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A stochastic-event probabilistic seismic hazard model, which can be used further for estimates of seismic loss and seismic risk
analysis, has been developed for the territory of Yemen. An updated composite earthquake catalogue has been compiled using the
databases from two basic sources and several research publications. The spatial distribution of earthquakes from the catalogue was
used to define and characterize the regional earthquake source zones for Yemen. To capture all possible scenarios in the seismic
hazard model, a stochastic event set has been created consisting of 15,986 events generated from 1,583 fault segments in the
delineated seismic source zones. Distribution of horizontal peak ground acceleration (PGA) was calculated for all stochastic events
considering epistemic uncertainty in ground-motion modeling using three suitable ground motion-prediction relationships,
which were applied with equal weight. The probabilistic seismic hazard maps were created showing PGA and MSK seismic intensity
at 10% and 50% probability of exceedance in 50 years, considering local soil site conditions. The resulting PGA for 10% probability
of exceedance in 50 years (return period 475 years) ranges from 0.2 g to 0.3 g in western Yemen and generally is less than 0.05 g
across central and eastern Yemen. The largest contributors to Yemen’s seismic hazard are the events from the West Arabian Shield
seismic zone.

1. Introduction

The tectonic movement and interaction of the Arabian and
the African plates constituting rifts of the Red Sea and Gulf of
Aden are the principal cause of earthquakes in Yemen, which
are known from historical sources over the last millenniums
[1–3]. Earthquakes that affect Yemen are mainly associated
with rifts of the Red Sea and the Gulf of Aden [4]. However,
small- to moderate-sized earthquakes, which occur inside the
Arabian Plate within 200 to 300 km of the axis of the Red Sea
[5, 6], may also have some impact on the territory (Figure 1).

In general, seismic history of Yemen indicates the occur-
rence of large earthquakes with 20- to 30-year recurrence
periods [2]. We can mention the Dhamar earthquake of 13
December 1982 (M = 6), which was felt over a large area
and which killed and injured more than 15,000 people and
destroyed about 1,500 settlements, as the deadliest earth-
quake of Yemen [8]. Two significant earthquakes occurred
in 1941 and 1909. The main event (M = 6.5) and two
aftershocks (M = 5.8 and M = 5.2) in 1941 killed about

1,200 people and damaged about 1,400 homes. In the 1909
earthquake event, about 300 people were killed and approxi-
mately 400 houses were destroyed.

Seismic hazard analysis for the territory of Western
Arabia and Yemen was performed by several researchers
[9–11]. The conventional Cornell approach [12] has been
applied in almost all studies, and the results were not
suitable for seismic loss analysis. The goal of this study is the
development and testing of a stochastic-event probabilistic
seismic hazard model for the territory of Yemen, which
considers the influence of local site conditions and which can
be used further for estimates of seismic loss and seismic risk
analysis.

2. The Approach

The information related to the expected seismic effect and
expressed in terms of earthquake ground motion parameters,
such as seismic intensity and peak amplitudes of ground
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Figure 1: Earthquake catalogue events from two sources (AMB:
Ambraseys et al. [7] and ANSS: Advanced National Seismic System
Worldwide catalogue) plotted over the generalized seismotectonic
feature map.

motion, is necessary for estimation of seismic losses and
design of buildings and structures in earthquake-prone re-
gions. Thus, the specification of engineering ground-motion
parameters is the goal of seismic hazard analysis.

Probabilistic seismic hazard analysis (PSHA) involves the
quantitative estimation of ground shaking hazard at a par-
ticular site taking into account characteristics of potentially
dangerous earthquakes around the site. The principles of
PSHA are well established within the scientific community.
In this study, the source zone approach together with
stochastic event generation has been used for developing
a probabilistic seismic hazard model for Yemen. The main
features of the approach are as follows: seismic source zones,
which are considered as a potential source of earthquakes in
the future, are divided into a series of linear sources (faults)
and further into a system of elementary segments. Possible
earthquakes may occur along the segments, and earthquake
occurrence is assumed to be a stationary random process.
Every elementary linear segment is characterized by the
following parameters: (a) magnitudes of individual earth-
quake event and (b) annual rate of earthquake recurrence.
Parameters of earthquake ground motion are calculated for
every stochastic event (earthquake generated by elementary
segment) along the territory of interest. The scheme allows
using different parameters of seismicity and earthquake
characteristics for different zones, as well as various ground-
motion prediction equations.

3. Earthquake Catalogue

A primary component of the PSHA model is the earthquake
catalogue for the region. Yemen has a long and relatively well-
documented history of important past earthquake events

including historical chronicles [2]. As historical data is not
based on instrumental observations, the earthquake mag-
nitude, intensity, and epicenter in such database have been
estimated based on the description in historical documents.
The development in instrumental seismology in Yemen
started after the occurrence of the December 13, 1982,
Dhamar earthquake [3].

A composite and updated catalogue has been compiled
for the present study using two basic sources. The first source
is the database collected by Ambraseys et al. [7]. The data
has been divided by the authors into two subsets, which
cover two periods from 184 BC to 1899 AD and from 1899
to 1987. In the first subset, epicenters of earthquakes were
determined from macroseismic data, and, therefore, in most
cases they reflect centres of the most heavily affected area.
The accuracy of earthquake location in such cases depends
on the availability of observations. The second subset
combines instrumental data with macroseismic information.
The original locations of all events were reexamined and,
in most cases, parameters of earthquakes were reassessed
using teleseismic and macroseismic information. The second
source of earthquake data is the World-ANSS (Advanced
National Seismic System) worldwide catalogue hosted by
the Northern California Earthquake Data Center. The ANSS
catalogue has been created by merging the master earthquake
catalogues from contributing ANSS institutions and by
removing duplicate solutions for the same event. Besides
these two main sources of the data, parameters of important
historical earthquakes of Yemen were checked using other
literature sources [2, 13–15].

