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Statistical Short-Term Earthquake Prediction

Y. Y. KAGAN aAND L. KNOPOFF

A statistical procedure, derived fro -1 a th urctical model of fracture growth, is used to
identify 2 foreshock sequence wihioe it is in progress. As a predictor, the procedure
reduccs the average uncertainty in the rate of occurrence for a future strong earthquake
by a factor of more than 1000 when compared with the Poisson rate of occurrence.
About onc-third of all main shocks with local magnitude greater than or equal to 4.0 in
central California can be predicted in this way, starting from a 7-year database that has
2 lower magnitude cutoff of 1.5, The time scale of such predictions is of the order of a
few hours to a few dayy for foreshocks in the magnitude range from 2.0 to 5.0

S FAR AS WE KNOW, THE ONLY
practical approach to short-rerm
anthyguake forccasting that makes

we of saismalogical dara is one that s
foresheck acovity 1o tdentify a larper, ensu-
ing event. Typically, most investigators
idennity foreshocks long after the mapor
event that Follows them. After most large
carthquakes have ovcurred, it is usually easy
to ukentify precursory foreshocks, Although
it is difficult o identife 2 seismological
precursor while it is in progress, Jones (1)
found there is a strong probabality that
smaller shocks are frequently fllowed by
stronger cvents within a short time interval.
In thus report we apply 2 well-defined sto-
chastie model for the probabiling chat one
carthyuake will be followed by another of
any size to the problem of the prediction of
the Bkehboud of occurretwe of a stronger
shock. The model, which has only three
adjustable paramcters, has been derived
from an independent, albert significamly
simplitied, model of quasi-static fravrure
growth. A number of models of fracture
give imsights ime the originy of cerrain
features of scismicity, but, 0 our kel
edyee, this is the first time that the conse
guenwes of a theoretical maode? of fractore
have been dircetly coapled 1o seismic daga
derive a quantitative, nonempiricat forecast-
ing prowedure,

We define a “predicrion™ 1o be 2 formal
rule wherehy the available space—time—seis-
mis moment manikold of carthauake occur-
rence is significantly contracted and tor
which the probability of occurrence of an
carthquake is antivipated to be significantly
increased. We make no specification of the
size of the second event of the pair here,
except 1o require it o be srronger than the
first,

The statistical reliability of most forecasts
of the siee, dare, and place of 2 fnure
nivadunal cartheuake is difticult w measare
quanttatively. Stricely speaking, 2 forecasied
carthouake that eccurs just oneside the pre-
speiticd rimwe, space, and m.rgnitudc Lt
shoukl be comsdered o falure, whereas,
intnrively, the predicnion was alnwist cor-
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rect. Suppose that instead of the occurrence
of one predicted strong carthguake, a cluscer
of shghtly smaller, closcly relared earth-
quakes occurs that releases about as much
energy. Has the predictum failed because
the peak accelerations that were expected
did nut occur, or has it been successful
tecause the otal energy released is nearly
equal 1o the predicred value? To respond 1o
these questions we have developed a quanti-
tative measure of the cffectivencess or rehabil-
ity of such predictions. As far as we know,
na such measure has been propased thus far,
at feast i the multidimensional case of
neerese o us.

At the present time the reliability of pro-
poscat prediction techniques is low. The
ccurrenice of one false alarm {prediction of
an carthquake that did not occur) does not
disprove the validiry of the arguments used
in a prediction, §f swh predictions were
formulated as a formal rule and applicd 10
many carthquakes, it might be possible that
the rute woukd actually “predict,” that s,
pertorm berter than a Posson random
guess, Conversely, a single “successtul pre-
diction” does nor validate a predwnve proce-
durg: an carthquake may ocour juse by
chance, and we cannor el whether the
prediction was successful on its own merits
ur succeeded by concidence.

We are concerned with the statistical e
dicoon of sty carthaquakes on time scales
that are shon {on the order of a few hours w a
few davs) when compared with the recurrence
vimes of the simongest canhquakes, or with the
prodicton of slecrhocks on time scakes tha
are shwrt when wompared with aftershenk
twer-cvent mes. Thus we avoid probhoms
with the instabilite and variatulicy of kng-
twnn canthguake sequences (2, 3. Over shore
e scbos, the Jominant feature ol statistical
eartlujuake cncurrenee is 2 strotg chustering of
events 1 omie and space (24,

QIIJI“II.I"\'L' I“’l‘dlt‘"(lll ffllllll'\‘\ thar we
estimiy funure ovcurrence rites on the baws
of probaluhey at all poines of the space-
time-sersmic niomert manifold for any pos-
sible canhquake sequence. To di ths we
detine a cominouns function that is derived

from a stochastic mudel and is parametrical-
Iy firted to the available history of scismicity.
We then cxtrapolate the fired function to
perdorm the predution; the etfectivencss of
the prediction and s accuracy can be cvalu-
ated quantitatively. The scismic historics are
contained in one of the catalogs of earth-
quake ucowrrence (5). These catalogs list
canthquakes and give thar ungin times,
their locanons in three dimensions, and
occasiomally focal mechanisms in the form of
cither fault-plane or scistmic mofmeny tenwor
solutions or buth,

We have introduced two quantities that
are related to the prediction problem (6).
The first is the predictive raue Afr, x,
M) Aa(x, My, where Adr, x, M)At is the
probabiliry that an earthquake ovcurs at
nnie ¢ during a smalt ume inrerval Ae, ar
location (and possibly focal paramerers) x,
and with scalar scismic moment M. The
conditional probability A& is computed for
some model to be tested (2) for & piven
hisrory of scismiity. The quantity Aglx,
M)Ar is the same probability according o
the Poisson hvputhesis. The predictive ratio
{or its maximum valuc) has been adopred by
some investigators 1o characterize the effec-
tiveness of a forecast {7, 8).

The second quantity is the information
content (11, which is the base 2 logarithm of
the integral of the predictive ratio over the
space~time—scismic moment manifold (4, 6,
). This quantity can be written as the sum
of two terms,

¥ L]
I'=-log; rL L L |A(r, x, M ix)
= Ao (x, M | No)] dr dx AM

Alt, 1, M Ix)
+ f L Lh& Ao(x, M 1Xa) NG %, M)

={{ ~ t}n 2 n

where the x values are the parameters of the
model; T and X are, respectively, the time
and space spans of the canalog; M. is the
seismic momicnit cutoff of the catalog; AN (e,
x, M} are multidimensional delta functions
comespomdmng o the earthquakes in the
catabog; £ is the logarithm af the likelihood
for the particular mode! of carthuake oc-
currence; and & is the logarithm of the
likclihoed for the Poisson model. Because
the Poissont provess has maamum entropy
fir 2 pgiven rate ol necurrence, it is an deal
refcrence medel for nwasuring the informa-
tion content of any competing madel. Fre-
quently a single catalog enery spans a large

Tnuitute of Genphyaes st Planetary Physica, Univeray
o Calibormia, Lan Angeks, UA 90024,
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number of subevents that have oceuered
between the begiming of ruprure amd the
next event in the catakog. Thus the total wne
span in Eq. | includes 3 “dead e afrer
cach carthyuake in the catalog. We sysieny-
atize these dead nnwes against inconsistencies
n entitymg attershocks by taking the dead
time to be the coda time compured accord-
ing 10 Eq. 4. Thoswe dead wes can be
considered ta be one version ol a weighting
funcrion that suppresses very short ime
influcnces. Other rules for incorporating
weighting functions are possible,

The values of the paranwters x in Eq. |
are chasen 1o maximize the logarithm of the
likelibood functon ¢ ~ {y. These parame:
ters are sclected in view of conuain ssump-
tions regardng the stresses at the edge of an
carthquake fracture (10). Depending on the
devatls of the particular model and the as-
sumptions, the numbier of parameters in our
munkels 13 between three amd seven.

We assume that the dusters ol forestncks
and attershucks have a Poisson distribution,
although the individual events within the
cluster do et The condwional density or
hazard tuncoon A(s, x, M) is (11-13)

AL M) = h-d(x, M)
st M ()

whese b is the rare per unit time of Poisson
occurrence of a clusier, the First shock of
which has scismic meuncnt greater than or
cqudl to M in che volume (X); dix, A1) is
their space—scismic moment distribution;
bgfr = f, x—x, My 5 the conditional
distribution of later events occurring at time
tand coordinares x, of eathier canthquakes
have encureed at nmcs £, and coordinates x,.
For the purposes of the illustearion below,
we shall assumc that an ~alarm™ is declared
when the hazard functon exceeds a certain
“threshdd™ race,

The condinunal distribution of the jth
shonk, which depends an the accurrence of
the sh independent shock (f 2= ¢y wath seis-
mi prsment M,, is

LIPS OB
= MY b rgd ) WD) - M) (3)

where 1, = g, — 1, (v > 0); p is the horizon-
tal distance between the dth and jth cpicen-
wers; [ =2, -~ 2, s the vertical distance be-
tween the hypocenten, viM,) w the tonal
aumber of dependent shucks "goneraed” by
4 shock with scismic moncm M,; . ( ") arg
conditional density. denbution Rincuions
fthe astensk ndwates 1the thiree sl
arpuments oF the lunctionms ); and &, M,) n
the wotditionat deseributieon Jensiy fiw-
tion of the scismic momem (14).

