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a b s t r a c t

Seismic hazard calculation is carried out for the Horn of Africa region (0�e20� N and 30�e50�E) based on
the probabilistic seismic hazard analysis (PSHA) method. The earthquakes catalogue data obtained from
different sources were compiled, homogenized to Mw magnitude scale and declustered to remove the
dependent events as required by Poisson earthquake source model. The seismotectonic map of the study
area that avails from recent studies is used for area sources zonation. For assessing the seismic hazard,
the study area was divided into small grids of size 0.5� � 0.5�, and the hazard parameters were calculated
at the center of each of these grid cells by considering contributions from all seismic sources. Peak
Ground Acceleration (PGA) corresponding to 10% and 2% probability of exceedance in 50 years were
calculated for all the grid points using generic rock site with Vs ¼ 760 m/s. Obtained values vary from 0.0
to 0.18 g and 0.0e0.35 g for 475 and 2475 return periods, respectively. The corresponding contour maps
showing the spatial variation of PGA values for the two return periods are presented here. Uniform
hazard response spectrum (UHRS) for 10% and 2% probability of exceedance in 50 years and hazard
curves for PGA and 0.2 s spectral acceleration (Sa) all at rock site are developed for the city of Addis
Ababa.

The hazard map of this study corresponding to the 475 return periods has already been used to update
and produce the 3rd generation building code of Ethiopia.

© 2017 Published by Elsevier Ltd.
1. Introduction

The Afar Depression hosts a diffused triple junction where the
Red Sea, Gulf of Aden and the East African divergent plate bound-
aries meet. Rifting along the Red Sea, Gulf of Aden and the East
African Rift initiated around 29 Ma, apparently following weak-
ening of the Nubia, Somalia and Arabia continental lithosphere
(Fig. 1) caused by the Afar plume (e.g. McQuarrie et al., 2003;
Garfunkel and Beyth, 2006). Crustal accretion at the three diver-
gent plate boundaries typically occurs via episodic dike intrusions
and magma dynamics manifested through earthquake occurrence
and volcanic eruptions (Wright et al., 2006; Ayele et al., 2007, 2009;
Keir et al., 2009; Ebinger et al., 2010). The Arabian plate is moving
away from Nubia in a northeast direction in the Red Sea at a rate
varying between 5.6 and 14 mm/yr along the strike of the rift
(McClusky et al., 2009). Current estimates for spreading rates in the
East African rift reach 6 ± 1.5 mm/yr near the northernmost part in
the Ethiopian rift (Chu and Gordon, 1999). The two oceanic rifts can
be categorized as ultraslow spreading ridges from their character-
istics and rate of opening (Dick et al., 2003). The notable transition
from oceanic to continental prototype on dry land, in this part of
the Afro-Arabian rift systemmakes the region a unique and natural
ocean-ridge laboratory for earth scientists. This area is character-
ized by pronounced volcanism, which greatly influences the tec-
tonics and geodynamics of the region that has vast environmental
and social implications. The ongoing volcanic activity and earth-
quake hazard in Ethiopia and surrounding region poses threats to
the local populations and the relatively fast growing infrastructure.
However, this threat has not been given due attention, mainly
because governments and concerned stakeholders give high pri-
ority to other natural hazards like drought and food security issues.
In addition, the region has never experienced disastrous earth-
quake damage in the recent past.

