
Mashael M. Al Saud   Editor

Applications 
of Space Techniques 
on the Natural Hazards 
in the MENA Region



Applications of Space Techniques on the Natural
Hazards in the MENA Region



Mashael M. Al Saud
Editor

Applications of Space
Techniques on the Natural
Hazards in the MENA Region



Editor
Mashael M. Al Saud
Space Research Institute
King Abdel Aziz City for Science and
Technology (KACST)
Riyadh, Saudi Arabia

ISBN 978-3-030-88873-2 ISBN 978-3-030-88874-9 (eBook)
https://doi.org/10.1007/978-3-030-88874-9

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Switzerland
AG 2022
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by
similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-88874-9


Preface

Natural hazards, and the resulting catastrophism, are the result of naturally occurring
processes that have been operating throughout Earth's history. They became wide-
spread physical processes that often strike many regions of the globe. They usually
occur in places with frequent natural risk, but they sometimes suddenly occur in
regions which have never witnessed such disastrous processes. Lately, natural
hazards have attracted more attention, because of threats from naturally occurring
events, and thus leaving negative impact on humans and the environment severely
destructed; therefore, there arise consequences in many communities, notably those
with weak risk controls as well as poor societies. The majority of natural hazards
implies floods, ocean storms, landslides, forest fire, earthquakes, volcanoes, and
other aspects of natural disasters. Many of these hazards are characterized for defined
regions, and even their impact can be predicted in those regions.

Recently, natural hazards have been exacerbated with obvious increase in their
impact, and this is attributed to several factors, including mainly the changes in the
climatic conditions, notably the extreme climatic events, as well as the urban
expansion which increases the exposure to more damages and loss in human life.
Over the last two decades (2000–2020), there were more than 7400 major recorded
disaster events claiming more than a million lives, affecting more than a billion
people, and resulting in more than three trillion US dollars in global economic losses,
where a large part of these events is attributed to the natural disasters.

Natural hazards are well pronounced in the Middle East and North Africa
(MENA) Region. Over the past four decades, these disastrous events have affected
more than 40 million people in the MENA Region and cost their economies about
US$ 20 billion. In the MENA Region, there is rapid urbanization, which increases
the exposure of people and economic assets to disaster events. Besides, there are
many projects applied to reduce and mitigate the impact of the hazards. These
projects have been based on scientific studies done to identify the main factors
behind natural hazards, and to apply assessment and then to propose the best
measures required. Thus, many methods and models have been adopted to determine
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the vulnerable zones for natural disasters. However, the applied methodologies differ
between the applied studies, notably when diverse tools are used.

As reliable and effective tools for studying natural hazards, remote sensing
techniques have been lately raised and proved their reliability in natural risk man-
agement approaches. These techniques are being rapidly developed with the success
of technological industries; therefore, they enable capturing observations for Earth's
surface from different altitudes and at different time periods. Thus, a miscellany of
observatory satellite images and other space techniques are processed to study
natural hazards, including their vulnerability and assessment, and propose risk
controls. The advancement of space techniques in the field of natural hazards is
worth mentioning, and they must be highlighted as major tools for risk analysis.

This motivated the author to develop this book document on the applications of
space techniques in the study of natural hazards in the MENA Region, notably this
region is considered as a global hotspot for natural disasters. Furthermore, there are
many outstanding scientists from the MENA Region who work on the applications
of space techniques in different themes, with a special emphasis on natural risk
analysis. Therefore, the assembly of several topics obtained by these scientists, the
case of this book, will introduce a distinguished volume that highlights the issue of
natural disasters.

Due to its significance, this book is a first of its type on the use of space
techniques on natural hazards. It is composed of 26 chapters where topics (i.e.,
types of natural risks) are crossed with different geographic zones from the MENA
Region. It includes three main parts, starting with the introductory part on applica-
tion of space techniques on the entire MENA Region, then the second part that
illustrates different case studies applied also to the whole MENA Region, and,
finally, the third part that reveals case studies from different countries in the region,
where it has been classified into different themes, including comprehensive assess-
ment of natural hazards, floods, drought and desertification, landslides and subsi-
dence, and different aspects of natural hazards.

The author is aiming to introduce this book for a spectrum of audiences including
scientific researchers and academics, experts and decision makers, university and
research centers, as well as national institutes concerned with natural risk manage-
ment.

Riyadh, Saudi Arabia Mashael M. Al Saud
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Chapter 1
Space Techniques for Earth Observation

Mashael M. Al Saud

Abstract Features on Earth’s surface remained undiscovered for long time and the
interlinkage between these features was undefined until human was initiated conven-
tional tools to figure out all these feature in one view from above. Thus, space
techniques have been created with simple launching of sensors and cameras at heights
to observe all objects on Earth’s surface. This has been developed from low-flight by
airplanes to space shuttles that can turn around the Earth along define orbital rotation.
Therefore, the era of Remote Sensing has been existed since early 1990s, and tens
thousands of these space shuttles, represented mainly by satellites, are rotating and
capturing data on different themes required to be investigated. There are numerous of
Land Observatory satellites retrieving daily images from hundreds of kilometers above
Earth’s surface and then transmitting these images for to receiving station which
became widespread. Recently the use of space techniques in studying Earth’s features
has been rapidly developed, and the remote sensing techniques and its complimentary
geo-information systems are new tools implied in many institutions and they became a
primary tool for the management of Earth’s resources. These tools have a wide
spectrum of applications, on terrestrial and marine environments, including mainly
the monitoring approaches, resources assessment, change detection, natural hazards
assessment. This chapter will demonstrate a detailed discussion on these techniques
with a special emphasis on satellite images and their specifications.

Keywords Satellite image · Polar orbit · Spatial resolution · Geo-spatial data · GIS

1.1 Concepts and Definitions

Natural resources, environment, infrastructure as well as human are usually under
natural risks which is resulted in severe damages and destruction of major compo-
nents on Earth’s surface. Traditional methods for the analysis of these risks has been
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initiated since few centuries when urbanism has taken place over wide geographic
areas and the number of natural risks have been exacerbated.

Primarily, maps were utilized along with field surveys and investigations and
accompanied with laboratory tests. Thus, people has long identified the importance
and value of maps in several topics notably those belong to surficial processes on
Earth’s surface. In fact, the history of mapping can be referred to some thousands of
years ago, and this remained until the last few decades when maps production was
following traditional methods of cartography. These methods were primitive
whether in terms of the acquirement of data and information on terrain surfaces
and the existing processes or in the ways by which these maps were drawn.

Nowadays, mapping is represented mainly by topographic maps (i.e. base maps)
or charts, which are characterized by large-scale dimensions and variety of quanti-
tative representation of vertical and horizontal features of terrain surface that are
illustrated as contour lines (i.e. virtual lines with equal elevations). These maps were
primarily extracted from aerial photos that are acquired by aircraft or by any
low-flight shuttles. Aerial photos, which have a miscellany of specifications and
are interpreted by stereoscopic analysis, represent the beginning of Remote Sensing
era when the first recorded photograph was taken from an airplane by Wilbur Wright
in 1909. This led to the development of science of photogrammetry which enables
applying analysis and measurements for the Earth’s surface.

Recently, stereoscopic photographs and satellite images can produce topographic
maps with high accuracy, and then enabling the extraction of thematic information in
order to apply several calculations and analysis on the topographic maps. Therefore,
satellite remote sensing has been used for topographic mapping purposes since the
launch of ERTS-1 in 1972 (Dixon-Gough, 1994).

Recently, the use of space techniques has become a common tool in many regions
and they are applied for different applications, including natural resources and
surficial processes. In a broad sense, these techniques tackle the processing of digital
(i.e. electronically produced) satellite images and remotely sensed products, which
are significant instruments used to draw maps, identify, analyze and measure the
observable terrain features that are reflecting several natural and anthropogenic
processes (Al Saud, 2020).

The following are significant definitions belong to space techniques including
their specifications and applications:

– Remote Sensing (RS): It is recently described as a science of exploring and
monitoring Earth’s components from space. It is therefore, the process for
detecting and monitoring the physical characteristics of the objects on Earth’s
surface without physical contact with these objects. RS depends mainly on
measuring the reflected and emitted radiation on Earth’s at a distance (typically
from satellite or aircraft).

GIS: The Geographic Information System is computer-based system of hardware
and software capable to display and manage information about geographic localities,
analyze spatial relationships, and model spatial processes.

4 M. M. Al Saud



– Temporal resolution: The frequency at which images are captured over the same
location on the earth’s surface.

– Sensors: A device (e.g. camera) mounted on satellite to collect data by detecting
the energy that is reflected from Earth.

– Pixel: is a physical point in a raster image, or the smallest controllable element of
a picture represented on the screen.

– Digital number (DN): It is a variable assigned to a pixel where it represents a
binary integer in the range of 0–255 (i.e. a byte). Thus, a single pixel may have
several digital number variables corresponding to different bands registered.

– Raster image: Is a pixel-based image, called also a “bitmap“, where the latter is a
grid of individual pixels that collectively compose an image.

– Vector image: This refers to vector graphics are based on mathematical formulas
that define geometric primitives such as polygons, lines, curves, circles and
rectangles.

– Radar: Acronym for radio detection and ranging. A device or system that detects
surface features on the earth by bouncing radio waves off them and measuring the
energy reflected back.

– Space shuttle: A space Transportation System, partially reusable rocket-launched
vehicle designed to span into orbit around Earth. It often carry sensors, human or
cargo.

1.2 Space Techniques

There are different types of space techniques where sensors are mounted of plat-
forms or shuttles forming satellites that travel in space and follow define orbital
turns. Up to date, there are more than sixty thousand satellites have been lunched to
the space around the Earth, and many of them are now non-functional.

Thus, there are the communication and land (or Earth) observatory satellite
images where the first is concerned in the communication purposes (e.g. radio,
TVs, GPS, etc.), while the observatory satellites are acquiring images to the Earth’s
surface including the marine and terrestrial environments. For the latter, it has been
assigned as the science of “Remote Sensing“which has a wide spectrum of applica-
tions and it is being rapidly developed.

Satellites follow two orbiting traverses; these are either polar or geostationary
orbiting. Hence, meteorological satellites and most of the communication satellites
follow the geostationary orbit, while land observatory satellites travel along the polar
orbit (Fig. 1.1).

Therefore, Remote Sensing is the process of geo-spatial data acquisition from
satellites, aircraft, and lately drones, etc. therefore, satellite images, aerial photos,
thermal images, Digital Elevation Models (DEMs), etc. are produced. The acquired
geo-spatial data is derived from the electro-magnetic radiation (EMR) which is
reflected and emitted from the objects, with different physical characteristics, on
Earth’s surface. Even though, the flight characteristics of the platforms are
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significant for the resolution of the acquired geos-spatial data, yet sensors on
satellites are the most significant in this respect.

This electromagnetic energy, as electric and magnetic disturbance, propagates in
media (e.g. atmosphere) and spans a broad spectrum from very long radio waves to
very short gamma rays. The electromagnetic spectrum is classified by wavelength
that ranging from 10 to 10 mm to cosmic rays up to 1010 mm, and the broadcast
wavelengths, which extend from 0.30 to 15 mm.

Two types of remote sensing sensors are known to acquire the electromagnetic
radiation. They are the passive (optical remote sensing) and the active (microwave,
or radar) sensors. Passive sensors detect the naturally radiation reflected or emitted
by the objects on Earth’s surface, whereas active sensors transmit their own energy
for illumination which is directed toward the target to be identified, and then it
capture the reflected radiation reflected from that target.

Remote sensing can be classified with respect to the type of radiation captured by
sensors and the ranges wavelengths, as follows:

– Visible and Reflective Infrared RS,
– Thermal Infrared RS,
– Microwave (or radar) RS.

Sensors on platforms have different optical and spectral specifications, one of them
is the altitude above Earth’s surface, as well as the time needed to complete a turn
around the Earth. The most known platforms are: 1) satellites (altitude:
500–900 km), 2) space shuttle (altitude: 185–575 km), 3) high-latitude flying aircraft

Fig. 1.1 Polar and geostationary orbiting satellites
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(altitude: 10–12 km), 4) moderate-latitude flying aircraft (altitude: 1.5–3.5 km) and
5) low-latitude flying aircraft (with altitude below 1 km).

The first lunched remote sensing satellites, namely Sputnik, 1957; Explorer, 1958
and Corona, 1960 have been widely used and many innovative techniques were
developed since then. Thus, remote sensing has a very wide range of applications in
many different fields including (but not limited) water resources, marine environ-
ment, coastal zones management, agricultural, natural hazards, change detection and
monitoring, marine pollution, etc.

Satellite remote sensing is a wide topic with many applications, including solid
earth science, physical oceanography, land/ocean biology, cryosphere science,
atmospheric science and near-earth space science. There is a vast array of passive
and active sensors currently in orbit around the Earth providing a wealth of remote
sensing products that are transformed into information using a variety of techniques
and tools. Learning the entire field would require studying perhaps a dozen books on
the topic. Physical principles of remote sensing: third edition does not attempt to
cover all these tools and applications but instead exposes the basic physics and
chemistry underlying remote sensing methods (Sandwell, 2013).

1.3 Satellite Images

First aerial photograph was simply practiced from a balloon flew over Paris in 1858.
However, the produced aerial photograph was no longer exist, and then the earliest
surviving aerial photograph, which was taken also from a balloon and entitled
“Boston”, was taken in 1860. Therefore, photography and photogrammetry have
been rapidly developed, and then widely used notably for the military purposes
during World Wars I and II.

Photography, as the beginning of remote sensing, proved to be a significant tool
for visual interpretation and the production of analog maps. However, the develop-
ment of satellite platforms during 1950s, the associated need to telemeter imagery in
digital observation, and the need for consistent digital images have given the chance
for the development of sensors as a fundamental format for the capture of remotely
sensed data.

Nowadays, several satellite systems are in operation in collecting images that is
subsequently distributed to users. Each type of satellite data offers specific charac-
teristics that make it more or less appropriate for a particular application (Eastman,
2001).

Usually, identifying the specifications of a satellite image is significant, they are
often determined as a first step forward while determining the tools of analysis in
studies and projects. In this regard, many specifications characterize satellite images.
We illustrate the most significant one as follows (according to Al Saud, 2020):

1 Space Techniques for Earth Observation 7



1. Spatial resolution:

The pixel size recorded in a raster images is described as “spatial resolution“. Where
the pixel is the smallest controllable element of a picture represented on the screen.
Hence, the pixel size enables distinguishing features, and then the pixel in satellite
images controls the clarification and discrimination of objects on Earth’s surface. In
this regard, the compound remote-sensing system is significant, including lens
antennae, display, exposure, processing and many other specifications to achieve
well recognizable image.

Images with low-resolution are characterized by large pixel size where they do
not show objects as clearly as in high-resolution images. Hence, satellite images,
from different sensors, have different spatial resolution (example Fig. 1.2) that
ranges from tens of centimeters (e.g. Geo-Eye, 41 cm; Quick-bird, 61 cm) up to
few of kilometers (e.g. NOAA, AVHRR, 4 km).

2. Spectral resolution:

Spectral resolution is defined as the band range or band width reported by the sensor.
Thus, it is the ability of a sensor to highlight fine wavelength intervals. Therefore, the
finer the spectral resolution, the narrower the wavelength range for a particular
channel or band. For example, the satellite image of Landsat sensor has seven bands,
some of them are in the infrared spectrum, where the spectral resolution ranges
between 0.7 and 2.1 μm. Besides, the satellite image of Aster sensor has 14 spectral
bands where 3 of them are in the visible range and 11 in the infrared range.

3. Revisit time:

This is also the return rime, or it is often described as the temporal resolution of the
image where it is attributed to the temporal frequency of sampling by repeat imaging.
In other words, it is defined as the time needed by the satellite to comeback over the
same point on Earth’s surface. The revisit time turn depends on the orbitography of
the platform or satellite on which the sensor is mounted. In addition, most of the
Earth observation satellites having quasi-polar orbits, thus the frequency of revisits is
also depending on the latitude of the area of study. Therefore, it is important for
remote sensing element, notably in mapping and monitoring approaches.

The temporal resolution (or revisit time) on the satellite image does not belong to
its spatial or spectral resolution. For example, Landsat (30 m) and Aster (15 m)
require 16 days to make one turn around the Earth, while the revisit time of Spot-6
(6 m) is 26 days.

4. Swath width:

Swath width describes the area imaged on the Earth’s surface. Thus, it is the areal
coverage that sensors can viewed and imaged, and then capture settled image size,
which is called as “image scene”. Hence, in aerial photogrammetry, swath width
mainly depends on flight altitude type; nevertheless, the altitude has no essential
effect in swath width for images retrieved by satellites which it depend mainly on the
specifications of the sensor (Al Saud, 2020).
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Fig. 1.2 Satellite images with different spatial resolution (Spot-5 with 5 m and Quick-bird with
0.61 m; the Quick-bird image is indicated in the white frame above in the Spot image)
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Even though, it is not often the case, yet many satellite images with big swath
width are found with low spatial resolution; in spite that swath width and image
resolution have no relationship. For example, a Sentinel-1 image has a swath width
of 80 � 80 km, while it is 60 � 60 km for Aster and Spot-7 satellite images.

In this regard, image specifications, especially those acquired by satellites, are
significant prerequisite for the selection of an image to be analyzed as shown in
Table 1.1.

1.4 Satellite Image Processing

The available digital raster images of spectral reflectance data is resulted from the
solid state multispectral scanners and other raster input devices. The advantage of
having these digital data implies enabling to apply computer analysis techniques to
the image data-a field of study called Digital Image Processing (Eastman, 2001).
Thus, the efficiency of satellite images is mainly based on their optical and spectral
specifications which are significant in the assessment and study of different terrain
themes including mainly monitoring approaches, natural hazards assessment,
change detection, etc.

For example, observing Earth’s surface from space using by Ikonos satellite
images enables clearly distinguishing objects with approximately 0.82 � 0.82 m
area, and this is more likely to observe these objects from about100 m altitude. This

Table 1.1 Example of commonly used land observatory satellite images.

Satellite
No of
Bands Spatial resolution

Revisit
time

Swath width
(km)

Worldview-4 6 0.31m 1.7 days 13.1 � 13.1

Geo-eye 5 0.50 m 2.8 days 15.2 � 15.2

Kompsat-6 6 0.50 m 28 days 30 � 30

Quick-bird 5 0.61 m 1–3 days 16.5 � 16.5

IKONOS 5 0.82 m 3 days 11.3 � 11.3

Rapid-eye 5 5 m 5.5 days 77

Sentinel-1A 13 5 m 6 days 250

SPOT-7 4 1.5 m 26 days 60 � 60

Aster 14 15 VNIR, 30 m SWIR, 90 m
TIR.

16 days 60 � 60

IRS 1D 4 23 m 5 days 70 � 142

Landsat 7 ETM
+

8 30 m, 120 m thermal, 15 m pan 16 days 183 � 183

Landsat 8
OLI-TIRS

14 30 m, 100 m thermal, 15 m pan 16 days 183 � 183

MODIS 36 250 m, 500 m, 1 km, 2 km,
4 km

Twice/day 2030 � 1354

AVHRR 4 1.1 km Twice/day 3000
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virtually means that mankind can fly over any area and look down and distinguish all
objects exceed 0.67 m2, but this observation can be each 3 days only. Thus, different
type of satellite images are used for several purposes to attain dates overlapping, and
utilizing from the spatial resolution of one image to another, etc. (Al Saud, 2020).

This is why is must be made clear the selection of appropriate satellite images
before starting the processing of these images. This includes, in a broad sense, the
spatial and spectral resolution, swath width and the revisit time. In addition, the
knowledge on and expertise to analyze these images using proper computerized
devices is significant. Moreover, there are many other specifications to be considered
while selecting satellite images, such as the spectral and electronic properties,
number of bands, their wavelength and spectrum ranges (e.g. thermal band, micro-
wave, optical band, etc.).

Usually, the availability of proper satellite images is a constraint. This makes it
necessary for many countries to establish space center where they can retrieve a
considerable number of satellite image for research and commercial application. In
this regard, the Kingdom of Saudi Arabia is a typical example in the MENA Region
where the Space Research Institute has been established at the King Abdulaziz City
for Science and Technology (KACST).

The digital (electronic) raw data and the appropriate software for image
processing are the main two components to be ready in order to start the analysis
of satellite images. In this regard, there are several software types used, the most
commonly ones are:

– ENVI Image Analysis: Produced by: IBM. Colorado, USA.
– ERDAS Imagine: Produced by: Lucia, Georgia, USA.
– PCI Geomatics: Developer of Geomatica, Toronto, Canada.
– ILWIS: Produced by ITC, Enschede, Netherlands.

Each software has define characteristics and follows different manners of use. Thus,
the processing of satellite images implies the pre-processing steps and image anal-
ysis and classification. They can be concluded as follows:

1. Pre-processing: This represents the first step applied to prepare the images for
further processing and classification. Therefore, satellite images can be analyzed
after applying the following processes using the software.

– Image sub-setting, which is the process applied to extract the area of interest
(AOI) from the entire images scene. It is applied to have the lowest size and
then to avoid the slow-down the work and any demanding on computing
resources.

– Atmospheric correction, is a process applied for noise removal and to clarify
true surface reflectance where it is done by removing atmospheric effects from
satellite images.

– Geometric correction, which is the correction of noise and sun-angle which
usually result in images displacement due to the altitude of shuttle-bearing
sensor. Thus, registration is applied using “rubber sheet“transformation which
warps the image on defined points.
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– Geo-referencing, is a significant step to rectify the image for the assignment of
geographic location, scale, and alignment to a file, and it is performed on raster
and vector data to interrelate internal coordinate system to associate objects
with locations in physical space.

– Mosaicking, is an opposite process for sub-setting, but in this case, multiple
images on different separate scenes are interlinked together in order to have a
unified scene for the AOI.

2. Image analysis and classification (processing): This is applied after the image has
been prepared following the previous pre-processing steps. It is applied in order
to recognize the existing objects on Earth’s surface, calculating dimensions,
monitoring changes and features, etc. This will follow two major methods:

– Image enhancement and detection, where several digital and spectral applica-
tions are applied in the used software in order to reach the clearest observation
and to distinguish objects as much as the resolution of the images allows.
These applications are mostly tentative and their use is dependent on the
knowledge of the analyzer.

The known applications of images enhancement are the: color slicing, edge detec-
tion, directional filtering, enhancement, interactive stretching, contrasting and sharp-
ness. In addition, band combination which is also performed for the single band and
multi-band where different band are ordered in different ways unless reaching the
suitable observation.

– Image classification, “Classifier“on the software is used and it involves grouping
the image pixel values into indicative categories. There are many types of image
classification, and the most significant ones are the following: (1) Unsupervised
classification by which pixels are grouped into “clusters” based on their proper-
ties, and the each cluster can be tentatively attributed to land class, (2) Supervised
classification where the analyzer selects representative classes of land, and
therefore the software utilizes these “training sites” and applies them to the entire
image, (3) Object-based classification where pixels are grouped into representa-
tive vector shapes with size and geometry. It is not therefore similar to the
supervised and unsupervised classification which are pixel-based (GIS Geogra-
phy, 2020).

1.5 Geographic Information System (GIS)

Geographic Information System, also called “Geo-information System” is a
computer-based system applied for the extraction, storing, drawing and the display
of the geo-spatial data. It enables to expose different types of geo-spatial data on one
display, such as forests, urban areas, streams, streets, pipelines, water bodies, etc.
The use of GIS performs the easily observe, analyze, and understand patterns and
relationships (NGS, 2020).
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The GIS technology performs applications on digital information, such as the
digitization of the geo-spatial data, where hard copy maps or survey plans are
transferred into digital data by using computer-aided design and geo-referencing
capabilities. Therefore, GIS is used for mapping the locations, quantities and even
qualities, densities, finding the inside and nearby features, change detection and
many other applications of geo-spatial data illustration. It is therefore, applied in data
modeling to overlap different digital maps (as layers) where each map has a define
theme, and this enables integration of different themes into a unified figure (example
in Fig. 1.3).

The increase in the use and sophistication of these systems has led to a new
academic interest which has resulted in a vigorous and expanding research commu-
nity (Clarke, 1986). Lately, the techniques of the geo-information system have been
involved in the management planes and instrumentation in many institutions
(e.g. authorities, research centers, universities, etc.), then these techniques became
a primary tool for data management.

The manipulation of geo-spatial data in the GIS systems is performed using
different types of software, which have been well developed recently and usually
accompanied with Remote Sensing tools. Hence, ESRI (Environmental System
Research Institute, Redlands, USA) is the major used software where it implies
Arc-GIS, as the principal Geo-information system tool extended on ITS computers,
and is installed in UNIX and Networked PC devices. Thus, Arc-GIS has three main
digital components:

Arc-GIS, as a software, is utilized to generate, display and analyze geo-spatial
data. It includes three digital components:

Fig. 1.3 Example showing
the integration of different
themes in the GIS system
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– Arc-Map which enables visualizing spatial data, performing spatial analysis and
drawing maps.

– Arc-Catalog is a tool for browsing and exploring spatial data, as well as viewing a
creating metadata and managing spatial data

– Arc-Toolbox is an interface for accessing the data conversion and analysis
function the come from Arc-GIS.
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Chapter 2
Natural Hazards in the MENA Region

Mashael M. Al Saud

Abstract Natural hazards occupy a significant geo-environmental problem in many
regions worldwide. It is rarely a year goes by without a severe regional disastrous
event influencing human life, urban structure and the environment. The impact of
natural hazards has been dramatically increased due to many physical and man-made
factors. There are several aspects of disastrous natural processes where some of them
occur as flash events, other with considerable time periods to touch its impact. The
assessment, monitoring and identification of natural hazards remain a challenge,
notably in the absence of sufficient tools for analysis and weak knowledge and skills
to tackle the subject matter. Recently, the development of space techniques played a
major role in the analysis of natural risk including predications, change detection,
and pre/post-conflict assessment, as well as the diagnoses of the influencing factors.
Natural hazards are well pronounced in the MENA Region where several physical
components, including the meteorology and exposures, makes it vulnerable for
natural risks. Lately, the use of remotely sensed data and tools has been adopted in
the MENA Region in order to investigate these disastrous events. Thus, many
studies and projects proved to be very helpful in the reduction of risk impact. This
chapter introduces a comprehensive knowledge of the remote sensing applications
and the natural hazards occur in the MENA Region. Therefore, case studies from
different countries and for diverse aspects of natural hazards, will be illustrated.

Keywords Climate · Arid region · Mass movement · Floods · Risk reduction

2.1 MENA Region

It is alternatively named the WANA (West Asia and North Africa). The MENA
acronym is usually used in academia, military planning, disaster relief, media planning
as a broadcast region, and business writing (WEF, 2010). TheMENARegion includes.
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According to the World Bank geographic classification (2003), there are 21 coun-
tries or territories constitute the Middle East and North Africa (MENA) Region.
These are:

– 6 Gulf Cooperation Council (GCC) members (Bahrain, Kuwait, Oman, Qatar,
Saudi Arabia, and United Arab Emirates),

– 15 other countries or territories: Algeria, Djibouti, the Arab Republic of Egypt,
Iraq, the Islamic Republic of Iran, Israel, Jordan, Lebanon, Libya, Malta,
Morocco, the Republic of Yemen, the Syrian Arab Republic, Tunisia, and West
Bank and Gaza.

There is sometimes a contradictory in the identifying the MENA countries, where
some of them are not often included. In this regards, a map was prepared and
showing the belonging of the countries to MENA Region (Fig. 2.1).

However, as for January 2021, the World Bank website groups the same set of
21 countries/territories as MENA: Algeria, Bahrain, Djibouti, Egypt, Iran, Iraq,

Fig. 2.1 MENA Region, and the belonging of the countries to MENA Region. (Perthes, 2004)
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Israel (Occupied Palestinian Territory), Jordan, Kuwait, Lebanon, Libya, Malta,
Morocco, Oman, Qatar, Saudi Arabia, Syria, Tunisia, United Arab Emirates, West
Bank and Gaza and Yemen. However, many countries are also well known to belong
to the MENA Region, such as Turkey and Greece which compose a part of the
Middle East and then the MENA Region.

The largest number of these countries belong to the Arab Region, and they share
numerous similarities including mainly the cultural, economic and environmental
similarities across the countries; for example, most of these countries have almost
geographic attributes, and thus similar climatic conditions and even natural disasters.

The surface area of the MENA Region is about five million km2, and it contains
about 6% of the World’s population (7.7 billion), and about the same as the
population of the European Union. Thus, it extends between the following geo-
graphic coordinates:

12�57`30“ E & 63�09`15” E and 41�57`00“ N & 12�30`12” N.
The MENA Region encompasses abundant human and natural resources,

accounts for a large share of the World’s petroleum production and exports, and it
enjoys on average a reasonable standard of living. Within this general characteriza-
tion, countries vary substantially in resources, economic and geographical area,
population, and standards of living. Meanwhile, intra-regional interaction is weak,
being restricted mainly to labor flows, with limited trade in goods and the related
services (IMF, 2020).

McKee et al. (2017) reported key messages about the demographic and economic
prospects of the MENA Region. These are:

1. The population in the MENA Region will be double that of Europe by 2100, and
then will exceed1billion people.

2. By 2100, the population in the MENA Region will exceed the China’s
population.

3. The demographic trend in the MENA Region is towards a gradually ageing
society.

4. The majority of MENA countries are resource-poor and labor-abundant, and the
economies are insufficiently diversified.

5. Apart from exploiting oil and gas resources to industrial development holds great
opportunities.

6. MENA economies need greater investment in STEM subject skills (science,
technology, engineering and mathematics) to prepare the new generation for
labor market demands.

7. The demographic and economic perspective of MENA is challenging; however,
there is also a “demographic dividend” if policies are steered towards economic
inclusion of the new generation.

It can be said that the MENA region is composed of a heterogeneous group of
countries ranging from the high-income (oil-exporting countries of the GCC), to
middle and lower middle income countries, in addition to the least developed
countries such as Sudan and Yemen (Table 2.1). While, the MENA Region is one
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of the largest global net food importing regions, and thus it often faces uncertainties
on both the supply side and the demand side.

The high and growing dependence on international markets for key staple food
products makes is one of the main concern in the MENA Region. This has been
resulted in elaborating policies which appear strikingly inappropriate with respect to
the existing resources. For example, while MENA is one of the most land and water
constrained regions of the world, it has the lowest water tariffs in the world and it
heavily subsidizes water consumption at about 2% of its GDP. As a result, the
productivity of water use is about half the world average (World Bank, 2018).

The interlinkage and cooperation between the MENA countries is less than it with
countries from outside the region. This includes several sectors and activities.
However, there are a number of characteristics shared between these countries in
spite of the existed heterogeneity between MENA countries. Hence, the growth in
the region has underperformed, with GDP per capita growing at about 1.6% per year
between 2001 and 2016 (Table 2.1).

Table 2.1 Contextual indicators for the Middle East and North Africa, 2014

MENA
country

GPD
Agricultural
land

Arable
lands

Renewable freshwater
resources

Freshwater
withdrawals

($) % of total land area Billion m3

Qatar 86.9 6 1 0.06 0.44

UAE 44.5 5 0 0.15 4.0

Kuwait 42.9 9 1 0.0 0.9

Bahrain 24.9 11 2 0.004 0.35

Saudi
Arabia

24.5 81 2 2.0 24

Oman 20.5 5 0 1.4 1.32

Cyprus 19.6 12.2 – 0.32 23.4

Greece 14.5 48 – 0.2 6.9

Turkey 9.1 50 26 112 120.3

Lebanon 8.5 64 13 4.8 1.3

Iraq 6.7 21 12 35 66

Libya 5.6 9 1 0.7 5.8

Iran 5.5 28 9 129 93

Algeria 5.4 17 3 11 8.0

Tunisia 4.2 65 19 4.0 3.0

Jordan 4.0 12 3 0.7 0.9

Egypt 3.3 4 3 2.0 78

Morrocco 3.2 69 18 29 10

Palestine 2.9 50 11 0.81 0.42

Sudan 2.1 29 8 4.0 27

Syria 2.0 76 25 7.0 17

Yemen 1.6 45 2 2.0 4.0

Mauritania 1.3 39 0.5 0.4 1.4

Adapted after World Bank (2018); UNCTAD (2018); FAO (2018)

18 M. M. Al Saud



Of the total land area of the MENA Region, only one-third is agricultural land
(i.e. cropland, agricultural activities, pastures, etc.), while only 5% is arable lands
(cropland) (Table 2.1). The rest of the land is either urban or dry desert. Due to the
dry climate, about 40% of cropped area in the region requires irrigation (FAO,
2018).

From the natural point of view, the MENA Region has its geographic location
that makes it with almost similar physical conditions. It is characterized by semi-arid
to arid climate, with humidity in some mountainous regions. The average annual
rainfall rate ranges between <10 mm to >1500 mm, while the average annual
temperature ranges between 16 �C and 32 �C. In addition, MENA Region is well
known by its climatic extremes, notably the extreme heat waves, sand storms and
torrential rainfall.

Recently, MENA Region is witnessing changes in the climatic conditions which
is moving towards torrential rainfall and increased temperature rate, and this in turn
affects tremendous sectors including mainly water, agriculture and energy sectors.
The existing climatic conditions and the natural setting including geology and
geomorphology play a major role in creating natural hazards in the region.

2.2 Natural Hazards and Their Identification

Natural hazards is crucial geo-environmental issue in many regions, notably where
there is high of hazardous event that result in harmful consequences on communities
under lurking risk. Another way of conceptualizing natural hazards is the coexis-
tence of humans in a normal environment that may threaten their safety, property at
any time. Thus, the concept “natural hazard” is brought to mind when the word
“disaster” is mentioned (Al Saud, 2018).

Natural hazards have different definitions describing; thus they are described as
the elements of the physical environment, harmful to man and caused by forces
extraneous to him (Burton et al., 1978). Whereas, the Asian Disaster Preparedness
Center (ADPC, 2000) described a natural hazard as a threat, and a future source of
danger. While (CBSE, 2006) defined natural hazard as a dangerous condition or
event, that threat or have the potential for causing injury to life or damage to property
or the environment. Therefore, natural hazards have the potential to cause harm to:

– People (decease, injury, disease, pandemic and stress),
– Human activity (trading, economic, life style, educational etc.),
– Property (property damage, economic loss),
– Environment (loss in fauna and flora, pollution, loss of comforts).

Natural hazards originate from many sources with different aspects of physical
systems including mainly the atmospheric, hydrologic, oceanographic and tectonic
systems where the impacts are catastrophic in many cases. Therefore, many several
concepts were on natural hazards (or natural disastrous events) were demonstrated,
but all concepts imply the risk, loss and damaging terms. The resulted damages are
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often harmful and in many instances, they result in hundreds of deaths and cost
several billions of dollars, disruption of commerce, and destruction of homes and
infrastructure (Al Saud, 2018).

The physical processes initiating natural hazards are often interlinked. For exam-
ple, transportation of surficial materials (i.e. erosion) is caused by floods and torrents
where the latter two processes are interlinked with climatic conditions. In fact, there
are types of natural hazards which result in one aspect of impact, such as drought
which is causes only famine, but the case of earthquakes and floods and are different.
Also, types and degree of impact of natural hazards differ between regions, and they
are mainly induced by the existing natural influencers and partially by the
anthropogenic ones.

The event recurrence (i.e. return period) of natural hazards is mainstreamed in the
management plans and environmental policies. Thus, the event recurrence is signif-
icant on human time-scale. For example, there are seven-year flood, or decade
earthquake. This reflected by the statistical records of how often a hazard event of
a define intensity will occur. Thus, the recurrence of hazard is a functioned by its
frequency (Al Saud, 2020).

There are many types of hazards, which can be natural/ or man-made (Table 2.2).
Hence, in many instances both can be combined and then result severe damages.
Thus, human might directly or indirectly trigging the disastrous processes. This is
well known due to many negative activities, such as explosions, excavation, forest
fire, deforestation, industries, etc. (Table 2.2).

There are different tools and methods used to monitor and assess natural hazards.
They include conventional and advanced tools and techniques. These can be sum-
marized as follows:

1. Natural Hazards on Geologic Maps

Geologic maps are one of the most indicative maps used for natural hazards
assessment. They can support the ability of investigator to locate natural resources
and many other significant terrain features, notably the surficial processes and thus
natural hazards; therefore, they enable identify on hazardous events (GSA, 2008).

Geological maps can be used to recognize indicative geologic-related clues and
signatures belong to natural hazards. This is dependent on the accuracy of the
available maps, their scale, and on the skill of interpreters. It is well known that
there are several elements (or clues) of recognition for natural hazards and the related
signatures that can be obtained from geologic maps.

According to Al Saud (2015), the success of recognition implies a number of the
elements existed on the map, notably: 1) the distribution of rock lithologies and their
contacts in the vertical and horizontal aspects, 2) lithological characteristics and the
rock rigidity, porosity and permeability, compaction, etc. 3) inclination of bedding
planes, and abrupt dip changes between different rock masses, 3) rock deformations
and their dimensions and orientation and 4) existence of other geologic structures
(e.g. folds, flexures, plunging rocks, etc.).
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2. Natural Hazards on Topographic Maps

Topographic maps are significant products revealing signatures on terrain surface
which reflect factors exist from Earth interior. This implies mainly slopes, depres-
sions and drainages. Therefore, the perturbation in the behavior of these signatures
provides evidence on the vulnerability to anomalous natural processes, including the
natural risk (Al Saud, 2015). This makes the topographic maps as significant as
geological maps for risk assessment and vulnerability.

Table 2.2 Types of natural and man-made hazards. (CBSE, 2006)

Type of natural hazards

Geological hazards Earthquakes
Tsunami
Volcanics
Landslides
Dam burst
Mine collapse

Hydrologic and climate hazards Tropical Cyclone
Cloudburst
Tornado and Hurricane
Landslide
Floods
Heat & Cold waves
Drought
Snow Avalanche
Hailstorm
Sea erosion

Environmental Hazards Environmental pollutions
Desertification
Deforestation
Pest Infection.

Biological Human / Animal Epidemics
Food poisoning
Pest attacks
Weapons of mass Destruction

Chemical, Industrial and Nuclear
accidents

Chemical disasters
Oil spills/Fire
Industrial disasters
Nuclear

Accident related Boat / Road / Train/ air crash/ rural and urban fires, bomb,
serial bomb blasts
Building collapse
Electric accidents
Festival related disasters
Mine flooding
Forest fires
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3. Natural Hazards on Satellite Images

Recently, most studies on natural hazards and surficial processes are applied using
satellite image processing. This was described in details in Chap. 1. These images
are useful for monitoring and assessment for all types of natural disasters including
of forest fires, floods, sea level rise, mass movement, weather extremes, desertifica-
tion, erosion and many more. As an advantage of using satellite technology can be
found in natural disasters implies providing advance warning for specific hazardous
events (Kohiyama and Yamazaki 2005). They assist monitoring and the quick
evaluation of the damage, and therefore support the decision-making process in
the preparedness implementations. Thus, satellite and airborne imagery can offer an
efficient contribution in studying natural risks notably when they are integrated with
the geographical information systems (GIS).

Data and information retrieved by ICSMD (2014), where satellite images and
remote sensing products are adopted, proved to be creditable approaches for mon-
itoring natural hazards. Thus, there are t 19 major disastrous events occurred in Asia,
8 in South America, 5 in Africa, 4 in Europe, 2 in Oceania, 2 in the Caribbean and
1 in Central America. It was obvious that the most recurrent natural hazard types
being floods (51%) and ocean storms (15%) while solid earth-related hazards
represented 10% (Fig. 2.2).

%17
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%22

%3 %6

%8

%11

14%

51% Flood 15% Ocean storms
5% Earthquakes

10% Landslides
2% Snowfall

7% Forest fire
5% Others5% Volcaneos

Fig. 2.2 Natural disastrous occurred in 2014 and detected by satellite images. (ICSMD, 2014)
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4. Filed Survey for Natural Hazards

All tools used for natural risk identification, predication, monitoring and assessment
are integrated with field survey and in-situ verification. This provides accurate data
and information about the studied areas, as well as they are complimentary for the
retrieved thematic maps from satellite images or from other tools.

There are several types of field surveys, and these surveys are applied at different
stages during the study of a natural hazard. According to Al Saud (2015), the
application of field survey is usually scheduled as follows:

1. Prerequisite reconnaissance: It is applied for selected sites before the treatment of
the supplementary tools (e.g. satellite imageries).

2. Joint survey: Sometimes there is need to apply field verification during/or along
with the investigation which is carried out by the supplementary tools.

3. Post-investigation survey: It is often carried out after producing maps when data
and information become ready.

There are many types of tools used during field surveys, and the selection of these
tools depends on the type and purpose of the study and availability of these tools; in
addition, the natural setting of the investigated area is significant. Thus, the tools
encompass different specifications and characteristics. They can be simple
(e.g. GPS, measuring tapes, sampling kits, etc.), or they can be sophisticated ones
(e.g. radio-spectrometer, surveying devices, Lidar, etc.).

5. Early Warning System

Early warning systems (EWSs) have been lately adopted in many programs in order
to assess geophysical and biological hazards, complex socio-political emergencies,
industrial hazards and many other related risks (Basher, 2006). Lately, the increased
number of natural hazards in many regions and the resulted harmful damages makes
it necessary to establish integrated monitoring (i.e. predication and post-assessment)
systems. In this regard, EWSs are built and based on Geographic Data Guide (GDG)
which represents an electronic system for monitoring the geographic areas, and thus
to identify their behaviours/resilience according to different physical and man-made
conditions. The established EWSs can identify areas and localities with geographic
attributes which are benefit to predict the natural risk. Hence, EWSs are usually
linked to operational and controlling rooms which receive and deliver data and
information to the concerned institutes and governmental bodies as well as to the
inhabitants.

2.3 Natural Hazards in MENA Region

Over the past four decades, disasters have severely affected more than 40 million
people in the Middle East and North Africa (MENA) Region and have cost their
economies about US$ 20 billion. Between 2000 and 2005 alone, there are more than
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120 disasters have caused an average of US$ one billion per year in damages and
losses. In the MENA Region, the interlinkage between different natural disasters,
rapid urbanization, water scarcity, and climate change has emerged as a serious
challenge for policy and planning (WB, 2014).

In the MENA Region, there is rapid urbanization which increases the exposure of
people and economic assets to disaster events. The population size already accounts
for 62% of total population and is anticipated to double in the next three decades
(UN-HABITAT, 2012).While the number of disasters around the World has almost
doubled since the 1980s, the average number of natural disasters in the MENA
Region has almost tripled over the same period (EM-DAT, 2011).

The management of disaster risks is utmost complex development challenges in
MENA Region. With special emphasis, floods, earthquakes, and drought represent
the most significant challenges to growth and stability in the region. Globally, the
number of disasters has almost doubled since the 1980s in the MENA Region
(Fig. 2.3), where the average number of natural disasters has almost tripled over
the same period. Therefore, approximately 40 million people have been affected by
over 350 natural disasters between 1981 and 2010 (EM-DAT, 2011).

The impact of urbanization development is especially significant in the coastal
areas of the MENA Region, where the largest cities and economies are located, with
approximately 60 million people (about 17% of MENA’s total population).

As it always happening, the most frequent natural hazards in the MENA Region
are floods, earthquakes, storms, and drought. Over the last four decades years, floods
have been the most recurrent natural disasters reported by EM-DAT who recorded
that at least flood 300 events (53% of the total number of natural disasters). While,
earthquakes account for 24%, 21% for and storms and 10% for drought. However,
the time factor of is different between disastrous events, thus they can be as a flash
events, such as earthquakes and mass movements (e.g. seconds), relatively rapid
such as flood (e.g. hours), and creeping like drought and sea level rise (Al Saud,
2018).
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Fig. 2.3 Increased trend of disasters in the MENA Region. (WB, 2014)
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This increase in the number of natural disasters is due to an increase in exposure
and vulnerability across the region In addition to many other reasons including lack
to infrastructure, urban Sprawl, poor risk management and lack to early warning
systems and monitoring tools, etc. The 2011 Global Assessment Report on Disaster
Risk Reduction reported that: although global flood mortality risk has been on the
decrease since 2000; nevertheless, it is still increasing in the MENA Region
(Fig. 2.4). The percentage of GDP exposed to floods has tripled in the region from
1970–79 to 2000–2009 (UNISDR, 2019).

For example, in Yemen, cumulative loss in real income over the 5-year period
following the 2008 floods in Hadramout was estimated to about 180% of pre-flood
regional agricultural value added. This large increase can be attributed to the
growing concentration of assets at risk, particularly in urban areas, and insufficient
structural and nonstructural mitigation measures. While for Saudi Arabia, floods
have become a yearly disasters in many regions of the Kingdom and the majority of
these floods is due to the chaotic urban expansion along valley courses, as well as
the unmaintained infrastructures. A good example is the floods of Jeddah city and the
surroundings in 2009 and 2011 where a number of people were deceased and the
damages in the infrastructure and environment were severe enough (Al Saud,
2010a, b, 2015).

Projections suggested that the economies and livelihoods of the MENA Region
will be the second most affected by climate change (WB, 2018). This merely will be
reflected on the large number of natural hazards, notably the changing rainfall
patterns. Therefore, governments across the region are increasingly seeking inte-
grated disaster risk management (DRM) services. Increasing awareness of DRM
issues has brought about progressive policy shifts, as seen in the creation of a
number of DRM-specific institutions and investments in programs around the
region. These programs, include mainly the monitoring systems and Early Warning
Systems (e.g. remote sensing-based stations) and national and city-level risk
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assessments. In 2010, for instance, the Islamic Conference of Environment Ministers
adopted the Islamic Strategy for Disaster Risk Reduction and Management, which
aimed at establishing integrated and comprehensive DRM structures and policies
across Islamic countries (WB, 2014).

On the national and regional level, there are many initiatives and programs
elaborated in order to monitor and reduce the impact of disasters. In this regard,
thanks to the Global Facility for Disaster Reduction and Recovery (GFDRR), who
initiated a number of country-level programs since 2007, such as those obtained in
Morocco and Yemen to empower the disaster resilience. These programs include
activities aimed at enhancing data and information availability on natural disaster,
developing strategies and policies for risk assessment and reduction, building capac-
ities in DRM through training programs at the national and local levels, and creating
state-led, post-disaster recovery and reconstruction programs (WB, 2014).

The integration with the formal entries was emphasized. Thus, in Algeria,
Djibouti, Jordan, Lebanon, Morocco, Kingdom of Saudi Arabia and Yemen,
donor-funded hazard risk assessments have been achieved; flood-recovery projects
have been launched in Djibouti and Yemen; and inter-ministerial steering commit-
tees on DRM have been established under umbrella the prime ministers in Djibouti,
Lebanon, Morocco and Yemen, and under the Ministry of Interior in Algeria.

The number of efforts done on DRM in the MENA Region have not yet been
matched with the integrated approaches required to manage disaster risks effectively.
In 2012, the region launched a 10-year Arab Strategy for Disaster Risk Reduction,
including the reduction of climate change impacts and disaster losses through the
identification of strategic priorities; the improvement of coordination mechanisms;
and monitoring at the national, regional, and local levels (WB, 2014).

The impacts of climate change is well pronounced in the MENA Region. Hence,
the year 2010 was the hottest in the region since the 1800s, and therefore, 19 coun-
tries set new national temperature rise. Thus, temperature has been increased by
0.2–0.3 �C per decade. In addition, climatic models and projections presumed that
sea-level rise, as well as the frequency and intensity of natural hazards will likely
increase in the MENA Region.

These unfavorable climatic conditions affected many geographic localities, and
then the MENA’s population, notably that the 100 million poor who have limited
resources to adapt. According to the climate projections of the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, 38 temperatures in
MENA Region will increase by 3 to 4 �C by the end of the century, which is a
significant 1.5% faster than the global average.

The dimensional impact on the socioeconomic due to climate change is not well
determined, but it well touched in many parts of the MENA Region. For example,
studies showed that the long-term implications of climate change over the next four
decades are likely to lead to a cumulative decrease in household incomes estimated
at about US$ 1.8 billion (7% of GDP) and US$ 5.7 billion (24% of GDP) in Tunisia
and Yemen; respectively.

Based on the MENA countries’ Hyogo Framework for Action (HFA), a number
of pillars were adopted. They were given that most governments have been reporting
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on their DRM progress in achieving the HFA objectives. Nevertheless, the World
Bank is also considering the principles illustrated by the GFDRR Pillars in the
Sendai Report in 2012, which focus more on the DRM tools available rather than
the outcomes (WB, 2014). These adopted pillars are:

1. Institutional capacity building, education, and knowledge sharing.
2. Risk identification, including risk information, integration of DRM with the

climate change agenda and hazards and climatic data.
3. Risk reduction which starts from disaster response to risk reduction and building

codes.
4. Risk financing and transfer including budgets and risk financing
5. Response, recovery, and reconstruction which implies institutional arrangements

and World Bank instruments to assist MENA countries in emergency response.
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Chapter 3
Open Data and Tools for Multispectral
Satellite Analysis of Desert Sand Dunes
Migration: Case Studies in the MENA
Region

Daniele Oxoli and Maria Antonia Brovelli

Abstract The recent availability of medium resolution free and open multispectral
satellite imagery, with short revisiting time, opens newsworthy opportunities to the
monitoring of natural events, like the sand dunes migration that is of high interest in
desert areas such as the MENA Region. In parallel, open tools such as algorithms,
software, and web platforms have also emerged by facilitating imagery exploitation.
The chapter investigates the availability and characteristics of the modern open
multispectral satellite imagery and assesses the suitability of employing it for the
analysis of desert sand dunes migration through the design of an ad-hoc data analysis
framework. The technological requirements and challenges in the management of a
large volume of satellite images and the benefits derived from the systematic use of
cutting-edge GIS and remote sensing free and open-source software technologies are
discussed. A preliminary application of the conceived analysis framework on two
study areas in Egypt and the United Arab Emirates is presented. A discussion on
lessons learned and both possible improvements and uses of the presented frame-
work concludes the chapter.

Keywords Multispectral imagery · Sand dunes migration · Change detection · Open
data · Free and open-source software

3.1 Introduction

The emerging availability of medium resolution, global coverage, and multitemporal
imagery – captured by modern satellite missions – has empowered a number of
applications focusing on the detection of changes occurring on the Earth’s surface.

On the one hand, the increased interest in multitemporal imagery analysis is
mainly triggered by the rising number of satellites with short revisiting time that
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enables the acquisition of either long time series or frequent bi-temporal images
(Ghamisi et al., 2019). On the other hand, the open distribution policies of both
archive data as well as new observations – adopted by some of the principal Earth
Observation (EO) programs – enable outstanding opportunities for the user commu-
nity to grow and, in turn, facilitate the spread of case studies exploiting
multitemporal imagery (Belward & Skøien, 2015). The best-known examples of
the above are the US National Aeronautics and Space Administration (NASA)
Landsat (US National Aeronautics and Space Administration, 2021) and the
European Space Agency (ESA) Sentinel (European Space Agency, 2021b) missions
which fully embrace the open data principles. Together with the availability of open
satellite imagery, powerful free and open-source software tools for processing
remote sensing data have been also provided during the last decade by allowing
for a wide spectrum of applications to potentially any user interested in thereof.
Nowadays, such software tools are often integrated into Geographic Information
Systems (GIS) platforms thus facilitating both direct extraction of geographic
information from remote sensing data as well as its combination with contextual
information from other sources to carry out broader analyses (Ghamisi et al., 2019).
In this context, meaningful outcomes have been achieved for the monitoring of
large-scale environmental phenomena including e.g. urban sprawl (Wendl et al.,
2018), deforestation (Finer et al., 2018), and polar ice degradation (Runge & Grosse,
2019).

However, the spatial and spectral resolution – nowadays provided by the open
multispectral satellite imagery – also allows for applications at a finer scale. In view
of the above, an experimental analysis framework to investigate sand dunes migra-
tion in desert areas by means of multitemporal analysis of open multispectral
imagery is presented in this chapter. The proposed application is critical to a number
of construction engineering operations that require, for example, planning of miti-
gation measures to prevent undesired windblown sand interactions with infrastruc-
tures and other features in the desert environment (Oxoli et al., 2020). The interest in
applying open satellite imagery for sand mitigation planning is justified by the
significantly higher costs of the traditional field surveys that are often inadequate
to understand sand dynamics on a large scale and to identify locations where such
sand mitigation measures are to be applied. A number of authors in the literature
have exploited the multitemporal analysis of multispectral imagery for assessing
dunes movement (Hugenholtz et al., 2012). However, most of these studies focused
on single dune fields, where only a few target dunes were tracked, see
e.g. (Al-Mutiry et al., 2016; Michel et al., 2018; Hassoup, 2019). Indeed, the
proposed analysis framework aims at identifying movements at a pixel level but
remaining suitable to wide scenes analysis across multiple dune fields as well as
desert land cover textures.

The proposed analysis framework leverages open multispectral satellite imagery,
such as the one provided by Landsat 8 and the Sentinel-2 missions. The computa-
tional work is carried out exclusively through the use of free and open-source GIS
and remote sensing software and encompasses multiple steps including imagery
acquisition and preprocessing, temporal stacks generation, dunes migration analysis,
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and results synthesis. Basically, dunes migration is analysed by looking at changes
that occurred within a stack of multispectral imagery repetitively acquired by a
multispectral satellite camera over the same study area at different times. Atmo-
spherically corrected imagery with an equal set of spectral bands is spatially
co-registered and then classified to extract raster masks distinguishing target dune
pixels from the other background land cover classes (build-up, crops, etc.). Dunes
migration is estimated through local cross-correlation analysis applied in sequence to
each pair of masks in the multitemporal stack. Movements direction and magnitude
are assigned to each pixel of the resulting maps. Global observations of principal
dunes movements occurred in the study area can be then summarized and presented
by using e.g. a windrose graph.

The procedure is finally tested on two study areas located in the Middle East and
North Africa (MENA) region, namely in Egypt and the United Arab Emirates (UAE)
deserts. Preliminary results show a marginal agreement of dunes migration patterns
if compared with the dominant wind directions in the areas that were here considered
as the principal driving forces of dune dynamics (Lancaster, 2013). Besides early
numerical results, which require robust validation, operations on data that are
pointed out by the framework provide users with a pattern that can be adapted to
most multispectral satellite imagery-based change detection studies. This is
supported also by the exclusive use of open data and free and open-source software
thus providing large rooms to empower, replicate and improve the proposed frame-
work. The chapter continues as follows. Section 3.2 describes state-of-art open
multispectral imagery and related software tools. In Sect. 3.3, a general analysis
framework to perform dunes migration analysis is outlined. Section 3.4 presents
applications of the framework into two case studies in the MENA region. Conclu-
sions and possible improvements to the work are discussed in Sect. 3.5.

3.2 Open Satellite Imagery and Software Tools

Free and open access to satellite imagery is a result of the open data policies
embraced by some of the leading national and international EO programs. Examin-
ing the history, NASA and the US Geological Survey (USGS) paved the way to
satellite open data sharing with the free release of Landsat data archive in the Year
2008 (Wulder et al., 2012). ESA and the Copernicus Programme of the European
Union (European Commission, 2021) followed with the free distribution of Sentinel
data starting from the Year 2012. Focusing on open multispectral medium resolution
imagery, best available data sources are currently represented by the NASA Landsat
8 and the ESA Sentinel-2 missions. Accordingly, these two data sources were
considered in the development of the proposed framework for dunes migration
analysis.

The Landsat 8 is an Earth observation satellite launched in 2013 within the
Landsat program, a joint NASA – USGS program providing the longest continuous
space-based record of Earth’s land. The Landsat 8 satellite provides 11-bands
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multispectral global-coverage imagery at a spatial resolution of up to 30 m by
offering a revisit time of 16 days (US National Aeronautics and Space Administra-
tion, 2021). USGS policy assures all users the free-of-charge, open and full access to
the data. The ESA Sentinel-2 data are provided by the Copernicus Programme which
mission is to monitor and forecast the state of the environment by means of satellite
Earth observations. Copernicus policy assures all users the free-of-charge, open and
full access to the data. The Sentinel-2 mission consists of a constellation of two
polar-orbiting satellites placed in the same sun-synchronous orbit launched respec-
tively in 2015 and 2017 providing 13-bands multispectral global-coverage imagery
at a spatial resolution of up to 10 m and offering a revisit time up to 5 days (European
Space Agency, 2021b). Further than open data policies, a pivotal component of the
Landsat 8 and Sentinel-2 missions is the technical and logistical support offered by
their belonging EO programs in making both newly acquired and archive data
accessible online. The systematic distribution of the imagery to the final user by
means of online data portals and infrastructures is among the assets that have boosted
the recognition of these missions as a cornerstone for scientific advances in land
remote sensing. Information on the official online data portals of the Landsat 8 and
Sentinel-2 missions are reported in Table 3.1.

Besides the availability and accessibility of quality multispectral imagery, a
critical aspect for any remote sensing application is the need for robust software
tools enabling consistent numerical processing of imagery. Typical operations
accomplished by remote sensing software tools include orthorectification,
radiometric correction, spatial and spectral co-registration, bands combination, and
classification in support to further statistical or numerical processing of remote
sensing-derived products (Bunting et al., 2014). A number of software and libraries
has been made available which are fueling applications of remote sensing in
manifold scientific domains. Nowadays, most of these tools are available as free
and open-source software or free license software and provide cutting-edge func-
tionalities that are comparable, and often superior, to the one offered by proprietary
solutions (Brovelli et al., 2017). Furthermore, remote sensing software and libraries
are often fully integrated into popular GIS platforms thus enabling processing,
visualization and combination of remote sensing-derived information with contex-
tual geospatial data in a one-stop shop fashion. A selection of software tools to
accomplish most of the multispectral imagery processing operations are suggested in
Table 3.1. The selection is not exhaustive and refers to the software toolkit used to
implement the framework for dunes migration analysis outlined in the following
section. Many other remote sensing software tools are available, a fairly complete
list is available e.g. in (Bunting et al., 2014).
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3.3 A Framework for Dunes Migration Analysis

Detection of changes occurring on Earth’s surface has become an established
practice in remote sensing science since the availability of multitemporal and
spatially coherent multispectral images has constantly increased during the last
decades.

Time-series analysis of multispectral satellite images is generally employed in
land surface change detection including urban area expansion, deforestation and
polar ice monitoring, among others. Sand dunes migration can be investigated using
techniques developed in the above context. In this section, a general analysis
framework to accomplish such is outlined. The summary workflow of the proposed
analysis framework is depicted in Fig. 3.1. Details are presented in the following
sections.

Table 3.1 Free and open source software toolkit used for dunes migration analysis with open
multispectral satellite imagery

Software Purpose Description

Copernicus
Open Access
Hub

Data exploration and
download

Official online data portal of the Copernicus pro-
gram of the European Commission including Sen-
tinel-2 imagery (Copernicus Programme, 2021)

USGS Earth
Explorer

Data exploration and
download

Official online data portal of the NASA missions,
including Landsat 8 imagery, maintained by the
USGS (US Geological Survey, 2021)

�Google Earth
Engine©

Data exploration,
processing and
visualization

Web-platform for cloud-based processing of
remote sensing data on large scales (Google, 2021)

SNAP Data processing and
visualization

Sentinel’s application platform providing a suite of
functionalities to handle and processing Sentinel
data (European Space Agency, 2021a)

GRASS GIS Data processing and
visualization

Free and open source cross-platform GIS software
suite used for geospatial data management and
analysis, image processing, graphics and maps
production, spatial modeling, and visualization
(GRASS Development Team, 2018)

GDAL Data processing Cross-platform library providing a variety of utili-
ties for geospatial data handling and processing
(GDAL/OGR contributors, 2021)

JavaScript Programming language High-level, interpreted programming language
most well-known as the scripting language for Web
applications

Python Programming language High-level, interpreted, general purpose program-
ming language offering large support to data anal-
ysis and integration with most of GIS software

�Free but not open-source
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3.3.1 Data Planning and Download

Prior to any satellite remote sensing data analysis, preliminary steps have to be
considered to gather a consistent dataset and avoid the processing of unnecessary
data. This is especially true for multitemporal analyses, such as change detection,
that are generally data demanding. Typically, multispectral satellite image files
require the allocation of large computer memory and computing resources to be
analysed. Therefore, a thorough data planning step is always advised.

After the definition of the study area extent and the analysis time period, the most
suitable data source has to be identified and both quality and temporal/spatial images
coverage for the defined study area and period have to be assessed. Multispectral
satellite images are generally distributed as tiles. Each tile corresponds to an image
acquisition at a specific time and the tile location and extend coincide to a reference
grid cell called granule. The reference grid is fixed and specific for each satellite
mission considered. For example, Landsat 8 granules extend is 185x185 km2 and
approximately one tile every 16 days is available, according to the revisit time of the

Fig. 3.1 Proposed analysis workflow for dunes migration analysis using multispectral satellite
imagery
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satellite. Sentinel-2 granules have an extent of about 100 � 100 km2 and approxi-
mately one tile every 5 days is available. The study area may be adjusted to minimize
the number of granules required for its complete coverage. This expedient may
significantly reduce the amount of image files to be handle during the analysis.

The temporal availability of tiles on the study area has then to be assessed to
ensure the selected data source being able to support multitemporal analyses with its
actual frequency of images in the considered time period. In fact, it may happen than
the actual acquisition frequency is lower than the theoretical one due to technical
faults either of the satellite or the archive infrastructure. Furthermore, in dealing with
optical multispectral remote sensing, data availability is often affected by the could
cover which may cause one or more tiles being not actually serviceable for the
analysis.

The data planning step aims to address the above questions and it can be achieved
by querying archives of the provides using their online data portal (see e.g. Table 3.1
for Landsat 8 and Sentinel-2). An alternative and powerful tool that can be adopted
in data planning is Google Earth Engine©. This freely accessible Web-platform
allows querying extensive remote sensing data archives, including the Landsat 8 and
the Sentinel-2 archives. Querying operations are accomplished programmatically
using JavaScript-base scripting (Google, 2021). Summary statistics for tiles avail-
ability and quality for a user-defined area and time period can be computed and
displayed using graphical widgets directly on the Web interface of the platform, as
shown in Fig. 3.2. According to the information obtained in the data planning step,
the list of tiles to be downloaded for starting the analysis can be defined. The

Fig. 3.2 Summary statistics generation for a sample Sentinel-2 granule (pink canvas) using Google
Earth Engine© for a user-defined study area (black canvas)
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download can be thus performed again through the online data portal of the data
providers.

3.3.2 Data Preprocessing and Temporal Stack Generation

Once tiles have been downloaded, they have to be preprocessed to obtain a multi-
temporal and spatially co-registered stack composed of radiometrically calibrated
images with an equal set of spectral bands so that pixels in the stacked bands
represent always the same land portion without atmospheric noises or other artefacts
(Tewkesbury et al., 2015). These operations are key to any change detection
technique, including dunes migration analysis. Changes are investigated in terms
of alterations of pixel characteristics in time and therefore even partially inaccurate
geometric and/or radiometric corrections would inevitably bias the results.

Atmospheric correction aims at removing atmospheric effects on the reflectance
values of images that vary between each image acquisition time and location, thus
enhancing images comparability in the multitemporal stack. A number of methods
have been proposed in the scientific literature to perform such correction (Vermote &
Kotchenova, 2008). Satellite data providers often distribute preprocessed tiles on
which atmospheric correction has been already applied (i.e. Level-2 data). This is the
case, for example, of Landsat 8 which provides on-demand services for down-
loading every tile in the catalogue at processing Level 2 (surface reflectance). A
Sentinel-2 Level-2 data catalogue is also available even if not the whole tiles archive
is currently accessible at this processing level. However, atmospheric correction
algorithms are integrated into most remote sensing software packages, including for
example GRASS GIS (GRASS Development Team, 2018) and SNAP (European
Space Agency, 2021a) (see Table 3.1), and can be eventually applied by the user on
the downloaded tiles.

A second step to reduce the analysis data volume is to remove unnecessary
spectral bands form each tile. Indeed, not all bands are useful for land remote sensing
applications. In the case of Landsat 8, thermal, aerosol, panchromatic, and cirrus
bands are sensed by the satellite sensors for different purposes (US Geological
Survey, 2021) and can be therefore removed. The same applies to the Sentinel-2
for which aerosol, water vapour, and cirrus bands are generally not considered in
applications such as the one proposed in this chapter. A fuller treatment of multi-
spectral satellite image processing can be found e.g. in (Ose et al., 2016).

Finally, the remaining atmospherically correct bands have to be spatially matched
on the study area extent with an equal pixel resolution. This procedure is often
referred to as spatial co-registration and guarantees each bands pixel representing
exactly the same land portion through the time in the stack. The stacking operation
consists merging, cropping and resampling the bands on a common grid overlapping
the study area. Bands of each tile can be then grouped and the reference acquisition
time, inherited from tile metadata, can be stored within the resulting raster file name.
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A series of multispectral scenes with time references is thus obtained and it
represents the multitemporal stack to be employed in change detection analyses.
The stacking operation can be performed using functionalities available in many
remote sensing software, including GRASS GIS and SNAP. Recursive operations on
tiles can be also automatized thanks to the extended support of the aforementioned
software to Python scripting. Most of the input/output operations and bands manip-
ulation can be further optimized directly invoking in those scripts auxiliary libraries
such as GDAL (GDAL/OGR contributors, 2021).

3.3.3 Data Analysis

The proposed change detection analysis to investigate dunes migrations considers
iteratively a couple of scenes in the stack acquired at two different times. The set of
scenes composing the stack is sorted according to the time interval and the time step
(Δt) at which dunes migration is intended to be assessed. From now on, we will use
the term master to identify the initial scene acquired at time t, and the term slave to
identify the consecutive scene acquired at time t + Δt. A schematic of the proposed
data analysis is reported in Fig. 3.3.

The initial operation for the master and slave scenes comparison is to match the
band histograms of the slave scene with the ones of the master scene. This operation
improves comparability by balancing colour contrasts between the master and the
slave scenes which are captured by the same satellite camera but in different times
and, likely, under different exposure conditions (Shapira et al., 2013). Support to
histogram matching operations is provided e.g. by GRASS GIS or it can be executed
programmatically using image processing libraries such as the Scikit-image Python
library (Van der Walt et al., 2014).

Matched scenes are then classified by exploiting all spectral bands to extract
raster masks distinguishing target sand pixels from the other background land cover
classes (e.g. build-up, crops, etc.), that are to be excluded from the dunes migrations
analysis. In general terms, classification techniques for multispectral remote sensing
images can be of two types (Lu & Weng, 2007), as follows.

• Supervised classification: The grouping operations for pixels with common
characteristics is performed by comparing their spectral characteristics with the
one of user-identified subsets of pixels on the image, generally called training
samples, which are representative of specific land cover classes. Training samples
are selected based on the experience of the user and must adequately represent the
spectral characteristics of each class in the image to be classified. In principle,
each image of a temporal stack requires the definition of dedicated training
samples unless no significant local changes in the land cover are expected.

• Unsupervised classification: The grouping operations for pixels with common
characteristics are based on an automated statistical processing without the user
providing training samples describing land cover classes. The user must then
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Fig. 3.3 Schematic of the proposed data processing workflow for dunes migration analysis
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have substantial knowledge of the area being classified when automatically
defined classes have to be related to actual features on the ground.

While supervised techniques generally allow achieving higher classification accura-
cies than unsupervised techniques, they require higher operational costs due to the
manual provision of training samples that has to be performed by the user. Addi-
tional details on image classification methods can be found e.g. in (Lu & Weng,
2007; Ose et al., 2016). In the case of the sand dunes, significant changes are
expected among different scenes leading to the need for modifying training samples
for each scene in the input stack. Thereby, supervised classification techniques will
not be considered further in the proposed framework. The reason is the excessive
manual intervention that would be necessary to process a large number of scenes,
such as the one that may be included in image stacks covering long study periods.
Nevertheless, supervised classification techniques may be considered to provide
change detection methods with more accurate inputs. Support to both supervised
and unsupervised classification is provided by most of remote sensing software,
including GRASS GIS and SNAP.

In principle, multispectral imagery-based change detection can be also performed
on the original spectral bands, bypassing the classification (Ghamisi et al., 2019).
However, classification is suggested in this framework to simplify the information
on the land cover carried by the original multispectral scenes, and to better focus
detection of changes on dunes only (Tewkesbury et al., 2015) (see Fig. 3.3b). In
particular, binary raster masks were used in the preliminary applications of the
proposed framework to render the distinction between dunes and all the other
back- ground land cover classes (Oxoli et al., 2020). Binary raster masks are
obtained through re-classification of the classified images by manually labelling
the detected pixel sub-classes into dune or not-dune classes.

Once masks from both master and slave scenes are obtained through the classi-
fication, dunes migration analysis is performed by detecting and describing shifts,
respectively between the master and the slave masks pixels, which are estimated by
means of local cross-correlation analysis (You et al., 2017). Shifts are detected for
each pixel by using a moving window (i.e. a subset of neighbouring pixels). Two
homologous windows of equal shape are defined respectively on the master and the
slave masks. At each iteration, the slave mask window is shuffled in all directions
around its central pixel. For each simulated shift, a cross-correlation coefficient ρ is
computed with respect to the master mask window as in Eq. 3.1 (You et al., 2017);
where A is the set of pixels in the master moving window and B is the homologous
on the slave mask. x and y define the position of the window central pixel in the mask
grid, whereas i and j are the pixel shifts imposed to the central pixel of B respectively
in the horizontal and vertical directions. Cov and Var are the covariance and variance
operators.
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The features of the (i, j) vector (i.e. directions and displacements) resulting from
the shift that maximize ρ are stored into output raster maps (which have equal
extension and resolution of the input scenes) in the position of the master mask
window central pixel (see Fig. 3.3c). The moving window is then centred on another
pixel and the procedure is repeated such as the above information is computed for
each pixel in the masks. Outputs of the local cross-correlation analysis mainly
consist of three raster maps for each master/slave comparison (Fig. 3.3d). Outputs
include a map with shift directions (azimuths) and a map with displacements
(measured in pixels unit). In addition, a map of normalized root mean square
cross-correlation errors (Fienup, 1997) or, alternatively, of the ρ values associated
with the shifts (You et al., 2017) can be also computed. Both the former and the latter
can be used as metrics of the reliability of each detected shift and arbitrarily adopted
as a filter to remove weakly correlated shift from the results (see Sect. 3.4). A
temporal series of directions and displacements is thus obtained from the procedure
applied iteratively to each pair of masks in the multitemporal stack.

The local cross-correlation analysis can be fully performed by coupling GRASS
GIS with the image matching functions of the Scikit-image library through Python
scripting.

It is worth to notice that the proposed change detection procedure is experimental
and requires users a substantial knowledge of the outlined processing algorithms and
software tools to be implemented. While the suggested data planning and
preprocessing steps have general validity in most optical remote sensing data
work, the processing operation suggested is mostly specific for dunes migration
analysis and cognate applications. A number of parameters, which may significantly
affect results, have to be set or tuned to perform the analysis. In particular, the
following parameters needs to be spelled out prior to the processing algorithms
application according to the expectations of the analyst.

• Master/slave relationship: Changes can be computed with respect either to the
initial scene in the stack only, such as for the couples (t; t + Δt), (t; t + 2Δt), etc.,
or by using a consecutive master and slave couple at each comparison, such as (t;
t + Δt), (t + Δt; t + 2Δt), etc. In the first case, the master scene is fixed and output
shifts are cumulative in time, while in the second case the master is moving in
time so net shifts that occurred within the time step Δt are detected.

• Time step: The time step between master and slave scenes also influences results. For
example, the adoption of long time steps (e.g. one year) on a fixed master scene
concentrates the analysis on baseline or principal dunes displacements. The use of
shorter time steps and a moving master should be preferred when the dynamic of
periodical or seasonal displacements (Hassoup, 2019) is the focus of the analysis.

• Moving window: The moving window size should reflect somehow the spatial
configuration of the land cover phenomena under investigations (e.g. average
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dune extension, maximum expected dunes displacement, etc.) to improve results
(You et al., 2017).

Validation procedures should also be considered in the framework to assess both
reliability of classification and change detection outputs. Finally, the selection of the
error or, alternatively, of the ρ value threshold to remove weakly correlated shift
from the results should be also supported by sensitivity analyses.

3.3.4 Results Synthesis and Presentation

The ultimate goal of the proposed framework is to provide a synoptic view of dunes
migration patterns. To that end, a visual comparison of output maps aided by GIS
software may be misleading due to the amount of information (i.e. multitemporal
pixel-wise displacement features) to be considered. To that end, the use of summa-
rizing graphs is here suggested. In particular, the use of windrose diagrams or polar
plots is advised to create snapshots of the dominant movement directions and
displacements. The windrose diagram allows displaying oriented histograms of
cumulative shifts (in percentage) that are read directly from the temporal series of
output maps, obtained by the local cross-correlation analysis. Results can be filtered
by removing from the diagram all those shifts that present a cross-correlation error
higher – or alternative a ρ lower – than an arbitrary threshold. Detected shifts from
the output maps are then included in the diagram as shown in Fig. 3.4. During the
synthesis of the results, displacements can be multiplied by the scenes pixel resolu-
tion to display them in meters. The creation of windrose diagrams can be accom-
plished, for example, by exploiting Python data plotting functionalities such as the
Windrose library (Roubeyrie & Celles, 2018).

3.4 Preliminary Applications in the MENA Region

The proposed framework for dunes migration analysis was preliminary tested on two
real case-study in the MENA region (Oxoli et al., 2020). The selected study areas
(see Fig. 3.5) are located in the UAE desert (6000 Km2) and in the Egypt desert (2000
Km2). The UAE study area is mostly characterized by wide linear crescentic
Quaternary dunes and Quaternary aeolian sand sheet composed by continental
sands and gravels. The Egypt study area includes widespread development of
barchans dunes. Additional information on the geomorphology of the two deserts
can be found e.g. in (Lancaster, 2013).
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3.4.1 Experiment Setting

The preliminary test considered both Landsat 8 and Sentinel-2 images acquired in
the periods May 2013 – November 2015 (Landsat 8) and December 2015 –

Fig. 3.4 Schematic of dunes migration pattern synthesis by means of a windrose diagram
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December 2018 (Sentinel-2). Reference studies in the literature asserted that dunes
migration patterns require a long time observation baseline to be characterized
(Hugenholtz et al., 2012). Therefore, the choice of the period allowed investigating
the longest time series of observations – at the time of the analysis – without
duplicated data, according to the first passage of the satellites over the study areas.
This was supported also by the availability of reference dominant winds directions
(see Fig. 3.7). Dominant winds directions were here assumed as the main driving
force of dunes migration (Hassoup, 2019) and used for early validation of results.

The data planning performed for this test revealed that the average acquisition
time over the two areas was approximately 16 days for the Landsat 8 and 7 days for
the Sentinel-2. A further check on cloud cover pointed out the possibility of
retrieving from the catalogues at least one scene per month for both areas with
limited or absent clouds disturbance. Nevertheless, a time step of one year was
finally used in this preliminary analysis with the aim of limiting data volumes and
address the detection of principal dunes migration patterns rather than periodical or
seasonal displacements (see Sect. 3.3.3).

Images were downloaded according to the granules overlapping the study areas
(see Fig. 3.5) by using the Web data portals of the providers (see Table 3.1). Landsat
8 images were available from the catalogue as Level-2 data (surface reflectance).
Sentinel-2 catalogue offered instead only Level-1C data (top-of-atmosphere reflec-
tance) for both areas in the considered time period. Atmospheric correction was
applied to Sentinel-2 tiles using the dedicated GRASS GIS functionalities. The
stacking operation was performed as reported in Sect. 3.3.2 and two separate stacks
for the Landsat 8 and the Sentinel-2 were created.

Fig. 3.5 Study areas (pink pattern boxes) in UAE (right) and Egypt (left) with Landsat 8 (blue
boxes) and Sentinel-2 (green boxes) granules coverage. (Basemap: ©2020 Google)
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To sum up, the local cross-correlation analysis to infer dunes migration for the
proposed case studies used a time step of one year between images for the periods
2013 – 2015 for Landsat 8, and 2016 – 2018 for Sentinel-2. September was selected
as reference month. A fixed master approach with a moving window of 15 x 15 pixels
was adopted (see Sect. 3.3.3). The synthesis of results, provided through windrose
graphs, is included in Fig. 3.6. Dominant winds directions that were here considered
for qualitative validation of results are reported in Fig. 3.7.

3.4.2 Preliminary Results Discussion

Preliminary results show a marginal agreement of dunes shifts directions with the
dominant winds (see Figs. 3.6 and 3.7) (Oxoli et al., 2020). Displacements appear

Fig. 3.6 Results synthesis for the preliminary application of the presented framework for dune
migration analysis on the UAE and Egypt study areas. Only shifts with an associated error lower
than 0.5 were considered in the graphs
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moderately overestimated according to reference data in the literature, see
e.g. (Lancaster, 2013; Hassoup, 2019) where the estimated net movement rate for
dunes in the studies areas varies from dozens of meters (Egypt) to few meters per
year (UAE). According to the above, Sentinel-2 imagery (10 m resolution)
outperformed the Landsat 8 (30 m resolution), suggesting the pixel resolution
being critical for dunes migration studies. In fact, the minimum shift that can be
detected is equal to or larger than the pixel resolution. Therefore, movements of a
few meters cannot be sensed by the procedure because of the native resolution of
input data, to which the minimum mappable change is limited.

