.3 0.7 1.1 1.5 1.8

excite_grid.Lg

0 15° 30° 45° 60"

Figure 15. Image of Lg source excitation relative to central Arabian Shield.

We turn now to identification performance. We note first that teleseismic depth
discriminants are ineffective because events in this region (and the simulation) are
typically shallow (<10 km). We did not model the M:m, discriminant because we need
accurate estimates of long-period noise for the networks, which we currently do not have.
Thus, for events occurring on-shore, we must rely on regional discriminants for
identification. Since small events are not detected (in the sense of the GSETT-3 rules) by
the current IMS network in this region, teleseismic discrimination cannot be done. On the
other hand, the proposed network is capable of regional discrimination. We consider first
the Lg/P discriminant. An event is considered identified as an earthquake if (1) the event
satisfies the event detection criterion, (2) both Lg and Pn or Pg exceed the signal-to-noise
ratio at least 1 station, and (3) the Lg/P ratio exceeds a specified value (in this case, the
value is zero). The fraction of events identified as earthquakes by the Lg/P discriminant
at my=3.5 is contoured in Figure 16.
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Figure 16. Contours of fraction of events identified as earthquakes by the Lg/P discriminant at m;=3.5 for
the proposed IMS network. The decision line is log(Lg/P) = 0.0.

For a larger magnitude, my=4.0, the performance is not greatly increased, as seen in
Figure 17. For the Saudi peninsula, this is partly due to sparse station coverage
(insufficient regional detections).

The identification performance is strongly influenced by the Q distribution. The
poor performance of Lg/P in the Saudi peninsula is caused by (1) poor Lg detection and
(2) by diminished Lg/P ratios due to propagation which attenuates Lg more than Pn.
Identification levels for Lg/P at a fixed moment (log My=14), rather than fixed my(Lg),
are shown in Figure 18. The levels at my=4.0 are comparable to those for log My=14 in
northeast Africa away from the Red Sea, but are much less in the Saudi shield. Figure 19
shows identification levels for Lg/P at a higher fixed moment (log My=15). The
performance is not significantly improved in the Saudi peninsula, indicating poor
regional station coverage. '
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Figure 17. Contours of fraction of events identified as earthquakes by the Lg/P discriminant at m,=4.0 for
the proposed IMS network. The decision line is log(Lg/P) = 0.0.
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Figure 18. Contours of fraction of events identified as earthquakes by the Lg/P discriminant at log
M,=14.0 for the proposed IMS network. The decision line is log(Lg/P) = 0.0.

25




00 01 02 03 04 05 06 07 08 09 1.0
©q.cd95.¢15.0.idbyLgP : ‘

o) 15° 30° 45° 80"

0 15° 30° 45" 650°

Figure 19. Contours of fraction of events identified as earthquakes by the Lg/P discriminant at log
M,=15.0 for the proposed IMS network. The decision line is log(Lg/P) = 0.0.

We consider next the Lg slope discriminant, in which shallow spectral slopes are
judged to be earthquake-like and steeper slopes explosion-like. Figure 20 shows the
fraction of earthquakes with my=4.0 identified as such by this discriminant, and Figure 21
shows the fraction of identified events at log My=14 and 1S5, respectively. This
discriminant requires detection of a single phase (Lg), but detection is required for
frequencies up to 8 Hz. As with Lg/P, the Lg excitation is a controlling feature for
performance of this discriminant. In addition, since higher frequency detection is needed,
Q(Lg) is an additional controlling feature. Thus, as seen in Figures 21 and 22,
performance is best where Lg excitation and Q is high, and worst where they are low or
where station coverage is poor (southern Saudi peninsula).

Each of the stations proposed in this region is very important to identification
performance. Due to lack of coverage southeast of SAUD (in the Arabian Sea), this
station is essential for monitoring the Arabian shield and the Sinai peninsula. Without
station LXEG, there are no regional detections in northern Africa and stations THR and
GEYT are needed for regional detections south of the Caspian Sea.
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Figure 20. Contours of fraction of events identified as earthquakes by the Lg slope discriminant at
my,(Lg)=4.0 for the proposed IMS network.
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Figure 21. Contours of fraction of events identified as earthquakes by the Lg slope discriminant at log
M=14.0 for the proposed IMS network. A comparison with Figure 20 demonstrates the
importance of understanding the difference between moment and magnitude in evaluating

network performance.
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Figure 22. Contours of fraction of events identified as earthquakés by the Lg slope discriminant at log
Moy=135.0 for the proposed IMS network. Compare with Figures 20 and 21.
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4. Monte Carlo Versus Formal Location Uncertainties

In this section, we compare two methods for estimating network location
capability. The first method tabulates estimated location covariances from a Monte Carlo
ensemble of event realizations. The second method tabulates formal location errors from
a Monte Carlo ensemble of event realizations. To isolate aspects of the location
procedure from effects due to source and propagation variation and station coverage, we
have used the USNSN stations and events in the eastern U.S. In this region, stations are
dense and well distributed, and propagation characteristics are relatively uniform.

