
ANNALS OF GEOPHYSICS, 58, 1, 2015, S0103; doi:10.4401/ag-6687

S0103

Probabilistic seismic hazard assessment for Central Asia

Shahid Ullah1,*, Dino Bindi1, Marco Pilz1, Laurentiu Danciu2,
Graeme Weatherill3, Elisa Zuccolo4, Anatoly Ischuk5, Natalya N. Mikhailova6,
Kanat Abdrakhmatov7, Stefano Parolai1

1 Helmholtz Center Potsdam - German Research Center for Geosciences, Potsdam, Germany
2 Swiss Seismological Service (SED), ETH Zurich, Switzerland
3 GEM Hazard Team, GEM Foundation, Pavia, Italy
4 European Centre for Training and Research in Earthquake Engineering (EUCENTRE), Pavia, Italy
5 Tajik Institute of  Earthquake Engineering and Seismology, Dushanbe, Tajikistan
6 Institute of  Geophysical Researches, Committee of  Atomic Energy of  the Republic of  Kazakhstan, Almaty, Kazakhstan
7 Institute of  Seismology, Academy of  Sciences of  the Kyrgyz Republic, Bishkek, Kyrgyzstan

ABSTRACT
Central Asia is one of  the seismically most active regions in the world.
Its complex seismicity due to the collision of  the Eurasian and Indian
plates has resulted in some of  the world’s largest intra-plate events over
history. The region is dominated by reverse faulting over strike slip and
normal faulting events. The GSHAP project (1999), aiming at a hazard
assessment on a global scale, indicated that the region of  Central Asia
is characterized by peak ground accelerations for 10% probability of
exceedance in 50 years as high as 9 m/s2. In this study, carried out within
the framework of  the EMCA project (Earthquake Model Central Asia),
the area source model and different kernel approaches are used for a
probabilistic seismic hazard assessment (PSHA) for Central Asia. The
seismic hazard is assessed considering shallow (depth < 50 km) seis-
micity only and employs an updated (with respect to previous projects)
earthquake catalog for the region. The seismic hazard is calculated in
terms of  macroseismic intensity (MSK-64), intended to be used for the
seismic risk maps of  the region. The hazard maps, shown in terms of
10% probability of  exceedance in 50 years, are derived by using the
OpenQuake software [Pagani et al. 2014], which is an open source soft-
ware tool developed by the GEM (Global Earthquake Model) founda-
tion. The maximum hazard observed in the region reaches an intensity
of  around 8 in southern Tien Shan for 475 years mean return period.
The maximum hazard estimated for some of  the cities in the region,
Bishkek, Dushanbe, Tashkent and Almaty, is between 7 and 8 (7-8),
8.0, 7.0 and 8.0 macroseismic Intensity, respectively, for 475 years mean
return period, using different approaches. The results of  different meth-
ods for assessing the level of  seismic hazard are compared and their un-
derlying methodologies are discussed.

1. Introduction
The region of  Central Asia considered in the pres-

ent study includes the territory of  five countries,
namely Kazakhstan, Kyrgyzstan, Tajikistan, Uzbekistan
and Turkmenistan (see Figures 1 and 2). It is character-
ized by the presence of  the Tien-Shan and Pamir oro-
genic belts, whose tectonic regime is determined by the
convergence of  the Indian and Eurasian plates [Molnar
and Tapponnier 1975, 1978]. This intra-continental col-
lision region is highly seismic and capable of  generating
large crustal earthquakes, as evident by the historical
seismicity. The aim of  the Earthquake Model Central
Asia (EMCA) project was the evaluation of  the seismic
risk in Central Asia, following an end-to-end approach
where all the components, from seismic hazard to vul-
nerability and exposure, were re-assessed and updated.

The seismicity in Central Asia has been studied
since the 18th century by Russian and Central Asian
scientists [e.g., Kondorskaya and Shebalin 1982, Raut-
ian and Leith 2002, Tatevossian 2004]. The first sum-
mary of  earthquakes in Central Asia was reported in
the catalog of  Mushketov and Orlov [1893], based on
macroseismic observations. The occurrence of  large
earthquakes in the area encouraged the development
of  projects for seismic monitoring. Examples are the in-
stallation of  a seismic network in Central Asia pro-
moted by the Russian Imperial Geographical Society
following the 1887 Verny (Kazakhstan) earthquake,
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which caused a great deal of  destruction in the city of
Almaty, formerly known as Verny [Mikhailova and
Kurskeev 1995], and the seismological instrument area
coverage improvement after the 1948 Ashgabat (Turk-
menistan) earthquake. Changes in the sensitivity and
dynamic range of  instruments performed in 1956 and
the 1970’s led to improved accuracies in location and
magnitude estimation [Rautian and Leith 2002], pro-
viding more complete data sets for seismological stud-
ies and seismic hazard assessment.

Several early studies aiming at seismic hazard as-
sessment were carried out in Central Asia. Early seis-
mic zoning maps of  the former USSR and adjacent
territories were compiled by Mushketov [1933], in
which the expected surface shaking is expressed in
terms of  isoseismiclines for different intensities, and
Gorshkov [1937], who specified five zones of  “geolog-
ical similarity” (respectively for intensities V to IX) ex-
tending from areas of  former seismic events. Successive
seismic zoning maps of  the USSR were released in
1957, 1968 and 1978. These maps were also incorpo-
rated into national engineering codes. In particular, the
general seismic zoning (GSZ) map of  1978 [Bune and
Gorshkov 1980] included both boundaries of  shaking
intensities with zones for intensities from VI to IX on
the MSK64 scale [Medvedev et al. 1964] as well as zones
of  most probable locations of  severe earthquakes, dif-
ferentiated by the maximum expected magnitude,
ranging from MLH [Karnik 1968] 6.1 to 8.1. The prob-
ability of  occurrence of  an event was also included,
considering return periods of  100, 1000 and 10,000
years after the analysis of  the recurrence times based
on the method of  Ryznichenko [1966] and the histori-
cal catalog. In the former Soviet Union, a great deal ef-
fort was carried out for updating the seismic zoning at
different spatial scales, such as detailed seismic zoning
(DSZ), valid for the regional level, and seismic micro-
zoning (SMZ) maps, valid at the urban scale. Such maps
were characterized not only by their different spatial
scales, but also by the way local seismotectonic, ground
and other natural conditions were taken into account.
In particular, in the SMZ constructed for most of  the
main cities in Central Asia, the influence of  local site
amplifications was also accounted for by introducing
intensity increments related to local geological condi-
tions. By the end of  1990, SMZ maps showing macro-
seismic intensity, also considering the effect of  soil and
topography in a few areas, had been compiled for ten
large cities in the USSR [McGuire 2004] including all
five capitals of  the Central Asian countries.