In this experiment, Sentinel-2 imagery procured more clustered results to the
dominant winds blow directions than the Landsat 8 by enforcing the above consid-
eration on the resolution. However, many shifts were registered also in opposite or
different directions than the dominant winds. It is known from the literature that
dunes generally show heterogeneous patterns both in time ad space due to local
major forcings or obstacles such as wind transport capacity, terrain morphology,
vegetation, and sand supply (Hugenholtz et al., 2012). Furthermore, dune mobility
might not always imply migration but simply changes in dunes morphology (Lan-
caster, 2013). All these features require primarily consideration in order to exploit
dunes migration patterns identified through the presented analysis for operational
purposes.

Additional sources of error may then derive from the analysis parameters setting
and quality of input data. In particular, the satellite imagery georeferencing offered
by the data providers has a root mean square error for the positional accuracy that
ranges between 10 m (Sentinel-2) to 12 m (Landsat 8). These errors may manifest as
uncontrolled shifts among stacked images that are not due to the actual dynamics of
the dunes and biasing the change detection. Next is the classification step. It is

Fig. 3.7 Average of wind blow directions in the considered study areas between 2008 and 2018
(wind data: GWA 3.0 ©2020 (Technical University of Denmark – DTU, 2021))
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intuitive that the more accurate is the classification the better is the detection of shifts
and therefore the selection of the classification procedure is key to provide the
analysis with the best compromise between accuracy and applicability on a large
images stack. Lastly, a procedure for tuning parameters for the local cross-
correlation analysis, such as time steps, master/slave relationship and moving win-
dows size, should be considered to improve results. Validation of results through
quantitative comparison with ground truth information – intended as field data or
remote sensing products with higher resolution and accuracy than the target satellite
imagery – is finally advised (Hugenholtz et al., 2012).

Issues and improvements to the analysis discussed above were not directly
tackled in this early stage of work. Nonetheless, these provide an exhaustive list of
directions for future developments as well as recommendations for proper use of the
proposed framework.

3.5 Conclusions

This chapter presented a framework for desert sand dunes migration analysis that
combines multispectral and multitemporal open satellite imagery with free and open-
source software. A preliminary application on two study areas in the MENA region
was provided to outline both potentials and limitation of the proposed framework as
well as to discuss improvements and recommendations thereof. The computational
steps were described according to both data and software requirements. Preliminary
results showed marginal agreements in terms of detected dune shifts with dominant
winds blow directions for the considered study areas in Egypt and UAE deserts.

Although being experimental, the framework promises to produce valuable
results for investigating sand dunes migration. Resulting maps and summary graphs
may provide support to sand mitigation planning by supplying synoptic views of
dunes dynamics in a timely and cost-effective manner. The monitoring of sands
dunes activity is critical for communities and ecosystems living alongside arid
regions which are forced to co-evolve with such dynamic environments. Despite
being a natural process, changes in dunes and sand masses migration patterns are
also affected by climate changes and human interactions with desert environments
(Yizhaq et al., 2009). In this context, the development of new techniques for
simulating and monitoring dunes migration represents a pressing concern to be
addressed.

To that end, the proposed framework leverages exclusively free and open-source
GIS and remote sensing software and open satellite imagery. This is of paramount
importance to provide the analysis with the potential to be empowered, replicated
and improved. Furthermore, cross-correlation of imagery was originally proposed
mainly to track movements of the atmosphere, oceans, and glacier fringes by leaving
large room for future research on applications to inland remote sensing such as land
cover displacements (You et al., 2017).
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Finally, the suitability of the modern open satellite imagery for highly resolved
environmental analysis in space and time opens new opportunities to unpin both the
economic and scientific potential of this data, while adding value to the open data
policies and motivating investments in satellite Earth Observations platforms and
techniques development.
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Chapter 4
How Severe is Water Stress in the MENA
Region? Insights from GRACE
and GRACE-FO Satellites and Global
Hydrological Modeling

Ashraf Rateb, Bridget R. Scanlon, and Sarah Fakhreddine

Abstract Freshwater scarcity in the Middle East and North Africa (MENA) is
increasingly exacerbated by rapid population growth demands and climate change
and currently impacts ~0.6 billion people in the region. In this chapter, we revisited
the trends in terrestrial water storage (TWS) over the last 18 years between 2002 and
2020 using observations of the Gravity Recovery and Climate Experiment and
its Follow On (GRACE-FO) missions. We evaluated the interdecadal TWS trends
in the MENA region against the variability of climate-driven TWS between 1901
and 2020 derived from GRACE, GRACE-FO, and natural simulation of the
global WaterGAP hydrological model. Climate-driven TWS represents TWS anom-
alies that are only forced by non-anthropogenic stressors and vary from annual cycle
to centennial variations. These TWS patterns were derived using the cyclostationary
empirical orthogonal functions method over grid and MENA’s polygon scales. The
interdecadal trend of TWS in the MENA region shows that the entire MENA region
lost about ~760 Gigaton (Gt) between 2002 and 2020, equivalent to ~2.6x the annual
rate of ice loss from Greenland or ~ 2 mm of global sea-level increase. Depletion
is more severe in the Middle East (e.g., Iran, Saudi Arabia) than in North Africa,
except for Tunisia. Current GRACE-GRACE (FO) TWS depletion trends in MENA
exceed past climate variability magnitude by at least a factor of 50 (considering
GRACE period only), especially in northern Saudi Arabia, southern and eastern Iran,
western Iraq, Egypt, Libya, and Algeria. These regions are characterized by a hyper-
arid climate, an absence of groundwater recharge, overexploitation of surface water
and groundwater resources. Sustainable surface and groundwater management is
more urgent than ever to meet increasing demands. Interpreting GRACE trends
relative to the magnitude and variability of climate-driven interannual and
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interdecadal variations helps to evaluate the reliability and forecast skills of current
TWS trends and highlights the role of the anthropogenic activity in draining
MENA’s water resources.

Thousands have lived without love, not one without water. W. H. Auden (1907–1973)

4.1 Introduction

During the past decades, water scarcity has become an increasingly serious challenge
globally due to the widening gap between global demands and limited supplies.
Stress on freshwater resources has more than doubled since the 1960s, with 25%
of the world’s population, across 17 countries, facing an “extremely high” level of
water shortages as defined by an 80% imbalance between supply and demand. Of
these 17 countries, 11 are located in the Middle East and North Africa (MENA)
(WRI: Aqueduct Water Risk Atlas, 2019). (Fig. 4.1). The water crisis in MENA is
primarily a product of the hyper-arid environment (high temperature and high
evaporation throughout most of the year), and it is worsened by overexploitation
of rivers and aquifers. Water severity in MENA is unevenly distributed, ranging
from highly severe in the Gulf Cooperation Countries (GCC), Jordan, Yemen, and

Fig. 4.1 Location of the study area that includes the 26 countries in the Middle East and North
Africa; Algeria (DZ); Chad (TD); Libya (LY); Niger (NE); Tunisia (TN); Egypt (EG); Iraq (IQ);
Israel (IL); Jordan (JO); Lebanon (LB); Palestinian Territory (PS); Sudan (SD); Syria (SY); Turkey
(TR); Bahrain (BH); Iran (IR); Kuwait (KW); Oman (OM): Qatar (QA; Saudi Arabia (SA); United
Arab Emirates (AE); and Yemen (YE). Contour lines represent topography elevations. (Amante &
Eakins, 2009)
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Libya to less severe in countries with high recharge (e.g., Morocco), high ground-
water reserves (e.g., Lebanon and Iran) or large rivers (e.g., Iraq) (Bank, 2017).

Ample evidence has accumulated for the role of anthropogenic activity in driving
current water scarcity in the MENA. However, it is unclear how this role compares
with climate change magnitudes. This chapter outlines the current staus of TWS
depletion in MENA relative to the historical magnitude of the climate variability
between 1901 and 2020. We highlight the hot spots of TWS depletion in MENA,
where current water abstractions are out of balance relative to supplies and greatly
exceed observed and simulated impacts of climate variability.

Since 2002, the Gravity Recovery and Climate Experiment (GRACE) mission
has resulted in a paradigm shift in understanding the water cycle and the interplay
between climate change and human interference (Tapley et al., 2004; Landerer et al.,
2020). GRACE provides unprecedented spatiotemporal information on the water
cycle that enables monitoring changes in TWS from monthly to interdecadal scales
and from a resolution of ~330 km to a global scale. GRACE mission includes twin
satellites launched by the National Aeronautics and Space Administration (NASA)
and the German Aerospace Center (DLR) in March 2002 to map temporal changes
of the Earth’s gravity field that can vary the distance between the two satellites at an
elevation of ~470 km (Wahr et al., 1998). The GRACE mission was
decommissioned in October 2017, and a new mission, named GRACE Follow On
(FO), was launched in May 2018 to continue the same legacy (Landerer et al., 2020).
GRACE was used to monitor trends in TWS (Rodell et al., 2018), mapping ground-
water storage (GWS) depletions and assessing the role of climate and human impacts
(Frappart & Ramillien, 2018; Russo & Lall, 2017; Xiao et al., 2015; Kelley et al.,
2015), and mapping drought and flood occurrences and frequencies (Reager et al.,
2014; Chen et al., 2010, 2018). GRACE-TWS represents all land reservoirs from
surface to the Moho including (groundwater (GW), surface water (SW), soil mois-
tures, snow water, and ice). GRACE has been validated against in-situ groundwater
level observations and showed good performance when sufficient in-situ data were
available (Rateb et al., 2020a). GRACE has been used to validate and enhance the
performance of global hydrological models in simulating trends and annual compo-
nents of TWS (Scanlon et al., 2018, 2019; Eicker et al., 2014; Döll et al., 2014) and
trends in GWS in regional modeling (Rateb et al., 2020a).

In MENA region, early studies using GRACE show TWS depletion primarily
caused by GW depletion in Iran, Saudi Arabia, and North (N) Africa. During the
2007–2009 drought in the Tigris Euphrates Basin (TEB), TWS declined by a total of
143 Gt, with 60% of the depletion arguably attributed to GW pumping for irrigation
(Xiao et al., 2015). Other studies attributed the large depletion predominantly to SW
decline during the 2007–2009 drought (Longuevergne et al., 2013) and during the
past four decades (Rateb et al., 2020b). Rateb et al. (2020b) investigated the water
balance and drought occurrences in the TEB using GRACE/GRACE-FO, hydrolog-
ical models, and in-situ observations between 1979 and 2020. They concluded that
severe droughts have occurred at decadal timescales in the basin since the 1980s.
Exceptional droughts are documented in 1998–2000 and 2007–2009, and mild to
moderate droughts in 1983–1984, 1989–1992, 2011–2013, and 2018. SW declined
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the most and human impacts on SW and GW amplified TWS depletion during these
drought periods by at least 50% (Rateb et al., 2020b). TWS declined by ~80 Gt
during the 2007–2009 drought, mainly from the surface reservoir. GW depletion
contributed only 25%–30% of the TWS depletion (Rateb et al., 2020b). The severe
drought of 2007–2009 in the ME led to land degradation, desertification (Albarakat
et al., 2018), land subsidence (Rateb & Kuo, 2019), and mass migration in Iraq and
Syria (Kelley et al., 2015). Recent floods in 2019 and 2020 have resulted in TWS
recovery of ~144 Gt by July 2020 to the levels prior to 2006 (Rateb et al., 2020b).
However, by the time of this writing in February/March 2021, most of Turkey is
subjected to drought, with reservoirs declining to their lowest level within the past
15 years (Observatory, 2021). Saudi Arabia experiences an annual TWS loss of 10.5
Gt/year. in the northwestern part of the country (Rodell et al., 2018), and an annual
GWS loss of 6 to 5 Gt/year in north (Joodaki et al., 2014). TWS depletion in the
north stabilized after 2016 when the Saudi government ended their three decades of
domestic wheat production program (USDA, 2016). In N Africa, TWS depletion in
the Nubian aquifer and northern western Saharan aquifers was about 50 Gt and 30 Gt
between 2003 and 2016 (Frappart, 2020). Using recent GRACE-FO data, Ahmed
(2020) estimated that GW withdrawal and recharge could be balanced if GW
withdrawal decreased by 1.5 Gt/year and 2.7 Gt/year in the Nubian and northwestern
Sahara aquifers, respectively.

This chapter updates the status of TWS trends in the MENA region and further
evaluates the reliability of the TWS trend over the past 18 year. (2002–2020) relative
to observed and simulated climate-driven TWS variability between 1901 and 2020.
Climate-driven TWS represents TWS variations driven by climate only without
human intervention and includes annual cycle and low-frequency components
(e.g., interannual to centennial) that may be derived by climate teleconnections
(e.g., El Niño–Southern Oscillation and Atlantic Multi-decadal Oscillation). The
study area includes 26 countries in MENA regions (Fig. 4.1).

4.2 Data and Methods

4.2.1 GRACE Satellites and Global Hydrological Modeling

GRACE data described in this chapter represent TWS anomalies from GRACE/
GRACE-FO based on the two mascons solutions from the University of Texas at
Austin, Center for Space Research Mascon (UTCSR-M) and NASA Jet Propulsion
Laboratory Mascon (JPL-M) for the period 2002 and 2020. Macson solutions have a
higher signal-to-noise ratio relative to traditional spherical harmonics solutions
(Scanlon et al., 2016) and higher spatial resolution (~200 km at the equator and
100 km at the poles) (Rodell et al., 2018). CSR mascons were built using the
Tikhonov regularization technique based on a geodetic grid (Save et al., 2016).
JPL mascons use altimetry satellite observations and geophysical models to con-
strain the global mass flux anomalies (Watkins et al., 2015). The following
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corrections were applied to both mascons. 1) Estimates of C20 and C30 for GRACE
after August 2016 and GRACE-FO were replaced by the satellite laser ranging
estimates (Loomis et al., 2019), and C21 was corrected (Swenson et al., 2008; Sun
et al., 2016). The global glacial isostatic adjustment correction has been applied
(Peltier et al., 2018). JPL mascons have a native GRACE resolution of 3� but are
downscaled to 1� and resampled to 0.5� using the community land model (CLM).
The gain factor based on the difference between filtered and unfiltered CLM-TWS is
applied to the JPL grid to strengthen the weakened signal under 3�. CSR mascons
have a 1� resolution but are downscaled to 0.25� to better resolve leakage between
the oceans and land. Physical interpretation of GRACE and GRACE-FO should be
inferred at the missions’ native resolution, even with downscaling and resampling
the solutions. Downscaling GRACE data to spatial resolutions finer than 3� intro-
duces a dependency of the neighboring grid cells and does not reflect a real mass
change at the downscaled resolution.

We incorporated the climate-driven simulation (natural, excluding human inter-
vention) of the WGHM model. WGHM includes five water use models (irrigation,
household, livestock manufacturing, and cooling hydropower plants) (Döll et al.,
2003). The model version used in this study is forced by outputs of WATCH-
Forcing-Data-ERA-Interim (WFDEI) GPCC (Weedon et al., 2014). It has a spatial
resolution of 0.5� � 0.5� (55-km at the equator) and monthly temporal resolution
between 1901 and 2016. For additional information on WGHM-2.2, we refer to
(Doell et al., 2014; Schmied et al., 2014; Müller Schmied et al., 2016).

4.2.2 Cyclostationary Empirical Orthogonal Functions
(CSEOF)

To derive the climate-driven TWS in MENA, we applied cyclostationary empirical
orthogonal functions (CSEOF) (Kim & North, 1997; Kim et al., 1996) to TWS
variability from WGHM model. In CSEOF, spatiotemporal data are decomposed
into a number of interpretable components of principal component times series
(PCTs) and loading functions representing the spatial patterns of the PCTs.
CSEOF differs from other decomposition methods (e.g., EOF) or empirical mode
decompositions by being time-dependent, periodic, and can be applied to a single
time series (1-D) or cube data (3-D). Implementing CSEOF requires knowing a
nested period at which temporal components and their spatial patterns are common
and can be derived. We used 12-month as the default climate cycle at which different
climate variables yield a periodic change. We applied CSEOF on the 1-D time series
(grid-scale) and for the MENA region polygon detrended TWS, which allows a
detailed analysis of the time series. The derived components are independent with
different variances (cyclostationary) (Fig. 4.2). The first derived component repre-
sents interannual to centennial variations of TWS; the climate-driven trends. The
second principal component of the CSEOF decomposition represents the modulated
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annual cycle (MAC). MAC is a better representation of the annual cycle and differs
from the stationary seasonal cycle by being time-dependent with different mean and
variance.

4.3 Current TWS Depletion Trends and Variability of Past
Climate-Driven TWS

The magnitude of the TWS depletion in the ME is higher than that in N Africa
(Fig. 4.3). In the ME, TWS depletion is more severe in Iran, south Turkey, and
northern Saudi Arabia, with rates ranging from �20 to �10 mm/year. Similar
depletion is only found in Tunisia in N Africa. A moderate-severe trend in TWS
depletion prevailed in most of Turkey, southern Saudi Arabia, and most of N Africa,
with rate ranges from �10 to �3 mm/year. Stable trends with a range of �3 mm/
year, were found in west Yemen, northwest Egypt, and most of Mauritania and
Morocco. Rising trends with a range (5–15 mm/year) are mainly found in N Africa,
south the Sahara regions in Sudan, Chad, Niger, and Mali. Overall, the MENA
region experienced an annual loss of water mass of �42 � 2 Gt/year. Water mass
loss between 2002 and 2020 totaled ~�760 Gt—equivalent to ~2.6x the annual rate
of Greenland ice loss or ~ 2 mm increase of the global sea level, considering the
areas of the global oceans (361 � 106 km2) (Fig. 4.3).

Fig. 4.2 (Upper panel) WGHM-TWS with no human intervention in the MENA region expressed
as a mass movement in gigatons and equivalent global sea level in mm. (Middle panel) The first
principal component time series derived after decomposition using CSEOF technique. PCT01
represents the low-frequency TWS component —the interannual to centennial climate-driven
TWS. (Lower panel) PCT02 represents the modulated seasonal cycle of the climate-driven TWS
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Climate driven TWS represents the simulated TWS driven only by climate
forcing (e.g., precipitation and temperature). Variability in climate driven TWS is
�10 mm throughout most of the region. The standard deviation (SD) is higher in
southern Turkey, Northern Iran, western coasts of the Persian Gulf, Nile River,
northwestern Africa (coastal), and south of Sahara (e.g., Chad, Mali, and Sudan).
These regions with higher SD either receive substantial annual precipitation or (e.g.,
Chad, Mali, northern Iran) or represent a surface water body (e.g., Nile river)
(Fig. 4.4).

Fig. 4.3 (Upper panel) Spatial patterns in annual TWS trends based on GRACE JPL mascons
expressed in mm. (Lower panel) Temporal patterns in TWSA trends in the MENA region from
CSR and JPL mascons, and their ensemble mean, expressed in equivalent volume (Gt) and global
sea-level rise (mm). Note, the difference in TWSA Eq.SLR signs show the loss of land water
corresponds to global sea-level rise.
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4.4 Severity of Total Water Storage Depletion

Interdecadal trends in GRACE-TWS are driven by climate variability, change, and
human intervention. While the long-term variability in WGHM – TWS are climate-
driven only (Fig. 4.4). The interdecadal trend to interannual variability ratio (TIVR),
based on GRACE TWS for the period (2002 to 2020), or the WGHM – TWS
represents the severity for the current trends relative to historical climate variability.
Grid cells with TIVR ratios that exceed�3 represent cells with severe or exceptional
TWS depletion that exceed the magnitude of climate variability impacts by �3
standard deviations. The severe-exceptional TWS depletion mostly occurred in the
central basin in Iran, the Arabian Aquifer system in Saudi Arabia, and Nubian
Aquifer sandstone in N Africa (Fig. 4.5). In these regions, the TIVR ratio is 50�
the magnitude of the interannual variations between 2002 and 2020 and 150� the
magnitude of MAC, and interannual-centennial variations of TWS between 1901
and 2016. The 100-150x factor could be uncertain given the uncertainty in the
climate forcing data (e.g., precipitation, temperature) in the WGHM model; how-
ever, it doesn’t change the higher relative deviation of the climate-driven variability
of TWS relative from the current interdecadal GRACE TWS. The climate in these
regions is drier than in the MENA, and the regions receive <200 mm/year. annual
precipitation (Fig. 4.5) with no single surface water body. GW storage variability
constitutes most of the TWS variability and was overexploited for irrigation (>80%).
The regions with surface water (e.g., Nile in N Africa and TEB in ME) have
relatively less severe trends and smaller TIVR ratios. In these regions, SW is the
primary source of irrigation and use in Egypt and Iraq, and GWS provides a buffer
during dry periods. However, given the high water demands and extending these
rivers beyond the borders, the resources are subjected to climate impacts and control
by the upstream countries (e.g., Ethiopia on the Nile and Turkey on TEB). Such
control diminished flow in the Tigris and Euphrates rivers (Kim et al., 1996), with
Turkey singly controlling the resource of the two rivers by building dams and

Fig. 4.4 Standard deviations in climate-driven WGHM-TWS extracted by CSEOF (Fig. 4.2)
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Fig. 4.5 (Upper panel) Ratio of interdecadal trends to the variability of climate-driven TWS based
on JPL mascons for the 18 year. [2002–2020]. (Middle panel) Ratio of interdecadal trends to
variability in climate-driven TWS based on WGHMmodel over 116 year. [1901–2016]. Ratios that
exceed �3 are considered severe or exceptional trends in TWS depletion. (Lower panel) Mean
annual precipitation in the MENA regions for the period 2002–2020 derived from
GPM-Imerge data
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expanding irrigation projects (e.g., the southeastern Great Anatolian Project). Ethi-
opia is also building the Grand Ethiopian Renaissance Dam without reaching an
agreement with the riparian countries (Sudan and Egypt), which could impact the
annual flow in the Nile, especially during dry years. As a result, the situation is likely
to worsen in the future without transboundary cooperation in these countries.

Other regions with lower interdecadal trends and TIVRs that may reflect the
window of climatic variability impacts include the upper streams in the TEB,
Turkey, Coastal regions in Oman, Yemen, and N Africa. These regions have higher
annual precipitation (200–400 mm/year), which replenishes neighboring aquifers
(Fig. 4.5). The exceptional wetness in the MENA is only found south of the Sahara,
where the mean annual precipitation exceeds 400 mm/year.

Water use in MENA is mainly based on nonrenewable GW resources. At the
lowest level of unsustainable use is Saudi Arabia and Libya, where abstraction from
the Nubian aquifer (Libya) and the Arabian aquifer sustains (Saudi Arabia) water
demand at 75% and 80%, respectively. Water use in other countries (e.g., Oman,
Iran, and Djibouti) is unsustainable in terms of GW. Countries with sustainable use
are coastal countries with use based on surface water (e.g., Morocco), on a high GW
reserve (e.g., Lebanon), or relying heavily on desalination (e.g., Kuwait) (Bank,
2017).

4.5 Future Considerations for Water Security in MENA

Water scarcity in the MENA region is spatially variable and exceeds impacts of
centennial climate variability by factors of 100–150�. Regions with high
interdecadal rates and negative TIVRs represent regions with water resource deficits
driven chiefly by anthropogenic activity. Rapid growth in human population, eco-
nomic devolvement, and poor water management increased pressure on the MENA
freshwater resources. More sustainable water management requires regional coop-
eration towards mitigation and plans to secure future water resources. The following
highlights some measures ranging from common sense to cutting-edge ideas that
could be adopted to reduce water insecurity in MENA.

• Increase irrigation efficiency: Irrigation in MENA is not fully optimized and
primarily based on flood irrigation, with 60–92% of the water used for irrigation
(Bank, 2017). Given the limited resources, adopting better irrigation technologies
(e.g., sprinkle and drip irrigation) and plants seeds that require less water can
reduce water waste and food loss and increase water availability.

• Artificially recharge the aquifers: In MENA, relocating the surface water in
areas where the surface water is available (e.g., Nile and TEB, Jordanian rivers) to
recharge surrounding aquifers could help alleviate temporal disparities in water
availability between wet (floods) and dry (drought) climate cycles. In the GCC
and Israel, aquifer recharge practices include recharge dams, aquifer storage
transfer and recovery, recharge ponds, soil aquifer treatment, rooftop rainwater
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harvesting, and Karez/Ain systems which use underground tunnels to recharge
rainfall-runoff (Parimalarenganayaki, 2020). Expanding these projects during
episodic events can even out impacts of rainfall variability and increase resilience
in the MENA region.

• Reuse water after treatment, for irrigation, or to replenish the aquifers. Only
27% of wastewater is being treated and reused, with 43% of wastewater reuse for
irrigation purposes in the MENA (Qadir et al., 2010). Water scarcity can be
alleviated by the reuse of treated wastewater. Water reuse can also help improve
crop production. One of the prominent examples of water treatment in MENA is
the Dan Region Reclamation Project (Shafdan), south of Tel Aviv, Israel.
Shafdan operates the largest wastewater treatment plant in Europe and the
MENA with a treated volume greater than 140 million m3 per year and was
established in 1977 (Maliva, 2020). The secondary treated wastewater is
recharged and further treated using SAT by infiltrating 120–140 M m3/year.
over 110 hectares with a retention time of 6–12 months in the aquifer (Cikurel
et al., 2012).

• Desalinization: Desalinization is a lifeblood in MENA, GCC (e.g., Qatar,
Kuwait) rely almost totally on desalinated water (>90%), UAE (70%), and
Saudi Arabia (60%). For example, UAE operates the largest desalinated seawater
plant globally with a stored volume of ~10 Mm3 /year. It is expected to recover
potable water for direct use (Stuyfzand et al., 2017). The full project was
completed in 2017 and includes ~300 injection wells to store 26 Mm3 of supply
of desalinated water which is sufficient to supply the Abu Dhabi Emirates with
emergency water for three months (Dawoud, 2020). Desalination is energy-
intensive and may not be suitable for other poor countries in the MENA without
access to vast energy resources (e.g., Yemen, Libya), besides its carbon footprint
and chemical disposal. However, using other renewable energy sources for
desalinization plants (e.g., solar power) should provide an alternative to long-
term desalination after the oil and gas era. Also, involving the private sector in
desalination contracts should help other countries —given the high prices and
costs in building desalination plants.

• Transboundary cooperation and holistic management: Most of MENA‘s
freshwater resources are transboundary (e.g., Nile, TEB, Jordan river basins,
Arabian, and Nubian aquifers). Overexploiting these resources jeopardizes the
ecosystem, fueling social unrest and sparking conflicts between countries. Cur-
rent water scarcity is an existential threat to MENA with unknown future conse-
quences imposed by climate change. Tackling this shared threat requires regional
cooperation to manage the shared resources among countries and integrated
approaches to water management during climate extremes (drought, floods) to
maximize the shared benefits and minimize the economic costs and social
conflicts.

• Public outreach and economic policies: Coping with the current water crisis in
MENA requires changing individual behavior and lifestyle norms. Many of the
alternative solutions for water scarcity in MENA face obstacles due to social
unacceptance. (e.g., water reuse) or high prices of water treatment. Most of
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MENA lacks water economic policies; water prices are issued at national levels,
and prices are paid regardless of use or considering the available resources.
Lowering the prices of treated wastewater for irrigation and raising pricing of
fresh SW/GW resources will help protect and maintain the limited freshwater
resources, adapting improved irrigation practices and reducing pollution.

MENA has a population growth rate of 1.6%, exceeding the global rate of 1.1%.
These rates widen the water demand-supply gap as >70% of the finite freshwater is
used for agriculture production. Also, high population growth rates exacerbate
climate change impacts and drive mass migration. Policymakers need an effective
strategy and key policies to reduce population growth rates to decrease stresses on
water resources and food production.
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Chapter 5
The Application of Remote Sensing
on the Studies of Mean Sea Level Rise
in the Arabian Gulf

Nada Abdulraheem Siddig, Abdullah Mohammed Al-Subhi,
and Mohammed Ali Alsaafani

Abstract Mean sea level (MSL) trend at the Arabian Gulf has been estimated based
on hourly tide gauge (TG) data of seven stations at the west of the gulf (1979–2008)
and multi-missions satellite altimetry monthly mean (1993–2018). Analysis exposes
that MSL is rising due to global warming. Altimetry data reveals a global rising trend
by about 2.8 � 0.4 mm/year while for the Arabian Gulf, trend estimation shows
higher rate by about 3.6 � 0.4 mm/year. This value almost in agreement with
previous trend estimations for the gulf by many researchers and trend values in
adjacent seas such as the Red Sea and Gulf of Aden. Based on TG hourly values, sea
level trend is also showing a rising trend at all stations with variable rates. For
example, at Mina Salman the trend value is about 3.4 � 0.98 mm/year which agrees
with the above estimate from the altimetry data followed by values from Arrabiyah
Island station; 2.4 � 0.66 mm/year. However, not all stations reflect the same MSL
trend rising rates; for example, Ras Tanura recorded the lowest value of trend
followed by Jubail station by about 0.7 � 0.31 mm/year and 1.6 � 0.71 mm/year
respectively.

Keywords Remote sensing · Mean sea level rise · Arabian gulf

5.1 Introduction

Marine studies gained countless benefits from remote sensing in the past four
decades. To illustrate, these benefits include but not limited; coastal applications
programs such as tracking sediment and erosion prevention. Furthermore, another
advantage is to ocean applications where ocean dynamics can be tracked and
modelled. This includes ocean circulation, climate studies, and tide and sea level
fluctuations. Moreover, additional influence lies on the hazard assessments such as
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oil pollution. Of course, the natural marine resources have earned well assets from
remote sensing such as coral reef health monitoring programs. One of the strong
points to oceanographers is the advent of satellite altimetry with the Skylab in the
mid-1970s. Satellite altimetry has accomplished revolutionary bounce in the
advancement of ocean studies and those related to the climate. Climate changes, as
a result of global warming, has raised the sea level in a dramatic rhythm affecting
millions of lives in the global coastal areas. Sea level rise has become a concerning
issue to almost all countries due to the increasing threat to their coastal areas and
hence development. Satellite altimetry precisely measures the topography of the
global sea surface in a short revisit time.

It is well known that oceans are the dynamic of the earth’s climate. The most
significant roles are played by the Pacific Ocean since it represents more than
one-third of the surface of our globe and nearly half the area of its oceans. However,
the ocean and seas get affected by climate change in two ways; direct and indirect.
The direct effect is by the increasing of the water volume by melting of snow and ice
and consequently, the sea level rises. When the ocean got more heat, its water
column expands and hence, the sea level rises; this is an indirect effect of climate
change and for oceanographers it is known as Steric Sea Level. For this reason, the
projection of sea level rise is becoming the most concern for many countries and
agencies. Before the era of satellites sea level data was collected merely from tide
gauges distributed around almost all coasts. Lately these data were plugged in into
hydrodynamic statistical models to figure out the future sea level rise projections.
However, these models have so many shortage and limitations due to the absence of
data in some parts of the globe. After the satellite altimetry data gained its wide
coverage and reliability starting early 90s with TOPEX/Poseidon (T/P) revolutionary
mission both climate and sea level rise studies got a lot of strength and scientific
significant.

Satellite altimeter is an active microwave sensor measures the time took a radar
pulse to hit the sea surface and reflects back to the receiving altimeter antenna in
order to estimate SSH (Fig. 5.1). Thus, the SSH equals to the satellite orbit (O) which
represents its height above the earth’s ellipsoid after subtracting the satellite
corrected range (R) which represents its height, above the sea surface:

SSH ¼ O � Rcorrected

Like many other satellites remote sensing, altimeters face difficulties and challenges.
To illustrate, the troposphere and ionosphere distort microwave signals and attenuate
their quality and hence required some technical corrections. The other difficulties
arise due to complicated conditions of coastal areas, including their bottom topog-
raphy, water dynamics and land proximity (Taqi et al., 2020). These costal difficul-
ties prevent the extracting of SLA information directly from the microwave
waveform within the first 50 km of the coasts (Taqi et al., 2017). For the above
reasons, satellite altimetry data must go through many corrections for the atmo-
spheric attenuations and land proximities. However, the land proximities for semi-
enclosed seas and gulfs remains one of the big challenges that always prevent the full
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use of altimeter data in these areas until recently when these issues have been fully
resolved. (Taqi et al., 2020) have successfully improved SLA precision using a
technique called the improved “Fourier series model (FSM01)” method in the Red
Sea which in turn can be applied in any coastal areas around the world.

The Arabian Gulf (AG), is a semi-enclosed marginal sea covered a total area of
about 239 � 103 km2 with an average depth of about 36 m (Emery, 1956). Coastal
areas in the northwest and the west are shallow. The average length of the AG is
990 km (Fig. 5.2). The main water exchange between the AG and the Indian Ocean
is through the Strait of Hormuz. The wind (Shamal) blowing from north and
northwest in the AG, that blow through winter and summer, is characterized by
strong wind speeds during winter due to high atmospheric pressure disturbances and
by a relatively lower intensity during summer (Perrone, 1979). The wind speed at the
coast reaches as high as 15 ms�1 (Reynolds, 1993). The annual evaporation over the

Fig. 5.1 Satellite altimetry estimates Sea Surface Height (SSH) by measuring travelling time of
radar pulse to sea surface and back to antenna. Modified version of the image from the Archiving,
Validation, and Interpretation of Satellite Oceanographic Data (AVISO) at: http://www.aviso.
altimetry.fr
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AG is about 2 m/year (Ahmad & Sultan, 1991; Hastenrath & Lamb, 1979; Meshal &
Hassan, 1986; Privett, 1959; Xue & Eltahir, 2015), while fresh water input by
precipitation is ~0.15 m /year (Johns et al., 2003). The main source of fresh water
was occurred mostly in the northern end of the AG, through the Shatt Al Arab river
by convergences the Euphrates, Tigris and Karun rivers in it. However, the discharge
of rivers is very small compared to evaporation.

Tides in the AG are complex, and the major tide is varying in nature from being
semi-diurnal, diurnal, and mixed type (Reynolds, 1993). Semi diurnal tides have two
amphidromical points in the north-west and south, while the diurnal tide has one
amphidromical point in the center of the AG, near the Kingdom of Bahrain. It also
shows that the primary constituents are M2, S2, K1, and O1 (Najafi, 1997). The tidal
propagation in the AG basin is counterclockwise from the Iranian coast north to the
Saudi Arabia coast south.

The sea level variations in the west and northwest coasts of the AG has been the
focus of the researchers (Al-Subhi, 2010; Alothman et al., 2014; El Din, 1990;
Khalilabadi & Mansouri, 2013; Reynolds, 1993; Sultan et al., 2000) calculated the
meteorological effects causing (up to 75%) the seasonal signals of mean sea level in
the AG, out of which the atmospheric pressure is contributed by 62% and wind stress
by 12%.

Fig. 5.2 A map of the study area shows the name and location of the stations
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Since 1992, high quality satellite altimeters (TOPEX/Poseidon, ERS-2, GFO,
Jason-1, Envisat, Jason-2 and Jason-3) lead to accurate estimates of the sea level rise
in global measurements. Gornitz (1995) estimated an increasing trend of the global
sea level non-satellite records to be 1–2 mm/year. Meanwhile, satellite altimetry data
shows an increase around 3 mm/year (Antonov et al., 2005; Bindoff et al., 2007).
However, (Church et al., 2008) found that the sea level trend from both TG and
satellite altimetry data show sea level is rising by more than 3 mm/year. In the
Arabian Gulf (AG), Sultan et al. (2000) found that the sea level trend at Ras Tanura
during 1980 and 1994 is rising by 1.70 mm/year. Moreover, (Alothman & Ayhan,
2010) analysed sea level data in 13 stations in the north-western coast of the AG and
found a relative rise of about 1.96 mm/year by correcting the vertical land motion.
Later study conducted by (Alothman et al., 2014) in the same part of the AG found a
trend of 2.20 mm/year and after correcting this value for vertical land motion the
trend became 1.50 mm/year.

Strait of Hormuz, with great economic importance (industry, commerce, and oil)
and marine life. AG is an important area being an extension of the Indian Ocean
across the.

The aim of this study is to investigate sea level trend from seven stations on the
west coast of the AG from 1979 to 2008. These data serve as a ground truth and
validation for all satellite altimetric sea level data available from (1993–2018). It is
important to mention that most of the results presented in this chapter have been
published in (Siddig et al., 2019) and re-presented here with the permission of the
publisher.

5.2 Data and Methods

The National Oceanic and Atmospheric Administration (NOAA) was the main
source of the satellite altimetry data which extracted for the period between 1993
and 2018 from official website https://www.star.nesdis.noaa.gov/socd/lsa/
SeaLevelRise/LSA_SLR_timeseries.php. The TG data of six selected stations
along the Arabian Gulf, Saudi Arabian coast was obtained from Saudi Aramco
Company. While the Permanent Service for Mean Sea Level (PSMSL) https://
www.psmsl.org/data/obtaining/map.html was used for the data of the Mina Salman,
Kingdom of Bahrain. Details of these stations, including the data duration, names
and coordinate is listed in (Table 5.1). The study was done within the longest
recorded period of 29 years conducted for Mina Salman, Jubail and Ras Tanura
stations and the shortest recorded period in this study is 9 years for the Abu Ali Pier
station.

In order to extract residual sea level, which is caused by forces other than tide
mainly the meteorological forces, from the observed TG records, the World Tide
MATLAB Software (WTWC) (Boon, 2004), has been used. The software applies a
selective, least squares harmonic analysis to identify the tidal constituents and
predict tides and tidal currents using a total of 35 tidal constituents.
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By mathematical application to analysis the predict tidal, we obtain the equation.

h tð Þ ¼ h0 þ
Xm
j¼1

f j HJ cos ω jt þ u j � k�j
� �

ð5:1Þ

where, t ¼ time in serial hours;

h(t) ¼ predicted water level at t;
h0 ¼ mean water level;
fj ¼ lunar node factor for jth constituent;
Hj ¼ mean amplitude for jth constituent over 18.6-year lunar node cycle;
ωj ¼ frequency of jth constituent;
uj ¼ nodal phase for jth constituent;
κj* ¼ phase of jth constituent for the period origin is utilized (midnight beginning

December 31, 1899) and m ¼ number of constituents.

For purely solar constituents, fj ¼ 1 and uj ¼ 0.
The monthly mean sea level elevations were determined by analysing the long-

term TG data as illustrated in (Table 5.2). The length of the recorded data varies from
station to station with some short gaps in a few stations while at Min Salman, the
station has seven-year gaps in 1981 and 1998–2003.

In order to estimate the linear trend from the residual sea level data, first the
seasonal effect has to be eliminated through calculation of the monthly averaged

Table 5.1 The location of
TG stations in the western
coast of the Arabian Gulf

NO Station Longitude Latitude Period

1 Murjan Island 49.63� 28.45� 1986–2008

2 Arrabiyah Island 50.17� 27.77� 1985–2000

3 Abu Ali pier 49.68� 27.31� 2000–2008

4 Jubail 49.91� 26.86� 1980–2008

5 Ras Tanura 50.16� 26.64� 1980–2008

6 Qurayyah pier 50.11� 25.88� 1980–2000

7 Mina Salman 50.61� 26.20� 1979–2007

Table 5.2 The highest astronomical tide (HAT) and lowest astronomical tide (LAT) values for
each station along with the period length of data recorded

Station HAT(m) LAT(m) Data recording time (day)

Murjan Island 0.56 �0.44 8187

Arrabiyah Island 0.92 �0.67 5556

Abu Ali pier 0.88 �0.40 3110

Jubail 1.00 �1.01 10,074

Ras Tanura 1.13 �1.13 10,440

Qurayyah pier 0.15 �0.19 7649

Min Salman 1.02 �1.10 10,535
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residual sea level. Statistical testing is carried out on the time series for the trend
significance prior to fitting the linear model using Mann-Kendall method, which
tests whether to reject the null hypothesis (H0, no trend) or the alternative hypothesis
(Ha, if trend is present), is to be accepted.

The trend is fitted using the Least-Square Line (LSL) method that is often used in
the approximation of the general pattern of time series over the selected period
(Crum, 1925; Hoshmand, 1997).

The linear equation in general

y ¼ aþ bx ið Þ ð5:2Þ

Where the a and b, can be expressed as follows:

a ¼ y
c

where c ¼ length of data ð5:3Þ

xm ¼
XN
i¼1

xi �ex ð5:4Þ

The sum of square coefficient of the element x

X2 ¼
XN
i¼1

x2m ið Þ ð5:5Þ

Write the sum of y

y ¼
XN
i¼1

yi ð5:6Þ

We may rewrite these equations as

b ¼ XY
X2 ð5:7Þ

In order to estimate the value of the linear trend, Eq. (5.3) and (5.7) are substituted in
Eq. (5.2).

The standard error is calculated by dividing the standard deviation from the mean
as

se ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N�1

PN
i¼1

xi � xmð Þ2
s

ffiffiffiffi
N

p ð5:8Þ
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The XLSTAT software (http://www.xlstat.com/en/) is used for calculating the prob-
ability value (p-value), and hypothesis testing. The Mann-Kendall test was applied to
assess the significance of mean sea level trend, as follows.

S ¼
Xn�1

k¼1

Xn
j¼kþ1

sgn X j � Xk

� � ð5:9Þ

Where, the data collected over time ¼ X1, X2, X3. . .. . .Xn.
(Xj -Xk) is the difference between current values and all previous values, where

j > k, that takes on the values 1, 0, or � 1.
For the satellite altimetry data, the sea level linear trend was determined from the

merged sea level from all altimeter data. The data filtered to approximately 10-days’
time interval of 1� x 1� grids with seasonal signals removed. The final stage involved
determination of the monthly mean sea level for Arabian Gulf area as well as that of
the global coverage which lies on the latitudes 66�S to 66�N.

5.3 Results and Discussion

As shown in Table 5.2, the HAT and LAT indicate that there are high variations of
the tidal range between the stations over the study period. To illustrate, the highest
range is noted in the station Min Salman, Ras Tanura and Jubail at 2.00 m and the
lowest range is Qurayyah pier at about 0.34 m. the recorded TG time series of all
stations are plotted in (Fig. 5.3). From the figure it is clear that Jubail and Ras Tanura
station has the longest continuous recorded data while the lowest record is in Abu Ali
pier.

5.3.1 The Linear Trend Analysis

The linear trends for AG and global oceans have been estimated from the entire
satellite altimetry monthly mean time series as shown in (Figs. 5.4 and 5.5). The
linear trend for AG and global oceans is 3.6 � 0.4 mm/year and 2.8 � 0.4 mm/year
respectively with the significant values of P ¼ 0.0001. The TG monthly mean sea
level show significant positive trends with P value <0.05, for all stations except at
Mina Salman and Arrabiyah Island. The inconsistencies in these two stations are due
to large data gaps in the time series.

Figure 5.6 show the monthly mean sea level with fitted trend at all the TG station.
Mina Salman, however, has a discontinuity in the record for about 6 years. The trend
analysis for the uninterrupted period (1982–1997) shows a significant trend with P
value ¼ 0.0001. Similarly, at Arrabiyah Island after removing the periods with
severe gaps, the trend analysis (during 1990–2000) shows significant positive
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Fig. 5.3 Time series of the records for seven stations. (a) Murjan Island, (b) Arrabiyah Island, (c)
Abu Ali, (d) Jubail, (e) Ras Tanura, (f) Qurayyah, (g) Mina Salman.
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trend. The highest trend of the monthly sea level can be noted at the stations Abu Ali
Pier and Mina Salman with the values being 3.4� 0.98 mm/year and 3.1� 0.7 mm/
year respectively. While at Ras Tanura and Jubail stations the trend values is
0.7 � 0.31 mm/year and 1.6 � 0.71 mm/year which considered the lowest trends
among all station. The other stations recorded their trends as illustrated:

• Qurayyah Pier station ¼2.2 � 0.82 mm/yrar
• Arrabiyah Island¼ 2.4 � 0.66 mm/year
• Murjan Island station¼ 2.4 � 0.94 mm/year

Table 5.3 list all the estimated trends in this study as well as in the previous studies
for an inter-comparison of values, however, the data duration may vary among the

Fig. 5.4 Global oceans mean sea level trend 2.8 mm/year, from multi-mission satellite altimetry

Fig. 5.5 Arabian Gulf mean sea level trend 3.6 mm/year, from multi-mission satellite altimetry
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Fig. 5.6 Estimated linear trend for TG stations. (a) Murjan Island, (b) Arrabiyah Island, (c) Abu
Ali, (d) Jubail, (e) Ras Tanura, (f) Qurayyah, (g) Mina Salman
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studies. In the present study, the estimated trend at Murjan Island station is in the
same range with that of the rest of stations in AG, even though it is much less than
the previous estimates of (Alothman et al., 2014; Alothman & Ayhan, 2010;
Hosseinibalam et al., 2007). There are clear decadal signals in our estimates with
23 years of data (Fig. 5.6). This may explain the reason for the inconsistency in the
trend estimation between the present study and previous studies, where the short data
duration in the previous studies (11–15 years) may overestimate the trend values
within the decadal signal. For confirmation, the trends were re-estimated in same
periods of the previous studies and the results show similarly high values (Figure not
shown). At Abu Ali Pier, the estimated trend is 3.1 mm/year, which in between the
available estimates of the previous studies (Alothman et al., 2014; Alothman &
Ayhan, 2010; Hosseinibalam et al., 2007) (Table 5.3). At Qurayyah Pier, Ras Tanura
and Mina Salman, the estimated trends agrees with that of Alothman et al. (2014) for
all stations and with Hosseinibalam et al. (2007) for Ras Tanura and with Alothman
and Ayhan (2010) for Mina Salman. At Arrabiyah Island, the analysis shows
increasing trend, which is in contradictory with previous estimate, where they
reported a decreasing trend (Alothman et al., 2014; Alothman & Ayhan, 2010).
Alothman et al. (2014) related that decrease to human activities in that area and the
existence of oil platforms near the station. It is clear from our findings that the gaps in
data records significantly affect the estimated trends. A rough estimate of trends by
incorporating data with gaps of the same period of that of previous studies, leads to a
decreasing trend in this region. In present study, period contains gap is excluded and
only the data of minimal discontinuity is used (1990 to 2000) in the trend estimation.
The mean trend value for all the stations is � 2.3 mm/year in the AG.

5.4 Conclusion

In this study, seven TG stations on the west coast of the AG have been analyzed. The
highest tidal range is recorded at Ras Tanura with 2.26 m and the minimum tidal
range is seen at southern coastal station (Qurayyah Pier) with 0.34 m (Table 5.2).
Based on satellite data for the period from 1993 to 2018, the trend was estimated for
global oceans and for AG region with about 2.8 + 0.4 mm/year, and about
3.6 � 0.4 mm/year respectively. The trend of the AG is higher than that of the
global ocean, which is expected in semi-enclosed seas and regional gulfs. The
monthly mean residual sea level is used for the estimation of the linear trend at all
stations. Mina Salman station show the highest trend value with about
3.4 � 0.98 mm/year, while at Abu Ali Pier the estimated trend is about
3.1 � 0.7 mm/year. The estimated trend at Arrabiyah Island, Murjan Island and
Qurayyah Pier stations show similar values with about 2.4 � 0.66 mm/year,
2.4 � 0.94 mm/year, and 2.2 � 0.84 mm/year respectively. Lower trends have
been estimated at Jubail and Ras Tanura stations with about 1.6� 0.71 mm/year and
0.7 � 0.31 mm/year respectively. The average linear trend for all seven stations is
about 2.3 mm/year. The present study shows the trend estimates for Jubail station
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from 29 years (1980–2008) for the first time. Similarly, at Arrabiyah Island the
present study shows positive trend, which agrees with all other stations, while all
previous studies show negative trend at the same station. The main reason for the
negative trends in the previous studies was due to inclusion of high variability data
(the period from 1985 to 1989) having lots of gaps. At Murjan Island, the longer
duration data (23 years) produced good trend estimates, which agrees with that of the
other stations. The previous studies show very high trend at this station, which is
mainly due shorter data record they analysed. The increasing trends in the AG
indicate that the gulf is responding positively to the global warming phenomenon.
However, this response will have its impact on several environmental issues such as
coral reef which already experience high vulnerability of bleaching. On the other
hand, coastal communities will be affected with sea level rising problem due to
global warming.
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Chapter 6
Assessment of Vulnerability, Risk,
and Adaptation of MENA Region to SLR
by Remote Sensing and GIS

M. E. El Raey

Abstract An assessment of sea-level rise to the vulnerability of impacts, based on
the UNFCCC national communications carried out by satellites for the countries:
Egypt, Libya, Saudi Arabia, Jordan, Tunisia Algeria, and Morocco is carried out to
illustrate conditions after 30 years from now, based on comparison of scenarios We
will introduce some outlines of research based on vulnerability measurements and
mapping, and resilience. The measurements of the vulnerability of each country are
determined by the changes in temperature, precipitation, socioeconomic parameters,
and increase of hazards due to climate changes that occur. The risk associated with
climatic changes is also discussed, and ground-based adaptation needed are explored
for each country. Development of institutional capabilities for ICZM and upgrading
awareness are highly recommended for adaptation in the long run. Periodic nour-
ishment of Alexandria and Rosetta beaches, detached breakwaters for Alexandria,
Port-Said, and dune fixation are the recommended for no regrets management policy.
A program for raising resilience and awareness is necessary for all.

6.1 Origin and Causes of Climate Change

The Earth’s climate has changed in the past for a variety of reasons and several times,
for example changing the relationship between land and water (continents and
oceans) and changing the intensity of radiation or solar energy, and change in
Earth orbit and volcanic eruptions. For example, average global temperatures were
higher than today, where water was estimated to be above its current level by several
milli- meters (IPCC, 2012). Temperatures also dropped by about 5 Celsius Degrees
in the ice ages, which were about 100,000 years old.

Scientists estimated that about 20,000 years ago, the sea level was about
120 meters below its current level because the water was trapped in polar ice sheets.
The last 8000 years, which include most of the recorded human history, have been
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relatively stable enabling stability, supporting agriculture, and forming human
settlements as a result leading to population growth.

6.1.1 Natural Causes

Throughout Earth’s history, the climate has changed globally and locally in nearly
all periods. Climate change has many natural causes such as solar activity, ocean
currents, volcanic eruptions, meteorites, eccentricity, and tectonic movements
among others.

6.1.2 Solar Activity

The change in solar radiation was the main driver of climate change over geological
time, but its role in the current climate change on Earth is very small and
unnoticeable (Hegerl & Zwiers, 2007). Since 1978, solar radiation has been mea-
sured by satellites with high accuracy, these measurements indicate that total solar
radiation fluctuates every 11 years in the so-called solar cycle, but it has not
increased since 1978, which compatible with the argument of Hegerl, 2007. How-
ever, estimations indicate that solar radiation and volcanic activity had a very weak
effect in the three decades following 1978 and that these solar and volcanic activities
could explain only the periods of warmth and cold that occurred between 1000 and
1900 (Hegerl & Zwiers, 2007). There is no doubt that the only logical relationship to
solar activity is that of weather, not climate, as changes in solar radiation and
sunspots can make the winter cooler, or warmer, with very small changes in global
averages.

6.1.3 Ocean Currents

The oceans, which cover about 71% of the Earth’s planet, absorb about twice the
amount of solar radiation from the Earth’s atmosphere and surface. The oceans are a
key component of the climate system, they have a more active and dynamic role in
determining the climate system through interacting with continents by carrying vast
amounts of heat and redistribute it to the surrounding landmasses (Rahmstorf et al.,
2018). Evaporation in the ocean waters increases air humidity, forming rain and
storms that then move to large areas of the earth.

Therefore, it was argued that the oceans play an important role in the distribution
of unequal solar radiation on the Earth’s surface by global climate currents. Without
currents, regional temperatures will be more extreme and very hot at the equator and
very cold at the poles (Rahmstorf et al., 2018).
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6.1.4 Volcanic Eruptions

Volcanic eruptions can affect climate patterns for years due to the flow of certain
gases from volcanoes and ash staying in the atmosphere for a relatively long time.
The largest portion of gases released into the atmosphere is water vapor. Other gases
include carbon dioxide (CO2), sulfur dioxide (SO2), hydrochloric acid (HCl), hydro-
gen fluoride (HF), hydrogen sulfide (H2S), carbon monoxide (CO), hydrogen gas
(H2), NH3, and methane (CH4) (Lockwood et al., 2011).

Sulfuric acid is one of the most important gases; it can remain in the atmosphere
for up to 3 or 4 years in the stratosphere. Large explosions can affect the radiation
balance of the Earth because volcanic clouds absorb ground radiation, dispersing a
large amount of incoming solar radiation, the so-called “radiative effect” that can last
from 2 to 3 years after volcanic eruptions.

Gases and dust particles in the atmosphere during the volcano affect the climate,
where most of the particles emitted by volcanoes cool the planet by blocking
incoming solar radiation. The cooling effect can last for months to years depending
on the characteristics of the explosion. Volcanoes have also caused global warming
over millions of years during times in the history of the Earth where massive
amounts of volcanoes occurred, leading to the release of greenhouse gases into the
atmosphere (Lockwood et al., 2011). Although volcanoes are located only in specific
places on Earth, their impact is global because of atmospheric circulation patterns.
The volcano releases particles of dust, ash, sulfur dioxide, and greenhouse gases
such as water vapor and carbon dioxide, these dust and ash particles are small and
light so they can stay in the stratosphere for several months preventing sunlight and
causing cooling on large areas of the earth.

For greenhouse gases, volcanoes are known to release greenhouse gases such as
water vapor and carbon dioxide. However, these amounts, which are emitted into the
atmosphere from volcanic eruptions, do not considerably change the global quanti-
ties of these gases in the atmosphere. However, there have been some times in the
history of the Earth where intense volcanic eruptions have increased the amount of
carbon dioxide in the atmosphere significantly, causing global warming.

Monsoon systems interact sensitively with radiation disturbances such as volca-
nic eruptions and summer monsoon winds mainly driven by stronger heating of sub-
tropical land masses compared to the surrounding oceans. The land blocks react
more rapidly with volcanic cooling, leading to a slowdown in monsoons. Under-
standing monsoons is also very important for future climate. The response of
monsoon systems to changes in greenhouse gases, aerosols, spin-off, ice cover,
and other factors is not well known.

6.1.5 Meteorites

The effects of many large meteorites are observed in geological records of the Earth,
and depending on their size can have significant impacts on the larger climate of the
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volcanoes. One example of the great influence of meteorites is the Yucatan peninsula
in Mexico called the Chicxulub crater, which is believed to have been formed
65 million years ago. The diameter of the crater is more than 180 km. It is believed
that the meteorite that caused the crater was at least 10 km in diameter. Many
scientists have attributed the extinction of dinosaurs to such an event, causing debris
to be thrown into the atmosphere, preventing sunlight from reaching the Earth’s
surface. All plants and animals are believed to have been affected by an action like
this. The rich layer of Iridium sediments found in the geological record throughout
the world is strong evidence for this reason (National Research Council, 2012).

6.1.6 Eccentricity

Eccentricity is the change in the shape of the earth’s orbit around the sun. There is
about a 3% difference between the time when we are closer to the sun and the time
when we are farther from the sun. The tilt angle of the Earth’s axis varies slowly so
that it takes about 41,000 years to shift between 22.1 degrees to 24.5 degrees and
back again. This is lower than the current angle we are at right now 23.45 degrees,
which means less seasonal differences between the north and south hemispheres,
while the larger angle means more seasonal variations, for example, warmer sum-
mers and colder winter. Current researches show that Earth’s tendency is currently
declining and will reach its lowest values around the world within 10,000 years. This
trend will tend to make the winter warmer and the summer cooler (IPCC, 2012).

6.1.7 Tectonic Movements

The continental land plates move all the time. As they were at one time combined in
only one continent, and broke apart and formed the continents and oceans among
them. As continents move, climatic types change accordingly, as ocean currents are
expected to shift warm bodies to cooler regions and so on.

Panel movements determine the shapes and sizes of continents and ocean basins
that have a significant impact on the climate. When all continents join only one
continent, as it was 225 million years ago, most of the Earth’s surface is far from the
oceans and dominated by the continental climate. But when continents are as
separate as today, ocean currents are more able to distribute heat because of
proximity to oceans, leading to a less extreme global and regional climate.

The movement of plate tectonics also causes geological activity that in turn
affects the climate like volcanoes that was mentioned above.
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6.1.8 Human Causes

Natural sources of carbon dioxide are estimated to be more than 20 times like
humans, but over long periods up to several years, nature can rebalance them too
much through their natural banks, for example through photosynthesis by plants or
marine plankton. Because of this natural equilibrium, the level of carbon dioxide
remains between 260 and 280 ppm, as was the case in the 10,000 years that mediated
the period from the end of the last ice age and the beginning of the industrial age.

Global warming caused by human activities has played a significant role in many
physical and biological systems, such as sea-level rise, which is expected to increase
in the future, as well as increased frequency and intensity of some extreme weather
events and loss of biological diversity in agricultural production. Many studies refer
to the issue of global warming to human activities due to increased concentrations of
greenhouse gases in the atmosphere, especially carbon dioxide, which is the largest
contributor. Several studies have shown that there is a direct relationship between
measured anthropogenic emissions of greenhouse gases, high greenhouse gases in
the atmosphere, and high temperatures. The results also indicate that the rates of
increase in each of them are unprecedented.

There is a direct correlation between population growth, high greenhouse gases,
and temperature. Computer simulations indicate that man-made greenhouse gas
emissions alone are sufficient to cause the observed rise in temperature of the
atmosphere and other terrestrial systems (oceans, continents, and ice).

There is no natural cause that can account for the current rapid rise in temperature
and carbon dioxide, which is about 20,000 more than normal, due to human factors.

6.1.9 Land Use Changes

When people change the way they use the land, they inadvertently change the
climate. The most obvious example is the effect of urban heat island, a phenomenon
that makes urban areas hotter than the surrounding rural areas during the day, and
especially during the night. The change of green areas or forests to farms or urban
areas is also a significant change in the water balance (transpiration) and heat as well
as the amount of absolute carbon dioxide.

6.1.10 Transportation

The transport sector includes the movement of people and goods by cars, trucks,
trains, ships, aircraft, and other vehicles, to arr the majority of greenhouse gas
emissions, particularly carbon dioxide, are derived from the combustion of
oil-based products such as gasoline. Some relatively small quantities are also emitted
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from this sector, such as methane and nitrous oxide during fuel combustion. Besides,
a small number of hydro-fluorocarbons (HFCs) emitted from air conditioners used in
cars as well as refrigerated transport or refrigerators are included.

Global tourism is closely related to climate change as was confirmed by The
United Nations; it is one of the major contributors to the increase in concentrations of
greenhouse gases in the atmosphere. It also represents about 50% of traffic move-
ments in the world. The rapid expansion of air traffic contributes about 2.5% of the
production of carbon dioxide, and the tourism rate is expected to increase from
564 million in 1996 to 1.6 billion by 2020, adding much to the problem unless steps
to reduce emissions from international travelers and to increase the transportation
and welfare they need (Becken, 2007).

6.1.11 Industry

The industrial sector produces commodities and raw materials that we use in our
daily lives. Greenhouse gases emitted from industrial production are divided into
two categories: direct emissions produced during the industry itself, and other
indirect emissions produced off-site.

Direct emissions are generated from fuel combustion methods to generate elec-
tricity through chemical reactions and leakage from the same processes as well as
industrial equipment. Most direct emissions come from fossil fuel consumption for
power generation. As well as the leaks of natural gas and oil systems and the use of
fuel in production processes and chemical reactions during the production of
chemicals, iron, steel, and cement. Indirect emissions are generated by the burning
of fossil fuels in power plants to generate electricity, which is used by the industrial
plant to operate industrial buildings and machinery.

6.1.12 The Construction Sectors

The construction sector is one of the largest energy-consuming sectors with an
estimated 30% to 40% of total GHG emissions. Energy consumption in this sector
has increased over the past years due to the large increase in new buildings.

The developed countries differ from the developing countries in this sector, where
in the first they plan well before the construction of any more buildings while in the
second the construction is random, which affects the rest of the other sectors as in the
drainage, water, electricity and other important sectors, those buildings cause con-
suming more energy.
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6.1.13 Energy Supply

The energy supply sector is the largest contributor to global greenhouse gas emis-
sions, with energy contributing relatively little to greenhouse gas emissions, espe-
cially in developed countries. They include, in large part, the electricity sector
through generation, transmission, and distribution of electricity. Carbon dioxide
(CO2) accounts for the vast majority of greenhouse gas emissions from this sector,
but small amounts of methane and nitrous oxide are also emitted.

To sum up, as was described the increase in human activities has led to an
increase in greenhouse gases in the atmosphere (especially carbon dioxide), causing
the recently observed global warming. If greenhouse gases continue to grow at the
same speed, it is expected that temperatures will rise very dramatically on the Earth’s
surface it could reach around 4 �C above mid-nineteenth century temperatures. It
does not mean that if the emissions are reduced quickly enough the heat will stop
rising but there is a chance that it does not exceed 2 �C, which may reduce the
destructive effects and makes the ability to adapt better.

It was observed that the concentration of carbon dioxide increased from 280 ppm
before 1800 to 396 ppm in 2013 and this was known through many measurements by
scientists (Trofimenko, 2011). Scientists have pointed out that for thousands of years
and until about 200 years ago, the carbon cycle was in a fairly stable equilibrium.
Since the nineteenth century, anthropogenic emissions of carbon dioxide from
burning fossil fuels, manufacturing, and deforestation have affected this equilibrium.

Over the past two centuries, the increase in the burning of fossil fuels has been
closely linked to global growth in energy use and economic activity. It has also
increased significantly from 2000 to 2010 (NASA and GISS, 2013).

6.1.14 Uncertainty

In the context of climate change risk assessment, uncertainty arises because,
although we may already be confident that the climate is changing, we do not
know precisely the magnitude of these changes or their associated effects. For
example, in some areas, it may not be clear whether rainfall will increase or decrease.
It is also an important fact for decision-makers as they are in a very sensitive position
but cannot make a large percentage of the exact point or threshold at which the
climate will change at a certain level concerning their area of control. Uncertainty is
a broad range of possible outcomes and complexity makes it impossible to define a
set of probabilities (Rueter, 2013).

6 Assessment of Vulnerability, Risk, and Adaptation of MENA Region to SLR by. . . 89



6.1.15 Error Versus Uncertainty

It is important not to confuse the terms “Error” and “uncertainty“because they are
very different. The error is the difference between the measured value and the real
value of the thing being measured. Uncertainty is estimating the doubt about the
outcome of the measurement. For example, the error can be corrected by making
corrections from calibration. The error that its value is not well known is uncertainty.
Uncertainty describes the novelty and accuracy of measurement in any field (Rueter,
2013).

In climate change, there are several uncertainties, such as in the greenhouse gas
emissions/concentration scenario, model configuration, and bias and downscaling
uncertainty.

The development of a set of global-scale climate change projections for the
twenty-first century as a response to increased greenhouse gas emissions is necessary
to assess the impacts of global warming from greenhouse gases and to develop
appropriate adjustment and mitigation strategies. In the development of these pro-
jections, all the causes of climate change that have already been taken into account,
both natural and human, must be developed with their uncertainty in mind. Uncer-
tainty is influenced by our incomplete knowledge of these causes and processes and
their precise description (Quiggin, 2008).

Over the past decade, research interest has shifted significantly to quantitative
assessment and representation of uncertainties in climate change projections for use
in impact and risk analysis studies. It is important to note that the term
“uncertainty“has a generally negative connotation, which means that uncertainty is
associated with our weak knowledge of the problem and should therefore be reduced
as much as possible by further research.

6.1.16 Uncertainties in Climate Change Projections

As was mentioned above, the climate could be changed as a result of several causes,
both human and natural. Among the major anthropogenic factors are atmospheric
greenhouse gases, tropospheric aerosols caused by pollutant emissions, and changes
in land use, for example, the greenhouse gases affect the climate by absorbing
infrared radiation emitted from the Earth’s surface and aerosol can absorb the
dispersion of solar and infrared radiation, as well as the significant impact of land-
use change.

The problem lies in the accuracy and validity of future projections as the first step
in the series of steps to be followed to produce an appropriate projection of climate
change globally and to generate scenarios for GHG emissions and aerosols based on
future socio-economic and technological development assumptions, which are dif-
ficult to predict in the next century, resulting in different emission paths, making
them a high uncertainty. Land-use change is also difficult to predict as human
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behavior and urbanization are difficult to project, adding to the vulnerability of these
models (Giorgi, 2010).

In addition to the main natural effects seen in climate simulations, such as in
volcanic eruptions, for example, they can lead to the injection of small particles in
the stratosphere, where they can remain for several months to years as mentioned
above, causing a change in the amount of solar radiation reaching the Earth.

Considering that natural phenomena such as volcanoes, for example, or the
number of sunspots is an unexpected and cannot be project accurately, climate
models have a large error rate that makes it difficult to rely on to make critical
decisions that lives of communities depend on (Giorgi, 2010).

Since emissions scenarios are the first step in the sources of uncertainty and due to
their extreme ambiguity and unpredictability, whether natural or human during the
next century or even the next few years, this makes uncertainty unavoidable and will
not be eliminated, even with developing a great range of potential social and
economic paths in the future. The uncertainty about climate change will remain
very high.

This may be why IPCC has developed a series of scenarios that have moved from
low to high emission levels, intending to cover the entire range of future develop-
ments. IPCC has not linked any probabilities to these scenarios, making them all
plausible (Giorgi, 2010).

The next stage is the introduction of these greenhouse gas (GHG) scenarios into
the global biological and geochemical models for the corresponding GHG concen-
tration scenarios. These biogeochemical models are affected by uncertainty due to
poor knowledge of the biogeochemical cycles and the use of approximate represen-
tation. Therefore, until the science of biogeochemical cycles improves, uncertainty
in these models will remain unreliable and should be reduced.

Experts are taking greenhouse gas concentration scenarios and introducing them
into special systems for producing climate projections for the twenty-first century. In
other words, climate projections are a sensory experience of the climate system’s
response to certain increases in greenhouse gas levels. Future climate predictions do
not make any assumptions about the potential for volcanoes or future changes in
solar activity, as they are very difficult and maybe impossible, which mean that
climate models assume that the natural causes are stable in the future, that adds
another factor of the uncertainty that is extremely difficult to assess.

Generally, science makes predictions about how a system will be followed and
then measured seriously. The problem for ecologists is to try to focus on making
testable predictions about the real environment we live in to understand natural
processes so that we can either respond or control future events. The natural system,
in contrast to experimental systems, is full of uncertainties caused by all possible
types of interacting factors, and so uncertainty enters into daily routines in the
environmental field.

The important and convincing message that has been revealed in the work of
(Rueter, 2013) is that we cannot just study a problem and gather a lot of information
to make a good and appropriate decision on something. There are some cases where
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the uncertainty is very high where it is impossible to predict the results with any
degree of certainty.

The same reference has identified three types of unknowns: Risk, a potential
estimate of the likelihood of an event occurring or being exposed. If, for example, we
calculate the risk or potential damage from exposure, we can calculate how much
money and effort we have to spend to control this risk. Uncertainty is a wide range
of potential results and complexity that makes it impossible to determine a set of
probabilities. For example, we can create a set of scenarios and use them to describe
the different paths that may occur in the future, but we do not have a specific way of
knowing the future that will happen. Finally, Indeterminacy where there is a set of
information that we are not able to know. The author asserts the reason here that
sometimes we concentrate our energy and resources to address a problem which
results in a very large set of results that may include a set of surprises and often
surprises.

The surprise is a change in the system which is qualitatively different from what
we expected. For example, the response of nature to overfishing was not as predicted
and logical “lack of fish,” but the surprise was that excessive fishing led to an
increase in the number of jellyfish in a very large amount (Rueter, 2013).

These problems in future projections do not detract from the work of model
developers, but they should develop also some ideas about how to live with them as
they are inevitable problems and affect the success of measuring accurate climate
predictions in the future. In this sense, this study will not review or rely on any future
climate models or specific projections in the study area. Rather, the focus will be on
the vulnerability and responsiveness.

6.1.17 Vulnerability Assessment

Is to determine the extent to which the community is affected by the risks as
identified and evaluated in the above points, as the good profile of the community
identifies the sites and places of the people in the community and the important
facilities on the maps, and the risk assessment places the risks on those maps,
enabling the vulnerability assessment by comparing areas where risks overlap with
important people and facilities, allowing the assessment of possible losses in dollars,
and prioritizing the most serious risks.

Hazard vulnerability assessments describe who is threatened (hazard identifica-
tion) and what is being exposed to (potential loss, injury, damage, negative effects on
livelihoods), and the effects of such exposure. In other words, the goal is not only to
identify the risk factors (who and what is vulnerable) but also the driving forces that
are vulnerable in a particular place. These assessments can be qualitative in their
approach or quantitative in estimating populations at risk and rating vulnerability.
Risks can be single or multiple and can range from localized site-specific analyzes to
more regional ones (Cutter et al., 2009).
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Climate-related Hazards impact of climate change on hazards is hard to quantify
because, under a constant climate, it is generally an order of magnitude below the
natural existing uncertainty. Conversely, vulnerability is not well understood and
few rigorous methods are available to quantify this factor (Gilard, 2016).

6.1.18 Risk Assessment

The quality of risk assessments is critical to making informed and good risk
management decisions. It is important to understand risk-related vulnerabilities
and to make it clear to decision-makers and civil society as a whole, to bridge the
gap between academics, decision-makers, and the public (Sørensen & Jebens, 2015).

Risk assessment may include quantitative and qualitative techniques and infor-
mation to describe the nature of risks. Specific techniques are particularly useful in
conditions such as climate change, where there is uncertainty about probability and
consequences. Regardless of the sources of uncertainty, the initial assessment
process can provide a comprehensive and rigorous means of prioritizing the risks
of climate change. After identifying or determining the types of risks that threaten
each sector, further planning is needed to reduce uncertainties (Cutter et al., 2009).

6.1.19 Risk Reduction

There is a range of ways to reduce risk, begins first with identifying the risk, and is
called “Risk Assessment” by this method ways to minimize risk exposure is
developed and called “Risk management”. It is important to keep in mind that
although risk management measures exist, they may not be sufficient to protect those
who are exposed to risk. To be effective, it must demonstrate how to avoid risk to all
concerned in many ways for example raising awareness and repeating important
messages whenever possible using the various media and this step called “Risk
Communications”. So, dealing with risk implies risk assessment, management, and
communication efforts.There is a rule when dealing with risk (the more you are
exposed, the greater the risk).

6.1.20 Vulnerability

There is great interest in the concept of vulnerability, where there are many defini-
tions in the literature, derived from different conceptual models and frameworks.

Vulnerability can be defined as “the characteristics of a person or group and their
situation that influence their capacity to expect, cope with, resist and recover from
the impact of a natural hazard” (Wisner et al., 2004). This means that the person’s
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vulnerability is determined by influencing one or more elements that are at risk to
some extent. These elements vary according to economic, cultural, and social
differences and may be tangible or intangible, including life risks and changes in
livelihoods and property. There are vulnerabilities at all levels of global, national,
and local and can have an effect known as the snowball effect; for example, the
global economy can affect the local one. It is mostly dynamic and depends on time
and can change annually or even every hour. Vulnerability is highly dependent on
community actions and can increase or decrease as a result (Sørensen & Jebens,
2015).

6.1.21 Understanding Vulnerability

Vulnerability is a term that has been mentioned frequently in the literature on disaster
management. However, as stated in (Yasir, 2009) the definition of this term is still
controversial, with each scientific field-shaping it differently. It was mentioned in the
same reference that the first who used this term were engineers in the application of
the physical structures, and the term was then expanded over the years by sociolo-
gists to include the social, economic, political, and institutional aspects. More than
25 different definitions have been identified in the current literature reflecting its
multifaceted nature.

Concerning natural hazards, vulnerability can be defined as an inadequate capac-
ity to overcome disasters and their impacts. Although this term was introduced in
disaster studies in the 1970s, it gained importance in the 1980s and has been defined
in this period as a threat factor limiting the ability of society to absorb and recover
from a dangerous and harmful event (Yasir, 2009).

In the 1990s, the concept of vulnerability was further changed as people were able
to respond and protect themselves from disasters. Here the definition changes to
become the characteristics of people or society that determine their capacity to
expect, cope with, resist and recover from the impact of natural hazards.

In addition to these socio-economic processes, (Dow & Downing, 1995) add
other demographic aspects, such as population ages and dependency, which are the
conditions under which the characteristics that relate primarily to the physical,
social, economic, and environmental factors are determined (Yasir, 2009). Others
(Wisner et al., 2004) show that instead of simply taking care of these factors, there is
a greater need to focus on the problems that arise from their interaction together. This
approach transforms people from being mere passive recipients into active players
by increasing their tendency to change.

Therefore, vulnerability is a multilayered and multidimensional perspective and
must be addressed from all sides to determine it correctly. Some other studies have
used a more integrated approach to determining vulnerability as a combination of
potential exposure and social response within a specific geographic range (Yasir,
2009).
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6.1.22 Vulnerability to Climate Change

Vulnerability varies widely across communities, sectors, and regions, and is
addressed in a variety of ways by different specializations. Studies have begun to
address the term “vulnerability“very early, and the literature on vulnerability has
grown enormously over the past few years. It was defined by (Timmerman, 1981) as
“The degree to which a system acts adversely to the occurrence of a hazardous event.
The degree and quality of the adverse reaction are conditioned by a system’s
resilience (a measure of the system’s capacity to absorb and recover from the
event)” and in 1982 the definition of UNDRO (United Nations Disaster Relief
Organization) was presented “Vulnerability is the degree of loss to a given element
or set of elements at risk resulting from the occurrence of a natural phenomenon of a
given magnitude.”

Then some other definitions addressed the social perspective such as Susman
et al. 1984 “Vulnerability is the degree to which different classes of society are
differentially at risk”, while Dow (1992) defined vulnerability as “the differential
capacity of groups and individuals to deal with hazards based on their positions
within physical and social worlds.” Cutter (1993) Vulnerability is the likelihood that
an individual or group will be exposed to and adversely affected by a hazard. It is the
interaction of the hazards of place (risk and mitigation) with the social profile of
communities (Lynn et al., 2011).

Blaikie et al. (1994) argues that vulnerability is “the characteristics of a person or
group in terms of their capacity to anticipate, cope with, resist and recover from the
impact of a natural hazard. It involves a combination of factors that determine the
degree to which someone’s life and livelihood are put at risk by a discrete and
identifiable event in nature or society” (Blaikie et al., 2003). And in the same year
Bohle et al. (2003) defined vulnerability from a social perspective as “an aggregate
measure of human welfare that integrates environmental, social, economic and
political exposure to a range of potentially harmful perturbations. Vulnerability is
a multi-layered and multidimensional social space defined by the determinate,
political, economic and institutional capabilities of people in specific places at
specific times.”

Later in 1994 Cannon related the vulnerability again to the risk and described it as
“a measure of the degree and type of exposure to the risk generated by different
societies concerning hazards. Vulnerability is the characteristic of individuals and
groups of people who inhabit a given natural, social and economic space, within
which they are differentiated according to their varying position in society into more
or less vulnerable individuals and groups.”

The definition of UNEP (1999) was more comprehensive as they described the
vulnerability as a function of sensitivity to present climatic variability, the risk of
adverse future climate change, and the capacity to adapt. The extent to which climate
change may damage or harm a system; vulnerability is a function of not only the
systems’ sensitivity but also its ability to adapt to new climatic conditions. While
UNISDR (2008) identified it as the conditions determined by physical, social,
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economic, and environmental factors or processes, which increase the susceptibility
of a community to the impact of hazards (Lewis, 2010).

From these different definitions, it could be concluded that vulnerability can refer
to the sensitive systems, both natural and human, as the study area is located on the
coastline, making it vulnerable to sea-level rise, as well as it is a low lying land and
high densely populated area, and what multiple the vulnerability to climate change
the agricultural land that secures the livelihood of local communities is vulnerable to
salinization and sea-level rise as well as both floods and flash floods and also prone
to urban encroachment leaving the community highly vulnerable to environmental
changes. That is, vulnerability is the weakness of natural and human systems and
their inability to deal with imminent or potential danger, i.e., the inability of natural
systems to adapt quickly enough to changes and to cope with the negative effects.

The inability of communities to recognize the danger in the first place and to deal
with it during its occurrence or after it ends; in other words, preparedness, resilience,
and response at different stages greatly affect vulnerability, and based on the
community’s ability to carry out these previous steps, societies can be divided into
more or less vulnerable.

The most vulnerable are those who have fewer options and those who are subject
to restrictions such as related to gender, social class, physical disability, lack of
education and work, ill people, and others who do not make their own decisions.