When compiling the composite catalogue in this study,
the following has been considered. The catalogue of
Ambraseys et al. [7] is a more authentic and reliable source
of data than the other sources, because each event in the
catalogue has been carefully reexamined. However, location
and magnitude of many earthquakes depend entirely on
macroseismic data and the event coverage is not uniform
in time and area. Many events with no felt effects may
have been neglected in the database. From 1963 onward,
the ANSS catalogue has been compiled using the data from
automatic recordings seismographs. Thus, the composite
catalogue (Figure 2) has been created considering (1) all
records from Ambraseys et al. [7] from 182 BC to 1962 and
(2) all data from the ANSS catalogue from 1963 onward.
Aftershocks were removed from the composite catalogue
using the declustering method of Gardner and Knopoff
[16]. The procedure defines a space D and time T window
after each event, which is supposed to be a main shock
[16, 17]. All subsequent events within this window are
declared dependent events and omitted from the declustered
catalogue—unless their magnitude exceeds the main-shock
magnitude. Window thresholds D and T usually depend on
the main-shock magnitude and they are assumed universal
for the entire study region and study period.

Several magnitude scales (local magnitude ML, body
wave magnitude Mb, surface wave magnitude MS, moment
magnitude Mw, etc.) have been used by various researchers
to characterize earthquakes in the region [18, 19]. In our
study, we have considered moment magnitude Mw, which
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Figure 3: Empirical relationships for conversion between magni-
tudes scales.

is consistent with ground motion computation. Thus, if
necessary, magnitudes in the composite catalogue were
recalculated. The empirical equations suggested by Johnston
et al. [20] which were developed using worldwide datasets,
were used for Mb-Mw and ML-Mw conversion; the empirical
equation suggested by Ekström and Dziewonski [21] has
been used for MS-Mw conversion (Figure 3).

The most important requirement for any earthquake cat-
alogue is to judge completeness of the catalogue with respect
to magnitude and time of event occurrence. Magnitude of
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Figure 4: Frequency-magnitude distribution for Yemen and sur-
rounding seismic regions.

completeness (Mc) is the lowest magnitude, at which 100%
of the events are detected in a space and time. Below Mc,
some parts of events are missed in the catalogue due to the
influence of several factors including the network limitation.
A traditional method of frequency-magnitude distribution,
which describes the relationship between the frequency of
occurrence and magnitude of earthquakes, has been used
to estimate Mc, which describes the relationship between
the frequency of occurrence and magnitude of earthquakes.
The frequency-magnitude curves in Figure 4 show a higher
frequency of earthquakes at certain magnitudes and after that
it is decreased exponentially for higher magnitude and Mc is
picked up as 4.8 ± 0.1, at the point where the curve becomes
exponential.
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Table 1: Catalogue completeness with respect to time and magni-
tude range.

Magnitude Catalogue completeness period (in years)

3.5 to 4.0 20

4.5 to 5.5 50

5.5 to 6.0 80

6.0 to 7.0 110

Although historical data goes as far back as 184 BC, the
reporting is not homogeneous for the entire span of the
catalogue to derive correct parameters. To compute catalogue
completeness with respect to time and magnitude, events
have been plotted for various broad regions at 0.2 and 0.5
magnitude interval ranges. It is observed that despite com-
piling the Yemen seismic regions catalogue from various
sources, the earthquake catalogue is not complete uniformly
for all magnitude ranges. Catalogue completeness has been
computed following the method of Stepp [22]. For magni-
tude 6.0 and above, the catalogue is complete for the last 110
years, while for magnitudes between 3.5 and 4.0 the catalogue
is observed to be complete for only the last 20 years. Table 1
shows the catalogue completeness times for Yemen seismic
regions, which have been taken into account while comput-
ing recurrence parameters.

4. Seismic Sources

One of the main features of seismic hazard analysis involves
identification of seismic sources. Seismic sources are geo-
graphical areas that have experienced seismic activity in
the past and serve as potential sources of earthquakes in
the future. Seismic sources are delineated based on seismo-
tectonic features of the region and it is assumed that the
past earthquake activity is a reliable predictor of the future
activity.

A cluster of earthquakes occurred in the southwestern
part of the Arabian plate near a complex triple junction of
active spreading ridges along the Red Sea, Gulf of Aden, and
Afar depression (Figure 1). In general, the seismic activity
around Yemen is most pronounced along the spreading
ridges. However, some small- to moderate-sized events
occurred also within the Arabian plate at distances up to 200–
300 km from the axis of the Red Sea [5].

A total of 12 seismic sources reflecting peculiarities of
seismicity have been delineated in the studied area on the
basis of seismotectonic maps, clustering of epicenters, and
smoothening of seismicity (Figure 5). Also, the results of
the Global Seismic Hazard Assessment Programme [23] and
corresponding studies [24] were considered. Due to errors
associated with locations of preinstrumental earthquake
events and catalogue incompleteness, both the seismo-
tectonic province approach and the epicenter smoothing
Frankel approach [25] have been used to demarcate the area
of source zones.

The epicenter-smoothing approach [25] has been con-
sidered as a lower bound estimator for seismic hazard and
helps in decision making in moderate seismicity regions
where source zone definition and estimation of maximum
possible magnitudes can lead to a wide variety of estimates.
In each broad seismic region, using the Gutenberg-Richter
magnitude frequency distribution, a-value (total number
of earthquakes per year greater than Mw = 0) and the
slope (b-value) at each 10 km grid cell have been computed.
Then, using the Frankel approach, the cumulative annual
earthquake occurrence rates have been computed in 0.1
magnitude increments in each 10 km grid with a correlation
distance of 50 km [25, 26]. A thematic map of the smoothed
a-value at the grid level is presented in Figure 5 together with
the defined seismic sources.