We have estimated the values of the pa-

1464

rameters of the model of Fy. 2 ad the
inlewmnation conrent Bor pan (1971
through 1977} of the Calitimia Network
TCALNET) (U8, Geolognoal Survey) cata-
Ty for centrab Calitornia (15) that is m hnat
form {16), maore recent (.Il.lklgs have ot
been wannowed o chiminate  spunous
events. The magninede threshald for the
cataboy has been takens to be 1§ (4, 15).
There are 7360 events in the catalog,

The occurrence of one earthquake raises
the probability level immediarely; it then
slecavs rapidly ar a rate that depends on the
scalar sesmie moment A of the carthguake
and the e that has elapsed since the
carthquake’s ixcurrence 112, 31

Yt 3} = vM) < din)

W M 2% t |::_
II[A_IJ ﬁ forr ety (4)

where the roral number ol deperident evenrs
i (MM, Y i 1y is the ime span of the
codad waves of an carthquake with seismic
moment M. The values of ryg and M, de-
pend on the prupertics af the senmopraphic
nerwark. For the CALNET catalog we rake
£ tobe 3.46 x 107" day for an canthquake
with scalar seismic moment logye M = 22.4
[hxal magniude () about 4.0 {47) and
kngyo M, = 18.6 (m,_abour 1.5} The voda
durarion ey is proporional t the cube root
of the wismic moment (). We st
w = 0.075. Numctical tests show thae the
resules of the predictions are not intlucnced
signiticantly by changes in the value of . A
change o w is simply equivalent to a change
of the alarm threshold rate for large valies of
the alarm threshold eate, the value of @
whiuences the prediciion etocney only for
values of the threshold rate cose o he
Possson rate,

Inrroduction of the cpicentral conrdinates
nto the fieng process (Eg. 3) mncregses the
ntormanon comtent by a lactor of froms 5 to
10. The use of depih dara in By 3 mercases
the mdoranon content by only abein 15%;
this chteer 1s smuadl becaise of the hagh redun-
dancy in the tirrow depth cange b the
hypoceniers i the CALNET catalng. To
tlustrate the use of Eq. 3, we noglea al of
the comdbinonal  distabutioe anher than
thise tor sngin tmes and one-dangisional
locations of & projecion of the cpueniers on
the trace of the San Andreas Laule, which we
take s by approvimatche N37ZW o rhes
regaon. In Table 1, ehe vabues of § ad { are
calculared Tor subcatdogs comsntng of -
year mtervals and five cqual 73k porsons
of the San Amdreas Tawde 2one, with dhe lirst
s being the northernanwst.

Although  these  quamties  Ihiciuare
steongly oner the emporal and spaal sulud-
voitnis of the catabog, ddoser [GEVETEI

shows that the value of T depernds strongly
ot the ovcurrence of Large chusters ol carth-
guakes; muost obten, bur mr necessanly,
these clusters are the attershocks of some
strong event. An mdacator of the presence of
1 large atershewk sequence is the appearance
ol a large value of the maximum magnitude
Woan W1 The carakog,

We estimate the probatuliey of iccurrence
of future carthquakes from Eq. 2. The ad-
justable paramceers x are given by a maxi-
mum hikelbood peocedure. Some of the
Paranwters are obtained from odher physical
e geological considerations (3, 10, 14);
buth the uncondinonal and condional pre-
dicted distributions of carthquake sizes (Eq.
3) are assumwd 10 chey tw Gutenberg-
Richer law o its moditication for the disin-
butin of the scismi: moment ensor (14).
As 3 direct consequence of the later as-
sumptun, we make no atempt here 1o
“predut” the seismic moment or any other
measuire of the size of 2 future carthquake.
Only the tume-mulndimensional — space
prohability oe scismic activity has been ex-
trapolated from the availabic data

Figure 1 shows an exampke of the hazard
funcrion, or the prediction, as a function of
time. We rake the spatial distribution to be
Gaussian

Wil) = (@VIm) ' opl-£42eY)] (5)

where £ is the distance between shocks along
the ine. The value of s estimared w be
abour 0.5 km for an carthquake with
kigy M = 224 (m) = 4.0); o 15 propor
tional 1o the vube root of the scalar seismic
ML,

The hazard Function displayed in Fig. 1A

Toble 1. Likclibuxal funcuon fiw the CALNET
carabog, of carthquakes and Wy time and space
subudivisions. Abhreviations: , avmbee of cvents;
my. maomiom magnaiede, £, loganthm of the
likelwand; Fim, intormacnmn ceontent rarva,

Tume
W )
spae s ¢ ]
umerval
Time snsevvals, wif spuce
1471 74 kL 7730 1.42
W7t 1SE1 5.0 1760.2 164
1973 13 4.6 w27 L.30
1474 V46 5.2 876.0 | 34
1478 LRI 49 5438 0x4
1974 1661 43 2vt3 1.GN
w77 [T 4.4 12394 172
Space imiervals, slf time
I Y LEY ) oy
2 730 43 13706 Xow
3 1750 5.2 12102 Lo
4 7y 50 42119 (%)
5 154 49 H119 055
All space-time intervals
7ol 52 ROHG 2 158
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Fig. 1. {A) Comditional rare

Al ofoccurrence of carthguakes
aw hazard funcnon or Bear
' Valkev, Caliliwema, £ = 0 is
22 kebruary 1972, 0000
4 Cireenwich Mean Time. The
thieshold rare is ten tmes
3 the DPousson rare. {B) A
! wme-distance plot of carth-
) quake occurrene; the siacs
? of the symbuks arc reughly
proportional 1o the magne-
1 P Thre ™0 _ % — 1 euderol the events. The cen-
ter line, marked 2t 0, in {B)
Poisson rive comyesponds o che selerence
. - point of the diagram in (A).
= .
3 Y - w . "
2 LI
" A M L
| , .
s ? i . .
Tions (darys}

spans the interval from 22 to 29 February
1972 for uoe point on the $an Andreas fault
in Bear Vallcey, Califormia (18), a ume of
particularly vigorous acuvity. Most of the
time-kication  space is  sigmficantly  less
densely studded with alarms. The number of
independent cvenrs in the full catalog s
estimated tor be 5155, The ceference Poisson
rate is 0.0058 carthquake/(day nmes knlome-
ters}, which we 2ssume to be a constant for
the entire fault and the emtire period of the
catalog. For purposes of illustravion, we
chose the threshold rate for an alarm to be
ten rimes the Poisson rare.

The spikes arc the functions 1%, The
peaks of the funceoms dor the seronger
events arc not as large as those tor the
smaller evenrs, since the conditional rate
function 1s plotzed only from the end of the
coda, and larger earthquakes have larger
conda times. $iowever, the influence of stron-
ger shocks can be recognized on the display

Crwtarcd (Lw)
-

H
o . Ve e -k
[ 1 '
T (days)
1% [UNE 1987

A T T — e i

by longer decay times. Figure 1B shows
thusc carthyuakes in this time period whase
cpiceniral projections are close ta the “pre-
dicnon™ poitn, The reduced influence of
muwre renuAe carthquakes can be discerned.

The display is characrerized by rwo sigmif-
icant alamm bursts above threshold. The
steongest carthquake (w,. = 3.5) in the first
burst occurred about 0.5 day after the alarm
had been declared at about 0.2 day. The
largest event (we = 4.6} occurred shortly
afier the sccond alarm at about 6 dayvs. Two
of the three small earthquakes thae immeds-
arely preceded the lamgest event triggered
separate alarms, but in each case the shocks
were s0 small that the prubability function
fell rapdly below threshold. Conswdered ng-
vrously, all of the shoxks above the thresh-
uld in Fig. | were forecast successfully ex-
cept thuse that “rurned on™ alarms; howey-
er. mens of the shocks muse be considered
afershacks, for which we cannot take much

Fig. 2. Earthquake bazard
map for 2 10-km segment of
the San Andreas fault w
Bear Vallev, Califivma. The
fime sabe s the samw as
Fig 1. The releicme poat
b Fig. b s at conwdinaee 4
. 'ﬁw shaded arcas unh-

3 ;] ware predited rates thar e
. - Ml ooy the threshold rare The
. threshold rare s fen Dioes
e Posson rawc
______ L N o

credit. A first “predicted” carthquake staris
an alarm and “predicis® 2 second, even
swronger canhquake;, if no second event
occurs that is stronger during the prolonga-
tion of the burst, we have generated a false
alarm. Thus, every burst must be a generator
of onc false alarm, cven if it contains onc or
more successful predictions. Similary, the
dedaring of an alarm is by definition a
failure-1o-predict, and every burst 1s identi-
fied with one such falure.

Some of tiese relatiuns become clearer if
we consuder the space-time hazard functon.
Figure 2 shows the locations and rimes that
are above the threshold for a 10-km segment
of the San Andreas fault in the Bear Valley
arca for the same time interval as in Fig. |
The disconnected alarms of Fig. 1 ncars = &
days are i reality conneaed; the disjoint
nature of the atarm intervals in Fig. | arose
because of our failure to display spatial
varsanions. Figure | orepresents a section
through Fig. 2 at a coordinae thar cuts
across the decavs for the first two events,
The complexity of the interconnections is
associated with the complexity of the geom-
etry of canthquake occurrence, which has
been shown to have a fractal characwer (2,
19). The compiexiry of the blotchy partem
will probably increase as the number of
dimensions of the prediction space in-
areascs.

The ratir of the total size of all alam
rones tu the total space-ime size of the
catalog is shown in Fig. 3 as a funcrion of
the threshold kevel. As may have been ex-
pected, the space-time areas of the alam
zones decrease as the prediction threshold is
raised. Alsa displaved is the rano of the
number of events that fall inta the alarm
zones to the toral number of earthquakes in
a piven catalog. The lanter ratios have been
calculated (1} for main carthquakes with
my = 3.5 or greater that have been proced-
ed by foreshocks, that is, by smaller earth-
quakes that nggered the alarm; and (ii) for
all events with = L.5; in this case, we
count altershocks as well as main shocks as
“successes.”