The inability of political systems represented in decision-makers and how they
predict, deal with, and recover from a natural event can turn this event into a major
disaster. In other words, failure to deal with a natural normal event transforms it into
a natural disaster, and when vulnerability interacts with a hazard a disaster results.

Several major weaknesses in the study area are associated with many climate-
sensitive systems, including, for example, food supplies represented in vulnerable
agricultural land, weak infrastructure, health, water resources, and sensitive coastal
systems among others.

Therefore, environmental, social, economic, and political considerations are the
basis for evaluating the vulnerability of any society, and neglecting any part of them
has a very significant impact on vulnerability assessment.

6.1.23 Social Vulnerability

Social vulnerability refers to the resilience of communities when faced with external
pressures on human beings, health, and welfare, as in the case of natural and human
disasters and disease outbreaks. Reducing social vulnerability can reduce human
suffering and economic losses.

Some types of social vulnerability may be due to lack of awareness, wrong
decision making, land misuse, abuse of natural resources, poverty, lack of control,
disability, etc. There are millions of people who are somehow vulnerable to natural
disasters and climate-related events, as they have no choice about where they live.
They are subject to policies and laws which may not be democratic or external
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pressures without awareness of what is happening and without understanding their
rights as citizens. The most vulnerable occurs as a result of exploitation, greed,
marginalization, and abuse by some stakeholders putting the vulnerable population
in more danger(Kelman & Lewis, 2010).

Social, political, and economic forces are pushing poor and marginalized com-
munities to the most vulnerable areas around the world, causing more poverty and
poor environments and the places, making these places very vulnerable to disasters.
In Egypt, for example, those who live in flood plains are the poor who are driven by
poverty to find anywhere without caring about their environmental status. Those
who live in weak or partially destroyed buildings are the poor who do not have
enough money to renew and preserve them.

Areas that are highly vulnerable to many climate-related events (e.g. flash floods)
occupied by the poor and marginalized groups of citizens, as well as slums that are
not serviced by good infrastructure, where the most vulnerable groups of society are
at risk. Due to their social and economic situation, any environmental event turns
into an environmental disaster in those areas at risk.

The livelihoods of the population are the source of their vulnerability, so the
salinization of agricultural land on the northern coast of the Nile Delta as well as the
salinization of freshwater resources puts people in these areas under greater pressure,
making them more vulnerable to climate change.

Recent climate events on the northern coast of the Nile Delta in the last 10 years
as well as the expected rise in sea level, the relatively high rainfall, the inability of the
government to deal with these events, and the citizen’s lack of awareness adding
more vulnerability, especially shortly. Extreme events are expected to increase, and
if the status of decision-makers and citizens will still stable, there will be no other
option than to turn these events into real disasters. Some researchers have called this
type of change “creeping environmental change” (Glantz, 1994; Kelman, 2009).

To reduce the risk of disasters, it is necessary to remove the root causes of
vulnerability. Therefore, the analysis of weakness in the study area has to be
rationalized and detailed, by reaching the poor and marginalized population, stake-
holders, and some decision-makers to measure and test the vulnerability indicators in
the real world.

This study will focus particularly on a poor and random area with a focus on all
aspects of vulnerability to disasters related to climate as possible and try to enumer-
ate all indicators of vulnerability in a sample of Egyptian society in some detail.

6.1.24 Vulnerability Process

The “vulnerability process” refers to the values, ideas, behaviors, and actions that
have led to characteristics such as fragility, weakness, exposure, and susceptibility
and that can perpetuate or absolve these issues (Kelman & Lewis, 2010).
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6.1.25 Vulnerability and Poverty

Disaster literature has linked vulnerability to marginalization and poverty, and
research has shown that vulnerability and poverty interact closely with one another.
This is because poverty increases the inability to access resources that can enable
people to adapt or become more resilient, and this group of people lacks quality
education and appropriate work which makes them more vulnerable to disasters,
which makes vulnerability a component of poverty (Yasir, 2009).

While (Wisner et al., 2004) suggest that vulnerability is a more complex concept
because it combines both external and internal characteristics of the population,
while poverty tends only to focus more on the personal needs of individuals. In the
same vein (Yasir, 2009) suggests from quoting from the work of (Blaikie et al.,
2003) that vulnerability is the potential for future loss of risk, while poverty is a
measure of the current situation.

As Chambers et al. noted that anti-poverty programs focused on improving
people’s income while programs to combat or deal with vulnerability tend to
enhance security and reduce potential losses to natural disasters.

6.1.26 Vulnerability Risk

There is a great need to review the basic concepts that place natural hazards in the
context of vulnerability. To assess the impact of risks on individuals or communities,
it is necessary to distinguish between ‘hazard’, ‘risk’, and ‘vulnerability‘components
in disaster analysis. The risk can be defined in this case as a severe geophysical event
that is likely to be the cause of the disaster. Thus risk can be defined as the
probability of loss resulting from the interaction of a certain level of hazard and
vulnerability (Yasir, 2009) (Fig. 6.1).

(Wisner et al., 2004) schematize this relationship as follows:

R Risk to Disasterð Þ ¼ H level of hazardð Þ � V degree of vulnerabilityð Þ 9

Based on the above equation, (Alexander, 2000) put the total risk as follows (as was
mentioned in the study of (Yasir, 2009))

Total Risk ¼ Σ elements at riskð Þ � hazard and vulnerabilityð Þ

From the above, it is clear that total risk is a complex production of its various
constituent elements (population, societies, infrastructure, economic activities, ser-
vices, etc.) which are exposed to the threat of a hazard by staying in a position of
vulnerability (Yasir, 2009).

(Alexander, 2000) argues that although vulnerability can be estimated in the
absence of risk, it cannot quantify without including risk in the aggregate equation.
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Intensive Risk is the risk associated with the exposure of a very large number of
people and economic activities to serious and intense events and can lead to
potentially catastrophic effects involving high rates of mortality and asset loss.
Intensive risk is mainly a characteristic of large cities or high population areas that
are not only exposed to extreme hazards such as strong earthquakes or heavy floods
but also have very high levels of vulnerability to these hazards.

Extensive Risk is the widespread risk associated with the exposure of populations
in each locality to frequent or persistent low- or moderate-intensity conditions, often
of a high local nature, which can lead to devastating cumulative effects. High risk is a
feature of rural areas and urban margins where communities are exposed to recurrent
floods or landslides. This type of risk is also associated with poverty, urbanization,
and environmental degradation.

Residual Risks are those risks that remain unmanaged until there are effective
disaster risk reduction measures, which must therefore maintain emergency response
and recovery capabilities. Residual risk means the continued need to develop and
support the effective capacity of emergency services, preparedness, response, and
recovery as well as social and economic policies as in safety nets and risk transfer
mechanisms.

Risk Reduction there is a range of ways to reduce risk, begins first with identifying
the risk and is called “Risk Assessment” by this method ways to minimize risk
exposure is developed and called “Risk management”. It is important to keep in
mind that although risk management measures exist, they may not be sufficient to
protect those who are exposed to risk. To be effective, it must demonstrate how to
avoid risk to all concerned in many ways for example raising awareness and
repeating important messages whenever possible using the various media and this
step called “Risk Communications”. So, dealing with risk implies risk assessment,

Fig. 6.1 Relationship between Hazard, Vulnerability and Risk. (Adopted from (Yasir, 2009) cited
from Frantzova et al. (2008))
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management, and communication efforts. There is a rule when dealing with risk (the
more you are exposed, the greater the risk).

Prospect Disaster Risk Management is management activities that address and
seek to avoid the development of new and growing disaster risks (Thinda, 2009).
This concept focuses on addressing risks that may develop in the future if risk
reduction policies are not put in place, rather than waiting to deal with the risks that
occur.

6.1.27 Vulnerability Analysis

The inconsistency between different vulnerability definitions makes it difficult to
perform a vulnerability analysis correctly. The current methodologies for wide-scale
vulnerability analysis have recognized the need to develop a more comprehensive
approach to shift attention from existing methodologies to functional frameworks
that focus more on processes rather than on the fixed boundaries of the social system
(Yasir, 2009).

Several studies have analyzed the vulnerability concept where they have been
concerned about the importance of the ability of people and society to protect
themselves from disaster. Thus, capacity could be understood as the counterpart to
vulnerability. The capacity of the society and population includes the willingness
and presence of responsible local governments and leaderships and awareness
among members of society among other things. By building capacities, the level
of risk will move to an acceptable level where vulnerability decreases (Sørensen &
Jebens, 2015).

(Wisner et al., 2004) identifies four main methods for evaluating vulnerability,
each with its effects. The first approach takes the demographic perspective to see
vulnerability as a societal situation where people are considered to be vulnerable.
The second approach uses taxonomic behavior using physical, economic, social
aspects of vulnerability. A third approach is a situational approach; it takes a multi-
dimensional perspective as a dynamic rather than a static concept. The basic premise
of this approach is that disasters are not seen as exceptional events but rather as an
extension of the problems of daily life where vulnerability is a period that extends
normal circumstances to exceptional situations. However, although this model is
specifically designed to deal with organized complexity, it is limited because of its
geographical peculiarities and cannot generalize results from the context of disasters.

The fourth approach is seen as contextual and proactive by (Wisner et al., 2004),
who takes a participatory view of vulnerability analysis where community members
participate as active agents of change rather than passive recipients of aid. With the
involvement of the community in the actual evaluation process, the contextual and
proactive approach goes beyond the scope of vulnerability to the empowerment of
the society that forms the core of a democratic society, yet its success remains limited
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by the participatory capacities of the members of society and the long time frame
(Yasir, 2009).

Together, these approaches suggest that vulnerability analysis needs to adopt a
more comprehensive approach that requires a shift in the conceptualization of
vulnerability from static to dynamic, and thus moving away from demographics
and classifications to situational approaches.

The fourth case provides an additional benefit to the analysis of community
capacity and adaptability, yet requires community participation that will be taken
into account later.

6.1.28 Vulnerability Assessment

A vulnerability assessment is an analysis of the expected impacts and risks of an area
or system and of a community or capacity to adapt to it. For vulnerability to be
properly evaluated, sensitivity, susceptibility, and adaptability must first be identi-
fied (Byrne, 2014).

6.1.29 Vulnerability Measurement

The development of a tool for measuring vulnerability across all disciplines is
difficult given the ambiguity of the definition of vulnerability from the beginning
as well as the constant change of dynamic nature and changing scales of analysis
(temporal and spatial). However with advances in the science of vulnerability in all
disciplines and building on the motivation that empirical evidence-based informa-
tion is needed to support planning pressures and vulnerability, especially for disas-
ters, a range of approaches have been developed in this regard (Cutter et al., 2009).

A key indicator of leading economic indicators is a set of 10 economic variables
used to estimate future economic activity, which has proved to be very strong in
predicting economic recessions over the past 50 years. Economic, social, and
environmental indicators have been started since the 1940s but have become more
pronounced in the 1960s and 1970s, followed by environmental indicators. While
the 1990s saw more emphasis on the development of environmental sustainability
indicators as well as vulnerability.

However, there are some complexities when using indicators, as in the complex-
ities that are often within a system of a given variable or set of variables, which has a
significant impact on what is measured and how. This is clearly illustrated by issues
such as social networks, trust in government, institutional capacity, and disaster
preparedness, which are difficult to measure quantitatively. Besides, the availability
of data presents another problem for both hazard and population parameters, and this
in itself may hinder the selection of input variables (Cutter et al., 2009).

6 Assessment of Vulnerability, Risk, and Adaptation of MENA Region to SLR by. . . 101



In this respect, the vulnerability can guide policy development on national and
sub-national vulnerability and act as a means of measuring progress towards this
specific goal (Birkmann, 2008).

6.1.30 Resilience

Resilience is not only a term for hazards or natural disasters (Timmerman, 1981).
There are many examples of this concept in many areas, such as material science,
engineering, psychotherapy, social sciences, biology, ecology, and many other
sciences that use this term differently from one another.

From an environmental perspective, resilience was treated from the point of view
that the risk was as much about normal community activities as it was about the
extreme event itself, and it still works to this point of view. However, there is still a
need to unify the traditional bilateral or doubled vision that separates social life from
nature so that linking it enables understanding of vulnerability and resilience.
Resilience itself is a natural and long-term social activity.

The IPCC definition of resilience (2012) puts it within the framework of the social
or ecological capacity of the system to absorb disturbances while maintaining the
same infrastructure, standard work methods, self-regulation, and adaptation. While
UNISDR (United Nations International Strategy for Disaster Reduction) intro-
duced another definition in 2008 that demonstrated resilience as the capacity of the
system or the potentially vulnerable community to adapt, through resistance or
change to reach and maintain an acceptable level of performance, which is deter-
mined by the degree to which social systems can organize themselves to increase
capacity to learn from past disasters to ensure better protection from future disasters
and to improve risk reduction measures as much as possible (Kelman & Lewis,
2010).

6.1.31 Pressure and Release Model

This model is a valuable tool for identifying disaster risk reduction measures by
analyzing and understanding the root causes of a potential event. It explores the
relationship between hazards and vulnerability and looks at the link between root
causes, dynamic pressure, and insecure or unsafe conditions. This progress can be
used in the vulnerabilities to describe and explain the interrelationships between
different vulnerabilities. The root causes, dynamic pressure, and unsafe conditions
by the model are three layers of social processes that lead to vulnerability. Root
causes also give rise to several dynamic pressures that in turn explain how unsafe
conditions have begun (Thinda, 2009).

102 M. E. El Raey



In turn, this model allows for the assessment of effectiveness, the identification of
capacities required, and the flexibility required to mitigate disasters. Root causes are
often the result of very long-term actions and are implemented in society to the
extent that does not change.

6.1.32 Previous Experiences

Past experiences could shorten the way to reach a suitable solution to deal with the
vulnerability of the northern coast’s community in Egypt. Not all studies in this field
are useful to be applied in the study area, but we should choose what suits our
society, our economic circumstances, and other considerations that make every
society Unique in dealing with disasters.

Some studies (Sørensen and Jebens, 2015) show that until recently, developed
countries were not interested in valuing their vulnerability, because as they thought,
their society was well aware of disasters and they could deal with all kinds of
disasters easily. But Hurricane Katrina was one of the most striking examples
which revealed the error of this belief. Thus, the analysis of vulnerabilities in
developed countries can reveal unexpected results, and all developed countries are
now taking this action. So, by selecting the best results of their work it could save
time and effort as well as allowing developing countries to develop new measures of
their own.

The work of (Sørensen and Jebens, 2015) summed up the problems that should be
addressed in Denmark to reduce vulnerability to climate change as follows: First,
there are no political and financial linkages between DRM (Disaster Risk Manage-
ment) as well as reducing the preparedness budgets, which suggest the presence of
problems in political management, Second, the need to close the gap between the
tools and maps in the academic community and the needs of decision-makers and the
public; Third, Lack of knowledge and awareness of risk and risk reduction among
the public; Fourth, lack of multidisciplinary work, especially between natural and
social sciences.

The study also focused on qualitative approaches to identify various social
vulnerabilities to improve risk management and advise on how to proceed with
disaster risk management and adaptation to climate change.

The same work has shown that although Denmark is a developed country with
both technical and financial solutions, only a few are thinking about the future, as
well as a lack of public confidence in decision-makers. The results of the study
showed that participants from civil society made it clear that they were not sure
whether municipalities and emergency management can protect them at the time of
disasters. The results also show that the past has shown that a disaster is required
before society implements risk reduction measures, possibly because of a lack of
awareness and knowledge of the real problem.
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6.1.33 Vulnerability Mapping

A vulnerability map can determine the exact location where people, natural
resources, or property may be in danger due to a potential disaster that may result
in death, injury, pollution, or any other destruction of any kind. This type of map is
created along with the various other types that present the risks in one way or
another. The vulnerability map can indicate areas of housing in which a large
population lives, suffers from randomization, or that the buildings are old and are
not qualified to deal with natural events, such as in the case of floods. Also,
identifying the commercial, tourist, and residential areas that may be affected in
the event, which gives the possibility of developing a plan to deal with it (Edwards
et al., 2007).

The best way to map vulnerability is to use GIS technology where all possible
data can be placed to feed this program, such as land survey data, satellite imagery,
land boundary maps, road maps, topographic maps, or other maps used for other
related purposes.

6.1.34 Benefits of vulnerability Mapping

Vulnerability maps can illustrate the places at risk, the type of hazard, and the
individuals exposed to it, which means a full understanding of the risks and
vulnerabilities so that decision-makers can know what is needed to protect these
areas and allow them to identify mitigation measures to prevent or minimize loss of
life, injury, and environmental consequences. A major benefit of this type of map is
the potential for use in all stages of disaster management: prevention, mitigation,
preparedness, operations and relief, recovery, and lessons learned. For example, in
the prevention phase, vulnerability maps can be used to avoid high-risk areas when
developing residential, commercial, or industrial areas. It also tells technicians about
where infrastructure can be affected in a disaster. A vulnerability map can contain
evacuation routes for eviction in situations where this is required (Edwards et al.,
2007).

These maps can be used to assess the disaster, how to deal with the disaster during
and after it, evaluate the results, take lessons learned to correct the errors that were
present before the actual event, as well as the ability to clarify the extent of damage,
assess the quality of emergency management, to help for recovery.
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6.1.35 Products of Vulnerability Mapping

Vulnerability maps exist in a large variety, having various content, various scales,
and fulfilling different objectives. The basic vulnerability maps and few applied
maps are (World Meteorological Organization, 2013).

Detailed descriptions and examples for each vulnerability mapping product are
shown below.

• Preliminary vulnerability map

It is the map that indicates on a small scale the general or potential risks of some
areas, and it is considered to be the first step to more detailed mapping and is
therefore considered important (World Meteorological Organization, 2013).

The main objective of these preliminary maps is to identify the risks (eg, floods,
flash floods, heavy precipitation, cold or heatwaves, and other hazards that are likely
to occur in the study area) and determine the outer limits of the potential event.

By superimposing the potentially affected areas with land-use maps or other
layers in the GIS database like densely populated places; “hot spots“can be identified
in the community under study. This type of map is therefore referred to as simplified
risk maps. This map can be used for general purposes or even for detailed assess-
ments. These maps are also important in that knowledge of the type of potential risk
is closely linked to making decisions on the future development of the region.

• Event map

This type of map shows the locations and extent of disasters in different ways. It is
based on events that occurred in the past, both near and far. Event data are collected
to feed this type of map through a variety of sources. The importance of this type of
map lies in the use of past events to raise awareness among local populations and
thus reduce potential losses. Specialists and decision-makers also use this kind of
mapping to respond to emergencies. After extreme events, this kind of map is
referenced to conclude to reduce the likelihood of recurrence of the same event in
the areas where it occurred and to avoid future damage to the least possible extent.

• Hazard map

This map shows some detailed data about the expected event as it is in the range,
speed, and expected direction of the event. For example, in the case of floods, there is
a set of key elements that must be incorporated into the risk map for a particular
probability of occurrence, as in flood extent (areas covered by water), flow velocity
(m / s), water depth (m); as well as other parameters such as flood propagation (km /
h), flood depth * velocity (m * m/s; as an indicator for the degree of hazard) (World
Meteorological Organization, 2013).

Hazard layers are superposed with the topographic map of the area, DEM, and the
geomorphological map to show the hazard in high accuracy, and to determine where
it may be happening. This type of mapping provides basic information for the
development of technical guidance on various issues related to disaster management,
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assisting various stakeholders including local governments to make right and correct
decisions for disaster management, developing a risk mitigation plan, and develop-
ing comprehensive risk management plans; these maps are also important in emer-
gency management.

• Vulnerability map

This map shows the potential harm to people with priority given to a particular group
of people (such as the elderly, the disabled, and others), assets, infrastructure, and
economic activities at risk either directly or indirectly, and information is presented
either quantitatively or qualitatively through different indicators.

Vulnerability maps provide the basis for risk maps that are needed for contin-
gency planning. These maps show the potential consequences of an event on human
activity. These maps are important to ensure proper planning for the future away
from potential danger. The database for this type of the map must be regularly and
continuously updated for variable vulnerability parameters as they are changing over
time.

• Risk map

These maps include potential hazards with the vulnerabilities of current or potential
economic activities at risk. These kinds of maps are an update of the hazard maps
and vulnerability maps, which show the average damage per unit of space, often
expressed in terms of monetary (the potential loss per unit area and time), which is
necessary for the economic assessment.

Risk maps are an assessment tool, thus supporting prioritization for risk reduc-
tion. It is also very important for land use planning, where future development
planners are concerned with maps that present potential risks in the future. These
maps can also identify and see the consequences of past mistakes (World Meteoro-
logical Organization, 2013).

• Zoning map

This type of mapping can be considered as an important type of planning, as it
illustrates existing risks and classifies them (low, medium, high). This map is based
on a hazard map as well as monitoring land use in a particular area.

• Emergency map

This map is based on hazard, vulnerability, and risk maps according to its purpose.
Emergency response requires precise settings because response time is a limiting
factor.

Emergency preparedness plans are also possible scenarios that can develop
during the event, including worst-case scenarios. The following elements are very
closely associated with each other; they are warning, emergency planning, and
rescue operations. Forecasting and warning are key elements of risk management
to avoid loss of life.

Emergency maps can identify the area or locations where the hazard is expected
to occur and indicate fast and safe routes for evacuation. Emergency maps are

106 M. E. El Raey



developed on a needs basis; however, the real importance of this map lies in the
ability to implement it.,

• End-user map

(Hazard zoning, emergency, insurance, etc.): There is a variety of end-user maps.
They are all deduced in one or the other way from the base maps. The end-user maps
address different planning issues and are developed according to the need. Here only
end-user maps (hazard zoning and emergency map) (World Meteorological Orga-
nization, 2013).

6.2 Geographic Information Systems

There are multiple definitions of Geographic Information Systems (GIS) perhaps the
most common definition is the one of the National Center of Geographic Information
and Analysis-a GIS that defined it as “a system of hardware, software and procedures
to facilitate the management, manipulation, analysis, modeling, representation, and
display of georeferenced data to solve complex problems relating to planning and
management of resources” (Hulbutta, 2009).

GIS is considered an essential tool for resource planning and management. GIS
allows the user to analyze spatial information, modify data, map, and display results.
It is used in a wide range of applications, such as risk management, identification of
risk areas, and other multiple applications.

The power of GIS comes from the ability to create interactive queries and connect
different information in a spatial context and reach a conclusion about this relation-
ship. New information can also be created and presented in different ways to suit
specific purposes. The information consists of several different layers containing a
specific geographic reference so that they all can be linked together (Fig. 6.2).

Each layer consists of one type of information and together forms a database
containing information, that information can answer the various questions in mind.
Making the GIS a good tool for different types of analysis, for example, the
consequences of specific climatic events in a given area can be assessed and an
appropriate plan of action developed (ESRI, 2013).

6.2.1 Nature of Geographical Data

The map is the most common form where geographic data is represented, and
geographic features include four main components: its geographic position, attri-
butes, spatial relationships, and time. Geographical data are essentially a form of
spatial data. The GIS requires the use of a common coordinate system for all data sets
that will be used together.
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6.2.2 Data Entry

Both spatial and attribute data are entered into a computer system by different input
devices like scanners, digitizers, keyboards, mice, etc. For entering spatial data
scanner, digitizer, the mouse is used, while the attribute data representing in reports
and tables among other things enter my keyboards. Since the data are derived from a
different set of sources, they have a different set of scales, projections, reference
systems, and so on. So there is a great need to standardize the database according to
common standards.

6.2.3 Building GIS

The use of Geographic Information Systems (GIS) is a useful tool for various and
diverse environmental studies, a particularly powerful system for studying climate
change and sea-level rise with spatial representation and analysis, where it is easy to
explore the problem and develop a strategy to reduce it.

Fig. 6.2 Shows the real world which consists of several layers. (ESRI, 2013)
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Steps to build GIS begin with data collection and processing and finally the
output results. In the case of data collection, data for the construction of geographic
information systems include topographic maps, socio-economic data, statistical data,
scheduled data, and field surveys conducted to verify the accuracy of the data
obtained (Hulbutta, 2009).

As for data processing, it passes through a set of stages that begin with the input
stage. Maps are the main spatial input of GIS through different methods, either
through digital conversion or by importing data from other computer information
systems. Then, the editing stage is the correction of the error that may result from
the previous stage (input stage) as it involves many types of errors, so this step is
very important to correct and complete errors and add more preliminary data.

This is followed by the data management phase where data is stored and
retrieved from the database. The methods used to implement these functions affect
the efficiency of the systems tool for all operations with different data. Then theData
Manipulation and Analysis phase. This phase identifies information that can be
generated by GIS. Through this phase, it is possible to do several things, including
relate multiple data files by shared key fields and treat the resulting collection as a
unit for all tabular processing functions, including data entry, analysis, and report
generation. Calculate automatically values of new or existing fields with arithmetic
expressions or table lookup in related files. Modify the database by adding and
removing files or fields. Finally summarize user-specified fields (ESRI, 2013).

The final form of output can be either in the form of maps, reports, or tables. The
desired format is determined according to users’ needs and therefore user participa-
tion is important in determining output requirements. The output is the procedure by
which information from the GIS is presented in a form suitable to the user.

The interdependence of ecosystems and human impact on the environment is a
complex challenge for governments and individuals, as well as for environmentalists
and specialists from all disciplines. GIS technology is used to support and commu-
nicate information to decision-makers and the public. GIS allows the integration and
analysis of multiple layers of location-based data, including environmental measure-
ments, which means GIS is a powerful software that allows the linking of an
unlimited amount of information to a particular geographic location. The importance
of geographic information systems is to ensure accurate reporting while improving
data collection, improving decision-making processes, increasing productivity with
simplified work processes, providing better analysis of data and multiple display
options, and developing predictive scenarios for several different studies (Blaikie
et al., 2003).

It is useful to have a good idea of the actual needs of the designated information
before starting to compile and input data, as this will help prioritize spatial data. So,
the next lines explore vulnerability mapping as it is the main point in this work.
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6.3 Egypt

6.3.1 Background

Egypt lies between Latitude 22� and 32�, and the country’s maximum distances are
1024 km from north to south, and 1240 km from east to west. Egypt is bordered by
the Mediterranean Sea to the north, by Sudan to the south, by the Red Sea, Palestine,
and Israel to the east, and by Libya to the west. The total area of Egypt is
1,001,450 km2, with a land area of 995,450 km2 and a coastline of 3500 km on
the Mediterranean and the Red Sea. The surface level extremes range from 133 m
below sea level in the Western Desert to 2629 m above sea level in the Sinai
Peninsula.

The general climate of Egypt is dry, hot, and desertic, with a mild winter season
with rain over the coastal areas, and a hot and dry summer season. Data collected by
the Egyptian Meteorological Authority and local universities for the period
1961–2000 indicate that there is a general trend towards warming of the air temper-
ature, with increases in the number of hazy days, the misty days, the turbidity of the
atmosphere, frequency of sand storms and hot days. At the time of the last census
(2006), the total Egyptian population amounted to 76.5 million, with an average
growth rate of about 2.3% per year. In 2006, the GDP and the GNP amounted to
about 107 billion US$ and 113 billion US$ respectively. Egypt is categorized as a
lower middle-income country, with its GNP per capita being 1556 US$ in 2006.

A survey of the detailed quantitative assessment of the vulnerability of the Nile
delta coast of Egypt to the impacts of sea-level rise is presented. GIS and remote-
sensing techniques are used together with ground-based surveys to assess the
vulnerability of the most important economic and historic centers along the coasts,
the cities of Alexandria, Rosetta to the west, and the city Port-Said to the east.

Results of the analysis of satellite images and GIS (El Raey et al., 1997) indicate
that, in these cities alone, over two million people will have to abandon their homes,
214,000 jobs, and over $ 35.0 billion in land value, property, and tourism income
may also be lost due to an SLR of 50 cm. The loss of the world-famous historic,
cultural and archeological sites is unaccountable for. The vulnerability of other low
lands in Egypt, outside these cities remains to be assessed.

Development of institutional capabilities for ICZM and upgrading awareness are
highly recommended for adaptation in the long run. Periodic nourishment of Alex-
andria and Rosetta beaches, detached breakwaters, and dune fixation are
recommended for no regret management measures. A UNDP project is already in
progress.

The vulnerability of various resources of Egypt to the impacts of climate change
has been recognized for a long time (Sestini, 1991). In particular, quantitative
vulnerability assessment of water resources, agricultural resources, and coastal
zone resources has been investigated thoroughly. The coastal zone of Egypt,c in
particular, is most vulnerable to the impacts of climate changes.
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change, not only because of the impact of sea-level rise but also because of the
impacts on water, agriculture (food security) and tourism resources, and human
settlements. A framework of an action plan has recently been advanced by Egyptian
authorities.

6The shoreline of Egypt extends for more than 3500 km along the Mediterranean
Sea and the Red Sea coasts, (Fig. 6.3). The Nile delta coast under `consideration,
constitutes only 250 km and hosts several highly populated cities, such as Alexan-
dria, Port-Said, Rosetta, and Damietta. These cities also encompass a large portion of
the Egyptian industrial and economic sectors. Also, the Nile delta coastal zone
includes a large portion of the most fertile low land of Egypt. As a result of the
large human activities in these cities, it suffers from some major problems including
population pressure, interference of land use, pollution, waterlogging, and lack of
institutional capabilities for integrated management.

The objective of this work is to survey the results of a detailed quantitative
assessment of the vulnerability of important cities of Egypt to the Mediterranean
Sea; namely Alexandria, Rosetta, and Port-Said.

Fig. 6.3 Topography of Egypt
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Geographic information systems, remote sensing, and modeling techniques
together with ground-based surveys were used to assess potential impacts on each
sector and to evaluate socioeconomic losses. The stepwise vulnerability assessment
procedure suggested by IPCC has been followed to identify and quantify potential
risks of each environmental sector for each district of these cities. A summary of the
main results is presented below.

6.3.2 Alexandria City

Alexandria city is located to the west of the Rosetta branch of the River Nile and is
famous for its beaches, historic and archeological sites. It is the second-largest city in
Egypt with a population of about 4.0 million. It hosts the largest harbor in the
country and about 40% of the Egyptian industrial activities. During summer, the city
receives over a million tourists. The extension of the city to the south is delayed by
the existence of a large water body, Lake Maryut, south of the city. The level of
water in Lake Maryut is kept at 2.8 m below SL by continuous pumping of lake
water, into the Mediterranean.

To assess the impacts of SLR on Alexandria city, a multi-band high-resolution
LANDSAT image (TM, September 1995) of the city is classified to identify and map
land-use classes. A geographical information system is built and upgraded in
ARC/INFO environment and included layers of

• City district’s boundaries
• Topographic maps,
• Land cover from satellite image classification,
• Land use classes,
• Population distribution and employment of each district

Figure 6.4 shows a part of the classified image for Alexandria city (Fig. 6.5).
A scenario of sea-level rise of the city of Alexandria of 0..25, 0.5, and 1.0 m over

the next century is assumed, taking land subsidence (2.0 mmyr�1), into consider-
ation. The percentage of the population and land-use areas at risk for each scenario
level are identified and quantified by GIS analysis. Table 6.1 shows results of the risk
of inundation due to each scenario, if no action is taken, or ‘business as usual. These
results, together with statistical ground-based employment data are extrapolated to
assess the potential loss of employment for each sector. This is also presented in
Table 6.2.

Results of the analysis of satellite imagery and the GIS (El Raey et al., 1997,
1999; EL Raey & Atricia, 2011) indicate that for an SLR of 0.5 m if no action is
taken, an area of about 30% of the city will be lost due to inundation. Over 2 million
people will have to be moved away 195,000 jobs will be lost and an economic loss of
land and properties of over $30 billion is expected over the next century. Figure 6.3
shows estimates of losses for each sector of each district in the city of Alexandria.
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Fig. 6.4 Egypt Nile delta with Alexandria to the west and Port Said to the east

Fig. 6.5 Alexandria Governorate and districts classified image
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Given the severe losses in Alexandria due to sea-level rise, and the huge devel-
opment in progress, and the frame of ‘no regrets policy’, it is suggested that both a
strategic plan and a short-term plan, have to be adopted. An integrated coastal zone
management approach, including building provincial institutional capacity,
upgrading awareness, and expanding the GIS and decision-making process, must
be adopted. On the short-term approach, it is concluded that periodic beach nour-
ishment is the cheapest alternative available, against direct inundation. However, the
impact of saltwater intrusion impact on water resources, soil salinization, and
building structures has to be further investigated and mitigated (Fig. 6.6).

Because of the severe losses in Egypt due to sea-level rise, and the huge
development in progress, and in the frame of ‘no regrets policy’, it is suggested
that both a strategic plan and a short-term plan, have to be adopted. Integrated coastal
zone management (ICZM) approaches, including building provincial institutional
capacity, upgrading awareness, and expanding the GIS and decision-making pro-
cess, must be adopted. On the short-term approach, it is concluded that periodic
beach nourishment is the cheapest alternative available, against direct inundation.
However, the impact of saltwater intrusion impact on water resources, soil saliniza-
tion, and building structures has to be further investigated and mitigated.

Table 6.1 Percentage areas, populations, and land use above each elevation contour

Sector/elevation (m) 0.0 SLR ¼ 0.25 SLR ¼ 0.5 SLR ¼ 1.0

Population 54.9 40.1 33.1 24.0

Beaches 98.7 89.1 52.2 36.0

Residential 73.8 72.5 60.7 48.0

Industrial 46.1 43.9 34.1 27.8

Services 54.1 44.8 24.1 17.8

Tourism 72.0 69.0 51.0 38.0

Restricted area 80.0 79.0 75.0 73.0

Urban 62.0 56.0 44.0 33.0

Vegetation 45.0 41.0 37.0 25.0

Wetland 53.0 51.0 42.0 2.0

Bare soil 85.0 76.0 71.0 69.0

Table 6.2 Population expected to be displaced and loss of employment in each sector due to SLR
scenarios in Alexandria Governorate

Year sector 2010, SLR¼ 18 cm 2025, SLR¼ 30 cm 2050, SLR¼ 50 cm

Area loss (km2) 114 190 317

Population displaced �
1000

252 545 1512

Employment loss

a-agriculture 1370 3205 8812

b-tourism 5737 12,323 33,919

c-industry 24,400 54,936 151,200

Total loss of employment 32,507 70,465 195,443
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Fig. 6.6 The assessment of sea-level rise in the Nile delta, of Egypt. (According to FitzGerald
et al., 2008)
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6.3.3 Rosetta City and Vicinity

Rosetta city is a well-known Pharaonic and Islamic city located in the Rosetta region
near the intersection of the Rosetta branch of the River Nile with the Mediterranean,
east of Alexandria.

It has a population of 2.5 million people. Excessive erosional rates have been
observed near Rosetta promontory, due to cessation of sediments after building the
High Dam on the River Nile about 1000 km to the south. The region surrounding the
city is well known for its water-logging and water-bogging problems.

To assess quantitatively possible impacts of sea-level rise, a high-resolution GIS
of the city and surrounding area is built. The GIS includes layers of:

1. Political boundaries
2. Topographic maps
3. Land use (urban. Vegetation, historic,. . .)
4. Socioeconomic maps.

Detailed ground surveys were carried out to update and verify available maps.
Impacts were evaluated based on land cover/land-use losses for every 20 cm of
sea-level rise (SLR). Figure 6.4 shows a series of GIS plots illustrating vulnerable
and safe areas for each 20.0 cm of SLR. Results were extended to estimate employ-
ment losses and economic losses for a 50 cm SLR scenario based on extrapolated
scenarios. Estimates showed that about 1/3 of the employment power in the city will
be affected and a loss of about $2.9 billion in land and property is expected, over the
next century. The loss of historic and archeological sites is again unaccounted for.
Table 6.3 presents the results of the impacts on each employment sector.

The government has built a massive sea wall near the tip of the promontory, as a
protective measure against erosional problems, and excessive salinization. However,
recent observations indicate that this massive hard structure is seriously challenged
by coastal erosion. Beach nourishment may be a possible solution. Plans for the
development of the area should seriously consider the ICZM approach in which
decision-making is based on a detailed GIS suitability analysis.

Fig. 6.7 Percentage vulnerability to SLR of Alexandria different localities of 1.0 m
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6.3.4 Port-Said City

Port-Said city is located on the Mediterranean Sea to the east of the Damietta branch
of the River Nile, at the entrance exit of the Suez Canal. In addition to its strategic
position, it is the second-largest tourist and trade center of Egypt on the Mediterra-
nean. Lake Manzala, the largest of Nile delta lakes is located just to the west of the
city and receives a sizable amount of effluent pollution from various sources on the
eastern region of the delta. A field survey has concluded that the Mediterranean coast
of the city hosts the most important economic and tourist areas of the city, in addition
to its relatively low elevation. The impact of SLR on this part of the city is carried out
in detail (Fig. 6.8 and Table 6.4).

6.4 Saudi Arabia

6.4.1 Background

The Kingdom of Saudi Arabia comprises about four-fifths (80%) of the Arabian
Peninsula, occupies approximately 2,250,000 km2 area, and bordered on the west by
the Red Sea; on the east by the Arabian Gulf, Bahrain, Qatar, and the United Arab
Emirates; on the north by Jordan, Iraq, and Kuwait; and on the south by the Sultanate
of Oman and Yemen.

Saudi Arabia‘s Red Sea coast on the west stretches to approximately 1760 km,
while its eastern coast on the Gulf covers 650 km, including 35 km2 of mangroves
and 1480 km2 of coral reefs. The country has an arid climate with an average annual
rainfall of 70.5 mm. Almost two-thirds of the country is arid steppe and mountains
with peaks as high as 3000 m, and most of the remainder is sand desert (Fig. 6.9).

Table 6.3 Results of the impacts on each employment sector

A sector of economic activities
Actual Employment �
(103)

Employment Expected loss
(jobs)

Agriculture and fishing 18.5 4633

Conversion industries 4.5 502

Municipal utilities 0.139 78

(electricity, gas, and water
supplies)

Construction and buildings 1.355 433

Commercial 2.877 1640

Transportation 2.191 1248

Community services 6.275 3576

Total 35.936

(33.7% of all employment)
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Saudi Arabia consists of a variety of habitats such as sandy and rocky deserts,
mountains, valleys, meadows, salt-pans (‘sabkhas‘), lava-areas, etc. It includes most
types of terrain which can be generally divided into two distinct groups of rocks; the
Arabian shield and the Arabian Platform. Seventy-eight percent of the population is
concentrated in the urban areas (Saudi, 2005).

Coral Reefs represent the most significant habitat found along the Saudi shores
(both Red Sea and Arabian Gulf). Coral reefs play an important role in the coastal

Table 6.4 An assessment of conditions at the Nile Delta (Frehy etal 2021) has been carried out
recently on Alexandria and found that the city is hugly vulnerable. The government in Cairo has
taken steps to carry out integrated coastal zone management (ICZM) and have asked UNDP Cairo
to carry out risk assessment. Estimation of expected economic loss in land cover Rosetta – (1995–
1996 prices)

Land cover
Lost area
(m2)

Square meter price 1990, in
the US ($)

Total estimated cost in the US ($)
(Millions)

Coast bare
land

3,581,740 200 716

Marine
bushes

4,504,750 150 675

Palm
cultivation

5,790,260 200 1158

Bare land 27,508 250 7

Urban
clusters

1,251,204 300 375

Total 15,155,462 – 2931

Fig. 6.8 A satellite figure of Port Said and Port Fouad
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ecosystem. These reefs as well as the Mangrove forests form the basic framework of
tropical habitats and provide shelter and food for a wide array of marine life. The
highest coral diversity occurs in the central Saudi Arabian Red Sea area. Coral reef
harbors a longstanding and important artisan fishery.

6.4.2 Vulnerability to Sea Level Rise

While mangroves are found scattered along much of the Red Sea coast, the major
concentration is in the southern red sea where factors such as increased sediments
create an environment more conducive to their development. Agricultural develop-
ment, properly planned and managed, could be beneficial to certain coastal habitats
such as mangroves. Mangroves have a variety of values: they provide food in the
form of detritus, shelter for numerous organisms (such as mollusks, crabs, shrimps,
and fish) fodder for camels, and goats, and fuel for human use. Mangroves are also
important nesting sites for several species of birds.

The development of coastal recreational facilities and coastal villages in the Ras
Hatiba area north of Jeddah and shrimps aquaculture along the southern Red Sea
coast have contributed to the decline of Saudi Arabia‘s coastal mangroves.

Coastal cities of Saudi Arabia extend along the Red Sea coast as well as the
Arabian Gulf coast. Four coastal cities have been selected as the most vulnerable
cities to Accelerated Sea-level Rise (ASLR) along the Red Sea namely Jeddah,
Rabigh, Yanbu, and Gizan). The selection of these cities was based on the popula-
tion growth, socio-economic activities, and historical and cultural importance to the

Fig. 6.9 Saudi Arabia and Jordan to the North
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Kingdom. Again, on the Arabian Gulf cities such as El Khafji, Al Jubail, Al Dhahran
and Al Khobar (Fig. 6.10) could be considered vulnerable.

The following potential impacts were identified in a study on Saudi SLR impacts
(Saudi, 2005).

An increase in sea level rise will increase the intrusion of saline water from both
the Arabian Gulf and the Red Sea into coastal aquifers, which will potentially affect

Fig. 6.10 The Saudi Arabian Cities on the Red Sea
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the freshwater supply in coastal zones. In cases of flooding in coastal areas, saltwater
will further intrude into aquifers. This intrusion will increase the demand for 88 h
water from other sources, mainly Desalination Plants. At the same time, sea-level
rise will increase the saltwater intrusion of estuaries, potentially benefiting marine
fish at the expense of freshwater ecosystems.

Groundwater levels in these areas might also be affected by the intrusion of saline
water. The groundwater level itself and the soil structure determine the potential for
the intrusion of saline waters. Managed areas with a reduction in groundwater level
because of drainage are more vulnerable to intrusion.

Sehat and Qateef are the main agricultural cities along the Arabia Gulf and Gizan
along the Red Sea. These cities could be impacted by Accelerated Sea Level Rise.
Recently increase in soil salinity has been observed in some of these coastal cities.
This increment has impacted the production of cultivated products. It is suspected
that saltwater intrusion may be one of the factors impacting agricultural activities.

One of the most significant impacts of sea-level rise is the acceleration of coastal
erosion as well as the inundation of mangroves, wetlands, and coral reefs. The rich
biodiversity of the wetlands in Saudi Arabia is seriously threatened by the loss of
wetlands due to sea-level rise. The effect of sea-level rise will depend on the type of
mangrove forest. These mangrove forests may either keep pace with the rising sea
level rise or may be submerged. Large-scale changes in species composition and
zoning in mangrove forests are also expected due to changes in sedimentation and
organic accumulation, nature of coastal profile, and species interaction.

An additional threat of Accelerated Sea Level Rise affecting the Saudi Arabian
coasts will come from an exacerbation of sandy beach erosion. As the beach is lost,
fixed structures nearby are increasingly exposed to the direct impact of storm waves,
and will ultimately be damaged or destroyed unless expensive protective measures
are taken. It has long been speculated that the underlying rate of long-term sandy
beach erosion is two orders of magnitude greater than the rate of rising sea level.
Therefore, any significant increase in sea level has direct consequences for coastal
inhabitants.

Results from the studies on various aspects of the impacts and possible responses
to sea-level rise on the Saudi Arabian coasts indicate that a sizable proportion of the
Arabian Gulf and the Red Sea will be affected by a combination of inundation and
erosion, with consequent loss of developed properties including industrial, recrea-
tional and residential areas.

No detailed socioeconomic study of accelerated sea-level rise has been carried out
yet in Saudi Arabia. However, it has been estimated that 20% of Saudi Arabian
coastal areas have been subject to development, 130 km along the Arabian Gulf
coasts and 352 km along the Red Sea coasts. A conservative scenario of 1% annual
coastal development was applied on the Arabian Gulf and the Red Sea coasts. This
scenario was applied to the coastal erosion model to estimate the area of sandy
beaches that may demolish as a result of sea-level rise.

Considering the annual coastal development in the Kingdom is 1% and the IPCC
Sea Level Rise projection Scenarios towards the year 2100 and by applying Bruun
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model to estimate the high-risk areas subjected to coastal erosion along the Arabian
Gulf, it was found that:

• For the Low Sea Level Rise Scenario (LSLRS) of 0.2 m rise, 401 hectares of
sandy beaches are estimated to be lost by the year 2100.

• For the Medium Sea Level Rise Scenario (MSLRS) of 0.49 m rise, 984 hectares
of sandy beaches are estimated to be lost by the year 2100, and

• For the High Sea Level Rise Scenario (HSLRS) of 0.86 m rise1, 726 hectares of
sandy beaches are estimated to be lost by the year 2100.

6.4.3 Institutional and Practical Adaptation Measures
(El Raey, 2008)

It is well recognized that the following adaptation measures at least are needed:

1. An integrated institutional structure must be developed. A Regional Circulation
Model (RCM) has to be developed and a strong institutional monitoring system
has to be established.

2. A monitoring system of tide gauges and systematic observations of the coastal
zone with provisions for land subsidence must be established.

3. An early Warning Center for climate change, which must be able to predict flash
flood and other phenomena, must be established

6.5 Libya

6.5.1 Background

Officially the Great Socialist People’s Libyan Arab Jamahiriya is located in North
Africa. Bordering the Mediterranean Sea to the north, Libya lies between Egypt to
the east, Sudan to the southeast, Chad and Niger to the south, and Algeria and
Tunisia to the west. With an area of almost 1,800,000 km2, Libya is the fourth
largest country in Africa by area. The capital, Tripoli, is home to 1.7 million of
Libya‘s 5.7 million people. The three traditional parts of the country are Tripolitania,
Fezzan, and Cyrenaica. Libya has the highest HDI in Africa and the fourth-highest
GDP (PPP) per capita in Africa as of 2009, behind Seychelles, Equatorial Guinea,
and Gabon. These are largely due to its large petroleum reserves and low population
(Fig. 6.11).

Libya has a small population residing in a large land area. Population density is
about 50 persons per km2 in the two northern regions of Tripolitania and Cyrenaica
but falls to less than one person per km2 elsewhere. Ninety percent of the people live
in less than 10% of the area, primarily along the coast. About 88% of the population
is urban, mostly concentrated in the two largest cities, Tripoli and Benghazi. With
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the longest Mediterranean coastline among African nations, Libya‘s mostly virgin
beaches are an important social gathering place.

6.5.2 Vulnerability to Sea Level Rise

Regardless of the inland areas that lie below the sea level, most of the coastal area at
the southern part of Sert Bay is vulnerable to direct inundation and/or saltwater
intrusion as seen by comparison to the simulation of sea-level rise of 1 m. Besides,
many of the coastal cities such as Benghazi, Libya‘s second-largest city are consid-
ered vulnerable to sea-level rise and potential impacts of extreme storm events.
Saltwater intrusion on already scarce groundwater resources may also be damaging
to important water resources.

Sert Bay as Seen Today a Sert Bay in Libya After 1.0 Sea-Level Rise (Fig. 6.12)

Practical and Institutional Adaptation Measures

• Building up institutional and human capacity for monitoring coastal parameters
including land subsidence, developing databases and modeling are necessary
prerequisites for adaptation

• Development of proactive planning and integrated coastal zone management is
also necessary

• Carrying out a complete vulnerability survey of the coastal zone and associated
protection measures are necessary

• A program of upgrading awareness and resilience of the community must start for
the decision-makers and population at large.

Fig. 6.11 EGYPT and Eastern Libya
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6.6 Morocco

6.6.1 Background

The Moroccan Atlantic coast is the most important area for the national economy,
taking into account its demographic and economic weight. The Atlantic coast of
Morocco is divided into:

61% of the urban population of the large cities
80% of permanent manpower of industries

Fig. 6.12 a & b Sert Bay in Libya in case the sea rises by 50 cm. Notice the formation of a lake on
the eastern side of the bay
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53% of the tourist capacity
92% of the foreign trade.

However, this situation is changing with the realization of the new port Tangier Med
and the economic development it brings to the Mediterranean coast of Morocco
(Etude V&A, 2006). The total coastal population represented more than 50% of
the population of Morocco, increasing on average by 2.77% per annum, whereas the
total population of Morocco increased only by 2.5% per annum on average for the
same period. The densely populated coast is subject to major pressures from human
development and this is only projected to increase in the future. The urban popula-
tion of the coastal areas did not cease growing since the beginning of the century.
The density of the population reaches 162 habitants/km 2 between Kenitra and
Casablanca, compared to the 93 inhabitants/km 2 on the Mediterranean coast
(Etude V&A, 2006).

77% of Morocco’s industrial activities are located in the coastal areas and 98% of
Moroccan foreign trade relies on shipping as a transportation method. Therefore, the
economic importance of coastal areas is imperative. Also increasing popularity of
beach tourism highlights the importance of coastal areas to Morocco’s economy.
Beach holiday was the primary motivator for both national and international tourism
in Morocco, and the coastal areas boast more than 50% of accommodation capacity,
the most dynamic centers being Agadir and Casablanca (Etude V&A, 2006).

6.6.2 Vulnerability to Sea Level Rise

The coasts of Morocco already strongly weakened by human activities would be
confronted with major socio-economic and environmental difficulties if no adapta-
tion measures or vulnerability studies are undertaken. A 2002 study by the Ministry
of Environment identified two coastal zones as being most vulnerable: The coast of
Saïdia and the coast of the bay of Tangier.

Fig 20 through Fig. 21 shows the variation of land use and elevation along the
coastal strip of the Mediterranean coast of Morocco. The figures demonstrate the
vulnerability of the dense urban areas and tourist units to potential impacts of sea-
level rise and saltwater intrusion. Figure 6.12 presents a simulation of the land to be
flooded in case of SLR of 2 m FIGDigDigital (Fig. 6.13 and 6.14).

Bio-Geophysical Impacts of SLR Impacts of sea-level rise on coastal areas are
numerous and varied but the most significant are generally and in the case of
Morocco: the low-lying coastal flooding, coastal erosion, and salinization of estuar-
ies and coastal aquifers

• Phenomenon of flooding: The first threat is that of flooding of evergreen coastal
marine waters which are currently poorly or partially emerged, as the shores of
deltaic plains, salt marshes, mangroves, coral reefs, etc. There seem to have
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increased the intensity and wave heights over the past three decades, and that the
waves of storms were more frequent with the expected climate CC.

In Morocco, the importance of the coastline (3500 km), is marked by a large number
of environments marginal-coastal and coastal wetlands such as lagoons, estuaries,
berries or less closed beaches, coastal islets, and predisposes. These areas generally
have a low topography and high vulnerability to flooding by seawater.

Fig. 6.13 Digital ElevationModel DEMof Eastern Mediterranean coast of Morocco (Snoussi et al.,
2008)

Fig. 6.14 The coastal area of Eastern Mediterrnean illustrating inundation level (Snoussi et al.,
2008)
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Coastal wetlands of Morocco are renowned for their ecological values, as well as
goods and services they provide to local populations, who long have developed
know-how traditional use of natural resources. The flooding of these wetlands could
ultimately damage their ecological, social, and economic conditions and force
people who depend on their activities (including agriculture and livestock) to new
conditions by their conversion to fishermen, aqua-culturalists, and others. The
barrier beaches could also readily admit a cross-cut larger volume of seawater,
which could be detrimental to the vegetation of halophilic salt marshes, which will
be subject to a longer duration of submergence and higher salinity, for all species
sensitive to salinity and water column, for salt marshes which could be used for
grazing, and the protection works (breakwaters, jetties, groins, etc..)

• Coastal Erosion:

In Morocco, two-thirds of the beaches are eroding, particularly among the cliffs Jorf
Lasfar and Oualidia recede seven major coastal environments of the Atlantic are total
or partial closure and port facilities have increased volumes dredging of 15% during
the last 5 years. It is often difficult to attribute these changes to a single cause. While
the share of anthropogenic activities is undeniable, these findings could provide
tangible evidence of a rise in sea level combined with strong swells storms becoming
more frequent.

6.6.3 The Phenomenon of Salinization

The phenomenon of salinization (Increasing the salt content of freshwater by
seawater intrusion) is likely to affect estuaries and coastal aquifers. Indeed, the
SLR may lead to an increase in the depth of estuaries but especially a greater
penetration upstream intrusion of saltwater. Increased salinity of surface water will
no doubt have an impact on the fauna and flora. It seems that disturbances of this
kind should be more sensitive in areas with a low tidal range.

Concerning fresh groundwater, if the sea level increases, the separation between
the continental freshwater and saltwater marine will move sideways to the ground,
and level piezometric groundwater will be enhanced. Thus, this will result in a
reduction in the volume of fresh groundwater through salt wedge intrusion. The
hydrogeology of low areas, often composed of alluvial sedimentary permeable soil
can be changed. The aquifers at risk of a rise of the same order as that of sea level
would have a considerable impact on vegetation, and even at ultra-high elevations.

Many studies have shown salinity more or less advanced into coastal aquifers.
This has been attributed to several anthropogenic factors (including over-pumping,
the return of irrigation water, etc.) which are the main cause of the decreased levels
of freshwater as a result of the invasion of the salt wedge. However, no study has
explicitly linked salinity to sea level rise due to CC. The penetration of the salt tide
further upstream is felt in several estuaries, without series of temporal data can
confirm. Many living species may disappear because they cannot adapt to changes in
salinitY.
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Socio-Economic Impacts of SLR

• Agriculture: The intrusion of saltwater into groundwater can affect the quality of
products and yields significantly.

• Water resources: As the sea rises, the fresh groundwater and surface water can
be displaced by saltwater, which can have significant adverse impacts on the
drinking water supply. Following CC, prospective studies have shown that in
2020 the water cut by 10–15%. The SLR would therefore exacerbate the reduc-
tion in coastal areas.

• Fisheries and Aquaculture: SLR could affect coastal activities such as (fishing,
coastal lagoon, the harvest of shellfish and seaweed, etc.). Besides, aquaculture
activities that are related to physical and chemical conditions (salinity, chemistry,
temperature, oxygenation, etc.) specific husbandry should adapt to changes
associated with SLR, the increased temperature, and salinity.

• Tourism: Impacts of CC and the SLR on tourism will affect quality and avail-
ability of water resources, erosion of beaches, and loss /degradation of coastal
infrastructure. A very powerful example is that of the Bay of Tangier, which
represented the first station national tourism in the years 1970–1980. It has fallen
sharply in the years 1990, mainly because of the chronic degradation of its
coastline. Thus, Tangier has lost 53% of its international nights, resulting in a
decrease in tourism revenues ($ 20 M / year), income crafts (25%), and tourist
transportation (40%) (Snoussi et al., 2008). SLR would have catastrophic effects
if nothing is done to rehabilitate and protect the bay.

• Thermal power plants installed on the coast, refining plants, and deposits indus-
trial centers and roads along the coast, are particularly vulnerable to SLR plus
swells from storms or surges.

• The sanitation sector: In the big coastal cities, were particularly systems of
sewage and stormwater that would be threatened by SLR? Coastal stations of
water treatment may be damaged and no longer fulfill their function, which will
be detrimental to water quality, and consequently to the health of populations.

• Forests: Forests on the coast would be affected by the marine invasion and
salinization waters of the aquifer.

In conclusion:

1. A change in sea level, even a few inches may, in different segments of coastline,
cause a significant withdrawal of the shore either by erosion or flooding;

2. The intrusion of seawater can lead to forms of degradation by salinization in
extensive grounds operated by coastal agriculture; Early warning systems of
extreme events such as heatwaves, flash floods, and dust storms must be
established

3. Policies and measures should be developed based on model studies and partici-
pation of stakeholders

4. Upgrading awareness programs of Stakeholders should also be carried out
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The main coastal port structures, harbor pools, and sanitation are also vulnerable to
rising sea levels. Rising sea levels will not only impact the environment but also
different sectors of the economy including in particular tourism, and will require
interventions (protection, rehabilitation) which are not always easy or even possible
sometimes. Hence the interest is to give priority to the issue of rising sea levels in
future decisions for the management of coastal environments.

studies and research to identify vulnerabilities to rising sea levels across Morocco
have remained very limited and data that may help in realizing such studies are
unavailable. Also, it is urgent to establish a research program integrated with
sampling measurements and modeling of the tidal effect of the elevation sea level
on coasts and in the image of what has been done in neighboring countries.

Practical and Institutional Adaptation Measures
Based on previous considerations, it is suggested that the following adaptation
measures are necessary:

1. Projects for vulnerable sectors (such as the coastline, forest, or precarious human
establishments) have to be identified and protection measures worked out.

2. Establishing a strong institutional capacity for monitoring, building a geographic
database, modeling, and assessment

3. Adopting proactive planning and integrated coastal zone management
approaches for development along the coast

4. Upgrading awareness of decision-makers and stakeholders of the potential
impacts of sea-level rise on various aspects of development

But, it is clear that the Moroccan economy, which is still caught up in the problems
of development and struggles against poverty, cannot withstand the costs of such
projects without sacrificing the major components of its social and economic
development programs (education, health, basic infrastructures, rural development,
etc.).

6.7 Algeria

Due to its geographical position and climatic characteristics, Algeria is highly
vulnerable to climate change. Even a small temperature rise would lead to various
socio-economic problems that hinder the development of the country. The models
predict that rainfall events are less frequent but more intense, while droughts are
more common and longer. The spatial and temporal distribution of rainfall will also
change. The analysis of climate data from 1931 to 1990 in northern Algeria reveals a
rise in temperature of 0.5 �C would reach an increase of 1 �C by 2020.

A temperature rises of 2 �C is expected by 2050. The decrease of water resources,
declining agricultural yields, encroaching desert, the challenge of planning, and the
energy consumption for air conditioning are only the initial impacts to which Algeria
must find answers supportable economically and socially. Thus, although the
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contribution of Algeria to global warming is minimal (less than 0.5% of global GHG
emissions), the country is very vulnerable and should integrate adaptation into its
development policy. We present in this study an analysis of the current situation
about support sustainable development and climate change issues, the footprint of
Algeria, trends in emissions of CO2 in Algeria, mitigation and adaptation strategy
Algeria, national climate plan, and especially the impact of the new national plan for
promoting renewable energy adopted in 2011 and expects to produce 40% of
electricity needs from solar. Avenues of consideration that can mitigate the impacts
induced by medium-term climate change will also be presented. Due to its geo-
graphical position and climatic characteristics, Algeria is highly vulnerable to
climate change. Even a small rise in temperature would lead to various socio-
economic problems that hinder the development of the country.

The models predict that rainfall events are less frequent but more intense, while
droughts are more common and longer. The spatial and temporal distribution of
rainfall will also change. The analysis of climate data from 1931 to 1990 in northern
Algeria reveals a rise in temperature of 0.5 �C would reach an increase of 1 �C by
2020. A temperature rises of 2 �C is expected by 2050. The decrease of water
resources, declining agricultural yields, encroaching desert, the challenge of plan-
ning, and the energy consumption for air conditioning are only the initial impacts to
which Algeria must find answers supportable economically and socially.

Thus, although the contribution of Algeria to global warming is minimal (less
than 0.5% of global GHG emissions), the country is very vulnerable and should
integrate adaptation into its development policy. We present in this study an analysis
of the current situation concerning support sustainable development and climate
change issues, the footprint of Algeria, trends in emissions of CO2 in Algeria,
mitigation and adaptation strategy Algeria, national climate plan, and especially
the impact of the new national plan for promoting renewable energy adopted in 2011
and expects to produce 40% of electricity needs from solar. Avenues of consider-
ation that can mitigate the impacts induced by Energy Procedia (2013) 1286–1294
1876–6102 © 2013.

6.8 Tunisia

6.8.1 Background

Based on updated climate projections from the latest IPCC report, this chapter
presents the.

vulnerability of different sectors to climate change (water resources, agriculture,
and ecosystems, coast and fisheries, tourism, health,

der), by describing the potential impacts of climate change on each sector and
their capacity to adapt. An overview of the main ongoing or scheduled adaptation
initiatives is also provided, followed by a presentation of the priority axes and
strategies of adaptation to climate change in Tunisia.
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For this third national communication, the outputs of a set of models used in the
latest IPCC report(AR5) with two representative concentration pathways (RCP 4.5
and 8.5) are analyzed to provide climate change projections for Tunisia at both the
2050 and 2100 horizons. These data come from the simulations of all EURO-
CORDEX models at a 12.5 km resolution.

6.9 Synthesis of Climate Projections for Tunisia

Past Climate Trends in Tunisia In Tunisia, over the 1978–2012 period, we observe
a significant upward trend in annual maximum, average, and minimum temperatures
of around 2.1 � C, with regional disparities.

Observations show a slight upward (statistically insignificant) trend for the total
annual rainfall over this same period of observed data. Nevertheless, the disparities
between seasons and the interannual variability are very strong. The beginning of the
1980s is known for a succession of several dry years in Tunisia, influencing the
general trend of the curves Regarding meteorological and climatic extremes, a
change in the frequency of thermal and rainfall extremes is observed over the past
period, based on the observed data from the meteorological station S of the Tunisian
National Institute of Meteorology (INM).

2050 and 2100 Climate Projections Under RCP 4.5 and RCP 8.5
Scenarios Projections show an increase in annual temperature at the 2050 and
2100 horizons for both scenarios .his increase ranges between 1 � C and 1.8 � C
by 2050 on average for the set of studied models and between 2 � C and 3 � C at the
end of the century, with the RCP 4.5 scenario. For tender the RCP 4.5 scenario, the
seasonal rainfall projections show a much more pronounced.

variability by 2100 with significant rainfall decreases in summer in southern
Tunisia (� 35%) and a slight increase in rainfall in autumn in the northwest of the
country (+ 5%). Under the RCP 8.5 scenario, the seasonal rainfall projections show
very pronounced decreases in precipitation (�35%) in winter in southern Tunisia
and spring in northern Tunisia, which differs from the scenario RCP 4.5.

Regarding climate extremes, Tunisia could experience more frequent and longer
heatwaves by.

2100 under the scenario RCP 8.5. On the other hand, the cold waves would
decrease as well as the episodes of extreme rainfall.

6.9.1 Water Resources

Among the 36 billion of m3 of rainwater that Tunisia receives each year, 16.3 billion
of m3 (45%).
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can be mobilized. 4.8 billion m3 (13%) constitute the annual potential for blue
water which can be used to meet socio-economic needs6. The main permanent
watercourse is the Medjerda River, which has its sources in Algeria and on which
is set the Sidi Salem dam, the largest one in Tunisia. 11.5 billion m3 (32%) infiltrates
into the soil and constitutes water reserves for rainfed agriculture forests and
rangelands. The remaining 19.7 billion m3 (55%) evaporate, are stored in the
wetlands, or flow towards the sea.

An increase in the intensity and frequency of dry periods, combined with the
increase in temperature, should reduce soil moisture and surface and underground
water stocks. These impacts of climate change are likely to be worsened by the
increasing water needs, notably for human use, but more particularly for agriculture,
given the increase in evapotranspiration and the decrease in soil humidity Ground-
water forms 44.5% of Tunisia’s water potential, with 226 shallow water tables and
340 deep aquifers. Most of the groundwater comes from deep aquifers in the south,
among which the largest resources are non-renewable fossil groundwater (610 Mm3
/ year are non-renewable, coastline, the overall decrease of water resources due to
climate change could be significant. In particular, we could assist in a drying up of
water sources, which constitute the main resources in some rural areas of the
country.

Among a set of about 215 water tables in Tunisia, almost a quarter is located in
the coastal area. These coastal aquifers store about 290 Mm3, i.e. 40% of the
groundwater potential and almost 6% of the total water resources that can be
mobilized in the country. Seawater intrusion into the coastal waters tables will
contribute to their progressive salinization, especially since many of these aquifers
already show signs of degradation (salinization, overexploitation). Sea level rise
could be responsible for the loss of 220 Mm3 of water resources, i.e. about 30% of
the total groundwater potential and 75% of the phreatic resources.

Water use conflicts are already observed and are intensifying in Tunisia, espe-
cially during drought periods. Rural areas relying on springs for drinking will be
greatly affected, given the drying up of b.

6.9.2 Major Initiatives for Adaptation

Given the fact that Tunisia is already affected by water scarcity in some regions and
that the rate of conventional water resources mobilization reaches 92%, various
adaptation measures have already been implemented. These measures include
investments for a greater mobilization of unconventional water. For instance, the
seawater desalination plant in Djerba will be operational in 2018 and the desalination
plants in Sfax, Zarrat, and Sousse should be operational by 2020. These investments
should allow securing the supply of drinking water until 2030. The potential reuse of
wastewater, estimated at 300Mm3, is also an ongoing adaptation measure in Tunisia.

The possibility of transferring a part of the surplus water from the extreme north,
estimated at 400 Mm3 / year, to the center of the country in the area of Kairouan, is
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currently under study. This would be done through the reinforcement of infrastruc-
tures: connection of dams, doubling of transfer lines, the building of new storage
facilities. A national program for artificial groundwater recharge, by surface water or
treated wastewater, is also initiated. However, the volume of water injected under-
ground is dependent on the availability of surface water, which has decreased from
66.2 Min 1996 to 30.52 Mm3 in 2015.

Water and soil conservation is part of a new strategy integrating the impact of
climate change on the national territory. Adaptation measures are also initiated in the
agricultural sector to reduce the water demand, such as the use of conservation
agriculture9. A national water-saving strategy in the agricultural sector implemented
since 1995 led to the equipment of more than irrigated perimeters with water-saving
techniques, which reduced the water demand in some of these areas.

However, the effectiveness of this strategy is limited by the obsolescence of the
facilities (65% of the meters are and ecosystems, Tunisian agriculture is of crucial
importance because of its contribution to national food security.

Tunisia has more than ten million hectares of agricultural land representing 62%
of the country’s total area, with 32% of the total area covered by annual and
permanent crops. Livestock production, with more than 400,000 breeders, is dom-
inated by a flock of sheep, cattle, goats, and poultry. The agriculture and agri-food
sector accounted for 11.5% of the GDP in 2012. The agricultural sectovides perma-
nent income for 470,000 farmers, contributing to the stability of the rural population,
which represents 35% of the country’s population.

Climate change impacts on the sector 30%. Globally, the consequences of
climate change would be economically negative for the most vulnerable populations,
notably for women, of whom 32.3% live in rural areas and who constitute more than
70% of active jobs in agriculture and forestry. Poverty is likely to intensify and to
affect small farmers whose agricultural activities, already economically unprofitable,
may disappear under the impact of climate change. As a consequence of the expected
decline in suitable areas for agriculture, and considering constant yields, agricultural
GDP would decline by 5–10% in 203.

Many ecosystems would also be strongly impacted by climate change. An
increase in forest fires is expected, which currently already reduce the forest area
by 1200 ha each year, leading to the gradation and loss of biodiversity. Alfa
ecosystems and rangelands are already under heavy anthropogenic pressure like
overgrazing. A study conducted in 2014 in the governorate of Medenine13estimated
that the reduction of natural fodder resources would be around 23% and 26%
respectively.

In 2020 and 2050, threatening the sustainability of pastoralism. Wetlands would
also be threatened by increased salinization and eutrophication. The oasis ecosys-
tems are already highly vulnerable due to their strong dependency on water
resources. For the Tunisian oasis zone, average warming of 1.9 � C is expected by
2030 and 2.7 � C by 2050, with decreasing rainfalls by 9% in 2030 and 17%in 2050,
and an increase in evapotranspiration of 8% by 2030 and 14% by 205014.
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Major Initiatives for Adaptation Initiatives for climate change adaptation in agri-
culture are generally multi-scalar and more developed since the revolution. Meteo-
rological and climatic monitoring has been widely developed to anticipate extreme
events that can cause severe damages and losses on agricultural yields.

Looking for more efficiency in water use within irrigated perimeters, Tunisia
began its National Program on Water Saving in 1995. In 2015, notably, t response to
climate change impacts already obese rved, localized irrigation (drip irrigation) is
applied to 46% of the total area of irrigated perimeters, compared to 30% for
sprinkler irrigation and 24% for gravity irrigation15. Several other adaptation
measures are implemented in the agricultural sector to reduce the water demand,
such as the use of conservation agriculture, both at a local and regional scale. In
terms of traditional agriculture, one of the initiatives for adaptation is to educate
farmers and encourage them to use ancestral know-how.

Each governorate, depending on the types of agriculture developed within its
geographical area, has also planned adaptation to climate change by strengthening
participative Deba t es between managers and farmers and/or inhabitants of rural
areas for example. Capacity building of dedicated national services is also a priority.
Several strategies have been recently developed to protect.

Tunisian ecosystems from the impacts of climate change. Many strategies focus
on sensitive oasis ecosystems. Moreover, in 2015, a study formulated strategic
directions and developed a plan for the adaptation to climate change. of biodiversity,
in all its components. However, the implementation of the advocated actions and
recommendations of all these studies and strategies remains constrained.

The coast has a total length of 2290 km, distributed as follows: 1280 km of
continental coastline, 450 km of island coastline, and 560 km of lagoons. The three
main types of fishing encountered in Tunisia are trawling lamp fishing and inshore
fishing. The main marine production area..is located in the governorates of Sousse,
Monastir, and Nabeul, while the production of continental aquaculture, is mainly
located in the governorate of Béja. Fishery production has steadily increased since
the 1990s, reaching a total production of 118,000 tons in 2012, with an annual
growth rate of 2.6% between 1996 and 2012. The production of the year 2016 was
estimated at 126,528 tons, for a total amount of 828 million dinars.

For this third national communication, the outputs of a set of models used in the
latest IPCC report (AR5) with two representative concentration pathways (RCP 4.5
and 8.5) are analyzed to provide climate change projections for Tunisia at both the
2050 and 2100 horizons. These data come from the simulations of all EURO-
CORDEX models at a 12.5 km resolution. 1. Synthesis of climate projections for
Tunisia ~Past climate trends in Tunisia, over the 1978–2012 period, we observe a
significant upward trend in annual maximum, average, and minimum temperatures
of around 2.1 � C, with regional disparities. Observations show a slight upward
(statistically insignificant) trend for the total annual rainfall over this same period of
observed data. Nevertheless, the disparities between seasons and the interannual
variability are very strong. The beginning of the 1980s is known for a succession of
several dry years in Tunisia, influencing the general trend of the curves.
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Regarding meteorological and climatic extremes, a change in the frequency of
thermal and rainfall extremes is observed over the past period, based on the observed
data from the meteorological stations of the Tunisian National Institute of Meteo-
rology (INM) Projections show an increase in annual temperature at the 2050 and
2100 horizons for both scenarios. This increase ranges between 1 � C and 1.8 � C by
2050 on average for the set of studied models and between 2 � C and 3 � C at the end
of the century, with the RCP 4.5 scenario. For the RCP 8.5 scenario, this increase
ranges between 2 � C and 2.3 � C by 2050 on average for the set of studied models
and between 4.1 � C and 5.2 � C at the end of the century. The coast in the North and
the East of Tunisia would warm up less quickly than the West and the extreme
South.

6.10 Jordan

6.10.1 Background

Jordan lies in the north of the Saudi Arabian Kingdom, It has one city on the
eastern side of the Gulf of Aqaba called Aqaba city, having a coastal zone of
27 km along the Gulf

Currently, there is intensive exploitation of underground resources8, which provide
around 81% of the water needs of the irrigated sector. The decrease in available
stocks would be more pronounced in the north of the country which concentrates
80% of the resources already mobilized, and in the center of the country where
groundwater is the main resource for agriculture and drinking water.

As Jordan is one of the most vulnerable countries to the risks of climate change
the country is undergoing a rapid and effective process of enhancing its institutional
and policy-relevant framework for addressing climate change challenges. It is the
first country in the Middle East to develop a national climate change policy in 2013.

Jordan has three distinct ecological systems: (i) Jordan Valley which forms a
narrow strip located below the mean sea level and has warm winters and hot
summers with irrigation mainly practiced in this area; (ii) the western highlands
where rainfall is relatively high and climate is typical of Mediterranean areas; and
(iii) the arid and semiarid inland to the east (estimated to cover over 80% of the total
area), known as the “Badia”, where the annual rainfall is below 50 mm. Badia is an
Arabic word describing the open rangeland where Bedouins (nomads) live and
practice seasonal grazing and browsing. According to the IUCN Red List of 2006,
Jordan has 47 globally threatened species. Of the 83 mammal species existing in
Jordan, 12 are considered globally threatened. As for birds, there are 15 globally
threatened species in Jordan. Around 2500 (Fig. 6.15).

Based on long historical data obtained from Jordan Metrology Department
(JMD), climatic variables are changing significantly at both the national and station
level, indicating that climate change is becoming more apparent. Both the Mann-
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Kendall rank trend test and linear regression trends indicate that the annual precip-
itation tends to decrease significantly with time at a rate of 1.2 mm per year.
Simultaneously, the mean, maximum and minimum air temperature tends to increase
significantly by 0.02, 0.01, and 0.03 �C/year, respectively.

Fig. 6.15 Average mean Temperature in Jordan

136 M. E. El Raey



On the other hand, the relative humidity tends to increase significantly by an
average of 0.08%/year, while class A-pan evaporation seems to have non-realistic
estimations of decreasing significantly by 0.088 mm/year. The number of days of
dust storms tends to decrease significantly by 0.09 days/ year and 0.06 days/year for
visibility less than 1 km and 5 km. Besides, the historic data tested on both annual
and monthly basis indicated that precipitation reduction is highly significant during
the whole rainy season except for January. Similarly, during the dry seasons of June,
July, and August, the precipitation has tended to increase over time, although this
increase is considered negligible in its quantity as indicated by the magnitude of the
slope. Interpolated spatial maps show the locations of these changes to be more
apparent at both northern and southern parts. Dynamic downscaling for this study
was achieved using the Africa CORDEX domain, in which 43 grid points with
50 km resolution were crossed throughout the country. Nine different GCM coupled
with two RCMs for two RCPs (4.5 and 8.5) were used to assess future projections as
compared to reference historic data (1980–2010).

Three-time horizons were selected; 2020–2050, 2040–2070, and 2070–2100.
Climatic indices were extracted, processed, and debiased using delta and quantile-
quantile scientific techniques. The selected climatic variables represent precipitation,
mean temperature, maximum temperature, minimum temperature, wind speed and
direction, relative humidity, class A evaporation, drought indices at 3 and 6 months
basis, number of consecutive dry days, number of heavy rainfall days, and snow
depth. The suggested reference model that was close to the median from all 9 models
was “SMHI – NCC-NorESM-LR” a combination of the Norwegian Earth System
Model as global climate model, and the Swedish SMHI regional climate model.

This model was further used to further to interpolate the climatic indices at 1 km
resolution using combined statistical projections at the station level (Delta method)
and geostatistical interpolation using the digital elevation model (DEM).

Based on the definitions of exposure consisting of likelihood, geographic mag-
nitude, and confidence, the IPCC definitions were used. The qualitative measures
(e.g. rare, unlikely, possible, likely, and extremely likely were based on the proba-
bility of occurrence per year, while the confidence scale was based on the processing
of a multi-model ensemble (i.e. Very high, high, medium, low, and very low
confidence). The projections’ results agree with previous work of Second National
Communication (SNC) to UNFCCC and are consistent with IPCC-AR5. For the
year 2085, the two RCPs extremely likely predicted rise in mean temperature for all
of the country, up +2.1 �C [+1.7 to +3.1 �C] for RCP 4.5, and + 4 �C [3.8–5.1 �C] for
RCP 8. The increase was predicted to be homogeneous for the RCP 4.5, and stronger
for the Eastern and the Southern regions for RCP 8.5.

Future dynamic projections predict extremely likely warmer summer compared to
other seasons. Compared to the SNC that used CMIP3 results, multi-ensembles
projections of CMIP5 results coupled with regional climate models in CORDEX
give a more consistent trend to a likely drier climate. In 2070–2100, the cumulated
precipitation could likely decrease by 15% [�6% to �25%] in RCP 4.5, by – 21%
[�9% to�35%] in RCP 8.5. The decrease would be more marked in the western part
of the country. It is more likely to have drier autumn and winter as compared to
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spring, with a median value of precipitation decrease reaching �35% in autumn in
2070–2100. Also, the dynamic projections predict more extremely likely heat waves
where the analysis of summer temperature, monthly values, and the inter-annual
variability reveal that some thresholds could be exceeded especially for a summer
month where the average maximum temperature for the whole country could exceed
42–44 �C.

Drought events were likely predicted as indicated by the two indices of consec-
utive dry days and SPI. The maximum number of consecutive dry days would likely
increase in the reference model of more than 30 days for 2070–2100 20 Jordan’s
Third National Communication on Climate Change Executive Summary period. The
SPI indicates more frequent droughts with a 3 to 4 years lag. In contrast to drought,
annual values still show possible heavy rainy years at the end of the century. More
intense droughts would be (partly) compensated by rainy years, in a context of a
general decrease of precipitation. Potential evaporation would also likely increase.
However, the occurrence of snow would be unlikely to decrease.