In each seismic region, the parameters of the Gutenberg-
Richter magnitude frequency distribution

logNm>M = a + bM, (1)

where N is the cumulative number of events greater than
magnitude M and a-value (a) and b-value (b) are the
regression parameters, were estimated.

For each source, the constants a-value and b-value
of the recurrence relationship have been obtained from
regression analysis on the yearly rate of occurrence of
historical events (Figure 6). While estimating yearly rate of
occurrences, catalogue completeness by magnitude bins has
been considered. The rate of occurrence of future events is
calculated by binning events into half magnitude increments.
The rate of occurrence of events in a given bin has been equal
to the difference between the cumulative rate of occurrence
of that bin and the cumulative rate of occurrence of the next
bin (0.25Mw larger). The rate of occurrence of Mmax has
been calculated in the same manner, taking the next bin as
Mmax plus 0.25Mw.

Demarcated seismic sources have unique tectonic
regimes and are different from adjacent sources in terms of
stress accumulations and event recurrence characteristics.
Based on clustering and homogeneity in historic seismic
activity, earthquake source zones that have similar geo-
physical characteristics within a geographic area have been
delineated. Ideally, each area source should have been
considered as an independent seismic source to compute
recurrence parameters. However, difficulties were encoun-
tered due to low seismicity for some sources. Some seismic
areas especially within the Yemen Arabian Plate have sparse
distribution of historical seismicity. The western region of
Yemen has a high potential of seismic hazard as compared
to the eastern part. In order to overcome the problem of
low seismicity in the source area, events from certain sources
have been merged for the purpose of estimating recurrence
parameters. For example, parameters for seismic source Red
Sea Al Darb have been computed by taking into account
the individual source events as it had enough events for
regression. However, five sources in the Arabian shield
regions comprising sources 1 to 5 have been merged to derive
the hazard parameters.

In estimating the seismic rate, we considered truncated
exponential magnitude recurrence relationships (Figure 6)
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Figure 5: Delineated seismic sources (1–12) plotted upon the thematic map of the Frankel smoothed a-values. Source names are provided
in Table 2.
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in which recurrence frequencies for upper magnitude are
truncated [27]. This approach is important in order to
(a) provide compatibility with the physical limitations of
magnitudes that are specific to various seismogenic zones
and (b) lead to realistic results of recurrence characteristics of
local hazard at various locations, in cases when local hazard
is analyzed (as it should be) on the basis of probabilistic

convolutions between the magnitude recurrence laws and the
random attenuation laws.

After recurrence relations were determined for the major
sources with merged data the seismicity represented by
relation was redistributed to each area source. In the process,
it was assumed that the b-value remains the same in all major
seismic regions having association with 3–5 area-sources and
only appropriate a-value had to be assigned. Characteristics
of the seismic zones are listed in Table 2.

5. Stochastic Events

Seismic area source zones have been used to model the
earthquake occurrence in areas where observed seismicity
exhibits a diffuse pattern and where specific earthquake-
generating faults cannot be identified to link with historical
seismicity. Thus, it is assumed that earthquakes can occur by
rupturing any part of the source area zone. In performing
seismic hazard analysis, normally many researchers including
computer code such as EQRISK [28] are using point source
for generating earthquake events by subdividing the area
seismic zone into grids of equal sizes [29]. In reality occur-
rence of an earthquake event is never a point source, rather
the source is always a fault rupture. This can be observed
by elongated isoseismal lines and elongated pattern of
aftershocks around an event. Instead of considering point
sources, we have considered line sources (fault segments)
in seismic hazard simulation. In our approach, the area
zones have been subdivided into a series of line sources
(fault segments) and possible seismic events occur along
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Table 2: Characteristics of seismic source zones.

Source ID Seismic source name a-value b-value Mmax Elementary fault segments Stochastic events

1 Central Rub Al-Khali Arabian Shield 1.959 0.763 6.6 256 2,048

2 North Rub Al-Khali Arabian Shield 1.563 0.763 6.6 175 1,400

3 East Rub al Khali Arabian Shield 1.646 0.763 6.6 216 1,728

4 NW Yemen Arabian Shield 1.889 0.763 7.1 45 495

5 Yemen West Arabian Shield 2.832 0.763 7.1 126 1,386

6 Gulf of Aden 5.199 0.988 7.4 249 2,988

7 Red Sea-Al Darb 4.056 0.869 7.4 144 1,728

8 Red Sea 4.152 0.878 7.1 105 1,155

9 East African Rift 3.049 0.742 7.1 147 1,617

10 East Sheba Ridge 5.216 1.084 7.4 54 648

11 Sheba Ridge 4.886 1.084 7.7 32 416

12 Sheba Ridge south 4.738 1.084 7.1 34 374

Total 1,583 15,983

the line sources (Figure 7). Ideally, the length of the fault
segments depends on magnitude-rupture length relationship
and orientation should be along the identified natural faults.
Since there is no comprehensive model available for the
regions, in this study we assumed the same length for all
segments. In reality, there is always a bias on distribution of
natural faults within an area source. To avoid uneven seismic
distributions, a systematic fault line along the preferred
tectonic orientation has been assumed for stochastic events
(Figure 7). Although the distribution and orientation of
stochastic faults look unnatural, this assumption has two
advantages: (a) occurrence of an earthquake event can be
considered by rupturing a fault line, not a point source, and
(b) seismic annual rate of occurrences can be distributed
uniformly.