For a threshold ratio of 10°, for example,
the ronal size of the dangerous zones is
9% 107" of the total rime-distance arca;
7.1% of all carthquakes with my 2 1.5,
6.6% of 301 mamn shocks with my_ = 3.0,
10% of 58 mam shocks with my 2 3.5, and
14% of 21 main shocks with wey = 4.0
encur in these zones. For low levcls of the
threshold ratio, the maximum percentage of
sucvesscs, that is, the numbr of eanthquakes
with my, = 4.0 that arc preceded by fore-
shucks, 15 abour 33%. It we rake the theesh-
old to be cqual 1o the Poisson rate and
assunie that shocks occur uniformly over the
entwe faul, atmost alb of the earthquakes
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Fig. 3. Prediction efficiency for a ?-year, 364-km
interval of the San Andreas favh in cemtral Cali-
liwmia. Threshold rates are i unis of the Possen
rate Curve A, ratm of the total space-time size of
all dangerin zofes v the total space-time uze of
the cavaiog. Curves R, ratio of the number of
evetits falling e dangerous zones 1 the ol
number of carthyuakes. The dashed line repre-
sents main shocks and aficershocks Tor all events
withm = 15 Curve C, predicnon etficiency for
main shocks with my = 3.5,

will be predicted, since almose all of the
space-time span of the catalog will be an
alatm zone; the value of this “prediction™ is
nil.

Siemilarly, the occurrence of a single very
large carthquake raiscs the probabiliey func-
tion to swch a high kvel that an alarm,
presumably for aftershocks, is declarcd that
may endure for 2 number of years. Under
the assumption that the tniggering carth-
quake is the only onc holding the alarm
open, for a limited range of local magni-
tudes the number of davs that an alarm will
beopen is 0.0154 x 10°* x 5, T where
r, is the relative threshold rare, foe distance
£ = 0(Eq. 5). Most, of 0o all, of the strong
aftershocks of any' carthyuake can be pre-
dicted by our provedure. Even though pre-
dicvions of afiershocks do not have the same
visibiliry as the prediction of main shacks,
strong aftershocks can be dangerous, and
thev ropresent an area of significant engi-
neeting and public concern.

The ratio of the percentage of earthquakes
predicted 10 the perventage sizc of the dan-
ECTous zooes gives an cstimate of the im-
provement i the prediction over the Pois.
son assumption. We call this ratio the cffi-
cictey of the prediceon. For carthquakes-
with my_ 2 3.5 the eBiciency is about 1100
for a threshold ratio of 10° (Fig, 3). We
prefer to use the efficicncy instcad of the
false alarm rate s 2 measure of sucess or
faiture of the prediction; our reprexeniation
abways predicts false alarms. The cfficiency
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of prediction of fanure main shocks mcreases
with increase in the magnitude ol the main
shock.

The drop in the success rare with increas-
g threshold rano is small up 1o 2 ratio of
abuowt L0, hence, up o this threshold, the
space-time size of the alarm zoncs can be
reduced strongly without major reduction in
the suwcess rate. Beyond this threshohd the
success rate falls off rapidly, at least fue this
carthyuake catalog. The diffcrence berween
the success rate and 100% 15 the rate of
tatlures-to-predict; as the threshald devel in-
creascs, both the efficiency of the prediction
and the rate of Fulures-to-predict increase
(Fig. 3.

Criteria for alarm onset and call-off may
have to be modified according 1o the user’s
nceds. Such modifications could resublt in
different faure-to-predict rates than those
reported here. The choice of the appropriate
weighting function (Eq. 1) and the thrash-
old level are discrenionary paramercers for the
users of the predicion technique.

Figure 2 displays the space-time zones of
increased probability of nccurrence of earrh-
Quake epicenters. To predict the damage
caused by larger earthquakes, we will have
to take into account the size of the ruplure
tone, as well as other engincening feanncs
such as propagaron cffects, soil conditions,
and attenuatin; these aspects of the prob-
lem are not considered here.

We estimare the maximum cffectiveness of
our procedures by calcudating the specific
information coment per cvent, Jim, in a
modcl that simulates the complete process.
The outpur of 2 stachastic model of earth-

quake occurrence that simulares the Daisson
cluster process well (2, 3, 19], with parame-
ters appropriate 1o the CALNET catalug,
yields from 18 to 15 bits of information per
earthquake, if the syntheric cataloy is pro-
cessed in the same way as abave, We belicve
the major reason for the difference is that
although our synthetic catalogs include large
earthquakes, there are nn farge carthquakes
in the perind 1971 through 1977 for the
CALNET catakog; the largest earthquake
[my = 5.2) ruptured only abour 1% of the
total length of the fault. Support for this
intcrpretation s fourdd by noting that dur-
ing the promiment Rear Valley sequence off
carthquakes of 1972 (18) the value of Itw
was significamly larger than during alb of the
other years of the catalog (Table 1) Com-
pansw with other carthquake  catabogs
shows that an increase in the length of t
catalog does not necessarily retleut an in-
crease in the it rare per eardwuake; the
Latrer quantity depends on the qualiny of the
scismographic network and on the preseice
of large eanhyuakes i the canalog 14,
Hecause the raio of fir for the theoretical

result is larger than that derived from the
observations, it might be passble that the
wicertanty i carthyuake occurmence canoin
principle be reduced by a factor of 2" when
compared with the Poisson nuxdel, since
cach bit of infirmation reduces the uncer-
tanty by 2 tacror of 2. These cstimates are
somcwhat suspect because we do ot know
the numbers of degrees of frecdom cither in
the stochastic model or w1 the result of
processing by Ey. 1. We canner assess the
ifluence of inadequacies duc to the use of
the branching process simulation mandel in
the <texchastic mundel, nor can we assess the
itheences of misidentification, origin time
and lacation crrors, the selection of arbitrary
threshokds, and the use of maodels such as the
magiiude-frequency taw, in the analysis of
scrual data. However, we know thar the
absence of large carthquakes in the test
periend gives a sigmificantly Jow value of the
specific informatiun content. Although both
foreshock-main sheck and main shock-af-
tershock sequences arc used in the computa-
non of the information content, most of the
informarion is supplied by the liner se.
quences, which are of less interest for pur-

poscs of prediction. However, the results of
statistical analysis of earthyuake catalogs (3,

4) and those of the modelng of the oceur-

rence of earthquakes by 2 sclfsimilar seo-

chastic model (2, 197 wndicare that both

foreshocks and afrershocks are muanifesta-

tions of essentially the same process, namedy,

the stochastic interaction of carthquakes.

We interpret our model as an indicanon thar

we are able 10 derive the likelihood of the

triggering of one carthpiake by another bue

that we do> e know whether the succeed-

ihg earthquake will be larger than the pre-

veding one; the next level of refinement of

this model will mvolve computation of the

relative magnirudes of the evems.

In view of these comments it is startling
thay the estimates of the cffectiveness of
predictions bascd on the intormarion con-
tent are of the same order of magnitude as
those obtained from the hazard tunction
{Fig. 3). This agreement may be coinciden-
tal because the methods may have different
numbers of degrees of frecdom and con-
straines. The information conten is suired
ferr theoretical studics of earthquake occur-
rence, whereas the hazard function is more
usctul for carthquake furecasting. The infor-
markmn comtent b the CALNET canalog
decreases capidly H the dead vme bs in-
creaveud beyond the coda time. Alier | hewir,
10% of the predictiec intormation is lose, |
day fater, the reduction is one-third; and 16
davs Liter it is one-half (33 In addiciony, the
talurc-to-predicr rare ingreases capidly with
wwreasing dead omwe. The mlformuation con-
rent tor e best seimelogicat daca presently
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availabile s oot an upper linit. But i may e
increased significantly through the introduc
Frt of seismie monkns tensor information
aoad estinuees oF srress From geologeal amd
ovmde Al VeSO v wllas from past
earthykes,

Our roanles indicare thar only abour one-
third of the strong carthquakes are preceded
by foreshinks that are separaied o nme
feommt an idopendent shick by more than
tar. For ather mexfern canalogs of carth-
quakes thae are similar in qualiry o the
central Califwnia CALNET catalog, the
number of failures-w-predict iy about the
samie, that is, of the order of rwo-thirds (,
14 '