Between 1991 and 1997, after the collapse of  the
Soviet Union, a new general seismic zoning (named GSZ-
97) for Northern Eurasia was developed [Ulomov and the

GSHAP Region 7 Working Group 1999] and was in-
cluded as a contribution to the GSHAP-Global Seismic
Hazard Assessment Program [Giardini 1999]. The hazard
map was originally produced for macroseismic intensity
and later converted to peak ground acceleration using the
Aptikaev and Shebalin [1988] relationship. GSZ-97 was
the last seismic zoning that considered the territory of
the former Soviet Union as a whole. Starting from the
1990s, seismic hazard, in terms of  macroseismic inten-
sities, was re-assessed for many capitals of  the now in-
dependent countries in Central Asia (for a review, see
Nurmagambetov et al. [1999]). As an example, DSZ maps
in terms of  both macroseismic intensity and peak ground
acceleration were produced for the suburbs of  Almaty
(formerly known as Alma-Ata) [Kyurskeyev et al. 1993]
and the probabilistic values of  seismic hazard in Almaty
were assessed in terms of  peak accelerations and in-
tensity [Mikhailova 1996]. For Tashkent (Uzbekistan) and
Bishkek (Kyrgyzstan), new probabilistic assessments have
been computed by Erdik et al. [2005]. On a larger scale,
hazard assessments have been performed for different
countries, like Kyrgyzstan [Abdrakhmatov et al. 2003]
and Uzbekistan, considering the Cornell [1968] approach.

Within the framework of  the EMCA project, new
hazard studies have been performed for Central Asia in
term of  macroseismic intensity. Starting from the dis-
tribution of  intensity data for earthquakes that oc-
curred in this region since the end of  the 19th century,
the seismic hazard has been assessed, first following the
so-called site-approach [D’Amico and Albarello 2008,
Bindi et al. 2012]. Based on this method, the seismic
hazard assessment is based on the seismic histories
available at different locations, without requiring any
a-priori assumption about source zonation. The hazard
is computed site by site and is expressed as the proba-
bility that the considered site will be shaken with an in-
tensity greater than or equal to the chosen threshold
over the assumed exposure time.

In this article, we present the results of  the proba-
bilistic seismic hazard assessment of  Central Asia ob-
tained following another zone-free approach, namely
the smoothed seismicity approach [e.g., Riznichenko
1959], as well as the standard Cornell [1968] approach
based on source areas. Regarding the smoothed seis-
micity, we apply both the method of  Frankel [1995],
considering also the adaptive kernel proposed by Stock
and Smith [2002], and the method proposed by Woo
[1996], where the correlation distance is controlled by
the magnitude values.

We first introduce the earthquake catalog [Mikhailova
et al. 2015, this issue] and the source areas, with their sta-
tistical features. Then, different approaches to PSHA
based either on point sources (smoothed seismicity) or
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a standard zonation are described. Finally, the obtained
hazard maps are presented and discussed.

2. Regional seismotectonics
The deformation in Central Asia is the result of

the India-Eurasia collision, with the Indian Plate mi-
grating northwards, during the Cretaceous and Palaeo-
gene at a rate of  15-20 cm/year, and slowing down,
following its initial collision during Eocene, to its pres-
ent rate of  approximately 5 cm/year [Patriat and Achache
1984]. A significant amount of  this post-collisional lithos-
pheric convergence is accommodated by the conver-
gence of  Pamir and Tien Shan, which are two of  the
major Cenozoic mountain belts in Central Asia. The
central and eastern Tien Shan forms an elongated de-
forming region between two generally stable crustal el-
ements: the Kazakh platform to the north and the
Tarim basin to the south. Over a distance of  ~1000-1500
km north of  the Indo-Eurasian plate boundary, the cen-
tral Tien Shan presently absorbs nearly one-half  of  the
total relative plate convergence of  ~45 mm/year [Ab-
drakhmatov et al. 1996, Holt et al. 2000]. Focal mecha-
nisms (Figure 14) from moderate and large earthquakes
primarily show thrust and reverse faulting with P axes
oriented approximately north-south, consistent with the
geodetically measured maximum shortening direction
and the overall direction of  Indo-Eurasian plate conver-
gence [Tapponnier and Molnar 1979, Nelson et al. 1987,
Ghose et al. 1998]. Figures 1 and 2 show the topographic
maps of  the study region, along with the major cities
and locations discussed in this work (Figure 1), and the
active faults and tectonic regions (Figure 2).

The deformation in Central Asia is mainly accom-
modated by reverse faults and intra-mountain basins lo-
cated far from the boundaries of  the major plates
[Zubovich et al. 2010], with large fault systems located
along the main deformation zones in Central Asia.

Amongst these, it is worth mentioning the Pamir thrust
located along the Pamir-Tien Shan convergence zone
[Schurr et al. 2014]; the right-lateral Talas-Fergana strike-
slip fault separating the northeastern and southwestern
sectors of  Tien Shan, and several fault systems mapped in
the northern Tien Shan, such as the Issyk-Ata and Chon-
Kemin faults, which partially accommodate the conver-
gence of  the Tarim basin towards the Kazakh platform.
Such convergence is absorbed over a region more than
200 km wide and, although not uniformly distributed, no
single predominant fault absorbs the majority of  this con-
vergence [Zubovich et al. 2010]. The Pamir has been dis-
placed northwards by about 600 km with respect to the
Tarim basin [Burtman and Molnar 1993] and it is charac-
terized by east-west trending thrust faults and major
strike-slip faults flanking the range [Lukk et al. 1995].

The Turan and south Kazak domains (TSK) cover
a large area of  Central Asia, from the Caspian Sea in
the west, to the Tien Shan range in the east, and from
the Kopet Dag range in the south, to the Aral Sea in
the north. Since the Mesozoic, several continental
blocks have accreted to this southern margin of  Eura-
sia, during the successive closures of  Paleotethys and
Neotethys. Although most of  the TSK is nowadays cov-
ered by Neogene to Quaternary continental deposits,
several discrete Paleozoic basins occur within the south
Kazak domain and basins have developed continuously
since the Permian over the TSK. These basins provide
an almost continuous record of  tectonic events on the
southwestern margin of  Asia since the Mesozoic. How-
ever, the timing and boundary conditions controlling
basin development are still poorly known. Many paleo-
geographic reconstructions have inferred back-arc ex-
tension in Southwestern Asia during Late Permian to
Mesozoic times [Tapponnier et al. 1981, Zonenshain et
al. 1990, Dercourt et al. 1993], but few data constrain
this setting. Some discrete compressional events have
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Figure 1. Topographic map of  the study area, with the major cities
and locations discussed in the text.

Figure 2. Topographic map of  the study area, with the major faults
outlined as red lines [Trifonov 1996] and the major tectonic regions.



also occurred during the Mesozoic in Southwestern
Asia, but their intensity and role in basin development
are not well documented [e.g., Otto 1997].

3. Earthquake catalog and de-clustering
A complete earthquake catalog is one of  the basic

components of  any PSHA study. The earthquake cata-
log for the study area includes about 33,600 earthquakes
which have occurred in Central Asia and neighboring
areas (Figure 3) over the time period between1800 and
2009, with 7805 events equal to or above MLH 4.0.
About 80 historical earthquakes, which occurred be-
fore 1800 up to 500, are also included in the catalog
[Mikhailova et al. 2015].

The catalog is compiled by collecting information
from several sources, such as regional bulletins and cat-
alogs being used to compile the catalog from 1991 to
2009. Information about earthquakes occurring before
1990 is mainly taken from Kondorskaya and Ulomov
[1996]. The earthquakes sizes are characterized through

different scales, the most common being the body-wave
magnitude mb, the surface-wave magnitude MLH
[Karnik 1968] and the energy K-class (Rautian et al.
[2007] and the references within). The magnitudes in
the catalog used in the present study are converted to
MLH using empirical regression equations and
rounded to the first decimal unit before processing the
catalog further for the analysis. In particular, the im-
plemented empirical relations are (Natalia Mikhailova
personal communication to the authors):

MLH = 0.47K − 1.15 (1)
and

MLH = 1.34mb − 1.89 (2)

The catalog contains 60 earthquakes with magni-
tudes larger than 7, as shown in Figure 3. The depth-
magnitude distribution of  the un-declustered catalog is
shown in Figure 4. The intermediate depth seismicity is
mainly located along the Pamir and Hindu-Kush re-
gions. Only earthquakes with focal depths less than 50
km are considered in this study.

