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Abstract—For the Himalayas and neighboring regions, the maps of seismic hazard and seismic risk are con-
structed with the use of the estimates for the parameters of the unified scaling law for earthquakes (USLE),
in which the Gutenberg—Richter law for magnitude distribution of seismic events within a given area is
applied in the modified version with allowance for linear dimensions of the area, namely, logN(M, L) = A +
B (5 — M) + ClogL, where N(M, L) is the expected annual number of the earthquakes with magnitude M in
the area with linear dimension L. The spatial variations in the parameters 4, B, and C for the Himalayas and
adjacent regions are studied on two time intervals from 1965 to 2011 and from 1980 to 2011. The difference
in A, B, and C between these two time intervals indicates that seismic activity experiences significant varia-
tions on a scale of a few decades. With a global consideration of the seismic belts of the Earth overall, the esti-
mates of coefficient A, which determines the logarithm of the annual average frequency of the earthquakes
with a magnitude of 5.0 and higher in the zone with a linear dimension of 1 degree of the Earth’s meridian,
differ by a factor of 30 and more and mainly fall in the interval from —1.1 to 0.5. The values of coefficient B,
which describes the balance between the number of earthquakes with different magnitudes, gravitate to 0.9
and range from less than 0.6 to 1.1 and higher. The values of coefficient C, which estimates the fractal dimen-
sion of the local distribution of epicenters, vary from 0.5 to 1.4 and higher. In the Himalayas and neighboring
regions, the USLE coefficients mainly fall in the intervals of —1.1to 0.3 for 4, 0.8 to 1.3 for B, and 1.0to 1.4
for C. The calculations of the local value of the expected peak ground acceleration (PGA) from the maximal
expected magnitude provided the necessary basis for mapping the seismic hazards in the studied region. When
doing this, we used the local estimates of the magnitudes which, according to USLE, corresponded to the
probability of exceedance 1% and 10% during 50 years or, if the reliable estimate is absent, the maximal mag-
nitudes reported during the instrumental period. As a result, the seismic hazard maps for the Himalayas and
the adjacent regions in terms of standard seismic zoning were constructed. Based on these calculations, in
order to exemplify the method, we present a series of seismic risk maps taking into account the population
density prone to seismic hazard and the dependence of the risk on the vulnerability as a function of popula-
tion density.
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INTRODUCTION

Earthquakes are among the most hazardous disas-
ters. The sudden character of a seismic event can
instantly lead to considerable destruction and human
deaths. Earthquakes occur in the form of a propagat-
ing rupture that releases the tectonic stresses accumu-
lated in the system of lithospheric blocks and the faults
between them. The territory of the Himalayas and
adjacent regions was hit by a few devastating earth-
quakes with magnitudes 8 and higher, which caused
heavy losses and considerable economic damage in the

past. One of the ways to mitigate the destruction effect
from earthquakes is to analyze seismic hazards and
implement the corresponding preventive safety mea-
sures. The errors in seismic hazard assessment may
and do cause unpredicted fatalities and economic
losses (Wyss et al., 2012). Clearly, the economic losses
include both the unbudgeted expenditures for infra-
structure repairs in the earthquake-damaged areas
where seismic hazard was underestimated and those
for excessive safety measures in the areas where seis-
mic hazard was overestimated.
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Of course, an earthquake is a very complex natural
phenomenon, but its complexity still possesses a cer-
tain order. The distribution of seismic events is likely
to be self-similar (Mandelbrot, 1982; Keilis-Borok,
1990; Turcotte, 1997; 1999) and enables scaling in
accordance with the generalized Gutenberg—Richter
recurrence law, which takes into account the fractal
character of spatial distribution of the earthquakes’
epicenters (Kossobokov and Mazhkenov, 1988).
Clearly, in the case of the uniform distribution of the
epicenters on the surface, their number will be propor-
tional to the size of a given area (for example, a circle
or square), whereas if the epicenters are clustered
along a line or within a narrow band (for example, in
the linear fault zone), the number of the events will be
proportional to the linear dimension of the area (for
example, a radius of the circle or a side of the square,
respectively). There are also examples of spatial distri-
butions that correspond to a fractional dimension of
the fractal support of the epicenters, which cannot be
excluded a priori and are verified by the independent
data (Okubo and Aki, 1987; Sadovskii et al., 1982;
1984). It is also worth noting that seismic activity is far
from being temporally uniform.