A mendification of the above strategy for
prediction is called for m the case of the
woairrene of strong canhquakes. Strong
carthquakes have the potent tal tor serving as
foreshovks of even stronger carthquakes, o
they mav be the main shock 1 the wquene,
just as weaker vathguakes cam swee h:llh
Runctions. However, the coda time fy s
about 15 minutes for an carthquake with
my. = 5, and th time increases by a factor
of about VTO bor 2 unit imwrcase in carth-
quake magninude. It an carthquake with
o= 6 owere (o oweur, with o without
prive warning according to the senno
abxwve, noatarm fur 3 pussibly even stronger
carthyguake would b sunded for about
o = 50 minutes, which nught be an unac-
ceptably fong dvlay for issuing A warming.
This dificuley is circumvented il we reduce

the dead nme for large carthquakes w2
vahse less than the coda time,

"This mudification for strong, carthquakes
indicates that response strategies can abo be
developed with time delavs of the onder (,I
scconds. As supgested by Heaton (200, 0
v be pussibile 1o predict some Targe |:1|.1I1r
quakes througth e anabvsis of small starting
phases of comples events thar Liter blossom
inta large carthquakes. These small staring
phases are genuine caﬂhqq.llwzf whiowe sig-

nals overlap with those of t!mr.sucwsmm
and raise the probabiline level for 2 short
time, thereln triggermp an aliem for the
larger cvent. The number of these preshocks
should mereast as £y 7%, where gy is the ome
before the star of the main phase ol 3 steang
carthuuake (2—4). In the present methisd,
we are et resiewted 1o dead times ot the
weder of ripaure rimes, but instead we are
able ® use konger detavs of the order of 2
few minies. With this procedure there
should e far Fewer talures-te-prodice tor
very spong carthytiakes. Automated e

empirinally derved probabilities of fiwe-
st k-main stuack ocearrenve may be sum-
marized 2 follows. (17 Since our model
hased on a lermularion derived From a mul-
ndumensional stochastic provess, 1to1s (W
Pecessary 1 use arhitrary windows to ana-
Wre seismust nor iy W necessary s delee
aftershonks Iroum a caaloy 1o make the vra-
kg amenable o statistical anabvss. There:
tore, our forecasts are not dependent on 2
pust-tacum - dassificavon of cmhquakgs
it fore-, man, amd aftershocks, a subedivi-
sion that mav tut be possible in real tirne.
{it) Sinve the parametens of our seismivoy
nuxdel s obtaned through a masimum
likehherud prewedure, the moded is up!]mal
in a quantitagve wav. The choices (V]l l'.lt
paranwrers can be justrticd un the h?.m ol a
well-defingd  theorctical model of carth-
Quake oueurrene (2, 10, 19). Furthemwre,
the mode] itselt is consistent with all ot the
uther peces of statistical scismiary thae
have bevn well decumented, and it has not
een derved Tor the sste purpuse of devel-
oping the foreshack-man shock relations.
The mundel has only three parameters thar
are adjused 1 the pruperues of the kwcal
seiviey: the rate of oceurrence of |,ulc-
pondent carthquakes and the coctficiens
that specite the ocourrence of dependent
carthquakes, poand o Inoone sense the
eI 2:3 in Fy. 4 is als0 an adjustable
parameer, but since this can be qcrn\'td on
foremal grownds (), we have considered i as
Bxed, () The likelixxd function we have
detived allows us 1o csumate the effective-
ness of the proposed predicion scheme in
termmik of ioformation contet of an carth-

quake catakog. The procedures outlined here
can be adapted to predicting schiemes other
than the o we have used, as soon as the
quality and quantity of the data describing
these precursors reach the stage where they
can be processed by similar multidimension-
al staristical vechmiques.
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STOCHASTIC SYNTHESLS OF EARTHUUAKE CATALUGCS

X, Y. Kagan and L. Knopoff

Department of Physlcs and lnstltute
Univeralty of California, Los

Abstract. A model of earthquake occurrence in
proposed that is hased an results of staclstical
studies of earthquake catalogs. We assume that
each earthquake genevates additionsl lhocE!lgésh
a probability rthat depends on tine as L .
This sssumption together with one regatding the
independence of branching evenis on ad jacent
breaches of the event 'tree,* ia msufficlent to
peralt the gencratlonm of tomplece catalogs of
earthquakes that have the same time-nagnitude
statistlcal properties as real earthguake cata-
logs- 16 6 i» sbout 0.3, the process generates
sequences that have statistical properties siol-
lar ta those for whallow earthquakes: many well~
known Telatlons are reproduced lncluding the nag-
nitude-frequency law, Omori's law of the rate of
aftershock and foreshock occurtence, the duration
of & recotded seisnic evenct versus Lis magnitude,
the self-sintlarity or lack of scale of rate of
earthquake occurrence  in different magnitude
ranges, etc. A value of 0 closer to 0.8 or 0.9
seems Lo simulate the statistical propertles ot
the occurrence of Intermediste and deep shocks.
A foroula for wseismic risk predicrion ia
proposed, and the faplications of the model for
risk evalnation are outlined. The possibilitien
of the determination of long-tern risk from real
or synthetic catelags chat have the property of
self-sinilarity are dia.

- 1, Ilntroductlion

Most theoretical smolutions to problens In
fracture dynamice yleld relatively simple scurce-
time functlons: the velocity of slip functions
generally rise wonotonlcally and then decrease
monotonically until all notion eventually ceasen.
On the other hand, there is some circumstsntial
avidence that teal earthquake soutce-time func-
tiona are not sfmple functlons of time;. the
velocity of slip functlions nay be rather more
serrated, which-would indicate that §f the motlon
due to a single event is simple, the source must
be & superposition of a number of rupture events.
In this paper, we make this postulate and derlve
source~time functions based on It.

We have noted elsevhere [Kagan and Knopoff,
1978, 1980b] that Omori's law ef the rate of
occurrence of aftershocks seems to be & universal
phenomenon. This law, which is that the rate of
occurrence of aftershocks varies sa Ift, has been
verifled For catalogs of the lsrgent earthquakes
on & worldwide ncale =s well as for catalogs on
smaller reglonal scwles, &t least when the
avallahle catalogs are reasnnably well docu-
mented. Extended back to the orlgin time of an
earthquake, the rate of occurrence literally
spproaches inflnity. We shall rake the
assugpt fon that this rate of occurrence relatlon
holds even at such a short time acale that the
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interval hetween events is less than rhe durat lon
of the ralative faultlng motions of an individual
event.

In this paper we nska scveral simplifylug
assupptions. First, w4 shall assume that the
source le A point in spsce. Second, we assune
that the Individual shocks In a complex source
event ace discrete in such & way that each conpo-
nent event of the complex sequance contributes &
waveform to the motlon having the weaoe Cloe-
dependence Af all the ochers. Third, we assuce
that the source-time funccion is & wimple step
function of displacement; this may be wrong In

‘detail, hur 1r is sufficient for the parpones of

simulating real catalogs, #a will be secn below.

By virtue of the time scale Independence of
power law functions we wdy imagine that the
sgourca-tine funcetion of & aingle earthquale,
composed of s superpasition of overlapping indl-
vidual evants, is identleal to that of the
history of deforsation of the earth due to
repeated eirthquakes over years of evan centuries
under a suitable change of tipe scale. The beat
statisticnl information we hava today relactes to
earthquake Occurrences over intervala of ysars.
1n this paper we assume that we can extend the
known statistlcal properties of esrthquakie cata-
logs to the time acale of earthquake durations at
the nource. We use a model which employs &
pinimin nurber of paraseters. We will show that
this model provides an adoquate source-tinme func=
tion that simulates well the statistics of Indi~
vidyal earthquake eventa and simulates the rela-
tinnshipa between eacthquakes in real catalogs ams
well. We simulate tndividual earthquakes by &
Honte Catlo prucedure, obtaln synthetlc catalogs
of uarthquahey, 1investigace atatiatlcal proper=
ties of these catalogn, and cospate tha results
with the corresponding properties of real earth-
quake catalogm.

7. Brochastic Self-Similaricy of
the Earthquake Process

Before embarklag on & description of the prop=
ertien of earthnuake source-tine not lona
syntheslavd according te models incorporating
some of the ideas sketched above, Wwe review Bome
of our tecunt vesults relating to the stochastle
tnteraction of earthquakes. The most lmportant
feature which emecgus as 8 result of these inves—
vigations [Kagan and Knapoff, V977, 1978, 1980a,
k|, is the stochastle relf-similarity of the
pelemin procees, 1.8., the absence of any
particular ncale coanected wirh time-distance=
mapnltude patterna of earthquake oCCNTreEnce .
Thin selt-sinliarity nanifests Ltself in the
appearance nf power law distributlons of all the
featuren of the earthquake procedss Inventlgated
thun far: the power law disteibution of selsmic
enurgics ar  moments, Onocl's power law for the
rate of accurrence of afrershocks and fToreshocke
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of shallow earthguaken, the power law distri=
butlon of the energicn of Foreshucks and afrer~
Ahiocka, and the Lnverse power law dependence ol
the spatlial monent on  the separation hetwevn fwo
forl, Some generalizntions of the fldesn of
Atochastic melf-slnilarity are  presonted by
Mand«lhrot [1977]).

He have Found [Kagan and Knopoff, 1978, 1980b]
that self-similaricy holds over a magnitude range
extending fron H = 1.5 to the greatest eArth-
quakes. Bucause of the abapnce of dimenslonal
scallng paranetera we make the assumption that
the eate of occurrence of [oreshocks of small
earthquakes and snall sfrershocks of snakl earth=
quakes Is minilar to that for large events wich
only the time and distance scalen changed
appropriately. 1n this paper, we only ume the
assumptinn with regard to the time scale.