Finally, the future projections unlikely to predict no trend for winds, where
maximum wind speed does not evolve significantly. Climate exposure, risks, sensi-
tivity, impacts, and adaptive capacity:

Concluding Remarks
1. All seven countries are vulnerable to climatic changes one way or another. The

following management and policy suggestions are in place:

(a) Institutional setup
(b) Proactive Planning
(c) Monitoring system and Research capabilities
(d) Identification and assessment of options for adaptation
(e) Upgrading resilience and awareness
(f) Regional . . . .follow-up of implementation
(g) Adoption in the educational system

6.11 Summary of Action Plan

6.11.1 Institutional Capacity

1. MENA countries must develop a regional center or organization for climate
change. The center should collect and analyze data, build a geographic database
and establish monitoring systems for indicators of concern to all Arab countries.
It should be responsible for carrying out and enforcing strategies, plans, policies,
and measures for proper adaptation

2. MENA countries must introduce concepts of ICZM and disaster reduction in the
educational system and must develop the institutional capacity for integrated
coastal zone management and build up capacity and follow up in these directions
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3. MENA countries must develop the institutional capacity for risk reduction by
adopting Early Warning Systems of flash floods, storm surges, and heatwaves.

4. MENA region countries must develop transparent data and information systems
to allow early warning of problems

Awareness
1. All MENA region countries must develop awareness programs for upgrading the

resilience of vulnerable communities, population, stakeholders, and investors
2. MENA Region countries must Work to create new job opportunities in safe areas

and exercise environmental law enforcement of regulations such as SEA, EIA

Monitoring
1. It is necessary to monitor and assess land subsidence especially in coastal areas of

excessive urban loads and excessive rates of oil and/or water extraction
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Part III
Case Studies: Space Techniques

and Natural Hazards in the MENA Region



Chapter 7
Satellite Images for Modeling Terrain
Instability in Saudi Arabia (Jeddah-Rabigh)

Mashael M. Al Saud

Abstract Natural hazards became the foremost geo-environmental issue in several
regions worldwide. Rarely a month goes by without a disastrous event that impacts
urbanism and environment. The influence of natural hazards is being increased due
to the development of many physical and man-made influencers. These hazards
imply many types and occur with different dimensions. Due to its complicated
geology and geomorphology, the Kingdom of Saudi Arabia encompasses a miscel-
lany of disasters of the natural origin, and terrain instability is one of the influencing
types where it occupies tremendous localities including urban and rural ones. It
usually impacts many communities and plays a role in the socioeconomic changes.
The increased number of events related to terrain instability makes it necessary to
elaborate relevant studies. Therefore, mapping instable terrain has become urgent
and must be accounted in many projects. The use of satellite images proved to be
significant tool for modeling different factors controlling the existence of terrain
instability. This chapter will illustrate these factors, as thematic layers, which have
been extracted and manipulated by satellite images processing and GIS systems.
Results show that about 89% of the area between Jeddah and Rabigh is under terrain
instability risk (ranges from high to very high risk).

Keywords Mass movement · Damages · Slope · DEM · Spot images

7.1 Types of Terrain Instability

Terrain instability is a geo-environmental issue, especially where urbanism is
increasing. It is usually interlinked with the term “Mass Movement”which expresses
the movement of different terrain materials (rock and soil) by the effect of physical
forces (e.g. water. Slope, wind, etc.) and in some cases by the influence of human
activities such as: excavation, construction, etc. Thus, mass movement follows
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diverse mechanisms and resulted severe damages and destruction, which might be
harmful to human and nature. Thus, it is necessary to investigate the stability of
terrain where new construction projects, transportation systems, planned settlements,
etc. will take place.

Slopes are most hazardous terrain surfaces, notably when unconsolidated mate-
rials are located. It is a widespread risk occurs in many localities of the Kingdom of
Saudi Arabia. In this regard, several studies and projects are applied on natural risk,
aiming to reduce and mitigate its impact. This is well pronounced on slopes,
certainly along the descents between the Arabian Shield and the Red Sea coast.
Therefore, many rock deformations exist such as escarpments, faulting, rock top-
pling, etc. and then create slope instability and rock fall and sliding, especially after
rain storms (Al Saud, 2018).

Three major types of the instability of terrain exist the Kingdom of Saudi Arabia
where they are viewed from the hazardous point of view. The first two are interlinked
with materials mobility along slopes (i.e. landslides and rock falls); while the third
one is often with limited and local movement and then represents either land
subsidence or uplift.

7.1.1 Landslides

Landslides represent one of the well-known natural hazards occur in many regions
where they might be at small and large scale. Thus, the degree of damage results
from landslides is mainly controlled by its dimension and the mechanism of move-
ment. However, a large landslide are always resulted in severe damages in the
environment and human and it is considered as a risky threat and this is exactly
the case in the Kingdom of Saudi Arabia.

Landslides are described as rocks, soil, or debris flows (sliding) by the impact of
gravity along slopes. They represent the movement of surficial materials along
terrain where a direct contact between these materials and terrain remain from the
beginning of movement until these materials settle down. While, the duration of
landslide movement ranges from very slow to very rapid, and it exists on any terrain
given the suitable conditions of soil, moisture, and the angle of slope. Integral to the
natural process of the earth’s surface geology, landslides serve to redistribute soil
and sediments in a process that can be in sudden collapses or in slow gradual slides
(Al Saud, 2018).

There are many factors controlling the occurrence of landslides. These factors
implies the geologic, morphological, meteorological and man-made origin. Thus,
some factors can act separately in creating terrain instability, while sometime two or
more of them act together. Hence, landslides might be triggered by torrential rain,
floods, earthquake and other causes obtained by human intervention, such as exca-
vation, terrain cutting and filling, etc.

There are many features characterize the type of landslides, with a special
emphasis to: rotational, translational, debris flow and avalanche, earth flow, creeping
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and lateral spread. According to Varnes (1978), landslides were interlinked to their
rock type and the engineering soils as in Table 7.1.

7.1.2 Rock Falls

Another aspect of mass movement, rock fall is a common risky phenomenon.
However, rock fall (or sometimes called mass wasting) differs from landslide in
that it is attributed to the movement of materials on air, whereas a landslide moves
(or intermittently) on terrain surface. These can be as rock crumpling, toppling and
rolling (example in Fig. 7.1). Thus, the movement mechanism of surface materials
belongs to rock fall is characterized by fast process.

For rock fall, factors controlling the mechanism of movement are almost similar
to those for landslides, but the type of surface materials in this case are mainly of

Table 7.1 Major types of landslides (Varnes, 1978)

Type of landslide Bed rock

Engineering soils

Predominantly coarse Predominantly fine

Rotational Rock slide Debris slide Earth slide

Translational

Lateral spread Rock spread Debris spread Earth spread

Flows Rock flow Debris flow Earth flow

Creep Soil creep

Complex Combination of two or more types of movement

Fig. 7.1 Rocks susceptible to roll towards the road. (Al Saud, 2018)
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hard and consolidated rocks with different size ranging between gravel and debris to
rock boulders and masses.

Normally, free rock fall typically happens along slopes steeper than 76�, bounc-
ing on slopes between 45 and 76�, and rolling on slopes less than 45�. However, a
rock may alternate between the three modes during its downslope movement,
because slopes are often irregular (Al Saud, 2018).

The dimension of event resulted from fallen rocks, as mass wasting, is mainly
governed by thickness of rock beds, joint sets and the existing fractures systems
which act in the fragmentation of rocks, and then detach the fragmented and
collapsed rocks long the slope. In addition, the length of fissures and the volume
of fallen rocks, tend to follow power law or fractal distributions, meaning that their
numbers decrease exponentially as fracture length and rock fall volume increases.

7.1.3 Subsidence and Uplifts

This type of terrain instability is well known in many regions, likewise in the
Kingdom of Saudi Arabia (Fig. 7.2). It is often has a minimal movement of surface
materials if compared with landslides and rock fall. This type of terrain instability
includes the pull-down (i.e. subsidence) or the pull-up (i.e. uplift) of the terrain
surface. These movements are usually accompanied with ground fissuring and
cracking whether in soil or in rocks, and the associated subsidence or uplift, which
occur in the middle part of the subsided or uplifted locality.

The resulting fissures associated with the subsidence or uplift of the ground
surface, often ranging from a small-scale cracks to large faults; where they begin
as small traces that expand later on due to the external factors such as erosion and

Fig. 7.2 Land subsidence near Jeddah area
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rainfall. Sometimes this type of fissures are caused by the change in the soil nature,
especially along the sides of the basins due to the presence of rugged rock topogra-
phy underneath these soil layers (Budetta, 2004). Moreover, ground cracks can
evenly begin at great depths below the surface, as a result of horizontal movement
in the aquifers due to excessive withdrawal of the ground water from the fragmented-
rock reservoirs, also due to loess soil, and earthquakes. These fissures and subsi-
dence could cause many problems in the urbanized and agricultural areas and induce
damages to the infrastructure. (Holzer, 1984).

Under arid conditions such as in desert areas, the shortage of groundwater
resources leads to excessive pumping that may aggravate land subsidence incidents.
This is the case in many areas in the Kingdom of Saudi Arabia they suffer from
groundwater overexploitation resulting in land subsidence and fissuring which also
lead to damage of agricultural areas due to loss of water and sometimes injuries from
the hidden fissures. (Bankher, 1996).

Terrain uplift is also a widespread phenomenon, but it has different mechanism
than subsidence in term of movement direction, and it is mainly originated as a result
of tectonic activities and the related rocks deformation. Furthermore, earthquakes
can cause ground movement through cracking which may span for long distances. In
addition, delta sediments that are saturated with water and Sabkhas are the suitable
localities that could be affected by subsidence and fissures or faulting due to
earthquakes. Examples on faulting and fissuring, that lead to subsidence and uplifts
in Saudi Arabia and attributed to the earthquake and volcanic activities, occurred in
Harrat Lunayyir (east to Younba City), where the movement of magma led to
seismic activity, resulting from the rise and subsidence in the terrain surface, causing
numerous cracks and faults. (Bankher, 1996).

7.2 Factors Influencing Terrain Instability

There are several physical and anthropogenic factors controlling the stability of
terrain. However, these factors differ from one region to another depending on the
existing natural and man-made characteristics and intervention which is triggering
terrain instability. According to Al Saud (2018), these factors can be summarized as
follows:

1. Geology: This includes the characteristics of rock lithology and the existence of
weak and weathered, sheared and fissured surficial materials, plus rock layer
discontinuity and many other features of rock deformation and lithological
friability.

2. Geomorphology: This encompasses tremendous morphological features and pro-
cesses that act in disintegrating and weakening the terrain material, such as:
deposition loading slope, thawing, freezing alluvial and glacier erosion.

Meteorology: Meteorological impact on terrain instability and other natural
hazards is well pronounced, where it plays from the accumulated and running
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water due to torrential rainfall for example, as well as the increased temperature
and its impact on the shrinking of the surficial materials, and then losing their
consolidation. In addition, there are several meteorological parameters that may
play a role in terrain instability, such as wind, heat waves, freezing, etc.; as well as
the abrupt changes in climatic conditions has a significant role.

3. Human interference: In many cases human works (e.g. excavation, dumping,
mining, artificial vibration, etc.) act in the enhancement of ground fragility and
then accelerating mass movements from their original place. This interference
differ between regions and over different time periods.

Classification of factors influencing terrain stability are often different between
researchers, but all accorded that these factors are resulted in damages which
might be severe in some cases. For example, an acute tectonic seismicity can result
the movement of rock and soil masses where other factor, such the geomorphology
including mainly the slope, can also control the mechanism of any movement.
Moreover, climatic extremes results detaching of surface materials and then enhance
transportation processes.

According to the physical setting of the Kingdom of Saudi Arabia, factors
affecting the occurrence of terrain instability are many, even though they differ
between the Saudi regions. However, each region encompasses a number factors that
might not exist in other regions. Thus, the study area is located between Jeddah and
Rabigh (19,723 km2), is a representative region where it is characterized by moun-
tain ridges and coastal plain along the western Saudi coast. Therefore, the most
influencing factors on terrain instability in the area of study were primarily deter-
mined. This has been done using many tools including satellite images analysis and
field surveys, as well as, records and datasets from previous studies. In this regards,
the use of space techniques was the most significant tool in this study notably in
identifying instable localities. In addition, geological maps were used as supportive
tool. Therefore, the following factors were adopted for investigating instable terrain
in the area of study (Al Saud, 2018).

1. Slope: The inclination of topographic surfaces is has high gravitational impact on
moving objects on these surfaces. Thus, when slope angle exceeds, soil and rock
masses will move either slowly or suddenly following different mechanisms
along the slope surface. In this regard, there are many elements controlling the
timing of slope failure and its mechanism, and this includes, in addition to the
slope angle, hardness of the objects located along the slope and surface
roughness.

More than one parameter play together in moving terrain materials along slopes.
However, the angle of friction can be separately able to move surface materials since
it represents the maximum angle for slope-tolerant holding objects. Hence, the area
of study is known by the flat terrain surface at the coastal plain, besides a sloping
terrain at the adjacent mountain chains located to the east, and thus, tremendous
slopes exist.
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Al Saud (2012, 2018), classified terrain instability, as viewed from the morpho-
logical setting and field observations in the study area, as follows:

– Sudden movement and hazardous location at high slopes,
– Rapid movement and instable terrain at slight high slopes,
– Instable terrain exists when more than one parameter exists at moderate slopes,
– Difficult movement along terrain (almost stable) at slight low slopes,
– No remarkable movement at very low slopes.

2. Lithological characteristics: This lithological feature is one of the major factors
that affecting terrain stability. It reflects the consolidation of rocks either as hard
rock lithology or soft ones. These characteristics are controlled by the physical
properties of rocks, such as the porosity, permeability, grain sorting, etc.

Normally, soft lithologies are susceptible to move than hard ones, but the latter
might exist if more factors act. For example, hard limestone rocks are often stable,
but when fractures occur among, surfaces of weakness will be developed between
the bedding planes and result terrain instability.The area between Jeddah and Rabigh
is known by numerous types of rock lithologies. This occupies the three major rock
types (i.e. sedimentary, igneous and metamorphic) with diverse features of rock
stratification and deformation. Therefore, five classes were considered for the lith-
ological characterization with respect to terrain instability. This classification has
been viewed from rock rigidity. According to Al Saud (2018), these classes are:

– All igneous and metamorphic rocks – very stable
– Carbonates facies – slightly stable
– Sandstone and other clastic rocks – non-compacted
– Alluvial and talus deposits and saline muds – instable
– Aeolian sediments and dunes – movable.

3. Fractures: This type of rock deformation is utmost significant in terrain instability
and occurs at different scale and shapes. They can be as fault alignments with
long distances or as local fissure systems with few centimetres. It is often
considered as the primary factor in rock instability, since fractures increase rock
fragmentation and friability. However, this factor is also related to/or originated
from acting physical forces and specifically the tectonic activities. Therefore,
terrain surface with dens fracture systems, including fissures and joints, are often
instable.

The area between Jeddah and Rabigh is characterized by dense fractures due to
the complicated tectonic setting, especially it is located in the proximity of the
Arabian Shield which is almost surrounded the eastern side of the study area.
Therefore, the obtained classification of fractures according to terrain instability
depended mainly on the number of fracture density (a function of number of
fractures in a define area). Hence, zones with dense fractures are considered as
unstable and vice versa. Based on this concept; however, five classes of fracture
density were adopted in this study.
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Landforms: A landform is characterized by the belonging physical attributes such as
slope, elevation, orientation, rock and soil type, soil type, and rock exposure. This
sometimes represented by land cover which describes a number of terrain features
and topographic aspects. Thus, landforms in the area of study constitute a number of
terrain surfaces and orientations. Therefore, the physical properties of the mentioned
landforms govern the stability of terrain, and more certainly lithological character-
istics and slope degree, which are in direct relationship with soil and rock types in the
area of study. In this regards, Al Saud (2018), classified landforms in the area of
study as: slopping surfaces as the most vulnerable to instability, and this should be
integrated with lithological characteristics where soft rocks and soil exist. Besides,
flat surfaces with hard terrain materials would be much stable.

7.3 Tools for Analysis

Perhaps the identification of factors influencing terrain instability should be primar-
ily determined, and then they should be digitally mapped for the entire area between
Jeddah and Rabigh. This requires using different tools and techniques for data
retrieve, extraction and manipulation. This implies advanced techniques to elaborate
and analyze geospatial data required.

The availability of tools required is a significant element. They also need skilled
expertise. Table 7.2 shows the tools and techniques used for investigating the
influencing factors on different types of terrain instability in the area of study.

The concept behind the applied method includes mainly the preparation of data
on the influencing factors, and each factor was treated separately (Fig. 7.3). Hence,
the major factors influencing terrain instability (i.e. slope, lithology, fractures and
landforms) were treated. Each factor has a number of elements reflecting the effect
on terrain instability. Some elements act towards increasing terrain instability while
other elements work in opposite direction, and this must be restrictedly identified.
Thus, each factors will be classified into 5 classes according to terrain instability, and
therefore, these classes will be systematically integrated in the GIS system (Arc-
map) in order to establish the final terrain instability map (Fig. 7.3).

The classes of terrain instability indicate relative ranking of the likelihood of
terrain instability that occurs after any natural or anthropogenic event. However,
they do not indicate of the level of the expected impact of terrain instability or
potential damage. The 5-class terrain instability classification, as shown in this study,
is to flag on the potential risk areas. Hence, it should not be understood as an onsite
description for terrain stability field assessments.
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7.3.1 Slope

Usually, slope maps are generated from topographic maps depending on contour
lines. Then, slope calculation can be obtained from these maps when they are
digitally produced. Recently, the generation of slope maps is obtained using the
geographic information system (GIS) which can be elaborated to build three-
dimensional models for any geographic area. Thus, the representation of terrain
topography needs require three-dimensions (z, y, x), which is known as digital
elevation model (DEM). The applications of DEM became dominant in several
applications, specifically in identifying terrain components, such as slope, sunlight
exposure, depressions, drainages, etc. (Al Saud, 2012).

Establishing DEMs needs calculating the elevation points whether from digital
contour lines or from stereoscopic satellite images (e.g. Spot images). Therefore,
Triangulated Irregulated Network (TIN) would be primarily constructed, and they

Table 7.2 Major tools used for studying terrain stability (Al Saud, 2018)

Theme Tool Details Data and information

Documentation Previous
studies and
records

Documents and indicative maps Recognize the available and
obtained data and informa-
tion to support knowledge.

Thematic maps Geologic
maps

Scale 1:250000, Skiba et al.,
1986

Identify the geographic dis-
tribution of different lithol-
ogies and structures.

Landforms
maps

Land resources map, scale 1:
500.000, Ministry of Agriculture
and Water, 1986

Determining the geographic
distribution of different
landforms.

Fracture
systems

Satellite
images

Geo-Eye-1: 5 bands; 46 cm
resolution

Direct identification of
observable instable terrain
features (landslides, etc.).

Aster: 14 bands, 15 m resolution
(visible bands); 90 m resolution
(thermal bands);

Linear thermal anomalies as
indicator for fractures sys-
tems (i.e. faults).

Landsat 7 ETM+: 7 bands, 30 m
resolution (visible bands); 120 m
resolution (thermal bands);

Identify distinguished geo-
logic features needed
(e.g. ring structure, domes,
etc.).

Slope SRTM Radar-based data; 30 m
resolution

To extract the digital eleva-
tion model (DEM) and
slopes

Data
manipulation

Software ERDAS-Imagine-11 (Leica
product)

Satellite image processing
and classification.

PCI’s Geomatica-10.2
(Geomatica product)

Arc-GIS-10.2 (Esri product) Digital data manipulation
and drawing

Filed surveys Variety of field devices and instruments
(e.g. incline-meter, GPS, laser-meter, etc.)

Field verification and
inspection.
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represents digital data structure used in GIS for surface attributes of the natural land
surfaces. This will be made up of irregularly distributed nodes and lines with three
dimensional coordinates which are arranged in a network of non-overlapping tri-
angles. Therefore, TINs are obtained from mass points, break-lines, and polygons,
where they become nodes in the network, and represent primary input into a TIN in
order to determine the overall shape of the surface (Al Saud, 2012).

Shuttle Radar Topography Mission (SRTM) was used in this study, to generate
DEM. SRTM is a radar-based remote sensing product introduced by NASA. This
product is originally made publicly available at a three-arc-second pixel size (1/1200
of a degree of latitude and longitude) with 90 m spatial resolution. In some studies,
90 m pixels are large enough to display the required resolution from SRTM DEM;
however, it is now revealed by the much smaller 30 m pixels.

Digital elevation model (DEM) of the study area was generated, and conse-
quently, terrain slopes were extracted and categorized into five classes to illustrate
aspects in the area of concern, which will be a used factor while mapping terrain
instability. These classes were illustrated in Table 7.3 and mapped Fig. 7.4.

Inclina�on of
terrain surface

Lithological
characteris�cs

Fractures

Slope

Rock type

Fracture density

Type of landformsLandforms

GIS
Terrain

Instability
Map

Factor Element of impact 5-Classes

Fig. 7.3 Scheme of elements used in the applied method for mapping terrain stability in Jeddah-
Rabigh Region

Table 7.3 Slope classes according to terrain instability in Jeddah-Rabigh Region

Class Slope description Terrain instabilitya Slope Degreea Area (km2) %b

I High slope Moveable > 35� 3168 16

II Slightly high slope Instable 35–25� 2668 13.5

III Moderately sloping Non-compacted 25–15� 3072 15.5

IV Slight low slope Slightly stable 15–5� 4526 23

V Low slope Very stable <5� 6289 32
aAccording to Fig. 7.4
bPercentage of the total studied area

154 M. M. Al Saud



Fig. 7.4 Slope maps of Jeddah-Rabigh Region. (Al Saud, 2018)
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7.3.2 Lithology

The geological rock formations in the area between Jeddah and Rabigh were studied and
chronologically classified based on geological map done by Al Saud (2018). There
44 geological formations are exposed in the study area and extending from the coast of
the Red Sea to the mountains to the east. The oldest geological age of these rock
formations is the Precambrian, and they belong to 13 rock groups, suites and complexes.

Almost all rock types with diverse lithologies are exposed in the study area,
including the sedimentary, igneous and metamorphic. There is a dominancy for
carbonate rocks, silicates, clastic rocks, alluvial and colluvial deposits, intrusive and
extrusive igneous rock and lavas, as well as varieties of metamorphosed rocks. The
distribution of these lithologies is controlled by the geologic structures, as well as by
the geomorphological features, resulting in different bending aspects, unconform-
able bedding planes, dikes and irregular rock bodies from lava and the igneous and
metamorphosed rocks.

Rock formations in the study area have different degrees of impact on terrain
instability which is controlled mainly by lithology including the physical and miner-
alogical characteristics. Therefore, an empirical classification (i.e. categorization of
rock types) for the exposed rock formations, was adopted regardless of their age and
location. Emphases were on the lithological characteristics and then how to respond to
terrain instability in terms of water retention, porosity, permeability, hardness, and
many other physical and mineralogical rock properties (Al Saud, 2018).

Many classifications were followed on rock lithologies according to terrain
instability, such the classification done by Church (1983), Hungr (1984) and
Chatwin, et al. (1994). However, these properties are different according to rock
characteristics with respect to the movement in the terrain surface. This can be
attributed to the different characteristics of areas where these classification were
applied. In this study, the classification of lithology-terrain instability (5-classes
categorization) was obtained as lithological categorization for lithologies that
match similar impact on terrain instability (Table 7.4).

The classified lithologies were mapped to illustrate their geographic distribution
and their respond to terrain instability and mass movement (Fig. 7.5). A systematic

Table 7.4 Lithological classes according to terrain instability in Jeddah-Rabigh Region

Class Major lithology
Area
(km2) %

Terrain
stability**

I Alluvial and colluvial deposits, dunes, Sabkha, aeo-
lian deposits

6049 30.5 Moveable

II Conglomerate, sand, silt, tuff, marl, clay, argillaceous
rocks

2386 12 Instable

III Lava and volcanic ash, limestone 5532 28 Non-
compacted

IV Amphibole, ultramafic rocks, tonalite, 2735 14 Slightly stable

V Basalt, rhyolite, andesite, granite, quartzite, gabbro,
gneiss, Syenite

3021 15.5 Very stable
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lithological merging was followed for the lithologies with similar impact on
terrain instability, whether these lithologies are attributed to the same rock formation
or not.

Fig. 7.5 Lithology-terrain instability map of Jeddah-Rabigh Region. (Al Saud, 2018)
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7.3.3 Fractures

Large-scale fractures (e.g. faults) and significant factors in terrain instability. These
are represented by large alignments of rock deformations. These faults resulted
largely in creating other (secondary) fractures such as fissures and joints. Whereas,
fissures and joints often exist in very local exposure and it could not be well
identified in large-scale areal assessment.

Identification of large-scale fault alignments is successfully obtained by using
satellite images, which enable identifying linear geological features on these images,
the so-called “Lineaments”. Therefore, space techniques are good tools for the
identification of linear features as observed on satellite images. They appear to be
tremendous on hard rock bodies and negligible on soft terrain (Al Saud, 2008).

Advanced Space-borne Thermal Emission and Reflection Radiometer (ASTER)
satellite images were processed in this study. Aster L1A Reconstructed Unprocessed
Instrument Data V003. ASTER is an advanced multi-spectral sensor with electro-
magnetic spectral region ranges from visible to thermal infrared, and it occupies
14 spectral bands. The spatial resolution of these images is 15 m with a visible bands,
while they have 60 km x 60 km swath width, and thus 15 image scenes were used to
cover the entire study area.

ERDAS Imagine-11, and PCI’s Geomatica-10.2 software were used for image
processing. These types of software encompass several digital advantages for image
processing. Therefore, a number of steps have been followed starting by the pre-
processing step with a series of consequent operations, including mainly: 1) atmo-
spheric correction or normalization, image registration, geometric and radiometric
corrections; 2) linking of the required image scenes, which is also called “Images
Mosaicking”. This is necessary in order to obtain a unique scene from all images
required to cover the entire area of interest, and to facilitate further image treatment
approaches.

Lineament identification from satellite images depends mainly on the thermal
differentiation where thermal anomalies are the target features to be identified. These
features represent the linear alignment of the existing fractures. These fractures, with
dominant soil and detrital sediments and thus higher water retention (i.e. wetness)
than the surrounding, will show cooler temperature than the rest terrain body.

Thermal bands (i.e. band number 10–14) in ASTER images, as attributed to
Thermal Infrared (TIR), were processed. They are characterized by 90 m spatial
resolution. In addition to the use of TIR bands, other spectral and digital advantage
on ASTER images were utilized such as: color slicing and contouring, filtering, edge
detection, band combination, enhancement, etc. Consequently, the lineament map
was produced for the area between Jeddah and Rabigh.

There are 3189 lineaments detected in the area of study where they have different
lengths. Many of the identified lineaments exist for long distance exceeding several
tens of kilometers, while small-length lineaments also exist and they were found as
geographic clusters.
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The identified linear features are unevenly distributed in the study area, and thus
their density was different between different localities. Therefore, a density map for
lineaments is necessary to illustrate their concentration. In this regard, areas with
dense lineaments (fractures) are characterized weak terrain stability and vice versa
(Greenbaum, 1985; Al Saud, 2008).

The density of Lineaments can be elaborated using several approaches, but the
most creditable one is that accounts the total number of lineaments with as specific
area (geographic frame with known area). This concept is also followed by many
researchers such as Gustafsson (1994) and Teeuw (1995). Hence lineaments density
(LD) can be expressed by the following equation:

LD ¼
P

Ln
A

Where Σ Ln is the total number of lineaments, and A the define area where the
counted lineament located in. In this study a lineament density map was produced
with five classes (Fig. 7.6 and Table 7.5).

The generation of this map followed Sliding Windows approach, in which the
area of study was classified into frames of 5 km x 5 km, and then the number of
lineament was counted in each frame. Consequently, the resulting numeric values
were again plotted in the middle of each frame. The resulting values were used once
more to build up the contours map using Arc-GIS software (Fig. 7.6).

The average lineament density for the area between Jeddah and Rabigh was
calculated as 4 lineaments per 25 km2 (Al Saud, 2018). The description of the five
classes of lineaments density was illustrated in Table 7.5.

7.3.4 Landforms

The influence of landform on terrain instability and mass movement implies several
elements, with a special emphasis to the rigidity of terrain materials and structure.
Hence, these physical characteristic are often deduced from the obtained landform
maps. In this study, landforms were adopted from the Land Resources Maps of
Kingdom of Saudi Arabia, which was obtained by the Ministry of Agriculture and
Water (1986). For the area between Jeddah and Rabigh, there are 13 landform. The
landforms with almost similar impact on terrain instability were digitally combined,
using Arc-GIS, and then categorize into 5 classes (Fig. 7.7 and Table 7.6).

The obtained landforms map shows that 30% of the region between Jeddah and
Rabigh is characterized suitability terrain instability.
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Fig. 7.6 Lineaments density map of Jeddah-Rabigh Region. (Al Saud, 2018)
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7.4 Data Manipulation

The geospatial data for the main influencing factors on terrain instability were
identified and digitally illustrated using Arc-GIS. The GIS layers of the influencing
data were plotted with their 5 classes for each. In order to create a map for the terrain
instability in the area of interest; therefore, all these factors must be integrated
together in one digital unit. In other word, all identified factors and their elements
must act together to localize the geographic areas with different characteristics
towards terrain instability (i.e. hotspots). Nevertheless, not all these factor have the
same impact on the existence of terrain instability. Hence, some factors have larger
influencing than others, and this must be considered during the digital manipulation
of these factors together. Therefore, each factor must be attributed to specific degree
of impact, which has been described as “weight”.

For example, the impact of landforms aspect on terrain stability is not similar as
that of fractures, and so on for the rest factors and their elements. The determined
weights of each factors and the belonging elements will be used during data
integration in the Arc-GIS.

The following steps must be followed for data manipulation:

1. Factors to be prepared as digital maps, and each factor will be considered as a GIS
layer with five classes (elements).

2. The obtained classes will be ordered from the highest to lowest impact. Thus,
Class I must represent the most effective (i.e. unstable) terrain instability to Class
V as the lowest impact (i.e. very stable). Also, there will be a defining for the
weights of influence for each factor.

3. Producing the digital maps of all factors after considering their weights. This can
be done using ESRI‘s Arc-GIS (i.e. Arc-View) software by “superimposing”
different GIS layers together in the GIS system.

4. Each weight will attributed to a numeric percentage value, where the total for all
factors must be 100%.

5. The five classes of each factor have also specific impact on terrain instability. For
example, Class I in slope factor differs from Class I in lithology factor. Therefore,
a “rate” has been dedicated for each class.

Table 7.5 Classification of lineaments density in Jeddah-Rabigh Region

Class Lineament density (lineaments/25km2) Description Terrain instability

I >35 Dense Moveable

II 35–25 Slightly dense Instable

III 25–15 Moderately dense Non-compacted

IV 15–5 Slightly fine Slightly stable

V <5 Fine Very stable
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Fig. 7.7 Landform-terrain instability map of Jeddah-Rabigh Region. (Al Saud, 2018)
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The adoption of values for weights and rates were determined based on the follow-
ing, according to Al Saud (2018):

1. Field experience and observations in field studies and the related ground
investigations.

2. The assessment of the impact of factors depended on by many studies obtained by
Edet et al. (1998); Robinson, et al. 1999); Das (2000) and Shaban et al. (2006).

Based on the above points and considering Al Saud (2010), the adopted factors in
this study were given the following weights: slope (35%), lithology (30%), fractures
(20%) and landform (15%). Table 7.7 shows weights of factor (Fw) and rate (Fr) and
Effectiveness (Ef) for the influencing factors on terrain instability.

Rates are accounted with 100 as the maximum value 0 for the minimum value,
thus, rates of the five classes will illustrated as follows: 100–80, 80–60, 60–40,
40–20 and 20–0. Therefore, the average of rating for each class will be 90, 70, 50, 30
and 10 for classes from I to V; respectively (Table 7.7).

To calculate the degree of effectiveness (Ef) for each factor depending on weight
(Fw) and rate (Fr). Hence, each weight will be multiplied by the rate (Fw x Fr). For
example, the weight of lithology is 30%, if multiplied by class II of the rate, which is
70%; therefore, the degree of effectiveness will be as follows:

Ef ¼ Fw � Fr ¼ 30=100� 70 ¼ 21

The sum of effectiveness for all classes will be 250 as shown in Table 7.8. Therefore,
for each class the net effectiveness (En) is calculated by dividing the factor effec-
tiveness (Ef) on the Sum of effectiveness, which equals 250 (Table 7.8). For
example, En for Class II in the lithology was calculated as follows: En ¼ Ef /∑
effectiveness ¼ 21/250 x 100 ¼ 8.4%.

The En for each classes will be digitally converted in the GIS system, and they
will represent the elements of the systematic integration of factors in order to
produce the terrain instability map.

Table 7.6 Landform classes according to terrain instability in Jeddah-Rabigh Region

Class Land form aspect
Area
(km2) %

Terrain
instability

I Coastal plain, tidal flats, alluvial fans and foot slopes,
degraded plain/active slopes

4750 24 Moveable

II Alluvial plain, Pediplan with deep soils 983 5 Instable

III Pediplan with shallow soils, Wadi deposits 461 2.5 Non-
compacted

IV Hills and rock outcrops, lava fields and volcanic hills 7180 36.5 Slightly
stable

V Mountains 6349 32 Very stable
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7.5 Results

The obtained map, with five main categories, evidences the degree of influence on
terrain instability and the related mass movements (Fig. 7.8).

This maps shows about 90% of the area between Jeddah and Rabigh is under risk
of terrain instability (ranges from high to very high risk). Therefore, from the
obtained map, the following dimensions were calculated using GIS application:

– Very high risk (movable) ¼ 8308 km2 (42% of the studies area).
– High risk (instable) ¼ 9383 km2 (48% of the studies area).
– Moderate risk (non-compacted) ¼ 1118 km2 (6% of the studies area).
– Low risk (slightly stable) ¼ 568 km2 (2.5% of the studies area)
– No risk (very stable) ¼ 346 km2 (1.5% of the studies area).

Table 7.7 Weights and rates
of effectiveness on terrain sta-
bility (Al Saud, 2018)

Class/Factor I II III IV V

Slope (�)
Fw 35%

Fr 90 70 50 30 10

Ef 31.5 24.5 17.5 10.5 3.5 87.5

Lithology

Fw 30%

Fr 90 70 50 30 10

Ef 27 21 15 9 3 75

Fractures (lineament/25km2)

Fw 20%

Fr 90 70 50 30 10

Ef 18 14 10 6 2 50

Landform

Fw 15%

Fr 90 70 50 30 10

Ef 13.5 10.5 7.5 4.5 1.5 37.5

Sum of effectiveness 250

Table 7.8 Net effectiveness
of classes composing
influencing factors in terrain
instability (Al Saud, 2018)

Class/Factor I II III IV V

Slope

En 12.6 9.8 7 4.2 1.4

Lithology

En 10.8 8.4 6 3.6 1.2

Fractures

En 7.2 5.6 4 2.4 0.8

Landforms

En 5.4 4.2 3 1.8 0.6
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Fig. 7.8 Terrain stability map of Jeddah-Rabigh Region. (Al Saud, 2018)
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Chapter 8
Remote Sensing Studies on Monitoring
Natural Hazards Over Cultural Heritage
Sites in Cyprus

Athos Agapiou and Vasiliki Lysandrou

Abstract This chapter presents examples of remote sensing studies for monitoring
natural hazards related to ancient monuments and archaeological sites in Cyprus.
Through these studies, the use of Earth Observation, and specifically the contribu-
tion of the European Copernicus Programme, is highlighted. Most of them have been
carried out during the last years, within the framework of funded research projects.
The various case studies presented in this chapter underscore Earth Observation’s
mingling with other remote sensing techniques (both middle range and terrestrial)
and geoinformatics towards inclusive monitoring of cultural heritage and prevention
against possible hazards.

The chapter unfolds in two parts: The first part introduces an overview of the
potential contribution of Earth Observation to the Cultural Heritage Disaster Risk
Management (DRM) cycle, with specific focus on the Eastern Mediterranean basin.
The DRM includes six consecutive steps that require various inputs, including the
context, threats and monitoring phases. For each step, the role of Earth Observation
sensors and their related products are discussed.

The second part of this chapter focuses on studies dealing with natural hazards in
Cyprus using optical and radar datasets. These studies include the following: (a) soil
erosion by water, (b) vegetation growth, and (c) detection of surface displacements,
in sites with archaeological interest.

The chapter ends with a comprehensive risk assessment report of various hazards
(both natural and anthropogenic) using the Analytical Hierarchy Process (AHP)
method. This assessment concerns the western part of Cyprus, namely the Paphos
District, where more than 200 monuments are found.
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8.1 Introduction

This chapter aims to present various authors’ studies performed in the last years,
through research activities, dealing with natural hazards over cultural heritage sites.
The chapter has a specific focus on the Eastern Mediterranean basin and Cyprus, as
well as remote sensing data, and Earth Observation sensors. At the beginning of the
chapter, an overview of the potential contribution of Earth Observation to the
Cultural Heritage Disaster Risk Management (DRM) cycle is presented. The DRM
cycle and the role of the Earth Observation sensors are emphasised in the next
section. The synthesis and assessment from various hazards (both natural and
anthropogenic) using the Analytical Hierarchy Process (AHP) methodology are
then presented.

Hazards can have a negative impact on cultural heritage, while a combination of
hazards may trigger other secondary ones. As identified by International Council for
Science (ICSU) and the World Meteorological Organization (WMO), and adopted
by UNESCO, the most common categories of hazards are the following: meteoro-
logical, hydrological, geological, astrophysical, biological, and climate change
(UNESCO, 2010).

In the literature, various terms have been used to study the hazards’ phenomena.
Disaster is defined by the United Nations International Strategy for Disaster Reduc-
tion as "a severe disruption of the functioning of a community or a society causing
widespread human, material, economic or environmental losses which exceeds the
ability of the affected community or society to cope using its resources" (United
Nations, 2009). This definition was extended by other international organisations,
dealing with the management of cultural heritage sites, in order to include disaster
impacts not only on people and properties but also on the cultural heritage values of
the World Heritage property (UNESCO, 2010).

Risk is defined as "the chance of something happening that will have an impact
upon objectives" (Emergency Management Australia, 2000), while the United
Nations (2009) refers to risk as to the combination of the probability of an event
and its negative consequences. Moreover, hazard is defined as "a dangerous phe-
nomenon, substance, human activity or condition that may cause loss of life, injury
or other health impacts, property damage, loss of livelihoods and services, social and
economic disruption, or environmental damage or any phenomenon, substance or
situation" (United Nations, 2009). Hazard can eventually cause disruption or damage
to different infrastructures and services, people, property, and environment
(Abarquez and Murshed, 2004). Finally, vulnerability refers to "the characteristics
and circumstances of a community, system or asset that make it susceptible to the
damaging effects of a hazard" (United Nations, 2009). Based on these terms,
vulnerability is an intrinsic characteristic of an asset, independent of its exposure.
Consequently, disaster risk is described as the result of hazard and vulnerability
(UNESCO, 2010).

Earth Observation plays an essential role in monitoring cultural heritage sites’
purposes against various anthropogenic or natural hazards. The existing literature
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indicates a steady increase in scientific studies dealing with this topic (Fig. 8.1). This
is mainly due to satellite sensors’ advantages, such as performing systematic mea-
surements remotely covering large areas. The increasing number of new sensors has
also released new opportunities to support cultural heritage sites’ systematic moni-
toring. For instance, the European Copernicus Sentinel-2 constellation provides
optical images with a revisit time of 5 days at the equator, while these data are
freely distributed and open access (Li & Roy, 2017). Other initiatives and services
like the Copernicus Emergency Management Services, (Bosco et al., 2021), the
International Charter Space and Major Disasters (2021), the United Nations Platform
for Space-based Information for Disaster Management and Emergency Response
(UN-SPIDER) (2021) or Group on Earth Observation (GEO) (2021), can provide
support to local authorities after significant disastrous situations.

8.2 Disaster Risk Management (DRM) Cycle and Earth
Observation Contribution

The Disaster Risk Management (DRM) cycle proposed by the International Strategy
for Disaster Reduction and other international organisations and committees
(Unesco, 2010, ICCROM 2016, ISO 31000, 2018) comprises six steps, briefly
outlined below. All steps are interlinked between them, and hence any assumptions
and ambiguities impact the full implementation of the DRM cycle. The design and

Fig. 8.1 The total number of published articles related to various hazards with the support of
satellite and space-based observations for the last decade (2010–2020). (Source: Agapiou et al.,
2020b)
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conceptualisation of a DRM cycle plan is a synergistic effort of several qualified
parties to obtain specific local value information.

Disaster Risk Management (DRM) Cycle Steps Step I: Understanding the
context; Step II: Identifying risks; Step III: Analysing risks; Step IV: Evaluat-
ing risks; Step V: Treating risks; Step VI: Monitoring phase.

The first step includes collecting relevant information about various aspects of a
cultural heritage site. The information can include details related to the physical
environment and administrative, legal, political, socio-cultural, and economic
aspects of a site. Ste II of the DRM cycle comprises identifying relevant natural
and human-made risks that can potentially threaten cultural heritage. Then, at step
III, the possibility of a threat is calculated, and the expected impact of all risks is
estimated. Then, at step IV, the hierarchy and the classification of all potential risks
is performed. At the following step, relevant effective measures can be planned by
local stakeholders to eliminate or minimise the negative impact of the identified
risks. Finally, the monitoring phase, includes a periodic update of all information

Following this brief introduction regarding the DRM cycle, a recent study
(Agapiou et al., 2020b) attempted to link these steps of the DRM cycle with Earth
Observation potentials. Therefore, for each step, likely synergies between Earth
Observation sensors’ existing capacity and cultural heritage management needs
were investigated.

Regarding step I (context) and step II (identification of risks), remotely sensed
sensors might be used for documentation and cartographic purposes. Diachronic
observations over the site can be achieved through satellite and aerial observations
providing time-series land use maps. This can support a better understanding of the
archaeological site’s potential changes. Beyond the existing high-resolution satellite
multispectral sensors, archival satellite and aerial datasets can be used to map
landscapes before modern development and changes (Hritz, 2013; Agapiou et al.,
2016a; Ur, 2016; Lysandrou and Agapiou, 2020; Casana, 2020). Other existing
geo-datasets like risk maps for geohazards and maps produced after processing
satellite-based information (such as geo-datasets related to soil erosion by water)
are available for Europe through specific platforms (Panagos et al., 2012).

Step III, concerns the risk assessment/risk analysis, which can be achieved from
satellite images and related products, as can be seen in Solari et al., 2020; Tapete
et al., 2016; Pastonchi et al., 2018, for floods, landslides, looting etc. Based on all
previous steps, the overall risk is estimated in step IV. During step V, actions to
prevent and/or limit the identified risks’ overall damage occur. Here the role of Earth
Observation sensors can be supportive for cases like illegal actions over archaeo-
logical sites. Even though satellite-based observations cannot prevent illegal actions
on the ground, identifying looted areas can be considered a critical step towards
increasing awareness for potential illegal trafficking and the protection of cultural
assets.
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Finally, at step VI, the role of remotely sensed data can be fundamental for
systematic monitoring of archaeological sites. The spatial extent of satellite images
and the continuous observation over archaeological sites can be easily achieved
using remote sensing techniques. For instance, the Copernicus satellite sensors’ high
temporal revisiting time (5-days) is ideal for the systematic observation since they
can continuously provide new data, even of areas that are not physically accessible.
Figure 8.2 summarises the primary characteristics of satellite sensors, which can
support DRM cycles.

Therefore, the role of satellite observations and connected remotely sensed
sensors are multiple. Examples from this role can be seen in Fig. 8.3. Despite that
the list is not exhaustive, it indicates satellite observations’ potentials toward
implementing the DRM cycle.

8.3 Examples of Remote Sensing Studies for Monitoring
Natural Hazards Over Cultural Heritage Sites
in Cyprus

In this section, various studies regarding natural hazards over heritage sites in
Cyprus using Earth Observation and other remotely sensed data are presented.
Natural hazards include the impact of soil erosion by water, vegetation growth and
dynamics, and the detection of surface displacements.

8.3.1 Soil Erosion

Soil erosion by water is a natural phenomenon that involves the detachment of soil
material rainfall and the flow traction (Erosion by Water, 2021). Models regarding

Fig. 8.2 Favourable characteristics of satellite observation datasets for cultural heritage’s DRM.
(After Agapiou et al., 2020b)
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the study of soil erosion have been investigated in the past by Panagos (2015),
Panagos and Katsoyannis (2019), Pena et al. (2020) and Chandramohan et al.
(2015); for more related literature, see Agapiou et al. (2020a).

These studies have used various models to better estimate and predict soil loss
(Quinton, 2011). The use of empirical models like the Revised Universal Soil Loss
Equation (RUSLE) has been widely used due to reasonably accurate estimations and
its capacity to be implemented, using a Geographical Information System (GIS) and
satellite datasets (Borrelli et al., 2013). RUSLE model, developed by Renard et al.
(1997), uses five factors: multiplying each other. These factors are the rainfall
erosivity factor (R), the soil erodibility factor (K), the slope length and steepness
factor (LS), the cover management factor (C), and the conservation practice factor
(P) for the estimation of the average annual soil loss (A) (for a review regarding this
model see Ghosal and Das Bhattacharya, 2020). Through the Panagos et al. (2012)
study, RUSLE datasets have become accessible on a European level. European and

Fig. 8.3 Indicative key satellite observation processing chains beneficial for the various steps of a
DRM cycle intended for cultural heritage. (After Agapiou et al., 2020b)

172 A. Agapiou and V. Lysandrou



global soil erosion maps and geodata sets, like those of Panagos et al. (2012), can be
accessed by the European Soil Data Centre (ESDAC).

Soil erosion by water remains one of the most important natural hazards that are
threatening archaeological sites. Both soil loss and soil deposition can alter an area’s
archaeological context, transferring, for instance, ceramics from one location to
another. Archaeological context includes not only the standing monuments but
also subsurface archaeological remains. For the lastest, our knowledge is limited
for several sites, making their protection very difficult. While some heritage man-
agement methods using ground-based strategies have been reported in the past (see
Luo et al., 2019), these have a limited spatial extent. Therefore, evaluating the risk of
subsurface archaeological remains from soil erosion over large areas is peculiarly
difficult. In a recent article, Agapiou et al. (2020a) used Kibblewhite et al. (2015)
datasets to develop a sub-surface archaeological proxy map at a European level. In
their work, Kibblewhite et al. (2015) have categorised European soil according to
how the various archaeological materials can be affected by the pertinent soil type,
following a standard taxonomic classification. The study from Agapiou et al.
(2020a) has integrated these datasets to provide for the first European estimation
of subsurface archaeological exposure due to soil loss. Simultaneously, the results
are biased on the models’ uncertainty and assumptions and the datasets used—the
analysis aimed to pave the way to implement extensive-scale studies related to
subsurface archaeological materials threats. The overall results are shown in
Fig. 8.4. The analysis indicated that 75% of the area is characterised as a low threat
due to soil erosion, with soil loss of less than 5 t/ha per year. In comparison, 13% and
12% are characterised with moderate (soil loss between 5–10 t/ha per year) and high-
risk (soil loss more than 10 t/ha per year) level.

In detail, as shown from Fig. 8.4, four different subsurface materials, namely the
metals, bones, organics, and stratigraphy evidence, have been investigated against
soil loss. The preservation state of each type of stratigraphic material is mapped as
poor (red), fair (yellow), and good (green). Areas with no data available are
visualised with white colour in the background. The majority of the area for all
types of archaeological material is considered low-threat regardless of their soils’
preservation capacity. However, regarding the moderate- and high-threat level areas,
fluctuations can be observed. South Europe, including the case study of Cyprus and
the Mediterranean basin, is exposed to higher soil-loss threats compared to northern
countries. A country-level statistic based on the findings of Fig. 8.4 was also
implemented. These are shown in Figs. 8.5, 8.6, 8.7 and 8.8. Figure 8.5 indicates
the mean values per country level for metals concerning the level of soil-loss threats,
while Figs. 8.6, 8.7 and 8.8 indicate the same results for bones, organics, and
stratigraphic evidence, respectively. For all Figs. 8.5, 8.6, 8.7 and 8.8, values close
to 1 indicate the low preservation status, values close to 2 indicate fair conditions of
preservation, and values close to 3 good preservation status.

The primary outcomes of the previous study were the following: (1) Most
European countries can be considered low threat areas for all types of subsurface
materials; (2) Northern European countries can be considered low threat areas in
contrast to Mediterranean countries, which are characterised with moderate and
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high-risk levels; (3) Areas characterised as low threat from soil erosion present
approximately 10% of adequate preservation capacity, which varies depending on
the type of the material; (4) Similar patterns on a European scale for all types of
materials are reported for areas characterised with moderate and high risk from
soil loss.

Fig. 8.4 Maps indicating the level of threat (low, moderate, and high) based on soil loss provoked
by water activity (soil erosion) for each of the four different subsurface materials (metals, bones,
organics, and stratigraphy evidence): The preservation state is also indicated (red for poor, yellow
for fair, and green for good). (Source: Agapiou et al., 2020a)
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Fig. 8.5 Mean values per country level for metals per level of soil-loss threats: Values close to
1 indicate the poor preservation status, values close to 2 indicate fair conditions of preservation, and
values close to 3 good preservation status. (Source: Agapiou et al., 2020a)

Fig. 8.6 Mean values per country level for bones per level of soil-loss threats: Values close to
1 indicate the poor preservation status, values close to 2 indicate fair conditions of preservation, and
values close to 3 good preservation status. (Source: Agapiou et al., 2020a)
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Fig. 8.7 Mean values per country level for organics per level of soil-loss threats: Values close to
1 indicate the poor preservation status, values close to 2 indicate fair conditions of preservation, and
values close to 3 good preservation status. (Source: Agapiou et al., 2020a)

Fig. 8.8 Mean values per country level for bones per level of soil-loss threats: Values close to
1 indicate the poor preservation status, values close to 2 indicate fair conditions of preservation, and
values close to 3 good preservation status. (Source: Agapiou et al., 2020a)
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8.3.2 Vegetation Growth and Its Dynamics

Monitoring vegetation dynamics and long-term temporal changes of vegetation
cover is of great importance for assessing the risk level of a natural or anthropogenic
hazard. Vegetation plays a critical role in several hazards, like the soil loss men-
tioned earlier. The increase or decrease of vegetation cover through vegetation
indices has been used in the past as an indicator for land-use change and urbanisation
sprawl. At the same time, it can be an indication of agricultural pressure near
archaeological sites’ surroundings. The extraction of vegetation cover has been
systematically investigated in the literature using optical satellite sensors. However,
the use of radar vegetation indices is limited, while their combination is even rarer.

Several studies have demonstrated the benefits of satellite-based monitoring,
providing comprehensive and systematic coverage over archaeological sites (Luo
et al., 2019; Agapiou and Lysandrou, 2015). Open and freely distributed optical and
radar satellite images are available from the European Copernicus Programme
(2021). The Sentinel sensors, with a high-temporal revisit time, medium resolution
satellite images can be downloaded through specialised big data cloud platforms
such as the Sentinel Hub. At the same time, radiometric and geometric corrections
can be applied.

To evaluate the overall performance of the synergistic use of optical and radar
vegetation indices from the Sentinel-1 and Sentinel-2 sensors, Agapiou (2020) has
used these datasets over the archaeological site of "Nea Paphos" in Cyprus. The
study has also used other open access services, namely the crowdsourced
OpenStreetMap initiative. In detail, optical and radar Sentinel datasets, acquired
over the archaeological site of "Nea Paphos" have been used, while Sentinel ready
products from the Sentinel Hub service and crowdsourced vector geodata available
at the OpenStreetMap service have been explored. Finally, compressed red-green-
blue (RGB) high-resolution optical data from the Google Earth platform for valida-
tion purposes were used (Fig. 8.9).

From the Sentinel Hub service, radar and optical Sentinel images were retrieved,
and the Normalised Difference Vegetation Index (NDVI) and the Radar Vegetation
Index (RVI) were processed using Eqs. 1 and 2:

NDVI ¼ ρNIR � ρREDð Þ= ρNIR þ ρREDð Þ, ð8:1Þ
RVI ¼ VV= VVþ VHð Þð Þ0:5 4 VHð Þ= VVþ VHð Þ, ð8:2Þ

Where ρNIR and ρRED refer to the reflectance values (%) of the near-infrared and red
bands of the optical Sentinel-2 sensor (band 8 and band 4), while the VV and VH
refer to the polarisation bands of the Sentinel-1 sensor, implemented by a custom
script available with the Sentinel-Hub services (2021).

Based on the optical and radar vegetation indices, the proportion of vegetation
was then retrieved. In our study, two different models have been applied for both
optical and radar datasets:
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Pv1 � radar ¼ RVI� RVI non� veg:ð Þ= RVI veg� RVI non� veg:ð Þ, ð8:3Þ
Pv1 � optical ¼ NDVI� NDVI non� veg:ð Þ= NDVI veg� NDVI non� veg:ð Þ,

ð8:4Þ
Pv2 � radar ¼ RVI� RVI minð Þ= RVI max � RVI minð Þ½ �0:5 ð8:5Þ

Pv2 � optical ¼ NDVI� NDVI minð Þ= NDVI max � NDVI minð Þ½ �0:5 ð8:6Þ

Where vegetation index veg (NDVI veg and RVI veg) and non-vegetation index
(NDVI non-veg. and RVI non-veg.) represent the vegetated and non-vegetated
pixels of the considered index, respectively, vegetation index max (NDVI max
and RVI max) and vegetation index min (NDVI min and RVI min) represent the
maximum and minimum histogram value of the vegetation image.

To investigate pottential correlation between the NDVI and the RVI indices, a
regression analysis was carried out. As shown in Fig. 8.10, no specific pattern
between the two indices can be extracted since there was a high variance. This is
also aligned with the previous findings indicating that optical and radar indices do
not produce similar findings.

In the light of the above, periodic monthly RVI and NDVI indices covering May
2019 to May 2020 were extracted from the Sentinel Hub service. RVI results over
the "Nea Paphos" archaeological site are shown in Fig. 8.11-left, while
Fig. 8.11-right shows the NDVI index results (whereas a – l in both figures refers
to months starting from May 2019). Higher RVI values that could correspond to

Fig. 8.9 A schematic representation of the four “layers” of information used the study of Agapiou
(2020): the Earth Observation Sentinel-1 and Sentinel-2 images (top left), the Sentinel Hub, an
Earth Observation big data cloud platform (top right), crowdsourced geodata from OpenStreetMap
(bottom left) and the Google Earth platform (bottom right)
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Fig. 8.10 Scatterplot of NDVI and RVI values over 1000 random points in the case study area

Fig. 8.11 Monthly RVI (left) and NDVI results (right) (a: May 2019, b: June 2019, c: July 2019, d:
Aug. 2019, e: Sept. 2019, f: Oct. 2019, g: Nov. 2019, h: Dec. 2019, i: Jan. 2020, j: Feb. 2020, k:
March 2020 and l: April 2020). (Source: Agapiou, 2020)
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vegetation growth are highlighted with red colour in Fig. 8.11-left, while the dark
green colour in Fig. 8.11-right shows vegetation at the optical products. The results
show that Sentinel-2 images using the NDVI index can depict the vegetation’s
phenological changes over the "Nea Paphos" archaeological site throughout the
year. In contrast, the interpretation of the RVI index is still problematic (Fig. 8.11-
left). Nevertheless, an increase in vegetation (red colour) is evident during the
months Dec. 2019 to Feb. 2020 (Fig. 8.11-left, h–j), which is also visible to optical
products as well (Fig. 8.11-right, h–j).

Then, the vegetation proportion (see Eqs. 8.3, 8.4, 8.5, and 8.6) have been
estimated for each type of sensors. These results were compared over the archaeo-
logical site of "Nea Paphos". Figure 8.12 a shows the difference between the
OpenStreetMap (Eq. 8.3) and image statistics (Eq. 8.5) for the RVI index, while
Fig. 8.12b the difference between the proportion of vegetation cover using the NDVI
index (Eqs. 8.4 and 8.6). Higher differences are highlighted with red colour, while
lower differences are estimated with blue colour.

The findings described above show that the NDVI and the RVI indices did not
provide comparable results. Optical indices like the NDVI can be interpreted more
easily in contrast to the RVI results. However, in some cases, such as the findings of
Fig. 8.11, suggest that radar products can be used as an alternative to optical data for
detecting patterns (e.g. vegetation growth) in specific areas of interest.

The study of Agapiou (2020) proposed a framework, whereas both proportions of
vegetation indices derived from Sentinel-1 and -2 sensors can be used by multiplying
the RVI x NDVI datasets. This outcome can be used with the VV and VH
polarisations of Sentinel-1 to create a new pseudocolour composite. Radar datasets
can depict urban areas, which can enhance the difference between vegetated and
urban areas. An example of such a new composite is shown in Fig. 8.13. The NDVI
proportion was estimated over the archaeological site of "Nea Paphos", using
Sentinel-2 spectral bands 4 and 8. In contrast, the RVI vegetation proportion was

Fig. 8.12 (a) The difference in the proportion of vegetation cover as estimated from the RVI index
is based on Eqs. 8.3 and 8.5 and (b) the difference in the proportion of vegetation cover as estimated
from the NDVI index based on Eqs. 8.4 and 8.6. Higher difference values are indicated with red
colour, while lower values with blue colour. (Source: Agapiou, 2020)
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estimated using the VV and VH polarisations of the radar Sentinel-1. The combina-
tion of the two new products generates the new RVI x NDVI vegetation proportion
index, which can be combined with the VV and the VH polarisations to highlight
vegetated areas (see red colour areas under the pseudocolour composite of Fig. 8.13)
and buildings (see with green colour areas under the pseudocolour composite of
Fig. 8.13).

8.3.3 Surface Displacements

Εarth observation may support the disaster risk management cycle, as this is
understood for cultural heritage in multiple ways. At the same time, related technol-
ogies can change the traditional way of processing earth observation’s data, specif-
ically, from desktop analysis to cloud-based, for instance, the use of Google Earth
Engine (GEE, 2021) for archaeological and heritage management studies (Orengo
et al., 2020; Agapiou, 2017). This section presents an example of the Hybrid
Pluggable Processing Pipeline (HyP3) cloud-based system, operated by the Alaska
Satellite Facility (ASF), a related new cloud platform. To our knowledge, this

Fig. 8.13 New pseudo colour composite on the right-left of the Figure integrating the RVI x NDVI
vegetation proportion index and the VV / VH polarisations from Sentinel 1. Vegetated areas are
shown with red colour, while buildings with green colour. On the left side, the overall procedure
(as explained in the previous sections) for estimating the RVI x NDVI index. (Source: Agapiou,
2020)
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platform has not been hitherto used for heritage management (Agapiou &
Lysandrou, 2020).

One of the most significant earthquakes that hit Cyprus in recent years was a 5.6
magnitude scale seismic event on 15th April 2015, at 08:25 UTC, and it was strongly
felt throughout the country. The earthquake’s epicenter was estimated at 8 km NW
of Paphos (western Cyprus), with a depth of 27.62 km. This earthquake remains the
biggest in Cyprus -until today- from the launch of the Sentinel-1 sensors in 2014.

In this study, two pairs of Sentinel-1 images were used in ascending (south pole
towards the north pole) and descending orbit (north pole towards the south pole). For
each pair, an image before and after the event was elaborated. InSAR deformation
analysis was executed through the HyP3 platform. In particular, the InSAR
GAMMA algorithm was used. The methodology describing the GAMMA software
for InSAR analysis using Sentinel images comprises eleven (11) steps as described
in Agapiou and Lysandrou (2020).

A vertical displacement map was generated from the HyP3 platform under the
assumption that the interferometric phase is related solely to the topography of the
area. Values were given in meters, with positive values indicating uplift and negative
values indicating subsidence. The area of the earthquake’s epicentre, the Paphos
town, hosts significant archaeological sites and monuments, some of them listed as
UNESCO World Heritage.

The InSAR analysis resulted in small ground displacements in this area, both
from the images taken in ascending orbit and the seismic network. Figure 8.14a
indicates the results from the unwrapped interferogram, while Fig. 8.14b shows the
results from the vertical displacement analysis. Fig. 8.14c shows the coherence
values based on the pair of Sentinel-1 images used in the ascending orbit. Areas
with low coherence values (less than 70%, Fig. 8.14c) were excluded from the
analysis.

A critical finding of that study was that the satellite datasets were processed in less
than 1-hour for each orbit, significantly minimising the computational time com-
pared to traditional desktop analysis. The use of ARD products produced from
cloud-based platforms like the HyP3 is significant for heritage management. They
can provide displacement information over large areas in a short time. However, as
in almost all earth observation processing chains, these results require ground
verifications from ground stations.

8.4 Risk Maps Using Various Hazards

As earlier stated, several hazards can affect archaeological assets, both individual
monuments and entire sites. An Analytical Hierarchy Process (AHP) method, a
multi-criteria decision-making method based on comparing concepts (alternatives)
in pairs, can be implemented to address individual and unique characteristics of
monuments and sites, creating small clusters. AHP is a straightforward approach,
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widely applied to help decision-making mainly when several conflicting criteria are
simultaneously occurring. Saaty (1977) has proposed AHP in the 1970s.

The study carried out by Agapiou et al. (2016b) was focused on the Paphos
district in western Cyprus, an area that abounds in antiquities. More than
150 declared Ancient Monuments of First (Ancient Monuments on State Land)
and Second Schedule (Ancient Monuments on Private Land) protected by the
Antiquities Law had been mapped with high accuracy (Fig. 8.15). The authors
have conducted previous research in this area to create a common geo-database of
all monuments, estimating hazards, and produce risk maps from remote sensing data

Fig. 8.14 (a) Unwrapped interferogram; (b) Vertical displacements; (c) Coherence map,
enveloping archaeological sites of the area. (Source: Agapiou & Lysandrou, 2020)
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(Agapiou et al., 2013). These monuments were clustered into five groups that shared
similar geomorphological characteristics.

A variety of remote sensing datasets were used to map natural and anthropogenic
hazards over this area. The list included low, medium and high-resolution satellite
images like the MODIS, Landsat and QuickBird, along with ready satellite products,
like the ASTER Global Digital Elevation Model, ASTER GDEM. Initially, each
hazard was analysed. Then, the overall risk was estimated based on the AHP
methodology. A series of risk maps were created relative to anthropogenic (urban
sprawl, modern road network, fires) and environmental (erosion, salinity,
neotectonic activity) hazards that affect the archaeological sites in the Paphos
district. The resulting risk maps for each hazard are illustrated in Fig. 8.16 (for
further information, see Agapiou et al., 2015).

For each one of the five different clusters, a separate AHP was implemented.
Table 8.1 shows the weight factors for each group of monuments and each hazard.
The highest weight for each class is highlighted in the table. The weights might vary
significantly for each hazard, depending on the importance of each of the five
classes. This difference of weights recorded for the same hazards in the different
classes is normal since each group of monuments (class) faces dissimilar proportions
since these are correlated to the site’s location, amongst others.

Fig. 8.15 Protected monuments and sites in Paphos district, Cyprus. (Source: Agapiou et al.,
2016b)
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Using the weights shown in Table 8.1, the following equations for overall risk
hazard for each group of monuments was estimated:

Risk Hazard for Group 1 ¼ 0:2500 � F1þ 0:0213 � F2þ 0:1302 � F3
þ 0:2747 � F4þ 0:0555 � F5þ 0:2683 � F6 ð8:7Þ

Risk Hazard for Group 2 ¼ 0:3928 � F1þ 0:0174 � F2þ 0:0679 � F3
þ 0:1209 � F4þ 0:1142 � F5þ 0:2868 � F6 ð8:8Þ

Risk Hazard for Group 3 ¼ 0:0906 � F1þ 0:0207 � F2þ 0:2061 � F3
þ 0:2390 � F4þ 0:1468 � F5þ 0:2968 � F6 ð8:9Þ

Risk Hazard for Group 4 ¼ 0:1436 � F1þ 0:1251 � F2þ 0:2339 � F3
þ 0:4114 � F4þ 0:0257 � F5þ 0:0603 � F6 ð8:10Þ

Fig. 8.16 Map indicating the different anthropogenic and natural hazards over the Paphos District.
(a) Archaeological sites of the Paphos district; (b) Erosion map: areas, where the soil loss is greater
than the mean value soil loss of the whole district, are indicated with red colour; (c) Salinity map:
areas close to the sea are indicated with red; (d) Tectonic Activity: high and very high hazard area
are indicated with red while the very low hazard is indicated with blue colour; (e) Urban expansion
indicated with red colour; (f) Road network proximity (250 m) indicated with red colour which is
linked with potential future urban expansion; and (g) Fires map observed during the period 2010-
2013 indicated with red colour. (Revised map from Agapiou et al., 2015)
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Table 8.1 AHP factors for the five different classes (groups) of monuments

AHP weight factors for Group 1
Factors F1 F2 F3 F4 F5 F6 Total 

Sum

Normalised 

Weights

1 Tectonic 1 1/9 5 3 9 3 21.11 0.2500

2 Salinity 1/9 1 1/7 1/9 1/3 1/9 1.800 0.0213

3 Road Network 1/3 7 1 1/3 3 1/3 11.00 0.1302

4 Urban areas 1/5 9 3 1 7 3 23.20 0.2747

5 Soil erosion 1/9 3 1/3 1/7 1 1/9 4.690 0.0555

6 Fires 1/3 9 3 1/3 9 1 22.66 0.2683

84.46 1

AHP weight factors for Group 2
Factors F1 F2 F3 F4 F5 F6 Total 

Sum

Normalised 

Weights

1 Tectonic 1 9 9 9 7 5 40.00 0.3928

2 Salinity 1/9 1 1/5 1/5 1/7 1/9 1.77 0.0174

3 Road Network 1/9 5 1 1/3 1/3 1/7 6.92 0.0679

4 Urban areas 1/9 5 3 1 3 1/5 12.31 0.1209

5 Soil erosion 1/7 7 3 1/3 1 1/7 11.62 0.1142

6 Fires 1/5 9 7 5 7 1 29.20 0.2868

101.82 1

AHP weight factors for Group 3

Factors F1 F2 F3 F4 F5 F6
Total 

Sum

Normalised 

Weights

1 Tectonic 1 5 1/3 1/3 1/3 1/3 7.33 0.0906

2 Salinity 1/5 1 1/9 1/9 1/7 1/9 1.67 0.0207

3 Road Network 3 9 1 1/3 3 1/3 16.67 0.2061

4 Urban areas 3 9 3 1 3 1/3 19.33 0.2390

5 Soil erosion 3 7 1/3 1/3 1 1/5 11.87 0.1468

6 Fires 3 9 3 3 5 1 24.00 0.2968

80.87 1

AHP weight factors for Group 4

Factors F1 F2 F3 F4 F5 F6
Total 

Sum

Normalised 

Weights

1 Tectonic 1 1/3 1/3 1/5 7 3 11.87 0.1436

2 Salinity 3 1 1/5 1/7 3 3 10.34 0.1251

3 Road Network 3 5 1 1/3 5 5 19.33 0.2339

4 Urban areas 5 7 3 1 9 9 34.00 0.4114

5 Soil erosion 1/7 1/3 1/5 1/9 1 1/3 2.12 0.0257

6 Fires 1/3 1/3 1/5 1/9 3 1 4.98 0.0603

82.64 1

AHP weight factors for Group 5

Factors F1 F2 F3 F4 F5 F6
Total 

Sum

Normalised 

Weights

1 Tectonic 1 9 7 3 3 9 32.00 0.3289

2 Salinity 1/9 1 1/7 1/9 1/5 1/5 1.76 0.0181

3 Road Network 1/7 7 1 1/3 3 3 14.47 0.1487

4 Urban areas 1/3 9 3 1 5 5 23.33 0.2398

5 Soil erosion 1/3 5 1/3 1/5 1 3 9.86 0.1014

6 Fires 9 5 1/3 1/5 1/3 1 15.86 0.1630

97.28 1

Source: Agapiou et al. (2016b)
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Risk Hazard for Group 5 ¼ 0:3289 � F1þ 0:0181 � F2þ 0:1487 � F3
þ 0:2398 � F4þ 0:1014 � F5þ 0:1630 � F6 ð8:11Þ

Where F1 to F6 stand for the different hazards (Tectonic; Salinity; Road Network;
Urban areas; Soil erosion and Fires respectively), based on Table 8.1, the normalised
weights for each risk have been added to the attribute table of the monuments in a
GIS environment. Then, interpolation was carried out in a GIS environment, based
on the Inverse Distance Weight (IDW) algorithm. The results from the interpolation
of the weight factors are presented in Fig. 8.17. It should be noticed that in
comparison with traditional AHP methodology, a single value would be allocated
for all monuments in the Paphos district.

Then the overall risk hazard map was produced by multiplying the weight factor
and the hazard:

Overall Risk ¼ Weight 1 � F1þWeight 2 � F2þWeight 3 � F3
þWeight 4 � F4þWeight 5 � F5þWeight 6 � F6 ð8:12Þ

Figure 8.18 shows the overall risk hazard map, where the five main categories are
classified using natural breaks values. These categories are: (1) very low hazard,
(2) low hazard; (3) medium hazard; (4) high hazard; (5) very high hazard. The areas
under the indication of very high hazard, are located in Paphos town and immediate
environs, where significant archaeological areas lie.

8.5 Conclusions

This chapter presented examples from earth observation studies related to the
monitoring of archaeological/cultural heritage sites over Cyprus. The chapter was
based on published work, a result of recent research, while it also delivered new
concepts and applications using cloud-based earth observation platforms.

Section 3.1 reports the threat of subsurface archaeological remains from soil
erosion, exploiting existing geo-data. The results showed that although most of the
archaeological sites are characterised as "low threat" areas, significant differences
between regions (north and south Europe) can be seen. Section 3.2 focused on the
caption of vegetation dynamics using integrated optical and radar sensors. Vegeta-
tion is a critical factor for several hazards like urbanisation and soil loss. A
pseudocolour composite was retrieved over urban and vegetated areas by applying
the NDVI and the RVI indices. Further studies are needed in this direction. More-
over, InSAR analysis through the HyP3 platform has been presented.

Estimation of threats over extensive areas, like the case study of Paphos District,
was carried out using the AHP methodology. More than 150 monuments of this area
were grouped into five classes based on specific characteristics. The overall risk was
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Fig. 8.17 Interpolation of the different normalisation weight for each hazard (Weight 1 to 6:
Tectonic; Salinity; Road Network; Urban areas; Soil erosion and Fires respectively). (Source:
Agapiou et al., 2016b)
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Fig. 8.17 (continued)
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Fig. 8.17 (continued)
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estimated for each group, and afterwards, the overall risk prioritisation was
carried out.

A key to the quality assurance of the applications above, methodologies and tools,
is multidisciplinary collaboration. Future trends in the domain of earth observation
indicate that technological changes will affect how space-based monitoring and
observation are performed. This will be primarily based on cloud-platforms while
the use of ready products will become more frequently used by the end-users and
local stakeholders.
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Chapter 9
Remote Sensing and GIS Application
for Natural Hazards Assessment
of the Mauritanian Coastal Zone

Abdoul Jelil Niang

Abstract Coastal zones are dynamic and vulnerable spaces subject to the influences
of coastal processes which are exacerbated by the human activities and extreme
meteorological events associated to climate change. The Mauritanian coastal zone
located in the western part is the most vital in the country. It is home to the two
largest cities and over a third of the country’s population and concentrates the most
important economic activities. The Mauritanian coastline is vulnerable to various
hazards including marine submersion, coastal erosion, desertification and dunes
movement and flooding by rainfall. Climate change is therefore a major challenge
for this area. The shoreline change which is one of the main factors in the modifi-
cation of the morphology of the coast, will be analyzed from 1986 to 2021, using
Digital Shoreline Analysis System (DSAS) software to calculate the rates of
changes. The results show an accretional trend of the shoreline, but the sectors
most threatened by coastal erosion and marine submersion are located near the port
facilities.The risk of flooding by rainwater mainly concerns the city of Nouakchott;
as Nouadhibou is in a coastal desert, precipitation is rare there. The Coastal geo-
morphology is generally in the form of a low plain occupied in several places by
sabkhas and whose altitude at the level of certain sectors (such as Nouakchott) is
below sea level from which it is protected by a thin and fragile dune ridge which can
be crossed in some places during strong storms. Port facilities and other human
activities at the coastline contribute to exacerbating the vulnerability of the coastal
area. This study therefore focuses on the use of diachronic and multisource remote
sensing data and GIS application for coastal multi-risk hazard assessment. The risks
linked to climate change will also be analyzed from different outlook for assessing
the degree of vulnerability and adaptive capacity of Mauritania face the various types
of threats.

Keywords Costal hazards · Shoreline change · DSAS · Climate change · Marine
submersion · Floods · Dunes encroachment · Mauritania
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9.1 Introduction

Coastal zones are dynamic and vulnerable spaces subject to both the influences of
coastal processes exacerbated by human activities concentrated there and extreme
meteorological events associated with climate change and sea-level rise. Thus, they
appear to be extremely sensitive sectors, characterized by rapid population increases
for strategic, economic, or recreational reasons and the installation of various
infrastructures causing territorial changes, which can be a source of sometimes
irreversible environmental degradation.

The Mauritanian coastal zone is vulnerable to various hazards (e.g., erosion,
flooding, desertification) and human interventions. The consequences of climate
change will exert increasing pressure on this part of the territory, which is home to
a constantly increasing population, inevitably leading to increased risk of natural
disasters. This coastline, which has previously experienced marine transgressions in
which the sea invaded hundreds of kilometers of the continent (Barusseau et al.,
1998; Giresse et al., 2000), is under the threat of marine submersion favored by
coastal erosion, which is one of the main factors in the modification of the morphol-
ogy of the coastline. The Intergovernmental Panel on Climate Change (IPCC, 2019)
has predicted that the impacts of climate change will result in a sea-level rise of
between 0.29 m and 1.1 m.

With the increasing sea level and the topography of shores (characterized by
low-lying areas), coastal areas are considerably vulnerable to the risks of coastal
erosion, marine incursions, floods, and extreme climatic events (Goussard &
Ducrocq, 2014; Tragaki et al., 2018). Among the dramatic consequences of erosion,
we can highlight the loss of land with great economic, social, and environmental
value and infrastructures as well as the degradation of maritime and coastal biodi-
versity by the inundation of wetlands (Senhoury et al., 2016; Tragaki et al., 2018).
According to many researchers, numerous coastal and island areas in African
countries are threatened by sea-level rise and marine submersion or, increasingly,
frequent flooding, particularly in the case of large populated cities along coasts
(Hinkel et al., 2012; Goussard & Ducrocq, 2014; IPCC, 2019; Alves et al., 2020).
Nouakchott (the capital of Mauritania), because of its topography, is considered the
most vulnerable and exposed area to coastal hazards in West Africa (Alves et al.,
2020).

This is why many studies interested in coastal erosion have focused on the region
of Nouakchott (Ould Mohameden, 1995; Courel et al., 1998; Senhoury, 2000;
Trebossen, 2002; Barry, 2003; Wu, 2003; Ould Sidi Cheikh et al., 2007; Niang,
2014; Tragaki et al., 2018; Alves et al., 2020). The other parts of the coast have been
the subject of a few studies focusing on erosion. Among these, the study of Littaye
and Ould Ahmed (2018) was interested in the dynamics of the area along the
northwestern Mauritanian coast, particularly the Banc d’Arguin area. In this context,
we have targeted the entire coastline because any marine incursion in the south could
go as far as the capital through the depression of the Aftout es Saheli (see Fig. 9.1).
The topography and location of the city also make it more vulnerable to flooding by
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Fig. 9.1 Location map of the Mauritanian coastal zone
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rainwater. The coast of Mauritania is located between the western end of the large
aeolian sand dune systems of the Sahara and the Atlantic Ocean, which also exposes
it to processes of desertification.

Thus, the identification, assessment, and mapping of highly vulnerable coastal
areas is of great importance to the development of coastal management plans, risk
mitigation measures, and appropriate adaptation solutions.

The main aim of this study is to assess the coastal hazards along the coast
shoreline of Mauritania. The evolution and spatiotemporal dynamics of the shoreline
between 1986 and 2021 will be analyzed using remote-sensing satellite images and
Geographic Information System (GIS) techniques. The detection and analysis of
extracted shorelines from remote-sensing data will be important for gaining a better
understanding of the morphological dynamics of coastal areas and the main risks to
which they are exposed. Thus, evaluating possible and real risks to the coastline
requires the monitoring and mapping of the spatial and temporal changes of various
hazards for the sustainable disaster management of coastal areas.