Thus, the question of the spatial and time scales
unavoidably emerges in the problems of seismic haz-
ard and seismic risk assessment and, in particular, in
the studies of the series of the earthquakes for predict-
ing large seismic events, where it is required to transfer
the estimates, rules, and criteria from one spatiotem-
poral domain to another. With sufficient data on the
earthquakes, the estimates of the coefficients in the
unified scaling law for earthquakes (USLE) can pro-
vide a reliable solution to this problem (Kossobokov
and Nekrasova, 2003, 2004). The USLE generalizes
the Gutenberg—Richter law of frequency—magnitude
distribution for seismic events within a given area in
the following modified form, which takes into account
the fractal nature of the support of the epicenters:

logN(M, L) = A+ B (5 — M) + ClogL, (1)

where N(M, L) is the expected annual number of
earthquakes with magnitude M in an area with linear
dimension L; logXis the common logarithm of X.

Bak et al. (2002) and Christensen et al. (2002) sug-
gested the version of USLE in terms of inter-event
time. Obviously, the time between the earthquakes is
dual, i.e., in inverse proportion, to the number of the
earthquakes during a unit time interval in formula (1).

Despite the difficulties mentioned above, the prob-
lem of seismic hazard assessment for the territory of
the Himalayas and adjacent regions was addressed in
many studies (e.g., Auden, 1959; Gaur and Choudan,
1968; Kaila and Rao, 1979; Khattri et al., 1984; Parvez
and Ram, 1997; 1999; Parvez et al., 2003; Parvez,
2007; Bhatia et al., 1999; Lyubushin and Parvez,
2010). In the present paper, we assume the hypothesis
that seismic process is self-similar, at least locally, and
calculate the coefficients of 4, B, and C by the SCE
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(Scaling Coefficients Estimation) algorithm for esti-
mating the scaling coefficients based on the data of the
Global Hypocenters Database System (Nekrasova and
Kossbokov, 2006; Nekrasova, 2008). The results are
presented in the maps of USLE coefficients for differ-
ent space and time scales; their probable correlation to
the observed deformations of the subcontinent and
corresponding tectonic structures is discussed. The
estimates of the USLE coefficients are also used for
calculating the seismic hazard in the region. Besides,
we present the examples of different estimates of seis-
mic risk for the Himalayas and the adjacent territories
based on the obtained seismic hazard maps and the
data on the population in the studied area.

METHOD

The results of global and regional analyses (Keilis-
Borok et al., 1989; Kossobokov and Mazhkenov, 1994;
Kossobokov and Nekrasova, 2004; Nekrasova et al.,
2011) show that in the seismically active regions, the
average annual number N(M, L) of earthquakes with
magnitude M in the structures of the embedded areas
L x L with linear dimension L, within a wide range of
magnitudes M € (M_, M, ) and linear dimensions L €
(L_, L.) agrees with the following formula of self-sim-
ilarity:

N(M, L) = 104x 108 G=M x C, (1)

where A, B, and C are the constants locally character-
izing the logarithms of the annual average frequency of
earthquakes with magnitude 5.0 and higher in the area
with a linear dimension of 1 degree of the Earth’s
meridian, the balance between the number of earth-
quakes with different magnitudes, and the fractal
dimension of the support of the earthquake epicenters,
respectively.

The values of A, B, and C are calculated by the SCE
algorithm for estimating the USLE scaling coefficients
(Nekrasova, 2008).

The long-term estimates of the USLE coefficients
can be used for characterizing the seismic hazard in
terms of the expected maximal magnitude:

(a) For cells with centers on the regular mesh /x /
and sizes Ly x Ly, where L, € (L_, L,) is a selected
constant determined by analyzing the completeness of
the data, coefficients A, B, and C are calculated.