Automatic earthquake epicenter location is normally treated as a non-linear least
squares (NLLSQ) estimation procedure. The location is estimated by a step-wise
minimization of a linearized least-squares estimator. At each step the location is
perturbed to minimize an objective function composed of a weighted sum of the squares
of the travel time residuals. The objective function is a non-linear function of the
location. In the linearized formulation, the objective function is replaced by a Taylor
series expansion at each iteration. The new source location is chosen to minimize the
truncated series. The procedure iterates until a minimum in the objective function is

found (least squares).

The first derivatives are zero at the minimum of the objective function, and it is
assumed that the function is well represented by a quadratic form. Under these
assumptions, error estimates for the epicenter location are derived using the curvature
(second derivatives) of the objective function and the data variances. This formulation

reduces to an equation for the location covariance matrix, £ = (ATA)'1 02, where 4 is a
matrix of derivatives of the individual station-phase travel times with respect to distance

and o7 is a normalized data variance. We refer to location error estimates derived from
this formal linearization procedure as “formal errors.” The formal covariance estimates,

Z, depend only upon the “curvature matrix,” (4 TA)'l.

Since the objective function is non-linear, the shape of the function near the
minimum may depart from a simple quadratic form. Under these conditions the estimated
location covariance matrix may be an underestimate of the true location covariance. This
assumption may be tested by comparing the ensemble of Monte Carlo locations with the

predicted location errors.

Figure 23 a,b and ¢ shows a Monte Carlo ensemble of my(Lg)=3.5 + 0.1 events
generated for three locations in the Midwest. The 90% confidence error ellipse derived
from the population of Monte Carlo errors is shown on each plot. Each Monte Carlo
realization was generated by adding Gaussian random numbers to the predicted travel
times and then locating the event. A full Monte Carlo procedure was used.

1) Synthetic events with uniformly distributed moment from 1019 to 1013
Nt-m, and a log-normal distributed stress drop of 100 bars and a 50% standard

deviation were generated on a grid of locations.




2) Spectral amplitudes of P, Pn, Pg, Sn, and Lg phase arrivals were
computed at all stations for each event.

3) Probability of detection of each phase arrival was calculated using a
statistical noise model at each station, 95% station reliability, and log-normal
phase amplitude variability of 50% standard deviation.

4) Realizations of phase detection were selected for each event based on the
predicted probabilities.

5) Travel times for each detected phase of each event realization were
computed and a Gaussian random variable was added with standard deviations
of 1.5,2.5,3.5, and 5.5 sec for P, Pg, Sn, and Lg respectively.

6) Location and location error was estimated for each event using Pn, Pg,
Sn, and Lg travel times.

7) Network my(Lg) was computed for each event from the detected Lg
phase amplitudes.

8) Finally, each detected event was added to the synthetic location bulletin.

Figure 23 a,b and ¢ shows 90% confidence error ellipses based upon analysis of
the Monte Carlo errors defined as the difference between synthetic location and true
location. This analysis assumes errors are Chi-squared distributed with two degrees of
freedom, or equivalently as two independent Gaussian random deviates along the semi-
major and semi-minor axes of the error ellipse. Under these assumptions, the X*100 %
confidence error ellipse should contain N*X # S of the N events in the Monte Carlo

ensemble, where the standard deviation §2 = N* (X*(1-X)). In contrast to confidence
ellipses estimated in this manner we can examine location ellipses estimated from each
realization. :

Figure 24 a,b and ¢ shows examples of 90% formal error ellipses from synthetic
locations. There are far too many of them to examine them in detail, but we can see that
the ellipses tend to be elongated along the same general direction as the scatter in
estimated locations. We expect 90% of the 90% confidence ellipses to contain the true
location. In fact we find only 80% to 85% of the ellipses contain the true location. This
discrepancy is common for selected locations around the network. Formal 90%
confidence ellipses are underestimated at selected locations within the USNSN network.
Simple tests of significance verify that these are not due to sample variability. The Monte
Carlo populations are large enough to distinguish when formal 90% confidence ellipses
differ significantly from the Monte Carlo derived 90% confidence ellipses. No places in
the network were found where the converse was true. While in most locations, the formal
errors appear to be consistent with the Monte Carlo errors, there are no places where the
formal error bounds are larger than the Monte Carlo error bounds.

