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rn n May 1998, India and Pakistan an- 

I 110mdthat~had*nned11 tm- 
d a g r o d  nuclear tests flhble 1). These 

events were tile focus of wgMwhie atm- 
I tion in part bemuse the Comprehensive 

Nuclear T& Ban Tmty (CTBT) has TIOW 
been signed by 140 nathm, alhugh not 
by India and Pakisha As the -Id consid- 
ers ratif3catian atzd implemmtation of the 
CTBT, the Indian and ~~ tests have 
raised importiat questions about the syt+ I 
tems thafbve been deployed to suppot% 
monitoring of a global baa on nuclear m- 
plosions. Here we cwlwte h fh gmw- 
ing in- r n T  lrlcmi- qvtHn 
P e r f & w f i a t h b e e n W & t t t f  
capabilities fm detmting and identi- 
f u t u n ~ t h a i m a y n s t : b e ~ ~ a n d  
how the r e d w  of @rt~~logical rnonitar- 
ing compare with the allnollxlcements by 
t h e I n d i i m a n d P a k i s t a n i ~ .  

Whenthe?CTflTeaterrrhM,*- 
national -cation will b povidd by m 
International Data Center (IDC) analyzing 
real-time data mild &om a global Inter- 
national Monitoring System @MS) of 321 
g e q h y s i c a l ~ I ( I ) . T o ~ f o r C ; T B T  
imp-&@ aciv8metheu.s. abiIi- 
ty to maniror fa rep  nuclear tests, the U.S. 
~ o f ~ @ O D ) k s u p p a r -  
edapmtotypeoftheIDC(PIDC)toreseach 
and develop effectip.e tmiy monitoring sys;. 
~ . O Y e r t h e p a s t 4 0 ~ , d s i s ~  
~ ~ l o c a t e d ~ f h m 7 0 , O O O s e i s -  
rxdc evqnts (4, and in May 1W8 it monitoad 
the Indian and Pakktmi nwkw tests. 

Prototype System Performwe 
On 11, 28, and 30 May 1998, the P I E  
automatically dstecced: and located the an- 
m c e d  tes& within 1 hour of their origin 
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v k w f r a n r b a r a . C o m m e r d a l ~ i ~  
u f t h e l l a r d Z 8 M a y t e r t s . ( A ) ~ i m a g e a f  
the lndi test site showing the location of the 
1974 nudear &st, the REB and the JED locarion, 
and the &ual Location of €he two explQsim 
(Gt). (B) SPCT imgeshawingth RE5 kation of 
the28MaytestandtheRxeBpointofthetest 
sire fm the JH) and@&. the insets are pre- and 
post-test 1- rwealing a large disturbed am. 
The pst-shot image was obtained fiwn a am- 
meniallndiansatelEttewStharesdutknof5m 

.time. Over the next 12 hours after each 
event, estimates of locations and source 
parameters were refined based on auto- 
matic processing of a d a r y  seismic data 
and the mriew of expert analysts, The fi- 
n a l ~ t s ~ r e p u ~ h & w i t f i i n 8 3  to 121 
houTs a i k  each eveat (Tble 2) (3). 
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Calihratd Event kcations 
The PUDC located the events using the 
globally meraged IASPEI-91 seismic ve- 
locity model (5). However, there are un- 
known systematic errors in these loca- 
tions because of variations in the geology 
and thus the va10city structure along dif- 
ferent propagation paths. Imprwements 
a n  be obtained from a Joint Epicentral , 

Determination 
(JED) using cali- 
brated source lo- 
cations and his- 
torical seismo- 
grams (see the 
figure). For this 
analysis, we ob- 
tained ground- 
truth locations 
&m mmaer:ial 
hagply of & 11 

and 28 Msry test sites and records of his- 
torical earthquakes and explosions (6). 
The results show that the REB Iscations 
were -10 km from the actual test sites 
(Table 2) and the JED' location was 1 .B 
km from the 11 May test. nK c o r r d m  
from the JED will r edm the e m  of fu- 
ture PIDCLMS locations to approxinab- 
ly 100 k d  for events of similar magni- 
tude in this w o n .  

A n n w n c e d l n d k n J ~ ~ l 3 ~  
The Indian gov- wmamced that 
two subkiloton tern were ~ G M  on 13 
May at 0651 Oreenwicb mean time. 
These events were undetected at the re- 
gional auxiliary station NIL (7) and the 
non-IMS Kyrgyz Network (KNET) (8). 
Because the 11 May explosion was well 
recorded at both sites (signdnoise ratios 
were >I000 at NIL), we condude h t  the 
existing seismic network was capable of 
detecting a very small test, if it was suc- 
cessful. To quantify this capability, we 
used filtering and cross-cornlation a h -  
niquts to search the regional data from 
NIL for as mwh as 6 horn before and af- 
ter the a n n o d  time. No signal consis- 
tent with a test was found, although there 
were ~everal small signals from earth- 
quakes in the Hiartu Kush region. Based 
on &is a&y& a d  the noise leveL over a 
wide range of ibxpm~ies, we place an up- 
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per bound of rnb < 2.5 on the size of a test, 
indicating that the seismic magnitude of 
the 13 May event was at least 500 times 
smaller than that of the 11 May event. 