Earthquakes have attracted human curiosity since ancient times,
but the scientific study of earth tremors is a fairly recent attempt.
Instrumental recordings of earthquakes were not made until the
last quarter of the nineteenth century, and the primary mechanism
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Fig. 1. Seismicity of the Horn of Africa region for the period from 1900 to 2012. The red
spots are locations of earthquakes from the clustered catalogue where size of the circle
is proportional with magnitude. The white stars show locations of capital cities in the
region (A/A is to mean Addis Ababa) while the yellow stars show major towns in
Ethiopia. There is an unintended overlap between urban centers and location of major
earthquakes as most towns emerged from villages that developed over the years along
the fertile rift valley for agriculture. The green square shows the location of the GERDP
(Great Ethiopian Renaissance Dam Project) site.
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for the generation of seismic waves, the release of accumulated
strain by sudden slippage on a fault, was not widely recognized
until the beginning of the twentieth century. The rise of earthquake
science during the last hundred years illustrates how the field has
progressed through a deep interplay among the disciplines of ge-
ology, physics, and engineering and yet we are unable to save the
lives of thousands of victims during tremendous earthquake
destruction where China is leading the death toll by over a million
for the time period 1900 to 2016 (https://www.statista.com).
Earthquakes also destroy massive and expensive infrastructures of
nations that nearly paralyze the economy where Haiti is a case in
point during the 2010 earthquake of magnitude 7.0 Mw (DesRoches
et al., 2011). We expect the worst in the years to come as the repeat
times of large magnitude earthquakes are longer than the time
coverage of instrumental earthquake catalogue. Historical earth-
quake catalogue and earthquake geology are assisting to date in
bridging data gaps and making earthquake catalogues longer but
the global coverage is sparse for several reasons.

Though at times earthquake hazardmaps madewith reasonable
estimate fail (Stein et al., 2012), they are the solution to advise
decision makers and investors so as to erect earthquake resistant
structures with fair balance between cost and safety. Building
earthquake hazard models is a process that evolves through time
with the addition of more data and improved techniques. Model
inputs come from earthquake catalogues, fault maps, ground mo-
tion prediction equations and slip rates (which can be estimated
geodetically or from earthquake geology). Our knowledge in all
these parameters is limited in scope and is even less accurate in
developing countries. Due to these limitations, hazard maps often
depend crucially on the authors' preconceptions, which can lead to
significant over prediction or under prediction of hazards. Probably,
no other branch of engineering has to deal with as much
uncertainly as earthquake engineering, e.g. recurrence of earth-
quakes, intensity of earthquakes, ground motion features, soil ef-
fects, topographic effects, structural properties, nonlinear dynamic
behavior of structures, etc. On the other hand, the earthquake
occurrence process is more complicated than the models assume
which shows lack of comprehensive understanding of the complex
earth processes.

The Tohoku (Japan) earthquake of March 2011 is the recent
classic surprise for well prepared Japan (for mitigating earthquake
risk) and the world at large where a magnitude 9.0 earthquake
offshore generated a huge tsunami that overtopped sea walls,
causing over 19,000 deaths and at least $200 billion damage
(Normile, 2012; Stein et al., 2012), including crippling nuclear po-
wer plants. Therefore there is no perfect earthquake hazard model
even in the technologically advanced nations (Stein et al., 2012).
The vulnerability to earthquake risk is even higher in developing
countries which was well demonstrated by the classic examples of
the 2010 earthquakes in Chile and Haiti. Countries that lie along the
East African rift will not be an exception and there is a fear that
destructive earthquakesmay hit the fast growing cities located near
the rift margins in Africa. With all these challenges, one has to
produce and update the hazard model once every few years and
hopefully use the updated maps to revisit building codes. For
example, Ethiopia is one of the fastest growing countries in sub-
Saharan Africa where the capital Addis Ababa is overwhelmed by
a construction boom. However, the 2nd building code is over 20
years old and considerable earthquake activity has occurred ever
since which is not considered in the current effort of erecting
earthquake resistant structures. On top of the massive construction
underway in the capital, Addis Ababa hosts the African Union (AU)
headquarters and several other United Nations (UN) organizations.
Therefore, moderate seismic activity corroborated by poor aware-
ness makes the city risk level high. This demands a regular update
of the seismic hazard map and building code of the country, which
also applies for many others in the region.

