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Abstract

In an effort to improve our ability to locate events in
western China using only regional data, we have
developed propagation path corrections to seismic
travel times, and applied such corrections using both
traditional location routines as well as a nonlinear grid
search method. Thus far, we have concentrated on
corrections to observed P arrival times. We have con-
structed such corrections by using travel time
observations available from the USGS Earthquake
Data Reports, as well as data reported by the ISC. We
have also constructed corrections for six stations that
are a part of the International Monitoring System. For
each station having sufficient data, we produce a map
of the travel-time residuals from all located events.
Large-amplitude residuals are removed by median fil-
tering, and the resulting data are gridded. For a given
source location, the correction at a particular station is
then interpolated from the correction grid associated
with the station. We have constrained the magnitude of
the corrections to be < 3 s. We have evaluated the util-
ity of the calculated corrections by applying the
corrections to the regional relocation of 10 well-
located Chinese nuclear tests, as well as a single,
well-located aftershock in nearby Kyrgyzstan.

The use of corrections having magnitudes > 2 s is
troubling when using traditional location codes, as the
corrections amount to a nonlinear perturbation correc-
tion, and when large may destabilize the location
algorithm. Partly for this reason, we have begun using
grid search methods to relocate regional events. Such
methods are easy to implement and fully nonlinear.
Moreover, the misfit function used to locate the event
can very easily be changed; we have used L,- and
L,-norm misfit functions, for example. Instances in
which multiple local minima occur in a location prob-
lem are easily recognized by simply contouring Or
otherwise displaying the misfit function. Although grid
search methods are not nearly as computationally
efficient as more traditional methods, their use in
regional locations problems, where the number of]
observations is small, seems well-warranted, as a
much better idea of the uncertainty of the location can
be gained.

Introduction

This report is a progress report focusing on efforts we
have made to improve the performance of the regional
location of seismic events in western China and the
surrounding regions. The impetus of the study is, of
course, the Comprehensive Test Ban Treaty (CTBT),

which, if ratified, would essentially ban all nuclear test-
ing by the treaty’s signatories. Our focus is on regional
location, rather than teleseismic location, because of our
interest in locating rather small seismic events. We
believe that large explosive events will be easily
detected and rather well-located, and are therefore of
less interest than the multitude of small (m, < 4) seismic
events that occur both naturally and as the result of
mining detonations or exploéivé testing (not necessarily

nuclear).

We recognize that, in the absence of depth phases such
as pP, the depth of a seismic event detected using a
regional network of stations is very poorly constrained,
except for the few cases where an event may occur
extremely close to a station. Our efforts thus far have
not concentrated on the estimation of the depth of a
seismic event, despite the fact that a well-constrained
depth can be a good discriminant between a naturally-
occuring seismic event and an explosion. Rather, we
have endeavored to more accurately estimate the epi-
center of regionally-detected events; the estimation of .
the depth of such events has been deferred. Addition-
ally, we have begun to use nonlinear location methods,
largely in the hope that such methods can provide better
estimates of the uncertainty associated with an event’s

location.

Our major product thus far is a suite of corrections that
may be used to improve the location of seismic events
in the study area. To date, we have developed such cor-
rections and applied them to the relocation of events for
which we have very good estimates of their actual loca-
tions. We have been able to demonstrate that the
corrections that we have developed improve the location
of events, at least in those few areas where events hav-

ing known locations are available.




Known Event Locations (aka Ground Truth)

A major stumbling block in the effort to develop better
location methods has been the scarcity of relatively
recent (i.c., recent enough to have been digitally
recorded) known event locations in China. Chinese
earthquake catalogs are not readily available in the
West. We have not been able to identify any published
information that would provide accurate event locations
for seismic events that would have been well-recorded
regionally. However, from Gupta (1995) we have good
estimates of some of the locations of the Chinese
nuclear events detonated at the Chinese test site near
Lop Nor. Inasmuch as the Chinese test site is of obvious
interest from the viewpoint of the CTBT, such locations
provide us a badly-needed set of unclassified data that
can be used to evaluate the corrections that we have
developed. Additionally, we have a very well-
determined location of a regionally-recorded aftershock
of the Kyrgyzstan earthquake of 19 August 1992
(Ghose and others, 1997), which is quite close to the
Chinese border.