9.2 Study Area

The Mauritanian coastline stretches along the Atlantic coast of Africa from the Cap
Blanc peninsula (21 � 10’N) to the Senegal River estuary (16 � N) for nearly 800 km.
The coast can be subdivided into two large groups separated by Cape Timiris
(Fig. 9.1). The south, which is very slightly curved, is characterized by a linear,
arid, sandy, and windy beach. It is based on a low coastline (5–10 m) that limits the
sea and protects vast salty depressions (Sebkha Ndramcha from +3 to �3 m, Aftout
es Saheli from �1 to +1 m height above mean sea level). The shoreline generally
runs in the north–south direction. To the right of Nouakchott, located at around 18 �

07 north latitude and 16 � 01 west longitude, the coastline shows a slight concavity
with a very large radius of curvature. The north is rocky, with steep sandstone cliffs
10–20 m high and numerous caves, sabkhas, and sandy areas. It presents a very
sinuous outline with the presence of numerous islands and bays. This coastline is
entirely part of the Senegalese–Mauritanian sedimentary basin.

The coastal area is home to the two main cities of the country and more than a
third of the country’s population as well as four important port sites that constitute
poles of attraction where important economic activities are concentrated.

The coast of Mauritania is marked by strong aridity, being subject to a sub-arid
climate in the southwest and an arid climate further north. The wind blows for much
of the year, moving sand and dust. The harmattan is a hot, dry winter wind that blows
from the east and northeast, carrying with it huge volumes of sand and dust that end
up in the Atlantic. A large dune complex was set up over nearly 500 km along the
Atlantic coast of Mauritania during the arid phases of the Quaternary. During the
Ogolian period—between 25 ka and 15 ka (Lancaster et al., 2002)—considerable
amounts of sand were accumulated or reworked over the entire study area (Fig. 9.2).
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Fig. 9.2 Geomorphological setting of the littoral of Mauritania. (After MPEM, 2004, modified)
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The study area presents a relatively varied geomorphology (Fig. 9.2). North of
Cape Timiris, in the region of Nouadhibou, the rocky cliff coast is at the level of the
Cap Blanc peninsula, with steep sandstone cliffs 10–20 m high, it is gravel-sandy in
Baie de Levrier. In the Banc d’Arguin region up to Cape Timiris, the coast is
essentially low, with seagrass beds and small isolated beaches. South of Cape
Timiris, the coast is low and sandy (see Fig. 9.3).

The mainland is geomorphologically characterized by the presence of the Aftout
es Saheli depression. It is a narrow plain that stretches over 200 km (Hebrard, 1973)
between the coastal dunes and the continental dunes of Erg Trarza, from Chott Boul
in the south—the former mouth of the Senegal River (64 km north of Saint-Louis)—

Fig. 9.3 Illustrations of geomorphological setting of coastline: (a) rocky cliff coast in of Cap Blanc
peninsula, (b) Coast in shoals (mudflats) with seagrass beds and small isolated beaches in Banc
d’Arguin zone, (c), low and sandy coast in the South of Cap Timiris. (Source: author. 2011)
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to Nouakchott. This 3–5 km wide coastal plain can be inundated by the waters of the
Senegal River during exceptional floods, such as that of 1950 (Duchemin, 1951).

The sabkha of Aftout es Saheli constitutes a low zone, the altitude of which is
lower than the sea level. The water table is everywhere sub-flush, and its level is in
direct relation with that of the ocean. There are other sabkhas along the coast,
including the great Sebkha Ndramcha and others that occupy the interdune corridors.

Different dune ergs occupy most of the mainland. Lancaster et al. (2002) identi-
fied three dune-trend classes of linear dunes of different ages: northeast large linear
ridges, north–northeast moderate-sized linear dunes, and north small linear dunes.
These dune formations are sometimes reworked on the surface, forming transverse
dunes.

9.3 Materials and Methods

9.3.1 Data Used

Multisource and multitemporal remote-sensing and climatic data were used to assess
coastal hazards along the coast of Mauritania. To monitor shoreline changes, six
satellite images (Operational Land Imager [OLI]) and six thematic mappers (TMs)
taken by Landsat were used to cover the coast of Mauritania in 1986 and 2021. The
images were acquired from the US Geological Survey‘s (USGS) EarthExplorer
website (http://earthexplorer.usgs.gov) and were already orthorectified. Other
multitemporal images were used to analyze the processes of desertification along
the coastline and flooding by rainwater, namely a CORONA image acquired in
1965, a SPOT-5 image from 2006, and two Sentinel-2B images from 2020. The
details of the images are noted in Table 9.1.

9.3.2 Automated Shoreline Detection

To monitor shoreline dynamics, six Landsat satellite images from both 1986 and
2021 were used. Pre-processing steps included radiometric calibration and atmo-
spheric correction using ENVI 5.3. The Modified Normalized Difference Water
Index (MNDWI) was utilized to delineate the coastline for change detection. This
algorithm was chosen because it performs consistently well irrespective of the land
cover type (Sunder et al., 2017) and is better at suppressing errors from built-up land
as well as vegetation and soil noises compared to NDWI (Feyisa et al., 2014). The
index is calculated based on the following formula: MNDWI ¼ (Green � SWIR) /
(Green + SWIR). Positive values indicate water, while negative values indicate land.
A land/water threshold was manually applied to classify the images into two classes:
land and water. Suitable land/water thresholds for each index were determined
through trial and error and comparison to reference maps generated using visual
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interpretation. The coastline was finally extracted by converting the water/land
binary image into a vector format with ArcGIS software.

Various types of uncertainty sources are often identified by researchers and have
been divided into two categories (Hapke et al., 2011). Those related to
georeferencing and digitalization can be limited because Landsat images are
orthorectified and shorelines are extracted automatically. The errors retained are
associated with image resolution and correspond to pixel precision (30 m).

9.3.3 Calculation and Interpretation of Shoreline
Change Rates

The rates of change of the shoreline were calculated using two statistic methods
among these available in the Digital Shoreline Analysis System (DSAS) application.
The DSAS is a freely available tool designed to work with ESRI ArcGIS software. It
was used for the statistical analysis of shoreline changes between 1986 and 2021. For
this study, the DSAS version 5 software developed by the USGS (Himmelstoss
et al., 2018) was used to generate orthogonal transects.

spaced 100 m apart along the coast of Mauritania. Two techniques were utilized
to understand the general trend of shoreline movement. The end point rate (EPR)
highlighted the trend for each transect between 1986 and 2021. The calculated rates
represented the shore position differences between the 2 years divided by the time

Table 9.1 Details of the image data set

Sensor
Acquisition
date Path/row

Resolution
(m) Nb of bands Cloud cover

Landsat 8 OLI 03/20/2021 206/45 30 11 0

Landsat 8 OLI 03/20/2021 206/46 30 11 0

Landsat 8 OLI 03/20/2021 206/47 30 11 0

Landsat 8 OLI 03/13/2021 205/47 30 11 0

Landsat 8 OLI 03/13/2021 205/48 30 11 0

Landsat 8 OLI 03/13/2021 205/49 30 11 0

Landsat 5 TM 10/30/1986 206/45 30 7 0

Landsat 5 TM 10/30/1986 206/46 30 7 0

Landsat 5 TM 10/23/1986 205/48 30 7 0

Landsat 5 TM 10/23/1986 205/49 30 7 0

Landsat 5 TM 02/25/1986 205/47 30 7 0

Landsat 5 TM 11/15/1986 206/47 30 7 0

Sentinel-2B 09/29/2020 T28QCE 10 12 0

Sentinel-2B 09/29/2020 T28QCF 10 12 0

SPOT-5 XS 02/21/2006 – 10 4 0

CORONA
KHB-4

12/26/1965 – 6 1 0
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elapsed between the two shorelines. In this study, the time that elapsed between the
two dates was about 35 years. The net shoreline movement (NSM) was used to
calculate the total distance change from 1986 to 2021. An analysis of the kinematics
of the shoreline was performed along the Mauritanian coast from 1986 to 2021,
mainly to identify the sections of the coast subject to erosion that are threatened by
marine submersion.

9.3.4 Monitoring Risks Linked to Desertification
and Flooding by Rainfall

The risks associated with desertification were analyzed using diachronic images to
follow the movements of dunes in different periods since 1965 on CORONA aerial
photographs and satellite images. Spectral indices and different filters were applied
to identify the evolution of dune ridges. Field photos were used to observe the
problems caused by dune movements in certain areas.

The surface water flooding zones were defined through various satellite images
and field photographs taken during various missions. Floods caused by rainwater
mainly concern the city of Nouakchott, as the city of Nouadhibou—which is located
in a coastal desert—receives little precipitation.

9.4 Results and Discussion

9.4.1 Shoreline Change Analysis and Implications
for the Mauritanian Coastal Area

Erosion and accretion were calculated using two techniques. The EPR was used to
compute changes in terms of rates or areas between the two shorelines by comparing
erosion and accretion in the study area.

The dynamics of the shorelines over the period 1986–2021 (35 years) were
calculated using the EPR and NSM methods. The results illustrated in Fig. 9.4
show the overall shoreline change rates calculated from the analysis. Positive values
indicate an aggradation of the shoreline, while negative values are related to ero-
sional rates. This figure also illustrates the locations of accretion and erosion areas
along the coast. Over the period of 35 years, the NSM and EPR overall averages
indicate an accretional trend of the shoreline, with an average distance of 43.87 m
(1.29 m/year).

In addition, the overall transect averages show that the Mauritanian coastline is
mainly subject to an accretion; 59.44% of all transects were accretional and 35.44%
of them were statistically significant, while 40.56% of all transects were erosional
but only 11.73% of them were statistically significant. The maximum accretion
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distance was found to be 990.54 m (29.13 m/year based on EPR) in the Tanoudert
bay in the National Banc d’Arguin Park, with an average distance of 43.87 m and an
average rate of 1.29 m/year. The maximum erosion distance was found to be
�1392.55 m (�40.95 m/year based on EPR) in the port of Ndiago, where construc-
tion began in 2016 in the west part of the Mauritanian coast.

On the basis of different geomorphological units of the coastline, there was a
difference in the evolution of the change rate of the shoreline position. In the north
part of the coastline, in the peninsula of Cap Blanc and the region of Nouadhibou, the
maximum accretion rate reached 18.74 m/year in Pointe Jerome at the Baie des
Pelicans, while the maximum erosion rate was �7.95 m/year at the airport of
Nouadhibou (see Fig. 9.4). In the Banc d’Arguin area and in the north of Cape
Timiris, the maximum erosion rate recorded was �23.9 m/year at Cap Sainte-Anne,
while the maximum accretion rate was 29.13 m/year in the Tanoudert bay (Fig. 9.4).
In the south part of the littoral, the maximum erosion rate on the entire shoreline
(�40.95 m/year) was noted at the Ndiago port, while the maximum progradation rate
(24.65 m/year) was at the port of Nouakchott, which was built during the 1980s.

Fig. 9.4 End point change rates for all transects in m/year for period 1986–2021. The transects with
negatives values indicate erosion and the positive values show accretion rates. The inserted
illustrations indicate the evolution of the coastline at the place numbered on the map, the numbers
in blue show the sectors of maximum accretion while the numbers in red show the maximum
erosion according to the division of the coastline. The graph in red indicates the EPR change rate for
the entire coastline between 1986 and 20121. (Author own Figure)
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9.4.2 Impact and Drivers of Spatiotemporal Shoreline
Changes

The evolution of the shoreline measured over different periods from 1986 to 2021
shows that the dynamics of the shoreline are controlled by natural and anthropogenic
drivers. Many studies conducted in different geographic areas have concluded that
human activities are the main driving force behind shoreline changes (Amrouni
et al., 2019; Tian et al., 2020). Mauritania is no exception. The phenomenon of
coastal erosion was observed over the entire Mauritanian coastline. Coastal risks
have increased due to widespread changes in coastal infrastructures, given the
topography of the coast. The sectors most threatened by coastal erosion and marine
submersion are located near the port facilities (de Boer et al., 2019). Part of the urban
expansion of Nouakchott and Nouadhibou has come at the expense of the coastal
area. The most significant changes have occurred in the ports of Nouakchott and
Ndiago.

According to Oppenheimer et al. (2019), anthropogenic drivers have played an
important role in increasing low-lying coastal zones’ exposure and vulnerability to
sea-level rise (e.g. demographic, coastal infrastructures and land use changes). Thus,
the southern part of the coast, which is the lowest lying, is the most vulnerable to the
combined consequences of coastal erosion and climatic changes.

9.4.3 Littoral Erosion and Risk of Incursion or Marine
Submersion

Marine submersion is undoubtedly the most serious risk in the coastal zone in the
context of climate change, particularly the southern part, which has the lowest-lying
sectors characterized by linear sand barriers. Remember that this area has already
experienced several marine transgressions in the past (Giresse et al., 2000).

• The north part of the coast

At Cap Blanc, very active erosion was observed. Landslides threaten the infrastruc-
tures located there (the lighthouse in particular). We should also mention the fall
(in 2007) of a chapel and a cross located on Cape Point, which can be seen in the
photos below (Fig. 9.5). This active erosion threatens the existence of the caves,
which constitute the refuges of the monk seals. It also risks destroying this natural
barrier that protects the port of Nouadhibou against storms.

The city of Nouadhibou is under the threat of coastal flood hazards from the sea
due to the presence of bays and lagoons to the north and south of the airport, as can
be seen in Fig. 9.6. The erosion is also felt in the Baie de l’Etoile, where there is an
undermining of the base of the building of the sport fishing center.

In Cap Sainte-Anne, the breaking of the dune ridge has led to the formation of a
permanent lagoon that currently covers a large area, as we can see in Fig. 9.4.
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At Banc d’Arguin, several islands of sedimentary origin are threatened by
erosion. Sidi Cheikh et al. (2009)—based on a multitemporal study using satellite
imagery—showed significant morphodynamic changes, particularly at the level of
the islands of Nair and Niroumi, where certain areas of the dune ridge became
sebkhas between 1987 and 2001. The submersion of parts of the islands destroys the
nesting areas of certain species of birds and vegetation, which risks affecting
biodiversity.

• Nouakchott and the south part of the coast

The city of Nouakchott, a large part of which is at a level close to or even lower than
that of the sea, is separated from it only by a thin coastal strip that has been weakened
in several places (Niang, 2014). This situation was worsened by the construction of
the port of Nouakchott beginning in 1984, which led to a spectacular modification of
the coastline (Fig. 9.4). Climate change will increase the threat natural disasters
presents to the city. Nouakchott has been identified as the most exposed area to
coastal hazards (de Boer et al., 2019; Alves et al., 2020).

While the port is by far the most significant cause of the spectacular changes in
the Nouakchott coastline, other anthropogenic elements have also contributed con-
siderably to disturbing this coastal system. Sand withdrawals from coastal dunes
have made a significant impact on the city’s short-term risk of marine submersion.
Their presence at the top of the dune bordering on constructions (fish markets,
hotels, factories, etc.) disrupts the natural functioning of the beach by creating

Fig. 9.5 Field photos shows Infrastructures destroyed by erosion (top right chapel and church –

photo found on Google, other rubble photos and scree. (Source, Author, 2010)
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obstacles to dynamic exchanges between the dune and it. The use of vegetation—
already hit by the drought of recent decades—as firewood, the presence of large
concentrations of animals to supply the capital with fresh milk, and the movement of
vehicles between the beach and the depression of the Aftout through the dune rim for
seaside activities are other weakening elements that have played a part.

The city of Nouakchott is located—for the most part—between 0 and + 4 m
Institut Géographique National (IGN) (geodetic and altimetric reference points
calculated by National Geographic Institute of France where 0 is the Atlantic sea

Fig. 9.6 Illustration of the risk of flooding by the sea in the city of Nouadhibou. (Source Google
Earth)
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level for Mauritania), with a full sea level of +2.16 m IGN (IRC-Consultant and
Saint Martin Paysage, 2004). The extreme fragility of the coastal barrier that protects
the city from the sea, the uncontrolled exploitation of this coastline, and the
development of unsuitable infrastructures have made the coastal barrier’s protection
extremely vulnerable and exposed a large part of the city to the risk of flooding or,
more exactly, real submersion. These submersions have typically hit the wharf area/
fishing market beach. In August 1992, the storm waves crossed the cordon and dug a
breach of about 50 m north of the El Ahmedi hotel. As a result, the authorities
decided to ban sand sampling in the cordon between the port and the fishermen’s
beach, a ban that is respected very little. During the night of December 14, 1997,
surges accompanied by strong swells magnified by a sea breeze during high tide
caused several points of rupture between the El Ahmedi hotel and the Sabah hotel.
The damage was significant at the fishermen’s beach, where there were several
victims. On December 18, 1999, an episode of storms resulted in a new flooding
of the lower sectors of the sebkha where a whole new district of Nouakchott had
developed, forcing the municipality to rapidly displace all the inhabitants of the area.
In early March 2006 and late 2009, the tide submerged a good strip of land,
threatening the port infrastructure of the capital and causing the destruction of
dozens of boats.

The analysis of the topographic surveys of Nouakchott measured by GRESARC
(2006) shows that approximately a third of the built-up areas of the city are
submersible (GRESARC, 2006). Figure 9.7 shows the sectors most vulnerable to
the risk of marine submersion. This map shows the areas subject to the risk of
submersion in the city of Nouakchott in the event of large breaches formed in the
dune ridge in an exceptional hydrometeorological context.

Currently, two zones weakening the littoral and inducing the risk of marine
submersion have presented themselves.

The first zone is located between the industrial area of the wharf and the fish
market (see Fig. 9.7). The dune ridge presents two critical sectors (Fig. 9.7) likely to
evolve into breaches in the event of a storm from southwest to northeast associated
with a high sea level. This risk is particularly high due to the low altimetry and the
narrowness of the cordon at this level. Although these critical sectors still partially
reach an altitude of more than 1 m, the state of the dune ridge at this level must be the
subject of special attention.

The second zone is located immediately to the south of the port and is following
the retreat of the shoreline (which reached 300 m between 1995 and 2006)
(GRESARC, 2006), resulting in the total erosion of the dune ridge (see Fig. 9.8).
The current altimetry of the bordering lands would also allow an intrusion of marine
waters in an exceptional context. Figure 9.9 shows some manifestations of the
erosion north and south of the port of Nouakchott.

In this context, and with the absence of internal relief making it possible to
contain the water (except, perhaps, the raised roads crossing the zones of sebkhas),
the extension of the submersion within the low zone located behind the littoral fringe
would be very fast, regardless of the location of the breaking point (north or south of
the port).
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Fig. 9.7 Submersion risk map of Nouakchott for differents sea level values (author own map using
various data sources)
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From a socioeconomic point of view, the inhabited areas most threatened by
submersion are mainly the districts of Sebkha, El Mina-Nord, and Riyadh, as well as
the western part of Tévragh-Zeina (see Fig. 9.7). It must also be noted that the
peripheral districts are gaining more and more on the coastal area, further increasing
coastal risks. The submersion hazard map shows that a large part of the city is at an
altitude of around 1 m. However, if we consider the maximum level of the tide
(which can reach 2 m), the foreseeable rise in the mean sea level, and exceptional
events, the sea level could exceed 3 m. This would be enough for it to cross several
breaches located on the dune cordon and the south of the port and thus invade the

Fig. 9.8 Some manifestations of the erosion at Nouakchott (a) erosion of buildings on the coastal
dune north of the port, (b) degradation of the protective dike south of the port, (c) Subsidence and
bypass of the end of the epi in the southern part of the port. (Source: author, 2011)
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city, with disastrous consequences. According to Senhoury et al. (2016), the eco-
nomic losses in case of flooding by the sea might reach the equivalent of seven
billion U.S. dollars.

In response to this threat, and to reduce the effects of climate change, various
projects-including African Strategy for Fight against Coastal Erosion (SALEC),
Adaptation to Climate and Coastal Change (ACCC), and, recently, Coastal Cities
Climate Change Adaptation (ACCVC)—were selected to, among other things,
(i) integrate coastal erosion control in the framework for a strategic vision for the
development of coastal areas, (ii) find financing and build capacities for the fight
against coastal erosion, (iii) reduce the vulnerability of countries and develop
effective resistance mechanisms to cushion the effects of coastal erosion, and
(iv) analyze all of the problems linked to the development of the coast to provide
lasting solutions.

It is in this context that the ACCC project, which ended in 2011, selected a pilot
site in Nouakchott to improve the protection of the dune cordon over an area that
covers 50 ha. The ACCVC project launched at the end of 2012 will ensure the
continuation of this work, using biological fixation of dune cordon with local plants
adapted to the marine and coastal environment, such as Tamarix aphylla, Nitraria
retusa, and Atriplex halimus.

Fig. 9.9 Fixing the littoral dune by Typha mats (aquatic vegetation) (a) 2004 in IRC and Saint-
Martin Paysage, 2004; (b) in 2010, source: Author, 2010), (c and d) fixation of dunes by wattle.
(Source: author 2010)
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On the coast of Nouakchott, developments aimed at combating coastal erosion
have been conducted. These mainly involve fixing and raising the dune cordon via
wattle systems. Mechanical fixings using Typha mats (Typha australis) were put in
place in 2006 (IRC-Consultant and Saint-Martin Paysage, 2004) between the fishing
market and the wharf as well as to the north of the fishermen’s beach. This system
has had some success, as we can verify with the photo taken in 2010 that the dune
has been raised at this location. The examples of fasteners we present here are
located in the area between the fishermen’s port and the wharf (Fig. 9.9).

In view of all of these measures, we can see that the public authorities are aware of
the threat of submersion and of the latent danger posed by increasing human pressure
on coastal environments. In this sense, concrete measures have been taken at the
legislative, institutional, and practical levels. These measures are all likely to fight
coastal erosion and mitigate the effects of climate change, but their implementation
shows disparities between rules and practices.

Considering the various manifestations of coastal erosion and the infrastructures
built on the coast, we perceive either a lack of knowledge of the ongoing processes or
an unconsciousness of certain actors of the Mauritanian coastal environment. If the
establishment of port infrastructures is a necessity for the economic development of
the country, particular attention must be paid to the dramatic consequences that this
may entail (in particular, the risk of the capital’s submersion), and drastic measures
must be taken.

In addition, at the legislative and regulatory levels, we notice a mismatch between
the texts and their application. Article 28 of the Coastal Law stipulates that the
occupation and use of coastal land must make it possible to preserve areas that are
remarkable or necessary to maintain natural balances. However, we note the estab-
lishment of several infrastructures (hotels in particular) that not only destroy this
balance but are built for commercial purposes.

The ban on permanent constructions on the coastal dune cordon or at a distance of
500 from it, the flood-prone areas, and the sebkhas set out in Article 38 is not
respected in any of these sectors. The BMCI residential area built by SOCOGIM
(national company of construction and real estate management called now ISKAN)
are in some cases located less than 300 m from the beach.

In the southern part of the coast, especially around the village of Ndiago, there is
also the threat of marine incursion. In 2009, a strong storm caused a crossing of the
littoral cordon and the destruction of certain constructions of fishermen at the edge of
the sea (Fig. 9.10). Let us recall that any incursion in the southern part of the littoral
could affect the city of Nouakchott, which can be flooded from the Aftout es Saheli.
The recent construction of the port of Ndiago, which may have the same effects as
the port of Nouakchott, could increase the vulnerability of this part to marine
submersion. This could also result in a threat to the biodiversity of the Diawling
park very close to the port.
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9.4.4 Risk of Flooding by Rainwater

The risk of flooding by rainwater mainly concerns the city of Nouakchott; as
Nouadhibou is in a coastal desert, precipitation is rare there.

Flooding by rainwater, or the problem of “stagnant water,” is linked to the
conjunction of three essential factors: precipitation in the context of climate change,
the level of the water table, and the absence of a water network that provides
functional sanitation.

The increase in precipitation as a result of climate change and the rise in the water
table contribute to increasing the risk of flooding, already favored by unchecked
urbanization. The massive influx of populations following the rural exodus of the
1970s has led to an increase in construction in flood-prone areas.

Fig. 9.10 Illustration of marine submersion risk (a) and littoral erosion (b) in the south part of
Mauritanian coast in 2009. (Source: author, 2010)
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The essential characteristic of these precipitations is their variability in impor-
tance, rhythm, and spatiotemporal distribution. In the Saharo–Sahelian zone, the
analysis of a long series of rainfall data shows a succession of three distinct phases
identified by Pettitt’s homogeneity test (see Fig. 9.11).

The first period was the so-called wet years (from 1950 to 1969), when the
highest rainfall totals were recorded. This was a phase of heavy rainfall, with the
average annual accumulation reaching 150 mm.

The second period was that of the great drought of the 70s and 80s, when the
driest years were recorded. The recorded quantities rarely reached 70 mm. However,
this period was marked by very strong population growth in and urbanization of
Nouakchott. Entire neighborhoods emerged in areas that are prone to flooding if
heavy rainfall returns.

The third is the current period, which is marked by an improvement in annual
rainfall accumulations from the beginning of the 1990s.

Note, however, that the rains that cause the current floods have a return period of
less than 6 years according to Ould Sidi Cheikh et al. (2007). After performing
statistical analyses on daily precipitation, they note that the rains responsible for
floods are neither abnormal nor exceptional, as they were more frequent during the
so-called wet period.

It is therefore evident that improving current rainfall conditions will imply
increasingly frequent rainfall.

In addition, if no wastewater evacuation system is built while the volumes of
water used continue to increase, especially with the establishment of a supply from
the Senegal River in 2010, some neighborhoods will be condemned. This is the case
in certain sectors of Socogim PS, where the junction between rainwater and ground-
water forces people to abandon their homes (as illustrated in Fig. 9.12). In these
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Fig. 9.11 Evolution of annual precipitation in Nouakchott from 1950 to 2015. (Source: National
Weather Office)
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neighborhoods, loss of human life has been reported due to electrocution problems.
Some neighborhoods have been emptied of their population during the rainy season.

We note that, apart from the fact that it constitutes a receptacle for marine water
and rain, the water table threatens the city of Nouakchott by outcropping and makes

Fig. 9.12 Flooded urban areas (a) sebkha in 2005, (b) SOCOGIM beach 2010, (c) SOCOGIM PS,
2009, (d) Carrefour BMD downtown, 2009; (e) sebkha september 2013 from google earth and
enhaut.org. (Source photos: author, 2010)
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the housing conditions precarious even outside the rainy season. Some areas keep
stagnant water more than 6 months after the rains, while others keep it all year round.
They have turned into lagoons and have been abandoned by their populations. In
some places, schools, mosques, and roads totally occupied by water become impass-
able for several weeks or even months. In the city center, rainwater from certain
arteries or crossroads is evacuated by tankers.

In the commune of Sebkha, the construction of paved roads has had the unex-
pected effect of trapping and pushing back water inside the houses. The Mauritanian
authorities put in place an interim solution that consisted of evacuating water to
coastal basins by means of motor pumps. The problem was that this took too long, as
the water also had to be sucked out of the slick.

The risk of flooding is aggravated by the topography of the land, the presence of
sabkha soils, and the rising groundwater level. Despite the recent installation of a
drainage system, the problem remains unresolved.

This situation can lead to public health problems because the permanent water
table is in direct contact with accumulations of garbage and is enriched with
domestic wastewater from septic tanks, resulting in the proliferation of mosquitoes
and numerous pathologies in certain neighborhoods. The city presents ecological
conditions that favor the development of urban pathology (Sy et al., 2011; Ahmed-
Salem et al., 2017).

9.4.5 Desertification Risk

In the part of the coast located north of the Sebkha Ndramcha (see Figs. 9.1 and 9.2),
the dune system often is in direct contact with the Atlantic Ocean and participates in
the accretion noted on the coastline. In the south, the dunes are often separated from
the ocean by the depression of the Aftout es Saheli. In both parts, desertification
constitutes a permanent threat, and the phenomenon of silting up affects towns and
infrastructures along the coastal zone. The roads connecting the cities must be
constantly cleared as they are often invaded by sands.

Most of the dune formations of Mauritania were formed during the Ogolian
period, between 20 ka and 14 ka (Nicholson & Flohn, 1980; Nguer & Rognon,
1989; Lancaster et al., 2002). A large dune complex has been set up over nearly
500 km along the Atlantic coast of Mauritania. During the ogolian period consider-
able amounts of sand were accumulated or reworked over the entire Mauritanian
coast. The post-Ogolian dunes are characterized by their vigorous relief. They also
have a northeast–southwest orientation, like the Ogolian dunes, and they form
regular alignments (Barbey, 1989). These formations experience climatic pulsations
that lead to accumulations, fixations, or erosions.

Since 3 ka, there has been a trend toward aridity. The reactivation of the dunes is
then linked to drought situations, which can be amplified by human actions. Cur-
rently, with the drought that has raged since the early 1970s, we are witnessing an
upsurge in wind phenomena (favored by the degradation of the plant cover, the
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rainfall deficit, human pressure, etc.) imposed on the landscapes of the area. The
wind has become a major morphodynamic agent in the studied sector.

The current dunes are the result of past droughts. Along the coast, there are large
fields of ergs. Before the 1960s, the vegetation in this area was weak but quite
visible, particularly in the CORONA satellite photographs of 1965. The end of the
1960s marked the beginning of a long period of vegetation degradation in the
northwest, southwest, and east of Nouakchott. The current dunes are aggravating
factors in the silting up of the cities of Nouakchott and Nouadhibou due to their
mobility. According to Mainguet et al. (2008), the maximum degradation threshold
was reached in the early 1990s. Even if the improvement in rainfall conditions from
1994 onward has contributed to slowing down environmental degradation, Nouak-
chott has recorded a number of days of sand wind higher than the national average
(Niang, 2014).

To better understand the mobility of the sands, we conducted a diachronic study
by comparing the aerial photographs. The analysis of the aerial photographs of 1963
shows that the 1960s were situated in a period. This manifested itself on the
morphogenetic level by the fixation of aeolian deposits. We can notice from these
aerial shots that the dune model inherited from the arid phases of the Quaternary is
still fixed. The absence of sharp ridges and bare dune sets allows us to confirm this.
In addition, traces of runoff can also be detected on the sides of the dunes, and
vegetation, although sparse, covers the Ogolian dunes. With regard to human
settlements, it can be noted that the city of Nouakchott did not experience a great
spatial extension, and humans had less of a hold on the environment.

An examination of the aerial photographs from 1980 highlights that they bear the
marks of the great drought that has raged throughout the Sahel since 1968. This
climatic deterioration is distinguished above all by its intensity, extent, and duration.
Annual precipitation is for the most part deficient and irregular. This has caused an
extension of desertification processes such as the destruction of the vegetation cover,
the worsening of wind processes, and the reworking of dunes.

The impacts of these restrictive environmental conditions are perceptible in the
aerial photographs of 1980 in several aspects. The first signs of the remodeling of the
sands and re-movement of the formerly fixed dunes are the appearance of sharp
ridges that can be clearly seen in the series of photos. We note the presence of
nebkhas at the foot of most obstacles, including fences and walls. We can also
mention the presence of wind deposits at inter-dunes and depressions, their advance
toward certain infrastructures (such as the airport runway), and the depletion or even
disappearance of plant cover.

This persistent drought also has negative consequences for humans. Human
pressure accentuates environmental degradation. Here, the rural exodus has had
the effect of expanding the city, the population of which has increased sharply,
hence the occupation of certain areas very sensitive to silting up.

The context of the aerial photographs of 1991 is that of the exacerbation of
aeolian processes and of environmental degradation conditions. The length of the
drought has ended up creating arid conditions in the Sahelian zone. Environmental
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degradation is so intense that even the return of normal rainfall would require a
longer or shorter response time from the physical environment.

Signs of the exacerbation of desertification phenomena and wind turbines are
predominant and prevail over the entire area studied (Figs. 9.13 and 9.14). This is
evidenced by the generalization of living dunes and their very significant advance
toward infrastructures. The sand deposits are becoming very busy. Attempts to fix
the dunes have not generated the expected results, and living dunes have been found
in the study area. The winds and lithometeors imprint morphological modifications
on the dune shapes (Niang, 2014).

Fig. 9.13 Dunes movement around Nouakchott in 2006, re-mobilization of dune sands between
1965 (Corona satellite at the bottom left) and 2006 (SPOT image at the bottom right)
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It is under these conditions that the public authorities, aware of the problem of
silting up, have undertaken a vast campaign to plant trees around Nouakchott (see
Fig. 9.13) to create a green belt in order to fight against the advance of the dunes.

9.5 Conclusion

This study focused on the coastal hazards weighing on the coast of Mauritania in
view of the spectacular evolution of the coastline due particularly to anthropogenic
activities and climatic changes. The erosion and coastal flooding that threaten the
Mauritanian coast seriously jeopardize the livelihoods and security of the growing
populations living in this area. Climate change, the increasingly strong extreme
climatic events that accompany them, and the rise of the sea level constitute serious
risks, the social and economic consequences of which can be very dramatic and
catastrophic for this vital part of the country. At the level of Nouakchott and
Nouadhibou, several sectors are affected by the impact of floods and the worsening
of erosion in coastal areas, with considerable economic losses. The erosion resulting
from port facilities has reached worrying proportions.

Fig. 9.14 Illustrations of different aspects of desertification. Dune massifs in contact with the
Atlantic Ocean in the Banc d’Arguin area. Dune movement around the city of Nouakchott.
(Sources: a https://geoimage.cnes.fr/sites/default/files/drupal/202101/image/arguin01-
blecoquierre.jpgb- http://liftoff.msfc.nasa.gov/ c Enhaut.org)
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The Mauritanian coast, by its geomorphological setting, is particularly vulnerable
to climate change, which constitutes a major challenge to its development and even
its existence. Despite the adaptation measures taken, some of which aim to protect
the coastline that defends this area against marine submersion, it is clear that the
solutions proposed are still insufficient.

The results of shoreline change analysis show that over the period of 35 years, the
NSM and EPR overall averages indicate an accretional trend of the shoreline, with
an average distance of 43.87 m (1.29 m/year). The sectors most threatened by coastal
erosion and marine submersion are located near the port facilities. Part of the urban
expansion of Nouakchott and Nouadhibou has come at the expense of the coastal
area. The most significant changes have occurred in the ports of Nouakchott and
Ndiago. Thus, the southern part of the coast, which is the lowest lying, is the most
vulnerable to the combined consequences of coastal erosion and climatic changes.
The threat of the marine incursion weighing on the coast is closely linked to the
spectacular modification of the coastline induced by the construction of the port of
Nouakchott. Efforts are mainly concentrated on the dune ridge located north of the
port, while the southern part where it has completely disappeared is only protected
by a 2 m high dike. However, even if the sea were to cross the cordon to the south,
the water would reach the city by the Aftout es Saheli depression. In the northern
part, we can underline that the fixing and raising of the cordon are not very
compatible with the existing constructions on the top of the dune.

The risk of flooding by rainwater mainly concerns the city of Nouakchott; as
Nouadhibou is in a coastal desert, precipitation is rare there. Flooding by rainwater,
or the problem of “stagnant water,” is linked to the conjunction of three essential
factors: precipitation in the context of climate change, the level of the water table,
and the absence of a water network that provides functional sanitation. The risk of
flooding is aggravated by the topography of the land, the presence of sabkha soils,
and the rising groundwater level. Despite the recent installation of a drainage system,
the problem remains unresolved. The risk of flooding from rainwater and the rise in
the water table, which is very much felt by some residents of Nouakchott, is
reinforced by poor urban development. The flooded districts sometimes belong to
the urban periphery, but others are spaces developed by the national real estate
company. If a sanitation and rainwater collection network is not put in place very
quickly, entire neighborhoods will be uninhabitable after each rainy season.

Anarchic urbanization also implies a degradation of urban infrastructures by sand,
stagnant water, and salt, rendering certain neighborhoods uninhabitable and causing
significant economic and health damage. Mitigating the adverse effects of climate
change would undoubtedly require more appropriate measures, which require much
more resources.

Signs of the exacerbation of desertification phenomena and wind turbines are
predominant and prevail over the entire area studied. This is evidenced by the
generalization of living dunes and their very significant advance toward
infrastructures.
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In addition, oil reserves of commercial interest have been identified off Maurita-
nia, This activity represents an additional pressure on fishery resources and a risk of
pollution.
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Chapter 10
Flooding Hazard Assessment Considering
Climate Change in the Coastal Areas
of Algeria Based on a Remote Sensing
and GIS Data Base

Barbara Theilen-Willige and Rachid Mansouri

Abstract Evaluations of satellite data, geophysic, bathymetric and meteorologic
data as well as digital elevation data, help to identify critical coastal areas in
N-Algeria exposed to flooding due to flash floods, storm surge, meteo-tsunamis or
tsunami waves. Data mining is the prerequisite for flooding hazard preparedness. It
is aiming at visualizing critical areas and providing information about damage in
case of emergency due to flooding hazards as fast as possible, as the civil protection
units need this information for their management. The actual inventory of land use
and infrastructure (bridges, railroads, roads, river embankments, etc.), industrial
facilities and the structure of settlements and cities is an important issue for the
hazard assessment and damage loss estimation.

Sea level rise due to climate change has to be considered when dealing with the
detection of areas susceptible to flooding. Evaluations of optical satellite data such as
Landsat 8 and Sentinel 2 and radar data (Sentinel 1, ALOS PALSAR) contribute to a
better understanding of the development of currents at the coast and their interactions
with the coastal morphology. A systematic inventory of coast segments showing
traces of flooding in the past is presented as well as the monitoring of coast-near
lowlands, lakes and ponds. Digital elevation model (DEM) including bathymetric
data help to identify areas prone to flooding.
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10.1 Introduction

The Algerian coast has been prone to hazardous tsunamis as Northern Algeria is
located at the boundary between the African and European plates. The convergence
rate between those tectonic plates is in the range of order of 4–7 mm per year (Amir
& Theilen-Willige, 2017). The compressive motion results in the occurrence of
tsunamogenic earthquakes in Western Mediterranean, in particular, the Alboran
Sea separating the Ibero area in Spain and Maghreb in Morocco and Western part
of Algeria (Fig. 10.1). On October 1790, a devastating earthquake hit Oran city in
North Western of Algeria (Io ¼ IX � X, MSK Scale). Historical spanish documents
reports that two thousand people died in North Africa (Lopez Marinas & Salord,
1990). The seismic crisis consisted of a series of foreshocks reported during
September and beginning of October 1790. The main shock occurred at 01:15 AM
on the ninth of October and aftershocks are reported until February 1790. The
earthquake was felt as far as 200 km from Oran to Almeria and Carthagena in
southern Spain. A tsunami was generated just a few minutes after the main shock. In
the Algerian coast, the sea withdrawal was about 200 m. In Spain, the sea penetrated
inland by 50 m nearby Almeria. In the harbour of Carthagena the sea rose by 1.8 m
(Lopez Marinas & Salord, 1990). Tsunami water waves in the Oran, Arzew and

Fig. 10.1 Tsunami events along the Algerian coast
NOAA Web Map https://maps.ngdc.noaa.gov/viewers/hazards/?layers¼0
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Almeria Bay were trapped along the coasts for a long time. The tsunami propagation
in the Alboran Sea lasted about an hour (Amir et al., 2012; Amir, 2014).

The Djidjelli Earthquake of August 21 and 22, 1856 triggered sea waves of 2–3 m
high (observed at Djidjelli) that flooded the eastern Algerian coast several times. At
Bougie (Bejaia) and Philippeville (Skikda), small towns located eighty kilometers
west and east of Djidjelli, Ambraseys & Vogt (1988) and Soloviev et al. (2000)
reported that the sea rose from about 5 m, flooding the shore five to six times (Yelles-
Chaouche et al., 2009).

During the instrumental period, two tsunamigenic events are evidenced as they
were the first recorded by geophysical instruments. The first one occurred after the
destructive El Asnam event of October 10, 1980 (Ms: 7.3). Although located at a
distance of about 60 km from the coast, the earthquake triggered a submarine
landslide inducing a weak tsunami recorded by several tide gauge stations of
southeastern Spain (Papadopoulos & Fokaefs, 2005). The second tsunami, the
more recent one, is the tsunami of Boumerdes of 21.05.2003. This event, one of
the most important in the western Mediterranean region within the last century, was
generated by an earthquake of magnitude Mw 6.8 that occurred on the offshore
reverse fault of Zemmouri (Yelles et al., 2004; Alasset et al., 2006). This thrust fault,
with a length of about 50–55 km, is assumed to outcrop near the seafloor at about
10–15 km from the shoreline (Deverchere et al., 2005). Effects of this tsunami were
felt in the entire westernnMediterranean region and especially along the Balearic
coasts (Alasset et al., 2006). The Boumerdes tsunami demonstrated the high poten-
tial of the Algerian margin for tsunami generation (Yelles-Chaouche et al., 2009),
see Fig. 10.1.

The main cause of tsunami generation in the Mediterranean Sea is tectonic
activity associated with strong earthquakes. However, tsunami waves are also
generated by landslides. Most of them were caused by subaerial landslides or marine
slides induced mainly by earthquakes and less frequently by volcanic eruptions. For
the vast majority of volcanic events the actual generation mechanism of destructive
water waves is a volcanic slope failure (Gusiakov, 2020). Several types of landslides
cause tsunamis with significant heights in near-source coasts that attenuate rapidly
due to frequency dispersion (Papadopoulos et al., 2007). Due to the concentrated
large wave heights, such tsunamis may result in catastrophic consequences. The
magnitude 6.8 earthquake (21.05.2003) located near Boumerdes (central Algerian
coast) triggered large turbidity currents responsible for 29 submarine cable breaks at
the foot of the continental slope over 150 km from west to east (Cattaneo et al.,
2012).

When dealing with the flooding hazard potential along the Algerian coasts it is
necessary to consider meteotsunamis as well, see as an example Fig. 10.2. Meteo-
tsunamis caused by extreme weather events and storm surge can affect coastel areas
with increasing intensity due to the effects of climate change. Meteotsunamis are
much less energetic than seismic tsunamis and that is why they are occurring local,
similar to landslide tsunamis. Destructive meteotsunamis are always the result of a
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combination of several resonant factors (atmospheric gravity waves, pressure jumps,
frontal passages, squalls, etc.). The low probability of such a combination is the main
reason why major meteotsunamis are infrequent and observed only at some specific
locations (Monserrat et al., 2006).

As extreme weather events will increase due to climate change the occurrence of
extreme sea level oscillations associated with meteotsunamis and storm surge will be
an important issue at the Algerian coast.

The sea level rise related to climate change has to be taken into account as well
when dealing with the detection of areas prone to potential tsunami flooding.
Climate models project a Global mean sea level (GMSL) rise during the twenty-
first century that will likely be in the range of 0.29–0.59 m for a low emissions
scenario and 0.61–1.10 m for a high one. GMSL projections that include the
possibility of faster disintegration of the polar ice sheets predict a rise of up to
2.4 m in 2100 and up to 15 m in 2300 (European Environment Agency, 2021).

How this will affect the tidal range has still to be investigated.
These sea level rise trends have to be considered when dealing with flooding

hazard preparedness in coastal areas This means that tsunami flooding modeling has
to consider and to include these sea level changes when calculating the potential
indundation extent.

Fig. 10.2 Surface water current development (Landsat 8, 19.07.2014) near the city of Jijel east of
Algiers
There were no clouds, fog or mist at the acquisition time. The wave pattern visible on the image is
related to the water surface current pattern at the acquisition time (correlated with data from https://
earth.nullschool.net)
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10.1.1 The Role of Remote Sensing and GIS

When catastrophic earthquake and tsunami hazards happen and affect cities, settle-
ments and infrastructure, immediate and efficient actions are required which ensure
the minimization of the damage and loss of human lives. Proper mitigation of
damages following disastrous events highly depends on the available information
and the quick and proper assessment of the situation. Responding local and national
authorities should be provided in advance with information and maps where the
highest damages due to unfavourable, local site conditions in case of stronger
flooding events can be assumed. The better a pre-existing reference database of an
area at risk is prepared and elaborated, the better a crisis-management can react in
case of hazards and related secondary effects. The potential of social and economic
losses due to those events is increasing. Therefore, information of geodynamic
processes is a basic need for the long-term safety of cities, settlements, infrastructure
and industrial facilities. The assessment of potential hazard prone areas is funda-
mental for planning purposes and risk preparedness, especially with regard to
supervision and maintenance of settlements, infrastructure, industrial facilities and
of extended lifelines (Amir & Theilen-Willige, 2017).

The ability to undertake the assessment, monitoring and modeling can be
improved to a considerable extent through the current advances in remote sensing
and GIS technology. Causal or critical environmental factors influencing the dispo-
sition to be affected by flooding hazards and the potential damage intensity can be
analysed interactively in a GIS database. The interactions and dependencies between
different causal and preparatory factors can be visualized and weighted step by step
in this GIS environment.

The detection of coastal areas prone to flooding due to torrential rains causing
flash floods can be carried out with the support of remote sensing and GIS tools.
Flooding can be one of the manageable of natural disasters, if flood prone areas are
identified and suitable flood mitigation strategies are implemented. A practical way
of identifying flood prone areas is offered by the application of mathematical
models, which consider complex hydrological and hydraulic processes of these
areas.

Coastal area and river basin management poses big challenges, especially in
developing countries, because of lack of continuous data, particularly streamflow
data, that require automatic recording instruments to acquire. Remote sensing
technology can augment the conventional methods to a great extent in rainfall-
runoff studies. The role of remote sensing in runoff calculation is generally to
provide a source of input data or it is used as an aid for estimating equation
coefficients and model parameters. For example, one of the applications of remote
sensing data in hydrologic models is focused on the determination of both, urban and
rural land use for estimating runoff coefficients.
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10.1.2 Goals of This Study

The aim of this research is focused on a contribution to a coastal hazard
geoinformation system with interdisciplinary dynamic content, enabling the com-
munication between local authorities, public organizations and universities. It com-
bines and uses actual and previous efforts by adding new researches, focusing on
remote sensing, and new techniques in Geographic Information Systems (GIS). This
work could be part of a basic risk assessment presenting information for strategic
planning on where potential problems may occur in the infrastructure in the coastal
areas of N- Algeria.

This study aims to contribute to the:

• mapping of traces of earlier flooding events on the different satellite images
• influence of different wind directions on current development in the coastal ares

and the interaction of currents with the coastal morphology
• delineation of areas prone to flooding due to their morphometric disposition
• evaluation of bathymetric data to analyse the influence of the sea bottom topog-

raphy on tsunami wave development, especially in the coast-near area
• contribution to a disaster managment system.

10.2 Materials and Methods

The interdisciplinary approach used in the scope of this research comprises remote
sensing data, geological, geophysical and topographic data and GIS methods.
Earthquake and tsunami data were provided by the European-Mediterranean Seis-
mological Centre (EMSC), International Seismological Centre (ISC), US Geological
Survey (USGS) and National Oceanic and Atmospheric Administration (NOAA).
Satellite imageries and Digital Elevation Model (DEM) data were used for generat-
ing a GIS data base and combined with different geodata and other thematic maps.
Satellite data such as Sentinel 1 – C-Band, Synthetic Aperture Radar (SAR) and
optical Sentinel 2 images, Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) and Landsat optical data (Landsat TM and Landsat 8, the
Operational Land Imager -OLI). Digital Elevation Model (DEM) data gained from
the Shuttle Radar Topography Mission (SRTM), ASTER DEM data and Advanced
Land Observing Satellite-1 (ALOS), Phased Array type L-band Synthetic Aperture
Radar (PALSAR) mission/Japan Aerospace Exploration Agency (JAXA), were
downloaded from open-sources such as USGS/Earth Explorer, Sentinel Hub/ESA,
Alaska Satellite Facility (ASF) and Google Earth. The data were processed using
geoinformation systems ArcGIS from ESRI and QGIS. Shapefiles from Algeria
were downloaded from the Geofabrik’s download server.

Meteorologic data such as about wind directions and wind speeds were
downloaded from the ‘power regional data access tool’ of the ‘POWER Data Access
Viewer’ provided by NASA as well as from earth.nullschool.net (Beccario, 2020).

230 B. Theilen-Willige and R. Mansouri

http://earth.nullschool.net


10.2.1 Digital Image processing of Different Optical
and Radar Satellite Data

ENVI software from Harris Geospatial Solutions and the Sentinel Application
Platform (SNAP) provided by ESA were used for the digital image processing of
the optical Landsat 5 and 8, Sentinel 2 and ASTER data. SNAP provided as well the
tools for the processing of radar data. The evaluation of Sentinel 1 A and B radar
images requires geometric correction and calibration.

The different steps of digital image processing used in this research are described
in the following text and Fig. 10.3. Digital image processing of LANDSAT 5 The-
matic Mapper and Landsat 8 – The Operational Land Imager (OLI) data was carried
out by merging different Red Green Blue (RGB) band combinations with the
panchromatic Band 8 to pan-sharpen the images. The Red, Green, Blue (RGB)-
Principle is reviewed briefly: Three images from different optical satellite bands to
be used as end-members in a triplet are projected, one image through one primary
color each, one image is coded in blue, the second in green and the third in red.

For the detection of water currents along the Algerian coast various image-
processing procedures were tested and the results combined with available meteo-
rological (wind, temperature, etc.) information. Evaluations of LANDSAT, ASTER
and Sentinel 2 satellite imageries acquired in time series support a better knowledge
of water current dynamics, influenced among other factors (wind direction and
speed, upwelling etc.) by the coastal morphology.

Fig. 10.3 Workflow of the digital data processing
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A systematic correlation of the streaming pattern visible on satellite data with
wind data, especially wind directions, will contribute to a better understanding of
which coastal segments might be prone more to flooding in case of high energetic
flood waves from specific directions.

In the scope of this study, the comparative analysis of optical satellite data and the
Sentinel 1 radar data was carried out, in order to derive wave pattern and current
information. The evaluation of Sentinel 1 A and B radar images requires geometric
correction and calibration. The processing of the Sentinel 1 radar data was carried
out using the SNAP software of ESA. The illumination geometry of the radar signals
in relation to the wind direction plays an important role for the visibility of the water
surface properties. Therefore, radar data from descending and ascending orbits with
different illumination geometries were used.

10.2.2 Evaluation of Digital Elevation Model (DEM) Data

Digital elevation data help to identify and categorize the different geomorphologic
units, their size and arrangement. SRTM, ASTER GDEM (30 m spatial resolution)
and Advanced Land Observing Satellite (ALOS), Phased Array type L-band Syn-
thetic Aperture Radar (PALSAR) Digital Elevation Model (12.5 m resolution) were
obtained from open sources such as USGS, EarthExplorer and Alaska Satellite
Facility (ASF) used with GIS to evaluate terrain features. Terrain features can be
described and categorized into simple topographic relief elements or units by
parameterizing DEMs such as height levels, slope gradients, and terrain curvature.
From DEM (Digital Elevation Model) data derived morphometric maps (slope
gradient maps, drainage, etc.) were combined with geologic information in a GIS
data base. In the scope of this study DEM data were mainly used to derive
information of the lowest and flattest areas prone to flooding in the coastal reas of
Algeria

Additionally, the bathymetric DEM data provided by General Bathymetric Chart
of the Oceans (GEBCO), International Hydrographic Organization and the Inter-
governmental Oceanographic Commission of UNESCO) and EMODnet Bathyme-
try Consortium (2020) were integrated into the research in order to combine the
information of the sea bottom topography with earthquake, tsunami and submarine
landslide data (Fig. 10.4).

The integration of different morphometric factors in a GIS environment using
weighting procedures plays an important role in the GIS application in the frame of
this study. The basic pre-requisite for the use of weighting tools of GIS is the
determination of weights and rating values representing the relative importance of
factors and their categories. The weighted overlay method takes into consideration
the relative importance of the parameters and the classes belonging to each param-
eter (ESRI, online support in ArcGIS). The application of a weight-linear-
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combination in susceptibility assessment has been identified as a semi-quantitative
method, involving both expert evaluation and the idea of ranking and weighting
factors. The efficacy of the weighted overlay-method lies in the fact that human
judgments can be incorporated in the analysis. The weights and ratings are deter-
mined using the expert’s subjective knowledge. The method starts by assigning an
arbitrary weight to the most important criterion (highest percentage), as well as to the
least important attribute according to the relative importance of parameters
(Fig. 10.5).

The sum over all the causal factors/layers that can be included into GIS provides
some information about the susceptibility to flooding and the extent of inundation.
This susceptibility is calculated by adding every layer, as described below, to a
weighted influence and summing all layers. After weighing (in %) the factors
according to their probable influence, susceptibility maps can be elaborated, where
those areas are considered as being more susceptible to flooding, where “negative”
causal factors occur aggregated and are interfering with each other (Fig. 10.5).

Fig. 10.4 Earthquakes and tsunami events (data sources, EMSC, USGS, ISC, NOAA)
Bathymetric data: GEBCO and EMODnet Bathymetry Consortium
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10.3 Results

The direction and angle of incoming, high energetic flood waves will have a signif-
icant influence on the water current development, on the interaction with the subma-
rine topography, on the formation of the coastal morphology and on wave dynamics
(amplification, interfering). Thus, the wave angles might have an impact on the
potential flooding extent in the affected coastal areas. River mouths and their oriention
forming an entrance for potential incoming tsunami waves have to be monitored.

The different satellite data and their combined evaluations offer many of the
needed information.

Fig. 10.5 Weighted overlay workflow in ArcGIS to derive information about areas susceptible to
flooding due to their morphometric disposition
By extracting first morphometric factors like slope degrees below 10� from the slope gradient map, by
deriving from the drop raster the areas with values below 50.000 units using the hydrology-tools in
ArcGIS (flow direction), by extracting from curvature maps areas with terrain curvature¼ 0 and from
the aspect map the flat areas (�1), the flattest areas are highlighted. In the weighted overlay procedure
these selected morphometric data were summarized, merged with different percentages of influence
and represented in a map. The flattest areas with lowest slope degrees and curvatures are classified by
values from 0 to 7, thus, enhancing and accentuating the visibility of of areas ptone to flooding
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10.3.1 Evaluations of Optical Satellite Data

Optical satellite data of the Algerian coast reveal information of coastal currents
(forming coherent water masses in motion) that are found in the region between the
coastline and the edge of the continental shelf (Gelfenbaum, 2005).

The exposition to flooding of the coastal segments depends as well on their
oriention to the main wave direction and energy.

The next figure shows as an example the water current situation near Jijel on
20.02.2020 (Fig. 10.6). The main wind and water current flow direction was directed
towards E-NE (US National Weather Service). Smaller longshore currents can be
observed parallel along the arc-shaped coastline. The effects of bottom friction on
coastal trapped waves become visible. Every tongue of land or peninsula is causing
further currents, depending on the direction of the main wave front.

The sea surface streaming pattern as visible on the Landsat-scenes (only the upper
centimeters of the water surface) is mainly influenced by the wind situation at the

Fig. 10.6 Water current pattern and wind directions on 10.02.2020 in the Bay of Jijel showing
coastal segments exposed to stronger current activity during westwinds (wind and ocean current
data from earth: a global map of wind, weather, and ocean conditions, https://earth.nullschool.net/)
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acquisition time (wind direction, wind speed), further on by the tidal situation and
the input of river water.

Upwelling and downwelling occurs along coastlines, depending on the main
wind directions. However, these up-and downwelling processes cannot be moni-
tored directly by remote sensing due to the low penetration depth of the sensors only
up to several centimeters. Thermal bands of Landsat 8 and ASTER help to identify
current patterns that might be related to these currents.

Satellite images can be used to derive information on water currents and coastal
sediment flow dynamics after earthquakes and tsunami events: As the magnitude
Boumerde- 6.8 earthquake (21.05.2003) struck at 17:44 local time (USGS, 2003),
submarine mass movements and higher sediment discharge of the rivers into the sea
had an influence on the water dynamics (Fig. 10.7).

Tsunami-induced morphological changes on coasts prone to inundation and
sediment transport changes are controlled by the specific tsunami event and sediment
characteristics,

The evaluations of Landsat data reveal that especial semicircular bays are affected
by circular currents such as the Bay of Oran, Arzew, Algiers or Bejaia. In case of a
stronger tsunami event circular currents could occur in these semicircular bays and,
thus, amplify the intensities by interfering and superimposing of wave energy.

Fig. 10.7 Sediment input (dark-yellow) after the Boumerdes earthquake (21.05.2003) as visible on
a Landsat satellite scene
The magnitude 6.8 earthquake struck at 17:44 local time (USGS, 2003), wreaking extensive
damage throughout five provinces. Submarine mass movements and higher sediment discharge of
the rivers into the sea had an influence on the water dynamics
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The development of the semicircular shaped Bay of Algiers could be explained
by such circular streaming dynamics with the consequence of erosional effects as
well. The sea surface streaming pattern as visible on the Landsat- and RapidEye-
scenes of the Bay of Algiers (visualizing the situation only of the upper centimeters)
is mainly influenced by the wind situation at the acquisition time, further on by the
tidal situation and the input of river water. This is revealed very clearly by a Landsat
time series (Fig. 10.8).

In case of stronger tsunami events with several tsunami wave fronts circular
currents might occur in the Bay of Algiers as well and, thus, amplify the intensities
by interfering and superimposing of incoming waves. The direction and angle of
incoming, high energetic flood waves will have a great influence on the currents and
dynamics.

In the next figures different wind situations are presented combined with the
current situation at the same time. Figure 10.9 shows the west-wind, Fig. 10.10 the
eastwind and Figs. 10.11a and 10.11b the north-wind situation.

The current pattern according to the specific wind directions and wind properties
and the interactions with the coastal morphology help to understand which coastal
segments might be more affected in case of high energetic waves directed towards
the coast. In case of north-winds larger currents could be observed in the semicircle
bays along the Algerian coast such as in the Bay of Algiers (Fig. 10.11b).

Fig. 10.8 Development of water currents depending on the specific meteorologic conditions and
tide situations at the acquisition time of the Landsat data from the Bay of Algiers
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10.3.2 Evaluations of Radar Data

Sentinel 1 synthetic aperture radar (SAR) has been used to detect wave information
in a large coverage of the coastal areas of Algeria. Wave parameters such as
significant wave height and mean wave period, can be usually obtained from
SAR-derived wave spectra (Pleskachevsky et al., 2019; Shao et al., 2016). The
evaluation of wave spectra needs a good understanding of complicated SAR wave
imaging mechanisms. The C-band VV- and HV polarization Sentinel-1 SAR images
are an additional tool whenever cloud cover is a hindrance, provided that the wind
properties allow the detection of currents, see Fig. 10.12.

The differences in brightness between pixels in the radar image, marked by
changes in the gray scale and backscatter intensity due to surface roughness changes
contribute to the detection of wave properties. Dark-blue image tones of the colour-
coded radar scene (Fig. 10.12) are associated with low waves because the incident
radar signals were largely reflected from their “radar-smooth” surfaces in a mirror-
like fashion away from the satellite antenna. High wave areas appear in lighter tones
(here in blue-green) as their more radar-rough surfaces generate a diffuse and
stronger signal return/radar backscatter. Coast near currents become clearly visible.

Fig. 10.9 Landsat scene (RGB, Bands 2,1,7, 06.01.2014) showing a west-wind situation
In case of high energetic waves coming from western direction the coast segments oriented more
towards these waves would be prone to a higher flooding exposure. Wind data: http://earth.
nullschool.net/#2014/02/23/1800Z/wind/surface/level/orthographic¼-355.92,38.50,3000
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Fig. 10.10 East-wind and water current situation at the coast of Algiers on 23.02.2014
Wind direction data: http://earth.nullschool.net/#2014/02/23/1800Z/wind/surface/level/
orthographic¼5.07,36.54,3000

Fig. 10.11a Current pattern influenced by east to northeast-winds on 18.08.2020
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10.3.3 Evaluations of DEM Data in Combination with Other
Satellite Data

A flooding susceptibility map and a potential tsunami hazard map of coastal areas,
that predicts the probable locations of possible future inundation and tsunami
occurrences, is required which takes into consideration as well the potential
morphodynamic consequences of these events at the coasts such as, abrasion,
sedimentation and landslides. Undercutting the slopes at the coasts by abrasion
and erosion those flood waves initiate a high potential of slope failure.

DEM data help to identify those areas that are most likely to be flooded in case of
extreme weather constellations by flash floods or in case of tsunami events which
coastal areas might be affected due to their morphometric disposition.

The amount of the sea level rise is still in discussion and in research. In a worst
case scenario it will comprise about several meters as mentioned before. Therefore,
flooding susceptibility maps of coastal areas should include the future sea level rise.
Based on the current free available DEM data the areas below 10 m height level are
delineated to show which areas might be prone in future to flooding, wether by sea
level rise, sturm surge or by flash floods.

As river mouths are forming an entrance for intruding water waves from the sea a
systematic assessment of larger river mouths prone to flooding will contribute to
hazard preparedness.

Fig. 10.11b Amplification of Fig. 10.11a: Northern wind direction causing circular coastal
currents in the semicircular Bay of Algiers
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Further on, the inventory of traces of former sea water intrusion is another
important step towards the delineation of coastal segments prone to flooding.
Figure 10.13 presents the area of Mersat El Hadjadi (Theilen-Willige, 2006). On
the SRTM based morphometric maps and the corresponding Landsat scene traces of
former flooding are evident. In case of storm surge or tsunami events it is important
to know where the backwater areas are situated which might remain longer flooded
after sea waves intrusions and return flow.

Tsunami inundation and damage was not uniform along the Algerian coast in the
past. Evaluations of satellite data reveal that coast segments with SSW-NNE to
SW-NE orientation have been affected in the past by strong, high energetic sea
waves more than W-E oriented coast segments. Most of the latter are steep, cliff
coast. The SW-NE orientated sections can be find often within the eastern part of
larger semi-circular bay segments.

The affected coast segments that could be identified are shown in Fig. 10.14.
Some more detailed views are presented in the Figs.10.15 and 10.16. Due to the
coverage by settlements and cities in some sections traces of sea water intrusions
cannot be observed on satellite images.

Wave traces of parallel, arrow-shaped debris walls, partly modified by eolian
overprint, like in the area of Qued Lekbir in the east of the city of Skikda, are visible

Fig. 10.12 Sentinel-1- Satellite Radar Scene
The dark-blue areas correspond to sea-surfaces with radar-smooth backscatter (mirror-like reflec-
tion) related to lower wave heights, the light blue-green areas are related to stronger radar reflection
due to higher waves
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Fig. 10.13 River mouth forming an entrance for flood waves at Mersat El Hadjadj

Fig. 10.14 Affected coast segments (red line) by sea wave intrusions, partly along river beds
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at the Algerian coast where sea waves intruded several km landward (Fig. 10.14). In
case of the Qued Lekbir traces of high energetic flood waves are clearly visible on
satellite images with arrow-like shaped, parallel debris-walls, intersecting each
other, directed towards SE. When merging the satellite images (Sentinel 2 and
Landsat 8) with ASTER DEM data, the areas susceptible to flooding can be
visualized. Areas with height levels below 10 m clearly show traces of previous
flooding events like residual ponds. Further on, areas below 20 m are prone to flash
floods in case of high precipitations as well.

The return flow (backwash) after tsunami or storm surge flooding has to be
monitored. In general, the return current flows into the low-elevated areas or into
river beds and channels, sometimes partly remaining there for days before
discharging back into the sea, leading to the salinization of groundwater and of soils.

A systematic inventory of backwater areas, of coast-near lakes and ponds and
their seasonal water level and volume changes as a prerequisite for flooding pre-
paredness can be carried out as well with the support of remote sensing. With regard
to climate change the monitoring of those seasonal changes (water volume, outline,
etc.) gets an increasing importance. When high energetic flood waves intrude land-
wards during a humid season with high water levels in the lakes and ponds the extent

Fig. 10.15 Traces of high energetic flood waves visible on a Sentinel 2 (RGB, Bands 4,3,2) scene
and on a Landsat 8 scene (RGB, Bands 2,1,7), modified by eolian activity from the Qued Lebkir east
of Skikda, NE-Algeria
The weighted overlay of morphometric factors influencing the susceptibility to flooding (lowest and
flattest areas) provide information of areas that might be affected by flooding due to their morpho-
metric properties
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of flooded areas will be larger than during a dry season with low water levels or
dried-up streams and lakes. This is demonstrated by the example from the coastal
area in the east of the city Annaba in NE-Algeria (Fig. 10.17). Whereas the lowlands
are nearly dried during the summer, they are partly flooded during the humid season
in wintertime. The resulting map of the weighted overlay approach (merging and
summarizing the morphometric factors influencing the disposition to flooding)
shows in dark-blue colours those areas with the highest susceptibility to flooding
in case of flash floods or tsunami flooding.

Height level maps indicating those areas below 10 m height level help to identify
areas at risk such as in the next figures from Algiers. Merging height level data with
actual satellite images show the infrastructure prone to potential flooding
(Figs. 10.18a and 10.18b).

The weighted overlay approach in ArcGIS can contribute to the detection of those
lowlands, that after the return-flow could remain longer time flooded than the
environment. The result of a weighted overlay of morphometric factors in ArcGIS
influencing the susceptibility to flooding is shown in the next figure of the Bay of
Algiers (Fig. 10.19). Even in longer distances from the shoreline flooding might be
possible affecting the southern city area of Algiers.

GEBCO bathymetric data were used to derive hillshade and flow accumulation
maps (Fig. 10.20, image above) to localize canyons along the coast. The Algerian

Fig. 10.16 Traces of flood waves more than 12 km landward visible on satellite data of the
Algerian west coast, the sandy material later affected by eolian activity (erosion and sedimentation)
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Fig. 10.18a Sentinel 2 scene (31.10.2020) merged with ASTER DEM data below 10 m and 20 m
height level

Fig. 10.17 Seasonal variability of the flooding extent influencing the additional flooding in case of
tsunami events
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Fig. 10.18b Sentinel 2-scene merged with height level data below 10 m in the western Bay of
Algiers (image of the harbour: Theilen-Willige, taken 2014)

Fig. 10.19 Weighted overlay of morphometric factors to visualize areas susceptible to flooding in
case of flash floods and tsunami waves in the coast-near part in the area of Algiers based on ASTER
DEM data (30 spatial resolution)
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continental shelf is relatively narrow, 5–10 km wide on average (Cattaneo et al.,
2012). The continental slope along the Algerian coast is irregular, with intermediate
flats of various width and a rather sinuous slope breaks (Domzig et al., 2006). The
morphology of the continental slope of central Algeria presents abrupt scarps that at
least partly correspond to active tectonic structures.

In case of significant tsunami occurrence from northern direction these canyons
oriented perpendicular towards the coast could focus wave energy within these
canyons which might lead in a worst case scenario to a higher flooding extent
along the affected coast segments. Deep submarine canyons can lead to the ampli-
fication of waves on both sides of the canyons. The width length, and depth of the
canyons play a role as well as the width of the shelf area. The effect of the parallel,
NW-SE, to N-S-oriented arrangement of the canyons perpendicular to the coast has
to be taken into account as well.

Tsunami wave propagating through submarine canyons has been studied by
Jinadasa (2008) and Ioualalen et al. (2007), who analyzed the effect of 2004
Indian Ocean Tsunami in Sri Lanka and Bangladesh, respectively. The former
found that the maximum inundation occurred just in front of the submarine canyons.
In a similar manner, the latter found that the waves were amplified near the coast

Fig. 10.20 The role of canyons along the Algerian coast in case of high energetic flood waves from
northern direction by focusing wave energy
The blue lines in the map above are derived from the flow accumulation calculation in ArcGIS
based on GEBCO bathymetric data. The lower map was provided by the European Atlas of the
Seas/European Commission
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(Aranguiz & Shibayama, 2013). In addition tsunami wave heights could be further
enhanced due to overlapping of incoming waves with reflected waves from the
coastal area. Tidal effects are a potential further source to increase tsunami heights
up to a few centimeters (Jinadasa, 2008). Thus, the effect of the tide when investi-
gating tsunami hazard, particularly, in coasts where tidal variations are significant
has to be considered.

The next figures present examples of coast segments where submarine valleys are
oriented in the same direction as the rivers along the coast (Figs. 10.21, 10.22 and
10.23). River mouths of rivers with the same orientation as the canyons along the
coast might be exposed to focused wave energy due to funneling effects. In case of
high energetic waves such as tsunami waves or landslide-tsunamis from northwest-
ern and northern direction, the river mouths, especially those with the same orien-
tation as of submarine valleys and canyons, could form an entrance for the flood
waves and, thus to extended flooded areas.

The behavior of tsunami waves propagating over submarine canyons along the
Algerian coast could also be influenced by abrupt changes in bathymetry, such as
those caused by the steep continental slope with height differences of about 3000 m,
see Fig. 10.21.

Fig. 10.21 3D perspective view of the Algerian coast based on GEBCO bathymetric data
(a) Height level
(b) Slope gradients > 50� combined with flow accumulation calculations to visualize potential
valley and canyon sites prone to submarine turbidity currents
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Fig. 10.22 River mouths and oriention of the rivers with the same NW-SE orientation of canyons
along the coast

Fig. 10.23 River mouths and oriention of the rivers with the same NNW-SSE orientation of
canyons along the coast of Collo and Skikda with exposure of Qued Elguebli (1) in the western
part, Qued Zeramna (2) in the central part and Qued Lekbir (3) in the eastern part of the scene



Whenever the sources and main directions of tsunami waves or meteotsunamis
are known, a warning should be given especially to those settlements within larger
river mouth situated in areas below 10 m height levelt hat are exposed to the main
wave fronts. The height levels have to be adapted and modified, however, in future
according to sea level rise changes.

10.4 Conclusions

The input of remote sensing and GIS can be considered only as a small part of the
whole “mosaic” of flooding susceptibility research approaches. Nevertheless, it
offers a low-cost to no-cost approach (as the used DEM and satellite data are free),
that can be used in any area, providing a first basic data stock for emergency
preparedness by including susceptibility-to-flooding maps.

Summarizing factors influencing flooding susceptibility such as relatively low
height levels (<10 m), terrain curvature (values calculated in ArcMap ¼ 0,
corresponding to flat terrain), slope gradients <10�, drop raster <50.000, and high
flow accumulation values by using the weighted-overlay tools in ArcGIS, help to
detect areas with higher flooding susceptibility due to their geomorphologic dispo-
sition. Due to the aggregation of causal, morphometric factors, those areas can be
visualized. This approach is suited to obtain a first basic overview on susceptible
areas according to a standardized approach. This might be of interest especially for
countries with low financial resources wherein such maps are still unavailable.

The impact of storm surge or tsunami waves on the coast depends on geomor-
phological settings of the coast as well as the shelf (Abdul Rasheed et al., 2006).
Variation in run-up along the coastline depends on the topography of the coastline,
near-shore bathymetry, beach slope, coastal orientation, direction of the arriving
wave etc. Variations in the near shore bathymetry and bottom topography were be
studied to understand the relationship with the amplification of tsunami height
development. The evaluations of bathymetric data reveal the steep submarine slopes
in front of the Algerian coast and the submarine valleys and canyons perpendicular
to the coast line. Depending on the source of high energetic waves and wave angle a
focusing effect of the canyons on wave energy is possible.

Satellite images contribute to a better understanding of the interactions between
the coastal morphology on the development of water currents, of course depending
on meteorologic and tidal conditions at the acquisition time of the images.

Based on DEM and different satellite data, as well as infrastructural data those
settlements and cities situated in lowlands and river mouth areas can be identified
and integrated into a disaster management system (Fig. 10.24). When creating buffer
zones with a 2 km-radius along the river mouth areas and intersecting these buffer
zones with known settlements and cities within theses buffer zones the potentially
affected settlements can be identified. In case of emergency help could be better
focused, coordinated and organized according to the size of the population.
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It must be added that storm surges or meteo-waves, although generally not as
destructive as a major tsunami-waves, can be comparatively more frequent. There-
fore, inundation maps indicating the extent of the coastal area that could be affected
by potential events of both tsunami waves, storm surges and flash floods should an
input in any data base dealing with flooding hazards. The influence of sea-level rise
due to climatic change has to be considered as well.
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sions and input of ideas.
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Chapter 11
Geographical Information Systems (GIS)
and Multi-criteria Analysis Approach
for flood Risk Mapping: Case of Kasserine
Region, Tunisia

Salwa Saidi, Walid Dachraoui, and Belgacem Jarray

Abstract The floods have showed an increasing in recent years in Tunisia and
especially in Kasserine region, in the central part of Tunisia. This research aims to
develop updated and accurate flood risk map in Kasserine region. The vulnerability
and risk maps use geographical information systems (GIS) and multi-criteria anal-
ysis with the application of Analytical Hierarchy Process (AHP) methods to estimate
weights for each parameter that contribute to flood risk.

The flood risk map is obtained by superposition of vulnerability and hazard maps.
It shows that risk is very high in the North of the study area and high in the South,
and weak in the center of the study area. The most vulnerable areas are those in the
northern part because the slope is very low and the density of the hydrographic
network is high with the presence of impermeable urban areas with very low
permeability. Socio-economic hazard mapping was carried out based on land use
and spontaneous habitat. The high hazard zone corresponds to urban areas and the
spontaneous settlements. In fact, according to the risk map, these same areas present
high risks. What makes these areas require management measures in order to protect
it against flooding during exceptional floods.
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11.1 Introduction

Floods are the most common and devastating phenomena that affecting both devel-
oped and developing countries around the world. The situation has become alarming
due to the increasing of urbanization, the global warming and the lack of adequate
water resources managements. Particularly, in Tunisia over the last 50 years, floods
have caused a huge damage and serious socio-economic risks. In fact, between 1959
and 2015 (floods of 1959, 1962, 1969, 1973, 1979,1980, 1982, 1990, 1995, 2003,
2007, 2011, 2015), at least 815 people were killed by floods, thousands were injured,
and 76,300 people were dislocated because of habitat destruction (AUGT, 2015;
Saidi et al., 2018).

Assessment of flood risk is considered a pre -hazard management and planning
activity since it is able to elaborate a zonation in function of the susceptibility of
areas to flooding, as evidenced by previous studies (Rahmati et al., 2016; Ajim Ali
et al., 2020).

Therefore, the use of remote sensing (RS) and Geographical Information System
(GIS) tools have been conducted by many researchers, for flood risk mapping (Bates,
2004; Sanyal & Lu, 2004; Pradhan, 2009; White et al., 2010; Bates, 2004; Haq et al.,
2012; Strobl et al., 2012; Patel & Srivastava, 2013; Jaafari et al., 2014; Tehrany
et al., 2014, 2015; Wanders et al., 2014; Rahmati et al., 2016; Das, 2019).

Since this is a complex phenomenon, the flood risk implicates many factors and
the combination of GIS and multicriteria analysis has proven its efficacity. There are
various methods of multi-criteria decision analysis and many researchers have
applied them in natural hazard and flood risk mapping and modeling (Ghanbarpour
et al., 2013; Papaioannou et al., 2015; Rahmati et al., 2016; Costache et al., 2020;
Ajim Ali et al., 2020). The Analytic Hierarchy Process (AHP) introduced by Saaty
(1977) is one of the most common multi- criteria decision methods, and it has been
widely applied to solve decision-making problems related flood risk (Saidi et al.,
2017, 2018; Sedghiyan et al., 2021; Sutradhar et al., 2021; Nitin et al., 2021).

So, the main objectives of this paper are

– to spatially analyze the vulnerability of communities to surface water flooding
– to determine the relation between the spatial distribution of vulnerability and

hazard in order to investigate the risk to communities.
– To demonstrate the relation between vulnerability, hazard and risk maps and the

parameters influencing the flood risk
– To calculate weights of all parameters influencing the flood risk unsing

Multicriteria analysis via Analytical Hierarchic Process (AHP)

256 S. Saidi et al.



Fig. 11.1 Location of the study area “the Kasserine region”
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11.2 Study Area Characteristics

The Kasserine region is located in the Center-West of the country, along the
Algerian border (200 kilometers) (Fig. 11.1). It is bounded by the regions of El
Kef and Siliana in the North, Sidi Bouzid in the East and Gafsa in the South. The
Kasserine region has an arid to semi-arid climate. The pedology of Kasserine is
characterized by the presence of calcified soil, alluvium, Humus soil and
regenerating soil. The Kasserine region is characterized by a dense hydrographic
network fed by 4 main wadis, in particular the most famous wadi which is Oued
Lahtab. The area of the Kasserine region is estimated at 8,260,090 km2, or 5.19% of
the total area of the country. The region of Kasserine presents the highest point
topographically of Tunisia Djebel Chaambi at 1544 m (CRDA Kasserine, 2018).

The Kasserine region is characterized by a stratigraphic series varying from
Triassic sandstones and evaporites, through to Quaternary siliceous deposits (Hassen
et al., 2016).

11.3 Methodology

11.3.1 Flood Risk Mapping

According to EU Directive (COM, 2006) for flood management, “flood risk”is
defined as the likelihood of a flood event together with the actual damage to
human health and life, the environment and economic activity associated with that
flood event. In this context the flood risk is determined in function of the relationship
of hazard (H) and vulnerability (V).

R ¼ Hð Þ � Vð Þ

11.3.1.1 Flood vulnerability Mapping

Based on the literature review, the flood vulnerability represents a very important
component of the flood risk. The factors chosen for the vulnerability mapping are:
the density of the hydrographic network, the permeability and the slope. The
vulnerability map is obtained by weighted superposition of these three parameters.

The weights are assessed using the Analytical Hierarchic Process (AHP) method
by the use of Intelligent Decision software.
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11.3.1.2 Hazard Assessment

The American Planning Association defines a hazard as “the process of defining and
describing a hazard, including its physical characteristics, magnitude and severity,
probability and frequency, causative factors, and locations or areas affected.”
(HIRA, 2017).