Gouin (1976) produced the first seismic hazard map of Ethiopia
using a probabilistic approach which served as a basis for devel-
oping the first building code of Ethiopia, ESCP-1:1983. Since the
production of that map, quite a large number of destructive
earthquakes occurred in the country causing damage both to
property and human life. Consequently, Kebede and Asfaw (1996)
revised the map and their results were used as an input into the
second building code of the country, EBCS-8:1995. Kebede and Van
Eck (1997) revisited the seismic hazard analysis for Ethiopia and
neighboring countries with no much difference from Kebede and
Asfaw (1996) both in approach and results but included spectral
responses for some economically important cities and towns in the
region. Both analyses by Kebede and Asfaw (1996) and Kebede and
Van Eck (1997) were conducted for 100 years return period (i.e.
39.35% of being exceeded in 50 years), which is not the normal
practice in building code revisions. In addition Mo (threshold
magnitude) and b-values were assumed to be constant in all the 8
zones considered. Another probabilistic seismic hazard assessment
for the sub-Saharan Africa was conducted by Midzi et al. (1999) for
10% probability of exceedance in 50 years but the sourcemodels are
smoothed for regional scale, lacking detail compared to previous
studies (Kebede and Asfaw, 1996; Kebede and Van Eck, 1997). All
conducted studies in the region so far preferred to use the Poisson
earthquake source model but proper catalogue declustering was
not done with any one of the known algorithms which resulted in
overestimation of the activity rate l and hence the PGA (Peak
Ground Acceleration) values.

A new probabilistic seismic hazard analysis has therefore been
undertaken in this study to determine seismic ground motion pa-
rameters for seismic design of facilities located in the Horn of Africa

https://www.statista.com
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region that covers 0�N to 20�N Latitude and 30�E to 50�E Longitude
(Fig. 1). It is evident from Fig. 1 that most of the major towns and
capital cities in the region are located in the fertile rift valley for
obvious reason which is a bad coincidence with elevated seismic
risk in and around those areas. From the recorded history and
instrumental catalogues, about 32 earthquakes of magnitude
Mw � 6.2 are known to have occurred in the study region as dis-
played in the Appendix. This list does not include the 1969 earth-
quake sequence in central Afar with maximum magnitude Mw 6.1
that destroyed the town of Serdo, killing and injuring a substantial
part of the population. The 1961 earthquake sequence in Kara Kore
with maximum magnitude Mw 6.5 severely damaged the nearby
Majeti village (Gouin, 1979). During the 1989 Dobi graben (central
Afar) earthquakes, several bridges on the highway connecting the
port of Assab to Addis Ababawere destroyed. As a consequence, the
highway linkwith themain sea port was disrupted creating scarcity
of basic commodities in Addis Ababa and other large towns. Several
moderate magnitude but widely felt earthquakes with minor
damage occurred recently which need to be incorporated into the
hazard model of the region. It is therefore prudent to assess po-
tential earthquake hazard and produce maps that can provide in-
formation on the probable location and severity of possibly
dangerous earthquakes and the likelihood of their occurrence in
our area of interest.

2. PSHA methodology

The mitigation of earthquake risk through the use of seismic
resistant design codes and effective urban planning is ultimately
contingent on a good understanding of the seismic hazard on a site-
specific, urban and regional scale. The methodology of probabilistic
seismic hazard analysis (PSHA) is well established as a means of
characterizing the level of ground motion to which a location may
be subjected to within a given time period (Cornell, 1968, 1971;
McGuire, 1976). There is a great deal of uncertainty about the
location, size, and resulting shaking intensity of future earthquakes.
Probabilistic Seismic Hazard Analysis (PSHA) aims to quantify these
uncertainties, and combine them to produce an explicit description
of the distribution of future shaking that may occur at a site of
interest. In this approach, the seismic hazard is defined as the
probability that a certain level of ground motion will be exceeded
(at a given place and within a given time period). The last decade
has witnessed the emergence of several freely available software
packages for the calculation of seismic hazard (e.g., CRISIS (Ordaz
et al., 2012); OpenSHA (Field et al., 2003)), which have helped to
remove one of the key barriers preventing wider adoption of state-
of-the-art seismic hazard analysis practices in many areas of the
world. Crisis2012 software (Ordaz et al., 2012) is used in this study
to carryout Probabilistic Seismic Hazard Analysis as the code is
based on the standard Cornell (1968) approach. The PSHA model
requires a seismic zonation model, characterization of each zone
and a regional model for the seismic wave damping which is called
the ground motion prediction equation (GMPE). Though there are
limitations due to lack of data, model inputs implemented in this
study are detailed below in the next section.