(b) By formula (1), the expected number of the
events during a given time interval of 7 years, N M,
Ly) = Tx N(M, L), is determined for the considered
cells and magnitudes M (with a step of Am) in the
interval from M_to M..

(c) Based on a given threshold of probability p, the
maximal magnitude M, for which the expected
number of the earthquakes in the cell, N M, L),
exceeds 1.

It can be expected on average that with confidence
1— p, the magnitude determined this way for every cell
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Fig. 1. The annual number of earthquakes exceeding the threshold magnitude in the Himalayas and adjacent areas.

will correspond to the maximal magnitude expected
during the time interval 7.

DATA
Seismic Data

The studied territory is located between 5° and
40° N, 60° and 105° E. We analyze the seismic events
with magnitudes starting from 5 and hypocenters at
depths less than 100 km from the USGS/NEIC Glo-
bal Hypocenters Database System, 1965—2011. The
100-km depth limit is selected in accordance with the
first local minimum in the distribution density of the
hypocenters' depths within the studied territory. In the
analysis, we use the maximal magnitude of those pre-
sented in the NEIC catalog (average mb, average M,
and two authoritative magnitudes (among which,
MwHRYV and MwGS have become recently predomi-
nant). During the last 47 years, about 5000 earth-
quakes occurred in the studied territory. Figure 1
shows the fluctuations in the annual number of these
events from 1965 to 2011. The annual average number
of the earthquakes was quite stable (about 100—
200 events per annum) until the mega-earthquake of
December 26, 2004, whose epicenter, in contrast to
the considerable part of its aftershocks, was located
outside the studied territory. The spatial distribution of
the empirical density of seismic events (the total sum
of general density in the considered domain is 1) for
the geographic grid with cells 0.5° x 0.5° in size is pre-
sented in Fig. 2. The color of the cells corresponds to
the value of the empirical density function (on the log-
arithmic scale). The cells shown in Fig. 2 are the base
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on the hierarchical system of the areas with linear
dimensions of 0.5°, 1°, 2°, 4°, and 8°, which are used
in the calculation of the USLE coefficients. The reli-
able estimates of the USLE coefficients are obtained
in 1143 of the 1150 cells shown in Fig. 2.

Data on Population Density

The estimates for the population density (per km?)
are available from the model of the Gridded Popula-
tion of the World (2005), which was obtained as a
result of processing the data collected by the Center
for International Earth Science Information Network
(CIESIN), Columbia University, United States, and
by the International Center for Tropical Agriculture
(Centro Internacional de Agricultura, CIAT), Colom-
bia. The model provides the worldwide estimates of
the population in 2005, 2010, and 2015 on the scales
and with the degree of detail necessary for illustrating
the spatial relationships between human populations
and environmental protection all over the world. The
model simulations are based on the censuses and spa-
tially particularized data on the population density,
which are compatible with the social, economical, and
Earth Science data. In the present work, the model
simulation of population for 2010 (GWPv3 version
software) with a spatial resolution of 0.25° x 0.25° over
the studied area within 5° to 40° N and 60° to 105° E is
used. Figure 3 shows the spatial distribution of the
population P per km? used in our analysis.
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Fig. 2. Spatial distribution of the empirical probability density for the earthquakes with magnitude 5.0 and higher (p) in the stud-
ied territory, based on the USGS/NEIC Global Hypocenters Database System for the period of 1965 to 2011.

Fig. 3. Population density map with a resolution of 1 km? (based on GPWv3 estimate for 2010).

RESULTS
Seismic Hazard Assessment

Figure 4 shows the spatial distributions of the esti-
mates for each of three USLE coefficients (4, which
describes the logarithm of seismic activity; B, reflect-
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ing the balance between the neighboring bins of the
magnitude range; and C, which corresponds to the
estimate of the fractal dimension of the spatial distri-
bution of the seismic sources). For interpretation pur-
poses in this analysis, e.g., in Fig. 4, coefficient A is
calibrated to fit the recurrence of strong earthquakes
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Fig. 4. Spatial distribution of the USLE coefficients, based on the USGS/NEIC Global Hypocenters Database System for the

period of 1965 to 2011.
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Fig. 5. The expected maximal magnitude M for a period of 50 years with the probability of its exceedance of (a) 1% and (b) 10%

calculated from the USLE coefficients in Fig. 4.

with a magnitude starting from 6.0, instead of moder-
ate earthquakes starting from magnitude 5.0 as is done
in formula (1) to satisfy the completeness of the global
database. The error in the determination of the
numerical value of A, B, and C is at most 0.07, which
confirms the declared accuracy of the mapped values.