Since PSHA based on the Cornell [1968] approach
assumes a Poissonian process of  earthquakes, where
seismic events are considered temporally independent,
the catalog is de-clustered from dependent events. Two
de-clustering algorithms are considered, namely the
Gardner and Knopoff  [1974] method (hereinafter re-
ferred to as GK), and the algorithm used in AFTERAN
program [Musson 1999] (hereinafter referred to as AF).

The GK method identifies the foreshocks and af-
tershocks within time and distance windows, fixed ac-
cordingly to the magnitude of  the event. The events are
sorted in order of  descending magnitude, and depend-
ent events are identified if  they are within the temporal
and spatial windows of  the largest event. The algorithm
can therefore identify foreshocks and aftershocks by
considering the windows forwards and backwards in
time from the main shock. In the present study, the fol-
lowing magnitude scaling for the time and distance
windows are considered: (1) the original windows as
proposed by GK [1974]; (2) the modified GK windows
as proposed by Grünthal and as reported in Van
Stiphout et al. [2012]; (3) the windows proposed by
Uhrhammer [1986]. These time and distance windows
are summarized below:

GK [1974]:

(3)
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10 if M 6.5

otherwise
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Figure 3. Declustered earthquake catalog from 500 up to 2009 for
the study area for events above magnitude 4.0 and a maximum
depth of  50 km.

Figure 4. Magnitude-depth distribution of  the un-declustered earth-
quake catalog.
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Grünthal:

(4):
Uhrhammer [1986]:

(5)

The AF approach is a modification of  the GK ap-
proach where a moving time window rather than a
fixed time window is used. The events are first sorted
into their magnitude-descending order. Then, events
within fixed distance windows are identified using a
moving time window of  T days. The dependent events
are declared when they occur both within the distance
window and the T days’ time-window. The time win-
dow is then moved to the next event, and the process is
repeated.

The GK and AF algorithms are used as imple-
mented in the OpenQuake supplementary software
Hazard Modeller’s Toolkit [Weatherill 2014]. The two
algorithms are used with the above mentioned three
windows. The GK algorithm is used for different ratios
of  foreshock and aftershock time and the AF algorithm
is used for different lengths of  the time windows. The
results are summarized in Figure 5. From this figure, it
is clear that the Grünthal window identifies more
events as being dependent, while the Uhrhammer win-
dow identifies fewer. Note that the GK algorithm iden-
tifies more dependent events not only in the instrumental
part of  the catalog, but also those events with magni-
tudes higher than 7.0 in the historical part of  the cata-
log. In order to retain the maximum number of  events
and also ensure a Poissonian process, the AF algorithm
with a GK distance window and 20 days’ time-window
is used to de-cluster the catalog. Figure 6 shows the his-

togram of  dependent events using the AF algorithm.
As is clear, most events are in the lower magnitudes and
in the most recent instrumental part of  the catalog,
with about 400 events for magnitude 4. Smaller num-
bers of  events are also identified in the historical part,
but are not significant in number.

4. Seismic hazard approach
The classical PSHA technique based on Cornell-

McGuire [Cornell 1968, McGuire 1976] consists of  four
steps [Reiter 1990]: (1) Identification and characteriza-
tion of  earthquake sources; (2) characterization of
magnitude-recurrence distributions; (3) application of
the conditional probability to evaluate the ground mo-
tion at the site; and (4) calculation of  the hazard curves.

Different earthquake sources are defined depend-
ing on the available information. An earthquake source
can be defined in three forms: a point source, an area
source (zonation model) or as a line source (fault model).
Since all the faults are not well characterized in the study
area, point source and the area source models are used
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Figure 5. Comparison of  declustering algorithms and different time and distance windows. Left side: Declustering using the GK algorithm
for varying ratios of  foreshocks/aftershocks. Right side: Declustering using the AF algorithm for different lengths of  time windows.

Figure 6. Characteristics of  events identified as being dependent
using the AFTERAN algorithm with the GK distance window (see
Figure 5, right).



in the current study. Point source models using smooth
seismicity approaches are described in Section 4.1,
while the zonation model is described in Section 4.2. 

The GR relationship [Gutenberg and Richter
1944], also called the magnitude-frequency relation, is
used to characterize the recurrence relationship for
each source:

Log (N) = a − bM                           (6)

where N is the number of  events per year for a magni-
tude M or larger; a represents the overall activity of  the
seismic source (log number of  events with M >= 0)
while b represents the relative distribution of  small to
large earthquakes. Considering a one year period, a tells
us that on average, once per year, an earthquake of
magnitude (a/b) or larger occurs. A larger b value rep-
resents a region dominated by relatively smaller mag-
nitude earthquakes, while a smaller b value represents
a region with relatively higher magnitudes events. The
GR parameters estimation for each source is explained

in detail in the source model section.
Intensity prediction equations (IPE) are used in this

study to find the magnitude-distance relationships for
MSK-64. The choice of  an attenuation model is very
important for the hazard assessment because of  its
great influence on the final results. A modified version
of  the Bindi et al. [2011] IPE for Central Asia is used in
this work. This modification is made to consider depth
dependency of  events in the IPE. The same dataset of
Bindi et al. [2011] is used for this modification. In its
mathematical form, the IPE derived in this study can
be written as:

(7)

where the intensity I is expressed in the MSK-64 scale,
R is the epicentral distance and h is the hypocentral
depth. The total standard deviation of  Equation (7) is
0.69. The IPE is represented graphically by Figure 7 for
different magnitudes and hypocentral depths.

4.1. Smooth seismicity approaches
The smoothing seismicity approach is based on the

hypothesis that the past distribution of  seismicity pro-
vides information about the location of  future events.

4.1.1. Frankel approach [Frankel 1995]
To apply the smoothed seismicity approach of

Frankel [1995], the investigated region is divided into a
grid of  source points, considering a regular spacing of
0.2×0.2 degrees. The cumulative number of  events in
each cell is counted, considering a magnitude thresh-
old equal to 4. Then, the cumulative number of  events
for each cell is converted to incremental values using the
Herrmann’s [1977] formula which requires a b value. Fi-
nally, the rates are smoothed spatially using different
kernel functions. In particular, we considered:

I 1.007 M 2.004 10 (h) 3.298 2.692

0.5 h
R . R h h

log

log 10 1 0 0004232

2
2 2

) ) )

) )

= - + -

+ - + -` ^j h
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Figure 7. Graphical representation of  the IPE used in this study for different magnitudes versus epicentral distances. The left side presents
the relationship for a 10 km hypocentral depth while the right side presents the relationship for a 30 km hypocentral depth.

Figure 8. Adaptive correlation distance (local bandwidth) for the
study area using the method of  Stock and Smith [2002]. The fixed
correlation distance c1 equal to 30 km is applied.
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(1) A Gaussian kernel function with fixed correlation
distance (bandwidth) following Frankel [1995]. In this
study, after testing different values, we fixed the correla-
tion distance c1 to 30 km and we apply a cut-off  at 3c1.