The tioe-magnitude rate of occurrence 0f sta~
tistlcally dependent earthquakes Ln showh sche-
matically in Ftgure L.  The upper [lgure shows
the time rate of occurfence for a glven magaltude
differenve “etwsen [he events. 1t 1% symmetric
for the case Ln which the magnitude difference
between & foreshock and 1ts  Wucceeding  largee
event and a largec event and It mucceeding
samaller afcecshock ia virtually zera. The
asymmetrTy of Lhe time hehavier of the aeclsmic
procews, that fe, that there are few If any fore~
shocka and an abundanee of aftersahocks, is
explulned by thelr different nmagnitude diseri-
but ions (see lower parc of Figure ). The number
of aftershocks increascs  as At Incressen,
wheTeas the nusber of foreshocks decreases with
incceaming AN,

As we have Indlcated, the large cacte of
occurrence of depandent events near the origin
time of & maln earthquake means that we assune
that we can model sach varthquake as & merger of
sany shocke [Kagsn and Knopoff, 193], This oul-
tinhock anpect of wsarthquake accurgence is
11luntrated schematically Un Figure 2, where the

ral

role

Fig. 1. Rate of occurrence of dependent shocks.
The upper carve shows the rate af occurrence of
forcuhocky on the left and of aftershocks on the
right for the case when theae shocks are
romparable in size to the maln event (a% =0).
The lower plot dleplays schenat leally the dis-
cributlon densiey of dependent  whocks  versus
magnltude  difference  AM, The lnwer curve
therelote represenis a multiplying factor Lo be
appiled to the upper curve lor & glven value of
AM,
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Fig. 2. Schemari¢ 1lluscrarion of selsmic
ponent relesse in 4 wultiple event (right} in
conparison with the conventional) picture.

slngle cvent In the left-hand portion of the
dlagran 1In replaced by weveral shocks whose
origin times occur naccording te the statistical
laws 1llustrated 1in Flgure |. There are sooe
fndlcaLions In real earthquakes for paztemms of
nultishock occearrence [Trlfunae and Hudson,
1973},

We wmasume that there i3 neatlng of shocke:
referring to Figure 2, perhaps esch of che
smaller steps In  the vight-hand part of the
diagran should be rep'aced by an evan ssaller set
of replican of the whole process occurring on
shorter time scale. If our hyputhesin 1ia
corcect, then a rvesl record shows s  somevhat
smonthed plcture of the superposition of traces
from many shocks having a dense distribution in
time.

3. Stachastlc Hodel of Earthquahe Process

We describe 3 stochastic model of an earth-
quake process whose properties depend on only two
significant Lntrinelc patamecers. The podel ie.
deslgned to gemcrate a  simulaced seismicity that
is statintically equivalent to the tine-magnitude
propertles of real cazthquakes. Although thers
is no intrinsic slze of carthquakes Ln our sodel,
for convenlence a unit earthquake with selsnic
moment = s Introduced on an ad hoc basis.
Independent of the previous history of an sventl,
it can #ct as & generator of other events of the
sanc airze accotding to & random process. We
hypass the computational difficultles associsted
with the inftnity In the occurrence ratas aof
aftershocks an rhe time Lntecrval becomes shorter
and shorter by the following device. 1n out
model the probablilicy that one event gives
'birth' to another in the tice intarval dt 1e

$(tddt = 0 t<t,

8 -(l+.)dl

#{c)de = (1-x)ot ¢ k>e, (D

a
where t ) can be inagined to correspond to the
rupture time of an elementary ssrthquake; during
this time the parent earthquake cannot produce
other shocks. The coeffliclent 8 apecifies the
*fadlag memory' [Truestell and Noll, 1965,
pe 101] of the earthguake, &nd the coelficient K
defines the criticslity of the process, which wa
dincuse below.

Secondary shocks are sasumed to occuf indepen~
dently of each other; theae have selsmic monents
equal to those of akl the other shocks, including
the 'maln' shock. In their turn, secondary
shocks produce new dependent shocks according ta
the wmame law (1)} the process cascades
lodefinttely, Since all elementary shocke are
equal In thie wodel, we do not have to apply the
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ibting Eactors of the lower part of Figure 1.
ead we shall show In mectlon 7 that the
.ndence of the rate of occurrence of fore-
us snd aftershocks on magnitude differcnce
1es as a consequence of the model we have
med. Since the model is self-similar or
le-independent, the mize of each shock m, can
.aken Lo he as small as necessary LF ¢ is
inlahed corcespondlngly (see  below). The
iting process 13 kaown In the mathematical
irature as sn age~dependent, continuous state,
wching proceas |Jirina, 1958; Harris, L963].
‘e have normalited the integral of the memory
stion (1) over all time to he | - x. 1f x = U,
3 the 'aftershocke' are sald to be generated
1 critical branching process; Lhis means that
4+ elementary event gilves birth to one
:ndent or secondary event on the mverage, If
) the process 1s subcritlcal [Harris, 1963},
rirtue of the Lndependence of all offspcing
number of such offspring of any event will be
Poisson variahie with nean (1 = r). The
perty of a critical nrocess which concerns us
zhat while nost Monte Carlo  slmulatlona of
process may glve a finite nunber of events,
tote]l expected number of events in such a
cens (9 infinite. Thus the almulatlons of the
cess ate highly wnatable and cen lead to
svay cascading of seleniclty. Oa the other
d, & raiberitical process always has a fir e
al nanber of events. We call the ({nitlal
ck a ‘flrst generation' event, the eventn
daced by thie shock an second generation
wts, etc. 4n apreement with the literature on
nching processes [Harris, 193], We will have
ocucse to the Index n of nth generation eventa.
in its dJdiscrete sppronimation with nonzero
wes of my; snd t, the model can also he
arded s» a special came of the welf-exriting
nt proceas proposed by Hawvkes {Hawkes and
nopnules, 1973, snd references therein).  The

features introduced in our wodel are the
t-nimilarity of che occurrence of earthguaken
ustion 1} and the contlnuous state character
the process. These features, taken together
h that of the critlcality of the hranching
cess, will enahle us to explain  1a A
slstent manner hoth the nagnitude-alze and
e distelbuttons of earthquakes fron a aet of
ple assuupt lons. The importsnce of criti-
ltty was brought. to cur sttention by Vere-
ven’ |1976] earchquake hranching nodet, which
\ he considered md an leamedlate Forerunner of
t model, The new ingredients introduced Ln our
Jel asre the time dependence of the rate of
:uerence of aftershocks, snd  the additive
iracter of the nelamic moment of & weries of
111 eventa that overlsp In time. Yere-Jones
1 sttelbuted the additive property Lo the frace
re lengths of the Lndividunl shocks; in  hiw
fel, time was nut considered as a dimension of
» sarthquake process.

&, Synthetic Selsmograns

The model lcnds itself to Monte Carla
wlatlons by virtue uf the digitlzation of the
scenm through the une of the finlte lower hound
luea of L snd T, To facilltats the dis-
1nlon, we identify logjgm, with the threnhald
gnitude of homogenelty u?‘nn earthquake cata-

log. We take thelci'linrac[-rlnnc tine t  to he
proportionnal to m in conslderation of a
suggented re lntlnnsﬁip between  mapnitudes  and
earthquake rupture times [Kagan  and Knopoff,
1978, Figure 1]. For exampie, 1 we aet
log g, = 3 for an elrmentary shock  and
t_ = i.0 5, our similated result can he compared
ufth the NNAA catalog (Kagan and Knopofl, 1980b1;
on the nther hand, 1f we set logggm, 1, and
t, - 0,01 a, we match the resulta to the USCS
catalog {Kagan and Knnpoff, 1978].

txanples of such Aimilations ace shown In the
upper parts of Figores 3a and Ib for the cases
Be 0,5 and 0.8, respectively. We indicate below
that these values of 8 are appropriste [lor
earthquake sequences ncentrring  at shallow and
fntermediate dupths rewpectively,

The calculation 1s careied nut as follows: we
calenlate the numher  of flest  gemeralion
offspring hy Monte Carlo methods, which tn a
Palsaon wvariable whose mepn is equal to 1.0
e = 0); Lf thin numbher L# nonzero, we proceed in
the name wanner Lo calculate the nunber  of
offapring nf firar peaeration offapriog, L.e., (L}
the sccond generation, and so on until the whole
tree of event intertmlatlons is produced [HarTise,
1963]. The tice Intecvals between any 'patent’
event and its afrershock are then slmulated uslng
{1)e Flaally, the temulting event scquence ls
morted {n time. FEach subevent contributes a step
functinn of monent m, to the Routce—tlme func-
tions such as those shown in Figures 74 #nd db;
these two functiona nare nimilar In appesrance,
since they have heen produced by the sqnc random
Aunber Bequence.

The graphs of ctumilacive seismic  moment
clearly show patterns of clusterting of different
orders [cf, Mandelbror, (977, p.  100]. The
pource-time function appears to  consist of
several ateps, each of which starts with a sharp
onaet and wsunlly becomcn more gradual after some
time. Thia mode nf hohavlor is to he expected In
our mode! hecause the curulative nunber of cvencs
in a crittcal bhranching process should Increase
as n? at the hepinning of the sequence {Harris,
19631, The tlme acale Indlcated Ln Flgures Ja
and b Ls arhitraey, so that the source-time
function In the upper part of the plot ean be
reparded ma 8 nmoquence nf events occurfing over
several decades, nver several minutes, or over
severdl hours.as in the Flgure.

The syntheslzed gource—time functions are not
directly obuervakle fquantities. To compare these
repults with real mefsmoprans, we must convolve
the time derivative of these functinong with the
Green's functinn of groand diaplacement corres-
ponding Lo an elencntary dislocatinn. The
rraulting ptocens s no  longer  self-simllar
because of the Lntroduction of twe characteristic
times: the fient i8 connectod with the travel
times of body waves and fnstrumental response,
while the second is  asnoclated with  the
disparalon of surface waves and ncattering pro-
cosmes that are nanlfested in the coda.