The highest values of coefficient A in Fig. 4a are
clustered in the areas of the Andaman Islands, NW
Himalayas, and Pamir—Hindu Kush. Figure 4b shows
that coefficient B characterizing the balance between
the magnitude ranges mainly falls in the interval
between 0.7 and 0.9, with the highest values clustering
in the NW Himalayas, Hindu Kush, and Indo—
Burnese arc. The estimate of the fractal dimension of
the epicenter locus, coefficient C, has a bimodal den-
sity distribution within 0.8 to 1.5 and peaks at 1.1 and
1.25, which can be interpreted as scaling near the lin-
ear structures of the main faults and in the zones of
high fragmentation of the Earth’s crust. The highest
values of C are mainly localized in Myanmar and
Pamir—Hindu Kush. It can be seen that the distribu-
tion of coefficient C qualitatively corresponds to the
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degree of crustal fragmentation: the highest C indicate
the most damaged marginal areas in the wide zone of
collision of the continental plates.

The obtained estimates of the USLE coefficients
were used for calculating two maps of the expected
maximal magnitude M for a period of 50 years at 1 and
10% probability of this magnitude being exceeded
(Figs. 5a and 5b, respectively). For the purposes of
comparison and as an additional check of the stability
of the results, the estimates of the USLE coefficients
and seismic hazard maps were also calculated for a
finer spatial resolution (0.125° x 0.125°) and larger
number of hierarchical levels (NH = 5), using the data
on earthquakes with magnitudes 4.0 and higher for the
period of 1980 to 2011. In particular, reliable (deter-
mined with a standard error of at most 0.05) estimates
of the USLE coefficients were obtained for 1574 of
1640 cells with a size of 0.25° x 0.25°. These estimates
overall qualitatively agree with the maps shown in
Fig. 5.

The distributions in Figs. 5a and 5b have naturally
similar elements and clear distinctions. In particular,
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Fig. 6. Seismic hazard map.

the correlation coefficient between these two maps is
85%. The median value of the expected maximal mag-
nitude is 8 for the map in Fig. 5a and 6.5 for the mag-
nitudes in Fig. 5b. The maps in Fig. 5 fully agree with
the results of pattern recognition of the areas that are
prone to earthquakes with magnitudes 6.5, 7.0, and
8.2, based on the analysis of the geomorphologic and
geodetic parameters (Bhatia et al., 1992; Kossobokov,
1984). We note that the results of recognition have
been in many cases confirmed by the earthquakes that
occurred after their publication (Gorshkov et al.,
2003; Gorshkov, Parvez, and Novikova, 2012).
Naturally, due to the spatial and temporal incom-
pleteness of the earthquake catalog, reliable estimates
of USLE coefficients (and, correspondingly, the reli-
able estimates of the expected maximal magnitude M)
can only be obtained for the part of the cells with the
observed seismicity. Considering this, for a more com-
plete seismic hazard assessment, in the final map, the
expected maximal magnitudes M estimated from the
USLE coefficients were complemented by the values
of maximal observed magnitudes from the NEIC cat-
alog for the period 1900—2010 in the cells where the
USLE coefficients were absent. The final map of max-
imal magnitude M expanded in such a way was then
used for estimating the expected ground shaking on
bedrock in terms of the peak ground acceleration
(PGA) by the computation methods suggested in
(Parvez et al., 2001). These calculation methods, gen-
erally deterministic, are based on the empirical data
on the strong ground motion in the territory of the
Himalayas and the relationship between the maximal
PGA and distance to an earthquake’s epicenter. The
map of deterministic seismic hazard assessment
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(Fig. 6) was obtained by calculating the source—
receiver function, with the receivers located at the
nodes of the 0.25° x 0.25° grid and the sources at the
centers of the cells with maximal expected magnitude
M. For each source, in accordance with the attenua-
tion function (Parvez et al., 2001), the PGA values
were calculated in the receiver points at the distances
of up to 500 km, and then the maximum of these val-
ues in the receivers were mapped. In the resulting seis-
mic hazard map, the zones of maximal PGA (1 g and
higher) clearly delineate the plate collision boundary
along the Himalayas and adjacent areas, including a
part of Gujarat state in the west, and the Indo—
Burnese and Andaman—Nicobar arcs. Within the
piedmont of the Himalayas and Indo-Gangetic Plain,
the PGA values range from 0.06 t0 0.2 g.

