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CRTANTG RIGE ¥OR TR LARGEST C TIES
oy TH® WORLD; INTENSITY VIil 04 MORE.

By V.I.Keilis—Borok, 9,1, Eronrod snd G.M.Nolchan
(Institute of the Physics of the Earth, scadeny of
Sciences USSR, 123242 Moscow, B.Gruzinskaye 10).

ABSTRACT

General. methodolgy of probabilistic estimation of geismic risk,

as a base for decision making, is described by an

enslysis of seismic risk for the citles with population 7 mln

L4

in active seismic regiomns of the world.

The estimations &reée based on seismotectonic ragionalization

of the worlid and on the three modelss of earthquake cocurence, StTong

motion (isoneists) and dynamics of population.

The estimations &are tasted by comparison with actual earthquake
wistory of the citlesa considered.

The test is successful, in spite of the fact, that all these

models are groasly averaged due to the usual incompleteness of -

the data. This ghows, that availeble data may ve sufficient to
eatimate the seismic risk for a largo set of objects,wnils not

£or each 6eparate object.

puring the 30 years, 1971-2000, 8 % 3.5 clties and 40,1 ¥ 21.6 mlns
of paople in these cities will experience strong motions with
macroseismic intens;ty' = YIII MM¥S. Counted are only the eventa,
when Buch.shaking covers 3 100 kma, ao that each even® does spell
disaster. The gecond estimation is large due to the explosion of
urban population. More conservative data on the population growth
reduce this estimation not more, than by 30%. 1 indicates, thal

global seismic rTigk 18 rapidly increaslng, presenting new unexpec-

+ad problems.

FORENORD: ouUTLINE OF METHODOLOGI /'
Estimations of seismic risk ave the pecessary besa for
decision — naking, concerning prevention and nitigation of
the damnage from the garthquaies. Under the present state of
art - includlng gominant psycholofy of the studies = the
methodolofy of These sotimationscan be best described on con-
crete exampless This paper and the gubgequent one
concern the opposite ends
of the wide spectrul of the problems, presentéd by sarthaquake
cdengez 3 (ne is the geismie risk for major‘cities,?whare only
the econony losees jnflicted by 8 single aarthqugke nay Treach
g 100 billtons [ 2], challenging the stabifity of tbe world's
grononty . gecond problem 18 the fair sarthquake ypsurance rate
for rural areas, with smalleT, though ﬂignificant,potential
damage. The results, obtained tor the first problen geem tO
be of general interest indicating the steep ascend and changing
nature of global geismic riske

In both papers Wwe use the conception, methods end assumptlons,

described in [3-5], togather with corresponding computiers soft—
ware. Similer to some extent methodology was developed bY
R.Whithman, A.Cornell and their associates at Department of .
givil Engeneering, Massachusetts Institute of - Technologys it
is déscribedrin the series of reporﬁs on Seismic Design Deci-
sion Analysis .. '

Further discussion refers to the methods, described in [3—5].
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The {ormlntion of the probiem. The naturs of SoGlilobe,

regardjag prevention and mitigation of seismic risk rqu;rpg,
that the data, relevant to seismic risk, are compressed into
fho probability of the damage from the earthquakes:
FT(D\ S

Here F is the probability distribution function; 1t shows the

. probability, that the damege D from all the earth-
quzkes during the time peried T fron T, to T2 wiil exced De
8 symbolises the set of the executed sofety measures.

Decision muking regarding risk of any hazard is traditio-
nally based om such distribution functions, aspecialiy in
connection with the insurance. Seismic risk, due to certain
unfortunate circumstances, presented an exception for a long
time: it was characterized by a maximal possible strong motion,
or, later, by frequendy—of~0ccurence of strong motions with

different intensity.

The objects. The nature of the problem requires, that
seismic risk is estimated for specific objects, Following
are the Lypes of the objects, comsidered by the algoritlun:

a) combinatiom of points -- for example, buildings or

small towns;

b) combination of lines — for example, lifelines;

¢) combination of two—dimensional areas—for exanmple,
economic regioms, large cities, elc,

d) any combination of objects of types a, b

t T

P ceneces Difleront meosures of tho damage hove Lo be
comsidered under different circumstances. 7
The following two meassures ara of main importance, since they
direclly characterize the losses inflicted by earthquakess

1. Wumber of casualties: (a) total number;(b) the raduc-—
tion achieved by safety measures.

2. Economic losses from earthquakes: (a) total losses;
(b} losses prevented by aafety measures, Lot us clarify
the meaning of this effect,. In the course of a period of time
studied, earthquakes occur. During each earthquake there is
a possibility of loas. The sum of these losses is e%fect 2a.
Part of the less will be prevented; the sum of the prevented
loss is effect 2b. The following measures indirectly charsc-

terize the losges:

3. Total number of people present in the zones of a given

intensitﬁ of strong motion.

4, Total value of property present in such zones.

5. Total count of the objects, present in such zones.
For point objectsthis is the number of poinlsexperiencing
strong motion ; for lines or two-dirensional objects -- respec—
tively the sﬁ%}égéhants or areas experiencing strong wmotions,

The probability of total loss 1a, 28 is the direct measure
of seismic risk., It is necessary to know aléo the probability
of prevented loss b, 2b in order to oplimize safety measures.
Characteristics 3-5 give only an indirect idea of seismic risk
(for example, the total values of prbparty affected by strong
motions only in@irectly characterizes the possible losses).

However, these indirect characteristics can be useful for pre-

liminery anslysis, especially since their caleculation requires
fewer data. '

&



(iv)

Models, In order to estimate seismic risk, it is necesses
ry first to estabilish the following models: of the eartﬁgﬁa-
kes sequence; of the strong molion from a single earthquake;
of the "local'damege , i.6. the damage caused by a shaking of
given intengity at a given point. The necessity of these
models is the trait of the problem itself, and not of the
particular method wo use.

The datp on strong earthquakes are rathor limited, so
that only crude models can be estabilished st present. However,
crude estimates of seimic risk are sufficient for maging many
practical decisions. And, in any case, the suggested‘method
sllows to estimate the sccuracy of the models, and thus to
aveoid unfounded decisions,

These models were so Yar represented as followss:

A model of earthquskes senuence is represented by distri-

bution fﬁnctions of random values N(Gk, ¥,y T)e N is the number
of earthquakes thab can take place in T ysors in Eg range of
wagnitude in regions G, - 1323000
These regions are defined by condition, that the distribution
function of N has common parameterz within each region.
Adccordingly, seismoiectonic reglonallzation 18 & necessary
preliminary stage.

An additional assumption is that the eqrthquakes in non-
intersecting volumes (space - time - energy) are suatistically
independent; therefore the total number of earthquakes has the

Poisgonian distribution (after elimination of aftershocks),

1

(v)

Model of strong motions, gpenerated by one earthquake.

This model establishes the random values J(&{s, M). dote 3
is the intensity of strong motion at point § during an esrth-
‘quake with hypocenter at point géagwith magnitude M,

The suggested method applies to any measures of inten—
5ity. However, im practice we have yet only been successful
in collecting enough material for strong motions in macroseis—
mic scale. Hence the model comes down to a model of isoseists,
Its parameters are rendom values, whose distribution depends
on g, g, M.

An additional assumption is that with homogen;ous 501l
conditions isoseismals are concentric elipses, Their paramna--
ters (area, elougation, azimuth of long axis) are rendom vaiues,
the distribution of which depends on the msgnitude ard coordins-—

te of the epicenter, The average azimuth of the long saxis

coincides with the strike of the major faulting,

cotlel of doeal diww e

s based on three asswepticno: Ll
dangge inflicted on a given object in a given point during

a single earthquake deponds on the intensity of strong motion
only in this point and on the time of the earthquake; the
total domage from a single earthquake ia the sum of the values
of the damage in each point; the values of damage from diffe;
rent eartnquakes are statistically independeﬁt.