The hazard map in our context is the weighted superposition of three parameters:
land use, rainfall intensity and spontaneous habitat. The calculation of the weights is
done using the same methodology used for the vulnerability map. The process of
calculating weights using the AHP method and the IDS software will be detailed
later.

11.3.1.3 Process of Weights Calculation

The major drawback of multicriteria methods is the subjectivity of the determination
of the rating scale and the weighting coefficients (Saidi et al., 2011). In this study, the
analytic hierarchy process (AHP), as developed by Saaty (1977) is adopted to weight
assessment in Intelligent Decision System software. In fact, the hierarchical process
consists of the object layer, the index layer and the sub index layer. The object layer
is the flood risk whose index is (R). The index layer includes two categories: The
vulnerability and the Hazard, whose indexes are labeled respectively (V) and (H).
The sub index layer includes all parameters of vulnerability and hazard indexes.

The hierarchical process is one of the expert systems that deal with imprecision of
results by affecting a weighting to each criteria or parameter (Kim et al., 2012) and
by reducing complex decision to a series of one-on-one comparisons, and then
synthesizes the final results (Ting & Cho, 2008).

11.4 Results and Discussion

11.4.1 Vulnerability Assessment

In order to delineate the vulnerability to flood degree, the most important parameters
are mapped: Slope, the hydrographic network density and the permeability.

After establishing the thematic maps of the different parameters were ranked.
Hence, the ranked layers are defined relying on their relative importance to control
the flood vulnerability according to this classification: very low (1), low (2), medium
(3), high (4), and very high (5).

The application shows that the permeability map shows 3 different permeability
classes: In the North West there is a high permeability which gives this zone a low
risk. On the other hand, in the center of the Kasserine region and in the east, there is
an average to low permeability and therefore likely to be the most inundated
(Fig. 11.2).
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Fig. 11.2 permeability distribution in Kasserine region
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The slope map reveals that the areas where the slope is low are considered the
most risked areas for flooding and which occupy the majority of the study area, a
score of 5 will be assigned to these areas. However, areas with a high slope are the
least risky and subsequently a score of 2 will be assigned to these areas (Fig. 11.3).

The hydrographic network density map shows 4 classes: very low, low, medium
and high density (Fig. 11.4).

The vulnerability map shows that high vulnerability occupies the northern part
and corresponds to zones with low permeability (urban zone) (Fig. 11.5)

– A moderate vulnerability occupies the central part of the region which coincides
with areas where the permeability is very high and the presence of vegetation can
also reduce the flood risk. In these sectors the topography marked with average
spreading (average slope) plays a key role in the evacuation of rainwater to areas
with flat topography.

– low vulnerability zones are located in the East where the permeability is high and
the slope is steep.

11.4.2 Hazard Assessment

The parameters used in hazard assessment are: Rain intensity, Land use and anarchic
and unplanned urban zones (Figs. 11.6, 11.7 and 11.8). The hazard map, resulting of
weighted superposition of these three parameters, shows (Fig. 11.9): -The northern
and southern parts of the region are characterized by a high hazard index
corresponding to a high rainfall intensity and the presence of anarchic habitats.
These areas have no sewerage and rainwater drainage network. As for the West,
the West and the North East, they are marked by a low and medium hazard because
of the low rainfall and the presence of high-density forests.

11.4.3 Flood Risk

The present flood risk map of the study area reflecting the influences of different
parameters/criteria. The influence of each parameter affecting floods is expressed by
a weight and which is illustrated in the Table 11.1.

The flood risk map, result of multiplying the hazard by the vulnerability maps
reveals that areas at risk of flooding are in the north (Fig. 11.10). This due to high
vulnerability and moderate and high Hazard in the Kasserine region. It corresponds
to flat areas with high density of hydrographic network and unplanned urban areas.
This is revealing the influence of physical characteristics on flood risk.
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Fig. 11.3 Slope classes in Kasserine region
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Fig. 11.4 Hydrographic network density in Kasserine region
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Fig. 11.5 Vulnerability map
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Fig. 11.6 Location of the unplanned urban areas in Kasserine region
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Fig. 11.7 Rain intensity distribution in Kasserine
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Fig. 11.8 Land use map
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Fig. 11.9 Hazard index map

268 S. Saidi et al.



11.4.4 Discussion

The multicriteria approach for risk assessment is very relevant and simplified since it
considers the impact of factors: Density of hydrographic network, slope, permeabil-
ity, rain intensity, land use and unplanned urban zones. But if considering the
methodology for the elaboration of the majority of thematic maps of the different
parameters, there are errors caused by interpolation. So, it is suggested to minimize
errors in the spatial distribution of thematic maps of different parameters and also in
the vulnerability, hazard and risk maps.

11.5 Conclusion

The floods constitute a naturel multidimensional disaster. So, the purpose of this
chapter was to present a multi -attribute model for Kasserine flood risk assessment.
The methodology developed here provides decision makers a spatial visualization of
multi-attribute risk.

The results reveal a high risk in the majority of flat areas with high hydrographic
network density and in urban areas and especially in the unplanned urban areas.

The comparison of results to the training data for validation demonstrates that not
only the physical context and risk situation are relevant for flood risk assessment, but
also the socio-economic and cultural context. Also, some other factors should be
involved in the risk assessment such as, the quality of services, the state of infra-
structure and particularly the routes. These parameters should be involved in future
works in order to reflect better the reality of the area.

Also, attention must be paid to areas at risk and in particular to areas of unplanned
urban areas and not covered by the sanitation network. However, this study deserves
to be refined by adding flood forecasting for different return periods (after 10 years,
20 years, 50 years) in order to prepare decision makers against the impending floods.

It is also suggested.

Table 11.1 Weights calcu-
lated using IDS for each
parameter of vulnerability and
Hazard

Parameter Weight

Vulnerability
Pente 0.5052

Réseau hydrographique 1.083

Perméabilité 1.7052

Hazard
Land use 1.1

Unplanned urban areas 1.02

Rain intensity 1.86
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Fig. 11.10 Flood risk map
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Chapter 12
Applications of Remote Sensing Techniques
in Earthquake and Flood Risk Assessment
in the Cyrenaica Region, Al Jabal Al
Akhdar Area, NE Libya

Mohammed Afkareen and Jamal Zamot

Abstract Earthquakes and flooding are naturally occurrences events and they are
known as natural hazards. These hazards considerably cause multiple harms and
threaten human life. Libya is accounted among those countries that suffer from
earthquakes and floods as natural hazard. Libya is located within the active plate
boundaries of the African plate and the European plate, where these two continents
are in a relative subducting motion. As consequence, the boundaries areas of these
plates are seismically active. Furthermore, Libya is also characterized by an arid to
semi-arid climate, which is punctuated by periods of thunderstorms and intensive
rain in winter time on high land areas. The north-eastern part of Libya, which is
called a Cyrenaica region, has experienced varying degrees severe and destructive
earthquakes and floods. In this chapter, remote sensing and GIS applications have
been used in linking the earthquakes and their relationship to local faults and linear
features to areas most affected in the event of an earthquake in Cyrenaica. Besides
that, geomorphic parameters of selected wadies have been analysed for risk assess-
ment of flash flood on certain areas of the Al Jabal Al-Akhdar area.

12.1 Introduction

The Mediterranean region is a complex region where both of the African plate and
the European plate are in a relative subducting motion. The African plate is slowly
subducting beneath the European plate in the Hellenic Arc Subduction Zone. Within
this area many earthquakes of great strength were recorded and caused a lot of
damage in both the Greek islands and the Turkish state (Lagesse et al., 2017). The

M. Afkareen
Sirte Oil Company (SOC), Marsa El-Brega, Libya

J. Zamot (*)
Earth Sciences department, University of Benghazi, Benghazi, Libya
e-mail: Jamal.Zamot@uob.edu.ly

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. M. Al Saud (ed.), Applications of Space Techniques on the Natural Hazards
in the MENA Region, https://doi.org/10.1007/978-3-030-88874-9_12

273

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88874-9_12&domain=pdf
mailto:Jamal.Zamot@uob.edu.ly
https://doi.org/10.1007/978-3-030-88874-9_12#DOI


Cyrenaica region is located near this seismically active area, and as consequences it
is considered as an earthquake zone that is affected by large earthquake activity.

In addition, Libya is characterized by a semi-arid climate that punctuated by
periods of thunderstorms and intensive rain in winter time. These kinds of heavy
showers are well observed in highland areas, especially on Jabal Nafusah in the west
and Jabal Al Akhdar in the east (Elfadli, 2009; El-Tantawi, 2005). In the Cyrenaica
region, the averages annual rain fall are from 200 to 500 mm. The highest recording
of rainfall in Libya was measured with about 850 mm on Jabal Al Akhdar area,
which is an integral part of Cyrenaica region (Elfadli, 2009). Moreover, the flash
flood is a well-known phenomenon that frequently occurred in Al Jabal Al Akhdar
area and it causes many damages yearly, therefore, it can be considered as the main
natural hazard in Al Jabal Al Akhdar area of Cyrenaica region.

However, the modern techniques of remote sensing show a successful approach
in forecasting and vulnerability analysis, besides to damage assessment, caused by
natural disasters. In this chapter, firstly, we focus on linking earthquakes and their
relationship to local faults and linear features that extracted from digital elevation
models of the areas most affected in the event of an earthquake. Next in order, many
studies have used remote sensing and GIS applications for analysing the geomorphic
parameters of some wadies in Al Jabal Al Akhdar area to assess the risk of rain water
discharge. Here, three wadies are namely wadi Darnah, wadi Ar Ramlah and wadi
Ash- Sharif; have been chosen as a representative for a risk assessment of flood in
the area.

12.2 Geological Setting

The Jabal Al Akhdar area is located as an integral part of Cyrenaica region in the
northeast of Libya. It is bordered by the Egyptian borders to the east, the desert
region to the south and the Mediterranean Sea to the north and west directions. The
study area is dominantly by two tectonic provinces, the Jabal Al Akhdar Uplift and
fold belt in the north and the Cyrenaica Platform in the south. Al Jabal Al Akhdar
started as basin and inverted to be uplifted mountain in two stages during Santonian
and middle Eocene (Hallett, 2002). The exposed rocks in the Al Jabal Al Akhdar are
made up of marine carbonate units ranging in age from the Late Cretaceous to Late
Miocene (El Hawat & Shelmani, 1993). The total thickness of these units is about
2000 m, and they rest uncomfortably on each other due to their affecting by uplifted
tectonic (Fig. 12.1; Hallett, 2002; El Hawat & Shelmani, 1993). The deposition
environment of these carbonate rocks is mainly shallow to deep marine with Some or
few evaporite rocks due to the Messinian event in the late Miocene (Hallett, 2002; El
Hawat & Shelmani, 1993).
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12.3 Methodology

For earthquake assessment, some data have been collected from the Shuttle Radar
Topographic Mission (SRTM) Multi- resolution (30 & 90 m), also Seismicity data
are obtained from the United States Geological Survey (USGS) (https://earthquake.
usgs.gov). In addition, the linear features extraction has done through maps of
shadows and compared them with existing geological maps. For flood risk assess-
ment, Digital Elevation Model (DEM) have been collected over the study area. This
DEM for wadi Ar Ramlah and wadi Darnah was taken from ALOS PALSAR
produced by (ASF) (ASF, 2020); with a spatial resolution equals to 12.5 meters,
and 30 m as spatial resolution produced by (SRTM) for wadi Ash- Sharif. In order to
visualize the digital data, ArcMap software were used to place location data collected
by the GPS device, together with determination the maximum distance that flood
reached to on a base map.

12.4 Seismicity of NE Libya

Earthquakes occur suddenly and without warning, and may cause a lot of issues in
the infrastructure or deaths in the most severe earthquakes. Considering the vulner-
ability of Libya’s infrastructure and despite a divergence of the earthquakes in time
periods, the earthquakes cause many casualties and seriously damages. According to
Hassen (1983) Libya has been divided into four regions in terms of earthquake

Fig. 12.1 Surface geological map with structure components of north-eastern Libya. (Shaltami
et al., 2020)
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magnitude, where the central and the north-eastern regions of Libya are considered
the most active areas and the southern region is a region of limited activity.

The collected seismicity data from the United States Geological Survey (USGS)
from (1955 to 2020) suggested that 35 earthquakes were recorded in the Cyrenaica
region (Fig. 12.2a), and the most of these earthquakes are shallow (0–40 km). In
addition, from the relationship between the depth and the earthquakes magnitude in
Cyrenaica region (Fig. 12.2b), it is found that approximately half of the earthquakes
that were recorded are with 3.3 to 5.3 magnitudes at the depth of 10 kilometres, while
the largest earthquakes were recorded (5.6) are at a depth 25 kilometres.

It can be easily observed that all seismic activity in the Cyrenaica region is
concentrated in the northern part, while in the southern part there are no records of
seismic activity. The majorities of these earthquakes were recorded in offshore
slightly apart from the coastline between Darnah city and Tubruq city. Nevertheless,
although the area that extending from Benghazi City to the city of Al-Bayda is
considered a fairly stable area, but the largest severe recent earthquakes were
recorded in Al-Marj area; (e.g., Al-Marj earthquake in 1963).

Most earthquakes in the Al-Marj area (Fig. 12.4a, d), occurred approximately
along the same line that extends from Tulmithah City to Taknis City around Al-Marj
area. All these earthquakes occurred at the same depth of 10 kilometres, except the
largest magnitude 5.6 that recorded at 25 kilometres.

Fig. 12.2 (a) DEM of the north-eastern region of Libya shows the distribution of earthquakes and
their magnitude; (b) Plot diagram illustrates depth and magnitude of earthquakes in north-eastern
region of Libya
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12.5 Results and Discussion

12.5.1 Active Deformation of NE Libya

Cyrenaica is formed by five-structural categories; Soluq Depression, Ajdabiyah
Trough, Al Jabal al Akhdar Uplift, Cyrenaica Platform and Marmarica Uplift
(Fig. 12.1). These structural deformations have resulted in a variety of structural
elements of faulting and folding (El-Arnauti et al., 2008). The most active deforma-
tion structure is; Al Jabal al Akhdar Uplift, Marmarica Uplift and Soluq Depression.

Al Jabal al Akhdar area has been described as an anticlinorium inversion structure
and the main folding took place during the Santonian and further uplifted in the
middle Eocene (El Hawat & Shelmani 1993; Chrisite, 1955). Furthermore, the
Marmarica Uplift in the northeast of Cyrenaica, are covered by mainly carbonates

Fig. 12.2 (continued)
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rocks of Tertiary age with a gentle slope. It represents a faulted step-down of the
northern margin of the Cyrenaica Platform. The northern part of Marmarica Uplift is
affected by a zone of normal faults with northwest orientation, while the south part is
more stable and no faults showing on the surface of the region (El Deftar& Issawi,
1977). The Soluq Depression has very limited faults as the region was not exposed to
significant tectonics after deposition, and as a result most of the sediments were
preserved (Hallett, 2002).

12.5.2 Tectonic Geomorphology

Tectonic geomorphology is defined as the application of geomorphology to tectonic
problems. It includes the study of landform assemblages and landscape evolution as
well as development of process-response models for areas and regions affected by
recent tectonic activity (Keller & Rockwell, 1984). Moreover, the terrain is formed
and affected by the processes of faults and distinct shapes such as steep scarps, folds,
elongate ridges offset terraces, and linear valleys, and deflected, offset and uplifted
streams (Gupta, 2018).

Accordingly, the tectonic surface maps of the Al-Marj area (Fig. 12.4c, d and
Fig. 12.5b) show that the Jardas Al Abid is highly dominated by faulting. The main
trend of these structures is, ENE–WSW (Arsenikos et al., 2013). It can clearly
observe that the offset of the liner valleys is substantially cut by an escarpment
that resulted in forming triangular facets. This scarp is considered as fault.

Further, the fault scarps are prominent on the two escarpments from the northern
part of Al Jabal al Akhdar, and they can be identified in the coastal direction in the
east-west direction enclosing Al-Marj City (Fig. 12.5a; El Amawy et al., 2009;
Campbell, 1968). Besides to the aforementioned fault scarps, two large anticlines
folds are observed in the Al- Marj area between Jardas al Abid and in the east of
Taknis City.

12.5.3 Lineament Extraction with Density

A lineament or Linear features can be defined simply as the shapes that appear
straight line or curved feature on satellite images. It can be the result of man-made,
such as roads or railroads, or the result of structural natural phenomena such as faults
or fractures (Bashe, 2017). By comparing the existing faults and the linear features
that extracted from digital elevation models (Fig. 12.3a, b) the interested area can be
divided into three basic zonation:

Zone 1, It is the most intense in terms of severity and concentration of both faults and
linear features, which is what is emphasized in this part of chapter.
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Fig. 12.3 (a) Lineament density map. (b) Lineament map with faults distribution and zonation
based on severity and concentration of both faults and linear features
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Zone 2, It is considered a limited concentration in terms of linear features and faults,
with faults spreading clearly to the east-west direction, but the occurrence of
earthquakes in a nearby area in marine areas has affected in some way the
occurrence of some earthquakes.

Zone 3, This region has a very limited concentration of faults and linear features, as it
is considered the most stable region in addition to its distance from the marine
earthquake zone.

The linear data that was extracted from STRM and converted into the shadow
models (Fig. 12.4a, b and c), found that most of the linear data are in a clear direction
towards the Jardas Al Abid and eastern of the Tulmithah City and Taknis City. This
is evident in the wide fold process of carbonate rocks in Jardas Al Abid, and in

Fig. 12.4 (a) Displays Zone (1) with its recorded magnitudes of earthquakes. (b) Shadow relief
map illustrates the depth of the recorded earthquake. (c) Lineament map shows faults distribution in
the zone (1). (d) Lineament density map of the zone (1)
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remarkably coincidence with most of the faults that were identified in the previous
studies and in most of the existing geology maps.

The lineament density that extracted was categorized into three classes
(Fig. 12.4c, d); (0–0.3 Km/Km2, 0.4–0.5 Km/Km2, and 0.6–0.8 km/km2). Lineament
with densities ranging from (0 to 0.3 Km/Km2) covers about (25%) of the study area,
which is part of the Al-Marj city. The low range of lineament density is due to
massive accumulation of the soil and sediments that play a significant role in the
absence of deductive linear features.

Lineament with densities ranging from (0.4 to 0.5 Km/Km2) covers almost (50%)
of the study area. This range can be the result of the influence of streams, valleys or
linear ridges.

The third lineament densities are between 0.6 and 0.8 km/km2, covers (25%) of
the interested area. These ranges are concentrated between two locations; Jardas Al

Fig. 12.4 (continued)
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Abid and eastern the Tulmithah City and the Taknis City. It could be considered a
fault zone of the area.

However, three topographic profiles had drawn (Fig. 12.5); the first profile is
across in a direction of southwest to northeast. It crosses the Jardas Al Abaid area in
the direction of the coast, where this region is affected by the intensity of faults
resulting from deformation of folding. Likewise, this cross section represents two
escarpments probable fault scarps to the coast region. The rest other profiles are
drawn (2)(3) in the direction of northwest to southeast across the Al Marj City,
Taknis City and Tulmithah City. These profiles have jointly crossed the activity line
of earthquakes in the area (Fig. 12.4a, b), and reflect obviously two escarpments’
lines as fault scarps.

Fig. 12.4 (continued)
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12.6 Flash Flood in Al Jabal Al Akhdar Area

Flash floods are defined as rising in water over a short period of time either during or
within a few hours of the rainfall (Doswell, 2003). Besides that, a relatively small
amount of rain or the intensity and duration of the rainfall with a low rate of
infiltration can trigger flash flooding. Flooding can occur virtually anywhere, in
steep rocky terrain or even within heavily urbanized regions (Youssef et al., 2011;
Doswell, 2003). Many several factors have relevance to the occurrence of a flash
flood ranging from topography, geomorphology, drainage, engineering structures,
and climate. In fact, these are not all the factors that contributing the flood, there are
other interrelated factors which influence flash floods severity, especially in desert
areas, such as water loss (evaporation and infiltration) drainage networks, rainfall

Fig. 12.4 (continued)
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characteristics, drainage orders (Youssef et al., 2011; Doswell, 2003). One of the
documented floods in Al Jabal Al Akhdar area is on the 27th of September in 2018,
flood swept through the village of Mikhili and caused many damages (Zamot &
Afkareen, 2020). The water level reached about 1.5 m above the ground surface,
where number of houses were fully and others partially devastated in addition to the
hospital in the village. The water washed away some cars that were trying to pass
through the flood, the hospital wall was demolished, some trees were uprooted and
unfortunately two victims have died.

12.7 Location of Study Wadies

The selected wadies are namely; wadi Darnah, wadi Ar Ramlah, and wadi Ash
Sharif. wadi Darnah, and wadi Ash Sharif are placed in northern part of the Al Jabal
Al Akhdar area and terminated in Mediterranean Sea, while wadi Ar Ramlah is
located in the southern part of the Jabal Al Akhdar and discharged into a flat desert
area in the south (Fig. 12.6).

12.8 Results and Discussion

According to (Singh et al., 2019) linear aspect, relief aspect, and aerial aspect of the
river basin are generally the main three categories of morphometric parameters.
These include basin area, perimeter, basin length, stream order and stream length,

Fig. 12.5 Three topographic profiles dissect the fault scarps and uplifts along the zone (1)
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bifurcation ratio, basin relief, relief ratio, ruggedness number, drainage density,
stream frequency, drainage texture, form factor, circulatory ratio, elongation ratio,
length of overland flow, Infiltration number, dissection Index (DI), and constant
channel maintenance. The main results of morphometric analysis and relief param-
eters of the studied wadies are listed in the Tables 12.1 and 12.2 respectively.

12.8.1 Geomorphological Aspect

Al Jabal Al Akhdar area is more or less eroded by discontinuously flooded valleys
(wadies), where most of these wadies that are located in the southern part are flatten,
broaden and shallowing with a few meters deep, while those in the north are deeper
and narrower (Röhlich, 1974). The studied wadies passe through different types of
marine carbonate rocks, besides to the quaternary deposits that cover the large part of
the Al Jabal Al Akhdar area by alluvial sediments and terra-rossa soil.

Wadi Darnah is one of the longest wadies in the northern of Al Jabal Al Akhdar, it
starts from Al Abraq Village at an elevation 889 m and ending at elevation 27 m in
Darnah city where it is discharged into the Mediterranean Sea. Its length is about
77.773 km with water catchment area 554.89 km2, and it has a fifth order of streams
(Fig. 12.7).

Wadi Ar Ramlah has an about 100 km length, which extends from the Sidi Al
Hamri in the north to about 20 km into the south of the Mikhili village to an area
known as Balta Al Ramlah where the wadi is terminated. The elevation of wadi Ar
Ramlah at Sidi Al Hamri is about 883 m above sea level, and ending at an elevation
about 169 m above sea level. Wadi Ar Ramlah is considered as one of the longest
wadies in south part of Al Jabal Al Akhdar area, and it has a sixth order of streams
(Fig. 12.8).

Fig. 12.6 Illustrates the location map of the three studied wadies
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Wadi Ash- Sharif is about 14 km long with water catchment area of 41 km2, it
extends nearly from Al-Bayda city in the south at an elevation 527 m, pass through
Al Haniah village and ending into Mediterranean Sea in the north with a fourth order
of streams (Fig. 12.9).

Table 12.1 Shows results of some calculated morphometric parameters at study area

Morphometric
parameters Formula

Results of
Wadi
Darnah

Results of
Wadi Ar-
Ramlah

Results of
Wadi Ash-
Sharif Refernces

Basin length
(L)

GIS software 77.773 km 90.84 km 14.024 km Schumm
(1956)

Basin perime-
ter (P)

GIS software 279.255 km 279.039 km 48.228 km Schumm
(1956)

Basin area (A) GIS software 554.89 km2 832.99 km2 41.072 km2 Schumm
(1956)

Drainage den-
sity (Dd)

Dd ¼ Lu / A; where
Lu total length of
streams; A area of
watershed

0.9 km/km2 2.62 km/
km2

2.5 km/km2 Horton
(1932)

Stream fre-
quency (sf)

Sf ¼ nu / A; where nu
total number of
streams; A area of
watershed

0.77 n/km2 7.03 n/km2 5.04 n/km2 Horton
(1932)

Texture ratio
(Rt)

Rt ¼ ΣNu/P, where
nu the total number of
streams, P perimeter
of watershed.

1.53 n/km 20.97 n/km 4.29 n/km Schumm
(1956)

Form factor
(Rf)

Rf¼ A/(L)2; where A
area of watershed; L
basin length.

0.092 0.10 0.20 Horton
(1932)

Circularity
ratio (Rc)

Rc ¼ 4 A/P 2;
 ¼ 3.14, A area of
watershed, P perime-
ter of watershed.

0.089 0.14 0.22 Miller
(1953)

Elongation
ratio (re)

Re ¼ 2√(A/ )/L;
where  ¼ 3.14, A
area of watershed, L
length of watershed.

0.34 0.358 0.51 Schumm
(1956)

Length of
overland flow
(Lof)

Lof ¼ 1/2Dd; Dd
drainage density

0.45 0.19 0.2 Horton
(1945)

Infiltration
number (in)

In ¼ Dd * sf; sf
stream frequency, Dd
drainage density.

0.69 18.4 12.6 Faniran
(1968)

Constant chan-
nel mainte-
nance (Ccm)

Ccm ¼ 1 / Dd; where
Dd drainage density

1.11 0.38 0.39 Schumm
(1956)
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12.8.2 Slope, Aspect, and Relative Relief of the Study Wadies

The rain water that need time to enter in the river beds for making a network of the
river basin will be run-off under the effecting of slope elements, (Chow, et al., 1994).
Therefore, one of the most significant factors for morphometric analysis and water-
shed development in geomorphological studies is slope analysis. The slope degree of
the studied wadies varies from (2.6 to 62) which the low degree indicates a nearly flat
area while the high degree shows the highest slope degree determined in the area,
(Figs. 12.7, 12.8 and 12.9).

Furthermore, the Aspect determines the direction of the terrain to which it faces,
so that affecting the pattern of precipitation, distribution of vegetation and biodiver-
sity in the study area (Khakhlari & Nandy, 2016). The compass direction of the
aspect was derived from the output raster data value. 0 is true north; a 90� aspect is to
the east, an 180� is to the south. The wadi Ar Ramlah is mainly dominated by two
facing slopes, which are south facing slope and west facing slope. Wadi Darnah is
with northeast to southwest facing slope, while wadi Ash- Sharif is southeast to
southwest facing slopes (Figs. 12.7, 12.8 and 12.9).

As a result, the direction of the facing slopes in these wadies has low moisture
content and high evaporation rate.

The topographical characteristic of the study area is determined by using the
relative relief of its catchment area (Singh et al., 2019). Wadi Ar Ramlah has a low
relief designated in the southeast side suggests that this area of the basin is flat to
gentle slope type, and form the shadow relief map, it is with low structure effect. On
the other hand, the relief and shadow relief maps of wadi Darnah and wadi Ash-
Sharif show high structure effect with steep slope in the north of the wadi Darnah and
in the south of wadi Ash- Sharif (Figs. 12.7, 12.8 and 12.9).

Table 12.2 Shows results of some calculated relief parameters at study area

RELIEF PARAMETERS
Wadi
Darnah

Wadi Ar
Ramlah

Wadi Ash
Sharif Formula References

Maximum Elevation in the
area (hMax)

889 m 883 m 527 m _ _

Minimum Elevation in the
area (hMin)

27 m 169 m 0 m _ _

Basin relief (H) 862 m 714 m 527 m H ¼ hMax -
hMin

Schumm
(1956)

Relief ratio (Rf) 11.08 7.85 37.57 Rf ¼ H/L Schumm
(1956)

Ruggedness number (Rn). 0.78 1.87 1.31 Rn¼H* Dd Melton
(1957)

Dissection Index (DI) 0.97 0.8 1 DI ¼ H/
hMax

Schumm
(1956)
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12.8.3 Aerial Morphometric Parameters

12.8.3.1 Drainage Density (Dd)

According to (Bhat et al., 2019) said that a very useful parameter to understand the
landscape dissection, runoff potential or travel time of water in a basin, infiltration
capacity of the land, relief, underlying lithology, climatic conditions, and vegetation

Fig. 12.7 Illustrates different types of geomorphic maps of wadi Darnah; (a) Elevation map; (b)
Stream orders; (c) Stream frequency; (d) Shadow relief map; (e) Slope map; and (f) Aspect map
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cover of the basin, is a Drainage density which also indicates the closeness of
spacing of channels. Drainage density is calculated as the total length of streams
of all orders per unit area divided by the area of drainage basin (Bhat et al., 2019).
Moreover, high and low Drainage density values depend on sub-surface material
either impermeable or permeable rocks, vegetation density, relief, surface runoff and
infiltration capacity. Wadi Ar Ramlah and wadi Ash- Sharif have high drainage
density values which reveal high runoff surface, fine drainage texture with imper-
meable subsurface, while Wadi Darnah has a low drainage density value with
(0.9 km/km2) indicates low runoff with denser vegetation.

Fig. 12.7 (continued)
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12.8.3.2 Texture Ratio (Rt)

Texture ratio depends on several factors such as climate, rainfall, vegetation, rock
and soil type, infiltration capacity, relief, drainage density, and stage of develop-
ment, and it is obtained as a ratio between total number of streams and area of a basin
(Fenta et al., 2017). Drainage texture can be classified into; coarse texture (< 4 / km),
intermediate (4 to 10 / km), fine (10–15 / km), and very fine texture (> 15 / km)
(Fenta et al., 2017). The drainage texture values of wadi Ar Ramlah and wadi Ash-

Fig. 12.7 (continued)

290 M. Afkareen and J. Zamot



Sharif are higher than the drainage texture value of wadi Darnah, where higher
values indicate impermeable sub-surface material, high relief conditions, and low
infiltration capacity with very fine texture. Although wadi Darnah and Wadi Ash-
Sharif pass through almost the same type of lithology which is Darnah Formation,
but they have different values of drainage texture.

The significant low drainage texture value of wadi Darnah could be related to the
diagenetic process of the lithology with highly affecting of joints structure, which
display a coarse texture with medium permeable subsurface materials.

Fig. 12.8 Illustrates different types of geomorphic maps of wadi Ar Ramlah; (a) Elevation map; (b)
Stream orders; (c) Stream frequency; (d) Shadow relief map; (e) Slope map; and (f) Aspect map
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12.8.3.3 Stream Frequency (Sf)

The stream frequency was first introduced by Horton (1932), it is expressed as the
ratio of the total number of streams in a drainage basin to the area of that basin. The
stream frequency depends on the nature of rock and soil permeability of the area and
it is used as an index of various stages of landscape development (Biswas, 2016). In
the study area, the stream frequency values of wadi Ar Ramlah, wadi Darnah and
wadi Ash- Sharif are (7.03, 0.77, 5.04) respectively. The stream frequency of wadi
Ramlah and wadi Ash- Sharif are greater than 3 that shows a high run-off on
medium-to-high relief of low permeability. The stream frequency value of Wadi
Darnah is lower which indicates low runoff.

Fig. 12.8 (continued)
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12.8.3.4 Infiltration Number (In)

It is a parameter of infiltration capacity of the basin. Lower infiltration numbers
indicate higher infiltration and lower run-off (Prabhakaran & Raj, 2018). Measure-
ment of the infiltration number for wadi Ar Ramlah and wadi Ash- Sharif resulted in
a high value of (>12.59), indicating that the drainage basin of the both wadies are
capable of producing high runoff, while wadi Darnah is with low value (0.69) that
indicates on high infiltration with low run off.

Fig. 12.8 (continued)
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12.8.3.5 Form Factor (Rf)

According to (Singh et al., 2019) are believed that Form factor is a useful parameter
to obtain a relationship of flow intensity of drainage basins along with their peak
discharge, where high Form factor values occur in the basins having potential to
produce high peak flows in short duration and low Form factor values are vice versa.
The values of Form factor in wadi Ar Ramlah and wadi Ash- Sharif are generally
low, but they are higher than the value of wadi Darnah. These Form factor values of
wadi Ar Ramlah and wadi Ash- Sharif are indicating more elongated nature with
higher peak run off of shorter duration than wadi Darnah.

Fig. 12.8 (continued)
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12.8.3.6 Elongation Ratio (Re)

The Elongation ratio is a parameter describes the shape of the basin (Schumm,
1956). The lower value of the elongation ratio indicates low infiltration capacity and
high run-off conditions and vice versa (Singh et al., 2019). Whereas, the higher value
elongation ratio describes a more circular shaped basin and vice-versa (Talampas &
Cabahug, 2015). From the calculated elongation values of wadi Ar Ramlah and
Wadi Darnah, a value of 0.35 depicts a less elongated basin shape with low relief,
while wadi Ash- Sharif is slightly elongated with high relief with a value of 0.51.

Fig. 12.8 (continued)
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12.8.3.7 Circularity Ratio (Rc)

Runoff in circular shape basins gets more time to stay, therefore, circular-to-elongate
basin is inversely related to their character of movement (rapid or slow) of run-off to
outlet and infiltration (Singh et al., 2019). The higher value of Circularity ratio
represents more circularity in the shape of the basin and vice-versa (Talampas &
Cabahug, 2015). Values of Circularity ratio that ranging between 0.6 and 0.8
represent the steep ground slope and high relief, whereas values near to one
correspond to low relief (Strahler, 1964; Miller, 1953). In the wadi Ar Ramlah, the
circularity ratio is (0.14) and wadi Ash- Sharif is (0.22) indicating impermeable
surface resulting in lower peak flow for longer duration. The Wadi Darnah show

Fig. 12.8 (continued)
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Fig. 12.9 Illustrates different types of geomorphic maps of wadi Ash Sharif; (a) Elevation map; (b)
Stream orders; (c) Stream frequency; (d) Shadow relief map; (e) Slope map; and (f) Aspect map
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Fig. 12.9 (continued)
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Fig. 12.9 (continued)
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more elongated shape with very low value of Circularity ratio (0.089) resulting in
higher peak flow for shorter duration.

12.8.3.8 Length of Overland Flow (Lof)

Length of overland flow is a length of water over the ground before it gets
concentrated into certain stream channels (Sukristiyanti et al., 2018). The lower
value of the length of overland flow parameter represents a well-developed drainage
network.

In the study area, the Length of overland value of wadi Ar Ramlah and wadi Ash-
Sharif is almost (0.2) showing relatively youthful stage of the drainage development,
while wadi Darnah is measured at (0.45) an indication that the drainage basin will
have a quicker surface runoff will enter the streams.

12.8.3.9 Constant of Channel Maintenance (ccm)

Constant of channel maintenance (Ccm) is the inverse of drainage density and
expressed with dimension of square per unit. Drainage basins having lower values
of Constant of channel maintenance will have higher value of drainage density. The
most affecting factors of the constant of channel maintenance are rock type, perme-
ability, vegetation, relief and duration of rainfall. The low values (0.38 and 0.39) of
constant of channel maintenance of wadies Ar Ramlah and Ash- Sharif indicate low
permeability, moderate slope, and high surface run-off. Computed value of Constant
of channel maintenance of wadi Darnah is (1.11) would indicate that the drainage
basin has a relatively high erodibility, medium permeability, steep slopes and high
surface runoff.

12.8.3.10 Bifurcation Ratio

The Table 12.3 illustrates the overall Bifurcation ratios of the various stream orders
of the studied wadies. A lower Bifurcation ratios range between 3 and 5 suggests that
the structure does not exercise a dominant influence on the drainage pattern, while
higher Bifurcation ratio greater than 5 indicates some sort of geological control. If
the Bifurcation ratio is low, the basin produces a sharp peak in discharge and if it is
high, the basin yields low, but extended peak flow (Dikpal et al., 2017). In general,
the flat terrains have Bifurcation ratios 2, whereas mountainous or highly dissected
terrains have values greater than 3. The results of Bifurcation ratios of the study
wadies are ranging from 1.68 flat terrains with low structure effect in wadi Ar
Ramlah, to greater than 3.0 in wadi Darnah and wadi Ash- Sharif that show high
dissected terrains with structure control.
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12.8.4 Relief Morphometric Parameters

The morphometric investigation of the relief parameters of the basin includes Basin
Relief (H), Relief Ratio (Rf), Ruggedness Number (Rn) and Dissection Index (DI).

12.8.4.1 Relief Ratio (Rh)

Relief Ratio (Rh) is the difference in the elevation of the highest and lowest points in
a watershed. Relief ratio (Rh) of water catchment of the study basins is various,
(7.85) for Ar Ramlah catchment area, indicates that the basin is low to moderate
relief and slope, whereas Darnah and Ash Sharif water basins are with high values
(>11) illustrating that the area have high potential energy for transporting water and
sediment downslope due to the steep slope of high relief.

12.8.4.2 The Ruggedness Number (Rn)

The ruggedness number indicates the extent of the instability of land surface
(Strahler, 1957). The high value of the ruggedness number shows a rugged topog-
raphy, highly susceptible to soil erosion and structurally complex. In the case of the
study basins, the ruggedness number (Rn) values are considered moderate, which
indicates the moderate soil erosion in this area with the slight complexity of structure
Table 12.3.

12.8.4.3 Dissection Index (DI)

According to Singh (2000), It is an important morphometric indicator of the nature
and magnitude of dissection of terrain or vertical erosion. Dissection index (DI) is
expressing the ratio of the maximum relative relief to maximum absolute relief. The

Table 12.3 Illustrates the overall Bifurcation ratios of the various stream orders of the study
wadies

Rb ¼ Nu/Nu +1, where
Nu ¼ Total number of stream
segments of order

Bifurcation ratios
(Rb) of Wadi Ar
Ramlah

Bifurcation ratios
(Rb) of wadi
Darnah

Bifurcation ratios
(Rb) of wadi
Ash-Sharif

1st /2nd 2.2 2.25 2.1

2nd/ 3rd 1.8 1.52 1.1

3rd/4th 1.8 1.28 6.4

4th/5th 1.6 10.14 –

5th/6th 1.0 – –

Mean bifurcation ratios 1.68 3.8 3.2
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Dissection index value is between zero, which indicates on complete absence of
dissection or vertical erosion, to one that reveals vertical cliff. Generally, the areas
with high DI indicate high relative relief where slope of the land is steep and unstable
that results in enhanced erosion. On the contrary, low DI corresponds with low
relative relief, and with the subdued relief or old stage where the land is flat and more
stable (Mustak, 2012). The Dissection index of Wadi Ash Sharif is (1) and wadi
Darnah is (0.97) which indicate the basin is a highly dissected, whereas the Ar
Ramlah is (0.8) which indicates the basin is a moderately/highly dissected.

However, the parameter values that extracted by using GIS applications have a
great role in understanding the relationship between the drainage morphometric and
risk of flash flood as shown in Table 12.4.

12.9 Conclusion

Remote sensing and GIS techniques had shown a great help in risk assessment of
earthquake in Cyrenaica region. By comparing the linear features inferred from
models of digital elevations and local faults in the study region; it is found that

Table 12.4 Summarize relation between results of morphometric parameters and risk flood
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there is a great agreement between both of them in terms of focus and spread. It was
also found that the first zone is the most concentrated zone by faults, and it is the
most affected by earthquakes occurrence. However, the area with high intensity of
faults is considered to be the region most affected by earthquakes, and vice versa.
Furthermore, the GIS techniques have a great support in drainage characterization of
runoff with systematically analysis the morphometric parameters in understanding
the relationship between the drainage morphometric and risk of flash flood. The
studied wadies show similarities in some results of their morphometric analysis and
dissimilarity in others. Generally, it can easily say that most wadies in the Jabal Al
Akhdar area have a potential to produce either high peak flows in short duration, or
low peak flows in longer duration depending on different geomorphic parameters.
However, the most effective geomorphic parameters that make most wadies in Jabal
Al Akhdar area flooded are; the relief topography and slopes, where other parameters
are considered. The most vulnerable areas that are expected to be flooded are those in
low-lying lands.
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Chapter 13
Applications of Remote Sensing for Flood
Inundation Mapping at Urban Areas
in MENA Region: Case Studies of Five
Egyptian Cities

Karim I. Abdrabo, Mohamed Saber, Sameh A. Kantoush,
Tamer ElGharbawi, Tetsuya Sumi, and Bahaa Elboshy

Abstarct This chapter focuses on using various remote sensing data for monitoring
floods and developing risk maps. It covers a wide range of issues, reviews remote
sensing data types, processing techniques, and discussing the limitations and chal-
lenges of using remote sensing images in flood monitoring, especially in MENA
region. Furthermore, the chapter presents a number of previous attempts of flood
monitoring in the MENA region clarifying the data they depend on and the extent of
reaching reliable results. The main aim of this chapter is to highlight the role of the
available remote sensing data remotely sensed, including optical data, multispectral
data, and Synthetic Aperture Radar (SAR) data in supporting flood-related research
and investigation such as monitoring and mapping flood events and risk where is the
lacking the observational data at the arid regions.
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13.1 Introduction

The United Nations (UNISDR, 2015) pointed out that 43% of natural disasters that
occurred globally from 1995 to 2015 were water-related disasters, affecting more
than half (56%) of all people. The socioeconomic effects correlated with floods are
recorded and documented in the developed and developing countries (Bisht et al.,
2018; Martín-Vide & Llasat, 2018; Ozturk et al., 2018). Moreover, according to the
International Disaster Database (EM-DAT; www.em-dat.be), floods are the most
frequent disaster with the highest impact in terms of the number of people affected.
Flash floods cause the devastating impacts; however, it is more severe in developing
countries such as MENA region. During the past few decades, the frequencies of
extreme events have increased in the Middle Eastern North African (MENA) Region
(Zhang et al., 2005). The Arab region is characterized by increasing the frequency
and intensity of extreme storm events which resulting in devastating flash floods,
along with drought threats (Abdrabo et al., 2020a; Saber et al., 2020; Saber & Habib,
2016). This might be attributed to climate change or human impacts; however, the
reasons are still not well understood. In spite of the multiple evidence and the
growing awareness of the flood risks, the modeling capacity of flood dynamics
remains poor, which is mainly related to the availability of data. Flash flood risk
mitigation requires precise and accurate flood monitoring measures for helping
hazard management (Arora et al., 2020). One of such measures is mapping the
inundation areas, which is considered as one of the main concerns among scientists
and governments around the globe (Ali et al., 2019, 2020). Flood inundation maps
are used mainly for (1) Forecast scenarios; (2) Mitigation and planning – flood risk
analyses (3) Timely response; (4) Damage assessment; and (5) Environmental and
ecological assessments. Flood inundation mapping are generally difficult and con-
sidered more difficult in MENA region due to the difficulty of accessing the affected
areas, that consequently affect the performance of the hydrological modeling which
requires a detailed observational dataset for calibration and validation (Abdrabo
et al., 2020b; Abushandi & Merkel, 2011; Hall et al., 2014; Kilpatrick & Cobb,
1985; Lin, 1999; Pilgrim et al., 1988; Rodier & Roche, 1978:197; Wheater et al.,
2007).

In this context, Remote Sensing (RS) is an extremely useful source of observation
data that could overcome the decline in field surveys and observational stations,
especially in MENA region. RS plays an important role in all the phases of flood
hazard management, from preparedness, emergency management, and civil protec-
tion phases and up to damage assessment for flood risk reduction. RS data provide
huge advantages: low costs, data acquisition reliability, overcoming the local diffi-
culties such as site accessibility etc. Moreover, it can play a key role in the
calibration and validation of hydrological and hydraulic models in addition to
providing real-time flood mapping and monitoring applications (Domeneghetti
et al., 2019; Haq et al., 2012). Although the number of state-of-the-art and innovative
research studies in these areas is increasing, the full potential of RS in enhancing
flood mapping, modeling, and prediction has not been exploited (Saber et al., 2010;
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Sanyal & Lu, 2004; University of Waterloo et al., 1993). However, as is often the
case, new opportunities and applications pose new challenges: the nature of the data,
the different size, and scale of the objects and the processes which can be now
investigated, even the sheer quantity of available data, all require new or more
powerful tools to be suitably dealt with.

RS primarily in the form of satellite and airborne imagery and altimetry such as
(Resurs-P, GeoEye, and WorldView, or from drones). The different uses of RS
products in the case of flood monitoring are as follows: (1) elevation data such as
Shuttle Radar Topography Mission (SRTM) and digital elevation model (DEM) from
WorldView-2 stereo pair imagery; (2) The land use/land cover and soil properties
which can be obtained from fused ASTER multispectral and ALOS-PALSAR Syn-
thetic Aperture Radar (SAR) data; (3) Rainfall products such as the Tropical Rainfall
Measuring Mission (TRMM) (Kummerow et al., 1998) (Chen et al., 2015; Kneis
et al., 2014; Ochoa et al., 2014; Prasetia et al., 2013), the Climate Prediction Centre
morphing method (CMORPH) from NOAA CPC (Joyce et al., 2004), (PERSIANN)
from the University of California (Hsu et al., 1997; Yoshimoto & Amarnath, 2017),
Global Satellite Mapping of Precipitation (GSMaP) from Japan Science and Tech-
nology Agency (JST) and Japan Aerospace Exploration Agency (JAXA), IMERG
LATE, and IMERG EARLY from NASA which are two new rainfall data products.
There are many other remotely sensed meteorological products that are publicly
available and occasionally updated with ground-based information, are commonly
known as global datasets. Utilizing such high-resolution, multi-temporal data give the
chance to enhance the performances of the forecast, alert, and post-event monitoring
of inundation events (Refice et al., 2018b). The integration of remotely sensed data
(such as Data Terrain Models (DTMs), flood extent, river width, land cover, water
level, etc.) with flood modeling significantly enhances the prediction results (Haq
et al., 2012; Refice et al., 2018a). Although the previous studies showed encouraging
results using different types of RS data combined with in-situ data, many challenges
face such applications from an uncertain point of view.

In the present chapter, we will start with an overview of flood monitoring systems
and remote sensing approaches, followed by the potential and limitations of open
satellite data for flood mapping. Finally, we present some applications of remote
sensing on flash floods in MENA region at five Egyptian cities.

13.2 Overview of Remote Sensing Approaches Used
in Flood Monitoring

Flood monitoring activities can be divided into three sets, according to the stage of
operations with respect to the event occurrence. (1) Forecast scenarios; (2) Timely
response and Emergency monitoring; (3) Damage assessment (Hutter, 2006).
According to each activity, the type of RS approaches and data used in each activity
is determined. Forecasts rely mainly on meteorological information, so low- to
medium-resolution optical data are usually implicated. In emergency monitoring,
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the emphasis is clearly on fast response and relatively high resolution, so a poten-
tially wide variety of sensors can be involved, working in both the optical and
microwave spectral regions. The third type of application is the one that involves the
most advanced processing techniques to defining the spatial and temporal changes of
factors, which, in return, control flood generation and risk. Multi-temporal and
multisensory data allow a temporal and spatial reconstruction of flood inundation,
from the beginning until the end when all the inundated areas return dry.

Remote Sensing data is produced through two main components: the sensors and
the platform on which the sensor is installed. There are three types of platform, surface
platforms such as ladder and tall building, Arial platforms such as aircraft and balloons;
and spaceborne platforms are mainly satellites and space shuttles (Liang et al., 2012).

For the sensors, there are two types of sensors, passive and active. Passive sensors
detect natural radiation that is emitted or reflected by the observed object. Reflected
sunlight is the most common reflect radiation and is sensed by passive sensors.
Typical passive sensors include three parts; radiometer to measure the electromag-
netic radiation in the visible, infrared, or microwave spectral bands, imaging radi-
ometer (scanner) to provide a two-dimensional array of pixels from which an image
may be produced; and spectroradiometer to measure the radiance in multiple spectral
bands (Liang et al., 2012). The Active sensors are emitted electromagnetic radiation
to illuminate the observed object. They use a pulse of energy sent by the sensor and
receive reflectance of this pulse. The types of measurement tools are included in
active sensors are radar which uses a transmitter operating at microwave frequencies
to emit electromagnetic radiation, and a directional antenna to measure the time of
arrival of reflected pulses from observed objects for determining the distance,
synthetic-aperture radar (SAR) which is considered a side-looking radar imaging
system that uses the relative motion between an antenna and the Earth surface
(Fig. 13.1) to synthesize a very long antenna by combining signals received by the

Fig. 13.1 SAR Image production process. https://crisp.nus.edu.sg/~research/tutorial/mw.htm
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radar as it moves along its flight track for obtaining high spatial resolution imagery,
synthetic interferometric aperture radar (InSAR) which compares two or more
amplitude and phase images over the same area received during different passes of
the SAR platform at different times, scatterometer which is a high-frequency micro-
wave radar designed specifically to determine the normalized radar cross-section of
the surface. LIDAR (Light Detection and Ranging) is an active optical sensor that
uses a laser in the ultraviolet, visible, or near-infrared spectrum to transmit a light
pulse and a receiver with sensitive detectors to measure the backscattered or reflected
light, Laser Altimeter which is a laser altimeter that uses lidar to measure the height
of the instrument platform above the surface (Liang et al., 2012).

The specifications of the platform and sensors determine the characteristics of the
produced data, including spatial, spectral, temporal, and radiometric resolutions.
Spatial resolution refers to the number of pixels representing the construction units
of a digital image (Athanasiou et al., 2017). The spatial resolution could identify by
the smallest object has been resolved by the sensor, which is also the area of the
sensor’s field of view (Liang et al., 2012). Figure 13.2 illustrates the difference
between the lower and higher levels of spatial resolution.

Spectral Resolution, which represents the range of the electromagnetic spectrum,
could be observed by the sensor. The spectral resolution is determined by the number
and the narrowness of bands. When the number of bands lies between 3 and 10, this
could describe as multispectral resolution, where the hyperspectral resolution
includes the number of bands that reach the thousands (Jenice Aroma & Raimond,
2015). Figure 13.3 illustrates the different types of spectral resolution.

Temporal resolution refers to the repeat of the imaging cycle, which means the
frequency of processing the same areas with the sensor. Orbit pattern and satellite
sensor’s design determine the frequency characteristics (Liang et al., 2012). Radio-
metric resolution represents the smallest energy differences that have been observed
from the electromagnetic reflectance. It describes the sensor’s ability to detect small
changes in radiance and depends on how the continuous upwelling radiance signal is
converted to discrete, digital image data. For example, The highly sensitive detector

Fig. 13.2 The difference between the lower and higher levels of spatial resolution. https://crisp.
nus.edu.sg/~research/tutorial/image.htm
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with 12-bit radiometric resolution could be more precise in investigating the water
depth of the changing of a channel (Re & Capolongo, n.d.).

13.2.1 Data Types Used in Flood Monitoring

At the MENA region, and due to the lack of data, most flood monitoring research and
applications depends on the free available satellite images available remote sensing
data. The most widely used satellite images were reviewed from the literature are
listed in Table 13.1 (Jenice Aroma & Raimond, 2015).

Depending on the used sensor and techniques, the remote sensing data could be
divided into different types. These types are mainly including optical data, multi-
spectral data, synthetic aperture radar (SAR) data, and vegetation and water indices.
The following section identifies the production process of these types, the uses of
each type, and the main differences between them.

13.2.2 Optical Data

Optical imaging depending on the visible, near-infrared, and shortwave infrared
spectrums to produce the imagery types such as panchromatic, multispectral, and
hyperspectral as shown in Fig. 13.4 (Zhu et al., 2018). Optical data is considered a
crucial data source in the investigation of flood extension and evolution. Clean water

Fig. 13.3 The different types of spectral resolution. https://www.satimagingcorp.com/services/
resources/characterization-of-satellite-remote-sensing-systems/
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Table 13.1 A review for the most used remote sensing data in flood monitoring

Satellite
Name Lunched by Purpose Details

Landsat National Aeronau-
tics and Space
Administration
(NASA)

Land cover, forest and
agricultural applications

The Landsat 7 images are of
30 m spatial resolution for
multispectral and 15 m for
panchromatic mode (PAN)
images

Resourcesat Indian space
research organiza-
tion (ISRO) offers

Available to the public users
with 23.5 m and 56 m resolu-
tion, respectively

Terra Nasa Collecting information
about both the earth sur-
face and atmosphere

- advanced Spaceborne ther-
mal emission and reflection
Radiometer (ASTER)
- clouds and Earth’s radiant
energy system (CERES)
Multi-angle imaging
Spectroradiometer (MISR),
moderate resolution imaging
Spectroradiometer
(MODIS)
- measurements of pollution in
the troposphere (MOPITT).

Aqua Nasa Collecting information
about the earth’s water
cycle, glaciers, and
atmosphere

Calipso Nasa Atmospheric, aerosol
activity, and effective
climate research

The Lidar instrument com-
bined with passive infrared and
visible imagers could capture
the cloud movement and aero-
sol properties [

Earth
Observing-
1

Nasa Hyperspectral imager could
measure up to
200 wavelengths

Quickbird Digital globe Very high-resolution satellite
images of 60 cm in PAN and
2.4 m in multispectral images

Formosat National Space
Organization
(NSPO) of the
republic of China.

High-resolution images of 2 m
in PAN and 8 m in multispec-
tral images

Spot French organization
named spot image

Offer 2.5 m to 5 m in PAN and
10 m in multispectral. Mode

Ikonos GeoEye
organization [20].

Providing high resolution
multispectral and PAN images
of 4 m and 1 m, respectively

Sentinel European Space
Agency (ESA)

Land cover change anal-
ysis and natural disasters
monitoring applications

Provides all-weather data both
day and night on radar imaging

(continued)
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surfaces absorb most of the electromagnetic energy. Therefore, in optical images, the
water area could be recognized easily where it appears as dark areas. However, in
cases such less clean water and increasing reflections from water recognition is
becoming more difficult, and using several spectral bands data can help (Fig. 13.5).
Cloud coverage is the main obstacle that faces the use of optical data in flood
monitoring, which are often associated with flood events (Re & Capolongo, n.d.).

Table 13.1 (continued)

Satellite
Name Lunched by Purpose Details

Kalpana Produces three bands of visi-
ble, thermal infrared, and
water vapor infra-red images
using a very high-resolution
radiometer (VHRR) with a
resolution of 2 � 2 km [22].

Radarsat Canadian Space
Agency (CSA)

Landcover operations on
mines, icebergs, and
underground water
explorations

Offers SAR data which

Fig. 13.4 “Left images, captured on October 31, 2018, show the large river sediment inflows into
the Northern Adriatic Sea in “true” color. The right images display the turbidity levels assessed with
EOMAP’s EO processing system” (https://www.eomap.com/using-satellite-data-for-flood-monitor
ing/)
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13.2.2.1 Multispectral Data

Multispectral remote sensing data is produced by a multispectral sensor. The used
sensors have multichannel detectors; each channel is sensitive to radiation within a
narrow wavelength band. These sensors produce multilayer image which contains
both the brightness and spectral information for the objects. A hyperspectral sensor
collects and processes information from 10 to 100 spectral bands. The resulting
images can be used in recognizing objects, identify materials, and detect elemental
components (Zhu et al., 2018). A multispectral sensor could be useful in flood
monitoring with a presence of cloud coverage and within dense urban areas (Vissers,
2007).

13.2.2.2 Synthetic Aperture Radar (SAR) Data

Synthetic aperture radar (SAR) is useful in mapping the object’s reflectivity with
high spatial resolution through the emission and reception of electromagnetic pulses.
The SAR data have various applications such as detecting objects and their geo-
graphic location, estimation of environments geophysical properties (i.e. certain
dimensions, moisture content, roughness, and density) (Ditchfield, 1966).

Synthetic aperture radar data are a valuable resource for monitoring flood events.
Most of the flood events have been accompanied by the widespread presence of
clouds; the long-wavelength in SAR system could propagate through these clouds,
which provied accurate data images.SAR sensors have achieved unprecedented
resolutions and repetitivity of acquisition so that their application to flood monitor-
ing is receiving mounting interest (Re & Capolongo, n.d.).

Fig. 13.5 Typical Reflectance Spectrum of Vegetation. The labeled arrows indicate the common
wavelength bands used in optical remote sensing of vegetation: (a): blue band, (b): green band; (c):
red band; (d): near IR band; (e): short-wave IR band (https://crisp.nus.edu.sg/~research/tutorial/
optical.htm)
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13.2.2.3 Vegetation and Water Indices

The spectral composition of remote sensing spectral data provides information about
the physical properties of soil, water, and vegetation features in terrestrial environ-
ments. Remote sensing techniques, models, and indices are designed to convert this
spectral information into a form that is easy to interpret (Bannari et al., 2017). Indices
are considered a compact form of data that can effectively ensure the presence or
absence of water. The indices are common identified as quantitative comparisons
between the response of each ground pixel in different bands of the electromagnetic
spectrum (Re & Capolongo, n.d.).

Several indices have been developed, such as the Normalized Difference Water
Index (NDWI), proposed by McFeeters in 1996 to detect surface waters in wetland
environments and investigate the surface water extent(Mcfeeters, 2013). Also, the
Normalized Difference Vegetation Index (NDVI) is applied to estimate the level of
crop’s growth and detect the drought rate of vegetation (Mcfeeters, 2013). On the
other hand, water emission in the infrared is generally lower than in the red part of
the spectrum, so water has an inverse NDVI behavior with respect to both vegetated
and unvegetated land. This makes NDVI a suitable tool to detect water surfaces
rapidly (Re & Capolongo, n.d.).

13.3 Potential and Limitations of Open Satellite Data
for Flood Mapping

13.3.1 Cloud Coverage Problem

In spite of the great potential that remote sensing in flood management, some
limitations face its use. For example, the presence of cloud cover during the flood
event has been reported as the major challenge in the use of optical remote sensing in
flood management. According to Sanyal and Lu (2004), using SAR is a better option
because of the higher penetration power of the radar pulse, overcoming the problem.
However, its use, especially in developing countries has been constrained by its high
prices as well as limited coverage (Application of Remote Sensing and Geographical
Information Systems in Flood Management: A Review). Figure 13.6 provide an
example of the cloud coverage effect on the remote sensing data.

Furthermore, spatial resolution has a crucial effect on flood monitoring. The
spatial characteristics of the flood inundation area could constrain the use of satellite
images with lower spatial resolution. When the inundated area is small, it cannot be
observed by low-resolution images. Also, urban areas or dense forests complicate
the process of flood detection. However, the high-resolution data and field surveys
are crucial for reliable mapping (Potential and limitations of open satellite data for
flood mapping).
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13.3.2 The Problem of Temporal Resolution in Flood
Management

Temporal resolution represents a further challenge that faces the use of remote
sensing in flood monitoring. The low temporal resolution causes limited availability
of imageries in time-space, seasonal variations, and different technical limitations.
For example, low temporal resolution may cause to not capture the peak of the flood
event where most radar images are taken sometime before it. In addition, an area
flooded by a small stream has a very short co-flood time interval which necessitates
the higher temporal resolution. There is an essential need for a more consistent
monitoring strategy in terms of frequency and timeliness of remote sensing data
collection. The inadequate frequency of image collection is one of the most impor-
tant limitations. It is found that the closer the time between when the image data were
collected and when the event peak occurred, the more reliable the detection of
maximum flood extents and depths.

Fig. 13.6 The Sentinel-2 cloudless layer combines over 80 trillion pixels collected during differing
weather conditions between May 2016 and April 2017. Image: ESA. (https://medium.com/planet-
stories/cloudless-an-open-source-computer-vision-tool-for-satellite-imagery-6f4daaa4851f)
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13.3.3 The Problem of Detecting Flooding in Urban Areas

Floodwaters can be detected with good precision by exploiting several typical
characteristics of inland water surfaces with respect to dry areas. One is the reduced
reflectance of clean and calm water with respect to land areas. This behavior is
common to virtually all the optical spectral ranges, as long as the acquisition is far
from the specular direction. An additional way to distinguish the presence of surface
water is given by the availability of reflectance information in the infrared thermal
spectral bands. This is also generally low for water surfaces with respect to land
areas. Both these methods rely on assumptions that are broadly fulfilled when
monitoring flood events occurring over non-urban land areas, especially when
using low or medium-resolution data. For instance, artificial surfaces may have
very low reflectance and thus be mistaken for flooded areas. This is more likely to
occur in highly complex environments like urban areas, where pavements and
tarmacs may have a wide range of reflectance behaviors during a flood event. This
may also include flooded surfaces exhibiting artificially high reflectance, which
could be due, for instance, to a shallow water layer over a bright pavement or to
specular reflections from surrounding buildings. Such cases could be successfully
solved by sensors having infrared detection bands. In fact, urban areas are admittedly
among the most complicated land cover types for many remote sensing applications,
in virtually all regions of the electromagnetic spectrum, with flood monitoring
making no exception (Re & Capolongo, n.d.).

13.4 Application of Remote Sensing on Flash Flood
and Extreme Rainfall Events in MENA Region

13.4.1 Area of Interest

The surface area of the Arab region is about 13,781,751 km2. It consists of 22 coun-
tries as shown in the map (Fig. 13.8a). The population has increased by the rate of
2% every year from 2002 to 2020. The average annual rainfall over the Arabian
region varies from 0 to 1800 mm, while the average evaporation rate is more than
2000 mm/year (https://data.worldbank.org/indicator/SP.POP.GROW?view¼map
(2021); Saber et al., 2017b). The Arab region is suited in the northern hemisphere
with semi-arid to arid climatic conditions. The total average rainfall (Fig. 13.7a)
estimated from GSMaP shows spatial variability with a low precipitation rate over
the region (Saber et al., 2017a). The aridity index was estimated for the region from
The Consortium for Spatial Information (CGIAR-CSI) 8) as shown in (Fig. 13.7b). In
most Arabian countries, during the last 7 years, Wadi flash floods (WFF) became
catastrophic and more frequent in both space and time (Fig. 13.8a & b).

318 K. I. Abdrabo et al.

https://data.worldbank.org/indicator/SP.POP.GROW?view=map
https://data.worldbank.org/indicator/SP.POP.GROW?view=map


13.4.2 Case Study of Cities of (Al Arish, Ras Gharib, Al
Saloum, Drunka, Hurghada)

According to the UNDP, by 2050, two-thirds of the world’s population is likely to
live in cities. Urban flooding is already a major risk for cities. Increasing impervious
surface area, inadequate stormwater drainage, and aging infrastructure all contribute.
As a result, growing urban populations will face a greater risk of flooding from
extreme weather events. Using satellite data allows individuals and organizations to
develop better plans for handling floods. This can include developing better early

Fig. 13.7 Average rainfall estimated from Global Satellite Mapping of Precipitation (GSMaP) data
(a) and Aridity Index (b) estimated from Global Aridity Index developed by the Consortium for
Spatial Information (CGIAR-CSI) 2002–2012

Fig. 13.8 Wadi flash floods frequency and classification spatially (a) and temporally (b) at the
Arab region
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warning techniques, better plans for rescue and relief, and more effective long-term
infrastructure planning.

In Egypt, about half of the yearly precipitation falls from December to March.
Precipitation is generally very low throughout the country, although it averages more
than 200 mm/year along the Mediterranean coastline. Most of Egypt is a desert and
is classified as arid, except for the Mediterranean coast, semi-arid. There are four
climate regions in Egypt: Nile Valley (from Cairo to Assiut, from Assiut to Edfu and
from Edfu to Nasser Lake), Eastern Desert (Red Sea Region), Sinai Peninsula (South
Sinai and North Sinai), and Matrouh Governorate (Salloum Plateau). Our goal is to
generalize the results for the whole country. Therefore, representative samples with
different climatic regions in Egypt and the selection of case studies were conducted
based on two factors: the history of hazardous flash floods and climatic conditions.
Accordingly, the selected cities are the city of “Ras Gharib” representing the Red Sea
and Eastern Desert region, the city of “Al-Arish” representing the region of the Sinai
Peninsula, “Drunka village” in Assiut governorate representing the Nile Valley and
Delta region, and the city of “Salloum” that is representative of the Mediterranean
region (Saber et al., 2020).

Ras Gharib is the second-largest city in Red Sea Governorate and the most
important Egyptian city in oil production. It is located 150 km to the north of
Hurghada on the Red Sea coast (Fig. 13.4d). Ras Gharib is considered to have a
desert climate. During the year, there is virtually no rainfall, with an average of about
5 mm. The average annual temperature is about 22.2  C (Saber et al., 2020).

The Sinai Peninsula is located in the northeast of Egypt between latitudes 27 430

to 29 550 and longitude 32 390 to 34 520. Al-Arish (Fig. 13.4b) is located on the
coast of the Mediterranean Sea. It has a tropical climate with a rainfall average of
about 3262 mm, even during the driest months. The average annual temperature is
23.8  C (Saber et al., 2020).

Salloum is a small Egyptian border city near the western border of Egypt with
Libya. It is located on the Mediterranean coast (Fig. 13.4d). The climate in Salloum
is considered a desert climate. The average annual temperature is 19.6  C, and the
average annual rainfall is 150 mm (Saber et al., 2020).

Drunka is one of the villages of Asyut Center in Asyut Governorate in Egypt
(Fig. 13.4c). The climate in Asyut is called a desert climate, with a precipitation
average of about 2 mm, and the average annual temperature is 22.6  C (Saber et al.,
2020).

Hurghada is an essential center for tourist and mining activities: it lies directly on
the Red Sea coast, and it is bounded by latitudes 270 100 and 270 30’ N and
longitudes 330 300 and 330 520 E. Hurghada almost every year, causing loss of life
and significant damage. Accordingly, the city has become one of the most vulnerable
areas to such events near the Red Sea. Satellite rainfall data show that this trend
increased in Hurghada from 1983 to 2019. Additionally, the city has the highest
mean annual maximum daily precipitation in Egypt. Since 2000, numerous urban
flash flood events have occurred along the Egyptian Red Sea coast, which has
experienced 30 medium and large events this century (Gado, 2017). There has
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been an increase in the exposure of the city to flood risk during winter (rainy season)
from October to February due to convective rainfall (Table 13.1).

Additionally, since 1996, several urban flash flood events have been recorded in
the city and its vicinity. Inhabited areas, main roads, military campuses, and tourist
buildings have been severely affected. Moreover, environmental contamination due
to water flooding, especially in the inhabited lowland areas, has occurred (Abdrabo
et al., 2020a) (Fig. 13.9).

13.4.3 Remote Sensing Data

Many types of data sets were collected and analyzed in this study (Table 13.2 and
Fig. 13.10). The lack of hydrological and meteorological data in the Egyptian cities
necessitated the use of hydrological modeling to predict flood depth and the spatial
extent and identify sites with high risk. The RRI model used several remote-sensing
data, including a digital elevation model (DEM) with an accuracy of 12.5 m, an LC
map, and historical daily rainfall records. The resolution of the rainfall data was as
follows: (0.04 � 0.04 )-hourly based data for the 2014 (5-year REP) and 2016
(10-year REP) events. The resolution of the rainfall data was (0.25 � 0.25 )-daily
based data on the 1996 (50-year REP) event. LC was mapped from Sentinel
(2A) with a 30 m resolution. These data sets were used to produce the inundation
maps for the 5, 10, and 50 REPs in Hurghada.

Regarding model calibration and validation, photos during the event from differ-
ent local newspapers were used. One of the authors (S.A.K.) conducted fact-finding
and field investigations, reconnaissance-level inventories for topographic maps, and
site visits to obtain the ground truth of the interpretations from imagery. From 2014
to 2015, we visited several specific urban sites, reviewed the proposed layouts of
buildings and infrastructure, and provided comments to developers regarding
avoiding urban flash flood risk and other environmental impacts. We have direct
knowledge of the urban flash flood history of Hurghada over the past three decades,
from the early 1980s to 2019.

13.4.4 Methodology

The workflow of the hazard module for floods using the RRI model is summarized in
three steps. First, the daily spatial rainfall intensities for different hazard scenarios
were obtained based on PERSIANN-Climate Data Record (CDR) for the 1996 event
and the PERSIANN-Cloud Classification System (CCS) for the 2014 and 2016
events with their highest resolutions, i.e., 25 km and 4 km, respectively. Second,
the DEM was obtained from Advanced Land Observation System-Phased Array
Synthetic Aperture Radar (ALOS-PALSAR) data available from the Alaska Satellite
Facility (ASF) Distributed Active Archive Center (DAAC) with a 12.5 m resolution
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Fig. 13.9 Location maps showing the target cities and related wadi catchments and stream network
developed from DEM (Sentinel-2) by GIS: (a) Salloum, (b) Wadi Al-Arish, (c) Drunka, (d) Ras
Gharib, (e) the Hurghada catchment area, and (f) Hurghada city
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(ASF, 2006). The original DEM was processed using the Arc-hydro tool of ArcMap
10.6.1 to obtain the filled DEM, and the flow direction and flow accumulation were
extracted. The Arc-hydro tool was used later to identify and extract the drainage

Fig. 13.10 Flowchart for data processing and methods

Table 13.2 Material descriptions

Data type Date Format
Data
source Derived data

ASTER-ALSO-PALSAR
(12.5 m spatial resolution)

2020 Geotiff [84] Topographic and hydrolog-
ical parameters

Rainfall (scale 0.04 � 0.04 )
(hourly based)

2020 PERSIANN-
CCS

[85] Rainfall distribution during
the 2014 and 2016 events

Rainfall (scale 0.25 � 0.25 )
(daily based)

PERSIANN-
CDR

[86] Rainfall distribution during
the 1994 event

Sentinel (2A) (30 m resolution) 2019 Geotiff [87] Land cover types
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features in the study areas, such as the flow direction, flow accumulation, stream
networks, and watershed delineation required as inputs for the RRI model. Third, the
LC map was created based on the Sentinel-2A satellite data from 2019, which were
corrected based on Google Earth satellite images (General Organization for Physical
Planning (GOPP), 2013, 2018). The initial parameters of the RRI model were
assigned based on the validated parameters in arid regions (Abdel-Fattah et al.,
2016). Finally, the RRI input raster maps for rainfall, topography, and LC were
converted into ASCII files with their original resolutions, while the hazard maps
(inundation depths) had the same resolution as the DEM utilized (12.5 m � 12.5 m).

• Model calibration and validation

For more comprehensive and accurate results, the RRI model was calibrated and
validated. Due to the lack of observed data, the calibration and validation processes
were performed based on reported images of the simulated events in each city.
Regarding the land use parameters in the RRI model, the city was classified into
three types of land use: desert, vegetation, and urban, in order to determine the model
parameters for different cases.

13.4.5 Results and Discussions

In the case mentioned above studies, remote sensing data were used as input to
distributed hydrological models to predict streamflow at the microscale scale catch-
ments better. The results as shown in Figs. 13.6 and 13.7, which is already described
in (Abdrabo et al., 2020b; Saber et al., 2020), showed encouraging results using
global datasets combined with in-situ data. Moreover, it showed that model results
using the remote sensing products combined with in-situ data were generally
accurate (Figs. 13.11, 13.12 and 13.13).

13.5 Conclusion

In this chapter, a summary of the most important aspects of detailed flood monitoring
through remote sensing has been attempted. We reviewed the basics of flood
monitoring practices, focusing on the commonly accepted standards for definition,
detection, and updating of flood maps. We then listed the primary sources of data
that are commonly used in flood monitoring activities, spanning through optical and
microwave instruments, the main sources of remotely sensed data used in this field.

The importance of using satellite-based products was discussed for application in
arid regions where the data are not available. We focused mainly on the general idea
of the main data processing techniques used to extract flood inundation maps and
evolution information from earth observation data and to integrate remotely sensed
data into hydrological inundation models, as well as to use remote sensing-derived
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Fig. 13.11 Inundation maps showing the hazard levels affecting the urban areas (a) and estimates
of the vulnerable areas for flood hazard categories from1984-2019 in (a) Al-Arish, (b) Ras Gharib,
(c) Salloum, and (d) Drunka



Fig. 13.11 (continued)

Fig. 13.12 Flood inundation maps (RRI model) for Hurghada in 1996, 2014 and 2016 (a–c)



information to enrich our knowledge of flood processes and aid decision-making
systems.
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Chapter 14
Application of Remote Sensing
and Geographic Information System
Techniques to Flood and Rainwater
Harvesting: Case Study of Sennar, Sudan

Mohamad M. Yagoub and Sharaf Aldeen Mahmoud

Abstract Construction of the Grand Ethiopian Renaissance Dam will have positive
and negative impacts on the people living downstream. Among possible impacts is
the probability of flooding of human settlements along the Blue Nile. Reduction of
water level is also a possible adverse effect of this dam on the agricultural schemes
along the Blue Nile; the Gezira scheme, one of the largest irrigation projects in the
world, could be affected by such reduction.

The objective of this study is twofold. The first objective is to identify cities and
villages near the Sennar Dam (in Sudan) that may be affected by potential fluvial
(river) floods. The location of the study area near the dam exposes it to a probable
dam problem and, consequently, societal, environmental, and economic damages.
Therefore, identifying vulnerable locations is crucial for reducing risk to lives and
properties, for preparing contingency action plans, and for making the area more
resilient. The second objective is to select rainwater-harvesting (RWH) sites that can
be used for water-supply backup while minimizing possible water-level reduction.
The use of remote-sensing and Geographic Information System (GIS) techniques in
this study has enabled access to unique sources of information to better characterize
hazards and risks.

Keywords Fluvial flood · Rainwater harvesting · Sennar Dam · Sudan · Remote
sensing · GIS
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14.1 Introduction

A large number of cities and villages in Sudan were impacted by fluvial floods
during August–September 2020 (UNITAR, 2021). More than 80 people died and
380,000 were affected (FloodList, 2020). Water levels in the Blue Nile are higher
than those in 1906 and close to the 1988 levels. This situation has created an urgent
need for identifying potential areas that could be flooded in the future.

Global efforts that integrate remote sensing and a Geographic Information Sys-
tem (GIS) to create flood maps as preventive tools are increasing (Prinos, 2008;
Wright, 2014). For example, in the U.S., the Federal Emergency Management
Agency creates interactive maps for flood hazard or risk. Such maps support
community resilience by providing data, building partnerships, and supporting
long-term hazard-mitigation planning (FEMA, 2020). The UK Environment Agency
(2020) provides real-time maps that show fluvial-flood risks. The Global Flood
Awareness System (2020) of the European Commission Copernicus Emergency
Management Service has an early-warning system that can be used to reduce flood
impact. Other initiatives include the Global Flood Partnership, which provides a
worldwide forum for exchange of experience about flood prediction, modeling, and
flood risk (Global Flood Partnership, 2021). The United Nations Office for Disaster
Risk Reduction (2021) plays a greater role in coordinating and following up with
governments on implementation of the Sendai Framework. Accordingly, our study
falls within the context of “Think globally, act locally.”

The study area includes the Sennar Dam, which is exposed to a probable flooding
in case there is a problem at the Grand Ethiopian Renaissance Dam (GERD).
Previous studies around the world have showed the potential risk of dam failure
due to natural disasters or inadequate maintenance and management (Butt et al.,
2013; Cenderelli, 2000; de Paiva et al., 2020; FEMA, 2013; Finn, 2008; Harrigan
et al., 2020). Types of dam failure include dam body instability, canal gushing and
soil flow, dam cracking, dam overtopping, and pilot-system failure (Escuder-Bueno
et al., 2016; Kuo et al., 2007; Michailidi & Bacchi, 2017; Micovic et al., 2016; Yang
et al., 2020). Discharge from a dam is governed by the maximum reservoir water
level, reservoir capacity, and maximum discharge capacity. The seasonal variation in
Blue Nile discharge ranges from 60 m3/s in a very low year to >10,000 m3/s at the
peak of a high flood (Plusquellec, 1990).

Floodwater can be used to enable communities to make smart water-management
decisions even during times of relative water abundance. Flooding can help resurrect
wetlands and slow down climate change. Rainwater harvesting (RWH) includes
gathering and storing rainwater to be used for drinking, irrigation, and livestock
(Abdulrazzak, 2003; Awawdeh et al., 2012; Critchley et al., 1991; Galarza-Molina
et al., 2015; Gould and Nissen-Petersen, 1999; Jha et al., 2014; Singh et al., 2016;
Tiwari et al., 2018). RWH can also improve sustainability and reduce the impact of
climate change (African Development Bank, 2010; UNEP, 2009). RWH has been
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gaining momentum worldwide. For example, Inamdar et al. (2013) used GIS to
determine suitable locations for stormwater collection in Melbourne, Australia. They
used runoff, open space, and accumulated catchments as criteria. They concluded
that Royal Park ranked high for RWH as it had the largest water demand and the
drainage outlets were close to the site.

Elhag and Bahrawi (2014) performed a study in the Kingdom of Saudi Arabia to
improve RWH in terms of groundwater recharge. They created a spatiotemporal
cloud map for evaluating prior-delineated watersheds that are beneath mostly cloudy
skies all year. They used satellite imagery (EnviSat and Landsat), a digital elevation
model (DEM), and soil-moisture and geological data. Singhai et al. (2017) used a
combination of satellite images, land-use and soil data, and multi-criteria decision
analysis to identify natural depression sites for RWH and found that forested areas
have low-runoff potential whereas built-up areas have high-runoff potential.