Yield Estimation 
We estimated the explosive yields of the tests 
using calibrated magnitude-yield relations 
for a wide variety of nuclear test sites (9), to- 
gether with modeling of the corresponding 
network-averaged, teleseismic, P wave spec- 
tra (10). Because the magnitude-yield rela- 
tions are calibrated only for limited parts of 
the world, they can only be applied to geo- 
logically similar regions and test conditions. 
The differences among scaling relations for 
different sites are large, varying by more 
than a factor of 4 for a given magnitude and 
emplacement geometry [for example, 10 to 
45 kilotons (kt) for the 11 May explosions]. 

We refined these estimates by analyzing 
the network-averaged, teleseismic, compres- 
sional wave spectra to characterize the geo- 
physical environment of the tests and identi- 
fy the appropriate magnitude-yield relation. 
The scaling from the former Soviet Shagan 
River test site was most consistent, and the 
spectra can be modeled with the following 
mean estimates for the yields of the seismic 
sources: 12 kt (1 1 May), 9 kt (28 May), and 
4 kt (30 May). The 95% confidence inter- 
vals, based only on the fit to the model, are 9 
to 16kt( l l  May),6to 13kt(28May),and2 
to 8 kt (30 May). If we account for errors as- 
sociated with emplacement conditions and 
near source effects, the total uncertainty in 
the yield estimates is 50%. Scaling this anal- 
ysis to the background noise at NIL suggests 
that the upper bound of the yield of the an- 
nounced 13 May test is 30 tons, if it was per- 
formed under similar conditions as the 11 
May explosion (I  I). 

Evidence for Multiple Tests 
India and Pakistan announced that their tests 
on 11 and 28 May consisted of multiple ex- 
plosions (Table 1). In principle, it would be 
straightforward to confirm these statements 
using seismic data collected at close region- 
al distances and high frequencies (12). How- 
ever, we cannot make definitive conclusions 
using only the available far-field waveforms. 

For example, spectral analysis of the 1 1 May 
NIL record is consistent with a single seis- 
mic source, and the teleseismic records are 
almost identical to the records of India's sin- 
gle test performed in 1974. By comparison, 
Indian news reports and open-source im- 
agery indicate that the 11 May explosions 
were performed at two sites separated by ap- 
proximately 1 lan. This result indicates that 
the detonations were nearly simultaneous or 
that one of the near-simultaneous tests was 
much larger than the other. 

Seismograms of the 28 May event are 
generally more complex than those of the 30 
or 11 May tests. Body wave magnitudes and 
lengths of the compressional wave coda var- 
ied azimuthally. Possible explanations in- 
clude multiple explosions, triggered release 
of tectonic stresses after the explosion, or 
scattering of seismic waves from geologic 
structures near the source. Efforts to fit mod- 
els of these sources to the observed seismo- 
grams are not defitive. Future progress in 
this area will depend on the availability of 
additional regional seismic data (13). 

Implications for the CTBT 
The prototype CTBT network and data cen- 
ter provided effective and timely monitoring 
of the tests on 11,28, and 30 May. We pro- 
vided additional information through analy- 
ses of other open-source data. Yield esti- 
mates for the tests are below the values an- 
nounced by the Indian and Pakistani govern- 
ments. Future monitoring capability in this 
region will be greatly improved by the cali- 
bration value of the data from these nuclear 
tests and by the deployment and upgrade of 
the IMS seismic system as the CTBT is irn- 
plemented. Whereas the tests were detected 
by only one IMS station at regional distance, 
there would have been at least eight addition- 
al regional detections from the full IMS (14). 
Indeed, the monitoring and analysis of the 
May 1998 events we& remarkably success- 
ful given the limited development of the cur- 
rent network. Generalizing these results, we 
conclude that effective global monitoring of 
the CTBT is largely contingent on the full 
development of the IMS, supported by re- 
search and development to fully exploit this 
advanced monitoring system. Using data 

from the entire network, there are sufficient 
scientific and technical ca~abilities to Der- 
form global treaty monitoring to very low 
thresholds. In future policy discussions about 
CTBT ratification, the experience of moni- 
toring the Indian and Pakistani nuclear tests 
should convey high confidence in the evolv- 
ing systems of treaty verification. 
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