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Abstract Tsunami extreme events present a highly sig-
nificant hazard and considerable risk to the coastal com-
munities. The continued occurrence of tsunami inci-
dents, together with population growth, increases the
risk in coastal communities. Two known catastrophic
historic tsunamis in Alexandria occurred in the years
365 and 1303 AD, with reported wave heights of 1 m
and 2.9 m, respectively. Approximately 5000 people
lost their lives and 50,000 homes were destroyed in
the city after the earthquake in 365. The 1303 tsunami
destroyed the great lighthouse of Alexandria, one of the
seven wonders of the ancient world. In order to avoid
such events in the future, a detailed knowledge about the
tsunami phenomenon and its potential risk is needed. In
this paper, the vulnerability and risk to the city of Alex-
andria will be examined by remote sensing and GIS
techniques considering three scenarios. Methodology

used depends on building a comprehensive GIS in ad-
dition to recent satellite images. After digitizing raster
data, it was then stored into a vector format. A digital
parcel map was created; attributes (like distance to shore
line, elevation, land use/cover, and population) for each
polygon were added. Using the Shuttle Radar Topogra-
phy Mission images, a digital elevation model was
created, to test all the tsunami scenarios (based on 5 m,
9 m, and 20 m wave’s height). Finally, vulnerability
analysis including physical as well as social and eco-
nomic constraints was executed for the determination of
the vulnerability level of elements. Results indicated
that Alexandria city is highly vulnerable to tsunami
hazard. Very high risk covers the biggest portion of the
area in Alexandria (49.16% and 58.71%), followed by
high risk (30% and 28.41%), medium risk (13.61% and
7.76%), and low and very low risk (20.82% and
12.88%).

Keywords Tsunami . Hazard . Vulnerability . Risk
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Introduction

Tsunami as one of the worlds’ largest catastrophic phe-
nomenon forms major geomorphic crises, causing
changes of coastal lines, beach erosion, and sediment
transport inshore and offshore only in a very short time
and over hundreds of coastal kilometers (Samaras et al.
2015; Camilleri 2006; Dawson and Stewart 2007). It has
dramatic and destructive effects on the population and
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the coastal environment (Wood et al. 2014). Polonia
et al. (2013) and Yolsal-Cevikbilen and Taymaz (2012)
defined tsunami as follows: BA tsunami is a very large
ocean- or sea-wave triggered by various large-scale
disturbances of the ocean floor such as submarine earth-
quakes, volcanic activities or landslides.^

Alexandria is a major city in Egypt and the first port
of the country accommodating around 5 million people
as a permanent residence and hosting around a million
national guests during the summer season. In addition, it
hosts about 40% of the national industry and 50% of the
petroleum industry (Frihy et al. 1996). The city lies
between two ridges nearly parallel to the seashore with
a maximum elevation of 12 m. Most of the city residen-
tial areas lie on lowland (about one to two meters above
sea level). The coast of the city has been extended
according to unsustainable coastal development to reach
around 50 km nowadays. Most of the city is developed
in the narrow coastal areas (El-Barmelgy 2014).

Alexandria city is built on an elevated narrow ridge
along the Mediterranean Sea and is exposed to several
risks like coastal erosion, earthquake, and flooding.
Informal areas house one third of Alexandria’s total
population, deteriorating buildings and infrastructure
in an old and dense part of the city and fast-unplanned
urban encroachment over agriculture zones (El-Raey
et al. 1997). While risks are growing, the official ability
for the city to control these risks is limited. Fast urban-
ization also adds a new factor increasing the city vul-
nerability. Urban components within Alexandria city,
which are most vulnerable to the impacts of risks and
future disasters, are (i) informal or slum areas, (ii) old
and deteriorating settlements and infrastructure, (iii)
new construction over low-elevated wetland areas, and
(iv) beach houses and roads along the coastline
(Ghoneem and Elewa 2013).