3. Data and model inputs

For ideal PSHA calculation, seismicity (earthquake geology,
historical & instrumental), active fault database, strong ground
motion database, strain rate database are required. However, the
availability and quality of all these data varies from region to region
to the extent that only an instrumental seismicity catalogue is used
as in this study. The analysis started with the most updated avail-
able seismic catalog, to which careful completeness analyses and
declustering processes were applied as detailed below.

3.1. Seismicity data

An instrumentally recorded earthquake catalogue extending
from 1900 to 2012 was merged together with previously existing
ones for the Horn of Africa region (Gouin, 1979; Asfaw, 1986; Ayele,
1995) where each of themwere compiled from a number of several
other sources by avoiding overlaps and removing duplicates. Ayele
(1995) covers the period 1960 to 1993. The data recorded from 1994
to 2012 are compiled for this study from national and ISC (Inter-
national Seismological Centre) catalogues.

3.2. Magnitude homogenization

For characterization of seismicity of an area of interest or for
comparison of earthquake activity occurring in different seismic
regions, earthquake magnitude is one of the most commonly used
descriptive source parameter. The most widely used magnitude
scale is the local magnitude or Richter magnitude defined by
Richter (1935). In most technical communications in seismological
disciplines, several other magnitude types, including body wave
magnitude (mb), surface wave magnitude (Ms), and moment
magnitude (Mw) are commonly used. Themoment magnitude scale
is the most recent scale (Kanamori, 1977; Hanks and Kanamori,
1979) and is fundamentally different from the earlier scales.
Rather than relying on measured seismogram amplitude peaks, the
Mw scale is tied to the scalar seismic moment (Mo) of an earth-
quake. The seismic moment magnitude thus more directly repre-
sents the amount of energy released at the source, rather than
relying on the effects of that energy on one or more seismographs
at some distance from the source. Hence Mw scale is the most
preferred to use in seismic hazard calculation and other applica-
tions. Uncertainties associated with different magnitude types play
a vital role during magnitude conversions. Very few studies have
been devoted towards quantifying these uncertainties inherent in
different magnitude scales and their scaling law. For seismological
applications including homogenization of earthquake catalogs, it is
essential to know how different magnitude determinations
compare with each other and the associated measurement errors.
Normally, relations linking the different magnitude scales are ob-
tained through regression conversions following standard linear
least squares approach (e.g. Scordilis (2006)). This approach is
based on the assumption that one of the magnitudes (independent
variable) is either error free or the order of its error is very small
compared to the dependent variable measurement errors.
Furthermore, the errors in the dependent variable are taken to be
independent and normally distributed. Many empirical relation-
ships have been developed in the past between various magnitude
scales for mapping one type magnitude on to the other (Scordilis,
2006; Das et al., 2011). Attempt was made to find a reasonable
regression relation for all earthquake magnitudes to Mw in the
study area but the scatter was found to be large due to a limited
dataset for regressing. We rather opted to use empirical relations
from global data set (Scordilis, 2006; Das et al., 2011). Das et al.
(2011) used orthogonally regressed magnitude conversion to a
unified moment magnitude but the conversion overestimates
relatively large magnitude events and underestimates smaller ones
for our catalogue. As a result, we homogenized all earthquake
magnitudes to Mw using Scordilis (2006) which is found to be
reasonably stable.