The locations of the events that are described above are
known well enough that such events can be used to
ascertain whether a calculated location is close to an
actual location. Another issue is what type of events
should be used to construct corrections; that is, how
well should the locations of the events used to construct
corrections be known? This is an important issue that is

discussed in greater detail in the next section.
Development of Corrections

Our general philosophy in our efforts to improve event
Jocation has been to develop propagation path correc-
tions, rather than trying to develop three-dimensional
velocity models. There are two reasons for this
approach. First, the location codes in use at both the
prototype International Data Center (IDC) and the U. S.

National Data Center use the interpolation of standard
travel time curves as the primary method for calculating
travel times from an event to a station. We believe that,
unless one has a very dense network of stations and
events, it is difficult to develop a three-dimensional
velocity model that is close enough to reality to properly
correct such travel time curves on a regional basis.
However, it is straightforward to try to develop correc-
tions (primarily travel-time, but azimuthal and slowness
corrections, as well) to the travel-time curves, if one has
a sufficient number of reasonably well-located events.
The drawback to such an approach is that a relatively
high level of seismicity is required in order to garner
enough data to form good statistics. Much of China and
the surrounding areas have a relatively high level of
seismicity, with some notable exceptions. Second, the
construction of corrections in this manner is imminently
suited to the use of calibration events. While we have no
calibration events thus far, should any be used, the
measurements from such events could be readily incor-

porated into our corrections.

The propagation path corrections that we develop are
source-to-station corrections. Thus, each station has its
own set of corrections; the corrections vary spatially. In
principle, the corrections should vary as a function of
source depth, as well. However, because we are most
interested in surface sources, we have restricted our
investigations to such sources, and therefore the correc-
tions we develop are not necessarily applicable to

deeper sources.

The events that we have used to construct corrections
have been seismic events located in our region of inter-
est that meet a certain event criteria. Specifically, the
criteria that we have used is that (1) the depth of the
event must be < 33 km, (2) the maximum azimuthal gap
between locating stations used to locate an event 18

< 180°, and (3) the maximum observed travel-time




residual used to construct corrections is < 3 s in modu-
lus. We present evidence later to justify our use of these

parameters.

Seismicity of China

Seismicity maps derived from the United States Geo-
logical Survey’s National Earthquake Information
Center (NEIC) Earthquake Data Report (USGS EDR)
for years 1990 through 1995 and the International
Seismological Centre (ISC) Catalog for years 1986-
1993 are shown in Figures 1-2. The locations of stations
reporting to each of these catalogs are shown in their
_ respective maps. A seismicity map from the Reviewed
Event Bulletin (REB) of the prototype International
Monitoring System (IMS) for years 1995 through 1996,
showing both reporting as well as proposed station
locations, is given in Figure 3. Frequency-magnitude
plots, Figure 4, indicate that the NEIC and ISC catalogs
are incomplete below about magnitude 4 or 5. The IDC
catalog is similarly incomplete.

Travel Time Data

Most of the results we report here are based upon data
published either by the NEIC or by the International
Seismological Centre (ISC). Both these organizations
gather phase data (primarily travel-time data) and locate
seismic events using the compiled phase data. Each
organization accepts travel-time data from a large
number of seismological observatories. We denote sta-
tions that report to the NEIC as NEIC stations, whereas
those reporting to the ISC we term ISC stations. There
is considerable overlap; many observatories report to
both organizations. Of course, the stations of greatest
interest to the CTBT are the IMS primary stations.
However, few of these have been established in the
vicinity of China, and effectively none was operating
during the time period 1990-1992, the period for which
we have reliable locations for some of the Chinese
nuclear events. However, using the NEIC and ISC sta-

tion data permits us to (a) develop propagation path
corrections and evaluate the utility of such corrections
and (b) still provides useful information, for some of the
NEIC/ISC stations (e.g., LZH) are slated to become
IMS stations, and several of the NEIC/ISC stations are
to become auxiliary IMS stations.

Although both the NEIC and the ISC use the Jeffreys-
Bullen (J-B) travel-time tables for locating events,
NEIC’s location procedure is somewhat different from
the ISC’s. A major difference is that the NEIC location
procedure is to locate an event, then discard observa-
tions whose travel-time residuals exceed 3 standard
deviations in magnitude, then relocate the event. The
ISC does not discard observations. The NEIC procedure
rejects spurious observations and seems to provide for a
more reliable solution that that of the ISC.