Accordingly, we have for the totgl damage

D=2ci | d;:ZdiF exp {k(ﬁa‘ia)lg

ﬂ$£i*ﬁ P

dhieroe df. Lo whie dodayey caused by the I-ih carthqualke; 4. - dilg
A
of Lhin cocthauake; dLP iy bue "locid" dungige 1n the peth olowcnt

Bl vbgeel @ caponensind helor neduces Lho dadwy, 2 to
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(vi)

a comuon time and/or allows for time — dependance of damase.
local .
We uwsually represented th&Ydamgge ss deterministic Tunctigh-

of strong motion, The provabilistic function - damage probability‘

matrix - wap introduced in ploneering work by R.Witman and
A.Cornell in the above mentioned reports. It is more adequate;
but requires much more data. Obviously, the damege depends on
the safety measures.

The algorithm consists of three following parts,

I In the memory of a compubter the image of the studied

territory 1s constructed. It defives: for each point of the

region - parameters of the first two models {earthquakes sequen-—
ce and strong motion); for sach point of the cbject — parame—
ters of the model of the local dmnage.

Actually, the image includes the contours of the ragions
and parameters for each rogiom, .

I: Distribution function F(x) of the damage from a single

earthquake is estimated.

Let us clarify the idea of this function. An earthqueke with
fixed characteristics (hypocenter, magnitude and isoseists)
produces certain damage. It is determined ss a sum of the
values of damage at each point of each objects. The above
characteristics of earthquakes are random. Thus the total
damaize from a single varthquaoke is also a randou value, The
distribution of this value is evaluated in this part of the
calculationa, The Eeneral scheme of calculétion follows,

In a discrete grid, all the points in an epicentral zone

are considered; each point is regarded as a pessible epicenter.

(vii)

For each combination (epicenter, magnitude) all the parameters
of isoseists--ares, azimuth and elongation--are consideredj'

in succession, For each combination (epicenter, magnituae,
parameters of isoseists) the strong motion at each point of

aach object is determined. Corrections are introduced for ground
conditions 1f they are kmnown. The damage in sach point is
determined, and then the total damsge from this earthquake,

As & result, ror each possible combination (epicenter;
magnitude; area, azimuth and elongation of isoselsts) we pgeb
a pair of numbers: x -~ the total damage, p - its probability.
The value p is the product of the probabilities of each para-
meter in the given combiuation., The set of pairs (x, p) defines
the distribution F(x). Actual computational procedurs is. ——-
equivalent to this,but more economical: e.gz. the variation
of magnitude and area of isoseists can be considered Jointly

[4].¢(x) refers to one arbitrary earthquake., We have also the

distribution of the total number of sarthquakes in the whole

epicentral zone. From these two distributions the final result

ia obtained:

I, An estimation of seicmic risk I 5
Ly S Totpls)

D.
-~ distribution fumctions of the total damagé“from earthquakes.
The basic characteristic of this function are: aversge mD(T')7
dispersion Op(T) and = set of quantiles Dp(T) -~ the solution

of the equation FT(x |8} = p for p close to 1. Roughly

spealing, the total damsge I) exceeds tha level Dp(T) in (1-p) x 100

cases out of 100; on the average it is equal to m:D(Tﬁ_



[17] TR . [P .- . 4 . . N .
Phe poosible applicativas of such cetinatlon ol selszic

risk are discussed in [3] and illustrated in [5, 6j. The '/:
models are specified, depending on how the estimation is to

be used: some problews require an-exﬁremal model, others—

an average,

INTRODUCTION

1. A stropg earthquske in a large clty may omount to
a disaster of a national scale, while a chain resstion of con~
pequonces may spread over the economy of the whole world (41,

The corresponding dlsaster-sni-relief preparedness requires
certain internastional endeavors. i comprﬁhensiv;%%f such endea-
vors, outlined under auspices of UNESCO and UNDBO)incluAes for
example reinsurance, the plavning of relief missions, the studiea
in earthquake prediction etc [27] , The design of these endsavors
requires the advance estimation of global selsmic risk.

2. In this paper we estimate the seismic risk for the sities
with populaﬁion one million or more, situated in the sctive meismic
belts of the world, Two measurea of risk are consldered. (ne mes-
sure, denoted XN, shows how meny such cities may be affected by
the strong motion of macroseismic intensity :] 2 VIII degroes
MUS during 30 years. The second maasure; denoted D, is the total
number of pecple in these clties.

We include into the consideration only the earthquakes, which
generate such strong motions on the erea 2 100 km?; so that
most probably the consequences are grave. Both N and D are consi-
dored as random valuss and thelr probabalistic éistribution

functions are estimated;

ig



P ke — e v orleslasion and soane

e e i e Loarg onbisated sepocatoly for dilfervent i

To test bow reliable our eutimatlons are, we compars then bype s ol noadzmotoctoule roglens. )
with the actual occurence of past earthquakes. gy The data on demography are represonted by population %ernd
3« The estimation is mede within the frameoworl deséribed tho rote of population growth for each clty.
in [5 4 5] i wo follow the conception, methods and assumptions 411 tho data are cellected from avaliable publicatlions and
el
butlinad there andusethe corresponding computers software. The date files (oxcept the global regionalization which is made in [7]

- eopocdlally for this study). Since the complete list of referencas
experience of regional studies of seimic risk [5, 6] is used to

wauld be Torbiddingly large, we quote some sources only by the
a large extent,

) suthors and publication year; only the major summaries sre indi—
The only methodological amendment c¢oncerns the time depen-

dence of the effect of a single earthquake, This time dependenca cated for macroseismie data, Tﬁe authors apologize for these forced

is allowed for by the factor exp {k(é*fu)} » where +t 1s the omissions. .

time of sn earthquake and k - & real constant (rate of change); The authors are aware that the avalisble data ere far from

in the case considered hers K  is the rate of the population belng perfectly complete; the macroseismic data are especially

growth, It was assumed Dreviously that kia the same for all objects, fregmentary and the demographic dats ave especially gpeculative,

In the present study we remove this assumption, ellowing for the However, the imperfection of data is partly compensated by the

Tact that the rate of the population growth nay bs different for atatistical.approach, i.e. by consideration of the whole sat of

different cities. However, f  is assumed the sams within a group cities, and we hope that actual velues of N and D 1ie within the

of citles spaced so closely to each other that a single earthquake cutiicted Tindto for ithe ecitles togcther. This is confirmed by setis-

may cause VIII-degree shaking in two or more of them, ‘ Tactory arrocnent between our cotinaiions of N ond actual earthquaice
4, Our estimations are based on the global summaries of o hiptory. liowever, our estimations aro hardly applicable for onch se -

three sets of data: on seismicity, strong motions and the dyna~ rate city. The total ostimn:innu of D are ezpecially influenced by 4o

mice of population of the citles, The data on seismicity ave kinds of eities: with an exﬁ%tionally lorge population (api-lomerations)

. and/or rate of population growth. Demographical dato on theoe eitica ars
comprossed into the estimation of the parapeters of frequency-of-

occurence lew and maximal magnitude for each reglon of the world.,
Thie estimation and the corresponding seismotectonic regionalization

most inportant for future iiproveuents of our cotizntiona,

%« In the pilot study published previously [8]) , we consi~
dered the analogous problem for ] 2 IX dogrece MMS, The estima-
tions for ,J 2z VIII, presented here, have the advantage-of-Totnigs

more %o the point, since intensity VIII on the area = 100¥a”

of the world are described in details elsewhers[7?]. On the strong
motions we used so far the macroselsmic data — the isoseists of
intensity J = VII, VIII and IX degrees, MS. Thoss data were
compressed into the model which reprosents the iscseists as 1# a large ity does spell disaster;

more relisble, since the data base is wider - both for the

estimation of selsmic risk and, most important, for comparison of

H



more steble, since we moy conalder more cities

(76 instead of 52 for J 2 IX).
— INITTAL DATA AND 3ODELS
1. The model of earthquake B6QUELCE.
The estimations of seismlc risk arc based on Poisson model

of the sequence of earthquaXes in a volume (time interval x
epicentral zone x mognitude range); the average number of earth-—
quakes in the elementary volume (1 year x 1000 m® x magnrltude

interval 0.1) is
oL-B(M-5)

N=10

Peramoters ol , P

xo-f 3 Mg’ Mmax. r )

and "‘{msx are assumed constant within
"quazi-homogeneous reglons", which are cutlined on the basis of
seismoteoctonics,