3.3. PSHA model inputs

Poisson earthquake source model is the standard in PSHA and
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risk calculations, which assumes that earthquake occurrence is
independent of time and the past history of occurrences or
nonoccurrence. The earthquake catalogue for this study is declus-
tered using the Gardner and Knopoff (1974) algorithm where 1084
earthquakes of magnitude range 3.0 � Mw � 7.2 survived as in-
dependent events out of the original catalogue of 2644 earthquakes
in the magnitude range 3.0�Mw� 7.2 which is displayed on Fig. 1.

In Ethiopia and its neighboring region, detailed Quaternary fault
maps at a desirable scale indicating active faults are presently
lacking and if they exist it is a challenge to associate them with
observed seismicity. Earthquake locations in this tectonic regime
have significant errors, on average about 50 kms, due to sparse
seismic station distribution. Therefore, fault characteristics relevant
for seismic hazard analysis, like fault geometry, slip direction and
segmentation lengths are presently not available. If we succeed to
associate observed seismicity to geologically mapped individual
active faults, it is not easy to conclude whether the observed fault
displacement is produced by a single earthquake or a cumulative
effect of several previous earthquakes that occurred in the geologic
past. However, our current knowledge about the tectonics and the
seismicity is good enough to designate area source models within
which earthquake characteristics may be taken to be uniform. A
recent study conducted by Hofstetter and Beyth (2003) using
regional geology, tectonics and seismicity, where several area
sources are identified and characterized, is slightly modified using
additional seismicity & fault plane solutions to identify 13 zones
(Fig. 2). The seismic characteristics of the 13 area sources were
modeled with the application of the Poisson source process where
the Gutenberg-Richter (GR) magnitude-frequency distribution
(Gutenberg and Richter, 1944) was employed for each individual
zone.

logNðMÞ ¼ a� bM (1)

Where NðMÞ is the cumulative number of earthquakes or at times
called the rate of earthquakes with magnitudeM � Mo. The a-value
Fig. 2. Source zones (yellow polygons) modified from Hofstetter and Beyth (2003) and
used in the seismic hazard computations. The blue and white color “beach balls” show
fault plane solution plotted on a topographic map and the red dots represent earth-
quake locations similar to that of Fig. 1.
indicates the overall rate of earthquakes in a region and the b-value
shows the relative ratio of small and large earthquakes (typical b
values are approximately equal to 1) with both values being posi-
tive constants. This equation is called the Gutenberg-Richter
recurrence law. In our PSHA models we apply a truncated expo-
nential distribution:

NðMÞ ¼ l
e�bðM�MoÞ � e�bðMmax�MoÞ

1� e�bðMmax�MoÞ Mo � M � Mmax (2)

Where b ¼ bðln10Þ, Mmax is the maximum possible magnitude. Mo

is the minimum or lower bound magnitude and l is the seismicity
rate. This limited magnitude distribution is termed a bounded
Gutenberg-Richter recurrence law. WizmapII software (Musson,
1998) is used for graphically selecting area polygons for all the 13
zones (Fig. 2, Table 1) but was also instrumental to estimate the GR
parameters a and b using the least squares curve fitting technique
with at ease guided by the best curve fit and minimum error.
However, a single GR recurrence relation curve couldn't be ach-
ieved for each of the area sources due to the temporal in-
homogeneity of the catalogue which was rather achieved for
different time segments. This implies different levels of complete-
ness for the different periods of observation in the catalogue.
However, the software prepared by Kijko and Smit (2012) can
accommodate temporally inhomogeneous catalogue to produce a
pair of a and b values for each zone and for the whole time period
considered in this study which is handled by a matlab script that
generated single a- and b-values (Kijko and Smit, 2012). Using the
same matlab script package we also managed to estimate the
possible maximummagnitudes for each source zone (Gibowicz and
Kijko, 1994; Kijko and Singh, 2011) and the results are displayed in
Fig. 3 and Table 1.