In addition to the NEIC and ISC data sets, we have also
used the travel time residuals reported by the IDC (in
the form of the REB) for the time period January 1995
through September 1997. The shorter time interval
results in fewer data being available, especially because l
some of the IDC stations were not established at the
beginning of the time period, but came on-line later.
still, sufficient data are available to permit a prelimi-
nary analysis of six IMS stations.

Variances of the Travel Times

Variances for the travel times reported in both the NEIC
and the ISC reports differ widely, depending upon the
station. For a given station, however, the data reported
by the ISC and the NEIC seems to have about the same
statistics. Figures 5-6 are histograms of the reported
travel-time residuals at stations LZH and BJI, respec-
tively. Only residuals < 6 s in modulus were used to
create the figures. When the range of residuals is
restricted to this interval, the variances of the two data

sets are approxifnately the same for all of the 49 stations




that we have used in this study. This fact permits us to
combine the data from the NEIC (1994 through 1995)
and ISC (1986 through 1993) catalogs into a single data
set prior to developing propagation path corrections.

Travel time data reported in the IDC’s REB appear to
have smaller variances than the data found in the NEIC
and ISC catalogs. Figures 7-9 are histograms of the
travel time data from all six of the IMS stations (BJT,
HIA, NIL, PDY, ULN, and ZAL) that we have used in
this study. With the single exception of ZAL, these sta-
tion show very few travel-time residuals > 2 s in
magnitude.

Propagation Path Corrections

The IDC uses the IASPEI 1991 (iasp9l) earth velocity
model for locating seismic events, whereas both the
NEIC and the ISC use the J-B model. In order to use a
consistent set of event data, we relocated all of the
NEIC and ISC data using the LocSAT location algo-
rithm and the akl35 velocity model, which differs from
iasp91 only in its treatment of certain core phases. At
regional distances, the travel times of both the iasp9I]
and the akI35 models are identical. The travel time
residuals from these relocated events were used to
develop propagation path corrections. When relocating
events, we used only those phases used for location by
the NEIC or the ISC. However, all residuals from all
phases in the data sets were retained for later analysis.
Because of the method that NEIC used to discard
observations, this means that some of the residuals that
go into the analysis data set might be rather large.
However, the fact that we restrict our analysis to
residuals < 3 s in magnitude eliminates concerns about

large residuals.

We have constructed propagation path corrections for

travel times by mapping observed travel time residuals
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at a given station as a function of position. The maps
that we have constructed are relatively smooth, which
provides some confidence that the maps are not merely
maps of observation error, but represent underlying
velocity variations.

We constructed the propagation path correction maps as
follows. For the NEIC and ISC stations, we combined
all the NEIC (1994-1995) and ISC (1986-1993) obser-
vations into a single data set, then for each station,
tabulated all the travel-time residuals from regional
events (specifically, events occurring between latitude
20°-55°N., longitude 65°-115°E.) Then, only those
residuals meeting our selection criteria (max azimuthal
gap < 180°, depth < 33 km, residuals < 3 s in magni-
tude) were used. Then the residuals for a particular
station were interpolated (gridded) using a minimum
curvature spline under tension (Smith & Wessell, 1990),
with a grid increment of 15’ of arc. The tension param-
eters used were 0.6 for interior nodes and 0.8 for
boundary nodes.

The algorithm used constrains 'a grid point by a data
value when a data value lies within the grid pixel. In
order to insure that only a single data value was present
per grid square, a block median filter was run over the
data set prior to interpolation. The 15’ discretization size
was used for the block median operation, as well. Thus,
if more than one event occured within a 15 by
15’ region, the median value of the residuals for those
events was used to constrain the value at that grid node.
Propagation path correction surfaces for 49 NEIC/ISC
stations and 6 IMS stations were constructed using this
method. The surfaces for the 6 IMS stations are shown
as Figures 10-15. Typically, the amount of data used to
construct the corresponding surfaces for the NEIC and
ISC stations was greater than that used for the IMS sta-
tions, most of which have been online for < 2 years. The
data distributions shown for IMS stations NIL and ZAL
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are representative of the data density available for the
NEIC and ISC stations.