With an assumption that there is an equal probability
for an event of particular magnitude to occur by rupturing
any part of the delineated seismic area source zone, a
number of stochastic faults have been compiled. Following
the Poisson process, seismic activity of the given seismic
source zone has been redistributed to the line source taking
into consideration the length of the fault segment. These
demarcated stochastic faults are treated as individual area
line sources. The stochastic earthquake events set along these
sources, with associated rate of occurrences, have been
generated for earthquake simulation for ground motion
footprints.

It is assumed that every segment can produce earth-
quakes within a considered range of magnitudes (from
minimum considered magnitude Mmin to maximum pos-
sible magnitude Mmax). To capture possible scenarios, the
set of stochastic events, which is associated with each line
source, has been created at 0.2 magnitude interval starting
from Mmin = 4.5. A total of 15,983 stochastic events with
their annual rate of occurrences, associated with 12 seismic
sources and 1,583 fault segments, have been generated for
hazard simulations. Table 2 shows the characteristics of
seismicity assigned to seismic source zones and the corre-
sponding number of segments and stochastic events.

6. Ground Motion Model

The level of ground shaking in seismic hazard analysis is
usually expressed in terms of peak ground amplitudes (accel-
eration PGA, velocity PGV, or displacement PGD), spectral
acceleration at discrete frequencies, and seismic intensities
(on MMI or MSK intensity scale). The estimations have been
obtained using an appropriate ground-motion prediction
equation taking into account dependence between the
given ground-motion parameter, earthquake magnitude M,
source-to-site distance R, and local site conditions.

The unavailability of strong motion models for the
Yemen region makes it necessary to select attenuation
equations derived from statistically significant data sets from
the literature. The collections of ground-motion prediction
models, which were developed during the last decades, are
described, for example, by Douglas [30, 31] and Abrahamson
et al. [32]. However, the applicability of the generalized
worldwide models should be carefully studied for the regions
lacking the data to avoid additional uncertainty.

Ground-motion models in terms of PGA were developed
for the region by several authors [33, 34]. The most recent
model for the southern Dead Sea Transform region has been
proposed by Al-Qaryouti [35] for the larger value from the
two horizontal components as follows:

log10(PGA) = −3.451 + 0.498M − 0.38log10

(
Rrup

)

− 0.00253Rrup ± 0.313,
(2)

where PGA is expressed in units of g and Rrup is the closest
distance to rupture. Thenhaus et al. [36] suggested a region-
specific adjustment to the Campbell [37] relation to make it
suitable for Saudi Arabia as follows:

ln(PGA) = −3.303 + 0.85M

− 1.25
[
R− 0.313 lnR + 0.087 exp(0.678M)

]

± 0.5,
(3)

where PGA is expressed in units of g and R is the closest
distance to rupture. The model has been used by Al-Haddad
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et al. [24] for evaluation of seismic hazard and design criteria
for Saudi Arabia. In developing seismic hazard and design
criteria for Saudi Arabia Al-Haddad et al., 1994 had used
these attenuation equations for all seismic sources in the
vicinity of the Arabian Peninsula including Yemen. Youngs
et al. [38] developed ground motion models for subduction
interface zones and intraslab regions using worldwide data.
Here, we used the following model that relates to subduction
intraslab events and rock sites:

ln(PGA)

= 0.2418+1.414M−2.552
[
Rrup +1.7818 exp(0.554M)

]

+ 0.00607H ± SD,
(4)

where PGA (geometrical mean of two horizontal compo-
nents) is expressed in units of g and Rrup is the closest
distance to rupture, H is the source depth, and SD is the mag-
nitude-dependent standard deviation, SD = 1.45− 0.1M.

Seismicity of Yemen is attributed mainly to earthquakes
from the transform fault region and the stable continent
region. Attenuation 1 is the most recent model for transform
region, attenuation 2 is an established equation for stable
Arabian continent, and (4) is the global model. In this
study we selected these regional attenuation models, which
represent ground motion for rock condition (2)–(4), to be
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Figure 8: Hazard attenuation curves of PGA from three different
studies [35, 36, 38] for an earthquake event of Mw 6.5 and averaged
curve used in the study.

applied in seismic hazard analysis for Yemen. In order to
capture epistemic uncertainty in ground motion estimations,
these three models were used with equal weight. The
expected values of ground motion parameters from all
stochastic events were estimated from averaged attenuation
equations as shown in Figure 8.
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Table 3: Soil classification scheme based on shear wave velocities.

Soil index value NEHRP/CDMG class Brief description Shear wave velocities (VS30) m/s

1.0 AB Very hard to firm rocks mostly metamorphic and igneous
rocks

>760

1.5 BC Firm sedimentary rocks (mid-Miocene age) and weath-
ered metamorphic

760

2.0 C Sedimentary formation midlower Pleistocene age 550–760

2.5 CD Weak rock to gravelly soils-deeply weathered and highly
fractured bedrock

270–550

3.0 D Holocene alluvial soils 180–270

3.5 DE Young alluvium/water-saturated alluvial deposits 90–180

7. Soil Modifications

It is well understood that near-surface geological conditions
may strongly affect earthquake ground motion at a partic-
ular site amplifying the shaking amplitude and changing
frequency of the motion. In certain cases (e.g., building
code provisions), a few generalized site classes have been
selected to describe the variety of local soil conditions and to
characterize their effect on ground motion. A widely used site
classification system has been based on the properties of the
top 30 m of the soil column, disregarding the characteristics
of the deeper geology. Six site categories have been defined
on the basis of average shear wave velocity.