(2) The adaptive kernel function proposed by
Stock and Smith [2002], where the correlation distance
depends on the local density of  earthquakes.

Figure 8 shows the spatial variability of  the corre-
lation distance (indicated as c2 in the original work of
Stock and Smith [2002]) for the adaptive kernel. c2 rep-
resents the additional multiplication factor for c1 in the
adaptive kernel approach. Areas of  higher seismicity
(see Figure 3) have lower values of  local bandwidth as
shown by the dark blue color. Lower seismicity areas
have larger values of  local bandwidth, and are shown
by lighter to dark red.

4.1.2. Woo approach
The Woo [1996] smoothing approach is based on

the concept of  fractal geometry and self-organized crit-
icality. For each magnitude interval, the activity rates
are determined according to a magnitude-dependent
probabilistic smoothing procedure that is applied di-
rectly to the epicenters of  the earthquake catalog. The
contribution of  each event to the seismicity of  the re-
gion is smeared over a distance that is magnitude de-
pendent. Differently from the Frankel [1995] approach,
this method does not require the use of  a recurrence
relationship such as Gutenberg-Richter equation to find
the activity rates.

The Woo approach is applied considering a kernel
fractal scaling index n equal to 1.5. To determine the
bandwidth for normalizing epicentral distances (indi-
cated as parameters c and d of  the exponential function

in the original formulation of  Woo [1996]), we followed
the approach suggested by Molina et al. [2001], that is:
(1) arrange the events in different magnitude bins; (2)
for each event within the same magnitude bin, the near-
est epicenter distance is determined; (3) the average of
all minimum distances within the same magnitude bin
is determined; (4) the c and d parameters are estimated
using a least squares fit to the observed distance and
magnitude. The derivation of  the c and d parameters
for one node of  the considering grid is shown in Figure 9.
The smoothing distance increases with magnitude in
agreement with the observation that smaller events
show more spatial clustering than large events. The ac-
tivity rates are calculated over a regular grid of  0.2×0.2
degree, assuming a maximum correlation distance of
200 km, and considering magnitude bins 0.5 units wide.
The Woo approach also accounts for the uncertainties

PSHA FOR CENTRAL ASIA

Super zone
Magnitude bins

4.25 4.75 5.25 5.75 6.25 6.75 7.25 7.75 8.25

Whole catalog 1956 1932 1931 1920 1890 1837 1837 1795 1795

1. Iranian block 1960 1928 1922 1885 1885 1820 1820 1820 1820

2. Kazakh block -- -- -- -- -- -- -- -- --

3. Kazakh block -- -- -- -- -- -- -- -- --

4. Tajik-Afghan block 1958 1950 1902 1900 1900 1900 1900 1900 1900

5. Turan block 1975 1975 1930 1930 1930 1930 1930 1930 1930

6. Pamir-Hindukush block 1962 1950 1940 1921 1921 1921 1921 1921 1921

7. Fergana block 1955 1920 1920 1900 1880 1880 1880 1880 1880

8. Tien Shan 1955 1930 1920 1890 1890 1870 1870 1870 1870

9. Tarim Basin 1970 1970 1970 1970 1945 1930 1930 1930 1930

10. Eastern Kazakh block 1958 1956 1956 1886 1866 1866 1866 1866 1866

Figure 9. Magnitude-bandwidth relationship to estimate parame-
ters c and d at a single site for the Woo [1996] approach.

Table 1. Completeness analyses for the declustered catalog above magnitude 4.0 for the super zones indicated in Figure 10.



in both magnitude and epicentral location. An uncer-
tainty of  0.5 and 0.2 for magnitude is used for earth-
quakes that occurred prior to or later than 1960,
respectively, which corresponds to about the complete-
ness time of  magnitude 4 (see Table 1). Regarding the
uncertainty in epicentral location, the values indicated
in the catalog are used, when available. The uncertainty
in epicentral location is not available for some events
after 1991, and hence an uncertainty of  5 km was used.

4.2. Area seismic sources and recurrence parameters
The area sources for the study region are defined

by mainly considering the pattern of  crustal seismicity
(here meaning down to 50 km depth), although tec-
tonic and geological information, such as the position
and strike distribution of  known faults, have also been
taken into account when available. The boundaries of
the area sources along with the declustered seismicity
distribution are shown in Figure 10. Large area sources
(see, for example, those indicated with numbers 1, 2, 5,
45 and 52 in Figure 10) are defined where the seismic-
ity is scarce and there are no tectonic or geological fea-
tures that would justify a further subdivision. Smaller
area sources (e.g., numbers 36 and 53 in Figure 10,
around the Talas-Fergana fault) have been designed
where the seismicity can be assigned to known fault
zones. Amongst these, it is worth mentioning the
sources numbered 9, 57, and 58 (Figure 10), including
the seismicity generated mainly by the Darvaz and
Gissal Kokshal faults (Figure 2). These area sources in-

clude the largest number of  earthquakes (457 events),
the largest one with magnitude of  7.4. The area source
17, which includes the western Tarim basin and south-
ern Tien Shan, is dominated by the seismicity of  the
Atushi-Keping fault. It is the second area source in
terms of  number of  earthquakes with the largest event
of  magnitude 6.7. Area source 13 covers the Tajik de-
pression zone (234 events, 6.7 being the magnitude of
the largest event). Of  particular interest are the area
sources 46 and 47,covering the Kopet-Dagh range
(Turkmen-Khorasan Mountain Range), where the
largest number of  events greater than magnitude 7(15)
occurred, including the 1948 M 7.3 Ashgabat earth-
quake, which occurred in area source 47.

The area source number 15, covering the northern
Tien Shan, includes the largest known events that have
affected the Central Asia region, namely the 1889 M 8.3
Chilik earthquake, which is one of  the largest historic
intra-plate reverse faulting events, and the intra-conti-
nental 1911 M 8.2, Chon-Kemin earthquake.

Finally, area source 43, covering part of  the territory
of  Uzbekistan (Turan block) also includes the Gazli gas
field. This area source has a peculiar concentration of
seismicity within short time periods, with earthquakes
larger than magnitude 7. In particular, three events with
M >= 7.0 have occurred over an eight year time interval
(1976-1984). These three events, which occurred in an
intra-plate region, where relatively low seismic activity
was known before, are considered to be possibly induced
by gas extraction [Simpson and Leith 1985].
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Figure 10. Seismic sources for the study area. The red polygons represent the super zones, the magenta color represent the area sources. The
numbers represent the numbering of  respective super zones and area sources. The black dots represent the declustered earthquake catalog
MLH < 7.0, whereas the yellow diamond shapes represent events MLH >= 7.0.
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In order to obtain a robust estimation of  the nec-
essary parameters for PSHA derived by the statistical
analysis of  the seismicity, due to the scarcity of  data in
some of  the areas covered by the model, super zones
had to be introduced. These super zones are defined by
combining area sources based on similarities in their
tectonic regime, and taking into account local expert’s
judgments. Figure 10 shows the super zones that have
been used to estimate: (1) the completeness time of  the
earthquake catalog, (2) the depth distribution of  seis-
micity, (3) the tectonic regime through focal mecha-
nisms analysis, (4) the maximum magnitude and (5) the
b values via the GR relationship (Equation 6).