The seismotectonle regionalization of the world iz shown
on Fig.1 (after [?P] )i it takes into account the position of
major lincsments, the character of naotectonic movements and api-~
ceatral maps for magnitude M »5. The uncerteinty of the boumariés
of the regions 13 up to S0-100 km; it is dus to the natuve of
avaliable neotectontic intormation and ingecurasy of the data on

opicenters. The regions on Fig.1 have lirear dimensions of saversl

h{?dreda Im; they sare smaller than well-known Cutenbergts raéionﬂ.
Paremoters ot and [  are evaluated by the method descri-
bed in [9] , Tho date on the earthquakes were taken trom
the global catalogs {21, 22]for m,#5 and from the catalog ':23]
for Eurbpe and adjacent regions, for Moy > 4.7. Raglonal dsta
have been used in four cases:t for Tashkent, Gaucssus, Shilloog

plato and Nevada, USA,

According to the method used in[9] v 1% was assumed thet

[P

the value of p is common within some groups of regions,” -
while the values of . wmay be different in different rezions
of the group. The likelihood of this assumption was tested in
the course of computations. The estimated values of A and /3
in each region are listed in Appondix 14

The baslc version of ( o , ﬁ} ) was obtained after elimi-
nation of the aftershocks, which is more adequate to the Poisson

model (1) and to the corresponding method [9] . Aftershocks were

defined by the space-—time window 400 km x 7 days. The auxiliaxry
version of ( o , ﬁ ) was obtained from complete cataiogs. Calcu~
lations show that replacement of the basic version of ( o s ﬁ) )
by the auxillary version does not increase the estimations of risk,
Partly it could be expected from the comparison of histograms of
barameters ok and, ﬁ) for the regions which contribute to
selsmic risk for the cities considersd (the number of such roglions
is 62). In fact, histograms of L practically coincide., Histo—
grams of ﬁ) differ by a shift of .13 in 50% of reglons main
version of /5 lies betwoen .6 end .7, while an audliary ver-
8ion lies between .7 and .3

The assumed maximal magnitude Y o 4008 not exceed 8.9 every-
where and is often by .5 higher tham the obsmerved one for the
last 70 years. Specificully, the following: rough eugtimation Wig
assumed for each regiont

M, = min {8.9; wex (Yaq M, + o55 Ma)} ' (2)

Hsro H,‘ and M2 are the observed maximgl agoitudos:
My - after [24] for 1886 ~ 1953, and M, - after |21 - 23 [and [25]

Tor 1904 - 1977 sllowing for corrections by Eanamord L.?G, 271,



M5 is fhe lower estimntion of M_., obtained by the pattern %iiognir
tion {10, 11]. The correction .5 is not added to 1, since in [24]
the magnitudes for 1896 - 1903 appavently are anyhow exagérated.
According to [ 7] among the same 62 ragions 50% have M 28.2 and
70% have M 3 7,7,

MODELS OF ISOSEISTS

According to the method, which we use here 3], the model
of 1soseists is parameterized sas follows,., The area where macro—
seismic intensity 18 3 J(J - degree isoseist) 1s an ellips, The
ratio of principsl axes L{g, M) <1 deponds on positionfof the
eplcenter g and on the magnitude of the earthquelke M . The
azimuth of larger axis (its angle with the meridian) is

AC G, M) = az (g, 5) + a4
where 4 1s the mean value and 4 A - the random devlation; the
density distribution of A4 is symmetrical, triangular and concen—
trated on the interval % A (g, M). For the aren of the ellips
QJ (M) it 18 mssumed

ﬁ’gQJ(M)=O(J+€)JM £ (3)
Here ? is the random value with the truneated normal diatrdi-
bution within [§ | € 2+5+ The parameters of this model were deter—
mined by the analysis of observations; the metheod of the enalysis
in described in [12]. Cnly the VIII degree isoselsts are directly
relevant to our problem. However, to get more stable estimations
of parameters we analysed simultanecusly the dats on VII-, VIII-
and IX~degree isoseists,

The obsorvations used in the analysie were teken from publi~
cations., Wo collected publications which include Lhe puramsteie '
or the maps of VIII-degree ismoselsts. Our major sources are [13 - 18],
Proferonce was given to rocently revised data. We dlscarded the
lsoselats which are: drawn not closed; or publirhed in too compres—
sed scole; or are of complicated shape; or have the area boelow

100 kme. The exception was made for not closed isoseists in North

India: they were included into the analysis under the assumption

~that thoy are oymmotrical rolatively to the mejor axis (oriented

along the Himalayas), Finally, the isoseists for 231 earthpakee
were colected for the further analysis, They are distributed

betwoon the regions as follows:

Balcans ' ay Soviet Middle Asia 38
Italy 30 India and Himalaya 13
Caucasus 12 Euril sand Kasmchatka 3
Western Purkey, Iren ¥ew Zeland 3
and Zagros 19 Veabtern Usa 3
Japan 4 Central Europe 3

In other regiona‘only single earthquakes were used.
Different macroseismic sceles were reduced to MM scale by

the widely accepted relations:
VIIT(MY) w VIII(ME~64) = VIIT(MS) aVIITH(RE };
V(IMA) = VII - VIII(MN) (4)
(see for example, Trifunac M., Brady A., 1975; Swmith W, 1976,

Karnik V., Prochazaova D., 1978). For the further analysis the
relation between Jepanese scale JUA and the My secale ip most

.



important. Therefore, let us mention the most different opinion

F o
(Shebalin N.V., 1975) according to which V(JHA) =vii-ix(2ns) =Vil-viil (M€-CH).

Parametars ’ ]3 and diapersion 6(;‘ are evalu.ated by
the method of the orthogonal regression of Ey @b on X with
an a priorl stendard error in the magnitude C;PI = .25, Accor@ing
to the experience of studies E5,6] the scatter of observations
was considered acceptable, if the data did not contradict the
estimation (3 { < 25 on the confidence level 95%. Otherwise

the data were considered inhomogensous by the foecal depth or by
the territory.

The observetional data are toc few to deterzine parameters

of isosocists for each region on Fig.1 except may be the Balcans

end Italy. On the other side, the data for the whole world-ase—- .- --

explicitly inhomogeneous in the sbove sense. That is why, the
reglons wore merged into the following 5 groups, according to
the dominant type of neotectonic uovemsnts,

8 - strike-slip zones: Coastal Cordilleras of VEnezuefci;

the South Iglend of New Zeland; San Andreas fault and Big Anato-
lian fault,

C - active continsental margings.

H - Mpin-Himalays belt and activated platforas,
4 -~ Alpin belt of Europe; it was divided into two parts,wit£
dlstinctly different area and orientation of isoseists:
AB ~

Italy and Adreatics,
Al - Gresce, the Asgean basin, Dinarids gngd Llpa.
This divieion of regions according to the type of neotectonic

motions is in a partial agreement with the recent studies of gource

I3

dimensions for the earthqualkes with different mochanisma £1?3,
dccording to [ﬁ?] the strike—slip sources aro.mpch longérﬂrTho
differonces Lebtween the size of norasl, roverse, thrust end mixed
raults is also raporbteu in [1?}, basing on the data for continen-
tal mergins (group ¢). However, stutisticelly these differences
are not significant;moreover, all the data {1?] oxpect for the
strike-nlip faulis are in good agreement, so that more detailed
diffaraﬁtiation of regions of group C is not called for so far,

Pable 1 and Fig.2 show the results of the orthogonal rogres—
aslon (3) for 5 groups of regions, for intensities J = VII-IX
degrees MMG. The analysis reveals the inhomogenelty of data only
in group H (Himalaya, India, Mlddle isia, Iran ete). This is part-
1y because of the variety of focal depth.

The coﬁparison of parameters in different groups shows

that one value of the slope is common for groups 8, C and AB and

another —~ for groups AH and H (see Pig.2, Summary). However, the

groups with similar B;] have different levels C)J-

The following values of CIVHI ’ E)WH are assumed for com—
putatlons:
Groups: | 4B | c l 8 IInterior Japan | AH "
.8 1.1 1.1
I 0.8 0.8 | 0.8 U _
= 8y1iI 1.66 1.85 2.23 2.44 4,234 4.69

The interdor of Japam arc (&2, iﬁ? ‘on Fig,1) is singled out
from group ¢ because the estimated value of (]'VIII is smallsry
here by .6, comparing te the reat of group C. Spacifically, we
have 4 isoseists of intensity V(JMA) for Japan and as it is seen

1



from Fig.2, ¢ three of them, in tho innpide pari of Japail arc,;
are of nnomslously csmall size. This ia in agmeoment with othér’
data on the came area: amall size of earthquake sources
(V.Tsubokawa, 1973) and of the zones of early aftershocks {(2.Utsu,

0.6

1969); it is encoursging, that the latter are esxactly 10 times

loos than in the external part of Japan arch, The uncertainty in
recaleulating JMA scale into MYS is not so acute heres competing
wversion V(JMA) = VII(MM) can be rejected, since it would glve
even larger discrepancy between interior and exterior sides of
Japan arc.