The upper geological layer (soil) has been classified for
the whole country using type of bedrock, lithology, and age

of the surface layers, as well as some other characteristics
taken from detailed geological maps of Yemen Geological
Survey on 1 : 200 k scales (Figure 9). The classification fol-
lows the NEHRP soil classification scheme (Table 3), which
considers seven soil classes and their associated shear wave
velocities VS30 ranging from hard rocks (soil index 1.0)
to soft soil young water-saturated alluvial deposits (soil
index 3.5). In the absence of a Yemen-specific relationship
between soil indexes and amplification effects, the widely
used NEHRP site amplification procedure [39] has been
used in this study. This procedure, together with the RMSI
soil classification scheme, provides the amplification factors
to scale the ground motion from one soil condition to
another. Nonlinear two-dimensional soil amplification fac-
tors modified from Choi and Stewart [40], having nonlinear
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multipliers based on the level of ground motion (PGA) and
averaged soil index assigned for a given location, have been
used in the study as site-dependent amplification factors.

8. Verification of Ground Motion
Estimation Scheme

Before probabilistic hazard calculations, we checked the
applicability of the developed strong motion prediction
scheme for estimation of ground motion parameters along
the territory of Yemen. The intensity data obtained during
historical earthquakes (11 January 1941; 13 December
1982, and 13 October 1991, see Figure 10) were used
for comparison with the model output. Ground-motion
footprints in terms of PGA values under rock site condition
were calculated using the averaged values resulting from
accepted attenuation equations. The source-to-site distance
was estimated as the shortest distance between the fault plane
and centroid of a grid/population agglomeration area. Using
the VS30 (soil index) map, the average values within the
grid/population agglomeration area were estimated with GIS
(Geographical Information System) overlay analysis. Based
on the average soil index value and the estimated PGA values

(rock site), two-dimensional soil amplification factors were
computed and applied to the rock PGA values. The soil-
dependent PGAs were converted into MSK intensities using
the PGA-MSK relation shown in Table 4.

The Sa’dah Earthquake of January 11, 1941. This earthquake
(epicenter 16.4◦N and 43.5◦E, intensity MSK VIII) is consid-
ered amongst the largest earthquakes in the recent history of
Yemen [9]. It caused 1,200 deaths, injured 200 people, and
damaged 1,700 houses, out of which 300 were destroyed, 400
were damaged beyond repair, and the rest received minor
damage [7]. The magnitude of the earthquake was estimated
as MS 6.5 [2].

The Dhamar Earthquake of December 13, 1982. A large area
in Dhamar province of Yemen was rocked by a destructive
earthquake (Mb = 6.0, epicenter 14.7◦N and 44.2◦E) on 13
December 1982. This moderate shallow event that occurred
in a densely populated region about 70 km south of Sana’a
resulted in 2,500 deaths and injured 1,500 people [7, 8].
More than 70,000 dwellings were damaged and 500,000
people were affected. Most casualties occurred in the highly
populated villages that were having rubble stone masonry



10 International Journal of Geophysics

Ataq

Jaar

Seismic hazard-475 year return period N

Saudi Arabia
Oman

Arabian
Sea

Yemen

Socotra
(Yemen)

Somalia

Ethiopia

Djibouti Gulf of AdenAden

Sana

Sana’a

Bab El mandeb

Taizz

Harad

Sayun

Tarim

As-Sihr

Al-Mukalla

Amran

Bajil

Az-Zaydiyah

Al-Hudaydah
Dhamar

Mabar

Bayt Al-Faqih

Eibb
RadaYarim

Ad-Dalil

Al-Hatwah

Zabid Al Bayda

AL Qaidah

Iraq

Turkey

Lebanon
Mediterranean

Sea

Caspian
Sea

Syria

Arabian
Sea

Gulf of Aden

Saudi Arabia

Yemen

Red Sea

Sudan

Ethiopia

Djibouti

Somalia

Oman

Egypt

JordanIsrael
Quwait

Pakistan

Turkmenistan

Afghanistan

Gulf of Oman

Qatar

Persian Gulf

United Arab
Emirates

Iran

Red Sea

H Amr

Somalia44◦E 46◦E 48◦E 50◦E 52◦E 54◦E

14◦N

16◦N

12◦N

14◦N

16◦N

12◦N

18◦N

44◦E 46◦E 48◦E 50◦E 52◦E 54◦E

42◦E
18◦N

National capital

International boundary
Governorate boundary
City boundary

475 year return period

0.22–0.3
0.18–0.22

0.13–0.18
0.08–0.13
0.05–0.08
0–0.05

0 50 100 150

(kilometers)
Peak ground acceleration (g)

Sa’dah

Figure 11: PGA probabilistic seismic hazard maps for 10% probability in 50 years that is, 475-year return period.

Table 4: PGA-MSK intensity conversation table.

PGA (in g) Intensity in MSK scale

0 0

0.03 4

0.05 5

0.092 6

0.18 7

0.32 8

0.52 9

0.82 10

1.2 11

1.6 12

and unburned brick houses. Such houses suffered heavy
damage in the form of large and deep cracks in walls and the
collapse of the outer and inner masonry walls that resulted in
partial or complete collapse of the whole construction.

The Al-“Udain and Hazm Al-“Udain (Ibb) Earthquake of
November 22, 1991. The November 22, 1991 earthquake (MS

4.5, epicenter 13.9◦N, 44.1◦E) caused widespread damage to

housing and infrastructure in Yemen. The most affected areas
were the Al-“Udain and Hazm Al-“Udain districts in the
Ibb region. Preliminary surveys indicate that 7,150 buildings
were damaged and 1,578 were destroyed [41]. However, the
reinforced concrete structures in the epicentral area suffered
no structural damage indicating the high vulnerability of
traditional buildings, especially those constructed on slopes
without proper foundation [7].