It is necessary to estimate the completeness of  dif-
ferent magnitudes for the recurrence rates. The mag-
nitude of  completeness (Mc) is defined as the lowest
magnitude at which 100% of  the earthquakes in a
space-time volume are detected. The completeness of
the earthquake catalog is a function of  magnitude and
space (epicenter). The larger the magnitude of  an
event, the larger is its probability to be detected. Simi-
larly, the detection probability of  events also depends
on the coverage of  the seismic network. In this study,
the method of  Stepp [1973] is used to estimate the time-
completeness of  different magnitude bins in the super
zones, considering the declustered catalog. Stepp’s
method is an analytical approach which is based on es-
timators of  the mean rate of  recurrence of  earthquakes
within given magnitude and time ranges. The com-
pleteness magnitude is identified when the observed
rates of  earthquakes above Mc start to deviate from the
expected rate. For completeness analyses, the catalog is
divided into 0.5 magnitude interval starting from mag-
nitude 4.0. The analyses are carried out with a time in-
terval of  5 years, using the Hazard Modelers’ Toolkit
provided by the GEM (Global Earthquake Model) foun-
dation. Figure 11 shows the results of  the completeness
analysis for the regional catalog. From Figure 11, ac-
cording to the Stepp method, the regional catalog is
completed from about 1956 above magnitude 4. This is
when the monitoring network in Central Asia was up-
graded. Due to frequent moderate to strong events,
events above magnitude 6 are complete from 1890.
Table 1 summarizes the results of  the completeness
analysis for the super zones defined in Figure 10. The
magnitude represents the central part of  the bins. Super-
zones 2 and 3, which are stable continental regions, do
not contain enough events for statistical analysis, and
hence these super-zones are assigned the completeness
of  the regional catalog. 

The time-completeness intervals for the different
magnitude bins are used to estimate the recurrence re-
lation [Gutenberg and Richter 1944] for the declustered

catalog. In this study, the Weichert [1980] method is
used to estimate the b value (Equation 6) for the super
zones. This method estimates the maximum likelihood
of  b values for grouped magnitudes bins and allows for
unequal periods of  observation. Since super zones 2
and 3 belong to the stable Kazakh block, they do not
have enough seismicity to determine this parameter.
Hence, in this case, the b-values for these two zones are
assumed to be equal to 1 (which is the average b value
considered worldwide). Figure 12 shows the recurrence
relationship for the regional catalog, along with the ob-
servations. The relationship shows a good fit for smaller
to moderate magnitude events, but it overestimates the
frequency of  magnitudes larger than 7.

The maximum magnitude for each super zone is
assigned based on expert’s opinion, considering also its
historical seismicity. For areal sources, the maximum
magnitude is usually taken from the historical seismic-
ity, but due to some uncertainties in the magnitudes of
the largest events, opinions of  the local experts are also
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Figure 11. Completeness analysis for the whole declustered cata-
log using Stepp’s Method [Stepp 1973].

Figure 12. Magnitude-frequency relationship for the whole declus-
tered catalog based on the Weichert method, considering the re-
gional completeness for different magnitude bins.



included in assigning the maximum magnitude to each
super zone. The results of  recurrence analysis for the
super zones along with the maximum magnitudes are
summarized in Table 2. For example, a maximum mag-
nitude of  8.3 is assigned to the Tien Shan super zone.
This zone shows a history of  greater seismicity, includ-
ing the Chillik and Kemin earthquakes. Super zones 2
and 3 are each assigned a maximum magnitude of  6.

For processing the GR parameters (a and b values)
for the area sources, the completeness analysis results
estimated for the super zones are assigned to the re-
spective smaller area sources. If  the individual area
source has at least 20 events, the GR parameters are
then estimated for the area source. Otherwise, the b
value is adopted from the respective super zone to
which the smaller area source belongs, and the a value
is estimated based on the Weichert [1980] method. This
ensures the stability in the b value as well as the varia-
tion of  activity rate for different sources. Figure 13
shows the seismicity within each area source. The light
color shows the sources with low seismicity, i.e., below
20 events. The numbers inside each area source shows
the number of  events for that source. A total of  21
source areas have less than 20 events.

For hazard calculations, each area source is as-

signed the maximum magnitude of  their respective
super zone. The different parameters for the area
sources are summarized in Table 3. Since the IPE is con-
sidering the hypocentral depths of  the events, in Table
3 the hypocentral depth distribution is estimated from
the seismicity inside each super zone, using up to three
values with corresponding weights. 

Maximum magnitude uncertainty is considered by
using a weighting scheme for the three values i.e.
Mmax +0.5, Mmax and Mmax −0.5 of  0.2, 0.6 and 0.2,
respectively. 

The earthquake catalog for focal mechanism is ex-
tracted from the Harvard Global Centroid Moment
Tensor Catalog [Ekström and Nettles 2013]. For the
focal mechanism classification, the Boore et al. [1997]
convention is used. This means that an event is consid-
ered as strike-slip if  the absolute value of  the rake angle
is <=30 or >=150 degrees, normal if  the rake angle is
<−30 or >−150 and reverse if  the rake angle is >30 or
<150 degrees. Figure 14 shows the focal mechanism
distribution for the study area, where blue represents
reverse faulting, green strike-slip and red normal fault-
ing. As can be seen, the study area is dominated by re-
verse faulting. There are some occasional normal events
in the Pamir and Hindu Kush regions, as well as along
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S.no. Name b Mmax
Hypocentral depth distribution Focal mechanism distribution

D1* W1* D2 W2 D3 W3 RA1* W1* RA2 W2 RA3 W3

1
Iranian
block

0.88 7.3
10 0.5 35 0.25 50 0.25 10 0.4 -100 0.2 100 0.4

2
Kazakh
block

1 6
15 1

-- -- -- --
70 1

-- -- -- --

3
Kazakh
block

1 6
15 1

-- -- -- --
160 0.5 120 0.5

-- --

4
Tajik-

Afghan
block

0.6 7.3
8

0.3
20

0.4
35

0.3
160

0.5
60

0.5
-- --

5
Turan
block

1.06 7.3
15 1

-- -- -- --
152 0.1 100 0.9

-- --

6

Pamir-
Hindukush

-
Karakoram

0.88 7.3

6

0.5

35

0.5

-- -- 10

0.4

-100

0.1

100

0.5

7
Fergana

block
0.83 7.5

15 0.7 35 0.3
-- --

10 0.1 100 0.9

8 Tien Shan 0.84 8.3 15 0.4 35 0.6 -- -- 10 0.2 -80 0.1 100 0.7

9
Tarim
Basin

0.70 6.5 33 1 -- -- -- -- 10 0.5 100 0.5 -- --

10
Eastern
Kazakh
block

0.72 6.5
15 1 -- -- -- -- 10

0.5
100

0.5
-- --

Table 2. Characteristics of  the super-zones. D1* = hypocentral depth, RA* = rake angle ,W1*= weight.
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the Caspian Sea in super zone 1. However, strike-slip
events are found to be scattered throughout the region.
Although the considered IPE for this study does not uti-
lize information about the source mechanism, the dis-
tribution of  source mechanism and their weight are
estimated for the super zones. These distributions, along
with the weights, are shown in Table 2.

5. PSHA results 
The results of  smooth seismicity and area source

approaches are summarized below.