It is diffieult to say whoether similar discrepancy takes
place in other islend arcs, This could effect our estimations only
for the city of Taibel (Taiwen).

It wbuld be desirmble to get a separate model for rift
zones, for the estimation of risk for Boirut, Addis-ibaba,
Tel-Aviv and ﬁamascus. Tha data for this are rather scarcet ave-
rage estimations for the Batikal (Shebalin N.V., 1982), one earth~
quake for the Dead Sea and one ~ for South West of US. All thess
data are shown on Fig., 2, AB; they imply anomalously high area

of isoselsts, This has a plausible explanation: stress—-drop in rifts

should ba relatively low and therefore, under other conditions

}
being equal,the earthquake of the given nagnitude in a rift will
have a greater size of the source and copsequently a gréater area
of isoselsts. By these reasons the model of group AB is accepted
for the European rift and for the Dead Sea.

To analyse other parameters of isoseists (elonzation L and
azimuth Az) additional data have been used: isocseimts for the
pre—-instrumental period; isaseists of other intensitles; maps

of aftershocks zones and the data on the orientation of the

11

rupture in the source. Following tho experience of regional stu-
dios 6,12 we nosumed different L and Az for throe dirfarbnt
ranged of magnituder up to 5.8; 5.8-8.5; above 6,5, Subgroups Sa
and Ca with longer elongation are sipgled out from the groupas 5 and

C; Sa locludes the reglons of large atriko-slip faults; Ca includes

linear continental margins and flat island arcs,
Azimuth of isocelsts hes been defined rolatively to the
striks of major lineament, We assumod that the mean azimuth coin~

cides with this strike, which is indicated in Tuble 4 for cities
considered. The random comporent of the azimuth has been discre-—
{

tized with the step 15°. The assumed range of scatter A (ses

page 6) decrsases with the incresse of magnitude. In the regions
with compliceted pattern of major lineaments the uniform @istri-
bution of Az was assumed. ALl the astimed values of I and A

are sunmarized in table 2,

) :
e R TR I LT ERT Yy 1o
cloitlon wi qeinuill oL L0l sts cun lurluence our cuui
GUle
tetblon Lo tuu cases: when 2 oor (
. il e taaest when 2 oor Lose cilien cral ba covered by a VITI
y -

‘:il.' Y] ‘{' ‘Jx‘.r" [TUANY N y
e lnoselsi ducing blhe sune varthquoke ( tie vicinity of

bgukacln, log Al elon, o Sranclocs, foloyo wnd sultuola )3
- 9
when a city can be covered by VIII degrec isoseist fpom diffarent

regions with gignificantly different Parameters of isoseists
(Iima, Taibay, Instanbul, Calcutta and others),

DATA ON CITIES

Wo have selected the cities of the world with population

above .8 mln at 1970 according to [ha, 19]; it hss heen assumed

that up to 1980 the population of each will reach at loast a
million. In the USSR we could select directly the cities with
Population a million or more according te 1979 census, Due to
the lack of data the eities of the People's we-public of Ching

L0



havo been excluded frouw the conuideration, thouzh at least’20 of
them have the population of milljon snd abovi. &

The citlen in the regiloms of low meismliclty aro also exclu—
ded. 37 of %hem have the pepulation of nillion snd gbovetr 371 =
in the Eastern US and Canade; # - 1o Soubthera Africa and 2 —~
in Tyypt. The frequency of occurrensce of VIII dogres shalkings in
these regions 1s by sbout 2 orders lower than in regions considered
here, 80 that the exclusion of these 37 cities has practically
no influence on our estimations. In totel 76 cities are selected,
thelr total population is 148 min (4prs. 2); 52% of this popula-
tion is concentrated in 16 cities with the population' Z 2,5 mln
sach. A quarter of this population lives in 4 exceedingly large
citlenss Los Angeles, Calcutta, aégomoration of Tokyo-Yokohama=
Eawasakd and the rapidly growing aéﬁomeraticn of Mexdco.

The rate of the population growth in saoch city has been

eveluated aceording to the pctuasl varistion of its population
tor consecutive S—or 10 yoar periods of the last 20 years, The
dewogralic data in our disposal [18] show the popuwlation growth
either in a city itself or inm a large demographic province
(the last is the case for Africa, Latin Americs &nd South 4asis).
The gssumed retrospective estimations of k are glven in App.2
together with the territory for which the parumeter is estimalod.
To test our esbimation of k we used it Lo compute the
population of esch ¢ity in the year of 2000. Tho results aro sum—
Rarized in the hietogram on fig, 3b. It shows that some estimati-
ong of k are probably exaggarated; The largest values of k
in App.2, starting from K  about 9% mean the incresse of papul n-

tion by a factor of 5-7 in 30 years. Accordingly, quite a number

2l

of cities would exceed the aéﬁomeration of Large Tokyo: ‘
P .

Tpatenbul, Karachi, Calecutta, Tegeran, lima, Manila, Mexico. It

i5 aspecially difficult to imsgine the city with the population

of 46 million which Mexico will reach according to the retro—~
spoctive eatimobion of k . A possible alternative for the
values of k may be the projection of the rate of urbsn popula-
tion growth up to the year 2000, according to the DVESCO data Eﬁﬂ

Europe (without the USSE) = 1.3% Latin America 3.6%
US4 end Caneda Mo 4% Easterrn Asla 3.2%
the USSR 1.9% South 4sia 3%
Australia end Ocesnda 2.1% Africs ‘ C B.6%

These estimations lesd to not more than #4-fold increase of
the population in 30 years.

We assumed the common values of k for the closely situa-
ted cities; it facilitates the computations and is justified by
the averaged mature of most of demographic data. Bech clty was
represented by & polat on the map. To allow for 1ts sctual
boundaries(i.e. for the area, occupled by each city) was not

necassary due to the low securacy of the boundsries of regions and

averaged nsbture of the wodels. For sxample, the estimations of W
and D for Thilley, represented a3 a polnt end as a circle of 50lm
radius, practically coincide {51. Only for the largest cities

it may be of consequence to sllow for thelr actusl contours;

however, more detailed dats are necessary for thias,
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ESTIMATION CF SEISMIC RISK

We estimate the number of cities N and the number oﬁffaopio
in these cities D , which may experience tho shakings ‘of inten~
81ty J 7 VIII MMS during 30 Joars, 1971 - 2000. Tae atarting
point of this interval is essentisl for the estimation of D
only. The maln sttention is given to the basic characteristics
of N and Dp averege values n?h, ' nqb ; standard deviations

Sy + O

and upper estimations ND, Dp.

Here X 1is the value which will bae exceeded during 30 years
only with small probability F’ :

P lD)Dp} <P

z

We Lidioilu Np"Dp faor FD = 5% aud 1%.

For the interpretation of the estimations of risk it will be
Decessary o keep ln mind that the risk in sorma closely situasted
clties 15 not independent. As the meesure of dependence we can
use the conditional probability 9} of the following event:
"the shalinga of iptensity J 2 VIII on the area Z 100 im?
affect at least two clties usder condition that they affect one
city”. The asummed estimanticas of the maxingl magnitude and the
medel of Isoseists lead to the division of our 76 citles into

40 mutunlly independent groupa; 27 groups consist of only ons
city. For the composition of groups see Appeadix 2., The estimations

of ?, are also given there; we seec that the dependenca is essen-—

tial within the following groupss

the Tolyo group (7 cities) q = 0.45
Fuluoka and Xitskusu q = 0,34
California group (6 cities) q = 0.13
the Jakarta group (3 citles) q = 0.06

L
W8]

For other groups g € .015, The Tokyo and Californis groups
cun be In turn divided into less interdependent subgroups.