Study area

Alexandria city is the chief port of Egypt and is located
approximately between 30° 50′ to 31° 40′ north and 29°
40′ to 32° 35′ east. The city has a waterfront that extends
for over 70 km, from Abu-Qir Bay in the east to Sidi
Krier in the west, and includes a number of beaches and
harbors. It extends about (72 km) along the coast of the
Mediterranean Sea in north-central Egypt as shown in
(Fig. 1).

Methodology

Main data used for tsunami risk assessment were geo-
graphical information including bathymetry, elevation,
land use, socioeconomic conditions, and administration
and planning documents, in addition to satellite images.
The methods’ framework for this study consisted of
multiple major stages as illustrated in Fig. 2. Paper maps
of the topography were scanned and rectified into the
UTM (WGS 84) zone 35N projection. All needed geo-
graphic layers (like roads, canals, and administration
boundaries) were digitized from raster data then stored
into a vector format. A digital parcel map consists of
(216114) polygons was created; attributes for each poly-
gon were added as presented in Table 1. The second
stage is to create digital elevation model (DEM) that
derived from the Shuttle Radar Topography Mission
(SRTM) or ASTER GDEM images. Although the spa-
tial resolution for SRTM and ASTER is 30 m, it will not
be as accurate as using detailed topographical maps,
which used as a source of elevation to build DEM.

The next stage is the tsunami scenarios building
based on 5 m, 9 m, and 20 m heights of the tsunami
waves. Then, the tsunami-affected regions are examined
through the three proposed scenarios. The following
stage is the vulnerability analysis including physical as
well as social and economic constraints. This stage
began with the identification of the vulnerable parame-
ters or elements at risk (like population, buildings, in-
frastructures…) and determination of the vulnerability
level of the selected elements. Finally, the risk assess-
ment obtained from both estimated tsunami hazard and
the vulnerability level.

Hazard assessment

Hazard is represented by the inundation zone that is
produced by overlaying the land heights and the
wave height scenarios. The area between the shore-
line and the contour of the highest recorded tsunami
run-up describe the inundation zone (Papathoma
et al. 2003). The tsunami hazard is described by
Bthe maximum height of water observed above sea
level scale^ measured as either the elevation reached
by the water or the horizontal distance the wave
floods inland (inundation). The elevation reached
by water, i.e., vertical run-up will be used to mea-
sure tsunami hazard. Hazard was calculated using a
scenario-based approach. The maximum computed
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run-up height of about 9 m was found in Alexandria
on the Egyptian Coast (Jelinek et al. 2009). The
minimum estimated wave height of about 2 m was
found on the Western Egyptian Coast (Eckert et al.
2012). According to previous tsunami records, two

other inundation scenarios of 5 m and 9 m wave
height were assumed. So, two proposed scenarios
for tsunamis at Alexandria are the 5-m and 9-m
scenarios. The third scenario is of 20 m (worst case
scenario).

Fig. 1 Alexandria Governorate indicating the study area
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Vulnerability assessment

It includes physical vulnerability, socio-economic
vulnerability, and social vulnerability (González-
Riancho et al. 2014; El-Hattab 2015). These vulner-
abilities are combined together to produce the total
vulnerability. Thus, the summation of all obtained
factors defines the vulnerability of the chosen pa-
rameter. Five levels of vulnerability (very low to
very high) have been chosen for each vulnerable
parameter, and the very high value indicates the
most vulnerable.

a. Physical vulnerability

Buildings represent the main issue in physical vul-
nerability. Physical vulnerability affected by many fac-
tors influences the behavior of buildings against tsuna-
mi. Those factors include shoreline space (distance be-
tween building and shoreline), slope, and building
height (including floors numbers). Used physical factors
were illustrated in (Table 2).

b. Socio-economic vulnerability

Fig. 2 The research framework and analysis diagram for a tsunami risk assessment

Table 1 Database elements with corresponding description and
attributes

Element Description

Population Total population or population density

Gender Males, females, disabled people, children,
and elderly

Building height Building height will determine the damage
degree. Include short, medium, and tall
buildings