5.1. Smooth seismicity results
The results from smooth seismicity approaches are:

5.1.1. Results from Frankel approach
Figure 15 shows the incremental activity rates cal-

culated using the Frankel [1995] approach for fixed and
adaptive kernel bandwidths with global (uniform) and
gridded b values. Gridded b values are considered from
the super zones of  the area source model. Areas char-
acterized by high seismicity show high activity rates,
such as the Alai valley (running east-west across most
of  south-west Kyrgyzstan), the Fergana valley across
the eastern part of  Uzbekistan, Kyrgyzstan and Tajik-
istan, the boundary between the north-west Tarim
basin in north-west China and the southern Tien Shan,
and the Kopet-Dagh range (Turkmen-Khorasan Moun-
tain Range) on the border between Turkmenistan and
Iran. Clear differences occur between a fixed and an

adaptive bandwidth for uniform b values (Figure 15ab),
especially in low and high seismicity areas. Since for a
fixed bandwidth the same level of  smoothing is applied
everywhere, the seismicity is further smeared from the
areas with a high rate of  seismicity. On the other hand,
using an adaptive bandwidth, the level of  smoothing
depends on the seismicity, i.e., in this case, the level of
smoothing is lower in areas with a high level of  seis-
micity (e.g., the Alai valley), whereas there is stronger
smoothing in areas of  low seismicity (e.g., the Tajik-
Afghan block, Uzbekistan). Similar observations can be
made in the case of  gridded b-values (Figure 15cd). As
can be seen, the activity rates are largely influenced by
the b-value (e.g., the Gazli field in central Uzbekistan
as well as for western Tajikistan).

In Figure 16, the probabilistic seismic hazard for
Central Asia in terms of  macro-seismic intensities for
10% probability of  exceedance in 50 years based on the
approach of  Frankel [1995] is given. Using uniform b-
value for fixed and adaptive bandwidth, the highest
level of  hazard is observed in the Alai valley, Fergana
valley and in the Gazli gas field area, reaching an inten-
sity level of  up to 7-8 (Figure 16ab). On the other hand,
using gridded b values (Figure 16cd), the level of  hazard
is highest in the Tajik-Uzbekistan border region, reach-
ing a level of  8-9. This high level of  hazard is due to the
presence of  a few large magnitude events (e.g., the 1907
M=7.4 Qaratog earthquake), thus emphasizing low b
values. For an adaptive bandwidth, the level of  hazard
is smoother in the aforementioned areas and less spread

PSHA FOR CENTRAL ASIA

Figure 13. Seismicity inside each area source. The numbers in each area source represent the number of  events.
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Source
no.

Super
zone Mmin Mmax a b

Hypocentral depth distribution

D1* W1* D2* W2* D3* W3*

1 5 4 7.3 3.4 1.06 15 1 -- -- -- --

2 2 4 6 2.3 1.00 15 1 -- -- -- --

3 10 4 6.5 2.3 0.72 15 1 -- -- -- --

4 10 4 6.5 2.8 0.74 15 1 -- -- -- --

5 2 4 6 2.9 1.00 15 1 -- -- -- --

6 6 4 7.3 3.9 0.87 6 0.5 35 0.5 -- --

7 7 4 7.5 3.1 0.76 15 1 -- -- -- --

8 7 4 7.5 2.6 0.70 15 1 -- -- -- --

9 7 4 7.5 3.4 0.89 15 0.4 35 0.6 -- --

10 8 4 8.3 2.8 0.84 33 1 -- -- -- --

11 8 4 8.3 2.3 0.68 15 0.4 35 0.6 -- --

12 8 4 8.3 2.5 0.84 15 1 -- -- -- --

13 6 4 7.3 4.7 0.98 6 0.5 35 0.5 -- --

14 6 4 7.3 3.1 0.81 8 0.3 20 0.4 35 0.3

15 8 4 8.3 1.7 0.50 15 1 -- -- -- --

16 8 4 8.3 2.4 0.70 15 1 -- -- -- --

17 8 4 8.3 4.3 0.87 15 0.4 35 0.6 -- --

18 6 4 7.3 3.9 0.80 6 0.7 35 0.3 -- --

19 6 4 7.3 3.1 0.72 8 0.3 20 0.4 35 0.3

20 9 4 6.5 2.9 0.71 8 0.3 20 0.4 35 0.3

21 8 4 8.3 2.2 0.60 15 0.4 35 0.6 -- --

22 4 4 7.3 2.2 0.61 15 1 -- -- -- --

23 8 4 8.3 3.6 0.83 33 1 -- -- -- --

24 6 4 7.3 3.6 0.77 6 0.7 35 0.3 -- --

25 6 4 7.3 3.3 0.85 8 0.3 20 0.4 35 0.3

26 8 4 8.3 2.2 0.60 6 0.7 35 0.3 -- --

27 6 4 7.3 3.0 0.68 6 0.5 35 0.5 -- --

28 6 4 7.3 3.0 0.72 8 0.3 20 0.4 35 0.3

29 6 4 7.3 3.1 0.84 6 0.5 35 0.5 -- --

30 4 4 7.3 2.3 0.60 15 1 -- -- -- --

31 8 4 8.3 2.5 0.84 15 0.4 35 0.6 -- --

32 8 4 8.3 2.1 1.00 15 0.4 35 0.6 -- --

33 8 4 8.3 3.4 0.80 15 0.4 35 0.6 -- --

34 8 4 8.3 3.4 0.82 15 0.4 35 0.6 -- --

35 8 4 8.3 2.0 0.70 15 0.4 35 0.6 -- --

36 7 4 7.5 3.6 0.95 6 0.7 35 0.3 -- --

37 7 4 7.5 3.0 0.73 6 0.7 35 0.3 -- --

38 10 4 6.5 1.2 0.72 15 1 -- -- -- --

39 10 4 6.5 2.0 0.72 15 1 -- -- -- --

40 10 4 6.5 2.5 0.72 15 1 -- -- -- --

41 10 4 6.5 2.1 0.72 15 0.4 35 0.6 -- --

42 10 4 6.5 4.1 1.03 15 0.4 35 0.6 -- --

43 5 4 7.3 3.9 0.92 15 1 -- -- -- --

Table 3 (continues on next page). Area source parameters. D1*= hyopcentral depth, W1*= weight.
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Source
no.

Super
zone Mmin Mmax a b

Hypocentral depth distribution

D1* W1* D2* W2* D3* W3*

44 5 4 7.3 3.5 1.06 15 1 -- -- -- --

45 2 4 6 3.1 1.00 15 1 -- -- -- --

46 1 4 7.3 4.1 0.89 10 0.5 35 0.25 50 0.25

47 1 4 7.3 3.4 0.72 10 0.5 35 0.25 50 0.25

48 1 4 7.3 1.8 0.88 10 0.5 35 0.25 50 0.25

49 1 4 7.3 3.8 0.88 10 0.5 35 0.25 50 0.25

50 2 4 6 2.3 1.00 15 1 -- -- -- --

51 1 4 7.3 3.1 0.79 15 1 -- -- -- --

52 3 4 6 3.0 1.00 15 1 -- -- -- --

53 7 4 7.5 2.0 0.72 15 1 -- -- -- --

54 6 4 7.3 3.3 0.90 8 0.3 20 0.4 35 0.3

55 6 4 7.3 3.5 0.84 8 0.3 20 0.4 35 0.3

56 6 4 7.3 3.2 0.79 6 0.5 35 0.5 -- --

57 6 4 7.3 4.3 1.00 8 0.3 20 0.4 35 0.3

58 6 4 7.3 3.0 0.77 8 0.3 20 0.4 35 0.3

59 7 4 7.5 2.0 0.72 6 0.7 35 0.3 -- --

60 8 4 8.3 3.0 0.83 15 0.4 35 0.6 -- --

61 8 4 8.3 3.0 0.83 15 0.4 35 0.6 -- --

62 8 4 8.3 1.0 0.83 15 0.4 35 0.6 -- --

63 4 4 7.3 1.0 0.60 15 1 -- -- -- --

Table 3 (continued from previous page). Area source parameters. D1*= hyopcentral depth, W1*= weight.