These considerations may be useful for more accursbe caleulations
of risk and for estimation of the contribution of separate cities
in global risk.

Tot us describe now the results of computations. Their
Bunmary is given in Tables 3 and 4, The division of cities by
three different degrees of risk correspords to the estimations
of selsmicity and selsmic risk for each ¢ity or group of interde-
pendent citien. These estimations constitute the preliminary
stage of analysis sand are summarized in Appendix 2 (let us remind,

that they are not %o be used independently from global estimations

— gee p.4 of Introduction), | ————

Appendix 2 contains the following estimations for each city or
& group of citiess
A= avaragé anvual pumber (“frequency - of = occurence " of
shelings with J>VIII [IS. For the sreup A includes the caacea,
when oo or more eitics of the ;roup is offectod.
D°10c « aversge number of people which experience such shaldngs
at the first year of the period considered (1971).
Obviously rey 5 gepercte oity D%y o= M whexe d i tho popula

tion in 1971.

(=1

loe — average number of people which expsrience such shalings
during a year (aversged over the whole period considered

here, 1971 ~ 200G). Obviously,

— kT
D =xd &_=1
loc kT

We assumed T = 30 years.

5 - T
bl A"Doloc' Dloc S ceavtiso Lol eiens wl gelanio
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dgnoveds It is close to projections for the. urban population of
technologically advanced Western countriea for nearest 30 years,

k = O glso applies to the cores of many cities where the po-
pulation is stabilized,

Fige4 shows the histograms of the local crmiwiors of »icl Jor

seposete eitlcs; not 2ll the fwoups,

hut eniy vive prouna With donond
§ erce = fokyo, Kitalusu, Californic, lexico and galonis _wv'cuss ora ro-
sentod as single points (for composition of groups ses Appendix 2).
Histogrems show thet the cities may be divided into three catego—
ries by the degree of selsmlc risk: exceedingly high, very high
and high risk,

The measures of risk for each of these categories are compa-
red in tables 3,4,

We seo that in the "high risk" cities zbout a helif of the
population is concentrated. However, they contribute only 7% of
the total number of people affected i.e. 3 min out of 40 mins
in 30 yearas. About 70% of citles belong to this category, but
only 20% of all the occurences of J 2 VIII falls on these cities.
S0, the risk for this category is really not so high, ss for the
other two.

For the first two categories the risk -~ in terms of the
number of péople affected ~ is agbout the samo. This may seem

strange, since the numbor of the earthquekes, gemerating

J Z VII1, is glec about the same for theus categories (see last
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colur of PTabpla 3). With equal /\ tho avercra value of'

5 ( my an Table 4) is bigher for the Tolkyo group since this

group is closely spaced and tho provability of one earthquake

q) i8 lerger hers. According-

will be

affecting several cities (paraneter
1y, it way bo expected, that the differcnce in T
pven more nipher, since the average pepulation ¢f a city in the
PTokyo group is also larger. However, the second category hus

& higher rate of population grow-th, so that the value of K

for this category catches up with the Tokyo group. Specifically,
?0% of average vaolus of I) for the second group ls contributed
by four cities with high seisaicity and very high valile of K
(6=7%): Taibei, Iima and Mexico with Guadalahara. Our major

concern ig — how stable are ocur eatimations of risk to quite

possible errors in the assumed rates of population growth { K in

Appendix 2). To level (partly) the uncertalnty in k y Wo assumad
the average wvalue of k for tho whole second category. Then
about three guarters of average ﬂ?D in the sccond cebegory are
contributed by the same four citiea plus the cities of Galifornia,:
with their high selsmicity and populstion, but low populaticn
growth (1.2-1.4%).

Summing up, the najor contribution to seiswic risk ia made
by:
(i) 6 citles with very large population, but relatively slow
population growth ( K velow 2%) - Tokyo, Jokchama, Kawa~
sald, Osaka, Los Angeles and Ssn Francisco.

{(11) 4 cities with present population not so large but with the
very rast population growth ( K = 6~7%): Menila, Lima

and Mexico with Guadalsahara.

These are cities for which the more accurate ostimation of

all thros models - population growth, strongz motion and

n



dedomicity «— in Pires or ol Decestaly B0 check o o refins our

global estimations,.

The stability of our estimations of I)  can also be illustra-

ted by the following elternste computations (for 17 cities of
"very nigh risk" category).

. . + G D (5) o {1
Verasion b="D ? e
1ng les Ana
major 17 %15 46 65
(from Table 3)
without 19.3 L 15,9 49 . 67
olimination of
af tershocks )
K vy UNESCG 11.6 £ 9,3 30 - 40
data [18]

As i§ has been expected the inclusiocn of aftershocks is of
little consaquencs. However, the difference in tha paramoter k
is essential: with the vealues suggeated by UNESCO, average I]
is smaller by sbout 0% ar by 5 mln people; 5% quantile D ’5%5\

1ls smaller by 15 mln people. This decrease is dus to the fact,

that for Manila, Taibel, Iima, Mexdico and Guedalehara the UNESCO
estimations of [ are about two times smeller thap the esti-
mations assumed here, '

The absolute decrsase of D for all three categories of
cities will be aBout the same, since the population of the Tokyo
group seems practically stablas ( k = 1.2%), and the contribution
of the third category is anyhow small (see Table 3);

(%S

CutfPaitlnUn WiTH HE ACTUAL MACROSKISUIC UISTORY

The estimations of N can be checked by comparison with
the avallable data on previous earthquukes. This will show the
roliability of the models of oarthquake sequence and iscselsts;
the conclusions are relevant to the estimations of D too,

subject to the inhomogenelty in demographic data.

Let us remind that our estimations are usde fors

= average ground conditions only;

— the cases when the area of VIII degroe isoseists is 2 100 lmn;

- main shocks, )

Accordingly, in summarizing the historical daeta the snomalies
of ground conditions have to be roughly eliminated; the after—
shocks and the very localized events have to be eliminated too.

The published data are summarized in the catalog (ippendix 3)
and (for Tokye) in table 5b.

Tho analysis of the data lesds to the conclusion, that they
are acceptebly complete starting from the following centuries:
for Tokyo - starting from XVIIth; for 15, 37 and 8 cities -~
atarting from XVIIth, XIXth and ¥Xth centuries respectively.

For other 15 cities we could not estimate, for which period the
data are complete; these cltlies wore exciluded from Lhe analysia

{among them are all cities of Japan, except the. Tokyo group,

Taibei, San Juan and Addis—Ababa). These cities are excluded not
due to the absence of events with _ 2 VIII there (about 40% of
all cities has no such events reported, which nay also be impor—

tant for our test),

%



There are 82 ovonts soleoted, Reportad foir mosh of btuen
are the range of inbemsity awl/or some dota on the dmnazgd’i'
muber of casuslties, ecouwowic loss, gonoral charectsristics
of the event as destructive or calastircfic. Due to the lavge
diversity of data the events in the cavalog are divided into
4 classess

"Heliable™ (1) -~ 24¥; rositive identiflcatlon by differant
authors as destructive or catsstrofic, with J » VIII.