Building use The use of the building will determine the number
of people present in the construction in
different periods of time, contents, and the
value of the materials. Include residential,
institutional, commercial, industrial,
recreational, and others

Number of floors 1 floor–2 floors–3 floors–4 floors and more

Distance to the
shoreline

The proximity to the shoreline will determine
whether the building will be inundated, leading
to the collapse of the building

Height above the
sea level

The height above the sea level will determine the
degree of inundation and the level of damage

Land use Canals–lake–fishing
farms–urban–services–roads–railways

Land cover Vegetation cover–bare land
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Only vulnerability to direct damages will be numer-
ically computed for socio-economic features. In the
estimation of the land use vulnerability of buildings,
the importance increased in specific types, like public
buildings, health facilities, and others (hospitals,
schools, residential, etc.) as seen in Table 3.

c. Social vulnerability

Social vulnerability reflects how Alexandria city is
vulnerable in terms of population, gender, children,

aging, and immobilized people. The larger the popula-
tion in one region, the greater the difficulties for evacu-
ation and higher potential number of victims if a tsunami
occurs in that region (Papathoma et al. 2003). The
population number, therefore, serves as an indicator of
the extent of the social impact within the study area.
Moreover, gender issue has always been considered as a
vulnerable parameter to take account of. Female victims
exceeded males, as they tended to place the rescue of
their children. Females burdened with their children also
tired quickly and drowned more easily (Levy and
Gopalakrishnan 2005; Reese et al. 2007). It is also
suggested that females may have less capability to im-
prove quickly after the hazard because of family care
responsibilities (Cutter et al. 1997; Cutter et al. 2003). In
addition, children and old age people are vulnerable to
the power of tsunami waves.

Resilience

Dickson et al. (2012) define resilience as Bthe ability of
any system to accommodate pressures like climate im-
pacts, while still maintaining its function.^ In addition,
Prasad et al. (2009) indicate that resilience is influenced
by the excellence of urban governance and the level of
infrastructure and services provided by the government.
The varied levels of resilience demonstrated between
urban districts in the Alexandria city are correlated to
different levels of physical vulnerability and varied so-
cioeconomic conditions. Five variables are integrated
into the proposed composite index, including urbanized
area vulnerable to tsunami, vulnerable population size,
unemployment, demographic conditions (represented in
demographic dependency ratio, annual people growth,
and household density), health, education, and salary

Table 2 Physical vulnerability parameters

Parameter Vulnerability Scale

Distance from the shoreline

< 600 m Very high 5

600–800 m High 4

800–1000 m Medium 3

1000–1200 m Low 2

> 1200 m Very low 1

Height above the sea level

< 1 m Very high 5

1–2 m High 4

2–3 m Medium 3

3–4 m Low 2

> 4 m Very low 1

Building height

< 5 m Very high 5

5–10 m High 4

10–20 m Medium 3

20–40 m Low 2

> 40 m Very low 1

No. of floors

< 3 Very high 5

3–5 High 4

5–7 Medium 3

7–10 Low 2

> 10 Very low 1

Slope

< 1% Very high 5

1–2% High 4

2–4% Medium 3

4–6% Low 2

> 6% Very low 1

Table 3 Socio-economic vulnerability parameters

Parameter Vulnerability Scale

Building type

Residential–health–educational Very high 5

Governmental–authorities–religious Medium 3

Commercial–recreational–tourism Low 2

Land use

Roads–railways–services Medium 3

Fishing farms Low 2

Canals–drains Very low 1

Urban Very high 5
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levels in the community. All the mentioned variables
were normalized except the HDI as it is already stan-
dardized. The index ranges between zero and one
reflecting the highest and the lowest level of resilience,
respectively.