We have convaived our cumplex source historles
with s selerted theoretical scismogram; for this
purpose we lave wsed the tine weals for the
anurce Functlon appraprlate tn  the NOAA catalop,
leta, lug,.m =% t =! 83, The theoretleal
selsaoprang for an “elenental Atep-functlon,
displayed In the alddle pleture of Flgurcs Ya and
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3b, were caleulated by a program from Liao er al, case 1 computationally simple hecause the kernel
{1974), The epicentral dintance in both casca s Is convolved with a cowb of delts functione.
cloge to 7000 kn; the focal deptha are O and 140 The traces In the lower parts of Flgures Ja
km, respectively; the componcent diaplayed in SH. and b are the results of the above computation
The crons section is » contlnental structure for and show the cooplex form not atyplcal of
the rhallaw source and more-gr-leaa typical recordings of strong earthquakes and differ only
oceanic structure for the wsource at intermediate in one major regard. We have not Introduced
depth.  The Eicat cnse (Figure 3a) correaponda to codas; scatterlng by random Inhomogeneltles ts
a strike =tip dislocation on a vertical [ault not taken into account Ln the theoretlical acinmo—
planc;  the second  rcase Ls that  for dip slip Rrand.

motlon, alse on & vertical fanlt planc. The In principle, thenme selsmograms, or othera
selanograms ate the remalt of passing the groond gencrated by similar methods, cowld be rried out
mot Lon through & Fllter equivalent to a standard on a ptactitinner of the compilation of earth=-
15-1f Wor [d-Wide Standard Selsmogra, wc  HNet= qu.i¢ catal.gs  From  long-peticd telaselsate
work (WWSSN) solamograph. The convolutlon in our recordings to see which discrete events, plus
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ausoclated magnitudes, will be ldentifled. Thin
1s a formidable task and will mot be undertaken " I U
at this time. wi r
z‘§”
5, Sisulatlon of Synthetric Catalogs :;
of Earthquakes igw
3
We bypans the problem of convalution by ;‘g‘ﬂ
constructing & stoplified veruion of the selsmo=
gram for the apecific purpaoses of thla study, L = - + - et
which are catalog simulation and analysis. Fot i
the purposes of event tdengiflcation a simple §
envelope drawn around the highly oscillatory £ '
kernel seisnogram probably aufflces. Here much 5
of the problem of identificatlon lies 1in the 1
effective descrlption af coda waves, since the §
persiatent cods of strong earthquakes may maak [ I s . .
the largest amplitude arrivals due to later, ] e i S T S T
smaller esrthquakes. Evernden [1978) has TivE 1SKC x ¥0000)
suggested an exponentlal form for this enve lopes
If we take this point of view, then we model a Fig. & Anplitude envelupe (n  the case g == !
complex source as yielding a seismograa that is a {aquivalent tp the ai{molated cumulntive moment-=
superpesition of exponentlals of different in- time function} and B * 400 u. The lower
iclal helghta and different occurrence Lines; che anglitude weals 1a adjusted 8o that log, m_ = O
vse of the exponential envelope function greatly The horfzontal line corresppnds to the ‘gl’iil"de
reduces copputation cost of simulations. The cut-off level.
envelope function is the same as an equivalent .
source-Lime function, which Ls a convolution of !
the stepwise wource-time function considered which Is the harlzontal kine in Figure 4&; for I
sbove with a decaying exponential. B8y uslng the computational PUFposes we have raken this '
wquivalent source-time function wa {Ignore the threshold M Lo bn close to logigmg ~ 0.3« Each
effecta of change Ln the leagth of che coda with time the trscu reaches this lhrenhgld. an earth-
eplcentral dlstance. quake g presuped elther to have started of
An example of an equivalent source-time func— stopped and thus deflnes Lhe duration of an
tion constfucted as & sum of exponentinls {8 earthquake. The number of elamentary events in
ghown in Flgure 4, where the shallow source-time thle time Interval le taken to he proporticnal to
fuaction of Figure Ja 18 convolved with sn expo- the selppic moment M, of the earthquake.
nentisl decay function with & time constant We define a quanLY:y Mg that i the logarithnm
B = 400 s; this value of B corresponda roughly of tha peak of the source—tlne moneat functien
to that suggested for the envelope of the coda of conyolved with decaylng exponentisl  For each
distant shallow earthguskes [Evernden, 1976]. We burat (Figure 4} This quantity, which we call
can wmatch the duratlon magnitude curve for indi- the B magnleade of an earthquake, evidently
vidual earthquakes In the USG5 cataleg {Lee et depends atrongly nn the value of B: It B wete
al.. 1972] in  the magnitude range O< My <1 by infinite, as in the upper culve of Figure &, H
uslng an eapanentisl funciion with decay Lime B will he equal (0 tha logaritha of the total sels=
near 1.0 s, in the frequency and digtance range aic moment nf a  simulated earthquake sequence.
represented by the USGS netwotrk In Californla we We have Introducnd this nquantity by obvious
are evidently wusing a part of the selamograns analugy with conventional wethods of maasuring
other than the surface wave coda to generate a magnicudes. fur measure doen not take
kernel seiwmogras, and conssquentiy, a sosller inst rumental rewponde Into account and hence is
value of B In called for. The values of the not directly gumpsrable with conventlonal magni-
({130 aho for the two cases sre roughly the tudan. Mevertheless, the prompert of uslng thls
same. As we will see below, the dimensionless measure of the alze of an earthquake s too
quantlty BILO defines the values of the param— tempLing to hypass; helow we shall whow some ain=
eters used in the statlsticsl analysle of eacth- t1arlcies betwewn R magnitudes and conventional
quale cataloga. The fact that thls ratle 1is magaltudes. In this paper, most of our exanples
spproximstely the same for both cntalogs 1s are for the cane B w» 400 s,
consistent with the similartty of the values of The teplarement of the theoretical selsmugraa
the parameters that describe the aftershock hy the exponential envelope function has ceciain
sequencens [Kagan and ¥nopoff, 1980b]. Tie aimi- drawbacks. At InutTunental perlodd {ens than the
larity of the vsloes of the parsmeters found in Interval befween a patt of muhevents the vaves in
the statlatical analysis of these sarthquake cat- the coda add finceherently, and the sum will be
alogs seems to Imply that the properties nf theee peeportionnl ta the nquare oot of the numher of
seismographic networks and the propectics of the Lhe subevents; bence Hur equivalent source-time q
scattering of seismic waves in worldwide versus function wlll no  longer have a uimple additive
local seismlc wave propagationm are wealed Ln buch property. The Lmpact of pur fallure to take this
& way a8 to ensure the simltarity of B/t . elfect  into account on the wtatistles of Bsyn-—
We define individual earthquakes Tom Lhe thetle earthquakea Ls twnfold: Flrne, the
equivalent Aocurce-time function by the following Incoherunt alditlon of codas  will tend to redure
formal tule. We introduce a cutoff threshold, the averall decay time of & burst of cvents; 113
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the decay rate for the equivalent mource~tine
function is shorier than the one we have uned,
gome small earthquakes formerly reported As a
part of a larger multlple whock evenk, will be
repurted ne independent evenlts; this lacreanes
the b walues Second, the moment-duration rela-
tion witl he nkewed to shorter ducatione for a
#lven munent; while the duration may be changed,
the £ magnitude, however , will not he much
affectad, since the maximum of an equivalent
source-time functlon moMt probably correaponds to
the densest concentratlon of events Ln a cluster:
the addition of these codas 1s more likely Lo be
conerent  hecause of the short time {anterval
betwevn thedc events.

The ccltlcal branching process desctibed by
{1} with g = U cannot be waed Eor numerical
almulations hecanne of the tnstabllity of Lhis
case. For some simulations of the cericteal
procens, very large nuohers of events are
produced; because dependent ahocks  afe distri-
buted in time according to the pover law of (1),
these events are usually concentratad in a shoct
time Intecva) and corrospond 1n Che occutlience of
an unavceptably strong earthnuake. To avold
problems connected with Lnstabilities, staplliza=
tion wus introduced Lnto the mimulation by the
use of 2 slightly subcritical process {sectlon 3)
with ¢ = 0.0i. To make up for the deflciency
due to normalizationm, we introduced lnto our
simulation a number of  independent occurring
elementary events which can he interpretad, for
exanple, 4% representlng afrerahocks of earth-
quakes occurring hefare the start of the raralog.
The use of s subcritical {ineresd of a eritleal
process alsa peans, In effect, that a bend in the
log moment~frsquency curve will havs been
tntroduced at the large moment end of the curve.
The bend can be paraweterlzed by the Intraduction
of a naximun magnitude {nin the magndtuda-fre-
quancy relation [Knopof[ and Kagan, 197174, 1n
our case, the subccltical hranching procesa
ylelds a g-magnl rude-frequency distriburing func—
tion that 1is alwost Linear for umall megnituden
and has an incraaning slope with increaslng nag-
nitude [Vere-Jones, 19761 inetesnd of an abrupt
truncatlon st the valus of the waxlmin magnltude.

In the simulations uwa used 0 indepsndent
shocks to  'restart'  the sequence due fo the
tecmination by the supcritical nature of the
prucess; the toral nueber of ¢lementary events
generated was asually ullghtly lees than IOD!BDO.
The length of the simulnted catalog was 1% ey
Yo have only used events with magnitndes greate?v
than Heo = loggpm, ¥ 0.5%; thise effectivaly
removes ‘quantlzatlon nolee’ arlelng from our use
of clementacy shucka of finite size. The param-—
cters we have used tn describe the occurfence af
earthquakes [Kagan and ¥nupel [, i9B0B)  are
largely inwensitive to varlatlions of cither M.,
of #, which, 1in Lhe latter cadc, in equivalent
ro fuximim magnitude, as noted.