"Provable" (+) - 120%; similar idontification, but lsas
positive or with correctiovns for the ground conditioas,

. "Uueertain™ (7) - 19.5%; coniradictory ox uncerbain identi-
fication of intensity; local carbthquakce, wisa strong metion of
v = VIII should be generated, bubt is not roported;

"Doubtful" (X) - 43.5%; very conkradictory or uncertein
data; data only from newspspers; J = VUL is just wsrginally or
inddrectly established. These cases are oliminated outright Lrom
the conaideration,

Lot us now describa the test: cocparison of eatinated A
with actual data. The idea of thizs test is obvious: the period
for which the dabta are complete is divided into consacutive
intervals of duration T. In ecach intervel the nuzber of oventa n,
is estlaated, i bGoing the sequence nusber of #he interval,
The distributicn of the values of oy ls gompored with astizations
of N for the soma sot of cities. Gbvicuely, in culeculation of n;
differant wolghts ehould be wssigned to the cvents of dirscent
tiasses. This procedure wos applioed te the duta on three sota

of citieas

)
i}

Period Humber of citles A AT
17011980 15 280 i 40
1801-1980 52 T TTED T {'EOW_k

(including previous 15)

16011970 Tokyo only J 370 . Py

Tolyo is considered separately due Yo the uncertainty in
recalculatlon of JUA scale into MM3, The cholce ofal i3 dicta-
ted by two contradictory conditions: tho musber of intervals
£ =T 147 and the average value of n {denoted’ m): both should
ba not too swall. With tho abova choice ofa? £ = 5=7 and
n = 2-3%, We determined from the catalog of events the VBJEFS of n
the corresponding average f{}MCT)and standard deviation CS;V( NG
Then from the data in Appendix 2 we calculated the corresponding
thooretical values for the randon value N{AT): its average mN(ATﬁ
audt standard deviation Civ(AT). Ther we calculated the ;(2 )
critaria of the agreenont betwesn actual data 1y and theoreti-
cel estimations my, Civ 3 )
' ; :i" (0= M (8T 5

T G laT)
The level of siguificance of criteria (5) dofined as

2 2 7 ' )
Eobe = pt )iX > X of*}'sj (&)

whare P, meens "the probability™, can be found frow any of two

gpnrovimate distributions, namely:

2 I8 . .
(i) )C - distribution with j— dorees of freeden which is wn
A3
£

3 0 N e D 5
approxiaate distripution of A gBed

(i) = approximate Ly stundard  distribution of normolicen velu
or (%)
- 2 ‘) N ‘ 2
v NS SN SN AT
oo : wos TN A
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are }. ey

2 2 _ . e
g (Xaﬁs)“2f+A,AT m; (7)

is the dispersionm of (5); /1

ls the number of avents for the

whole set of clties, o, is the n-th moment of the following ran-

dom values the number of cities covered by & VIII- degree imo—
selist during a singls earthquake;
e
For the cities, considered here, fn4//ﬂ72 is close to 1.
I ot — :
Small values of 55085 { < +05) and/or large valnéﬁ—fﬁ:;%Eiigi‘“““

( >2) mean the poor sgreement of theory with observations. We shall

use the ratio
X :6(X2355)/‘/’51F @)

to check the valus 570&3 s Which 1s computed from tables of )(2.

& =1, if the distribution of Xi& and Xi[n colncide.
Therofore small valuas of (¢ - 1) indicate, that é;o£s is a
correct characlteristics of the eignificance; positive (e- 1)
indicate undersstimation of the significancs.

Stavistics of events and all the characteristics of the
criteria (5)-(8) £or years 1701-1380 and 1801-198C are given in
Tables 5a,b. .

We assumed the welghts 1y }2 and O for reliable (1), probable

(+) end uncertain (?) data respectively (the classification of
date is discussed above, page 20). Azresment betwaen actual data
and celculations is oxceedingly ~ and unexpectedly -~ high,

Specifically, table 5b( & oug in the First line) showy

wud

that the level of significance 13 sbove 30%. In other words,

our theoretical estimations, Qa@qd_pg_egryhgugkq_s?aﬁ}gﬁ}ga_iqp
selsts led to correct projoction of statistles of strong shakings
for much larger poriods, 280 and 180 years. This may seem unox-

pected, since our model does not allow for a diversity of regional
foatures of seismicity and strong motion, The fact that our

estimatlons proved to be correct 1 probebly due to the statis~
tical nature of our analysis: we considersd the comparatively
large set of cities, the almost homogeneous measures of the risk
and large space-time domain. Under such circumstanéea the regio-
nal tralts are leveled, including the inovitsble errors due to
the non-stationarity of the regional earthquake saquencés and
incompleteness of the catelog, Jr othen woseds,

<Bur analysis summarized (over the Bpace) the weakely inter—
dependeﬁt random flows of the earthquakes; after this summation,
by virtue of asymptotic thoorems, the total flow of earthquakes
becomes a Poissonian flow and the total effects (N and D) becone
random values with composite Poissonian distribution,

Much more difficult would be the estlmation of riak for
#7 individual citles: in such a case the demands to the dabta

and to tho models increase and may well beccme g stumbling block.
Lot us illustrate this difficulty by the example of Tokyo.

The date and the computations for Tokyo ars summacized in table 5Ca
According to [20] during 370 years, 1601-1570, Tolyo experienced
21 earthquekes with J > V, JMA scale; throe more sarthqualkes hald
macroselsmic intenslity slightly below V ("V ~" ), Zqualizing

V JMA to VIII - IX MM {(page 8) we came to ihe dlsagroenant, since

according to our estimations during 370 years Tolyo should have

24



much less ~ betweon 11 and 18 (14,5 £ %.8) - earthquaires thh
VIII MG . Thls disaureement can be due to: s
(1) tha OVerGEtlmaLion of M5 equivalent of intensity V;
 JMA scale, or (ii) the underestimation of seismicity around
Tokyo {parametar j\ Jo Iet us show, that both explanations are
plausible,

(&) Let us assume that intensity J = 7 JUA is equivalsnt to

¢ = VII-VIIT MMB, Then events with J = VIT M43 should be elimincted

from statistics of real occurences, For a single point

A(VI1)/n(J% VITI)n VAL = Hizs
Svirr
Hore n(JT) ic the number of occurrences of intensity J and Ly
is the area of isozeist for the intensity J. This relation is
strictly true for the unifora selomicity,

4ccording to the model of isoseists (Fig.2¢) this ratio is
close to 41, Then out of 34 occurences only about a half can be
assigned J = VIII MiS, which brings the actual data in disagree—
ment with theoreticel estimations,

(14) Let us keep the original relation: J = V Jis is equi-
valent to J a VIII-IX MMS, but compars the data on sgismicity -
around Tolkyo, according to glebal casalog | 24 22, and regional
dMA catalog LEB]. The number of the sarthquukes with M 2 6 dvep
40 years (1941-1980) 1= about the sume in hoth catslogs. Tha
number of earthquakes w1thYba ween 5 and 5.9 can be compared
only for 3 years, over which both catalors soenm sufficiently
complete for M 25, The numbor of such garthquaites in JMA cabalog
is larger, than in [22],by a factor of 2 or 3 depending on how
w-g racalculate m5 into Mg. In that cuse wo underestimated

seismicity for Tokyo, at least by a factor 2, The corresponding

33

correction will again rewove the disagreemant-betwaen:our aati-
metion of N and actual data for Tckyo, ’”,

Othor explansblon of this disagreesment is also. possible,
Tor example, the JMA catalop indicates a systematic decline of
seiamic activity arcund Tolyo during the past 70 yeara. Due to
this decline the actual statistics before this century should
be larger, then our estimatlens.

411 these explanations are given not to explain awey the

. discrepancy for Tokyo, — a posteriorl explanations can not serve

thias purpose - but to illustrate that the estimation of risk is
much mors difficult for a single clty, than for many cities
together. In case of Tokyo a local estimation of risk remains
opeh, until at least three questions are solved: relaticn between
JMA scale and MMS; completeness of the cubalog; trend of sgismi~
¢ity. This would be important also for global estimations, since
Tokyo group coatributes about a hall of globsl risk.

The cholce of the welghts of different classes of data
(page 20) is by no means unique. To test the stebility of resulis
wo repeated the cqmpariéon of theoreticgl and observed data for
three other sets of welghts, indicated in three last lines of
Table 5,8b. The stabllity 1= scceptable; not unexpectedly the
firat version givea the bpest results and the accaeptance of doubt-

ful data (third version) gives exaggerated estimations.