Once potential RWH sites are identified, a suitable method can be employed to
store water. Among the methods used are bound or terrace practices in areas with
low-infiltration soil, small dams, micro-catchments, and haffirs. A haffir is an
artificial excavation into which surface-water runoff is diverted during the rainy
season. Its size depends on the location, hydrology, soils, and rainfall (Salih et al.,
2016).

14.2 Study Area

The area around Sennar city was selected because of the availability of data, location
of Sennar Dam (~260 km south of Khartoum), and the importance of the dam to the
Sudanese economy (Gezira irrigation scheme).

The area includes Sennar and many other villages. Historically, the city of Sennar
has been known as a major hub since the era of the Funj Chronicle (1504–1821). The
city is at lat 13.539510 N and long 33.611298 E and is within UTM Zone 36 N, with
an average altitude of 434.87 m (Fig. 14.1). The area includes schools, a university,
hospitals, administration offices, and many banks. Most of its population (~1.5
million) depend on trade, agriculture, livestock, and services.

The average temperature in winter is 25 �C; in summer, it is 40 �C. The rainy or
wet season in the study area starts in May and ends in October.

Flooding in the Blue Nile commences in May and reaches its climax during
middle to late August–September. The average monthly rainfall (based on the period
2016–2019) ranges within 20–100 mm and reaches its maximum during August.

Built on the Blue Nile, the Sennar Dam was completed in 1925. Its main objective
is to supply water for the Gezira irrigation scheme (Bernal, 1997). Its total storage
capacity is 930 million cubic meter (Roseires Dam reservoir holds 3 billion cubic
meter). The Sennar Dam is 3025-m long with a maximum height of 40 m. Two
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canals with numerous branches (4300 km) are used to irrigate the Gezira and
Managil schemes. The minimum level in the reservoir to maintain maximum flow
in the Gezira canal is 417.2 m while the top water level of the reservoir is 421.7 m
(Plusquellec, 1990). A road and a rail route run along the length of the dam (The
Engineer, 1924).

GERD is physically not within the study area, but its impact is the main objective
of this study. The GERD has a planned full supply elevation of 640 m, 74 billion
cubic meter of reservoir storage, and 6000 megawatt of installed generation capacity
(Wheeler et al., 2016). The benefits of GRED could be in reduction of the flooding
risk to Sudan, reduction of sediment in the river, reliability of flows, hydropower
benefits, improved depth for navigation and reduced pumping costs for water users
(Wheeler et al., 2016). However, on the other side GERD may reduce downstream
water availability, impact on agriculture in Sudan, reduce land fertility due to the
reduction of nutrient-rich sediment, and possible environmental impacts (Beyene,
2013).

Fig. 14.1 Location of the study area
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14.3 Data

Data collected to identify settlements at risk and suitable RWH locations are shown
in Table 14.1.

14.4 Methodology

The methodology for identifying potential areas that can be impacted by fluvial
floods was based on land-use and elevation data, the topographic wetness index
(TWI), and proximity to Blue Nile (1–3 km). Five experts were consulted for setting
the weight for each factor. Based on their recommendations resulting from their use
of the Analytical Hierarchy Process (Saaty, 1980; Teknomo, 2020). Land use,
elevation, TWI, and proximity to Blue Nile were assigned the weights of 0.2, 0.2,
0.3, and 0.3, respectively. All data were saved in raster format, and ArcGIS software
was used in the subsequent analysis. Values in each layer were coded to a common
scale of 1 (very low risk) to 5 (very high risk), and a weighted overlay was generated
for all the layers. The result was classified into high, medium, and low-risk zones,
and the number of people in each zone was calculated.

Land-use map generated using the Sentinel-2 satellite image of May 22, 2020 was
one of the inputs. Sentinel-2 satellite data has a better resolution (10 m for Bands
2, 3, 4, and 8) than Landsat 8 (30 m). The month of May was selected because it is
summertime and hence less cloudy. Bands 2 (blue), 3 (green), and 4 (red) were
merged to generate a composite image. The ISO cluster unsupervised classification
method was used to create a signature file, which is used to aid supervised classifi-
cation. Training sites for barren (30 samples), built-up (40 samples), farms (30 sam-
ples), gardens and orchards (30 samples), and water (30 samples) were digitized
using the ArcGIS software. A higher number of training samples was taken for built-
up areas in case of the mixture of buildings with trees. The maximum-likelihood

Table 14.1 Data collected to identify settlements at risk and suitable rainwater-harvesting sites

Data Source Format

1. 30-m-resolution digital elevation
model (DEM)

U.S. Geological Survey Earth Explorer
https://earthexplorer.usgs.gov/

Raster

2. Sentinel-2
Tile Number: T36PWA
Date: May 22, 2020

Copernicus Open Access Hub
https://scihub.copernicus.eu/

Raster

3. Land use Sentinel-2 satellite image Vector

4. Population Sennar Municipality Vector

5. 2-m-resolution DEM from aerial
photos obtained in 2010

Sennar Municipality Raster

6. Monthly rainfall data (2009–2018) World Weather Online
https://www.worldweatheronline.com/

Text
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classifier algorithm was used for supervised classification. To check the accuracy of
classification, 500 points were used. A majority filter (eight neighbors) was used to
smoothen class boundaries and remove small isolated regions. The Boundary Clean
was used to increase the spatial coherency of the classified image and connect
adjacent regions (ESRI, 2017). Small isolated regions on the classified image were
removed by applying the region/group method, which is a generalization process.

The normalized difference vegetation index (NDVI) (Richards, 2013) was cal-
culated from Sentinel-2 data using band 4 as the red band (10-m resolution) and
Band 8a as the infrared band (20-m resolution) (ESA, 2020):

NDVI ¼ Infrared band� Red bandð Þ= Infrared bandþ Red bandð Þ ð14:1Þ

NDVI was used to identify water comprising the Blue Nile. NDVI values were
found to be between �1.0 and 1.0. Negative values represent clouds and water,
while high positive values (0.6–0.8) indicate temperate and tropical rainforests.
Raster calculator was used to identify areas with NDVI values close to 0 or negative
(Blue Nile water).

30-m-resolution DEM was used initially to obtain a quick overview of the
topography of the area. Sinks and peaks within the DEM were removed using the
fill tool. The methodology for identifying potential RWH sites was based on creating
morphometric variables from the high-resolution (2-m) DEM derived from aerial
photographs (Table 14.1). The variables included surface slope, flow direction, flow
accumulation, and TWI. TWI provides information about flood and surface ponding
at a reasonable cost compared to hydrologic and hydraulic modeling (Ballerine,
2017; Beven et al., 1979; Buchanan et al., 2014; Dilts, 2015; Qin et al., 2011;
Wolock and McCabe, 1995; Yagoub et al., 2020). TWI was generated in ArcGIS
software (using the D8 algorithm to model flow into a single downslope cell). TWI
results were passed through a filtering, smoothing, and generalization process similar
to that used for land-use classification. The large sites identified from TWI were
manually digitized for calculation of areas, addition of other attributes, and carto-
graphic output. The sites were further assessed for determining the land-use type
(and whether a site is a vacant land), proximity to Blue Nile, and total area.

14.5 Results

Water (Blue Nile) and soil could not be distinguished in the supervised classification
of the Sentinel-2 satellite image from May 22, 2020 as they have similar spectral
characteristics. The confusion resulted from the brown color of the sediment-laden
river. Generally, every year, rain starts in Ethiopia during April–May and continues
in Sudan until September–October. This indicates that it is difficult to classify Blue
Nile water for almost 6 months during most years. To address this problem, NDVI
data were derived and water was identified as having negative NDVI values. Then,
the water was used as training samples. This method achieved better results than
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taking training samples from water without the use of NDVI. The NDVI values for
the May 22, 2020 image ranged between �0.49 and 0.79.

Table 14.2 shows the confusion-error matrix. Classification accuracy of the land-
use map is 95.6% and Kappa statistic is 0.92; the classification accuracy meets the
recommended accuracy of�85% suggested by Foody (2002). A large portion of the
area (77%) is classified as farmland and fallow fields (Table 14.3); this includes
agricultural schemes in Eastern Sennar and part of Gezira. Built-up areas were
assigned a high flood-potential value (scale of 5) while barren areas were given
low values (Table 14.3).

Elevation is an important parameter in describing floodwater. The elevation in the
area ranges within 405–436 m above mean sea level (Fig. 14.2; Table 14.4). Low
and very low areas comprise 10% of the area (Table 14.4). The Blue Nile was
masked, and its elevation was found to range within 405–428 m (Fig. 14.2). Because
this shows reservoir-water-level height downstream and upstream from the dam, the
difference in height can be used for calculating the storage volume of the dam (Butt
et al., 2013). The obtained value of 428 m may represent islands inside the reservoir,
given that the water level of the reservoir is kept at 421.7 m.

There are 11 villages and seven districts within Sennar city (population: 32,950)
that fall within the high flood-potential zone (Table 14.5; Figs. 14.3 and 14.4), which
includes 37 mosques, 36 schools, eight clinics, and one church. This indicates that a
large number of people and infrastructure may be impacted by potential fluvial

Table 14.2 Confusion matrix

Class Barren
Built-
up Farms

Gardens and
orchards Water Total

User’s
accuracy

Barren 58 9 1 68 0.852

Built-up 38 38 1.0

Farms 2 3 326 331 0.984

Gardens and
orchards

4 28 1 33 0.848

Water 2 29 31 0.935

Totals 66 50 327 28 30 501 0.0

Producer’s
accuracy

0.8787 0.7600 0.9969 1 0.9666 0.0 0.956

Kappa 0.92

Table 14.3 Land use as of May 22, 2020

Class Scale Area (km2) Percentage

Barren 2 34 10

Built-up 5 23 6

Farmland and fallow fields 3 271 77

Gardens 4 26 7

Total 354 100
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flooding. The area around Sennar Dam can get flooded if the water at the dam
exceeds the flood level and the inflow is more than the discharge capacity. Further-
more, possible dam failure would affect the Gezira irrigation scheme, which supplies
water to an area of over 882,000 ha where many farmers grow crops (cotton, wheat,

Fig. 14.2 Elevation categories
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groundnuts, and sorghum) and on which traders and livestock depend (Bernal, 1997;
Gaitskell, 1959). Therefore, there is an urgent need for backup plans and scenarios
on how to deal with reduction of water level, flood spill from GERD, or dam failure,
taking into account that the Blue Nile contributes ~57% of the yield of the Nile
(Wheeler et al., 2016). Insufficient water supply in the past (1984–1985) resulted in
the cessation of wheat cultivation in the area (Plusquellec, 1990).

Contributing ~35% of the Gross National Product, the Gezira scheme has been
the backbone of the Sudanese economy for many years.

TWI values in the area range between 1 and 25 (Table 14.6; Fig. 14.5), whereas in
a study conducted in the U.S. (Illinois), TWI indicators were found to range between
�3 and 30 although they varied according to topography (Ballerine, 2017). Higher

Table 14.4 Elevation classes Value
(m) Scale

Area
(km2) Percentage Elevation class

405.1–411.3 5 4 1 Very low

411.3–418.4 4 33 9 Low

418.4–423.0 3 113 32 Medium

423.0–425.9 2 104 29 High

425.9–436.1 1 100 28 Very high

Total 354 100

Table 14.5 Areas at potential fluvial flood zone

Village/district name Flood potential level
Population potentially
exposed to flood

1. Al Tikina Higha 682

2. Al Islahia Higha 135

3. Al Jinina Higha 3432

4. Karima Abdel Rasoul High 1483

5. Karima Bahar High 2168

6. Al Arakeen High 2318

7. Banat High 305

8. Neel District (Sennar city) High 3228

9. Gala East District (Sennar city) High 4418

10. Taktok District (Sennar city) High 1804

11. Morba 22 and 23 district (Sennar city) High 2749

12. Soug District (Sennar city) High 156

13. Morba 21 South District (Sennar city) High 1458

14. Morba 21 North District (Sennar city) High 1769

15. Sharif Bajboj High 1747

16. Kasab Grabi High 2282

17. Kasab Jaleen High 1545

18. Kasab Danagla High 1271

32,950
aAreas at higher risk because they are downstream from and close to the dam
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TWI values occur where greater upslope areas drain into a gentle local slope, and
lower values indicate less potential for ponding (Wolock & McCabe, 1995). Based
on TWI values, the threshold value for TWI to be classified as potential RWH sites
was set to 12. This threshold value is set manually with the aid of symbolization and
may vary from one region to another depending on topography. Thus, TWI values of

Fig. 14.3 Areas in potential fluvial-flood zone
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>12 are assigned high scale values (Table 14.6; Fig. 14.5). Seven potential RWH
sites were identified using TWI as the main criterion (Fig. 14.6). Sites 1–4 are close
to the Blue Nile and can be conserved as ponds, wetland, or floodplain areas to divert
water in case of fluvial flooding. Site 6 (Table 14.7; Fig. 14.6) has the largest area,
but it is not suitable for RWH because it is surrounded by built-up areas, and the site
can be used for future expansion of the city. Sites 5 and 7 are best for RWH and
should be further assessed in terms of soil and ownership. The haffir method is
proposed for potential RWH sites because it is less expensive. In addition, trees can
be planted around such RWH sites. Check dams, which are small dams constructed
across a valley or channel to lower the velocity of flow and to recharge groundwater,
are also recommended to be constructed in valleys or khors. (Sandbags filled with
pea gravel and logs can be used.).

Fig. 14.4 Settlements within 2 km of Sennar Dam

Table 14.6 Topographic
wetness index values

Value Scale Area (km2) Percentage

1–7 1 122 34

7–9 2 99 28

9–12 3 75 21

12–15 4 49 14

15–25 5 9 3

Totals 354 100
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Fig. 14.5 Topographic wetness index values
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Fig. 14.6 Possible rainwater-harvesting sites

Table 14.7 Possible rainwater-harvesting sites

Site number
Area
(km2) Percentage

Distance from Blue Nile
(km) Potential use

1 0.8646 8.39 1–2 Floodplain areas

2 0.5521 5.36 1 Floodplain areas

3 0.8676 8.42 1 Floodplain areas

4 1.6019 15.54 1 Floodplain areas

5 0.3306 3.21 2–3 Rainwater harvesting

6 4.1412 40.17 2–3 Excluded

7 1.9520 18.93 2–3 Rainwater harvesting

Total 10.3101 100
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14.6 Conclusion

In this study, settlements at a potential fluvial flood around Sennar Dam in Sudan
were identified. The obtained results require further evaluation but can be used as a
general guide for a sudden dam breach, insurance, impact assessment, emergency
management, and developing effective flood plans. Seven possible RWH sites were
also delineated. These sites will increase the coping capacity of the population with
respect to shocks produced from rainfall variation and reduction of water flow due to
GERD construction. The sites can be used for agriculture, livestock, and other
purposes, and they will have a positive socioeconomic impact on the livelihoods
of the inhabitants. The accuracy of the obtained results is affected by the population
count and the accuracy of the land-use classification and DEM. TWI results depend
on the DEM cell size, slope algorithm, flow-direction algorithm, and errors during
either the acquisition or processing of aerial photographs.

The main causes of fluvial floods in Sudan during August–September, 2020 were
high water level and building construction along the banks of the rivers. The
buildings near the banks narrowed the rivers’ width and altered their natural flow.
Therefore, urban planning needs to take this into account, and collaboration and
coordination among various stakeholders is needed (dam managers, urban planners,
civil-defense officers, climate specialists, etc.). Furthermore, public awareness about
flood hazards is very important. Future study could include using hydraulic and
hydrological models to generate water-surface profiles for a given flood event (such
as a 50-year flood), to determine the height of water across the river at a given
location, to characterize the propagation of flood waves, and to map effects in the
valley downstream from the dam structure. Similar studies can be conducted
concerning the multipurpose Roseires Dam.
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Chapter 15
Drought Assessment Using GIS and Remote
Sensing in Jordan

Nezar Hammouri

Abstract Drought is an anticipated consequence of climate change with diverse
impacts on humans and ecosystems. Jordan with its limited natural and water
resources have witnessed several drought events during the last decades with varying
severity and magnitudes. Several studies recently disclosed that the country will
suffers from additional severe drought events in the next decades that will threat the
country’s economic and social development plans. However, it is possible to reduce
these impacts through assessing current drought conditions and forecasting future
behavior of drought.

Recently, Geographic Information Systems (GIS) and Remote Sensing have
played a great role in drought vulnerability assessment and drought mitigation
plans. Therefore, this chapters will present an integrated approach for drought
assessment in Jordan that based on GIS and Remote Sensing techniques. This
includes the use of different types of sensors and images (For example recent
Landsat OLI sensor, Advanced Very High-Resolution Radiometer (AVHRR) of
National Oceanic and Atmospheric Administration (NOAA)), developing drought
indices using GIS, which includes meteorological indices that based on meteoro-
logical data (SPI), and agricultural indices that based on satellite images (NDVI),
develop drought vulnerability maps for Jordan using GIS modeling tools.

Furthermore, this chapter will present the use of WFP ICA context analysis
approach that aims at assessing the vulnerability of drought events based on admin-
istrative scale, this will help in highlighting the most vulnerable governorate to
drought risks in the country.
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15.1 Introduction

Among several natural disasters, drought was classified as the most complex and
least understood phenomena that resulted in numerous agricultural, hydrological,
and socioeconomical consequences (Hagman, 1984). In the last few decades,
drought events become severer, with magnified impacts due to global warming
and climate change. Figure 15.1 shows spatial distribution over the continents,
where drought almost hitting every place on this planet.

As consequences of cumulative drought effects, about 160 million people were
affected by water related disasters like drought, where about 13,500 were killed
between 1996 and 2015. This great loss in human lives is accompanied by economic
losses that were estimated to hits 30 billion USD yearly. With the aggregated
impacts of climate change, severe drought events are expected initiates conflicts
and migrations within the affected countries and communities (Ligtvoet et al., 2018).

Despite the lack of specific and global definition for the term “Drought”, (IPCC,
2012) defined drought as “A period of unusually dry weather that lasts long enough
to cause a shortage in a region’s water supply”. This definition implies the condi-
tions that are critical to cause drought event which include time factor and water
shortage that resulted from precipitation deficiencies.

Based on degree and duration of precipitation deficiencies and associated
impacts, three types of drought can be identified, these include (Wilhite & Glantz,
1985):

1. Meteorological Drought: This type of drought is occurring when noticeable
drop-in long-term average precipitation over a specific area for a relatively short
period. Usually, this is the first stage of drought events and is the least in severity.

Fig. 15.1 Global spatial distribution of drought events around the globe with more frequent events
in the southern hemisphere (Ligtvoet et al., 2018). (Data source: CRED, 2018)
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2. Agricultural drought: If precipitation deficiencies last for longer time, this may
lead to soil and vegetation moisture drop causing great damage for both.

3. Hydrological drought: This is the most severe type of drought where preparation
deficiencies presets for longer time that is sufficient to cause a major drop in
groundwater level, and lowering water level in lakes, rivers, reservoirs, and great
deterioration of water quality.

4. Socio-economic drought: Drought events will lead to deficiencies in water
supply and increase in water demand that may lead to widening the gap between
demand and supply. This situation may lead to drop in crops productivity and
livestock and other activities associated with food production which will affects
food security.

This classification sort drought severity chronological, where any drought event
begins meteorologically, and by time, if precipitation deficit continues form longer
times, drought my developed to socio -economic drought in worst case scenarios.

A major challenge in drought assessment came from the complexity in recogniz-
ing the beginning and ending of specific drought event. In most cases drought
impacts may persists even after ending of drought event. In addition, drought
concept varies among regions of differing climates. The nature of drought impacts
is non-structural and may spread over large areas that makes assessment and
response very difficult, and mitigation actions less understandable (Dracup et al.,
1980).

In the Middle East and North Africa (MENA) Region, the climate is predomi-
nantly temperate with hot and dry summers, frequent droughts, and relatively dry
winters. These regions are considered as the driest and most water stressed region in
the world (Damania et al., 2017).

The population of MENA countries comprises about 6.3% of the world’s popu-
lation, however, they get access to only about 1.4% of the world’s renewable
freshwater (Roudi-Fahimi et al., 2002). The recent decades had witnessed the driest
periods in the past millennium (Cook et al., 2016; Touchan et al., 2011), in addition,
MENA countries was exposed to severe drought events that can be attributable
partially to anthropogenic impacts of climate change (Bergaoui et al., 2015). These
impacts combined with abnormal demographic growth in most MENA countries
added additional stresses on the already exhausted water resources causing a severe
water scarcity (Damania et al., 2017).

Jordan as many countries in MENA region is tackling a severe water scarcity
because of its reliance on a highly fluctuating annual precipitation (Abu-Allaban
et al., 2014). The country was recently classified as the second lowest country in the
world with limited water resources. The available water resources per capita are
falling because of population growth, it is projected that it will fall from less than
160 m3/capita/year at present to about 90 m3/capita/year by 2025 (MWI & GTZ,
2005), putting Jordan in the category of an absolute water shortage (Al-Qinna et al.,
2011).
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15.2 Techniques for Drought Vulnerability Assessment

It is important to differentiate between the terms “risk”, “hazard”, “exposure” and
“vulnerability” when conducting drought assessment, with notable differences
between Disaster Risk Reduction (DRR) community and the Climate Change
Adaptation community (CCA) (Brooks, 2003). These two scientific communities
developed two different approaches to assess drought risk hazards (Tánago et al.,
2016; Naumann et al., 2018), these are: The Outcome or Impact Approach (CCA
community) which based on the relationships between stressor and response
(Peduzzi et al., 2009), and The Contextual or Factor Approach (DRR community)
which is based on intrinsic social or economic factors that define the vulnerability.
The former approach relies on the use of quantitative measures of historical impacts
as proxies for the vulnerability estimation (Brooks, 2003), and considers the vulner-
ability as endpoint of drought analysis, while the later approach considers drought
vulnerability as the starting point. This allows understanding and explaining the
susceptibility of exposed people, assets, and environment to the damaging effects of
a drought (OECD, 2008).

Based on these two approaches, drought risk can be defined as a function of the
drought natural hazard, the exposed assets, and the inherent drought vulnerabil-
ity of the exposed social or natural system (Fig. 15.2), where vulnerability is defined
as an inherent property of a system that exists independently of the external hazard
(Brooks, 2003). Table 15.1 summarizes the main characteristics of these three
components as well as relevant data needed to represent them (Vogt et al., 2018).

Drought vulnerability assessment depends on analyzing set of parameters and
variables that are directly contributed to initiate or terminate a drought event, these

Fig. 15.2 Quantification of
the drought risk by
integrating the components
hazard, vulnerability, and
exposure (IPCC, 2014)
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parameters are grouped into three categories (WMO & GWP, 2016); “Drought
indicators”, “Drought indices” and “Drought triggers.”

Drought Indicators are usually physical variables and/or parameters that can be
used to describe drought conditions. An example of such variables includes rainfall,
temperature, runoff, groundwater and reservoir levels, and soil moisture. These
parameters can be directly for drought assessment as these are always sensitive to
specific drought event and can be used to estimate current and past drought events
based on available quality records of these indicators.

Drought Indices are simplified mathematical models are representations that
might be used to approximate drought severity. These models include mathematical
relationships among different drought indicators. These models or indices quantify
drought severity and magnitude over certain period, in addition, these indices
describe the state of drought spatially using different scales and spatial resolutions.
A common practice when developing drought indices is to use remotely sensed data
as they provided the necessary data based on the desired scale or spatial resolution,
and GIS which facilitate the spatial modeling of drought and spatial visualization of
drought severity.

Standard precipitation Index (SPI), Normal Difference Vegetation Index (NDVI),
Palmer Drought Severity Index (PDSI) and Combined Drought Index (CDI) are
examples of widely used drought indices.

Drought Triggers: Looks for a certain values or threshold of drought indicator
that is responsible for even drought event initiation or termination and related
management responses. As for example, if the precipitation drops below the fifth
percentile for two consecutive months will be equivalent to Level 4 Drought Sever-
ity. Drought triggers usually specifies the following factors (WMO & GWP, 2016):
Indicator or index value, Time period, Spatial scale, Drought level and Advancing/
Receding drought conditions (Phase in or phase out).

Table 15.1 Components of drought risk analysis

Adapted from Van et al. (2017)
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Recently, many drought indices were used by different researchers and decision
makers around the world to assess drought conditions for specific regions and
periods of time. Selecting suitable indicators and indices will vary greatly from
one country to another, however, the best practice in this regard is to use different
thresholds with different combinations of inputs. This may require a preliminary
study to determine which indicators/indices are best suited to the timing, area and
type of climate and drought (WMO & GWP, 2016). In addition, the data availability
compared with specific drought index data requirements will play a great role in
selecting specific drought index.

To facilitate the process of selecting suitable drought indicators and indices, The
Integrated Drought Management Program (IDMP) and Partner in (2016) developed
a guiding table that is based on the available literature and online documents. Wide
range of drought indices and indicators were classified based on several factors
including Meteorology, Soil Moisture, Hydrology, Remote Sensing, and composite
or modelled. Furthermore, a ‘traffic-light’ approach was used to classify these
indices and indicators based on ‘ease of us’ as follows:

Green Indices: which characterized by its ease of use, simple and flexible data
requirements and usually free software is available for download.

Yellow Indices: these indices require multi-variables calculations, furthermore, it
needs programming skills as usually it is not available for public domain.

Red Indices: these are the most complex indices and requires code development
based on the available literature, and usually these are not widely used.

Table 15.2 provide a sample of these indices, while the full list of this table is
available on line at: “https://www.droughtmanagement.info/literature/GWP_Hand
book_of_Drought_Indicators_and_Indices_2016.pdf”.

15.3 Remote Sensing and GIS in Drought Risk Monitoring

The recent technological advances in Earth Observation (EO) Satellites, Remote
Sensing, and GIS lead to widening the application of these tools in many environ-
ment and climate monitoring application, including drought assessment, and drought
monitoring as well.

Earth Observation (EO) Satellites refers to the use of remote sensing technologies
to monitor earth geosphere, cryosphere, hydrosphere, atmosphere, biosphere, and
anthroposphere. EO satellites depend on the use of satellite-mounted payloads to
gather imaging data about the Earth’s systems. These systems generate images with
varying spatial, temporal, and spectral resolutions that complies with the requires
details and scale of the analysis. With the availability low-cost high-performance
hardware and software for digital image processing of remotely sensed data collected
by EO satellites, these products become an essential part of any framework for
assessing and monitoring drought risks. According to Wardlow (2009), there are
many advantages of using remote sensing for drought assessment and monitoring
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applications, these include: Spatial continuous measurements across large geo-
graphic areas, frequent revisit time for image acquisition, and historical record of
conditions. For example, Landsat Programs which launched in 1972 provides free
images for any spot on earth every 16 days for free. This provides an invaluable
source of remotely sensed data that can be used efficiently in drought assessment and
monitoring.

The most used EO platforms that used recently in drought studies include:

1. MODIS Vegetation Index Products (NDVI and EVI): MODIS vegetation
indices, produced on 16-day intervals and at multiple spatial resolutions, provide
consistent spatial and temporal comparisons of vegetation canopy greenness, a
composite property of leaf area, chlorophyll, and canopy structure. Two vegeta-
tion indices are derived from atmospherically corrected reflectance in the red,
near infrared, and blue wavebands that can be used to assess Agriculture Drought,
these are; Normalized Difference Vegetation Index (NDVI) and Enhanced Veg-
etation Index (EVI).

2. Landsat Missions: The Landsat program offers the longest continuous global
record of the Earth’s surface; it continues to deliver visually stunning and

Table 15.2 Examples of meteorological drought indices classification

Adapted from WMO & GWP (2016)
Where, AWC available water content, CD crop data, ET evapotranspiration, Mod modelled,
P precipitation, PET potential evapotranspiration, Rad solar radiation, RD reservoir, S snowpack,
SF streamflow, T temperature, Td dewpoint temperature, W wind data
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scientifically valuable images of our planet. Over a period of about 50 years,
Landsat program has collected spectral information from Earth’s surface, creating
a historical archive unmatched in quality, detail, coverage, and length.

3. Advanced Very High-Resolution Radiometer (AVHRR): The Advanced Very
High Resolution Radiometer (AVHRR) is a broad-band, four or five channel
(depending on the model) scanner, sensing in the visible, near-infrared, and
thermal infrared portions of the electromagnetic spectrum. This sensor is carried
on NOAA’s Polar Orbiting Environmental Satellites (POES), beginning with
TIROS-N in 1978. The Advanced Very High-Resolution Radiometer
(AVHRR) instrument from the National Oceanic and Atmospheric Administra-
tion (NOAA) has produced a 20+ year historical record of global NDVI obser-
vations (Wardlow, 2009). Figure 15.3 shows GIMMS AVHRR Global NDVI
third generation monthly and biweekly data including quality flags for
1982–2014. In this map that the data were provided by NASA GIMMS as
biweekly data. Monthly NDVI images for the same period were developed
using maximum value composite. This figure clearly shows the drought situation
in MENA countries as indicated by brown color.

4. Copernicus Sentinel Missions: Copernicus is the European Union’s Earth
Observation Programmes, looking at our planet and its environment. It offers
information services based on satellite Earth Observation and in situ (non-space)
data. Seven missions of Copernicus Sentinel since 2016 where lunched where the
latest one was Copernicus Sentinel-6 in 2020. Researchers of a Swiss company
are testing Copernicus Sentinel-1 data to better calibrate the Enhanced SAR
Vegetation Index (ESVI) for drought conditions, which could help insurance
plans for farmers (ESA Sentinel News: https://sentinel.esa.int/).

5. Rainfall Estimates from Rain Gauge and Satellite Observations (CHIRPS):
CHIRPS was a product of collaboration between scientists at the USGS Earth
Resources Observation, and Science (EROS) Center to provide a reliable data that

Fig. 15.3 GIMMS AVHRR Global NDVI third generation monthly and biweekly data including
quality flags for 1982–2014. Downloaded from Clarks Labs website at https://clarklabs.org/
additional-products/global-archive-2-avhrr/. Accessed on 15 March 2021
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can be used efficiently in drought applications like drought early warning sys-
tems, drought trend analysis, and seasonal drought monitoring. CHIRPS incor-
porates in-house climatology, CHPclim, 0.05� resolution satellite imagery, and
in-situ station data to create gridded rainfall time series for trend analysis and
seasonal drought monitoring (Funk et al., 2015).

15.4 Drought Assessment in Jordan

Jordan with its limited water resources has suffered from chronic drought events that
greatly affected its economic growth and social development (WMO, 2014).
Drought events becomes more frequents in different time spans over the recent
history of the country.

In the last decades, the severity of droughts events and its magnitude becomes
more apparent especially in the last 30 years (Al-Qinna et al., 2011; Hammouri &
El-Naqa, 2007). These drought events are associated with recurring summer heat
waves, which could be a consequence of global warming (Abu Hajar et al., 2019).

Rajsekhar and Gorelick (2017) studied the increasing drought in Jordan due to
climate change and cascading Syrian land-use impacts on reducing transboundary
flow. Based on this study, results reveled that significant increase in drought
incidence and severity in the future (for RCPs 4.5 and 8.4) compared to the baseline
period (Fig. 15.4).

Abu Hajar et al. (2019) assessed drought conditions in Jordan using standardized
precipitation index (SPI), it was found that the year from 1998 to 1999 was the driest
year among the studied years with an obvious trend towards increasing drought
severity in the recent years. Al-Qinna et al. (2011), analyzed drought conditions in
Jordan under current and future climate scenarios using drought indices. The anal-
ysis showed that the country faced frequent non-uniform drought periods in an
irregular repetitive manner during the last 35 years. In addition, drought severity,
magnitudes and life span increased with time from normal to extreme levels espe-
cially at last decade reaching magnitudes of more than 4 (Fig. 15.5). Results reveled
that future drought events will become more intensive at the northern and southern
desserts with 15% rainfall reduction factor, followed by 10% reduction at the
lowlands, and 5% at the highlands based on Global Climate Models analysis.

Al-Bakri et al. (2019) assessed the combined drought index (CDI) and the
standardized precipitation index (SPI) in terms of their correlation with crop pro-
duction and yield in Jordan. In addition to mapping the spatial extent of drought
vulnerability at different administration levels (subdistrict, district, and governorate).
Results indicated that the use of 6-months CDI (November–April) for the purpose of
drought assessment would be more convenient than the use of annual CDI or CDI for
periods of 3 months.
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In this work, three methods will be used to assess meteorological agriculture
drought for the country, these are:

1. Standard Precipitation Index (SPI).
2. Normal Difference Vegetation Index (NDVI).
3. Rainfall Estimates from Rain Gauge and Satellite Observations (CHIRPS) data.

15.4.1 Standard Precipitation Index (SPI)

Standard Precipitation Index (SPI) is one of the most widely used index to charac-
terize meteorological drought. It was developed byMcKee et al. (1993). SPI requires
only precipitation records for any given location to develop a probability of precip-
itation that can be computed at selected time scales that may vary from 1 to
48 months. Guttman (2007) concluded that the availability of longer data records
will result in more robust probability distribution as more extreme wet and extreme
dry events will be embedded. SPI requires at least 20 years of precipitation record,
however, its recommended to use 30 years of data (WMO & GWP, 2016).

Fig. 15.4 Predicted drought characteristics for Jordan based on Representative Concentration
Pathway (RCP 4.5 and 8.5) (Rajsekhar & Gorelick, 2017)
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SPI Index is computed based on the following equation (McKee et al., 1993):

SPI ¼ xij � Xim

� �

σ
ð15:1Þ

Where: Xij is the seasonal precipitation at ith rain gauge station and jth observation,
Xim the long-term seasonal mean and σ is its standard deviation.SPI Calculator is a
free program that can be run on Windows-based personal computers and
download at: National Drought Mitigation Center – SPI Program.

In this study, daily records of precipitation for 120 meteorological stations for
37 years (from 1981 to 2018) were used to develop SPI drought index for Jordan.
The obtained SPI values were classified according (McKee et al., 1993) drought
severity classes as shown in Table 15.3. Results of SPI analysis for Jordan are shown
in Table 15.4. As indicated from this table, may stations in Jordan are facing more
severe drought conditions with increasing duration, as for examples station AL0016,
AL0018 and many other stations. It is very clear from this table the most of the
120 station are facing moderate to severe drought conditions, and some of these
facing extreme drought conditions.

Fig. 15.5 Spatial distribution of drought events in Jordan based on SPI index (Al-Qinna et al.,
2011)
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Table 15.3 SPI classification scheme (McKee et al., 1993)

SPI value Drought category
>= 2.00 Extreme wet

1.50 to 1.99 Severe wet
1.00 to 1.49 Moderate wet
0.50 to 0.99 Mild wet

–0.49 to 0.49 Near normal
–0.99 to –0.50 Mild drought
–1.49 to –1.00 Moderate drought
–1.99 to –1.5 Severe drought

<= –2.0 Extreme drought

Table 15.4 Results of SPI analysis for selected stations in Jordan
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15.4.2 Normal Difference Vegetation Index (NDVI)

The use of NDVI in drought assessment studies was developed from work done by
Tarpley et al. (1984) and Kogan (1995) with the National Oceanic and Atmospheric
Administration (NOAA) in the United States. NDVI was first suggested by Tucker
(1979) as an index of vegetation health and density:

NDVI ¼ λNIR � λR
λNIR þ λR

ð15:2Þ

Where: λNIR and λR are the reflectance in the near infrared (NIR) and (RED) bands,
respectively.NDVI is the most used vegetation index, it reflects vegetation vigor,
percent green cover, Leaf Area Index (LAI) and biomass. NDVI values are ranging
between �1 and 1, values below 0 indicates water bodies, while values greater than
0 represent percent of vegetation cover in a cell within a raster.

NDVI uses only two bands and is not very sensitive to influences of soil
background reflectance at low vegetation cover. Also, it has a lagged response to
drought because of a lagged vegetation response to developing rainfall deficit due to
residual moisture stored in the soil (Jensen, 1996).

As mentioned earlier, NDVI data can be downloaded from different sources like
Advanced Very High-Resolution Radiometer (AVHRR), or it possible to generate
NDVI maps using NIR and Red bands in multispectral systems like Landsat.

It is important to mention that NDVI itself does not reflect drought or
non-drought conditions, However the severity of a drought (or the extent of
wetness, on the other end of the spectrum) may be defined as NDVI deviation
from its long-term mean (DEVNDVI). The deviation is calculated as the difference
between the NDVI for the current time step (e.g., January 1995) and a long-term
mean NDVI for that month (e.g., an 18-year long mean NDVI of all Januaries from
1981 to 2003) for each Pixel based on the following equation:

DEVNDVI ¼ NDVIi � NDVImean,m ð15:3Þ

Where: NDVIi is the NDVI value for month (i) and NDVImean,m is the long-term
mean NDVI for the same month (m).When DEVNDVI is negative, it indicates the
below-normal vegetation condition/health and, therefore, suggests a prevailing
drought situation. Greater the negative departure, the greater the magnitude of a
drought (Jensen, 1996).

In this study, USGS EROS Archive – Vegetation Monitoring – EROS Visible
Infrared Imaging Radiometer Suite (eVIIRS) data was downloaded from Earth
Resources Observation and Science (EROS) Center through USGS EarthExplorer
website (https://earthexplorer.usgs.gov/). These data are available as a composite of
the last 10 days interval produced every 5 days from 2012 to 2020. These data were
processed using ArcGIS software to clip the full scenes that covers the whole area of
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Africa. Spatial Analyst Tools were used to calculate mean NDVI and DEVNDVI as
described in Eq. (15.3).

Visualization of the obtained DEVNDVI results is shown in Fig. 15.6. This figure
shows the varying agriculture drought conditions for February in Jordan, which is
the most important rainy month within the winter season in Jordan that extends from
November to April. The analysis revealed that the country faced several drought
events in different years as for example in 2012, 2014 and 2019.

Fig. 15.6 Agriculture drought assessment based on NDVI analysis for the years from 2012 to 2020
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15.4.3 Drought Analysis Based on Rainfall Estimates
from Rain Gauge and Satellite Observations
(CHIRPS) Data

As discussed earlier, CHIRPS is a blended product combining different data sets
including precipitation climatology, quasi-global geostationary TIR satellite obser-
vations from the Climate Hazards Group (CHG) and the National Climate Forecast
System version 2, and in situ precipitation observations (Funk et al., 2015).

Based on WFP (2019), it is possible to used CHIRPS data to assess drought
conditions in a region based on analyzing number of poor growing seasons (NGPS).
In this study, drought data were prepared using Rainfall Estimate (RFE) from Rain
Gauge and Satellite Observations which downloaded from Climate Hazards Centre
InfraRed Precipitation with Station data (CHIRPS) provided by USGS FEWS NET
Data Portal (https://earlywarning.usgs.gov/fews). Dekadal data (10 days precipita-
tion) were downloaded from 2009 to 2019 rainy seasons. The downloaded raster
data sets were processed based on RFE values for each season to provide a
classification as poor or normal growing seasons, and the number of poor growing
seasons (NPGS) summed over the time-period assessed.

Based on this analysis, values of NGPS for Jordan was ranging between 28 and
640, these ranges were reclassified based on Natural Break (Jenks, 1967) method
into drought severity classes as shown in Table 15.5. Figure 15.7 shows the resultant
drought vulnerability analysis for Jordan. As this figure shows, the northern and
northwestern parts of the country are highly vulnerable to drought risks, knowing
that these areas are located within areas that receives the highest precipitation in the
country (Fig. 15.8).

To assess drought vulnerability on governorate level, NPGS were used to calcu-
late the zonal statistics using Spatial Analyst Tools with ArcGIS environment. This
enables the calculations of drought vulnerability for vector data, which is the
governorates polygons, based on NPGS raster (WFP, 2019). Figure 15.9 shows
the projected drought vulnerability for Jordan’s governorates. This figure clearly
identifies the governorates and districts that are facing highest drought vulnerability.
For example, Irbid governorates and its districts are facing high and very high

Table 15.5 Drought vulnerability classification based on number of poor growing seasons (NGPS)

Drought hazard based on NGPS
NGPS value <50 50–122 122–272 272–490 >490

Drought hazard
(Drought

vulnerability)
1 2 3 4 5

Drought severity Very low Low Medium High Very high
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drought vulnerability. Knowing that this governorate is the second highly populated
area in Jordan, and lots of people their work and live on agriculture activities and
livestock’s. This should alert decision makers on different administrative levels to
shed the lights on this situation and pay more attention towards establishing the
suitable regulations and action plans that will protect farmers in such areas and
propose suitable adaption measures and action plans for drought management to
reduce the impacts of these drought events.

15.5 Conclusions

Drought is a natural phenomenon that threats social and economic developments
plans for many countries around the world especially in countries with limited water
resources and developing countries. Jordan as many other counties in the MEAN
region encountered many drought events in the past and it is expected to have more
severe drought events in the future with elevated impacts as a results of climate
change.

Fig. 15.7 Drought vulnerability mapping based on number of poor growing seasons (NGPS) from
1980 to 2019
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This chapter reviewed the latest techniques and tools that can be used efficiently
in assessing and monitoring drought events and consequent impacts. Important tools
include the use of remote sensing multispectral sensors and GIS.

In addition, this chapter presented the result of drought assessment in Jordan
based on three different techniques, these are: Meteorological Drought based on
Standardized Precipitation Index (SPI) Method, Agriculture Drought based on

Fig. 15.8 Isohyetal map showing the spatial distribution of precipitation in Jordan (Al-Qinna et al.,
2011)
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Normal Difference Vegetation Index (NDVI), and drought assessment based on
Rainfall Estimates from Rain Gauge and Satellite Observations (CHIRPS).

Daily data from 120 meteorological stations were used to develop SPI drought
index from 1981 to 2018. Results of SPI modeling indicated that many stations in
many locations are facing an increasing number of meteorological drought events
with increasing severity and duration.

Data from USGS EROS Archive were downloaded using USGS EarthExplorer
portal to assess agriculture drought conditions in the country. These data include
scenes for February that covers the whole country. Using GIS, NDVI was calculated
from 2012 to 2020, and DEVNDVI was calculated for each year. The visualized
results shows that country faced several agricultural drought events especially in the
years 2012, 2014 and 2019.

Another drought assessment method was done based on method described by
(WFP, 2019). In this method, data from Rainfall Estimates from Rain Gauge and
Satellite Observations (CHIRPS) were used to assess drought conditions in Jordan
based on analyzing number of poor growing seasons (NGPS). Resultant maps
showed clearly that the country facing drought conditions in 2019 especially in the
northern and northwestern parts of the country, where most of the Jordan’s agricul-
tural activities are located.

Fig. 15.9 Drought vulnerability mapping for governorates and districts of Jordan

366 N. Hammouri



These results were also projected on governorates and districts level to point out
which administrative units within the country is facing drought conditions. Results
indicated that many districts in the country are facing high and very drought
conditions, which needs to have collaborated efforts on the country and local levels
to develop suitable adaptation measures and action plans that aims at reduction the
impacts of increasing drought events.

Results presented from this work and from other researchers works indicated
clearly that new technological tools like EO Satellites, Multi-spectral, spatial and
temporal images, GIS and spatial analysis tools are of great value in drought
assessment and monitoring studies, and provides a decision-support tools that aid
in planning and managing drought, and relevant actions of plans needed to reduce
the impacts of drought.
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Chapter 16
Using Remote Sensing Techniques
for Identifying the Environmental
and Quantitative Indices of Drought
in Tihama, Yemen

Ali Dhaif Allah

Abstract Drought remains the most frequent and serious environmental threat in
the Middle East area. In Yemen, drought has negatively been affecting both liveli-
hood and sustainable development of the country. Since it is a natural part of the
climate, it mainly depends on rainfall. This research aims at monitoring and
assessing the drought risk through the changes in the vegetation cover and sand
dunes deposit in the area using remote sensing and GIS. Landsat TM5 of 1985 and
OLI8 of 2015 were used to evaluate the environmental and Quantitative indicators of
drought using Normalized Difference Vegetation Index (NDVI) to recognize the
progressive decline of vegetation. Additionally, the Standardized Precipitation Index
(SPI) was used for temporal evaluation of the situation of drought. Through the
index maps generated in a (GIS) environment, the results showed an increase of 26%
in the area under severe drought during the period from 1985 to 2015. Similarly,
the areas under moderate drought also increased to approximately 64%. Within the
study period, the area also recorded 74% increase in sand dunes deposit. The
analysis results by SPI-6 showed that the year 1991 was the worst years of drought
experienced by the study area. Based on the fact that the study area is the most
important agricultural areas in Yemen, it is recommended to further study the
drought and its impact on agricultural crops in the area.

Keywords Drought · Remote sensing · GIS · Standardized precipitation index
(SPI) · NDVI · Tihama plain · Yemen

16.1 Introduction

Drought is one of the greatest destructive natural dangers for human, environmental
and economic terms. It leads to water and food crisis, famines, human exodus, loss of
human life, land degradation and low productivity of agricultural crops (Kirono
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et al., 2011). Moreover, drought causes yearly a rate of $6–8 billion of universal
losses by natural catastrophes, and drought affects the livelihood of a large number
of people more than the effect of any other type of natural disasters. These include
humanitarian disasters, economic losses, and stresses on natural ecosystems across
the globe (Keyantash & Dracup, 2004). In addition to political and societal effects
especially, in less economically developed nations that have limited adaptive capac-
ity (Shahid & Behrawan, 2008). For instance, between 1991 and 1992, affected
nearly 20 million of the population of South Africa as a result of the deficit in grain
production due to drought, the deficit amounted to more than 6.7 million tons (Dinar
& Keck, 2000).

In many Arab countries, droughts have become a more frequent and a serious
bluster to humanitarian safety. Over the last three decades, nearly 50 million people
have been affected in the Arab region by climatic disasters events, with losses
estimated at $11.5 billion ( Verner, 2012). This is a very hazardous problem which
will increase causing serious threat on various aspects of life including humanitarian
disasters, economic losses, and stresses on natural ecosystems (Kaniewski et al.,
2012).

Over the last 30 years, Yemen experienced four periods of drought, 1979–1981,
1983–1984, 1990–1991, 2007–2009 (Miyan, 2015)caused a lot of damages on
Yemeni economy, which largely relies on agricultural resources. According to the
Ministry of Agriculture (2009), almost 73.5% of the population lives in rural areas
and works in the agricultural sector, and thus significantly depends on appropriate
weather conditions to their livelihoods. According to Escwa (2005), the period of
drought 1990–1991 was the worst in the modern history of Yemen because this
period of drought synchronized with the Gulf war in 1991, which forced nearly
800,000 Yemeni workers to return to Yemen. Hence, workers’ remittances
decreased, leading to economic growth retreat, and growing the inflation rate and
foreign debt, because of these negative effects decreased the possibility of Yemen to
cope drought and mitigation.

During that period of drought, agricultural production reduced severely, eco-
nomic growth has been affected due to the low agricultural production contribution
in the gross domestic product. For instance, irrigated agriculture such as vegetables
registered a decline in production by 16%, as cereals yields dropped sharply, where
production decreased both of millet, sorghum and barley by 33%, 34%, and 38%
respectively. As for livestock have witnessed a marked decrease by 11% as a result
of the lack of pasture and forage due to drought (Escwa, 2005). While that about
43% of the population living below the poverty line, according to the estimates of
2009. It is expected to increase the number of hungry people in Yemen between
80,000 and 270,000 people by 2050 (Wiebelt et al., 2011), because of the severity of
frequency of droughts and changing climate.

To the best knowledge of the researcher, there is no scientific study on drought in
Yemen, as well as the lack of numbers that accurately describe how the drought
affects the Yemenis (Bogan, 2014; Escwa/Un-Desa, 2013; Miyan, 2015). However,
there is information about the drought in Yemen found in non-local studies. These
studies did not provide sufficient information on the drought in Yemen, they also did
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not address the drought indicators, through which intensity and frequency of
droughts in Yemen can be identified. What is reported in those studies is just general
information, where no details about the causes, effects, and severity of drought in
Yemen could be touched. Therefore, the current study tries to bridge such a gap and
as a first step to highlight the drought conditions in Yemen, as an attempt to ring the
alarm bell to alert the dangers left behind by this serious phenomenon on the
environment, economy and society.

This study focuses on the changes in vegetation cover (NDVI) and creeping of
sand dunes to assess the drought risk in Tihama plain using remote sensing and GIS.
By the fact that the study area is the most important agricultural areas in the country,
it is necessary to study the changes in environmental indicators to know the drought
conditions in the region. Therefore, two types of environmental indicators have been
used, as they have a close and direct relationship with drought; these indicators are
vegetation cover and sand dunes.

16.2 Literature Review

Drought is the most complex of all natural hazards, despite the attempts at unifica-
tion, several definitions of drought continue to be employed (Wilhite, 2000). For
instance, Linsley et al. (1959) defined drought as a sustained period of time without
significant rainfall. While (Palmer, 1968) described drought is “a period of more than
some particular number of days with precipitation less than some specified small
amount” (p.2). Rossi (2003)defined drought as the occasional and recurring situation
with a strong reduction compared to the normal values of water availability for a
significant period of time and over a wide area. Similarly, it is defined by Wilhite
(2008)as a recurrent feature of climate that is characterized by temporary water
shortages relative to normal supply, over an extended period a season, year, or
several years, in a wide region.

Hence, drought is commonly classified into; meteorological, agricultural, hydro-
logical and socioeconomic droughts (Ams, 2004). Meteorological drought is a more
common and natural event, whereas agricultural, hydrological and socioeconomic
droughts emphasize more the human or social aspects (Eklund & Seaquist, 2015).
The sequence begins with meteorological drought; persistent, dry conditions may
induce agricultural, hydrological and water resources droughts (Andreadis et al.,
2005; Vidal & Wade, 2009).

16.2.1 Drought at Global Level

Drought has a major effect on cultivation in terms of decreases in economic activity,
agricultural productivity and drinking water stock in life-threatening cases that has
controlled the famine (Roy & Hirway, 2007). The International Board on Climate
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Change has noted that the yearly average of waterway overflow and water disposal
are projected to decline by 10%�13% over certain waterless and semiarid areas in
normal and low-slung opportunities, snowballing the occurrence, strength, and
duration of drought, along with its related impacts (Pozzi et al., 2013). Inopportunely
many nations do not have satisfactory incomes deliver an early warning but need
external funding to provide the essential early threatening evidence for risk man-
agement (Cavatassi et al., 2011). Therefore, in an organized world, the essential for
data on a global measure is critical for accepting the view of the failures in
agricultural production, food safety, possible for civil battle and connected impacts
on food prices (Forster et al., 2012).

Globally, given the expectation related to the universal climate change, might
result from increasing drought problem. Kogan (1997) conducted identify drought in
order to knowledge comprehensive on the drought impacts in North America,
Europe, and Australia, particularly for some region with the mainland affected by
drought. Allowing to the historical viewpoint by examining how the drought has
varied over several regions of the world during the last millennium. Miyan (2015)his
study showed that many people impacted by the natural disaster in developed
countries. They lost their economy and life from a natural disaster. One of the
reasons behind natural disaster is drought. As reported, that the developing countries
have more effect from natural disaster compared to the developed countries.

According to Eriyagama et al. (2009), severe droughts affected vast regions of
Asia, with Western India, Southern and Central Pakistan. The Asian regions have
been among the continual drought-prone regions of the world. Afghanistan, India,
Pakistan and Sri Lanka have described droughts at least once in each 3-year period in
the past five periods. In 2012, Pakistan confirmed emergency in provinces Mirpur
Khas and Tharparkar districts are in severe drought and many people had to be
migrated (Tsubo et al., 2009). One of the important doubts with respect to rotation
and rainfall with the present understanding of climate change in the monsoon regions
remains. Therefore, in Asia has this drought problem until facing those societies.
They have implemented the project. However, unable to satisfy of projects until
suddenly change climate and water cycle (Hazell, 2007).

16.2.2 Drought in West Asia and North Africa (WA/NA)

According to the Epidemiology and Centre of Research, the percentage of the
population affected by drought reached 51% of all other disasters combined. The
drought has an increasingly common and major effect on human security located in
arid areas of West Asia and North Africa (Karrou & El Mourid, 2008). This
circumstance illustrates the severity of concern of drought. The WA/NA is the
most affected region 83% in the world of the people in this area is unnatural by
drought (El Kharraz et al., 2012).

The West Asia/North Africa region is severely vulnerable to natural disasters
such as, droughts, floods, earthquakes, heat waves and sandstorms, which leads to
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increased significantly economic and social losses because of the events of natural
disasters (World-Bank, 2014). During the past three decades, most of the Arab
regions are severely vulnerable to natural disasters such as, droughts, floods, earth-
quakes, heat waves and sandstorms. During the past three decades, the Arab region
has faced an increase in natural disasters events, which amounted to more than
276 disasters, killing 100,000, affecting 10 million and rendering nearly 1.5 million
people homeless (Erian, 2011). Thus, drought is considered the major disaster
among of all other disasters where it affects around 38.09 million people (Erian,
2012).

In addition, Asia was associated with arid climate in 2000, because of drought,
desertification, sandstorms and water scarcity. Agricultural zones were affected due
to droughts which were estimated in rural and urban areas as more than 40 million
hectares (Mishra & Singh, 2010). On the other hand, through food and water
shortages, drought is also thought to have caused the displacement of one million
environmental refugees in Niger is 1985 (Gemenne, 2011)and 5 million in the
African Sahel in 1995 (Myers, 2002). In 2000, in each of Sudan, Somalia and
Kenya respectively 8, 6 and 2 million people who officially considered at hazard
of famine, in addition to several million in other countries (Myers & Kent, 2001). As
for losses of human life, for example, 450,000 deaths in Ethiopia and Sudan in 1984
directly attributed to drought (Guha-Sapir et al., 2004).

In many Arab countries, droughts have become a more frequent and a serious
bluster to humanitarian safety. It is a very hazardous problem, and will increase
causing serious threat on various aspects of life, taking into account that most of the
Arab states are suffering from frailty of their ecosystems, and facing intense risks of
deterioration of vegetation cover, soil, and depletion of water resources on per day
continuously. This is coupled with the rushing increase in population growth
accompanied by an increase pressure on natural resources in this region (Erian,
2012). As the number of population in Arab world 125 million in 1970 to exceed
280 million in 2000 and it is expected that up to more than 500 million in 2030, and
hence many countries are already living under water stress conditions (United-
Nations, 2003). In addition to climate change, this is the major cause for the Arab
region droughts. Climate models show that over the last 30 years temperatures in the
Arab region have been increasing 50% faster than global averages. Climate changes
will affect more than 340 million populations in the Arab zone. More than 100 mil-
lion are poor and least able to resist these changes. Over the past three decades,
nearly 50 million people were affected in the Arab region by climatic disasters
events, with losses estimated at $11.5 billion (Verner, 2012).

16.2.3 Drought in Yemen

According to U.S (1982), Yemen climate was affected by drought during the periods
1967/1969 and 1972/1974, which led to a threefold increase in food imports, despite
the increase in agricultural production after the end of the drought in 1971. In 1983
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and 1984, the Yemen‘s economy dropped significantly, as a result of the drought that
prevailed over most of the country over that period. The drought-reduced total
output of grain by more than half in 1983, but food availability remained at the
normal level, due to the increased grain imports from outside the country. Generally,
in 1983–1984 Yemen‘s agriculture dropped remarkably due to the severe drought
(Usda, 1986).

What makes the matter even worse, Yemen is the poorest and least-developed
country among the whole countries of the Middle East. In the recent years, Yemen
has suffered from changes in rainfall patterns, higher temperatures and increased
frequency of droughts. For example, the drought which took place in 1990–1991 had
a significant effect on the socio-economic situation in Yemen, resulting in wide
agricultural losses and a serious increase in the number of poor households in rural
zones, and low revenue contribution of the agricultural production in the gross
domestic product of the country (Escwa/Un-Desa, 2013).

Likewise, once again in 1990–91, the agricultural sector recorded substantial
losses, because of the significant reduction in agricultural crops production and
increased poverty in rural areas because of the drought (Escwa, 2005). In addition,
in the same period, the drought had dangerous reflections on the food security of a
large segment of the population. In general, many studies have found that there is a
significant lack of understanding and awareness of the drought and its effect, as well
as the capacity of mitigating it in Yemen (Escwa/Un-Desa, 2013).

Additionally, there is a number of weaknesses in the drought management system
in Yemen, including the lack of technical capacity to analyze drought data and
processed, if any, difficulty to get data on drought, no a regional exchange of
information on drought as there is no early warning system for drought monitoring
(Bogan, 2014). The drought of the period from 2007 to 2009 was the most influential
which seriously damaged the socio-economic development in Yemen. It has become
a real disaster sweeping the most areas of the country, leaving behind many of
negative damages on the economy and society (Miyan, 2015). Noaman et al. (2013)
clarified that due to the water scarcity and severity drought in Yemen, the per capita
water resource does not exceed 195 cubic meters per year. It is considerably less than
the water poverty line of 1000 cubic meters per year. “Due to the lack of research,
there are no numbers that accurately describe how drought is affecting Yemenis”
(Miyan, 2015). It has become a real disaster in Yemen. Due to the lack of studies,
there are no specific numbers that accurately describe the drought in Yemen. Thus, it
is hard understand how drought affects the environment, economy, and society in
Yemen.

16.2.4 Drought in the Study Area

In Tihama plain, drought is one of the factors affecting soil formation and charac-
teristics of vegetation, where the plants take thistles form and short weeds to be able
to resistance drought. For example, the permanent drought which dominates the
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western part of the study area is not allowed to grow a good vegetarian cover with the
exception of some plants which are capable of withstand the drought like Suaeda and
Haloxylon plants. In addition to some annual weeds which grow during the rainy
season, and because these plants are the main source for grazing in the western part
of the study area. The occurrence of drought leads to deterioration of pastures and
then the livestock exposure to danger (Al-Washli, 1989). Drought is also the most
important causes of environmental degradation in the region (Taher, 2004).

According to Abdullah (2010), the periods of the eighties and nineties and the
first 5 years of the twenty-first century are among the most drought periods impact on
the Tihama Plain. The study reported that the vegetation, soil, and groundwater are
the most affected factors by drought. While another study about desertification in a
part of Tihama plain reported that the drought of the most important factors causing
desertification and land degradation in the region (Dhaifallah, 2012).

As could be noted above, it is obvious that Yemen, including the study area, has
been suffering from frequent drought, and also numerous of social, environmental
and economic problems as a result of the low precipitation rates and frequent
droughts. In contrast, there is no previous detailed study or sufficient information
about the drought in Yemen in general and Tihama plain in particular. Thus, there is
an urgent need to study the drought in Yemen, in order to fill such a gap.

16.3 Location and Climate of the Study Area

Tihama Plain is located on the west part of Yemen between latitude 12�.5–16�.5
north of the Equator and between longitude 42�.5–43�.5 east of Greenwich, and lies
about 226 km of the capital city, Sana’a. The study area covers a total area of
25,314.93 km2 (Fig. 16.1).

With regard to climate, the study area has arid and semi-arid climate, the rains in
the region as low overall, where ranging between 50 and 600 mm per year, because
of its location within trough of the Red Sea as well as the low level of the surface
compared to the neighbouring mountain blocks. In addition, the rains are fluctuating
from year to another depending on the conditions of the various pressures over the
land areas and adjacent surface water bodies.

According to the yearly precipitation factor; the study area is often divided into
three rainfall regions; arid region (western Part) the average rainfall between 50 and
200 mm per year, Semi-arid region (middle part) the annual rainfall 200–400 mm,
and semi-wet region (eastern part) 400–600 mm annually (Abdullah, 2010). Almost
the rains in the study area are falling over all the months; however, the heavy rains
fall in the months (July, August and September) because these months are the
summer months which represents the main rainfall season over most land in
Yemen. For this reason, the biggest quantity of rains falls on the study area in the
summer. As for temperatures are ranging 37 �C in summer and 24 �C in winter
(Assage, 2003).
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16.4 Methodology

NDVI index is one of the most important indicators available on a large scale. In
addition, it is more reliable and used widely in monitoring and assessing the drought.
In this study, the NDVI index was applied to know the changes on the vegetation
cover which was used to assess the drought. Besides, the change in the sand dunes
areas studied for the same purpose. The month of October was chosen for each of
1985 and 2015 in order to assess the changes in the vegetation cover, because this
month is considered the growth month for vegetation. The same applied to assess the
change in the sand dunes areas.

Moreover, the study adopted the NDVI index to determine the change in the
green spaces and dunes areas on the satellite image processing using GIS software
10.2. Also, calculated the natural variability and then classification of the results to
drought categories, according to the values that were obtained. Two environmental
indicators of drought, vegetation and sand dunes were monitored in this study as
follows.

Fig. 16.1 Location of the study area
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16.4.1 Vegetation

Vegetation cover is a very strong environmental indicator of drought due to the
negative correlation between rainfall amount and duration on one hand, and vege-
tation density on the other. To monitor and assess the vegetation of the area, multi-
temporal remote sensing data was used. Landsat Thematic Mapper (TM5) of
October 1985 and Landsat Operational Land Imager (OLI8) of October 2015 were
downloaded from the official website of the United State Geological Survey (USGS)
via the Earth Explorer. The choice of 1985 and 2015 Images was informed by the
need to assess the condition of both vegetation and sand dunes between these two
dates as they mark the beginning and the end of the study periods. However, due to
the problem of data availability, and lack of cloud free images for 1990, 1995 and
2010, only, the 1985 and 2015 images were used. The images were then subjected to
pre-processing such as band stacking, haze and noise removal and conversion of
digital number (DN) to reflectance values (RV) with aid of Erdas Imagine 2014
version image processing software. Later, Normalised Difference Vegetation Index
(NDNI) was computed for the 2 images to highlight the vegetation condition of the
study area in 1985 and 2015.

NDVI was calculated using the formula: NDVI ¼ NIR � RED/NIR + RED.
Where:

NIR ¼ The amount of near infrared light reflected by the vegetation and captured
by the satellite sensor.

RED ¼ The amount of red light in the visible spectrum that is reflected by the
vegetation and captured by the satellite sensor. Using Landsat 5 Image, NDVI is thus
calculated as:

NDVI ¼ Band4 – Band3/Bnd4 + Band3. While using Landsat 8 OLI image it is
calculated as: Band5 – Band4/Band5 + Band4. This is based on the fact that, healthy
vegetation will absorb most of the visible light that falls on it, and reflects a large
portion of the near-infrared light. Unhealthy or sparse vegetation reflects more
visible light and less near-infrared light. Bare soils on the other hand reflect moder-
ately in both the red and infrared portion of the electromagnetic spectrum. The NDVI
algorithm subtracts the red reflectance values from the near-infrared and divides it by
the sum of near-infrared and red bands. Theoretically, NDVI values are represented
as a ratio ranging in value from �1 to 1 but in practice extreme negative values
represent water, values around zero represent bare soil and values over 0.6 represent
dense green vegetation. NDVI has been widely used to study changes in the spatial
pattern of vegetation (Matson & Bart, 2013; Vogelmann et al., 2012; Zhao
et al., 2015).
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16.4.2 Sand Dunes

The second environmental indicator of drought investigated by this research is sand
dunes. The reason beyond assessing this significant indicator is due to the positive
correlation between rainfall amount and duration on one hand, and sand dune deposit
on the other. The same images, Landsat Thematic Mapper (TM5) of October 1985 and
Landsat Operational Land Imager (OLI8) of October 2015 were used in monitoring
and assessing sand dune deposit in the study area. After the afore mentioned pre-
processing, appropriate band combinations were used to discriminate and highlight
sand dunes from other land cover types for visual observations. Green, near infrared
and short wave infrared bands corresponding to bands 2, 4, and 7 for Landsat TM
5 and bands 3, 5, and 7 for Landsat OLI 8 were used. These bands show high reflective
variability of desert surface and therefore easily highlight sand deposits. Later, colour
composite images were produced and using enhancement techniques such as contrast
stretching and spatial filtering spatial information contained in the two images were
enhanced making it easy to identify dunes as they stand out clearer and brighter.
On-screen digitizing of dune was then performed in ArcGIS 10.2 environment. A
vector file was later created that contained the locations and number of digitized dunes.
Subsequently, the vector file was used to create a continuous surface of dune density
maps through interpolation in ArcGIS environment. This was later used to calculate
relative percentage of dune deposit in each year. Figure 16.2.showa the flow chart
below summarized the major steps involved in this research.

16.4.3 Method of Rainfall Data Collection

The monthly rainfall data of 5 meteorological stations for the time period 1980–2010
were acquired from the Public Authority of Agricultural Research (Table 16.1),
which covered the study area as shown in Fig. 16.3.

16.4.4 Method of Data Analysis

To determine the drought years, Standard Precipitation Index (SPI) was calculated
using SPI calculator software obtained from the National Drought Mitigation Centre
(NDMC).

The SPI was calculated using 6 months’ time scale which is appropriate for the
determination of drought.

The formula for determining drought years as used in this research is:

X ¼ Number of months in drought
Rainfall in the study area ¼ 12 month
Heavy Rainfall ¼ 3 month (July, August and September)
Normal dry ¼ 12–3 ¼ 9 ¼ No Drought
When X ¼ 10 or above ¼ Drought year
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Fig. 16.2 Flow chart of the research methodology on environmental indicators

Table 16.1 Meteorological
stations used in the study

Stations Longitude Latitude Elevation (m)

Zuhrah 42�.02’ 15�.43’ 100

Bajil 43�.16’ 15�.02’ 120

Kalifah 43�.18’ 14�.53’ 140

Hodiedah 42�.59’ 14�.44’ 10

Jerbeh 43�.27’ 14�.09’ 250
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Fig. 16.3 Distribution of meteorological stations in the study area
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16.4.5 Explanation

Usually, under normal circumstances Yemen Experience 3 months of heavy rainfall
in July, August and September. Therefore, any year with a total of 9 dry months is
considered as a normal situation. On the other hand, any year with more than 9 dry
months is considered as a drought year. This means that, at least one months out of
July, August or September did not receive sufficient rainfall as it used to be, thereby
aggravating the drought condition already existing in the country.

16.4.6 Standard Precipitation Index (SPI)

Drought occurs when the SPI negatively on an on-going basis, and its severity up to
�1.0 or less, and ending when the SPI becomes positively (McKee et al., 1993).
Therefore, each phenomenon of drought has a period to be determined by its
beginning, end, and severity, in every month the drought continues Table 16.2.
Thus, the total positive SPI for all the months which takes by drought, it might be
called the “intensity“of drought (WMO, 2012).

The SPI is calculated from the monthly precipitation record. The classification
system proposed by McKee et al. (1993) is used to determine the severity of drought
(mild, moderate, severe and very severe) based to SPI value, according to specific
standards for any phenomenon of drought on any of time scales, as shown in
Table 16.3.

Table 16.2 Severity of
drought based on the SPI
index

SPI value Classification

2.00 to more Extreme wet

1.50 to 1.99 Very wet

1.00 to 1.49 Moderate wet

0 to 0.99 Mild wet

0 to �0.99 Mild drought

�1 to �1.49 Moderate drought

�1.50 to �1.99 Severe drought

�2.00 or less Extreme drought

Sources: WMO, 2012
Source: Ceglar et al., 2008

Table 16.3 Classification of
the SPI values and drought
categories the SPI values and
drought category

SPI value Drought category

0 to �0.99 Mild drought

�1 to �1.49 Moderate drought

�1.50 to �1.99 Severe drought

�2.00 or less Extreme drought

Source: McKee et al., 1993
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Through the SPI can track drought on multiple time scales, (i.e. 1, 3, 6, 9, 12,
24 and 48 months), at the same time SPI is flexible with respect to the selected period
space (McKee et al., 1993).There is a general consensus among users that using SPI
on short time scales (3 and 6 months) describes the events of meteorological drought,
as well as describes events of the drought affecting agricultural practices (agricul-
tural drought), while use it over a long period of time scales (12 and 24 months) is
more appropriate for monitoring hydrological drought and management of water
resources (Raziei et al., 2009).

16.4.7 Software Used

16.4.7.1 Use ArcGIS

After the drought years has been identified according to the method mentioned
above, the results were transferred to Arc GIS 10.2 software, in order to mapping
the spatial distribution of the severity of drought in the study area.

16.4.7.2 Use SPSS

SPSS 22 was used to compare the groups of study area. Therefore, the period was
divided into 6 groups for each station. This includes (1980–1985, 1986–1990,
1991–1995, 1996–2000, 2001–2005 and 2006–2010). The Kruskal Wallis test was
used to examine the differences between groups.

16.4.7.3 Use Microsoft Excel

The results were then transferred to Excel spread sheet 2010, in order to calculate the
frequency of drought, identify drought years and draw some graphs to explain the
severity of drought.

16.5 Result and Discussion

The environment indicators discusses under which, NDVI and sand dunes were used
to show and analyzed both the spatial and temporal distributions as well as severity
of drought in the study area. Section two, dealt with the quantitative indicators of
drought under which, SPI 6 month was used to quantify, analyzed and discussed the
spatial and temporal distribution of both agricultural and meteorological droughts
respectively. Section three on the other hand discuss the general trend of drought in
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the study area by combining both agricultural and meteorological droughts to map
the overall spatial distribution and severity of drought in the area.

16.5.1 Normalized Difference Vegetation Index (NDVI)

NDVI is one of the environmental indicators of drought due to the positive corre-
lation between rainfall amount and duration on one hand, and the vegetation density
on the other. That is, the higher the amount and duration of the rainfall in a particular
area, the more dense the vegetation in that area would be. NDVI data of 1985 and
2015 shows a progressive increase in the intensity of drought in the area. Between
1985 and 2015, there is 26% increase in the area under severe drought from
3452.87 square kilometres in 1985 to 4341.14 square kilometres in 2015. Similarly,
the area under moderate drought also increased from 7943.31 square kilometres in
1985 to 13,048.54 square kilometres in 2015, representing almost 64% increase. On
the other hand, areas under mild drought and those receiving normal rain experi-
enced a decrease during the period as they gradually transformed into mild and
severe drought situations. In 1985, a total land area of 7534.79 square kilometres was
experiencing mild drought, but this has declined to only 4352.23 square kilometres
in 2015 representing over 73% decrease, which is transformed into moderate and
severe drought conditions. Also, of the total of 6009.1 kilometre square of land that
received relatively normal rainfall in 1985, about 38% (2872.22 kilometres square)
have been transformed to a drought condition (Table 16.4 and Fig. 16.4).

16.5.2 Sand Dunes

Sand dunes deposit is yet another environmental indicator of drought. This is due to
the negative correlation that exists between rainfall and vegetation on one hand and
sand dunes deposit on the other. That is, the higher the amount and duration of
rainfall, the more densely the vegetation cover will be, and thus, the lower the sand
dunes deposit. On the other hand, areas with lower amount and shorter duration of
rainfall, will in turn, have a relatively little or no vegetation cover, which also makes
the soil more prone to erosion, transportation and deposition by the wind. This
results in increased sand dunes deposit in the area. The result of this study shows

Table 16.4 Area (km2) and percentage (%) of drought intensity using NDVI

NDVI/Drought Area in 1985 Area in 2015 Difference km2 Percentage %

Severe drought 3452.87 4341.14 888.27 26 (increase)

Moderate drought 7943.31 13048.54 5.105.23 64 (increase)

Mild drought 7534.79 4352.23 5.513.75 73 (decrease)

No drought 6009.1 3136.88 2.872.22 38 (decrease)
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that, there is a progressive increase in the area covered by sand dunes within the
study period.

During the year 1985, of the total land area 25,314.93 square kilometres of land in
the study area, the sand dunes, representing 11%, covered only about 2761.42 square
kilometres. This has however, increased to 4809.1 square kilometres representing
19% of the total land area in the year 2015. This means that, within the 30 years
study period, the total land area covered by the sand dunes has expanded from
2761.42 square kilometres in 1985 to 4809.1 square kilometres in 2015 representing
over 74% increase. This situation suggests that there is an increasing trend in the
intensity of drought in the study area over this period. (Table 16.5 and Fig. 16.5).

Fig. 16.4 Drought severity using NDVI (a) 1985, (b) 2015

Table 16.5 Area and per-
centage of sand dunes

Year Area (km2) Percentage %

1985 2761.42 11

2015 4809.1 19

Difference 2047.68 74
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16.6 Temporal Drought Pattern in the Study Area

Drought occurs when the SPI negatively on an on-going basis, and its severity up to
�1.0 or less, and ending when the SPI becomes positively (McKee et al., 1993).
Therefore, each phenomenon of drought has a period to be determined by its
beginning, end, and severity, in every month the drought continues. Thus, the total
positive SPI for all the months which takes by drought, it might be called the
“intensity“of drought (WMO, 2012). Through temporal analysis of drought using
SPI 6, it is clear that there is variation in the severity of drought between meteoro-
logical stations under study, which the SPI values were less than (�1) during the
drought years. The temporal analysis results of drought for each station in the study
area as shown below:

Fig. 16.5 Drought severity using sand dunes (a) 1985, (b) 2015
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16.6.1 Zuhrah

Form the year 1980 to 2010, a total of 8 drought years were recorded in Zuhrah
station. Analysis of the SPI time series indicate that, both the intensity and frequency
of the drought increased progressively. For example no drought was recorded
between 1980 and 1985 and only one drought year each was recorded from 1986
to 1990 and from 1991 to 1995. However, more frequent droughts were recorded
from the 2003 to 2010, during which 6 drought years were recorded in 2003, 2005,
2006, 2007, 2008 and 2009, with the year 2005 having the highest intensity of up to
�3.08 SPI values (Fig. 16.6).

16.6.2 Kalifah

In kalifah, a total of six (6) drought years were recorded from 1980 to 2010. The first
and the most extreme drought was recorded in the year 1991 with up to �4.34 SPI
values. Another 4 years of successive droughts were recorded in 2002, 2003, 2004,
2005 and another, in 2008. The drought in 2005 was also extreme and is second in
intensity after 1991, while the remaining years recorded severe droughts (Fig. 16.7).

16.6.3 Jerbeh

Jerbeh area recorded a total of 5 drought years between 1980 and 2010. The droughts
occurred in 1984, 1990, 1991, 2002 and 2004. The severity of the drought

Fig. 16.6 Temporal distribution of agricultural drought in Zuhrah area
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progressively increased with time from moderate droughts in 1984 and 1990 to
extreme drought in 1991, 2002 and 2004. However, the 2002 drought is the most
severe and extreme with the negative SPI values of �3.3, signifying an extreme
drought condition. On the other hand, the 1990 drought is the mildest with the
negative SPI values of – 1.33 signifying a moderate drought condition (Fig. 16.8).

Fig. 16.7 Temporal distribution of agricultural drought in Kalifah area

Fig. 16.8 Temporal distribution of agricultural drought in Jerbeh area
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16.6.4 Bajil

Bajil recorded the highest frequency of drought amongst the five station during the
period under investigation. The area recorded a total of 10 drought years from 1980
to 2010. However, the drought was more frequent and more severe between 2000
and 2010, during which 6 years of persistent droughts were recorded from 2002 up
to 2007. Before this droughts occurred intermittently in 1981, 1984, 1998 and 1999.
The severity of the drought also increases with time from a milder drought in 1981
with SPI values of just�0.64 to a more extreme drought in 2007 with a negative SPI
values of up to – 2.61, signifying an extreme drought condition (Fig. 16.9).

16.6.5 Hodeidah

In Hodeidah there appears to be two separate drought regimes. In total 7 drought
years were recorded during the study period. The first regime started from 1981 to
1985 after which, a period of normal rainfall resumes from 1986 until 2005. The
second drought regime was recorded from 2006 to 2010. However, the drought was
not as intense as in the areas as only mild and moderate were recorded with general
absence of severe drought. Moderate drought conditions with SPI values of �1.28
was recorded in1981, 1982, 2008 and 2010 while the droughts in 1984,1985 and
2006 were mild ones (Fig. 16.10).

Moreover, to make a confirmation on the results of the SPI-6 time scale, Kruskal
Wallis Test to examine the differences between the 5 stations was performed. As
shown in Table 16.6, the p values of all stations were < 0.05 indicating that the

Fig. 16.9 Temporal distribution of agricultural drought in Bajil area
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drought was different between all stations. In another words, all stations showed
there are statistically significant (P < 0.05) variation/change in the drought intensity
through the time period of the study.

The overall drought frequency in all the 5 stations indicate that on the average,
near normal condition accounts for 72% in all the 5 stations put together for the
30 years period of investigation. Moderate drought account for 7%, severe drought
4% and extreme drought 2%. That is the cumulative drought period for the stations
accounts for 11%. On the other hand, moderate wet for all the stations accounts for
11%, very wet, 3% and extreme wet, 1%. However, a more detailed examination of
the result revealed that, out of the total of 1860 months observed in all the 5 stations,
near normal condition is recorded in 1341 times, moderate drought 136 times, severe
droughts 64 times and extreme drought 38 times. On the other hand, extreme wet is
recorded 21 times in all the 5 stations, very wet, 58 times and 202 moderate wet
(Table 16.7 and Fig. 16.11).