Obviously, it is not possible to expect a perfect agreement
between the available intensity observations and the results
of modeling. However, as can be seen from Figure 10, the
general features of the regional earthquake effect (epicentral
intensity and intensity attenuation) are reproduced quite
adequately by the applied scheme of ground-motion mod-
eling.

9. Results of Probabilistic Seismic
Hazard Analysis

The following scheme has been applied for the analysis.
Ground motion parameter from the stochastic event was
calculated at every particular point of the studied territory
(centroid of population agglomeration areas, and 10 km
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Figure 12: 100- and 475-year return period probabilistic seismic hazard maps for earthquake intensity in Yemen.
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grid) using selected ground-motion prediction models and
the soil-dependent amplification factor. Every stochastic
event is characterized by a return period of occurrence,
which depends on the characteristics of seismicity of the
given source zone and the magnitude of the event. Thus,
the same return period is assigned to the level of ground
motion generated by the event. The complete master
database of median ground shaking values from all stochastic
earthquakes with their rates of occurrence at all locations
considering their average site conditions has been prepared.
This master database has been used for (a) development of
probabilistic seismic hazard maps, that is, return period of
particular PGA threshold values at the individual sites, and
(b) seismic zoning of the country.

The hazard maps in terms of PGA and MSK intensity
with a 39% probability of being exceeded in 50 years (100-
year return period) and with a 10% probability of being
exceeded in 50 years (475-year return period) are shown in
Figures 11 and 12. Note that the site effect has already been
incorporated into the hazard assessment. As can be seen, the
western and southern parts of Yemen are characterized by the
highest level of seismic hazard and the hazard is low across
the central and the eastern parts. The largest contributors
to Yemen seismic hazard are events from the West Arabian
Shield seismic zone.

A seismic zoning scheme for Yemen has been suggested
based on hazard values calculated for the 475-year return

Table 5: Parameters of seismic zonation in Yemen.

Seismic zone
Maximum horizontal ground

acceleration with 10% exceedance
probability in 50 years

Median
value of

PGA

I 0.20–0.30 g 0.25 g

II 0.10–0.20 g 0.15 g

III <0.10 g 0.05 g

period. This is the first attempt in developing seismic zoning
of the country. The territory of Yemen has been subdivided
into 3 seismic zones (Figure 13). By definition, each zone is
characterized by a constant hazard, quantified by a different
value of the reference peak horizontal ground acceleration as
shown in Table 5. Yemen capital area and the Dhamar area
are located inside the zone with the highest level of hazard
(zone I). Note that the Dhamar area had experienced the
destructive earthquake (Mb = 6.0) of 13 December 1982.

Although expected seismic hazard values are calculated
at over 30,000 rural and urban population agglomeration
areas in Yemen, the hazard values in 30 major cities of Yemen
in terms of PGA for 100- and 475-year return periods are
presented in Table 6 together with information on the city
population from the Yemen 2004 Census.
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Table 6: Estimated probabilistic seismic hazard for 100- and 475-
year return periods for major cities in Yemen.

Major city Population
2004

100-year
return period

PGA (in g)

475-year
return period

PGA (in g)

Sana’a 1,976,081 0.151 0.244

Aden 570,551 0.217 0.292

Taizz 458,933 0.087 0.154

Al-Hudaydah 402,560 0.163 0.247

Eibb 208,844 0.083 0.151

Al-Mukalla 176,942 0.083 0.137

Dhamar 144,273 0.107 0.188

Amran 76,863 0.111 0.194

Sayun 58,037 0.036 0.061

Bajil 55,016 0.153 0.242

Sa’dah 49,422 0.062 0.128

Rada 49,419 0.097 0.180

Tarim 47,674 0.032 0.055

As-Sihr 47,060 0.119 0.191

Yarim 46,498 0.093 0.162

AL Qaidah 39,254 0.108 0.185

Bayt al-Faqih 39,116 0.156 0.237

Hajjah 34,136 0.064 0.116

Al-Bayda 29,059 0.029 0.056

Jaar 28,529 0.122 0.194

Ad-Dalil 27,139 0.090 0.162

Al-Hatwah 25,471 0.146 0.227

Harad 24,280 0.089 0.161

Mabar 24,262 0.114 0.197

Al-Marawiah 22,990 0.084 0.149

Zabid 21,440 0.128 0.211

Gayl Bawazir 20,969 0.091 0.152

Az-Zaydiyah 18,341 0.158 0.246

H amr 15,036 0.078 0.145

Ataq 13,995 0.051 0.092

10. Conclusions

This study is a part of the “The Yemen National Probabilistic
Risk Assessment” project funded by The World Bank Global
Facility for Disaster Reduction and Recovery (GFDRR). The
broad objectives of the project were to apply the principals
of probabilistic risk assessment for assessing risks from
earthquake, flood, storm surge, tsunami, and landslide in
order to develop an analysis of risk exposure and financial
response capacity for Yemen. The main output of the
project is (i) analysis of the applications of catastrophic
risk modeling for hazard risk management in Yemen and
(ii) a natural hazard risk atlas for Yemen. The outcome of
research described in this paper is a model for probabilistic
seismic hazard assessment, which provides necessary inputs
for earthquake loss estimation and risk planning on the
country level. It is necessary to note that no building code

has been developed so far in the country and the constructed
seismic zonation scheme may be used as the basis for the
code.