14
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v . ; o X would be important to under—
HESSLY n the nearasst future. It would
They characterize selsmic riok Tor 76 cities of the world with - yo1

t T ;ion described by
+h ulati 7 1 min., situated in active seismic rezions stund, for example, what roully 1s the siiuut
e population 3 . ‘ & z

- L6T r 1 yig iak - & an ngs 1n the are Of al hund-'
: F the bﬂIIlbOl} of Illc) The wma or . t tho wordss U[II de rae hald a sever
J aracterist c8 O ris

. "
ara the following: 40 I 22 nln of people in these cities and rods square i in s clfy with population 30 min®.
8 % 3.5 of these citiea will experlence the slrong motion of
macroseismic intensity > VIII e during 19712000, The total
population of those cities is 148 mln in 1970,

Z2e The estinmations Tor i are well confirmed by comparison with
the available historical datas on 15 citiss - for the past 260
yoars and on 52 cities - for the past 180 yoars. However, we do
not claim the validity of separate estimations for each eitys
these estimations may have Bignificant errora, which are levelled
at the later stage, when we consider asll clties together,

3. About 70% of people effected are the inhabitants of 11
civies: 6 cities with eéapgcially large population {Tokyo, Yoko-
hama, Kawaseld, Osska, Los Anreles and San Francisco) and 5 cities
with especially fast population growth {Manila, Taibei, limg,
Mexico and Guadalahara). For these cities the further checlk of
data snd the tests of tha wodels - of Beismicity, strong motion
and population growth - deserve npecial attention,

4, Dynamice of the Population influsnces seismic risk to
not lesser extent, that seisuicity and the pattern of strong
motion. The pobulation growth in large cities and thelr agglo—
merations leads to a stroog inereasg of seismic riak with the
humber of people affected averaging more than ten million per

coming decades, This changes the naturs of the broblen of seismic
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FPIGURE CAPLIONS

Fig. 1. Seismotectonic regionalizatiocn of the the world rend
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Appendix 1
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H_:Lsitograms of demografic parameters in &ifferent cities:

a. population ci ir 1970
be rate of population growth, k “/.,.
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Appendix 4

MODLLS OF SEISMICITY AND IS0CRISTS

o 9 Seismicity Isoseisis
RO R - Cities, whers the
- L without with 4 earthquakes of the
i i attershocks atter— £ region can generate
o o shocks . a J 2 VIIT
I o w I AT
U 03 ey
| ey 2133
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Lalku Teo jela. ; C UL UL Uy Gatisg Lo 2.5 a Ul 20 0. 46 0.5
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1 23 ey | 6 ?
Curnei 300 5.3 I T R T A S-S
. , 5 ) [
Aacaah 3.1 544 fol } 1.G3 3.19 PRI

|
i—
Kitakyasha greup 1.4 25 Lo 2,70 3.4y
{ q= 33.0.0 !
Kituiyushu 1. U Geprull l ToU 1eud 2.0
Fuicnoka 0.9 Uodapan r 0.79 O.71 104G
! 1
i !
Cordobu 0.8 | 1.5 ! drgen- | 0.0003{  0.000Z  0.0003
[ Ling i
| i
Iisbon 1.G6x1 2, i ¢ G.19 U.31 Q.42
1
i
Marseilles 1.1 2.7 ’ ranae 0.097 0. 11 0.1
t
i
i ;
|
Hedan G.4 3.7 | iIndose- Ju55 G4 Caaf
| Sl i
| i
i i
iillano roup (g=0,34 Jed 1.8 I RS Savu
Liilnano Ve i c Te 16 1.97 2044
T i 1.2 C 1ad3 1,72 2477
Ganos .4 - 1.153 1.0 1.29
]
i i ; -
Porto 1.3 | 5.7 i ¢ 0.1 0.5 Uedd
i
;
Holle group {(g=0.082) - 4.0 2.2 1.435 5.0 el
ol 2.8 E o] | 118 3.0 A
i :
Eeanalia Jei ; oL GL3U0 .36 0.5
: : i
_ ; ? 1
[HTTTO e Gas - ey Y : i .
i ! b
L !

i z 3 415 b T
Sapnavo Ta2® | 2.5 Japan 2.0 3.;6 “hHel
Jewlbile sroup (a=0.50) 3,4 1.8 0.25 F).EB Q.37

Gonelio 1.0% Usa {1 0.083 0,12 0.16

Viccouver 1.0 Canada 0.083 0,08 0.1

Postdaant 1.0 USA 0.083 Ga.08 C.11
Surubain 1.6 3.2 c 0.0046 0.,0007 0,005
Taunhkoent 1.4 2,8 c 0.59 ¢.83 Taf
Teilioe group {q=0,149) 1.7 | 2.6 4.1 3.45 5017

Tuillisk U.Y c 2,05 1,034 2209

Yo e Vi Gais I3 2.13 1.°70 2a5Y
HUIivio 3.2 G4 ) 0,59 1,89 Selt
Pel-Aviv Q.Y 1.8 Igrael 0.18 0.16 (ST
Tunle [E 3.2 [ 0.11 .08 0.3
*) Lecde oo wlie wkly within the wiglew ration.
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DESTRUCTIVE BARMIGUANIS I THE TANGEST QIniig

. P - 5 PR 5 6 17
O THE WORLD, SINCE 1700, - I < | ! i :
: .ozobs P 16361976 | 1743.10,18 | > VII |Churches desteoyed| x |18 31]
| | | 5.05 [ irnificant den- x |34
1 Periad of Date of Degree; nifect of earth— LS > — 1826.05,18 | 2 VIX Eé(alnfm&-w w !
City i observa- shaking MM quaie and suxil-— 1 cons Lo ! i-———-~
| tions liavy data aol-r tu-1 encc §17.08.29 | YI-YTTI - | x 10317
vy I\ oy B 1517 9 |
1 2 ? 4 0 © 17 1% utipest | 1801-1955 - - - 19 |ies)
Alger 18011955 - - - 119 [227  vancouver *‘ 18001970 - - - 19 ([32]
f ! i o - 19 frez
Ankare P180I-1555 | 1844,05.12Y - J,=7~9 between x 19 [23) vienn 1801-1955 - - - 23]
.z\.l(“il:ara e(md Os— i : ]
paneilk (accord— : cuodal am 7 1711.08.16 - Many casualties X 20 33
ing to nswspa—: ; hadela 4 absent in [ 311 ° ,
pers) i
814 ' 3.07, - The city 1s des— | + | 18 | c4>
A3tds 18011955 | 1846.06.10 | VIII? | Dostructions on | 7 |19 fazy  Guatemala | 1500-1980 | 1773.07.29 srayen Tory tpe: (23]
alluvg.mp; 0% th i usands of casug-
cosuattics I | lties
1867.02.04 | - - x 23 1917.12.25 |VIII-IX | 40% of building | 1 <y
are damagod, ]
Baghdad 800-1955 | 4769 - - + 118 | <1~ catastrophe [31]
: 1918,01.03 - The city is destrd- x < 4.2,
1864 - Destructive <> ? 1> " -
i ahsont in 237 yed by aftershock [33]
. ) 1976.,02,04 |VI-IX iCatestrophe, 22,8 4>,
1857 - the sane ? et ) thousand of casuald] N AN U
: ’ tlesl ¢ 1100 mln —g==T {3k~
baku 18011975 - - - 19 {[291 losses. M=7,5
T
Bandung 1900-1960 - - ! - 20 {307 Genos 1B01-1955 - - - 19 f23]
} B
Earselona | 1152-19006 - - - 18 . cos Guayaqu—
: i < il ? 1868.08,16 - Catmstrgphe, 40 ! 19 (34,
) ' casualtiag 35
Beirut 4.D. 1759 WIII-TIX _ + 18 | es. Tossess300 ala, 1
1837.01.01 destructions mot| 7 f237
strorg, absent Damascus | Xth cen— - - - 19 (2%,
in <3» tury-1955 337
Bolgrad - - ! [
grade 1801-1300 - - 19 11237 Delhi 1670-1980 [1720.07.15 | ¥II-TX - + 18 {,u
7 _ Dncca ? 1837.06.12 | VIII-IX| 9=0-8 [ 247, ¥=8.7 |+ 18 ]
—_— . M:a,?
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q 2 5 4 5 Co 7
Ujskarta 1900~1960 - - - {20 Lo
' i 1
Yorovan “th centu—~ [1883.11.03 - Danaze from a lan~ | % i 19 ‘[29j
T7-1975 dslids L | _
1840.06,20 | = 3= 8.9, the oity |+ | [L29]
is Gamaged i & ;
b -
ZogTab 18011955 1880,11.09 IX Sa0 bui;dings da=- 1 119 raxy
= maged, 3000 cosu- \
plbiega
188%.12,20 (> VII?| A strong local x L22]
shaidng in Zagreb
011 | X Catastrophe ! t | 18 {4,327
Gatcutta ? 1737 300,000 casdaltics P
1842.11,. 11 IxX - ! < 5=
1897.06,42 | VII~ | J=7, allowing for | X {247
VIII the ground
Karachi 18431580 - - 19 | [30]
Caracas AVI centu— ;1812.03.26 | ¥~XI |Catastrophe,10~18 ; 18 1[ 31,33
ry - 1976 thousans ¢asualti- 347
ea is wmost stron- '
gest known damage
1900,10.29 | IX-X |Poscibly J =VIII-IX {311
1967.07.29 | VIII+|Catastrophe; .25 (30,33,
thousand casualti- 347
es, § 100 mln los-
ses, i=6,5
Kanpur ? 1833,10.04 | IX  |Possibly affected, |? |19 |[24]
Lachnow : tho cstimation are
abgent
Lahore 1670-1980 (1827.09.24 | VITI- - t 148 |[zs5]
IX
1875,12.12 | VIT~ x 367
VIIIX