The correction surfaces can be used to correct the
travel-times calculated from either the iasp91 or the
akl35 velocity model. In other words, the travel time
from a point in the study region to a particular station is
calculated by calculating the time from the earth veloc-
ity model, correcting for elevation and ellipticity effects,
and then adding the time interpolated from the correc-
tion surface. Due to the method of surface construction,
the calculated correction will always be <3 s in magni-
tude. Because the station correction calculated in this
manner depends upon the location of the source, we
term the corrections source-specific station corrections,
or SSSCs, after Bratt & Bache (1988).

Some limitations of the SSSC should be pointed out.
First, these are only applicable to shallow events, as we
have restricted to < 33 km the depth range of the travel
time data used to construct the corrections. Second, our
imposition of a 3 second limitation to the travel-time
data is rather arbitrary. It certainly rejects travel-time
outliers, but it limits the magnitude of the calculated
corrections, as well. It is possible that the SSSCs should
be larger in some areas. However, at the moment we are
only able to evaluate the effectiveness of the SSSCs at
two locations; we simply do not have sufficient ground
truth available to permit us to address how to restrict the
range of travel-time residuals used to construct the cor-

rections.
'Regional Location of Events -

Within China, the spacing of stations reporting to west-
ern data centers is typically well under 1000 km, except
in the northeast, the southeast, and in the interior of
western China. Western China is of particular interest to
this report, as it is the location of the Chinese nuclear

test site near Lop Nor. In the region around Lop Nor,

station spacing approaches 2000 km. Because of the

relative lack of very well-located natural earthquakes in
this region, and because of Lop Nor's importance to the
CTBT, we have chosen to look in detail at the locations
of nuclear tests at Lop Nor. This topic has been
addressed in part by Gupta (1995), who describes a
Joint Epicenter Determination (JED) of Lop Nor nuclear
explosions. The JED method can provide accurate loca-
tions of a set of nearby seismic events relative to one
event of the set (the "master event") (Douglas, 1967). If
the location of the master event is accurately known,
then all events will be well-located. To accurately locate
his master events, Gupta (1995) analyzed several types
of commercial satellite imagery.

In our study, we re-analyze ten Lop Nor explosions in
the context of regional seismic event location, using
only the 10 closest stations. For four of these explo-
sions, Gupta’s (1995) JED locations are available for
use as ground truth. The average error vector of these
four JED locations from the ISC location was 5.32 km.
For nuclear tests occuring after Gupta's 1995 study, we .
compare our “regional” relocations (see below) to cata-
log locations derived from arrival times recorded at
hundreds of stations.

Arrival time data in our analysis were taken from the
USGS EDRs. Only first-arriving P-wave data were
used. By sequentially removing the more distant of the
10 stations one at a time and relocating the explosions,
we can evaluate the usefulness of the LocSAT method.
Figure 16 summarizes the hypocentral error vector of
the relocations versus maximum azimuthal gap and
number of stations used, for each of the ten nuclear
events analyzed. In these locations, we used the akl35
velocity model, with ellipticity and elevation corrections
applied. No propagation path corrections were applied.
When depths are constrained to 0 in the solution, the

regional relocations are quite good, even when as few as
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3 stations are used. However, when depths are uncon-
strained, location errors are distinctly larger (Figure 17).
The location performance of the depth-constrained
solutions led us to the maximurn azimuthal gap criterion
of < 180°; events having azimuthal gaps exceeding 180°
appear to have a large chance of being significantly
mislocated. If a more conservative criterion of < 90°
were used instead, the number of events used to con-
struct the correction surfaces would be far fewer; it is
not yet clear whether the reliability of the locations used
after applying such a criterion would be substantially
better.

When SSSCs are employed, there is an overall reduc-
tion in mislocation errors and locations tend to become
more stabilized (compare Figures 16&18 and 17&19).
Figures 20-29 shows map views of mislocation for each
of the analyzed nuclear shots at Lop Nor, as the number
of stations used in the location is reduced from 10 to 4
(or 3, if depth is constrained). Black and red symbols
indicate locations for which SSSCs were used (free
depth and depth ﬁxed. at 0, respectively), while green
and blue symbols indicate the absence of SSSCs in the
location (free depth and depth fixed at 0, respectively).
Also provided in each panel of the figures is a map of
the locations of the reporting EDR stations closest to the
Lop Nor test site, in a window from 20°-60° latitude and
from 65°-115° longitude.