Figure 14. Earthquake focal mechanism map extracted from Harvard Global Centroid Moment Tensor Catalog. The blue, green and red
colors represent reverse, strike-slip and normal faulting mechanisms, respectively.



around the Fergana valley, where very large magnitude
events have never been recorded.

5.1.2. Results from Woo approach
Using the Woo [1996] approach, Figure 17 shows

the level of  seismic hazard assessed using magnitude-
dependent bandwidths for the smoothing procedure.
Compared to the results shown in Figure 16, areas of
higher hazard levels are much more smeared. This is
due to a fixed smoothing distance which depends on
the event’s magnitude. Thereon, high levels of  inten-
sity are assessed for the Issyk-Kul region in eastern Kyr-
gyzstan, the Tien Shan and Pamir mountain ranges and
for large parts around the Gazli gas field in central
Uzbekistan, where the highest magnitude events affect
the hazard estimates over large distances.

5.2. Results from area sources
Figure 18a shows the macroseismic intensity dis-

tribution obtained by considering the area source
model for a probability of  10% to be exceeded, i.e., a
return period of  475 years. In this case, the influence of
considering the seismic sources on the estimated level
of  hazard can be clearly identified. As expected, areas

with a high level of  seismicity and with lower b-values
show a significantly higher level of  hazard (e.g., the
Kyrgyz-Kazakh border region north of  Issyk-Kul, the
Alai valley around the Kyrgyz-Tajik border, the north-
ern part of  the Fergana valley). Furthermore, note that
for large areas of  the stable region of  central Kaza-
khstan, intensity values of  around 3 have been derived,
fixing a background level corresponding to areas not,
or only slightly, affected by seismicity.

Using a 2% probability of  exceedance in 50 years,
which corresponds to a return period of  2475 years, the
maximum level of  hazard reaches intensities up to 9 in
the Kyrgyz-Kazakh border region (Figure 18 b). All of
Kyrgyzstan and Tajikistan, as well as the eastern parts
of  Uzbekistan, are characterized by intensity levels
higher than 7. For the stable region of  central Kaza-
khstan, a macroseismic intensity of  up to 4 is estimated.

5.3. Hazard curve for selected cities
To emphasize the level of  hazard for the most im-

portant cities in Central Asia (Figure 1), Figure 19 com-
pares the level of  hazard for a 10% and a 2% probability
of  exceedance in 50 years, derived using the smoothed
seismicity approaches and area source models. In the
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Figure 15. Incremental activity rates calculated using the Frankel approach. (a) Fixed bandwidth, regional b value, (b) adaptive bandwidth,
regional b value, (c) fixed bandwidth, gridded b value, and (d) adaptive bandwidth gridded b value.
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case of  the Frankel approach, the results are shown for
gridded b values and an adaptive kernel.

For the Kyrgyz capital, Bishkek, the Frankel [1995]
approach provides the lowest level of  hazard with an
intensity of  6-7 having 10% probability of  exceedance
in 50 years. Although the curves for the area source
model and the Woo [1996] approach provide similar
hazard values, only for Bishkek does the Woo [1996] ap-
proach provide the highest intensity level.

Similar conditions hold for the city of  Almaty, for
which the method of  Frankel [1995] provides the low-
est level of  hazard, with intensities of  around 6 and 7
for return periods of  475 and 2475 years, respectively.
However, the three curves are much more spread apart.
The highest hazard levels are assessed when consider-
ing the area source model, leading to an intensity level
of  8 for 10% probability of  exceedance in 50 years.

For Dushanbe, the agreement between the area
sources curve and the curve of  the Frankel [1995] ap-
proach is noticeable. Whereas the area source model
shows a high probability of  exceedance for low inten-
sity values, the curve decreases more steeply for higher
intensity values, approaching the curve calculated by

the Woo [1996] approach. For all intensity levels, the
Woo [1996] method provides the lowest level of  haz-
ard, both for low and high probabilities of  exceedance.

PSHA FOR CENTRAL ASIA

Figure 16. Probabilistic seismic hazard estimated for Central Asia in terms of  macro-seismic intensities for 10% probability of  exceedance
in 50 years from Frankel [1995] approach. (a) Fixed bandwidth, regional b value (b) adaptive bandwidth, regional b value, (c) fixed band-
width, gridded b value, and (d) adaptive bandwidth, gridded b value.

Figure 17. Probabilistic seismic hazard estimated for Central Asia in
terms of  macro-seismic intensities for 10% probability of  ex-
ceedance in 50 years using the Woo [1996] approach.



For the Uzbek capital Tashkent, all three curves are
rather congruent. All in all, the intensity levels are lower
here than for the other cities, with values of  around 7
for a 10% probability of  exceedance in 50 years and only
around 7-8 for a 2% probability of  exceedance compared
to, for example, 8 in Almaty.

6. Discussion
In principle, due to the shortness of  the earth-

quake catalog, and the lack of  geological and tectonic
knowledge, neither of  the considered approaches can
be considered as providing more realistic results than
the other. They are therefore simply different repre-
sentations of  several, but well established approaches,
requiring different degrees of  expert judgment and/or
trust in the completeness of  the available information,
with their own drawbacks and advantages. However,
the presented results confirm that the design and geom-
etry of  the seismogenic zones for the area source model
(Figure 10) has a major influence on the distribution of
the hazard, which is strongly concentrated inside the

boundaries of  the seismogenic zones (see Figure 18).
As reflected by historical seismicity, such a spatial clus-
tering might also be correlated to a marked temporal
clustering. Such observations have already been revealed
by statistical analyses both at the regional [Faenza et al.
2003] and local scales [Gómez and Pacheco 2004]. In
any case, the biases in most cases cannot be easily cor-
rected by simply altering some boundaries, meaning it
is clear that a different seismotectonic zonation could
be proposed and checked by using different approaches
[e.g., Musson 2005]. However, one should be aware that
any reduction of  the sizes of  seismogenic zones also re-
duces the amount of  data available for the statistical pa-
rameterization of  seismicity in each zone. Consequently,
this under sampling may adversely affect the hazard es-
timate. Whereas Algermissen et al. [1982] suggested a
lower limit of  40 events in each zone to avoid this prob-
lem, the work by Bender [1983] provided some esti-
mates that, with less than 25 events in each zone, the
relative error on b-values could exceed 25%. Therefore,
to be on the safe side, for our study we adopted a re-
gional super zone b-value if  the number of  events is
below the threshold of  20 events. As pointed out by
Wiemer et al. [2009], this addresses a long-standing
need in hazard assessment, and it stabilizes the resulting
model by avoiding large fluctuations in b values which
is evident, e.g., in super zone 8 (see Figure 10 and Table
3 and the resulting Figure 18).