Seismic Risk Assessment

Mathematically, any type of risk is a result of the
convolution of the hazard with object at risk and with
the vulnerability of this object:

R(g) = H(g) ® O(g) ® V(O(g)),

where H(g) is the natural hazard located at g; O(g)
characterizes the objects at risk at the location g; and
V(O(g)) describes the vulnerability of the risk-prone
objects at the location g. Here, g may either be a point,
a line, or a zone on the Earth’s surface or beneath it,
and the distribution of hazard, as well as the distribu-
tion and vulnerability of the objects at risk can depend
on time. Besides, convolution ® can require a signifi-
cantly more complex operation than commonly used
multiplication of the risk components.
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Thus, there are different risk assessments even for
the same objects at risk that are prone to the same haz-
ard. In particular, this can be related with the different
convolution laws or depend on different types of
objects' vulnerability specific to the location. Both
these conceptual questions should be addressed by the
interdisciplinary problem-oriented studies by the
experts dealing with the particular hazards, objects,
and vulnerabilities. In order to illustrate the general
concept, we considered four simplified convolutions
of the estimate of seismic hazard H(g) shown in Fig. 6,
with the population as the object at risk O(g), which is
shown in Fig. 3 in the map of the population density
per km?.

Each of the four seismic hazard assessments con-
siders the GPWv3 model of the demographic data for
2010 as the object at risk and uses multiplication as the
convolution. The first seismic risk assessment in the
location g (0.25° x 0.25° grid cell) is based on a con-
stant that is equal to the vulnerability of every individ-

ual, Ri(g) = H(g) -

population density in the cell g (i.e., the number of
individuals located within the area of the cell g). The
second seismic risk assessment distinguishes the per-
sonal vulnerability, which linearly increases with the pop-

_gp -P.
This assessment and the two remaining nonlinear risk
assessments (R;;(g) = H(g) - LP - P2 and R,(g) =

H(g) -

specifics of the man-made environment, which is
determined by the amount and density of the popula-
tion in heavily populated areas (for example, the num-
ber of floors or the categories of typical buildings).
These seismic risk assessments resulted in the four
maps presented in Fig. 7. For illustration, each of the
four arbitrary units of risk covers the seven highest dec-
imal orders of magnitude of the obtained values so that
the black cells are by a factor of 1 000 000 more risky
than the lightest gray cells. The collapse of the high-
risk areas to the highest populated zones is quite a nat-
ural and clear illustration of how the nonlinearity in
the initial conditions changes the notion of the seismic
risk. It can be seen that the largest cities and their
agglomerations fall in the upper part of the distribution
for each risk considered here, which is quite expectable.

P, where L P is the integral of the

ulation density at a given locality, R;(g) = H(g) -

LP - P3)) appear to be quite natural due to the

In order to avoid misleading counter-productive
interpretations, risk assessments for the discussed ter-
ritory are only provided for methodological research
purposes. Our estimates do not use more sophisticated
complex procedures, which can turn out to be more
adequate convolutions of the hazards, objects at risk,
and vulnerability. The risk estimates are only used here
to illustrate the general problem-oriented approach.
The practical and therefore realistic seismic risk
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assessments should be developed by the experts in seis-
mic hazard distribution and objects at risk of different
vulnerability (i.e., specialists in seismic zoning, earth-
quake engineering, social sciences, and economic sci-
ences).