We realize, of course, that there are some limitations and
shortcomings in our study. We do not consider epistemic
uncertainty in all the inputs to the hazard assessment, which
usually is incorporated using the logic tree approach, as well
as aleatory uncertainty in PGA-intensity conversion. The
choice of the attenuation relations used in this study may
have some regional biases. The developments of regional
ground motion prediction models, as well as the testing of
applicability of the recently proposed generalized worldwide
ground-motion models, are a matter of high importance.
The applied procedure for soil modification requires addi-
tional study. For practical calculations, requiring the estima-
tion of the median hazard and loss values, these simplified
approaches have been applied.

Acknowledgments

The authors are grateful to the Risk Modeling and Insur-
ance Group, RMSI Pvt. Ltd., Noida (India) for providing
necessary facilities. Financial assistance from the World Bank
Grant (Contract no. 7149613) is thankfully acknowledged.
The authors wish to express their gratitude to Pushpendra
Johri. Upamanyu Mahadevan and other members of the Risk
Modeling and Insurance Group, RMSI Pvt. Ltd. for their
critical reading of the paper. They acknowledge thoughtful
comments and suggestions by two anonymous reviewers,
which enhanced the quality of paper significantly.

References

[1] J. P. Poirier and M. A. Taher, “Historical seismicity in the
near and Middle East, North Africa and Spain, from Arabic
documents (VIIth – XVIIth century),” Bulletin of the Seismo-
logical Society of America, vol. 70, no. 6, pp. 2185–2201, 1980.

[2] S. A. Alsinawi and A. Al Aydrus, Seismicity of Yemen, Obadi
Studies and Publishing Center, Sana’a, Republic of Yemen,
1999.

[3] M. M. Al-Saud, “Seismic characteristics and kinematic models
of Makkah and central Red Sea regions,” Arabian Journal of
Geosciences, vol. 1, pp. 49–61, 2008.

[4] R. D. Adams and M. Barazangi, “Seismotectonics and seismol-
ogy of Arab region: a brief summary and future plans,” Bulletin
of the Seismological Society of America, vol. 74, pp. 1011–1030,
1984.

[5] N. N. Ambraseys and C. P. Melville, “Seismicity of Yemen,”
Nature, vol. 303, no. 5915, pp. 321–323, 1983.

[6] G. Plafker, R. Agar, A. Asker, and M. Hanif, “Surface effects
and tectonic setting of the 13 December 1982 North Yemen
earthquake,” Bulletin of the Seismological Society of America,
vol. 77, pp. 2018–2037, 1987.

[7] N. N. Ambraseys, C. P. Melville, and R.D. Adams, The
Seismicity of Egypt, Arabia and the Red Sea: a historical review,
Cambridge University Press, 1994.

[8] A. S. Arya, L. S. Srivastave, and S. P. Gupta, “Survey of damages
during the Dhamar earthquake of 13 December 1982 in the
Yemen Arab Republic,” Bulletin of the Seismological Society of
America, vol. 75, no. 2, pp. 597–610, 1985.



14 International Journal of Geophysics

[9] A. A. Al Aydrus, “Seismic hazard considerations for Yemen,”
in Proceedings of the International Conference on the Geology of
the Arab World (GAW4 ’97), pp. 1106–1129, Cairo University,
Cairo, Egypt, 1997.

[10] S. A. Alsinawi and A. Al Aydrus, “Seismic hazard considera-
tions for Yemen,” in Proceedings of the International Conference
on Geology of Arab World (GAW4 ’99), pp. 1106–1129, Cairo
University, Cairo, Egypt, 1999.

[11] S. A. Alsinawi, “Seismological considerations of the Eastern
Arab region,” in Proceedings of the EuroMediterranean Seminar
on Natural, Environmental and Technological Disasters, Algers,
Algeria, 2001.

[12] C. A. Cornell, “Engineering Seismic risk analysis,” Bulletin of
the Seismological Society of America, vol. 58, no. 5, pp. 1583–
1606, 1968.

[13] N. A. A. Razaq, N. M. Al Mukhadri, and A. H. A. Ahmed,
Evaluation of Seismic Ground Motion for Sana’a Region,
Ministry of Oil and Mineral Resources, Yemen General Corpo-
ration for Mineral Resources and Geological Survey, National
Seismological Observatory Center, Dhamar, Yemen, 1997.

[14] E. A. M. Al-Heety, “Historical seismicity of the stable con-
tinental regions (SCRs) in the Arabian plate (Preliminary
Study),” MESF Cyber Journal of Earth Science, vol. 3, pp. 22–
41, 2005.

[15] L. M. Sykes and M. Landisman, “The seismicity of East Africa,
the Gulf of Aden and the Arabian and Red Seas,” Bulletin of the
Seismological Society of America, vol. 54, pp. 1927–1940, 1964.

[16] J. K. Gardner and L. Knopoff, “Is the sequence of earthquakes
in Southern California with aftershocks removed, Poisso-
nian?” Bulletin of the Seismological Society of America, vol. 64,
pp. 1363–1367, 1974.

[17] G. M. Molchan and O. E. Dmitrieva, “Aftershock identifi-
cation: methods and new approaches,” Geophysical Journal
International, vol. 109, no. 3, pp. 501–516, 1992.

[18] D. Gardini, M. Di Donato, and E. Boschi, “Calibration of
magnitude scales for earthquakes of the Mediterranean,”
Journal of Seismology, vol. 1, no. 2, pp. 161–180, 1997.

[19] R. Ulusay, E. Tuncay, H. Sonmez, and C. Gokceoglu, “An
attenuation relationship based on Turkish strong motion data
and iso-acceleration map of Turkey,” Engineering Geology, vol.
74, no. 3-4, pp. 265–291, 2004.

[20] A. C. Johnston, K. J. Coppersmith, L. R. Kanter, and C. A.
Cornell, “The earthquakes of stable continental regions:
assessment of large earthquake potential,” EPRI Report TR–
102261, Electric Power Research Institute, Calif, USA, 1994.