9

B i
1 2 3 4 > o ’ 8
i 1555-1976 |1746.10.28 |X~XI| Catastrophe, 1.5 b8 13, 2
e thousends cgsual- i .
ho el Li tieg, city destro— i ;
stthucdbed on ed |
Zoone soll
sth a b:dph
Lavel ol roq ]
nad wabors) 1628,03,20 | - 30 casualties buil-| x [31]
dings ace danaged
L
1940,05.24 |VII~| 180 cosualities, ? 217
VIII| Lersg fanage,
1966.10.,17. ] VI~ 100 casualties x [367
VIIX| J = VII[33] ¢
1924 .710,034 | V- 80 casualties ? <G>
VIII
Lisbon XVI cen= |1755.11.01 - Cataatrophe 60-70 ! 181[ 34,3
tury = thousand casualti-
1955 es, tsunami
1
1858,10.11 | VIII - ! 1[23]
4890.02,.21 - J =V-I¥ strong io— | X [233
cal shaking, 2 chure—
ches destroyed
Los Angeles [1800-1970 11855.07.10 - J = 8 I X 19| L38]
1893.07.04 - | J,= &9 BV, part x - [39]
of a city might have
been dasmaged
Manils XVI cen~ |179€.11.05 | - - — sl 33
tury = ’
1970 _
1824,410.26 - - + [33]
1863.06.03 | - | 300 casuaities,cate-| ! {241
strophe
Marseilles [ 1801-195% - - - 19 |[23]
|
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1 2 3 4 5 5} 7 8
Hedan 1900=1960 - - - 20 30
Hedellin ? - - - 20 31
Mexico A60-1976  1711.08,16 VIIX Heavy casualtices 7 18 3
(The najor
part of the city 1801.,10,05  VIII - X 21
1;51 situategl on —
the loese allu~ 5 -
vium, the inten- 1806,0%.25  VIII X 20
sity thers is
4=3 degree hip— 1845,08,07 IX Loastyuctive + 31
hor than around

1882.07.1¢ VIIX bostouctivoe in + 31
sone eities,
10 cosunltios
19711.06.07 VIIX Gigndficant dono= ? kil
. sos 00 casualties
; XV cen= - - - 2
Milano A 1955 19 23,33
Nagoye ? 1054,12423 - Catostroria, 1 1 19 34
thousand of casu-
altico
Neapolia XV cen= 1930407223 - J = 7 according x 20 23,54,
tury - te 7
1980 4.9 thousan of
casuanlties
Pelewbang  1900-19GC - - - 20 20
Portland 1800=1970 - - - 19 22,39
Porto 1801=1355 - - - 19 23
Rome XV contu= - - ~ 19 23
y=1955
Sacramento  18007=1980 1872.0%,26 - Poasibly dangged, 7 19 35
scare datn
San Bernan- 1800=-1970 - - - 19 38,39

dino

n losscs,

¥ 2 3 4 5 6 71 8
San Digpo 1800-1970 11862,05,27 | = J = 8BF, "gravo x 191 [z8
shaleing" . !
.;.",A,ﬁ‘. r——
Gun Fronedls- | 1800-1970 i1863.06,10 | - Jb: 9—10KY accoive x 19“55,5{
©o : ding to [ 58],
J = 8&P2 59
1838.00.7 X J = BRP, accor— ? tho
ding [ 367 Sung
1852.11.22 - J = BRP b Ll
1865,10,08 - JO: onP, damago§ x 1257
in a city
1906.04.18 | VIII- J_ = 11RF, 750 casu= 1 25,3
IX aPties ! [52,%4
4524 wlin Lossesy catim
] atrophe
1957.03.22 | VIII | 2 distedeta of city [ x [35]
are damaged
San Jose 1800-1970 |16838.06, 7 J - = LR, edty demaged [x |19 (B8, 3
1858,19.26 ! VIII | § = 859 [ 39] 7 (35,38
1906.04,18 | VIIT | J = ORI, catastro— 1 tha
phio sane
sontiago 1575-1976  |1730,G7.08 ? Comparavle with S 18 (313
1647 when the eity ;
was completely de—
stroyed
|
1906.08.17 | VIII | 20 thousands casu— |1 ffaq 54
altics , L
I £ 256 mln losses
|4 = 5.5 ?
S A e : i
1965.04.28 VIII% altics wit- ! 1L
| ey, Lokl
|

!
|
i
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1 a 3 4 5 s YAREE:
Seattle | 1800-1970 |1894.12.13 (R VII - X 49 0EE)
: i v
1695.06.28 |3 Vil | - x § s
- I
1946 ,06,23 | VIT- | Absont tnl 35] ? 29
ViII
1949,04,13 | VIT- | J = 807, doaesges | x 551,
VIII on ths ul_uv1hn, iecg>
% 25 min lo !
1965,.04.29 VIT- £ 12 ;ln losses X 35,3
VIII )
3ofia 18011955  11858,09,50 - buildings 7 19 '[23]
Instarbul | V? centu=~ |1754.09.02 | VIII~ | 19 [15]
Ty — 1800 I¥ ; i
: T n 7
1801-1955 - - - 15,23
Surabaja 19001360 - - - 20 [ 30]
Tashlkont 7 1868.03.03 | VITI®{| Damage end casua-| ? 19!%{
! livies i
i i
|
1886,11,89 | VITI? | Vsalker than in x 1297
1858 ' !
j ‘ i
|
1966. 04,26 | VITT irsa (J % YIII) l ¥ flac]
<Gk !
] 1 )
Milist ? 1912.01.29 1~ | Buildings wrs | x| 49 (29
i | Qvartur;cd, H }
; [ dy = 57 | | RUES
i | | i |
1825, 7 ' - | Apseat in N S bet >
i f T ona el . i
| Loy T
‘Lol-Aviv 1202-1978 (1838 7 i - J<uin - SR
i : S TN IV IR U .

!
1 2 3 4 5 '6 7 i I
) H
Tobhran a50-1872 - - Destructive earth- 19 211
quolkes i :
187 3-1961 - - - <1
unis g 470%,12, 31 - 5.2 thousends of ! 19 {1337
casualties,cata~
atrophe, ¥ = 8,2
1801-1955 11887.01,06 | VII- Catastrophs t [22]
‘ X
1922.09.01 - 99 thousand of ? 123}
cazualities,
absent in[23]
Turin 18011955 - - - 19 |[231
) Left column indicatos reliability, according to classification
on p.20, Right column indicates the first ceature, for which
the. data are acceptably complete.
.y [ ] - reference list; ¢ > = reference on authorss

1 - Alisnawi S., Ghalib H., 1975; 2 — Rosa 4., Udlas A., 1976;
% =~ Ber-Marahea 4., Sur A., Vered M., 1976; 4 - Cano J., 1977;
5 ~ Chandra V., 1997; 6 - Eepinosa A., Husid Re,.AlSermdosen G.,.
1997+ 7 — Shenkaveva G.4., 1973; 8 - Halone D., Eer 5., 1975;
9 ~ Byus E.I., 1948; 10 - Vered M., Stream H., 1977; 11‘- Am—

brageys H, 19G5.

Nota. There are no data for the following cities: Lyoto, Kobe,
Osniia, Kltekyushu, Fuluoks, Sapporo (Japan); Addis~Ababa, Kallia,
Cordoba, Lyallpur, Rangoon, San Juan, Talpei, Data for Tokyo are

given in the Lext.
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