Tsunami risk

The final goal of this study was to assess and map the
risk of the tsunami hazard for the physical, social, socio-
economic, and coastal infrastructure in Alexandria. The
total risk could be calculated according to the following
equation (UKAID 2015):

Risk totalð Þ ¼ hazard

� vulnerability=resilience Rð Þ ð1Þ
Results and discussion

The results of the tsunami risk assessment for this study
consisted of three major stages: (i) hazard assessment,
including tsunami potential assessment; (ii) vulnerabil-
ity assessment, including physical and socio-economic
vulnerabilities; and (iii) risk assessment.

Tsunami hazard assessment

While a tsunami is a low probability event, three
proposed scenarios were used to characterize the

tsunami hazard, the scenario of a 5-m and 9-m
run-up. Inundation maps indicate flooded places af-
ter the tsunami. The classifications of the inundation
zones are divided into five classes (levels of inun-
dation) (from Bvery low^ to Bvery high^). Hazard
level and its description of these scenarios were
conducted. The various tsunami inundation maps
for 5 m and 9 m are illustrated in Fig. 3.

For the 5-m scenario as seen in Fig. 3, the
sectors with the highest inundation (red color) are
located in Abu Qir area in addition to Lake Mariout
and its surrounding with elevation − 4 m. The
western part of Alexandria including the sectors
Karmouz and Mina El-Basal existed in a medium
hazard exposure (yellow color) since the percentage
of the inundated surface area and the population
density is higher than in other sectors. In addition,
El-Montazah, El-Raml, Moharam-Bek, and El-
Gomrok rank in the middle regarding exposure.
El-Agami and Hanoville lie in the high hazard zone
(orange color). All other sectors, which comprise
small parts of inundated areas, have the low and
very low hazard (green to dark green). For the 9-m
scenario, the high hazard level is presented in El-
Montazah, Sharq sectors, and some parts of Ad-
Dekheila area. Small areas in Amereya and the
south of Ad-Dekheila lie in the low hazard zone.
All other areas of Alexandria are exposed to the
very high hazard.

a b
Fig. 3 The hazard map of Alexandria city. a 5-m run-up scenario. b 9-m run-up scenario
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Vulnerability assessment

The challenge of reducing the vulnerability of coastal
areas to tsunamis has been widely identified and
discussed in all communities, governmental and scien-
tific (Nguyen and Imamura 2017). The vulnerability
assessment helps the decision makers to know tsunami
generation mechanism and propagation, as well as of
organizational responses such as evacuation procedures
and dissemination of tsunami warning, thus put the
effective plans for preventing catastrophes. The vulner-
ability assessment is a function of a number of physical
and socio-economic parameters (Middelmann and
Granger 2000). In this study, five factors, namely dis-
tance from the shoreline, building height, ground eleva-
tion, and slope, were used in estimating physical vul-
nerability. Physical vulnerability parameters were col-
lected from 215,919 buildings. Their attributes and spa-
tial data were added and integrated into the GIS. The
distance from shoreline parameter was calculated for
every building/building block. The analysis showed that
36.81% of Alexandria buildings lie within 1000m of the
shoreline and is therefore vulnerable to tsunami waves.
About 63.19% of buildings lie within 1200 m of the
shoreline and therefore making them mostly not vulner-
able. In addition, based on the ground elevation factor,
20% of the Alexandria city is vulnerable to tsunamis as
it is a very flat area close to the shoreline and below 4 m
elevation. Based on the slope factor, it can be seen that
about 18.10% of areas have a gentle slope (< 2%) and
are thus mademore vulnerable to tsunamis based on this
factor. Moreover, the building height is an important
factor in physical vulnerability, as higher buildings
could help vertical evacuation. Also, less than three-
story buildings (62.88%) are more vulnerable to tsunami
impact than four- to ten-story buildings (31.17%) be-
cause of their height. The physical vulnerability factors,
represented as raster layers overlaid to obtain a
Bphysical vulnerability^ layer. Overlay depends on the
sum of all values, which classified into the final vulner-
ability classification scheme of five classes.