In zone-free approaches, the predicted areas of
high intensities are subject to the b value calculation
scheme. The gridded seismicity model emphasizes the
expectation that future large, damaging earthquakes
are more likely to occur at sites near the epicenters of
previous moderate earthquakes, i.e., in areas of  large b
values corresponding to the southern part of  our study
area where large magnitude seismicity is located. On
the other hand, the use of  a uniform b value for fixed
and adaptive bandwidths smooth’s out this effect and
significantly lowers the levels of  hazard in these areas.
The highest hazard levels can be found in zones sub-
jected to a large number of  past earthquakes, as reported
in the earthquake catalog (e.g., the Tajik-Kyrgyz bor-
der region, south-western Tajikistan), thus revealing a
different spatial distribution and pattern of  hazard esti-
mates. Almost no influence of  the large magnitude
events that occurred in the northern part of  the study
area on the final hazard estimates can be identified.

When comparing the results, the zoning and
smoothing approaches can be seen to yield similar haz-
ard estimates for low to moderate seismicity regions.
This means that the results are directly related to the
seismicity models used, but their comparison can lead
to very different scenarios, depending on the site being
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Figure 18. Probabilistic seismic hazard in terms of  macro-seismic
intensities for a (a) 10% probability and (b) 2% probability of  ex-
ceedance in 50 years using the area source model. The green lines
represent the area sources.
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studied. Such disaggregation results strictly depend on
the seismicity distribution, that is, on the proximity to
sources where the seismicity is mainly concentrated.
Distant, larger magnitude events dominate the hazard in
areas characterized by low-seismic activity. Conversely,
nearby seismicity is often the major contributor to the
hazard at sites located in high-seismicity regions or in
zones where the seismic activity is characterized by
weak-to-moderate, but quite frequent, events. In line
with the findings of  Molina et al. [2001] and Beauval et
al. [2006], the fixed kernel method might yield com-
patible results when compared to the classical zonation
approach, whereas for high seismicity regions, using a
fixed bandwidth yields lower hazard values when com-
pared to those from the zonation method.

This is particularly obvious for the most important
cities in Central Asia (Figure 19) for which - with the ex-
ception of  Dushanbe - the area source model provides a
higher level of  hazard. Whereas the zoning method re-
quires homogeneous source zones and a frequency-mag-
nitude distribution for each source zone, Woo [1996]
proposed to use maps of  smoothed epicenter locations,
which are smoothed according to the fractal distribution
of  earthquakes in space [e.g., Kagan and Jackson 2000].
Although originally the method of  Woo [1996] did not
allow for the occurrence of  magnitudes greater than the

maximum magnitude observed, we have accounted for
earthquakes larger than historical ones by considering an
uncertainty of  0.5 in magnitude for the historical events
of  the catalogue (before 1960) and 0.2 in magnitude for
more recent events, increasing the level of  hazard.

Although the results of  the latest study on the re-
gion, GSHAP [Giardini 1999], who published a homog-
enized seismic hazard map in terms of  peak ground
acceleration at a 10% probability of  exceedance in 50
years, have been a major step towards a cross-border ap-
proach for the entire region, the conducted PSHA, em-
ploying a rather homogeneous distribution in terms of
PGA for large parts of  Central Asia, might be assumed
to be outdated for several reasons (Figure 20). This in-
cludes the fact that much progress has been made in the
development of  region-specific ground motion predic-
tion equations [e.g., Bindi et al. 2011], the treatment of
uncertainties within a PSHA has been improved, and
new model ideas have been developed. Figure 20 shows
the seismic hazard calculated in GSHAP project in terms
of  10% probability of  exceedance in 50 years, converted
from pga to macroseismic intensity using the relation-
ship of  Tselentis and Danciu [2008]. Comparing Figure
20 with the current study shows a couple of  magnitudes
higher seismic hazard from GSHAP project. Also com-
paring the results from the site approach for the region
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Figure 19. Hazard curves for the major cities of  Central Asia using the smoothed seismicity approaches and area source model. In the case
of  the Frankel [1995] approach, the results are shown for gridded b values and adaptive kernel. The black and red lines correspond to a 10%
and 2% probability of  exceedance in 50 years, respectively.



[Bindi et al. 2012], shows a higher level of  seismic haz-
ard compared to this study. Figure 6 of  Bindi et al. [2012]
shows seismic hazard of  intensities 9, 9, 9 and 10 for
Bishkek, Dushanbe, Tashkent and Almaty, respectively
for 10% probability of  exceedance in 50 years. While the
main activity centers around the Fergana and Alai val-
leys remain dominant in the hazard assessments, the
maps presented here are more diverse across the region.
Greater discrimination is found, specifically along the
border between Turkmenistan and Uzbekistan, central
Kyrgyzstan and eastern Tajikistan. In particular, such
large regions as Central Asia are characterized by rather
different seismic regimes and regionally varying features
and degrees of  catalogue completeness, all of  which
need to be taken into account for a proper seismic haz-
ard assessment on a regional scale.

On the other hand, the results presented for the
most important cities, i.e., the results for the local scale,
have to be seen as part of  a regional large-scale study.
For site-specific investigations of  engineering interest,
local conditions, especially concerning the local geo-
logical conditions, the regionalization, and more de-
tailed attenuation relationships, need to be considered
(see the paper of  Ullah et al. [2015], this issue).

In the end, none of  the models can be seen as the
final result since differences still arise when based on
the same data set. A zone-free approach, which does
not include so much in terms of  expert judgment,
might be seen as the most objective model. However, it
is doubtful if  the “objectivity” of  such techniques that
avoid regionalization can compensate for the deliber-
ate omission of  distinct geological and seismological
knowledge. The weight to be assigned at the results ob-

tained with the two methods should be compatible
with the quality and extension of  historical catalogs,
with the observed instrumental seismicity, and with the
geological and tectonic information available. Since the
final goal is to maximize the reliability of  hazard esti-
mates by making the best use of  all accessible data, this
capability might be best exploited to reduce uncertainty
in computing seismic hazard in Central Asia, with their
incomplete catalogues and where seismogenic struc-
tures are generally not easily detectable.

7. Conclusion
We have carried out an updated trans-national

probabilistic seismic hazard assessment based on the di-
rect analysis of  local seismic histories provided by the
smoothed seismicity approach, and the standard Cor-
nell [1968] approach based on source areas. The seismic
hazard is estimated in terms of  macroseismic intensity
(MSK-64), intended to be used for the seismic risk maps
of  the region. Although the methods reveal clear differ-
ences between each other in terms of  absolute hazard
levels, the locations of  the highest levels of  hazard are
rather congruent. These regions cover the Alai valley, the
Fergana valley, and the region north of  Issyk-Kul, and
are characterized by intensity levels of  more than 8 for
the area source model. The maximum hazard observed
in the region shows an intensity level of  9 in southern
Tien Shan for a return period of  475 years. The com-
parison between the different approaches shows that
rank differences are mainly related to the seismotectonic
zoning. For the future, to undertake seismic hazard as-
sessments of  engineering interest, further studies are
needed, including the consideration of  zones of  diffuse
and concentrated seismicity and a comprehensive un-
certainty analysis of  epistemic and aleatory variables,
such as alternative seismic source models, different earth-
quake catalogues and uncertainty in the estimated re-
currence rates and vibratory ground motion values.
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