We also relocated; using only regional observations, an
aftershock of the 1992 Suusamyr, Kyrgyzstan, earth-
quake. Several hundred aftershocks of this earthquake
were very well-located in a special study by Ghose and
others (1997); however, only one of these hundreds of
events was listed in the EDRs. Figure 30 summarizes
the relocation accuracy achieved; Figure 31 shows the
station distribution used for the event, as well as a mis-

location plot.

The relatively high accuracy of the regional locations,
even in relatively poor network geometries, is encour-
aging. However, there is no reason to believe that other
regions in China would behave as well as the two we
have studied. Clearly, additional events having well-
determined locations are needed to evaluate regional

location bias.

Hypocenter Locations Using Grid Search
Methods

Standard linearized hypocenter location methods, such
as that used by LocSAT, suffer from several limitations.
Typical problems include the potential to become
trapped in local minima and the trade-off between
origin-time and depth. To remedy these shortcomings,
we have begun developing a non-linear, global, grid-
search hypocenter location algorithm (Sambridge &
Kennett, 1986; Kennett, 1992). The advantages of this
approach are: 1) it is a global minimization method, 2)
the error volume at any given misfit level is provided, 3)
the origin-time minimization is independent of the spa-
tial coordinates, and 4) any desired norm may be used to
calculate the misfit function, enabling the use of unusual
error distribution functions (e.g., Jeffreys, 1932). In our
implementation, we create a dense grid of points in the
volume surrounding the suspected hypocenter. Travel-
times for all desired phases are calculated from each
point on the grid to all stations, and these travel times
may be corrected for Earth’s ellipticity, station eleva-
tion, and for propagation path effects. For every (X,¥,2)
location on the grid, the best-fit origin time is found by
finding the minimum misfit between the observed trav-
eltime data and the calculated traveltimes for a set of
gridded origin times around the input origin time. The
origin time with the smallest misfit for that (x,y,z) loca-
tion is kept. We have applied this algorithm to the
nuclear explosion data from Lop Nor, where we have
some measure of ground truth, and compare its results
to the LocSAT algorithm.




Table 1. Comparison of the location performance of
LocSAT versus the gridding algorithm used here.
Errors shown are in equivalent radial kilometers,
using 10 stations and 4 stations for comparison.
Where LocSAT did not converge to a solution, the
“DIV” is shown. Depths were constrained to 0, and
propagation path corrections were used.

10 Stations 4 Stations

Event LocSAT GRID LocSAT GRID
Aug90 2.27 3.70 9.63 5.73
Aug95 3.54 7.87 3.30 7.87
Jul96 4.89 9.66 26.34 15.71
Jun%4 6.92 4.63 6.78 4.63
- Jun96 0.86 232 DIV 2.7
May90 9.99 16.66 7.03 7.19
May92 2.44 5.73 DIV 18.98
Oct93 7.54 8.89 7.25 5.73
Oct9%4 12.04 18.57 DIV 6.94
Sep92 11.68 5.72 12.62 31.74

For the examples given below, we perform our grid
search over a 1° by 1° by 50 km grid volume surround-
ing the best-known location (either from satellite or
teleseismic methods as outlined previously). The hori-
zontal grid spacing used is 1.6 km (1" of arc), while the
vertical spacing is 10 km. Traveltime misfits are calcu-
lated with the L, norm in this example.

In terms of the accuracy of epicentral solution, Loc-
SAT’s performance seems somewhat better than the
grid algorithm when 10 stations are used. When only 4
stations are ysed, though, the results are inconclusive.
The fact that an L, norm was used for the grid solutions,
whereas LocSAT uses an L, norm, may contribute to
the observed differences in location accuracy. Of
course, the grid method always provides a solution,

whereas the LocSAT method occasionally diverges.