The last model input of interest to consider here is the Ground
Motion Prediction Equation (GMPE) also known as attenuation
equation or ground-motion model. GMPE is a generic term for an
equation providing a statistical estimate of the expected ground
motion and its standard deviation due to a given earthquake sce-
nario. The measure of ground-motion provided by a GMPE is
typically the 5% damped relative pseudo-spectral acceleration
(PSA). The East African rift is one of the places where no strong-
motion data have ever been recorded and thus there are no
GMPEs estimated or proposed directly based on strong-motion
data. Under these circumstances it is a customary practice to as-
sume tectonic analog and extend one of the best known empirical
relations as it suits the region of interest (Douglas et al., 2009). As a
result, we adopted Chiou and Youngs (2008) attenuation model in
our study which is one of the NGA (Next Generation of Attenuation)
equations that have been used for those seismic sources
Table 1
Magnitude-recurrence and maximum magnitudes values for each source zone.

No. Area Names Mo Mmax b (Mo) l(Mo)

1 southern Red Sea 4.0 7.70 ± 0.20 0.79 ± 0.04 3.695 ± 0.64
2 eastern Eritrea 4.2 7.20 ± 0.18 0.78 ± 0.05 1.208 ± 0.27
3 western plateau margin 4.0 5.88 ± 0.13 0.55 ± 0.04 0.540 ± 0.12
4 southwestern Yemen 4.1 6.70 ± 0.22 0.58 ± 0.05 0.885 ± 0.22
5 central Sudan 4.5 5.50 ± 0.17 0.98 ± 0.24 0.181 ± 0.01
6 central Afar 4.0 6.55 ± 0.16 0.69 ± 0.05 1.585 ± 0.10
7 Gulf of Aden 4.0 6.70 ± 0.12 0.69 ± 0.04 5.332 ± 0.27
8 Aisha block 4.0 6.30 ± 0.15 0.62 ± 0.06 0.519 ± 0.14
9 Ankober area 4.0 6.86 ± 0.17 0.93 ± 0.06 1.318 ± 0.19
10 Main Ethiopian Rift 4.1 6.61 ± 0.15 0.60 ± 0.04 0.472 ± 0.13
11 southwestern Ethiopia 4.3 7.20 ± 0.20 0.77 ± 0.04 0.593 ± 0.12
12 south Sudan 4.5 7.70 ± 9.15 0.49 ± 0.03 0.862 ± 0.11
13 Albert rift 4.3 6.50 ± 0.18 0.64 ± 0.03 1.144 ± 0.18



Fig. 3. Probability of Exceedance versus magnitude plot for zone 1 (Red Sea region) as
obtained from Kijko and Smit's (2012) Matlab script.

Fig. 4. Horizontal Peak Ground Acceleration seismic hazard map representing rock site
condition exceedance rate of 10% within 50 years for Ethiopia and the neighboring
region.
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characterized by shallow crustal earthquakes which seems to
match the East African rift system pretty well. As most of the
earthquake depth is shallow in the East African rift, an average
depth of 10 km is used in the hazard calculation of this study.
Previous earthquake hazard assessment studies in Ethiopia and
neighboring region used similar arguments to adopt attenuation
relation from the western United States (Gouin, 1976; Kebede and
Van Eck, 1997).
Fig. 5. Horizontal Peak Ground Acceleration seismic hazard map representing rock site
condition exceedance rate of 2% within 50 years for Ethiopia and the neighboring
region.
4. Results and discussions

Starting a long time ago, the people in Ethiopia and neighboring
region started building villages in and around the active continental
rift because of suitability for agriculture like any other part of the
East African rift system. Those villages have now developed into
modern towns and cities that host multistory buildings with
considerable population density. Almost all of the major towns in
Ethiopia are located either within the rift floor or near the rift
margins where earthquake hazard is relatively high resulting in
high earthquake risk in the region. This unintended overlap is
noticeable on Fig.1 which shows the recently compiled distribution
of seismicity with major towns and cities that tells a lot even
without further analysis of the data. Therefore, the earth science
community in the region is expected to provide timely and reliable
information for decision makers, planners and engineers on the
likelihood and extent of future ground shaking in the area of in-
terest in terms of hazard maps and curves.