It is clear that the most vulnerable land use types to
tsunami waves were residential; educational for about
73.11% and 12.25% of land use in Alexandria has very
high and high vulnerability, respectively, while 7.72%
of the land use type was located in tsunami low and very
low vulnerable areas. Bare land is potentially safe from
tsunamis, as it has higher elevation and is far away from
the coast, while most of the agriculture is highly

vulnerable to tsunamis, due to their locations in low-
lying flat areas and near the coast. About 49.24% of land
cover type lies were highly vulnerable to tsunami waves,
and 48.76% of land cover types have a low and very low
vulnerability to the tsunami.

Also, it can be notice that very high vulnerability
existed in El-Montazah district (9.68%) because of a
high percentage of both populations (48.87%) and chil-
dren and aged people (46.58%). High vulnerability
existed in Amereya district (18.88%) as total population
(20.46%), females (21.22%), and children and aging
people (26.72%) are high. Medium vulnerability existed
in Wassat district (38.63%) because of a moderate num-
ber of females (12.96%), children, and elderly people
(9.91%). Low vulnerability existed in Sharq, Gharb, and
Borg Al-Arab districts (18.37%) as females (49.68%,
5.1%, and 0.52%), children, and elderly people (6.96%,
3.46%, and 5.32%) are low. Very low vulnerability
existed in Gomrok district (14.44%) as females
(2.09%), children, and old people (1.05%) are very low.

The final physical, social, and economic vulnerabil-
ity layers, represented as raster layers, overlaid to pro-
duce a Btotal vulnerability^ layer (Fig. 4).

Resilience index

The resilience methodology represents a combined and
integrated structure for the restoration process following
disasters like tsunami. Under given resilience parameter
values, a resilient system is able to recover and be
supported within a defined recovery period; otherwise,
it is a non-resilient system (Mebarki et al. 2014). A
composite resilience index was proposed to indicate
the resilience of Alexandria to highlights variations in
resilience between the various urban centers (Table 4).
Resilience index of various urban districts in Alexandria
city under tsunami proposed scenarios (5 and 9 m) were
illustrated in Table 4.

Risk assessment

Appropriate risk assessment and tsunami vulnerability
are essential for the identification of the unprotected
areas and the most vulnerable components and societies.
They allow recognizing suitable site-specific risk man-
agement strategies and measures, thus enabling to typ-
ical disaster risk reduction through development of pol-
icies, plans, and programs to preventing, mitigating, and
reducing vulnerability (Aguirre Ayerbe et al. 2018).
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The tsunami risk was calculated using a risk matrix
relating the hazard and vulnerability (Table 5)
(PREVIEW 2005). The resultant risk map accuracy is
highly dependent on its individual component accuracy
(hazard and vulnerability). Any increase or decrease of
each element will influence the risk value. The tsunami

Fig. 4 Vulnerability map of Alexandria city

Table 4 Resilience index of various urban districts in Alexandria
city under tsunami-proposed scenarios

District Resilience index

5-m scenario 9-m scenario

Montazah 0.14 0.0400

Sharq 0.19 0.0556

Wasat 0.34 0.1183

Gomrok 0.28 0.0702

Gharb 0.29 0.0733

Amereya 0.05 0.0871

Borg Al-Arab 0.25 0.1393

Total 0.22 0.0834

Table 5 Building risk level and corresponding description
(PREVIEW 2005)

Building risk Description

Very low Expected damage is limited

Low Damage to all buildings except concrete ones

Medium Damage to light constructions and old buildings

High Damage to most of buildings and damage is huge

Very high Dangerous for all
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Fig. 5 The risk map of
Alexandria city
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risk analysis carried out for the 5-m and 9-m scenario
result is demonstrated in Fig. 5.