Ao example of & aimlated catalog is ghown in
Figure 9a; - for comparlson, Figure 5b shows &
partion of the USGS catalng for 1976. Both cata—
Jops appear  to be statlac, abthough UsCs  haa
soemlnpgly more events which ilo not helong to an
vasily Ldentiilable clugter of  carthqiaked. We
ray suppose that these shocks are conoected sta<
tistieally with earthquakuva that oecunrred hefore
e start of the svetlon of the catialog that is

displayed. in the wisulated
indicated above, these
modeled an  Independent Lnitial evenls.
these events

mathematical literature

'immigrants® (Harris, 1963).

We cannlder the

paramerers in the simula

following
{1lustrate the effect of chenging scae of
rion. We genstate 8

*orphan’

R

shocks wers
In the
ara callad

to
the
-

alog to try to slmulate the NOAA catalog by uaing

sn  slementsry unit 3[
e w0l e, m) o= 1070

transnlssion properties
selsnngraphic responae.

with mi fleat simulation,
cks for

x = 107 and 3000 she

amaller

take

and keep B = 400 & and
H? = 4.5, which are deflned effectively by Lha

of the

carth and the

To match the new catalog

we would have to use
the purpose of

restarting. The wvalua of Mg could be set to

M' 4+ 0.5 or even lower

because with such @

atall value of ug we need not he concerned with
quantization etfectajthe length of the catalog i

Jolkc? 1n thin cese, The to

6. First=Order Analysis of
Synthetic Catalogs

To analyze the synthetic

catalogy,

snl nuabar of svents
genecated would be nearly 07,

with

real catsinge, we flrst drav Lhe g-magnizide-fre~
quency distribution, which is
The B-magnitude-Erequency

moment of the process.

plors for several values of

Figure 6, where we have plotted Mg + Lo
the ordlnate to diaplay more clearly sma
from unity,

ference of the b values
any |Kagan and Knapeff,
plet s horizontal line

Fient-order

4 are shown in

g as

dif=

1f there are

1960b, Figura 2); in this
corresponds o the value

b=1., For B =400 s we get

which 1s 8 value tlose

to that for

bution of selsmlc moments of

catalogs.
The resalt b = 0.5

for P/t

unenpecied for these aynthetle

1E, for example, g is ¢lose to
1earthquake® would fnclude
events Ln & critical branchlng procass.

TiME (days}

almoat all of
The die-

o 0.4,
the diatri-

real

large is not
sacs
infiniLy our
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Fig. 5. Sioulated () snd real (b) tims-magni-

tude plots of cataloge.
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s Cumylative f-magnitude-Trequency rela-
Fotr synthetic catalogs produced waing
-ent valves of the Cime constant 5.

on density of the total nurther N ~1f5‘
ATy eventa s proporilonal ¢ “f
lones, 1976; Harcis, 1963, Chap. 1.13; In
lel log is a selsmic moment up to A
jcative constant, As B+ = the sclav
vent and magnitude ate equivalent. The
Lve dlatetbution of nagnitudes plotted
hmically thus has  the constant alope
i« In our synthetlc catalogs we can
e this veault by considering the limiting
Wty + - such that T/k >> |, where T ia
igth of the catalog; La this Limit, b + 0.5
Je use 8 amaller value of B/t,, then only
1t pert of the branching process occurs
threshold durlng the later parts of the
nefally decaying talls; the tranching
e« fin the tall can he conaldered to be
tical, and the cotfesponding b values would
we [Vere-Jones, (976]. For example, 1if
s, then b is close to 1.0 (Flgure 6).
he awsociatlon of this value with s similar
¢ for murface wave rugnitudes Ir le
ng to suppose that our B mapnitudes for
¢ correspond Lc eurface wave wmagnituden,
crespondence nay not be unreasonable, since
y decaylng exponential funceions  supply
nt numbers of short-tetm aftershocks of
eatthquahes; the indivldusl ahocks sre not
flable as discrete. events under the
ry circumstancen of teleselamic observation
range whege I0.m . wdlamic waves domlnate
ectrum of fhe signal received., Hence the
4 appe.rané& of amall shocks lh a catalog
» 400 5 i3 likely to he less than for a
g with B « 20 3, with consequent decrease
b value In the [ormer case.

The b values lor

aynthetlc

2859

catalogs with

g = 0.5 and those with ¢ = 0.8 and 0.9 (Table 1}

are Almost the same as {or those

loge of shallow and

reapectively [Kagan and Knopolf,
values For deep shocks arc the
1f we aswoclate a4 higher B

of the two.

For real cata-

desp earthquaken,

1980k ;

the h

slightly smaller

value

with deep shocks, we ges that a larger fraction

of A decp earthquake acquence

occurs In the wame

time Interval 1in gonparison with shallow earth=

quake Bsequenten {compare Flgures

Thus the same reasoning

3a and Jb).

that ylelds the

dependence of b on B applisn  in thims
well: the value nf b for deep shocks should be
clomer te 0.5 for our alenlated catalogs.

Recanse nf the ase nl  an equivalent

time functlon chat focuses

feature that distinguishey one
effectively

another we |have
possibility of dintusnlng

periods
If we wlsh

respornses  at
B = 400 =.

much

an the cods

cABE AB

BouUrce™
an  Lhe

earthquake from
removed Any

ordinary magnltudes
which are strong!y dependent on  instrumental

shorter
to describe

than

ordinary

selanic magnituden, we have to gain access to it
through the ceda. The dependence of Lhe duratlon

D of the earthquake recotd un the

similar to thac for shallow esrthquaken

and Knopoff, 1978, Figure 3}

log, b = 0.5 "B + const

R magnitude 1a

[Kagan

(2)

1f the tlme rate ?fiuccurrance of dependendent

shocks varles am t

, which 1s appropriate for

shallow shocks. We affer the conjecture that B
nagnitudes sre silmply related to ordinary magni-

tudens

As 8 incresses to 0.8 or 0.9, the valus

of the exponent ln {2} decreases to {73; thus cur
model predlcty that deep and intermediate eacth-

quakes should have shortecr wave

tralne  than

shallow eacthquakes 1f ous conjecture in corrects
Another feature that bears on our proposal

that 8 magnitudes nnd surface wave

mapnitndes

ste sintlar, arises [rom comparison of the seis~
for synthetlc cata=
logs and the moment-magnltude curve for real cat-

mic monent R magnitude curve

alogs {Figure 7).

In the synthetlc case we have

naed luglow| 5 or M, = 5.5 rto correspand  to

our #stimatea  for the

NOAA  catmlog.

The

reference curve for the cage of resl catalogs 18
The similarity Ls

that proposed by Ak{i [1972].
strong.

TABLE 1. Values of Parameters for Simulsted Catalogs

Simulation Numbera
E]

i [ [
0.5 0.5 0.5 0.5 0.8 0.9
0.67240.087 0.63440.057 0.568340.079 0.642+0.06% 0.589+0.089 0.602+0.091
L.156 1.157 1.110° 1.159 1.145 1.149

22.12 10.91 18.92 21.89 12.24 11.89
1.168 1.148 1.157 1.172 1.15% 1.154

11.19 11.22 9.77 11.67 10.79 11.02
0.06041 0.05406 0,06990 0,07968 0.01943 n,03816
0.03529 0.02812 0.01652 0,01845 0.00565% 0.0008%

6.595 7 7 0.635 0.647 0.675 0.474 n.582
1.0%4 1.150 1.192 1.168 1.109 1.172
0,088 0,147 ¢.127 0.N81 0.036 0.053
0.605% 0.657 0.492 0.474 0.104 0.024
2.8 2.8 2.7 30 3.8 5.0

T %08 204 14 166 160

101.0 1274.2 456.0 731.2 57.6 25.0

3,44 4,51 _2.70 1 0.50 0.1
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function of M [Aki, 1972). The Lrregular curve

1o lop M - M. =as & function of H derived
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}. Earthquake Intersction Analynls

To study the second-order propetties of
slmilated catalogs, which correspond ta palrwise
interaction of earthquakes, we can uge the maDe
maxinum likellhood optimization procedures that
were applled to real catatngs [Kagan and Knopoff,
1978, 1980b]. The valuen of the pacametecs fn
the optimization for the mimulated catalngs Are
shown in Tahles 1 and 2 in 4 form comparable to
Tablen 2 and 3 of Kagan and Xaopoff [1980b). For
g = 0.5, values af the parameters, and Bape-
cially v, were obtained that are almilar to
those for-catalogs of ahallow earthquakes, The
quantltiss vy correspond to the sverage number
of sfterahockd or foreshocks to be expected LI
the magnitude difference betwecn a main shock and
a dependent shock s AHSI.O {Kagan and Knepoff,
1978]. The valuen of o and y in Table | enr-
reapond roughty to the parameters a and b |n the
nagnitade-frequency relaclon; b~ lOloglov for
independent shockas, and for a Polssonlan model
b - IDlaglo'{u [for deflnitions of a, vy, q, and
Toe uee Kagan and Knopoff 1978).  The parameter

(m ‘)in this tabhle refers to the maximun A mag-
niz\Je of all earthquakes synthesized in a given
catalog, while n ia tha totsl numbher of the
events In the catalog.

Foreshocks were not intrnduced explicitly in
the model of (i), Nevertheless they maks thelr
appearance in  the slmutated catalogs (Tables |§
and 2), and they have time and B magnituds din-
tributlons nimilar to reasl {foreshocks. Thin
supports our assertion [Kaganh and Knopaff, 1978])

that hoth foreshocks  and afterahocks are a
manifentation of emsentially the Rame process,
namely, the atochastic interaction of earth=
quakien. Sirmply satated, 1f the acennd earthquake
of 4 palr of [nterrelated wshocks happens to be
larger than the firat, we call the Eirst member
of the palr a foreshork. From the vdalues of v,
in Table | the auuber of e¢asges Ffor which EhE
shove posnibility is encountered (o simulated
catalogs 1a in good agreement with the corres-
ponding nunber for real catalogs.