This study followed a contemporary PSHA calculation procedure
despite the limitation on the availability of suitable data from
paleoseismology and historical earthquake catalogue as well as in
situ GMPE relations. A new homogenized earthquake catalogue
was compiled and updated for the studied region. The catalogue
was declustered as required by the Poisson earthquake source
model assumption in contrast to previous studies (Gouin, 1976;
Kebede and Asfaw, 1996; Kebede and Van Eck, 1997). The
Gutenberg-Richter frequency-magnitude relation is applied in each
of the 13 area sources which were identified from recent seismo-
tectonic understanding of the area (Fig. 2). Though still in the
acceptable range of observation that varies from 0.5 to 1.5 (Kebede
and Kulhanek, 1994; Wiemer and Benoit, 1996; Ayele and
Kulhanek, 1997), b-values summarized in Table 1 are on the
lower side which implies the relative occurrence of larger magni-
tude earthquakes is high. This can also be attributed to under
estimation of Mo due to declustering effect which reduces b-value
in hazard calculations as the smaller earthquakes in a cluster are
preferentially removed (Gardner and Knopoff, 1974).

The results in this study show horizonal Peak Ground



Fig. 6. Hazard curves for Addis Ababa. (a) PGA rock sites for 475 years (blue) and 2475 years (red) return periods, respectively. (b) Uniform Hazard Spectra (rock sites) 475 and 2475
years return periods, respectively.
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Acceleration (PGA) values for 10% and 2% probability of exceedance
in 50 years in the spatial window of 0�N to 20�N latitude and 30�E
to 50�E longitudes that vary between 0 to 0.18 g and 0e0.35 g
(Figs. 4 and 5). The PGA values in this paper are lower than those
obtained in previous studies (Gouin, 1976; Kebede and Van Eck,
1997; Midzi et al., 1999) in the region for the length of the return
period considered. However, the achieved results are consistent
with seismotectonics of the region and obtained by state-of-the-art
techniques. The high PGA values observed for the south Sudan
seems to be controlled by theMay 1990 earthquake sequencewhile
that for Afar region could be influenced by the frequent occurrence
of moderate magnitude earthquakes. As developing earthquake
hazard model is a process, incorporating more data and refining
assumed hazard inputs will improve the map. Hence further
investigation is required especially in active fault mapping and
characterization from earthquake geology and geodesy. The 10%
probability of exceedance in 50 years map (Fig. 4) was recently used
for updating the 3rd generation Ethiopian building code (EBCS EN
1998-1:2014). Where seismic design of critical structures including
dams is required in the country and the region at large, the more
conservative 2% probability of exceedance in 50 years is also
included (Fig. 5). Furthermore, studies presented here apply only
for hard rock conditions, and hence further investigations that take
into account local site conditions and geology are necessary for
realistic assessment of the earthquake hazard for an area of interest.

Addis Ababa has posed a concern for earthquake risk as it is one
of the fastest growing cities in Africa, located near the active rift
margin and being the seat of the African Union and several other
international organizations. As a result several tall buildings are
emerging in the city. A building is classified as tall if it has a min-
imum height of 47 m which is roughly about 15 stories (Lew et al.,
2008). In today's Addis Ababa, a 15 story building is the average
where a special design criterion is required for tall buildings. A
provision is made in the criterion for the prevention of collapse of
the buildings instead of performance based consideration in time of
very rare, large magnitude earthquake. In this case, the conserva-
tive 2% probability of exceedance in 50 years may be considered as
displayed in Fig. 5 for critical structures. PGA and Spectral Accel-
eration (SA) hazard curves were generated for Addis Ababa from
the current data as displayed in Fig. 6 that will allow the design
engineer to have a suit of options to consider. Mammo (2005)
attempted to calculate PGA values for an assumed earthquake of
magnitude 6.8 located at 25 km distance from Addis Ababa and
obtained 0.294 g, which is too small for the assumed distance and
magnitude which might have to do with unrealistic attenuation
equation. The hazard curves based on observed data as considered
in this study are more reasonable than the assumed calculation in
Mammo (2005).