Use of the gridding method permits one to more easily
visualize the shape of the uncertainty volume associated
with a hypocentral solution. At each grid node in the

volume searched, a value of the misfit function is cal-

culated. The calculated misfit function can therefore be
displayed rather easily, which can lead to some useful
information. For example consider the calculated loca-
tion of the August 1990 Chinese event (Table 1).
LocSAT calculates an error ellipse associated with the
solution number and geometry of the stations used in
the solution. Figure 32 shows its error ellipse, together
with contours of the misfit function calculated using the
grid search method (at depth = 0). The misfit function
shown in the figure plainly shows that two minima are
present, information that is lacking in the (linearized)
LocSAT results. Figure 33 shows the volume of the
misfit function for selected constant values of the func-

tion.

Our use of the grid methods is in its infancy and is pre-
sented here largely to indicate the directions our
research is taking. Due to its relative computational
inefficiency, the grid search method is unlikely to be a
competitor for more traditional location schemes such
as LocSAT. However, it can provide improved infor-
mation about the uncertainties in a solution; any such
additional information is likely to be welcome in special

event studies.
Conclusions

We have attacked the problem of improving regional
epicentral event locations by developing propagation
path corrections for individual stations in western China
and the surrounding regions. The corrections that we
have developed are defined on a geographic grid, thus
enabling them to be used easily as part of a travel-time
calculation. We have been able to evaluate the efficacy
of such corrections in only two locations. One such
location is the Chinese nuclear test site near Lop Nor,
where 10 seismic events having well-known locations
are available. The other location is in Kyrgyzstan, not
far from the Chinese border, where a single aftershock

(out of several hundred recorded) from a detailed after-




shock study has been used to evaluate the utility of the
propagation path corrections. We conclude that the use
of propagation path corrections usually improves loca-
tion accuracy and, moreover, seems to improve the
convergence of the LocSAT location algorithm, which
falls into a class of commonly-used location codes.

Additionally, we have begun an investigation of the use
of grid search algorithms for location. Such algorithms
are completely non-linear and always provide a solu-
tion, provided that the event location is within the area
of the grid search. Such grid search algorithms have a
number of advantages over conventional location algo-
rithms. In particular, the use of such algorithms can
provide one with a much better idea of the (random)
uncertainty of the event location. Although such algo-
rithms are substantially slower to execute than a
conventional location code, in regional location prob-
lems of high interest, the added information available
from the use of the grid search approach makes the use
of such an algorithm highly desirable.
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Figure Captions

Seismicity map of western China and environs derived from the NEIC EDRs. Triangles are the
locations of seismic stations reporting to the NEIC.

Seismicity map of western China and environs derived from the ISC earthquake catalog. Tri-
angles are the locations of seismic stations reporting to the ISC.

Seismicity map of western China and environs derived from the Reviewed Event Bulletin of the
prototype IDC. The locations (triangles) and station designations of the IMS stations are also

shown.
Histogram of the magnitudes reported in the NEIC and the ISC earthquake catalogs.

Histograms of travel-time residuals measured from P arrivals at LZH, a station located in cen-
tral China. Both residuals reported in the NEIC EDRs as well as the ISC catalog are shown.

Histograms of travel-time residuals measured from P arrivals at BJI, a station located in central
China, Both residuals reported in the NEIC EDRs as well as the ISC catalog are shown.

Histogram of travel-time residuals from P arrivals measured at IMS stations BJT and HIA. -
Histogram of travel-time residuals from P arrivals measured at IMS stations NIL and PDY.
Histogram of travel-time residuals from P arrivals measured at IMS stations ULN and ZAL

Travel-time correction surface calculated for IMS station BJT. The position of BJT is shown as
a white triangle. Corrections shown on this map are added to the travel times conventionally
calculated from a point on the map to the station location.

Travel-time correction surface calculated for IMS station HIA. The position of HIA is shown
as a white triangle. Corrections shown on this map are added to the travel times conventionally
calculated from a point on the map to the station location.

Travel-time correction surface calculated for IMS station NIL. The position of NIL is shown as
a white triangle. Corrections shown on this map are added to the travel times conventionally
calculated from a point on the map to the station location.

Travel-time correction surface calculated for IMS station PDY. The position of PDY is shown
as a white triangle. Corrections shown on this map are added to the travel times conventionally
calculated from a point on the map to the station location.

Travel-time correction surface calculated for IMS station ULN. The position of ULN is shown
as a white triangle. Corrections shown on this map are added to the travel times conventionally
calculated from a point on the map to the station location.