This tendency for formal error ellipses to underestimate the 90% confidence
region 1s illustrated in Figure 25. Contours are shown for the percentage of so-called 90%
confidence ellipses that contain the true location for events between my(Lg) 3 and 4. The
sample uncertainty is about +/- 1%.
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Figure 23 a,b,c. Monte Carlo locations for 35N (bottom), 40N (middle), and 45N (top) at 85W for
my(Lg)= 3.5 £ 0.1. The 90% confidence ellipse is drawn for each ensemble of
realizations. There are approximately 200 to 300 events on each plot. Comparing these
locations to 90% confidence error ellipses derived from the Monte Carlo procedure, we
find that about 10% of the events lic outside the error ellipses.
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Figure 24 ab,c. Monte Carlo locations for 35N (bottom), 40N (middle), and 45N (top) at 85W for
my(Lg) = 3.5 + 0.1. The formal 90% confidence ellipse is drawn for each realization.
There are approximately 200 to 300 events on each plot. Between 75% and 85% of the
error ellipses contain the true location. The error ellipses are generally smaller than those
shown in Figure 23.




Figure 25. Map showing contours of the percentage of true locations contained within the formal errors of
a Monte Carlo simulation of synthetic events with 3.0 < my(Lg) < 4.2. Sampling uncertainty is
better than + 1% across most of the map.

If the distribution of errors was different from the assumed Chi-Squared
distribution, then we might have tails of the distribution contaminated by a few “bad”
locations and hence underestimates of the 90% confidence bounds. However, when we
examine the Monte Carlo produced errors and compare them to the best fitting Chi-
squared distribution in Figure 26, we find that the cumulative distribution of errors
produced by the fully non-linear network simulation are indistinguishable from Chi-
squared. Therefore, while the formal procedure assumes the right shape of the error
distribution, it underestimates the scaling represented by the “curvature matrix.”

This simple result has interesting consequences. Nearly all location programs cite
formal confidence ellipses derived from linearization of the non-linear estimation
problem. It appears the curvature of the objective function is sometimes overestimated.
The objective function is often flatter than estimated near the minimum, and therefore
formal confidence bounds are often too small.
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Figure 26. Comparison of the normalized cumulative errors to those predicted by a best fitting Chi-
squared distribution. The non-linear Monte Carlo distribution did not generate excessive errors
in the tails or a skewed distribution of error. While the formal methods underestimate the
bounds, they appear to assume the correct shape of the error distribution.

Conclusions

We have used an extensive compilation and analysis of source and propagation
parameters for the Middle East/North Africa to simulate network detection and
identification performance of the proposed IMS. Conclusions from this study include the
following:

1. Performance is strongly influenced by source and propagation properties and
by station coverage. Regions of very low Q are the most important features
controlling detection and therefore location. Variations in Q and its frequency
dependence are additionally important to the identification performance of the
spectral slope discriminant. Because there are large variations in apparent
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relative excitation of Lg and P, the identification performance of the Lg/P
discriminant varies significantly throughout the region.

2. Expected identification levels at my=4 or log-moment=14 Nt-m range from 0
to 100% in the region.

3. It is important to realize that in a heterogeneous region, the interpretation of
network simulation results in terms of magnitude may be the quite inaccurate,
to the extent that larger magnitude thresholds may indicate smaller source
sizes. It is preferable to present the results in terms of source size (e.g.
moment or yield).

4. Tt is possible to collect for this region an adequate data set which predicts the
most important features of wave propagation there. Such a data set could be
used to calibrate and adjust the analysis procedures of the IMS. Without
adequate calibrations, the network performance will be spotty. Xnice can be
used to evaluate calibration procedures or results and to evaluate changes in
station coverage.

5. Formal error ellipses tend to underestimate location uncertainty, apparently
because the linearization approximation to the iterative least-squares
procedure overestimated the curvature of the L, norm at the least-squares
solution position. This systematic bias in so-called “90% error ellipses”
actually may be providing “95%” to “85%” error ellipses in practice. A more
detailed study of IDC procedures with proposed IMS stations is required to
assess this important bias.
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