5. Conclusions

This paper presents new probabilistic seismic hazard maps
produced from a state-of-the-art PSHA study conducted using the
classical Cornell McGuire approach for Ethiopia and neighboring
region. The PGA values for 10% and 2% probability of exceedance in
50 years in the spatial window of 0�N to 20�N latitude and 30�E to
50�E longitudes vary between 0 and 0.18 g and 0 to 0.35, respec-
tively. The hazard maps were produced for horizontal ground
motion at bedrock level. Investigations of the dynamic response of
the soil to strong motion will need to be carried out to determine
the effects of soil structure on the calculated bedrock ground mo-
tion. The evaluation of surface level PSHA is of very high impor-
tance in the engineering designwhich needs more characterization
on site conditions at least for economically important cities. As
developing earthquake hazard model is a process, incorporating
other hazard inputs like active faults, site effects, earthquake ge-
ology and other relevant data will improve the map and hence
further multidisciplinary investigations (e.g., logic tree consider-
ations) are required.
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Appendix
Potentially destructive earthquakes in the Horn of Africa Region that have been instrumentally recorded with magnitude Mw � 6.2.

No. Date Origin Time (GMT) Latitude Longitude Depth (km) Mag. (Mw) Place names

1 1845 02 12 12.25 39.00 10.0 6.5
2 1854 02 15 03:00 12.80 39.00 10.0 6.3
3 1903 06 04 14:56 02.00 31.00 10.0 6.4
4 1906 08 25 11:54 07.62 40.22 10.0 6.6
5 1906 08 25 13:47 07.41 40.81 10.0 6.8
6 1912 07 09 08:18 03.33 33.56 10.0 6.8
7 1913 09 16 11:56 06.00 36.50 10.0 6.2
8 1915 05 21 04:18 06.00 31.00 10.0 6.6
9 1915 09 23 08:14 14.48 38.68 10.0 6.8
10 1919 06 30 07:26 05.58 36.72 10.0 6.5
11 1928 01 06 19:31 00.34 35.86 15.0 6.8
12 1928 01 10 02:25 00.38 35.41 15.0 6.2
13 1937 11 30 12:57 04.93 36.67 10.0 6.8
14 1938 09 27 02:31 10.45 40.30 15.0 6.3
15 1950 08 02 13:50 14.52 39.72 15.0 6.2
16 1955 09 04 22:12 01.80 30.60 10.0 6.3
17 1960 07 14 18:39 07.00 37.50 10.0 6.3
18 1961 03 11 08:41 11.65 43.06 10.0 6.2
19 1961 06 01 23:29 10.46 39.71 12.0 6.5
20 1961 06 02 04:51 10.16 39.76 10.0 6.2
21 1961 11 12 02:15 00.60 29.50 10.0 6.3
22 1967 03 28 02:41 19.90 38.70 12.0 7.2
23 1977 12 28 02:45 16.54 40.32 13.0 6.6
24 1982 12 13 09:12 14.64 44.30 12.0 6.2
25 1987 10 25 16:46 05.35 36.85 15.0 6.2
26 1989 08 21 01:09 11.78 41.82 13.0 6.4
27 1990 05 20 02:22 05.14 32.18 15.0 7.2
28 1990 05 24 19:34 05.36 31.94 10.0 6.4
29 1990 05 24 20:00 05.30 31.89 16.0 7.0
31 1990 07 09 15:11 05.36 31.67 13.0 6.2
32 1992 03 05 08:55 11.47 42.86 07.0 6.2
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