Travel-time correction surface calculated for IMS station ZAL. The position of ZAL is shown
as a white triangle. Corrections shown on this map are added to the travel times conventionally
calculated from a point on the map to the station location.

Summary of epicentral mislocations for regionally-located nuclear events conducted at the
Chinese nuclear test site near Lop Nor. Depths have been constrained to 0 in the location pro-
cess. The results corresponding to the relocations using 10,9, ... ,3 stations are shown.

Summary of epicentral mislocations for regionally-located nuclear events conducted at the
Chinese nuclear test site near Lop Nor. Depths were unconstrained in the location process.. The
results corresponding to the relocations using 10,9, ... ,4 stations are shown.

Summary of epicentral mislocations for regionally-located nuclear events conducted at the

Chinese nuclear test site near Lop Nor. Source-specific station corrections were applied, and
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Figure 19.

Figure 20.

. Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

depths were been constrained to 0 in the location process.. The results corresponding to the
relocations using 10,9, ... ,3 stations are shown.

Summary of epicentral mislocations for regionally-located nuclear events conducted at the
Chinese nuclear test site near Lop Nor. Source-specific station corrections were applied, but
depths were unconstrained in the location process. The results corresponding to the relocations
using 10,9, ... ,4 stations are shown.

Locations of the 10 closest stations reporting travel times from the May 1990 Chinese nuclear
test at Lop Nor, along with a mislocation diagram that shows the location error as the number of
stations used in the Iocation calculation is decreased from 10,9, ..., 3. Black and red symbols
indicate location calculations in which SSSCs were used (free depth and depth fixed at O,
respectively), while green and blue symbols idicate location calculation in which SSSCs were
not used (free depth and depth fixed at 0, respectively). The purple star plotted at the origin in
the mislocation diagram represents the actual location of the event.

Locations of the 10 closest stations reporting travel times from the August 1990 Chinese
nuclear test at Lop Nor, along with a mislocation diagram that shows the location error as the
number of stations used in the location calculation is decreased from 10,9, ..., 3. Black and red
symbols indicate location calculations in which SSSCs were used (free depth and depth fixed at
0, respectively), while green and blue symbols idicate location calculation in which SSSCs
were not used (free depth and depth fixed at 0, respectively). The purple star plotted at the ori-
gin in the mislocation diagram represents the actual location of the event.

Locations of the closest stations reporting travel times from the May 1992 Chinese nuclear test
at Lop Nor, along with a mislocation diagram that shows the location error as the number of
stations used in the location calculation is decreased from 10,9, ..., 3. Note the lack of many
stations within in the aperture of the map; this is especially curious, for the May 1992 event was
one of the largest of the Chinese underground nuclear tests, and was well-recorded throughout
the world. Black and red symbols indicate location calculations in which SSSCs were used (free
depth and depth fixed at 0, respectively), while green and blue symbols idicate location calcu-
lation in which SSSCs were not used (free depth and depth fixed at 0, respectively). The purple
star plotted at the origin in the mislocation diagram represents the actual location of the event.

Locations of the 10 closest stations reporting travel times from the September 1992 Chinese
nuclear test at Lop Nor, along with a mislocation diagram that shows the location error as the
number of stations used in the location calculation is decreased from 10,9, ..., 3. Black and red
symbols indicate location calculations in which SSSCs were used (free depth and depth fixed at
0, respectively), while green and blue symbols idicate location calculation in which SSSCs
were not used (free depth and depth fixed at 0, respectively). The purple star plotted at the ori-
gin in the mislocation diagram represents the actual location of the event.

Locations of the 10 closest stations reporting travel times from the October 1993 Chinese
nuclear test at Lop Nor, along with a mislocation diagram that shows the location error as the
number of stations used in the location calculation is decreased from 10,9, ..., 3. Black and red
symbols indicate location calculations in which SSSCs were used (free depth and depth fixed at
0, respectively), while green and blue symbols idicate location calculation in which SSSCs
were not used (free depth and depth fixed at 0, respectively). The purple star plotted at the ori-
gin in the mislocation diagram represents the actual location of the event.