[21] G. Ekström and A. M. Dziewonski, “Evidence of bias in
estimations of earthquake size,” Nature, vol. 332, no. 6162, pp.
319–323, 1988.

[22] J. C. Stepp, “Analysis of completeness of the earthquake sample
in the Puget Sound area and its effect on statistical estimates
of earthquake hazard,” in Proceedings of the1st International
Conference on Microzonazion, vol. 2, pp. 897–910, Seattle,
Wash, USA, 1972.

[23] G. Grunthal, C. Bosse, S. Sellami, D. Mayer-Rosa, and D.
Giardini, “Compilation of the GSHAP regional seismic hazard
for Europe, Africa and the Middle East,” Annali di Geofisica,
vol. 42, no. 6, pp. 1215–1223, 1999.

[24] M. Al-Haddad, G. H. Siddiqi, R. Al-Zaid, A. Arafa, A. Ne-
cioglu, and N. Turkelli, “A basis for evaluation of Seismic
hazard and design criteria for Saudi Arabia,” Earthquake
Spectra, vol. 10, no. 2, pp. 231–257, 1994.

[25] A. Frankel, “Mapping seismic hazard in the central and eastern
United States,” Seismological Research Letters, vol. 66, no. 4, pp.
8–21, 1995.

[26] A. D. Frankel, M. D. Petersen, C. S. Mueller et al., “Docu-
mentation for the 2002 update of the national seismic hazard
maps,” U.S. Geological Survey Open-File Report, vol. 02-420, p.
33, 2002.

[27] C. A. Cornell and E. H. Vanmarcke, “The major influences
on Seismic risk,” in Proceedings of the 4th World Conference
of Earthquake Engineering, vol. 1, pp. 69–83, Santiago, Chile,
1969.

[28] R. K. McGuire, “FORTRAN computer program for seismic
risk analysis,” U.S. Geological Survey, OpenFile Report, pp. 67–
76, 1976.

[29] J. A. Abdalla and A. S. Al-Homoud, “Seismic hazard assess-
ment of united arab emirates and its surroundings,” Journal of
Earthquake Engineering, vol. 8, no. 6, pp. 817–837, 2004.

[30] J. Douglas, “Earthquake ground motion estimation using
strong-motion records: a review of equations for the esti-
mation of peak ground acceleration and response spectral
ordinates,” Earth-Science Reviews, vol. 61, no. 1-2, pp. 43–104,
2003.

[31] J. Douglas, “Errata and additions to Ground motion estima-
tion equations 1966–2003,” BRGM/RP-54603-FR, 2006.

[32] N. Abrahamson, G. Atkinson, D. Boore et al., “Comparisons of
the NGA ground-motion relations,” Earthquake Spectra, vol.
24, no. 1, pp. 45–66, 2008.

[33] A. F. Amrat, “Empirical relations characterizing earthquake
ground motion attenuation in Jordan,” Bulletin of Jordan
Seismological Observatory, vol. 28, pp. 37–45, 1996.

[34] A. I. Husein Malkawi and K. J. Fahmi, “Locally derived earth-
quake ground motion attenuation relations for Jordan and
conterminous areas,” Quarterly Journal of Engineering Geology,
vol. 29, no. 4, pp. 309–319, 1996.

[35] M. Y. Al-Qaryouti, “Attenuation relations of peak ground
acceleration and velocity in the Southern Dead Sea Transform
region,” Arab Journal of Geosciences, vol. 1, pp. 111–117, 2008.

[36] P.C. Thenhaus, S. T. Algermissen, D. M. Perkins, S. Hanson,
and W. H. Diment, “Probabilistic estimates of seismic ground
motion hazard in Western Saudi Arabia, Kingdom of Saudi
Arabia,” USGS Open File Report, no. OF-06-b, p. 64, 1986.

[37] K. W. Campbell, “Strong motion attenuation relations: a ten-
year perspective,” Earthquake Spectra, vol. 1, no. 4, pp. 759–
804, 1985.

[38] R. R. Youngs, S. J. Chiou, W. J. Silva, and J. R. Humphrey,
“Strong ground motion attenuation relationships for subduc-
tion zone earthquakes,” Seismological Research Letters, vol. 68,
no. 1, pp. 58–73, 1997.

[39] Building Seismic Safety Council (BSSC), “NEHRP recom-
mended provisions for seismic regulations for new buildings
and other structures,” FEMA 302/303, Part 1 (Provisions) and
Part 2 (Commentary), developed for the Federal Emergency
Management Agency, Washington, DC, USA, pp. 337, 1997.

[40] Y. Choi and J. P. Stewart, “Nonlinear site amplification as
function of 30 m shear wave velocity,” Earthquake Spectra, vol.
21, no. 1, pp. 1–30, 2005.

[41] UNDHA, “YemenEarthquake Nov 1991,” UNDRO Situation
Reports, pp. 1–5, 1991, http://reliefweb.int/node/34314.

[42] W. M. Shehata, A. Kazi, F.A. Zakir, A. M Allam, and A. A.
Satan, “Preliminary Investigations on Dhamar earthquake,
North Yemen , of December 13, 1982,” Bulletin of King
Abdulaziz University, pp. 23–52, 1983.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Climatology
Journal of

Ecology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Earthquakes
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Applied &
Environmental
Soil Science

Volume 2014

Mining

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

 International Journal of

Geophysics

Oceanography
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

  Journal of 
 Computational 
Environmental Sciences
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of
Petroleum Engineering

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Geochemistry
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Atmospheric Sciences
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oceanography
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mineralogy
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Meteorology
Advances in

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Paleontology Journal
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Geological Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Geology  
Advances in