DISCUSSION AND CONCLUSIONS

The time and place of a future seismic event is
unpredictable up to the exact date and place of the
source rupture. Although the possibility of intermedi-
ate-term earthquake forecasting with a medium spa-
tial resolution has been proven by the results of the
long-lasting global experiment, there is no link yet for
implementing the measures of preparedness for earth-
quakes in response to the diagnosis of the periods of
high hazard (Kossobokov, 2012; Davis et al., 2012).
The damage from earthquakes can be efficiently
reduced by using the forecasts of the strongest earth-
quakes with the known level of reliability and accuracy.
Unfortunately, the practice of using the reliable inter-
mediate-term earthquake forecasts for making deci-
sions on particular measures to increase seismic safety
is currently very limited due to the ethical restrictions
of privacy in the announcement of forecasts.

On the other hand, earthquake-prone areas all over
the world are well known from seismic observations
and geological studies. Strong catastrophic earth-
quakes are lowprobability events; however, in the
earthquake-prone areas they occur with certainty (i.e.,
with 100% probability). The long return period and/or
low probability of the earthquake, being suggested as
the basis of seismic hazard assessment, leads to false
illusion of safety and neglecting these rare occasions.
With this approach, the strong earthquakes will
repeatedly occur as unpredictable catastrophic sur-
prises. Unfortunately, the systematic quantitative
examination of the map obtained in the Global Seis-
mic Hazard Assessment Program (GSHAP, see
(Giardini, 1999)) has established the unacceptable inade-
quacy of this probabilistic forecasting tool (Kos-
sobokov and Nekrasova, 2012): all the sixty earth-
quakes with magnitudes starting from 7.5 that
occurred in 2000—2009, after the publication of the
GSHAP maps, turned out to be surprises; moreover,
half of them were big surprises that caused a shaking
intensity significantly exceeding the values suggested
by the map. The same applies for the twelve deadliest
earthquakes that occurred in 2000—2011 and caused
the highest death tolls (over 700 000 people in total).
These and the other self-evident shortcomings and
failures of the widespread probabilistic approach to
seismic hazard assessment indicate that the GSHAP
map and the underlying methods are misleading.
From the common-sense viewpoint, using these maps
for any responsible seismic hazard assessment is unac-
ceptable as they do not prepare the public for potential
disasters. Other modern methods of modeling realistic
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earthquake scenarios allow the seismic hazard to be
assessed certainly better (Panza et al., 2011).

At present, the damage and casualties from disas-
ters keep steadily growing due to the absence of the
necessary knowledge and incomplete understanding
by the scientific community, decision-making author-
ities, and the public of the three major risk compo-
nents: hazard, object at risk, and vulnerability. Mod-
ern science (in particular, geophysics and seismology)
is largely responsible for failures in managing the
changes of risk components caused by the growth and
density of the population, etc. Due to their special
education, knowledge, and skills, scientists are
responsible for the safety of society, which generally
lacks this special knowledge. The errors in seismic
hazard assessment are nonlinearly transformed into
inadmissible errors of the expected human deaths and
economic losses (Wyss et al., 2012).

The maximal magnitude of an expected earthquake
for seismically hazardous areas can be realistically
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estimated with high reliability. The preparedness to the
maximal possible events helps reducing the scale or
even avoiding the probable consequences. Human
deaths do not directly follow from seismic events
themselves but are rather associated with the earth-
quake-induced phenomena (tsunamis, landslides,
collapses of buildings, bridges, and other construc-
tions). The deterministic scenarios of the conse-
quences of a catastrophic earthquake serve as the basis
for decision-making in organizing the safety measures
starting from land-use planning and adjusting the
building codes and regulations for emergency man-
agement. There are many earthquake-related risks,
and they must not be ignored in a realistic and respon-
sible seismic hazard assessment and in the informed
choice of the optimal measures to prevent these disasters.

Our study is an attempt to contribute to the sub-
stantiation of the urgent revision of the seismic hazard
maps starting from their first principles including the
choice of basic methodology and possibilities to make
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use of the estimates in the calculations of seismic
risks.
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