Locations of the 10 closest stations reporting travel times from the June 1994 Chinese nuclear
test at Lop Nor, along with a mislocation diagram that shows the location error as the number of
stations used in the location calculation is decreased from 10,9, ..., 3. Black and red symbols
indicate location calculations in which SSSCs were used (free depth and depth fixed at 0,
respectively), while green and blue symbols idicate location calculation in which SSSCs were
not used (free depth and depth fixed at 0, respectively). The purple star plotted at the origin in
the mislocation diagram represents the actual location of the event.

Locations of the 10 closest stations reporting travel times from the October 1994 Chinese
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Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

Figure 32.

Figure 33.

nuclear test at Lop Nor, along with a mislocation diagram that shows the location error as the
number of stations used in the location calculation is decreased from 10,9, ..., 3. Black and red
symbols indicate location calculations in w ich SSSCs were used (free depth and depth fixed at
0, respectively), while green and blue symbols idicate location calculation in which SSSCs
were not used (free depth and depth fixed at 0, respectively). The purple star plotted at the ori-
gin in the mislocation diagram represents the actual location of the event.

Locations of the 10 closest stations reporting travel times from the August 1995 Chinese
nuclear test at Lop Nor, along with a mislocation diagram that shows the location error as the
number of stations used in the location calculation is decreased from 10,9, ..., 3. Black and red
symbols indicate location calculations in which SSSCs were used (free depth and depth fixed at
0, respectively), while green and blue symbols idicate location calculation in which SSSCs
were not used (free depth and depth fixed at 0, respectively). The purple star plotted at the ori-
gin in the mislocation diagram represents the actual location of the event.

Locations of the 10 closest stations reporting travel times from the June 1996 Chinese nuclear
test at Lop Nor, along with a mislocation diagram that shows the location error as the number of
stations used in the location calculation is decreased from 10,9, ..., 3. Black and red symbols
indicate location calculations in which SSSCs were used (free depth and depth fixed at 0,
respectively), while green, and blue symbols idicate location calculation in which SSSCs were-
not used (free depth and depth fixed at 0, respectively). The purple star plotted at the origin in
the mislocation diagram represents the actual location of the event.

Locations of the 10 closest stations reporting travel times from the July 1996 Chinese nuclear
test at Lop Nor, along with a mislocation diagram that shows the location error as the number of
stations used in the location calculation is decreased from 10,9, ..., 3. Black and red symbols
indicate location calculations in which SSSCs were used (free depth and depth fixed at 0,
respectively), while green and blue symbols idicate location calculation in which SSSCs were
not used (free depth and depth fixed at 0, respectively). The purple star plotted at the origin in
the mislocation diagram represents the actual location of the event.

Summary of epicentral mislocation for the regionally-located Kyrgyzstan aftershock event.
Source-specific station corrections were applied, and the depth was constrained to 6.2 km (the

depth determined by the special aftershock study) in the location process.

Locations of the 10 closest stations reporting travel times from the Kyrgyzstan aftérshock
event, along with a mislocation diagram that shows the location error as the number of stations
used in the location calculation is decreased from 10,9, ..., 3. Black and red symbols indicate
location calculations in which SSSCs were used (free depth and depth fixed at 0, respectively),
while green and blue symbols idicate location calculation in which SSSCs were not used (free
depth and depth fixed at 0, respectively).

Contours of the misfit function calculated by the grid search location algorithm for the August
1990 Chinese nuclear event. Only 4 stations were used for this relocation calculation. An L,
norm was used to calculated the misfit function. For comparision, the confidence ellipse calcu-
Jated by LocSAT is shown; the confidence ellipse is calculated using an assumed travel-time
error of 2 s at all reporting stations.

Diagram showing the volume associated with the misfit function calculated by the grid search

location algorithm for the August 1990 Chinese nuclear event. Only 4 stations were used for
this relocation calculation. An L, norm was used to calculated the misfit function. The volume

shown is the volume associated with a constant misfit value of 0.1, 2.0, and 7.3 s, respectively.
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Misfit Function and Confidence Ellipse
August 1990 Event, 4 stations
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Fig. 32. Contours of the misfit function for the August 1990 Chinese Event.
The uncertainty ellipse calculated by LocSAT is shown for comparison.
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Figure 33. Four station grid search misfit volume (no SSSCs).
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