Although all events were produced by the same
stochastic mechanlan, foreshocks and aftershocks
aeem to have different B magnltude distributions
as reflerted in the valuen of c_ and ¢, ,
respectively: the nunher of dependent eventa In
tTEAﬂ nagnitnde (nterval dMp, is propoctional to
c 6 4™ The values of ¢, In real catalogs
[Kagan and Knopoff, 1980b] are approximately sim-
ilar to the values for synthetic cataloge,
althoogh the values of ¢_ in the mimulated cata=
loge are lower than their real counterparts.

The grestest diffecence Between the second-
order properties of #imulated and real cataloge
retate to the values of the hranching rate u for
short-time aftershocksa. The values of v In
aftershock time Intervals | and 2 are wignifi-
cantly higher for the slmulated catalags than the
corresponding estimates for real eacthquakes [for
definttlon of tlme Intervals see Kagan and
Knopaff 1978, 1980m]. This discrepancy may be
connected with the incomplete identificatfon of
weak shocks in the wake of strong main events in
real earthquake catalogs. In our m=axlwus
likelihood optimizations we have excluded earth-
quakes which occucred a short time after the main
shocks From both the real and slmulated catalogs
[Kagan and Knopoff, 1978, 1980b]. The residual
real catalogs may still be blased due to the
pousible fallure to take into account some weak
afterskocks which oceur at the shortest time
tntervals (1 and 2).

The partial absence of short time aftershocks
in real catalogs may slac explain the higher
values of the likellhood function L - E  {Kagan
and Knopoft, 1978] for siwmulated catalogs {(Table
1) and the lowet values of the coefficient ¢_ in
the simulated compared to real catalogs. If so,
then our esrller result that c_ = lfc+ {Xagan and
Knopoff, 1978] may be coincidental. The entry
1/n in Table 1 shows the average amount of
information in a catalog in unites of bite per
earthquake [Kagsn and Knopoff, 1977].  We have
noted earlier that the values of L - £, and [/n

TAPLE 2. Valuss of Branching Coefficient u-lO’
in Sisulated Catalogs

Foreshock Time Intervals
]

g [} T 3 2 T
B = 0.5 1108 111 ELT] 709 10z 130 769 B69 1978
4= 0.8 [ 1595 L3 1501 0 [} .11 0
4 = 0.9 Li0 2041 4] 1011 1] ] Q 612
Aftetshock Time Intervals
. 1 H 3 4 T 3 i 8 g
8 = 0.5 771 682 an 217 64 158 EE] 43 162
0=0.8 104 13?7 70 0 0 41 11 0
0=0.9 1% 21 0 10 0 0 2t 0

tntriea for 8 = 0.5 are averages of y for four almulations {see Table 1}.
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are deternined mastly by the shore~time Interval
aftershocks [Kagan and Knopaff, 1927, 1978]; this
in due to our use of & maximum llkellhood
procedure which s fnfluenced most by the high-
demainy reglons of the popukatlon.

The coefficlents describlag the time inter-
action betwesn ohocks Y,  are  signlFfirantly
different for d1fferent vBlues nf & and hence
for different depths, & cesult thar is sinilar to
our ohservations for resl catalogs [Kagan and
KnopofE, 1980b]. We have already commenced above
that hath the synthetic and real catalogs have b
values that are essentlally Independent of depths

The model has propertles that are ln excellent
agRreenent with those of catalogs of shallow
earchquakes; this agreement La all the more
resarkable, aince ve have been able to  generate
almosc a1l the known tinc-—magnitnde statistical
features of shallow e-rlhqu1§5 catalngs with only
four parameters 8, m't i, A/t and

- (logy e, - N )e  Two additlonal parameters, ¥ and
M.or Play & relatively tnsignificant role as
determinants of the statiatlcal properties of the
result, as long as « {4 small, We note that the
mapnitude-frequency relation 1s derived 1in our
model from the Lnverse power law memory functlon
of an earchquake process (1) and the assumption
of the branching property of the process. Thua
the twa baslc laws of statlsglcal selamology,
namely, Omori*s law and the nognitude distei-
butlon, have been ahown to be nenindependent; Lhe
second 18 & comsequence of Lhe Flrst.

With regard to selsmicity at greater deptls,
unfortunstaly, we have only two statistlcal
results with which to compare: the magnicide-fre-
quency telation and the upper bound for the rate
of earthquake 1intecactlon [Ksgan and Knopoff,
L980b). 1t is possible, in principle, that the
colncidence of predictions from the wodel with
thene two features {s fortultous.

8. Laplications for the Problen of Selsnic Rlsk

Our model suggeste a simple formula in regard
to earthquake tisk prediction: the average
predicted selanicity st a time ©  (;nediately
afcer the end of a catalog can be estinated as

M) = conse [ (e - :‘)'”z o
i

where M, ia the sciamic conent nf the Ith earth-
quake in the catalag and t; ix the time of this
earthquake; the normallzatlon coefficlent La
given In {I).

To calculate the gBeiaalc risk at  some future
time t°, we must take into account not naly the
Influence of earthquakes Lo the existing ratalog
{3} but also the contributivn of shucks which
would have occurred la the tlne Lnterval (t'-t).
The latter part can be evalusted, for ewanple, by
Monte Carla sieslatlons of several passible
extrapolations of the prucess from t to ' and
then by aversging thesc  simulatlons. The
uncertalncy in the vaetimate of A{t') can bhe
found by the same procedure.

To 11lustrate formula (1), supposc that thors
are two earthquake fauliw sach  that the anly
avallable Information is one earthquake o0 vach
fault. We suppose that one of these earthquakes
had a nagnicude close ta 8.0 (l?ﬁl M, = 38) and
occurred about 300 yeurs ago {10 RQ. and in the

ather case we take M T 3,0 (log]unu = 22) and
asaume that it woccurred about 12 days apn
(1 93:  both  of  thewe faults  have cqual
peobabllttles of producing a aew  shock 'voday.?
[t we ussume for simplleity that no new earth=
quakes have pecurred uwn these faults one year
from ‘now,' the probabilicies that each would
produce & new earthquake differ drastlcally: that
due to the second 1s 185 rimes lesa than that due
to the first,

We consider the fmplications of the self-simi-
larity of the sclemic processa for estimating
long~term seismic rink parameters. 1f e
calculate the recurrence time of an  earthquake
process having a condltlonal rate of occurrence
varylng an 1 3, we find thart the averape
recurrence time is  infinite for 1> 8 >0
|Mandetbrat, 1%77). [t can  be argued that the
power law distribation may not he valid far very
long time 1intervals. We know that the apacial
distribution of carthquakes [Kagan and Knopaff,
1980a) losen 1ts pelf-slailarity at distances
greater than 2000 or 000 km. At present we do
not have technifques for estimating the corres=
ponding time scale of disappearance of self-slni=
larity, if there is any; {t may even be sa long
a8 the time scale of santle convectlon,

The infinite tecurrence time of eatrthquakes
means that the garthquake process 1is nonata=
tionary. It 1w of interest to note that some
other natural processes exhiblt the pame nonsta-
tionaty behavior [Mandelbrot and Wallis, 1969].

Qur rodel implies that almost all earthguakes
are statistically snd causally interdependent, a
conclusion that contradicts atteapts to divide
the full cataleg of earthyuakes, etlther Lnto scts
of independent or maln  sequence events or into
sets of dependent oventa (afterwhocks gnd Fore-
ahocku ). If this picture applies even [for the
slrongest earthquakes, and our results In the
previous sections and eldewhere seem to conflirm
this, then all earthquakes occur in superclusters
wvith very lomg tinme gpans which aay exceed the
time spans of all the eacthquake catalogs we havae
at our disposal.

A partiasl but qualitative conflemation of this
possihility can he Found iIn the bistorical cata-
logs of China [Lee ct at., 1976; York et al.,
1976] and the Middie Eant |Ambraseys, 1971,
Allen, 1975]; Ln these cataloys, periods of high
neisnic activity lasting weveral centurias are
interspersed with perinds of wignificantiy
lessened seismicity. 1f even longer fluctuations
of activity alsc occur, we arc sioply unable ro
identify then in catalogs of aonly {elc) a few
hundred or a few thousand years duration. Thene
preiods of aelsmlie actlvity night corcrespond to
tlie Titetime of an acrive fault; on a geologilcal
time semle, even mg jor  Lectonic feabtuTey have a
linited lifetime, nince they are replaced after
lung Intervale by other tectonle features.

In summary, from all  of theac arguments we
Assert with high probability that the scatlatical
momits of the selsnic historlcal peocess do net
alL  present  pravide us with an instrument o
evaluate the feismic rink  In  the very distant
futnre. Ln the catalops presently  available to
s, debsnleity may have a peak  {or It can lave a
minimuin a8 well) dn recent centurles of selsmlc
acrivity; our tormulas for earthquake interaction
(1} and {3) do not hawe- a characteristle peclad;

T = T4 T T et @y T e I T
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hence they canunt  be used for long-tern fore-
casting. But such rlek predlccions may nut be
too tmportant, wince in practice we only need
astluaten of seisnlc risk for & maximun period
of, let us say, the aext 50 to 100 yedars, and
these eatlmates can be obtsined by an extenslon
of the methuds discussed (n this paperl.
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