Results showed that although some factors generally
show decreasing vulnerability and therefore risk, the
combination of other factors causes a different pattern.
Results indicated that Alexandria city is highly vulner-
able to tsunami hazard. Very high risk covers the biggest
portion of the area in Alexandria (49.16% and 58.71%),
followed by high risk (30% and 28.41%), medium risk
(13.61% and 7.76%), and low and very low risk
(20.82% and 12.88%), (Fig. 6). The building risk level
is shown in four different categories low to very high,
(Table 6), (PREVIEW 2005).

Figure 7 illustrates the buildings at risk in Alexan-
dria. According to the 5-m scenario, the city’s buildings
of small heights (1–2 m) and the other low-elevated
areas were threatened by being completely wiped out.
Under the 9-m scenario, several city sectors are to suffer
being high-risk areas, triggering the estimated need of
completely evacuating the city to nearby highland areas.

The majority of the coastal buildings are residential
(high population density) highlighting the potential

consequences of a tsunami could be severe. The tsunami
risk for buildings for the 5-m and 9-m scenarios showed
that more than 42.93% and 48.95% respectively of the
buildings are in zone Bvery high risk.^

Conclusions

The tsunami risk assessment process, beginning with
tsunami hazard identification, followed by vulnerability
is described. A number of layers (e.g., elevation, dis-
tance, population, land use…) were prepared to create a
tsunami vulnerability, and risk maps were prepared for
three selected scenarios of 5 m, 9 m, and run-up height
in the districts of the city of Alexandria.

It is well known that different coastal areas have
different conditions, which make the coastal area more
or less vulnerable to tsunami hazards. Moreover, the city
of Alexandria is highly populated, the tsunami risk no
prevented, and the damage degree could be severe un-
less actions are executed like establishing Mediterra-
nean region early warning system.

%26.7%8
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Fig. 6 A comparative graph of
the risk assessment for Alexandria
city

Table 6 Tsunami risk level matrix (El-Barmelgy 2014)

Vulnerability Hazard

Very Low Low Medium High Very High

Very Low 1 × 1 = 1 1 × 2 = 2 1 × 3 = 3 1 × 4 = 4 1 × 5 = 5

Low 2 × 1 = 2 2 × 2 = 4 2 × 3 = 6 2 × 4 = 8 2 × 5 = 10

Medium 3 × 1 = 3 3 × 2 = 6 3 × 3 = 9 3 × 4 = 12 3 × 5 = 15

High 4 × 1 = 4 4 × 2 = 8 4 × 3 = 12 4 × 4 = 16 4 × 5 = 20

Very High 5 × 1 = 5 5 × 2 = 10 5 × 3 = 15 5 × 4 = 20 5 × 5 = 25

Risk range: very low (1), low (2–4), medium (5–9), high (10–16), very high (17–25)
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a

b

Fig. 7 The buildings at risk in
Alexandria city. a 5-m scenario. b
9-m scenario
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Both GIS layers in addition to recent satellite images
were used to create digital parcel map; attributes for
each polygon were added. DEM layer created using
SRTM images was used to test all the tsunami scenarios
(based on 5 m, 9 m, and 20 m wave’s height). Results
indicated that Alexandria city is highly vulnerable to
tsunami hazard. Very high risk covers the biggest por-
tion of the area in Alexandria (49.16% and 58.71%),
followed by high risk (30% and 28.41%), medium risk
(13.61% and 7.76%), and low and very low risk
(20.82% and 12.88%).

Therefore, it recommended reducing the risk of tsu-
nami damage by building sea breakwaters and designing
tsunami-resistant buildings. Other actions include land
use, building zoning, relocation, and emergency pre-
paredness for coastal communities. Also, raise public
awareness for the community and understand the char-
acteristics of the tsunami hazard, evacuation signs, and
routes, training materials (pictures, maps, question-
naires, and workshops). In the meantime, strategic plans
have to be implemented including land use proactive
planning, inundation management plans, reduction of
vulnerability, and increase coastal community resil-
ience. Early warning systems are vital because people
are warned to take action before the tsunami occurs.
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