Fig. 16.10 Temporal distribution of agricultural drought in Hodeidah area

Table 16.6 Differences between stations in term of agricultural drought

Zuhrah Kalifah Jerbeh Bajil Hodeidah

Chi-Square 47.488 97.324 46.079 141.686 119.238

df 5 5 5 5 5

Asymp. Sig. .000 .000 .000 .000 .000
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16.7 Spatial Drought Pattern in the Study Area

The SPI 6 time scale was used for the determination of drought years, where the
drought usually occurs when the SPI negatively, and its severity up to �1.0 or less,
and ending when the SPI becomes positively. Accordingly, it has been shown by the
results that there is spatial differences in the drought severity between meteorolog-
ical stations in the study area during the drought years. It has observed the lowest SPI
values during the years 1991 and 2004, so these years were considered the worst
drought years. On the other hand, the year 1995 was selected as a year of wet, where
that the most of SPI values were positively over the stations area.

16.7.1 1991 Drought Distribution and Intensity

The year 1991 recorded the worst drought in the last 30 years in the study area both
in terms of distribution and intensity. During this year, Kalifah area recorded a

Table 16.7 Frequencies of
drought categories based on
the SPI classes

Category

Stations EW VE MW NN MD SD ED

Zuhrah 9 14 36 264 32 13 4

Kalifah 4 9 34 277 22 15 11

Jerbeh 2 14 35 267 26 11 17

Bajil 1 7 49 242 42 25 6

Hodeidah 5 14 48 291 14 0 0

Total 21 58 202 1341 136 64 38

Percentage % 1% 3% 11% 72% 7% 4% 2%
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drought intensity of up to – 4.34 in the SPI value which signifies extreme drought
condition and the dryness persist for throughout the year (12 months). Zuhrah also
recorded 12 month of dryness during the same year, but of lesser intensity (�2.09
SPI values). Comparably, Jerbeh recorded a more intense drought than Zuhrah
(�2.32 SPI values), but of relatively shorter duration as the drought last for only
10 months of the year. The other two stations, Bajil and Hodeidah experienced a
normal rainy year in 1991 (Figs. 16.12 and 16.13).

16.7.2 2003 Agricultural Drought Distribution and Intensity

In the 2003, 3 of the 5 stations namely Bajil, Kalifah and Zuhrah recorded dryness of
different magnitude and duration. Bajil is driest among the 3 stations, recording
12 dry months and up to – 2.1 SPI values signifying extreme drought condition.
Zuhrah also recorded 12 dry months but less intense than Bajil with – 1.28 SPI
values representing moderate drought, while in Kalifah the drought last for only
10 months both more severe than Zuhrah with up to – 1.87 SPI values denoting a
severe drought situation. Hodeidah and Jerbeh on the other hand, recoded relatively
normal rains during the year, with Hodeidah recording up to 1.49 positive SPI values
denoting moderately wet condition (Figs. 16.14 and 16.15).

16.7.3 2005 Agricultural Drought Distribution and Intensity

During the year 2005, three out of the five stations recorded extreme drought.
Zuhrah, which recorded normal rainfall in 2004, turn out to be the driest in 2005
with 12 dry months and SPI values of – 3.08. it is closely followed in terms of

Fig. 16.12 Distribution and intensity of agricultural drought in 1991
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drought intensity, by kalifah with 11 dry months and SPI values of – 2.56 and Bajile,
with 12 dry months but – 2.33 SPI values which is lower than that of kalifah.
However, all the three stations experienced extreme drought during the year. On the
other hand, Jerbeh which experienced drought in 2004, recorded normal rainfall in
2005. Hodeidah also recorded normal rain in 2005 (Figs. 16.16 and 16.17).

Fig. 16.13 Spatial distribution and severity of agricultural drought in 1991
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16.8 General Agricultural Drought Frequency

The overall drought frequency in all the 5 stations indicate that on the average, near
normal condition accounts for 72% in all the 5 stations put together for the 30 years
period of investigation. Moderate drought account for 7%, severe drought 4% and
extreme drought 2%. That is the cumulative drought period for the stations accounts
for 11%. On the other hand, moderate wet for all the stations accounts for 11%, very
wet, 3% and extreme wet, 1%. However, a more detailed examination of the result
revealed that, out of the total of 1860 months observed in all the 5 stations, near
normal condition is recorded in 1341 observations, moderate drought 136 observa-
tions, severe droughts 64 times and extreme drought 38 observations. On the other
hand, extreme wet is recorded 21 observations in all the 5 stations, very wet,
58 observations and 202 moderate wet (Table 16.8 and Fig. 16.18).

16.8.1 Severity of Agricultural Drought

Dividing the study period into three phases of 10 years interval each (1980–1989,
1990–1999 and 2000–2010) revealed that the severity of drought is higher during the
last phase. Generally, the area that is not affected by the drought decreases from over
60% between 1980 and 1989, to less than 38% between the years 2000 and 2010.
Similarly, there is a progressive increase in the area under mild drought from close to
32% during the 1980–1989 period, to over 41% during the 2000–2010 period. This
shows a transition of no drought areas to mild drought. Also, moderate drought areas
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progressively increased from 4.5% during the 1980–1989 period, to 4.83 in the
1990–1999 period and to over 12% during the 2000–2010 period. Severe drought
also progressively increased from less than 2% from 1980 to 1989, to about 6%
between 2000 and 2010. Finally, extreme drought areas also recorded a progressive

Fig. 16.15 Spatial distribution and severity of agricultural drought in 2003
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increased from a little over 1% between 1980 and 1989, to almost 3% between 2000
and 2010 (Table 16.9 and Fig. 16.19).

16.9 Conclusion

The analysis of the above environmental indicators clearly depicts an increasing
trend in the drought intensity in the study area. NDVI shows progressive decline in
vegetation cover and gradual transition of areas from mild to moderate drought
(64%) and from moderate to severe drought (26%). Within the study period, the area
also recorded 74% increase in sand dunes deposit. These environmental indicators
therefore confirm the assertion that, drought intensity is on the increase in the study
area. Through temporal analysis of drought using SPI 6, it is clear that there is
variation in the severity of drought between meteorological stations under study,
which the SPI values were less than (�1) during the drought years. Bajil station is
the most affected by the drought with a total of 10 drought years from 1980 to 2010,
while Jerbeh station is the least affected with a total of 5 drought years. The analysis
results by SPI 6 showed that the year1991 recorded the worst drought throughout the
study period both in terms of distribution and intensity.

Moreover, unless both the individuals put concerted effort and measures in place,
as well government and private organisations to arrest this ugly trend, it will
continue to pose a major threat and challenges to both food security and overall
development of the country. Finally, it is recommended that, the government should
seriously look into the drought issue through improving resource management
practices and development of drought assessment and implementation unit to help
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minimize the adverse effects of drought. In doing this, concerned authorities should
work closely with stakeholders who might be directly or indirectly affected by
drought. Socio-economic data should also be taken into consideration when
assessing drought risk to better understand the vulnerable groups. Based on the

Fig. 16.17 Spatial distribution and severity of agricultural drought in 2005
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fact that the study area is the most important agricultural areas in Yemen, it is
recommended to study the drought and its impact on agricultural crops in the area.

Table 16.8 General fre-
quency of SPI-6 agricultural
drought

Category

Stations EW VE MW NN MD SD ED

Zuhrah 9 14 36 264 32 13 4

Kalifah 4 9 34 277 22 15 11

Jerbeh 2 14 35 267 26 11 17

Bajil 1 7 49 242 42 25 6

Hodeidah 5 14 48 291 14 0 0

Total 21 58 202 1341 136 64 38

Percentage % 1% 3% 11% 72% 7% 4% 2%
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Fig. 16.18 Frequency of mean annual of SPI-6 classes

Table 16.9 General severity of SPI-6 agricultural drought

Category

Period
No drought
%

Mild drought
%

Moderate
drought %

Severe
drought %

Extreme
drought %

1980–
1989

1990–
1999

62.17 28.67 4.83 2.33 2

2000–
2010

37.87 41.21 12.12 5.93 2.87
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Chapter 17
Assessment of Drought Impact
on Agricultural Production Using Remote
Sensing and Machine Learning Techniques
in Kairouan Prefecture, Tunisia

Mohamed Kefi, Tien Dat Pham, Nam Thang Ha, and Kashiwagi Kenichi

Abstract Drought is a climate-induced disaster that can occur in all climatic regions
with its features that varies considerably from one country to another. In addition,
this natural disaster has wide-ranging impacts on water resources, ecosystems,
energy, agriculture, forestry, human health and food security. Indeed, drought affects
many economic activities and people. Its impacts are particularly serious in food-
deficit countries with high dependence on subsistence agriculture. In Tunisia as
many countries in MENA region, drought has a great effect on water problems in
particular. It may conduct to increase the problem of water shortage and to affect
agricultural productivities. For this reason, the Tunisian government encouraged and
supported irrigated agriculture as a way to reduce the risk of drought. In this context,
the improvement of water access and the irrigation for high value agricultural
products were developed. Therefore, this work aims at predicting agricultural
drought with the focus on its impact on olive growing farms using remote sensing
data and advanced machine learning techniques. The approach developed in the
current work is based on the use of multi-temporal medium resolution Landsat 8 OLI
and TIRS imagery and the ensemble-based machine learning techniques for
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improving estimates of the drought indicators such as vegetation health index (VHI).
The root-mean-square error (RMSE) and coefficient of determination (R2) and the
cross-validation (CV) technique were employed to evaluate the performance of the
proposed model. The capability of the proposed model was evaluated and compared
with other machine learning algorithms, i.e., the random forests (RF), the support
vector machine (SVM). The findings shows that the proposed model performed well
(R2 ¼ 0.84, RMSE ¼1.38) and outperformed the remaining algorithms. It can be
concluded that multi-temporal optical and thermal remote sensing combine with an
advanced machine learning technique can be accurately used to estimate drought in
semi-arid land areas. This approach may conduct to sustainable strategies of water
resources in drought region.

Keywords Olive growing farms · Landsat 8 · Remote sensing · Drought indicators ·
Machine learning

17.1 Introduction

Drought is a natural disaster which has been defined as a prolonged lack or serious
shortage of precipitation (Heim, 2002). Four types of drought can be identified:
(1) meteorological drought, (2) hydrological drought, (3) agricultural drought, and
(4) socioeconomic drought. Additionally, this natural disaster is characterized by
three scopes: severity/intensity, duration and spatial distribution (Zargar et al.,
2011). This phenomenon has a slow development and aggravates progressively.
Its effects accumulate slowly over a long period of time (Wilhite, 1993). For this
reason, its impact is serious as it has economic, environmental and social effects
(Peters et al., 2002). It can also result in destitution, hunger and death (Delbiso et al.,
2017). In 2019, it was estimated that about 29.2 Millions of people were affected by
drought (EM-Dat, 2019). Drought is a complex and unwell understood phenomenon
that affects people more than any other natural hazard (Wilhite, 1993). Additionally,
the complexity of drought phenomenon may conduct to some difficulties for mon-
itoring and quantification. In this context several drought indices were developed
(Niemeyer, 2008; Zagar et al. 2011). Three groups of drought indices were consid-
ered meteorological, agricultural and hydrological (Niemeyer, 2008). However,
Satellites may also contribute to assess drought. In fact, Satellite-derived information
has become a necessary source of information for all phases of disaster risk man-
agement (Enenkel et al., 2020). In this context, remote sensing approaches are
important and efficient tools in monitoring drought and detecting drought zone of
water stress as they provide real-time spatial observations of several atmospheric and
land surface variables that can be used to estimate evapotranspiration, soil moisture,
and vegetation conditions (Kefi et al., 2016). Additionally, monitoring ground
drought measuring parameters such as vegetation index and land surface temperature
can be detected using remote sensing techniques at a large scale (Bhuiyan, 2010;
Corbari et al., 2008).
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In this study, we attempted to develop a novel artificial intelligence approach
using advanced decision tree ensemble-based learning for predicting drought indi-
cator for the study area. Literature review shows that advanced machine learning and
optimization techniques have been widely used for environmental monitoring such
as flash flooding prediction (Ngo et al., 2020, 2021), forest above-ground biomass
and carbon stocks estimation (Pham et al., 2020, 2021). However, only a few studies
attempted to develop a machine learning-based approach for predicting drought in
Tunisia and MENA region. In Tunisia, droughts are a recurrent phenomenon and it
has become more frequent. Drought occured in several years which were character-
ized by significant decreased rainfall (Henia, 2003). In 1999, Tunisia elaborated the
first guideline of drought management. This guideline is mainly emphasized on the
identification of the major drought indices, preparedness, intervention process and
implementation measures (Louati et al., 2007). Additionally several institutions are
involved in assessment of droughts and the implementation of appropriate measures.
The most severe drought in 50 years appear for three consecutive years from 2000 to
2002. The cost of drought was estimated to about US$54 million. Cereal production
which are used to maintain food security was badly affected. This problem of
production conducted to augmented imports and a decline in overall economic
growth (Verner et al., 2018). In addition, water resource in dams was reduced as
well which have a high impact on agriculture production. For this reason, several
strategies to preserve water were implemented and irrigation were developed to
maintain food security and to enhance productivity in drought period. Facing of the
problem of drought in Tunisia and due to its significant effects, a precise accuracy of
drought prediction still remains a challenge. Thus, this work aims to fill the gaps in
the current literature by integrating the multi-temporal multispectral and thermal
Landsat remotely sensed data and the historical data in the proposed machine
learning techniques for improving the accuracy of drought prediction and
monitoring.

This research can be useful to assess temporal and spatial aspects of vegetation
growing conditions and drought on one hand and to develop appropriate response
against drought on the other hand.

Indeed, this research is organized as follows. Section 17.2 introduces the study
area and describes the approach and data applied for the analysis in details. The main
findings related to drought assessment are presented and discussed in Sects. 17.3 and
17.4. Finally, the conclusion section highlights the main outcomes of the work.

17.2 Material and Methods

17.2.1 Description of Study Areas

In order to assess the drought intensity and to determine its effect on agriculture,
some olive growing farms of Kairouan was selected as study area. Kairouan is
considered as one the hottest prefecture in Tunisia and it is also famous for olive
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production. In fact, this product is considered as the most important one in Tunisia. It
has not only economic implication but also social and tradition impacts. This study
was conducted in olive growing farms of Kairouan prefecture. Regarding to several
factors such as cultivars, production and access to water, 4 regions (Oueslatia,
Chebika, Nasrallah and Bouhajla) are selected as study areas (Fig. 17.1). About
65 rainfed and irrigated farms were visited during the field survey.

17.2.2 Materials

17.2.2.1 Data Acquisition

Multi-temporal Landsat 8 OLI optical imagery at 30 m spatial medium resolution
data were used to calculate temporal changes of NDVI (Normalized Difference
Vegetation Index) and RVI (Ratio Vegetation Index) and multi-temporal Lansat
8 TIRS thermal bands at 100 m spatial resolution were employed to generate the LST
(Land Surface Temperature) for 2015. The five available cloud free scenes selected
from June, July, August and September 2015 were included in this research. The
remotely sensed images were acquired by two different satellite sensors of
LANDSAT 8 including LANDSAT OLI and LANSAT 8 TIRS (Table 17.1).

Fig. 17.1 Study areas location
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LANDSAT 8 OLI and LANDSAT 8 TIRS images were acquired from the USGS,
NASA from glovis (http://glovis.usgs.gov/).

17.2.2.2 Field Survey Data

The field data was collected during several field trips carried out throughout the year
2014/2015. The main purpose of these field trips was the collection of information
on olive farms (irrigated and rainfed farms). Four regions (Ouesseltia/Chebika/
Nasrallah/Bouhajla) of Kairouan prefecture were visited and we recorded ground-
truth points (GTPs) using GPS (Global Positioning Systems) to identify locations of
different olive farms types. In fact, a total of 65 locations were collected and
recorded during the field survey.

17.2.3 Methodology

17.2.3.1 RVI and NDVI Calculation

The DN (Digital Number) value of the spectral NIR and Red bands were converted
into surface reflectance value (range from 0.0 ~ 1.0) at top of atmosphere using the
calibrating tool in ENVI 5.2, and then, the NDVI value and RVI were obtained by
the following formulas (Eq. 17.1) and (Eq. 17.2) (USGS, 2015).

NDVI ¼ ρ4� ρ3
ρ4þ ρ3

ð17:1Þ

and

Table 17.1 Acquired satellite remote sensing data

Satellite sensor
Date of
acquisition

Pixel
size

Path/
row Spectral resolution

Band
used

Landsat 8 OLI 15-June 30 m 191/35 Multi-spectral
(8 bands)

4, 5

1-July

17-July

18-Aug

3-Sep

Landsat
8 TIRS

15-June 100 m 191/35 Thermal (2 bands) 10, 11

1-July

17-July

18-Aug

3-Sep
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RVI ¼ ρ4
ρ3

ð17:2Þ

Where: ρ4 and ρ3 are the TOA reflectance for the near infrared band (NIR, band 5)
and red band (band 4) of Landsat 8 OLI, respectively. The NDVI values range
between �1 and 1.

17.2.3.2 BT and LST

We analyzed temporal changes of temperature in the olive farms using two thermal
bands (band 10 and band 11) of the Landsat 8 TIRS sensor for calculating BT
(Brightness Temperature) and LST (Land Surface Temperature) for five periods
between June and September in 2015. A number of steps were computed using
ArcGIS 10.5 to transfer the DN (Digital Number) to BT and LST.

Firstly, DN was converted from spectral radiance to BT using formula (Eq. 17.3)
as suggested by the USGS (2015).

BT ¼ K2= ln K1=Lλþ 1ð Þ ð17:3Þ

Where:

BT: Top of Atmosphere Brightness Temperature in Kelvin
Lλ: Spectral radiance (Watts/(m2*sr*μm)
K1: Thermal conversion constant for the band (K1 ¼ 774.89 and 480.89 for band

10 and band 11, respectively from the metadata in the header file)
K2: Thermal conversion constant for the band (K2¼ 1321.08 and 12001.14 for band

10 and band 11, respectively from metadata in the header file)

Secondly, LST in Kelvin retrieval from Landsat 8 TIRS was calculated using
formula (Eq. 17.4)

LSTK ¼ BT= 1þ λ*BT=ρð Þ ln  ½ � ð17:4Þ

Where:

LSTK: Land Surface Temperature in Kelvin
λ: Wavelength of emitted radiance (λ ¼ 10.8 and 12 for band 10 and band

11, respectively)
ρ ¼ h*c/σ (1.438 � 10�2 m.K) ¼ 14,380
 : emissivity which is given by  ¼ 1.009 + 0.047 ln(NDVI)

Lastly, LST in Kelvin is converted to Celsius by using formula (Eq. 17.5)

LST ¼ LSTK � 273:15 ð17:5Þ
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17.2.3.3 VCI, TCI and VHI

Three important indexes for drought indicators such as the Vegetation Condition
Index (VCI), the Temperature Condition Index (TCI), and the Vegetation Health
Index (VHI) were calculated using the following equations (Eqs. 17.6, 17.7 and
17.8) (Kogan et al., 2004; Unganai & Kogan, 1998)

VCI ¼ 100* NDVI� NDVIminð Þ= NDVImax � NDVIminð Þ ð17:6Þ
TCI ¼ 100* LSTmax � LSTð Þ= LSTmax � LSTminð Þ ð17:7Þ

VHI ¼ 0:5*VCIþ 0:5*TCI ð17:8Þ

The VHI index of the study sites have been classified in Table 17.2 (Ghaleb et al.,
2015). The final VHI index was reclassified between 0 and 100 using ArcGIS10.4.
Then, we estimated the drought indicator based on the predicted value of VHI for the
entire Kairouan prefecture using advanced machine learning techniques in Sect.
17.2.3.4.

The VCI depicts vegetation dynamics and represents the moisture condition
changes. The higher values indicate the better vegetation conditions (Kogan,
1995). In contrast, the lower values corresponds the vegetation stress due to high
temperature and drought condition (Bhuiyan, 2008). The index plays a crucial role in
identifying the location of olive farms and distinguish irrigated areas.

In order to eliminate cloud, water, snow or ice, urban areas and bare soil, we used
a threshold of a NDVI value as follows: If NDVI value <0.1! Value ¼ NODATA.

If NDVI value >0.1 ! same value applies

Where 0.1 is the threshold value for vegetated area including olive farms. By
checking the Google Earth and pixels extracted from GTP (Ground Truth Points)
collected from field survey, we determined this threshold value. This threshold is
similar the threshold provided by the NOAAwhich indicated that the NDVI at a very
low values of NDVI (0.1 and below) correspond to barren areas of rock, sand, or
snow. Moderate values represent shrub and grassland (0.2 to 0.3), while high values
indicate temperate and tropical rainforests (0.6 to 0.8) (http://www.ospo.noaa.gov/
Products/land/gvi/NDVI.html).

In the current work, agricultural drought indicators are predicted using the LST,
the BT, and vegetation health indices (VHI) generated from Landsat 8 TIRS data and
vegetation indices such as NDVI and RVI generated from the multi-temporal

Table 17.2 Drought classifi-
cation of VHI values

Drought class Values

Severe drought <20

Moderate drought <30

Mild drought <40

No drought �40
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Landsat 8 OLI multispectral data (Deo & Şahin, 2015; Kefi et al., 2016; Tran et al.,
2017; Valipour, 2016).

The flowchart to predict agricultural drought using remote sensing and machine
learning approach is shown in Fig. 17.2.

17.2.3.4 Machine Learning Models

Catboost Regression (CBR)

The CBR is an advanced gradient boosting algorithm, which has recently been
developed by Dorogush et al. (2018). This technique can handle data with categor-
ical features and minimize the over-fitting problem by selecting the best tree
structure for calculating leaf values (Dorogush et al., 2018; Prokhorenkova et al.,
2018). The algorithm is a powerful ML technique that is recently implemented and
released as an open-source library. This algorithm achieves superior results in both
classification and regression problems (Pham et al., 2021) by the implementation of
ordered boosting, which is a modification of standard boosted decision tree algo-
rithms (Dorogush et al., 2018). In the CBR model, the random permutations of the
training set and the gradients utilized for selecting an optimal tree structure are
generated to enhance the robustness and prevent overfitting phenomenon of the
model.

Fig. 17.2 Flow chart used to predict agricultural drought using multi-temporal optical and thermal
remote sensing data
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Support Vector Machine (SVM)

The SVM algorithm is a supervised learning technique, which was proposed by
Vapnik (2013) based on a statistical learning theory and the kernel-based approach.
This method is able to handle non-linear and in solving classification and regression
tasks. The SVR converts a non-linear data space into a higher dimensional feature
space through a kernel function. The key benefit of SVR is that it is able to produce
high prediction accuracy with small numbers of training samples (Mountrakis et al.,
2011).

Random Forests (RF)

The RF (Breiman, 2001) is currently the most well-known bagging algorithm, which
employs ensemble decision trees and works effectively for regression and classifi-
cation tasks. This algorithm begins with a range of bootstrap samples from the
original dataset, and then each regression tree chooses the best split among the
selected features. In the RF model, two-thirds of the training samples are assigned as
in-bag data, and the remaining ones are used as out-of-bag (OOB) data. The OOB
data can be used to generate the feature importance. Two parameters such as the
number of trees and the number of features are needed to be determined in the RFR
method.

Generating Machine Learning Model

The configuration and the construction of the three ML models were implemented
using fivefold cross-validation (CV) technique in Python 3.7 environment. A total of
65 samples were randomly partitioned into k ¼ 5 equal sized subsamples, of which
one single subsample was used as the validation dataset for testing the model, and
the remaining k � 1 subsamples are used as training data. The cross-validation
process is then repeated 5 times, with each of the k subsamples used exactly once as
the validation data. The five times results can then be averaged to produce a single
prediction. The advantage of this technique over repeated random sub-sampling is
that all observations are employed for both the training and validation phases, and
each observation is used for validation exactly once, thus providing the reliable
result for assessment. In the current work, we employed the CV technique to
evaluate the model performance using the standard metrics in the Scikit-learn library
(Pedregosa et al., 2011).

Model Evaluation

In this study, we used two standard criteria to measure statistical errors in regression
models such as R2 and RMSE to evaluate and compare the model performance of the
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three ML models. These statistical measures have been widely applied in modeling
environmental parameter retrievals (Navarro et al., 2019; Wang et al., 2020). These
standard criteria are often used to assess the differences between the actual and the
predicted drought indicator (Pham et al., 2021; Vafaei et al., 2018). As the number of
samples are small, we employed the fivefold CV technique in the Scikit-learn library
in Python 3.7 to evaluate the ML models’ performance

R2 y,byð Þ ¼ 1�
Pn

i¼1
yi�byið Þ2

Pn

i¼1
yi�ӯð Þ2

ð17:9Þ

RMSE y,byð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
nsamples

Xnsamples�1

i¼0
yi�byið Þ2

r
ð17:10Þ

17.3 Results

17.3.1 Multi-Temporal Vegetation Indices Analysis

We analyzed the average NDVI and RVI values using multi-temporal vegetation
indexes to compare the difference between irrigated and rainfed olive farms. Our
results show that NDVI values for irrigated growing olive farms during the year
2015 are higher than those of rainfed areas. Figure 17.3 shows spatial distribution
map of the average NDVI of olive farms in the study sites and Fig. 17.4a, b
represented the significant differences of NDVI and RVI values between two types
of olive growing farms.

17.3.2 Temporal Land Surface Temperature Analysis

Analyzing the multi-temporal land surface temperature during the year 2015, we
found that the average temperature of irrigated olive farms areas were lower than that
of rainfed farms (Fig. 17.5a, b). Additionally, we generated the spatial distribution of
the LST for irrigated and rainfed olive farms (Fig. 17.6).

In the study areas, July seems to be the hottest month and the LST on July
17 appeared the highest date in 2015 ranging from 27.28 to 46.22 �C (Fig. 17.6).
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Fig. 17.3 Spatial distribution map of the mean NDVI in 2015
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17.3.3 Modelling Results and Comparison

Table 17.3 shows the results for modelling drought severity index. Overall, three ML
algorithms show satisfactory results for predicting the drought indices in terms of R2

and RMSE using cross-validation technique. Remarkably, the proposed model using
the CBR technique yielded the highest predictive performance (R2 ¼ 0.84,
RMSE ¼ 1.38), followed by the SVM algorithm (R2 ¼ 0.76, RMSE ¼ 1.91).
The proposed model outperformed the two well-known ML algorithms for estimat-
ing the drought indicator in the study area. Nevertheless, the RF algorithm produced
the lowest results (R2 ¼ 0.71, RMSE ¼ 2.61) (Fig. 17.7).

We estimated the VHI index using the surface reflectance, spectral indices
(NDVI, RVI) and land surface temperature (BT, LST) and generated the spatial
patterns of drought index in the study area. The results show that over large areas in
Kairouan prefecture were severe and moderate drought with a precise accuracy
(R2 ¼ 0.84) using fivefold cross validation.

As the CBR model produced the highest predictive performance, we employed
the proposed model to generate the spatial distribution of drought locations in the
study sites (Fig. 17.8).

Fig. 17.4 Comparison of NDVI and RVI values between two olive farms types (a) NDVI Value;
(b) RVI Value

Fig. 17.5 Comparison of BT and LST between two kinds of olive farms (a) BT Value; (b) LST
Value

412 M. Kefi et al.



Fig. 17.6 Spatial distribution map of LST in the study area on July 17, 2015
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17.4 Discussion

Our results show that the mean NDVI values of irrigated growing farms are greater
than those of rainfed farms (Fig. 17.4), reflecting a potential indicator in discrimi-
nating olive growing farms. The evaluation of multi-temporal BT and LST indexes
conducted to assess the land surface temperature of olive growing farms, which is
extremely high in dry season (July). The two indicators are also useful to assess
drought conditions, which are the similar results reported by Tran et al. (2017). In
addition, the results indicated that the surface temperature of irrigated farms are
cooler than those in rainfed farms (Fig. 17.5), which is consistent with other studies
(Ferreira & Duarte, 2019; Sandholt et al., 2002).

The assessment of drought indexes play an important role in monitoring drought
severity in Kairouan prefecture, which is one of the hottest place in Tunisia. Our
proposed machine learning model shows that the prefecture was exposed of moder-
ate to severe drought with a precise accuracy (R2 ¼ 0.84) using fivefold cross
validation. Our results provide a useful tools and new insights for decision makers
to monitor olive growing farms production and to assess the performance of irriga-
tion in drought periods. In addition, Masmoudi et al. (2010) emphasized that olive
trees are regularly suffering of drought period which affect the production and a
supplementary irrigation is required to stabilize and to maintain the production.

Table 17.3 Machine learning models’ performance for predicting drought indicators

No Machine learning model R2 testing RMSE

1 CatBoost regression (CBR) 0.84 1.38

2 Random Forests (RF) 0.71 2.61

3 Support Vector Machine (SVM) 0.76 1.91

Fig. 17.7 Scatter-plot
shows the predictive
performance of the proposed
CBR model in the testing
phase
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Fig. 17.8 Spatial patterns of drought index in the study area
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17.5 Conclusion

Drought as a climate related disaster is difficult to avoid and to quantify. Indeed, the
implementation of an efficient drought management system to reduce the impact of
drought and to develop sustainable adaptation strategies is a challenge for local
government. Therefore, an efficient assessment will conduct to implement suitable
strategies and measures. In this study, we employed multi-temporal optical and
thermal remote sensing data combined with the Catboost regression and cross-
validation techniques to predict drought indicators in olive growing farms in Kair-
ouan prefecture, Tunisia. Our findings show that the CBR model outperforms the
SVM and RF techniques in the prediction of drought. This study also demonstrates
that a combination of band reflectance and vegetation indices derived from Landsat
8 OLI multispectral sensor and thermal bands of Landsat 8 TIRS combined with the
proposed model is able to robust drought indicator in the arid and semi-arid areas
with precise results (R2 ¼ 0.84, RMSE ¼ 1.38). As the Landsat time-series data and
the programming code in Python language developed in this study can be freely
accessed, the novel framework developed in the current study can be easily applied
in other arid and semi-arid lands in MENA region. In Tunisia, the period of drought
is increasing and its effects on water resource and agriculture productivity are
serious. Therefore, the approach applied based on remote sensing and machine
learning can be used as an early warning system which can be useful for the
establishment of sustainable strategies to combat drought.
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Chapter 18
Quantitative Assessment of Land Sensitivity
to Desertification in Central Sudan:
An Application of Remote Sensing-Based
MEDALUS Model

Abdelrahim Salih and Abdalhaleem A. Hassaballa

Abstract As desertification risk is one of the main environmental and socioeco-
nomic issues in central Sudan, mapping and assessing the environmental sensitivity
of the land to desertification is an issue of concern. The present study highlighted the
Bara and Tayba localities of North of Kordofan State (central Sudan) in order to map
and assess the environmental sensitivity of the land to desertification based on
different indicators. The sensitivity was estimated with a modification of the widely
used Environmentally Sensitive Area Index (ESAI), also known as MEDALUS,
through employing 17 quantitative parameters divided into 4 main quality indices,
namely, climate quality index (CQI), vegetation quality index (VQI), soils quality
index (SQI), and management or socio-economic quality index (MQI). The estab-
lishment of these qualities was achieved using remote sensing supported with
specialized tools in the geographical information system (GIS) software. The Area
Under the Curve (AUC) approach was used to validate the model output. Four
degrees of sensitivity have been produced, namely: extremely sensitive; highly
sensitive; moderately sensitive; and low or non-sensitive. The results have also
revealed that, approximately 21% of the study site have been classified as highly
critical sensitive areas to desertification. Highly fragile areas were estimated to
present 37% of the study site, whereas, moderate and potentially affected sensitive
areas have covered around 31%. Eventually, the applied model has proven its
applicability as a tool used for assessing as well as categorizing sensitivity of
lands to desertification, especially in arid and semi-arid environments.
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18.1 Introduction

Desertification is a serious environmental problem in arid and semi-arid regions
(Verón et al., 2006). UNEP and Thomas (1992) defined desertification as “land
degradation in arid, semi-arid, and dry sub-humid areas resulting from various
factors, including climatic variation and human activities”. Dregne (1986) in
El-Baz and Hassan (El-Baz & Hassan, 1986) described it as land degradation with
major challenges in the arid environment of the world. Desertification has been
described by Hellden in the proceedings of the China-EU Workshop on Integrated
Approach to Combat Desertification that held in China as the expansion of desert
conditions (Hellden Helldén, 2003). He also concluded that the driving forces and
the impacts of this phenomenon is a site specific.

Climatic variations and human activities are among the main factors that causes
desertification (Verón et al., 2006). The accumulation of sand dunes/sheets on
agricultural lands and urban areas is another illustration of desertification in the
arid regions (Nwilo et al., 2020). Vegetation removal, soil salinity, decline in soil
fertility, decline in rainfall amount and duration, overgrazing, and overcropping are
factors that can lead to desertification (El-Baz & Hassan, 1986; Nwilo et al., 2020).
Countries of the Sahel are more susceptible to desertification as they heavily depend
on their land for food security (Nwilo et al., 2020).

According to these descriptions and definitions of desertification and their effects,
it is also an environmental issue in Sudan, especially in the northern and central parts
of the country. In the North Kordofan State that located in the central part of Sudan,
it is where the most area that is vulnerable to desertification (Adam, 2011). In this
state and according to Dawelbait (2010) and Khiry (2007), desertification is a major
threat that affects environmental sustainability. According to Dawelbait (2010);
Khiry (2007) and Salih (2006), the main driving forces of desertification in north
Kordofan state are overgrazing, overcropping, variability of droughts, reduction in
vegetation cover, sand encroachment (especially in the northeastern part of the state),
soil salinity and poor land management. For example, Adam (2011) found that
Acacia Senegal trees lost about 25% of their area from 1972 to 2007. A significant
decrease in vegetation cover and increase in sand dunes were observed during the
period from 1976 to 2003 (Khiry, 2007). Salih (2006) stated that reduction in
livestock in terms of quantity and quality is an indicator of the decrease in biological
productivity in the northern part of the North Kordofan State and this was specifi-
cally observed in Bara locality, which is located in the northern part, and accordingly
this is a sing of desertification in this area. Furthermore, the decline in productivity of
the land due to desertification was observed during the period from 1961 to 1973
(Olsson, 1983), and this decline can be supported by the data shown in Fig. 18.2
during the period from 1991 to 2000. Assessment of desertification, its causes and
effects have been studied by several scholars at different locations in North Kordofan
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State (e.g. Adam, 2011; Dawelbait & Morari, 2012; Dawelbait, 2010;Helldén, 2003;
Khiry, 2007; Salih, 2006). However, a little or no information has been quantita-
tively provided about the lands that are susceptible or sensitive to desertification risk.
Therefore, it is extremely important to assess the lands sensitivity to desertification in
this area in order to implement effective reclamation programs that minimize or
prevent future development of this phenomenon.

Desertification poses a serious risk to human habitats. Moreover, the risk of
desertification is a major barrier to agricultural and urban development practices.
As a result, analyzing environmental sensitivity and assessing the likelihood of
desertification has become a major step towards sustainable development. In
response to this need, different contributions have been proposed to develop efficient
and economic-effective methods for desertification risk assessment. Among these
approaches, the integration of remote sensing and a geographical information system
(GIS) has proven particularly successful. The remote sensing images, have proven to
be an excellent tool in mapping, monitoring and assessing desertification. Different
models have been applied, which are based on physical and biological parameters
derived from remote sensing, to map, monitor, assess and quantify desertification
including its degree and severity (Dawelbait, 2010; Gao & Liu, 2010; Lamqadem
et al., 2018a; Salih et al., 2021). However, one of the serious implications of the
methods used by those studies is the inability to provide information about the
susceptibility or sensitivity of the lands to desertification as they are established
based only on one or two desertification indicators, such as albedo and soil moisture
to assess desertification risk.

Alternatively, the environmental sensitivity area index (ESAI), also known as
MEDALUS proposed by Kosmas et al. (1999), has been used and evaluated by
several studies, and proven to be a valuable approach for monitoring desertification
risk, or in identifying areas that are sensitive to desertification, and they obtained
satisfactory results (Bedoui, 2020; Budak et al., 2018; Jiang et al., 2019; Lamqadem
et al., 2018b; Prăvălie et al., 2017; Salvati & Bajocco, 2011). For example, (Jiang
et al., 2019) have used this index for monitoring land sensitivity to desertification
risk in central Asia using fourteen indicators including vegetation, climate, soil and
land management quality. They concluded that ESAI provides reliable results in
relation to desertification potential. Recently, Bedoui (2020) conducted a study to
assess sensitivity to desertification in a region of central Tunisia by integrating
different parameters derived from remote sensing and weighted values in a GIS
with MEDALUS model. They found that incorporating soil, vegetation, climate and
management information quality into a MEDALUS model allowed them to gain
great insight into the spatial distribution of desertification risk.

Although a significant progress was made for mapping, assessing and monitoring
desertification risk using the proposed model and other remote sensing-based
approaches in arid and semi-arid areas, to date, no research has monitored and
assessed the sensitivity to desertification in the North Kordofan State based on
ESAI model. Therefore, the purpose of this study was to map and assess land
susceptibility to desertification in this area, on the bases of the aforementioned
indicators and ESAI model. This study also aims to provide a more detailed view
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of the sensitivity or susceptibility to desertification for Bara and Tayba localities. The
information obtained from the ESAI map and assessment can help tremendously in
combating desertification in the study site. The work has also assumed to be a step
further in establishing an early warning system for the study site.

The establishment of the proposed index was based on various environmental
qualities including, for example, soil, vegetation cover, climate and management
quality (Kosmas et al., 1999). In this study, about seventeen desertification indicators
(Table 18.1) were selected, according to the data availability, using the ESAI
methodology. The methodology adopted was based on the integration between
remote sensing and GIS for the indicator‘s extraction, slicing, scoring and quality
mapping (Fig. 18.5).

Table 18.1 The data source and its characteristics for the study area

IDs Data type
Parameters
extracted Source of data

Data scale
and
resolution

a) Shuttle Radar Topographic Mis-
sion (SRTM) digital elevation
model (DEM)

Slope, and aspect Earth Explorer-
©USGS.gov
https://
earthexplorer.
usgs.gov/

30 m reso-
lution
(1Arc-
second)

b) Landsat-8(OLI) image, date:
01 Jan 2019

LULC, NDVI, and
land surface
Albedo (α)

Earth Explorer-
©USGS.gov
https://
earthexplorer.
usgs.gov/

30*30
meter

c) Global soil data Texture Provided by
Fischer
et al. (2008) and
FAO (2007)

(scale, 1:
5,000,000)

d) Metrological data Rainfall (mm) WorldClim http://
www.worldClim.
org

1 km2

e) Land cover map Agricultural inten-
sity data

Provided by
FAO (2012)

(scale, 1:
100,000)

f) Geological map Parent material Provided by Min-
istry of Energy and
Mines (1981)

(scale, 1:
2,000,000)

g) Socio-economic data Population density,
and livestock data

AMESD (2010) 1 km

h) Climatic data: Global aridity
Index and potential Evapotrans-
piration (ET0) climate database
v2

Aridity and
evapotranspiration

(Trabucco &
Robert, 2018)

1 km

i) Google earth imagery Digitizing the loca-
tions of
pre-decertified vil-
lages (points)

Google Earth Pro
software

–
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18.2 An Overview of the Study Area

North Kordofan State is mostly categorized by gentle corrugation of plains having a
regular altitude between 350 to 500 m MSL. This plain is mainly covered with sand
dunes shared by separated hills.

The study area is located within North Kordofan State (in the middle of Sudan)
between longitudes of 280 30 “00 – 30’ 30” 00 E and latitudes of 130 30 “00 – 15’ 30”
00 N; and about 350 km to the south-west direction from the capital city of Sudan
(Khartoum). The study site covers approximately 38,837.8 km2 represented in two
parts, namely, Bara and Tayba localities (Fig. 18.1). The study area is situated
primarily in just a sand belt forming a thin strip along with incursion of clay soils
within some separated locations. Hills seem to be more like chains stretching over
the north, west and south borders as well as in the middle of the study area. Sand
dunes generally cover the majority of the northern and eastern portions of the area. It
can be noticed also that; the study area is placed within a drainage system that
belongs to the Nile river basin. The majority of the water courses (Wadis) within the
study area tend to be ephemeral streams which in turn flow throughout a short time
following the rainy period and minimal runoff actually reaches the Nile since they
vanish in the desert prior to joining the Nile stream (Khiry, 2007; Adam, 2011).

The arid and/or semi-arid -desert natures are the most describing climate of the
area joined with minimal periodic rain varies from below 100 mm at the north to
around 350 mm at the south. The area witnesses four seasons, namely: the Autumn
(the rainy season), which extends from May to October having maximum rainfall in
August; from October to early December, comes a transitional period with low
humidity and night low temperatures where, most of the rain-fed cultivated crops
are harvested in this period; the Winter (the cold season), extends from December to
the mid of February having modest temperatures and cozy humidity; and finally, the
Summer (the hot dry season) which comes with common north eastern winds and
lasts from March to the mid of May. Rainfall occurs in short intense quantities for
6 months fromMay through October, with concentration of 80 to 90% from July and
up to September. The area rainfall exhibits a high variation spatially and temporally,
especially for the period from 1960 to 2005 (Fig. 18.2) (Hulme, 2001), in which, the
large extent on the latitude influences the length of the rainy season (Olsson, 1985).
The relative humidity in its mean value ranges from 20% in the winter months to
75% throughout August, during rains. The winds within the study area blow from
the north east during winter time and from south west throughout summer time.
Mostly winds possess moderate speed of lower than 3 m/s, however they are very
effective at shifting sands from dunes if soils are subjected to exposure.

Gentle strips of depressions covered by clay soils are dispersedly observed
between the dunes. Additionally, there are several rocky outcrops, mostly at the
northern part of the study area. Despite the fact that sandy soils are usually lacking
nitrogen, phosphorus, organic matter, as well as other components, they preserve a
lot more cropping stress. This is due to the fact that the sandy soils are quite simple to
cultivate also it fits producing numerous crops for instance sorghum, millet, sesame
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and groundnuts. However, the challenge of the sandy soils is because they eliminate
their fertility within extremely short period of time and became simply eroded and
desertified.

The area is covered with vegetation in a very scattered trend, which is a conse-
quence of the reduced quantity of rainfall. The vegetation is subjected to extreme
climatic situations and ought to withstand drought that may extend for many years
with minimum rain in the least (Schmidt & Karnieli, 2000). Within the eastern
portion of the study area, vegetation is rare and dominated by Maerua crassifolia,
Leptadena pyrotechnica and Acacia tortilis.

In the western portion, the vegetation cover is actually greater and denser. Trees
and shrubs tend to be disturbed with available grassland, where most of the inhab-
itants in the area are either residents or nomads. Figure 18.3(a and b) highlights the
fluctuation in the total cultivated area throughout 10 years period extended from
1989 to 2000, observed at Bara and Tayba localities, respectively. Their principal
jobs are generally livestock raising and conventional farming. Rainfall quantities as
well as its distribution usually are the main factors of practicing farming. However,
at the north portion of the area, the majority of the tribes (i.e. Kababish, Hawaweer
and Kawahle) raise animals and also grow crops in limited portions of the lands,
because precipitation is extremely inconsistent and the probability of agricultural

Fig. 18.1 (a) Location of the study area in North Kordofan State, central Sudan. (b) Landsat-8
(OLI)scene shown on false color composite (RGB 543) 2020 represents the actual study site in the
North Kordofan State overlain by the locations of the most affected localities by desertification,
namely, Bara and Tayba. The red dots show some of the villages distributed along the study site
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failure could be high. Nevertheless, in the southern part the rainfed agriculture is
conducted on the clay soils.

18.3 Research Approaches and Model Adopted

18.3.1 Data

The used dataset for the desertification sensitivity analysis and assessment are
provided in Table 18.1 with their characteristics. Figure 18.4 shows some examples
of the datasets used for the study area.

18.3.2 Parameters for Desertification Sensitivity Assessment

Several factors such as human activities, physical, and social might lead to desert-
ification occurrence in the study area. Aiming to the assessment of lands sensitivity
to desertification for different parts of the study area, geological, climatological,
socio-economical, and geographical factors have been considered. To assess and
produce the desertification sensitivity map, the factors that were used in the present
study are the aridity index and potential Evapotranspiration, slope and aspect,
rainfall (mm), population density and livestock, soil texture, surface albedo,

Fig. 18.2 Rainfall fluctuation in the study area between 1960 and 2005
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fractional vegetation cover (FVC), and land cover (Table 18.1). These parameters
were selected along with their rates on the base of the previous literatures
(e.g. Dawelbait, 2010; Khiry, 2007; Kosmas et al., 1999; Lamqadem et al., 2018b;
Mohamed, 2016).

A spatial database has been created using QGIS 3.16 (the open-source software)
for the preprocessing of the geological map and the Landsat-8 (OLI) image, where,
SCP plugin was used for image calibration. ArcGIS 10.2 software in turn, was used
for the preparation of the desertification indicators and the thematic layers.
Table 18.2 shows the main parameters and classes for the ESAI and the related

Fig. 18.3 The observed total cultivated area throughout 10 years period extended from 1989 to
2000, for (a) Bara and (b) Tayba
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indicators used for the desertification sensitivity assessment. In this study, desertifi-
cation sensitivity classes, parameters and scores have entailed vegetation quality
index (VQI), soil quality index (SQI), climate quality index (CQI), and management
quality index (MQI) (Kosmas et al., 1999). Figure 18.5 presents the flowchart of the
research methodology and model adopted for the study area.

Each single indicator of these four was established based on the parameters
presented in Table 18.2. Scores from 1 (low sensitivity to desertification) to
2 (high sensitivity to desertification) were assigned to each indicator‘s classes by
adopting the approach presented in the literature (e.g. Jiang et al., 2019; Kosmas
et al., 1999; Salih, 2006). Details for these indicators and their establishment
methods are given in the following paragraphs:

Fig. 18.4 Desertification/land degradation indicators: (a) land use/cover; (b) population density;
(c) Geology of the area in which “the red” indicates acidic and intermediate volcanics, mainly
rhyolites and trachytes, “the dark blue” indicates basic volcanic, mainly basalts, “the rose dust”
indicates batholic granites, grey granites and pegmatites, “the yellow” indicates Gezira formation
(unconsolidated clay, silt, sands and gravels, “the rose quartz” indicates granodiorites, “the dark
green” indicates Nubian sandstones formation, “the light green” indicates Nubian sandstone
formation (non outcrop), “the deep green” indicates syenites (outcrop), “the lilac” indicates
undifferentiated basement complex, “the tudor rose” undifferentiated genesis group, “the turquoise”
indicates undifferentiated schist group, “the steel blue” indicates undifferentiated sediment (con-
glomerates, sandstones, siltstones and shales), while “the purple” indicates younger granites; (d)
representing soil texture of the study area (FAO, 2007)
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18.3.2.1 Vegetation Quality Index

Vegetation cover plays a crucial role in the estimation of the desertification occur-
rence in arid and semi-arid environment as it associates with the reduction of soil
erosion and reducing sand movement. Accordingly, VQI was calculated based on
four parameters: fire risk (fire is one of the key factors that threating vegetation
removal in the study site), drought resistant, erosion protection, and plant cover—
fractional vegetation cover (FVC) (Table 18.2). The first three parameters are
provided from the LULC map, that was obtained from classifying Landsat-8(OLI)
image using the supervised classification approach with the maximum likelihood

Fig. 18.5 The follow chart of the research methods adopted for the study area
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Table 18.2 The indicators used to calculate the CQI, SQI, VQI, and the MQI and their parameters
and scores

Indicator Parameters Class
Description of the
parameters Score

Method of
categorization

CQI Rainfall (mm) 1
2
3

High >217
Moderate 175–217
Low <175

1
1.5
2

Aridity(P/PE0) 1
2
3

Low aridity <0.072
Moderate aridity
0.056–0.072
High aridity <0.056

1
1.5
2

Aspect 1
2

N, NE, NW, flat areas
S, SE, SW, E

1
2

Evapotranspiration
(mm)

1
2
3

Low <3040
Moderate 3040-3118
High >3118

1
1.5
2

SQI Texture 1
2
3
4

Clay, Clay (heavy),
Silt clay loam
Silt
Loam
Loamy sand, Sandy
loam

1
1.2
1.6
2

Soil salinity 1
2
3

Non-saline soil
Moderate saline soil
High saline soil

1
1.7
2

Slope (%) 1
2
3
4

<6
6–18
18–35
>35

1
1.2
1.5
2

Parent material 1
2
3

Coherent
Moderate
Fragile

1
1.5
2

Classification and
scores were based on
the method presented
in (Lamqadem,
Pradhan, et al.,
2018b).

Albedo (α) 1
2
3

< 0.2
0.2–0.25
> 0.25

1
1.7
2

VQI Fire risk 1
2
3

Rocks, Sands
Bare soil
Vegetation cover

1
1.5
2

Drought resistance 1
2
3
4

Vegetation
Bare soil
Rocks
Sands

1
1.2
1.5
2

Erosion protection 1
2
3
4

Rocks
Vegetation cover
Bare soil
Sands

1
1.2
1.8
2

(continued)
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classifiers (Canada, 2008). While the fourth parameter “FVC” was calculated using
Eq. (18.1) (Zhang et al., 2019), upon calculating the normalized difference vegeta-
tion index (NDVI) from Landsat-8(OLI) image.

Table 18.2 (continued)

Indicator Parameters Class
Description of the
parameters Score

Method of
categorization

Plant cover (%) 1
2
3
4
5

<16
16–27
27–35
35–42
>42

1
1.3
1.6
1.8
2

MQI Population density
(people per square
kilometer)

1
2
3
4
5
6

<25
25–50
50–100
100–200
200–400
>400

1
1.2
1.4
1.6
1.8
2

Overgrazing 1
2
3
4

< 20 heads per square
km
20–60 heads per
square km
60–100 heads per
square km
>100 heads per square
km

1
1.2
1.6
2

Classification and
scores were based on
the method presented
in (Bedoui, 2020).

Agricultural
intensity

1
2
3

Bare rocks and soil,
seasonal/perennial
and natural/artificial
waterbodies, tress
closed to sparse,
urban.
Herbaceous closed to
sparse, Shrubs closed
to sparse.
Cropland
(in terrestrial and
aquatic land).

1
1.5
2

Classification and
scores were based on
the method presented
in (Jiang et al.,
2019).

Policy enforcement 1
2
3

Seasonal/perennial
and natural/artificial
waterbodies, tress
closed to sparse.
Herbaceous closed to
sparse, Shrubs closed
to sparse.
Cropland
(in terrestrial and
aquatic land), bare
rocks and soil, urban.

1
1.5
2
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FVC ¼ NDVI � NDVImin
NDVImax � NDVImin

ð18:1Þ

Where, min and max values have been retrieved from minimum and maximum
NDVI values in which, NDVImin represents the area covered by bare soil, while
NDVImax represents the area that has dense vegetation cover.

The VQI was calculated based on Eq. (18.2), using the geometric mean of the
score values of all the four parameters (Kosmas et al., 1999).

VQI ¼ fire risk � erosion protection� drought resistant � plant cover %ð Þð Þ1=4
ð18:2Þ

18.3.2.2 Soil Quality Index

SQI is a parameter that reflects the statement of the soil by means of its ability to
store water and resists erosion (Salvati & Bajocco, 2011), especially in arid and
semi-arid lands where the ability of soil to store water is very low. The SQI is
calculated based on the following parameters (soil texture, soil salinity, slope (%),
parent material—prepared and classified based on the method presented on
Lamqadem et al. (2018b), and surface albedo) (Table 18.2). The first four parameters
were proposed for the ESAI approach. SQI considered as one of the most important
parameters to quantify and assess desertification as soil deterioration can lead
ultimately to decline in food production. The soil texture data were obtained at a
30 arc-second spatial resolution, from Harmonized World Soil Database V 1.2,
provided by FAO Soil Portal (FAO, 2007). Figure 18.2d shows the soil texture
map for the study area.

The slope has a crucial role in the desertification occurrence, because the steep-to-
very-steep slops can increase the potential to soil erosion by water. The slope has
been computed using SRTM-DEM; also, a geological map (Fig. 18.4c) has been
used for preparing the parent material classes based on the standard MEDALUS
model (Kosmas et al., 1999).

In this research, soil salinity and soil brightness (Albedo) were incorporated as
indicators for desertification occurrence as they influence soil quality. Surface albedo
is commonly used as indicator for assessing desertification and land degradation in
arid and semi-arid lands, (e.g. Budak et al., 2018; Lamqadem et al., 2018a; Salih
et al., 2021; Sepehr et al., 2007). Liang albedo equation (Liang, 2001) was used to
compute soil surface albedo for the study area. On the other hand, soil salinity is
considered as one of the most severe environmental problems worldwide amongst
the other forms of soil degradation (Allbed et al., 2014). These two parameters were
both derived from Landsat-8 (OLI) image after necessary reformation. For the soil
salinity derivation, the following Equation (18.3) was used (Elhag, 2016):
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Soil salinity ¼ β � Rð Þ
β þ Rð Þ ð18:3Þ

Where, β stands for the blue band, while R stands for the red band.
Finally, the SQI indicator was obtained based on the geometric mean of these five

parameters (Table 18.2), with Eq. (18.4) as follows:

SQI ¼ Soil texture� Soil salinity� slope %ð Þ � Parent materials� Albedoð Þ1=5
ð18:4Þ

18.3.2.3 Climate Quality Index

Four variables were used to prepare the CQI, i.e., rainfall (mm), aridity, aspect and
potential evapotranspiration (Table 18.2). The evapotranspiration was not consid-
ered as a MEDALUS model input factor, however, it has been added here because of
the high variability of the rainfall on the study area, as rainfall is one of the high
critical factors that assists in obtaining the CQI (Prăvălie et al., 2017), according to
the WorldClim data (Table 18.2).

The potential evapotranspiration (PET) was incorporated into the CQI as it
reflects the content of the moisture of the soil and the other conditions for the
study area, therefore, it is a crucial environmental factor in desertification occur-
rence. On the other hand, the aridity index (AI), was obtained from the Global
Aridity Index database (version 2) Lamqadem et al., (2018b). It represents one of the
primary factors that lead to desertification assessment in the study area, which
influences with other parameters the water availability to vegetation cover
(e.g. Lamqadem et al., 2018b; Sepehr et al., 2007; Trabucco & Robert, 2018).
Both Aridity and potential evapotranspiration data were available in a high resolu-
tion of 30 arc-seconds, at the periods from 1970–2000.

The rainfall pattern over the study area is characterized by a fairly regular
degrease towards the north. The rainfall data were obtained in a grid format at a
0.5�*0.5� resolution from WorldClim global climate and weather data (https://
worldclim.org/data/index.html), as described in (Fick & Hijmans, 2017), provided in
mean monthly basis from 1970 to 2000. The aspect was also considered because it
represents important factor in desertification occurrence (Budak et al., 2018). Slope
with aspect oriented to the southeast is exposed to large amount of sunlight and heat,
compared to those with northeast orientation (Lamqadem et al., 2018b) and this is
where low moisture content, low vegetation cover, and high temperature with high
evaporation were depicted. The other orientations of aspect had no effect on the
desertification occurrence as they had a high moisture content. The aspect has been
calculated based on the SRTM-digital elevation model (DEM), after a necessary
reformation. The CQI was then calculated based on the Eq. (18.5) (Kosmas et al.,
1999).
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CQI ¼ rainfall � aridity� aspect � evapotranspirationð Þ1=4 ð18:5Þ

18.3.2.4 Management Quality Index

Different human activities can affect environmental ecosystem with different
degrees. Considering the data availability, four parameters related to anthropogenic
activities in the study area were taken into consideration for assessing and quantify-
ing the management quality index (MQI): (1) population density per square.km,
(2) overgrazing, (3) agricultural intensity, and (4) policy enforcement (Table 18.2).
Population distribution in the study site is governed by water availability, abundance
of natural resources, and social services. The southern and eastern parts of the study
site are characterized by having high population density, while the other parts have
low population density. To quantify and classify the second parameter, a method
presented by Bedoui (2020) was followed, while for the third and the fourth
parameters, a method produced by Jiang et al. (2019) was adopted. The agricultural
intensity and policy enforcement were extracted from the land cover map
(Fig. 18.4a), provided by National Centre for Research, Remote Sensing and
Seismology Authority (RSSA) of Sudan (2011). The management quality index
(MQI) was then calculated based on Eq. (18.6) using the score values (Kosmas et al.,
1999) provided in Table 18.2.

MQI ¼ agricultural intensity x policy enforcementð Þ1=2 ð18:6Þ

18.3.2.5 ESAI Map

The thematic layers (Indicators) with their corresponding scores were eventually
combined together based on the geometric mean of the indicators’ values as shown
in Eq. (18.7) by the means of ArcGIS software’s, where, the raster calculator tool
was used in order to calculate the overall score indices for the final environmental
sensitivity to desertification map “ESIA” (Kosmas et al., 1999) for the study area.

ESAI ¼ CQI � SQI � VQI �MQIð Þ1=5 ð18:7Þ

The final ESAI map was classified into two class groups. The first group included the
following categories: low sensitivity, moderate sensitivity, high sensitivity, and very
high sensitivity areas to desertification. While the second group was classified based
on the original ESAI mode (Kosmas et al., 1999), which included the following four
classes: potentially-affected areas; moderately-affected areas; highly-fragile-affected
areas; and highly-critical-affected areas with desertification.
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18.3.2.6 Accuracy Assessment

Finally, the resultant ESAI’s map and their indicators have been validated using a
receiver operating characteristic curve (ROC), which is a measure the goodness-of-
fit from the area under the curve (AUC), which takes values from 0 to 1 where value
of 1 indicates best performance of the model used (Mandrekar, 2010).

Validation usually means comparing the maps generated by models to indepen-
dent dataset. This comparison could be qualitative such as visual interpretation
through a basic overlay or quantitative, carried out making use of functions such
as cumulative curve (Remondo et al., 2004). The present research managed to
analyze a spatial correlation between different desertification drivers, in order to
depict possible kinds of spatial correspondences among them. To achieve this,
success rate and prediction rate was used for examining the model compatibility
and prediction capability.

The Area-Under-the Curve Validator (AUC)

Desertification vulnerability can be verified through comparing sensitivity map with
training data which were employed for developing the models with the validation
data that were not utilized throughout the model creation stage. The success rate
curve is dependent on the concept of comparison between the prediction map along
with the desertification utilized in the modeling (Chung & Fabbri, 2003), and the
success rate technique can assist in determining how effectively the resulting
desertification susceptibility maps have classified the areas of present desertification
(Tien et al., 2012). Through the technique, the rate curves can be produced, while the
area under the curve (AUC) presents the quality of the models to efficiently
categorize the occurrence of existing desertification (training dataset), while the
area under the predicted rate curve explains the capacity to which the proposed
desertification model can predict. The AUC value mostly varies from 0.5 (50%) to
1.0 (100%), and the best model produces an AUC value in close proximity to 1.0
(perfect prediction), whilst a random prediction model produces an AUC value near
to 0.5 (Swets, 1988).

Throughout the analysis, training and testing sample locations were delineated at
certain scattered villages over the study region as they have been pending to
desertification occurrence throughout the identified study period. To assess the
relative ranks for every prediction pattern at the desertification sensitivity map, the
determined index values of all desertification cells were categorized in descending
order. Then the ordered cell values were split into 100 classes, with accumulated 1%
intervals and then plotted against the testing points (locations of previous desertifi-
cation occurrences) that associated with these cells. Eventually, the AUC was
determined as the percentage of the cumulative cell areas of common association
that take trapezoidal shape. The percentage of AUC was then regarded as an
indicator of the model exactness for the susceptibility map creation. The research
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additionally intended to examine the association reliability of every unique param-
eter (driving factors i.e. soil quality index (SQI); climate quality index (CQI);
vegetation quality index (VQI); and socio-economic or management quality index
(MQI) as being controlling factors in desertification occurrence. The developed
subclasses of the independent factor maps have been reclassified and plotted against
the testing points utilizing AUC as well.

18.4 Desertification Sensitivity Analysis and Assessment

18.4.1 Assessment of Environmental Quality Indicators

Generally speaking, observing the environmental sensitivity to desertification map
and their indicators, it becomes evident that the spatial distribution of the very high
sensitivity areas is the largest in the north-western, and eastern part of the study area
(Fig. 18.6).

The assessment of the VQI map (Fig. 18.6a) has proven that, approximately 74%
of the study site has been located within the limits of the low quality, specifically in
the northern and central parts of the study site, 18% within the moderate, and only

Fig. 18.6 The thematic layers of the desertification sensitivity indicators (i.e., VQI, SQI, CQI, and
MQI), respectively, involved in the analysis in the study area provided for the whole test site
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8% within the high-quality zone (Table 18.3). This distribution could be justified by
two factors, firstly, due to the climate change— reduction in rainfall and due to land
mismanagement in terms of burning, overgrazing and overcropping. Vegetation
cover was degraded or depleted specially in the northern and central parts. Secondly,
the local community residents in the north-eastern part of the study site practices
their cultivation (in shifting cultivation modes to maintain soil fertility) mainly on
the high-lands “Quz” that is already fragile and more vulnerable to wind erosion by
aeolian process, which are active in the study site a long time ago.

The CQI assessment has shown that the low-quality climate with around 26%,
was concentrated in the north-northwestern part of the study site (Fig. 18.6b), while
the rest of the areas exhibited about 43% as a moderate quality and 29% as a high
quality. It has been justified by that due to the high decrease in rainfall amounts
toward the northern part of the country in general. Furthermore, these areas are
already characterized by high aridity values.

The analysis of SQI (Fig. 18.6c) revealed that the high precarious conditions
(30%) have been allocated in the northern, central, and eastern parts of the study site.
It was noticeable that the vast majority of the areas with moderate quality class
corresponding to 47% (Table 18.3) were situated within the western part. These
areas are mainly covered by Aeolian deposits (Quz) with low organic matter and low
water holding capacity.

In terms of MQI (Fig. 18.6d), most of the area (approximately 81%), were
classified as high quality with good management and protection. While the
low-quality class was found only within 2% of the total area (Table 18.3), which
represented the unprotected rangelands. The high percent of quality management can
be explained due to three reasons: Firstly, the agricultural production using the
traditional farming systems in the study site is the main source of income for the
local community. This has made them an agricultural dependent community, there-
fore, they cultivate their lands with variable types of crop that need high manage-
ment for sustainability. Secondly, to keep their agricultural lands with high

Table 18.3 Indicators of desertification/land degradation along with its sensitivity classes, area per
square kilometer and percentage

Desertification/land degradation
indicators

Sensitivity
class

Area per square
Kilometer

Percent
(%)

CQI High
Moderate
Low

11020.49
16319.06
9856.72

29.60
43.90
26.50

SQI High
Moderate
Low

8163.99
17696.07
11365.92

22.00
47.50
30.50

MQI High
Moderate
Low

29622.18
6205.68
764.25

81.00
17.00
02.00

VQI High
Moderate
Low

2897.97
6720.39
27642.94

07.78
18.04
74.18
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protection, as they tend to implement a policy enforcement with high level to make
their lands under control from any aggression, such as overgrazing by the nomadics.
Finally, the decrease in vegetation coverage, specially during the period between
1976 and 1988 (Khiry, 2007), led the local community to adopt their own strategies
to enforce more powers toward their lands. Obviously, these levels of agricultural
management would have imposed an impact on the environment as mapped in
Fig. 18.6d.

To provide more details about the environmental sensitivity to desertification in
the study site by adopted visual interpretation techniques, two localities were
selected, i.e. Bara and Tayba (Fig. 18.1), which have been the most affected areas
by the land degradation because of sands encroachment and drought (Khiry, 2007).
Figure 18.7 shows the thematic layers of the extracted indicators of these two
localities. Considering the outcomes of the two maps in terms of VQI,
(Fig. 18.7a1 and a2), it reveals that the spatial distribution of the low-quality zones
is the same in both localities, with their largest distribution in the northern and north-
eastern parts. This category was found to be strongly influenced by drought forces
because these two localities are very poor in terms of vegetation cover, as
documented earlier by Khiry (2007), in addition to suffering a severe degradation
towards the north. Moreover, the fluctuation in rainfall (as shown in Fig. 18.2) had a
major role on the spatial variability of vegetation along the study site, in addition to
the extensive grazing.

Fig. 18.7 The thematic layers of the desertification sensitivity indicators (i.e., VQI, SQI, CQI, and
MQI), respectively, involved in the analysis in the study area provided for the two areas of interest,
i.e., Bara and Tayba
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Further, the SQI assessment map of Fig. 18.7b1 and b2, has revealed that the
very-high soil quality zone has a spatial extension in the northern, central, and
southern parts of Bara. However, the most critical zone was found in the eastern
and central part of Bara where the El-Basheri and El-Taweel Oases are located. This
result is in line with the findings of Khiry (2007) who stated that the desert
formation, i.e., sand dunes was increasing with different levels around El-Bashiri
oasis. On the other hand, in Tayba locality, the high-quality soil was concentrated
only on the northeastern part, while the rest of the area marked by low quality zone.
This situation can be explained by the means of the Aeolian process that has been
active in the study site a long time ago, consequently, the soils of the two localities
have been highly vulnerable to wind erosion and desert encroachment (Khiry, 2007).

Furthermore, the CQI assessment, (Fig. 18.7c1 and c2), has also shown that
approximately 90% of Bara locality area was occupied by high-quality zone, except
the northern part. This situation can be justified due to the high amount of rainfall
southward. Conversely, approximately 85% of the lands at Tayba locality were
covered by low-quality zone. Also, this can be justified due the decrease in the
amount of precipitation toward the north.

Most of the areas in Bara locality are marked by high-quality management zone
(Fig. 18.7d1). This zone is mainly distributed in the northern and the central parts of
the areas that were pending to high-protected cultivated lands, while the southwest-
ern part is marked by low-quality management, which corresponds to the areas
covered by rangelands. On the other hand, at the northern part of Tayba locality, the
area was highlighted by moderate-quality class, while the central and eastern parts
were highlighted by low and high classes, respectively. These differences in quality
management could be justified by deducing that the local communities are highly
agricultural dependent and this dependence can yield intensive cultivation practice,
and intensive overgrazing in one side of the area, where the population density was
very high compared to the other side of the area.

18.4.2 Assessment of the ESAI Map for the Whole Study Site

Considering the low and high values of the final ESAI map, the study was able to
categorize the area into four degrees of sensitivity to desertification using the
reclassification by ASCII tool in ArcGIS 10.2 software. These have included: the
potentially affected areas with low sensitivity; the moderately fragile areas with
moderate sensitivity; the highly fragile areas with high sensitivity; and the very-high
critical areas with very high sensitivity to desertification (Fig. 18.8). By observing
Fig. 18.8, it is evident that the spatial distribution of the high and very high
sensitivity zones is the largest portion over the north, north-western and central
parts of the study site (Fig. 18.8). It is well noticed that the vast majority of VQI and
CQI in the study site, were centralized at the very-high and the high sensitivity
zones.
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Table 18.4 presents the areas (per square kilometer) and the percentages of the
produced categories. According to Table 18.4, the percent of the high and very-high
sensitivity areas “high fragile and high critical zones” occupy approximately 57.5%
of the total area of the study site, i.e., more than 140,000 square kilometers.

18.4.3 Assessment of ESAI Map at Locality Level

Referring to the visual interpretation technique, it has been revealed that the high and
very-high sensitivity areas were the most spreading, and noticeably observed in the
northern and central parts in both localities (Fig. 18.9c and d). The very-high and
high sensitivity zones constituted about 52% in Bara and about 56% in Tayba

Fig. 18.8 The environmental sensitivity area to desertification: (a) ESAI unclassified map; (b)
ESAI classified map. The white areas denote masked pixels

Table 18.4 The resultant areas (per square kilometer) and the percentages of the produced
categories

Model used Desertification/land degradation class Area in square Kilometer Percent (%)

ESAI Potentially affected areas 4738.33 12.97

Moderately fragile areas 10760.58 29.46

Highly fragile areas 13359.021 36.57

Highly critical areas 7673.03 21.00
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localities. As these results were subjected to the association of different factors such
as soil salinity and its effect, and sand drift (Khiry, 2007) and mismanagement, and
overgrazing and overuse of the land (Dawelbait, 2010), it is worth to worth to assure
that sand encroachment and dunes drift are considered as the main processes that
caused land degradation, especially in arid and semi-arid environment (Dawelbait &
Morari, 2012; Lamqadem et al., 2018b; Salih et al., 2021). The growth of the
villages, especially around water bodies, is another contributor to this result.

With regard to the spatial distribution of the low-to-moderate sensitivity zones to
desertification for the two localities, both zones of sensitivity were observed mainly
at the south part of localities. This result indicates that the soil salinity, sand
encroachment and drought had less effects southward due to the abundance in
rainfall amount and duration at these locations, in addition to the better management
of natural resources and the efficient use of crop lands. According to the literatures,
better understanding of the environment and the good agricultural practices on the
land with the good planning can lead ultimately to a proper management of the
natural resources and improves the quality of life (Dale & Mclaughlin, 1988; Balla,
1995; Pieri, 1997).

Eventually, it should be mentioned that some of the used indicators were gener-
ated from relatively low spatial resolution data (such as livestock and population
data), which were found inconsistent with other datasets, those were available in
moderate to high spatial resolution. This inconsistency may has affected the final
ESAI map. In addition, by using supervised classification as a conventional method

Fig. 18.9 The ESAI maps for Bara (upper) and Tayba (lower) localities, where, (a and b) are the
unclassified maps, while (c and d) are classified maps
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that is used to acquire information about the land use/cover map, it was difficult to
classify the urban areas as accurately as possible, since it was mixed with some
natural features at the study area. In addition, human as well as natural resources
information about the study site, as well as the two localities were unavailable in
terms of quantity and quality. Therefore, the study had some limitations; hence,
further research is recommended (considering the advanced image classification
methods, such as, spectral mixture analysis or object-based approaches) for the
enhancement of the environmental sensitivity area assessment of desertification.

18.4.4 Model Validation

The AUC technique was adopted in order to verify and measure the reliability of the
generated desertification sensitivity map, and also to guarantee the capability of each
driving factor as being a causative component for desertification occurrence. For
accuracy analysis, the testing points (truly desertified locations) were utilized and
correlated spatially versus the sensitivity map. The acquired accuracy assessment has
demonstrated a robust prediction of the desertification given by the resultant desert-
ification sensitivity map, producing an AUC of 60 % (Fig. 18.10a). On the other
hand, when the independent variables (desertification driving parameters) were
correlated independently, a variable AUC values were obtained. This might be due
to the inconsistency in surface cover distribution (especially for soil cover), as the
area soils were subjected to the disturbance of different factors such as soil salinity
and its effect, and sand drift (Khiry, 2007) and mismanagement. Further, land
overgrazing and overuse were additionally sharing factors (Dawelbait, 2010). How-
ever, the determined prediction (AUC) rates of the separate components produced
AUC of 65.2 %, 60.8 %, 54.5 %, and 52.8 % for CQI, VQI, SQI, and MQI,
respectively (Fig. 18.10b). This indicates that the climatic and meteorological vari-
ables (represented in rainfall and temperature in particular) have probably played
exceptional role in forming the surface cover at the area, proving to be the most
predictive factor for quantifying desertification, followed by vegetation cover distri-
bution. This can be justified by the fact that the local communities are highly
agricultural dependent, which made them intensify cultivation practices.

Despite the fact that AUC varied between 50 and 65 which may be viewed as
“weak to moderate model”, the inability of the individual parameters has been
weakened by the inconsistency of their sub-variables. For instance, the climate
quality index CQI which has proven to have a moderate AUC, was hindered by a
rainfall index (R) that was generated from a 250 m spatially-based data resolution
and correlated with a 30 m-based aspect direction (AD) and a 250 m-based aridity
index (AI) in order to form the CQI. However, the shrubby nature of the green
surface cover has imposed a signature formed from a holistic surface objects, leading
to the moderately acquired VQI-AUC accuracy.
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Fig. 18.10 “Parameters Occurrence Index”, the spatial validation (AUC) of predicted (a) desert-
ification map and (b) the independent parameters responsible for desertification quantification and
distribution
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18.5 Conclusion and Recommendations

In this study, an ESAI map was produced using the MEDALUS model and remote
sensing-based indicators, which included; vegetation quality indicator (VQI), soil
quality indicator (SQI), climate quality indicator (CQI) and management quality
indicator (MQI). The developed model was implemented in the north Kordofan state
where Bara and Tayba localities were assigned as pilot study area.

The proposed methodology has shown that 57% of the total area of the study site
belongs to “high” and “very-high” sensitivity classes, which were susceptible to
desertification. The northern-northwestern and central parts of the study site
presented the highest sensitivity and susceptibility to desertification. They were
characterized by low rainfall, high soil salinity, overgrazing, overcopping, poten-
tially fire risk, low drought resistant, accumulation of sand dunes/sheets (especially
in the area where the Bara and Tayba localities located), and low management of
crop lands. The final ESAI map and based-indicators were validated using a receiver
operating characteristics (ROC) curves that measure the area under the ROC curve
(AUC).

The produced ESAI map presented satisfactory results. The validation of the
maps indicated reliable results and acceptable accuracy of the produced map.
Therefore, the proposed methodology and the ESAI map should be considered as
tools by the local authorities and local communities, in addition to the national and
international organizations, beside their policy makers and strategic activists to
combat desertification or land degradation and enable sustainable development
strategy for agriculture, grazing and other human activities. Ultimately, this will
halt and reverse land degradation and halt biodiversity loss. Therefore, the study
recommends the following:

1. Information related to the environment and its change can be obtained, improved
and monitored through the use of remote sensing data and techniques.

2. The local community, authorities, and national and international organizations
should adopt the sustainable development goals (SDGs) to combat desertifica-
tion, restore degraded lands and soil in the study site through continuous moni-
toring and assessment of these phenomena using remote sensing satellite
imagery.

3. Human activities such as shifting cultivation that is practiced in the study site
should be encouraged, and efforts should be devoted to combat cutting down
trees for construction or fuel purposes, because this will lead to bare soil that
hasten both water and wind erosion and increase degradation. Therefore, these
activities should be prevented by adopting and developing new strategies, by the
local community, working on improving the environment and preservation and to
improve living conditions in arid and semi-arid regions.

4. The conditions of the vegetation should be monitored and assessed regularly
through remote sensing satellite imagery and site-based data to prevent depletion
of vegetation cover.
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5. The local communities, to keep their lands out of degradation and maintain soil
productivity, should adopt sustainable land management.

6. Local communities should be involved in any developmental strategies or plans.
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Chapter 19
A Selected Benchmark for Landslides
Susceptibility Assessments in Northern
Morocco

Meryem Elmoulat and Lahcen Ait Brahim

Abstract During the past two decades (2000–2020) many studies have been
conducted to build strategies as preventing landslides. Most of these approaches are
focusing on different methods (statistical, mathematical, and machine learning. . .etc.)
for the same study area. In the present research, we are benchmarking the results of
our approach at two different geographical areas by using the Frequency Ratio (FR).
First, we are comparing robustness between two susceptibility assessments for
smaller areas such as Ceuta (257 Km2) and Tétouan-Ras-Mazari (590 Km2) to find
out their similarities and their differences. Second, for both areas, we are utilizing the
same controlling factors e.g., lithology, landuse, fault density, drainage density, slope
degrees, slope aspects, and elevation. Third, we calculated the Prediction Rates
(PR) of all factors. Fourth, our results show that three factors (Landuse, Elevation,
Lithology for Area-1; in addition to, landuse, elevation, and fault density for Area-2
are sufficient for establishing acceptable LSAs for each area. Fifth, the evaluation
process for the models is assessed by Areas Under the Curve (AUC). The accuracy of
Models-I is 78.55% and Model- II is 79.25%. Last, our strategy could be an asset for
our successors interested in Landslide Susceptibility Assessments (LSAs) in moun-
tains MENA regions.

Keywords Frequency ratio (FR) · Landslides susceptibility assessments (LSAs) ·
Smaller areas · And northern Morocco

19.1 Introduction

Landslides, both natural and man-made are often the cause of extensive material and
human damages. These phenomena represent one of the most serious problems
affecting several countries in North Africa (Morocco, Algeria, and Tunisia).
Morocco, by its geographical location, is regularly exposed to climate change, the
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recurrence of drought, the diversity of geological, hydrogeological, and geomorpho-
logical nature, which play an instrumental role in the dynamic of triggering Mass
Movements (MM). The serious catastrophic events whose impact on the natural
environment as well as on human life is nowadays concerned scientists, engineers,
and geologists; because of the destructive effect on the economy and human life,
which prevents the exploitation of the potential socio-economic development of
nations. According to a report published by the Algerian Ministry of agriculture and
rural development (Mate, 2004), there are about seven natural hazards have been
identified. These risks are usually landslides that influence the development of
several Algerian cities. These Mass Movements (MM) led to the destruction of
several buildings and the relocation of many families. The volumes of the land
involved are highly diverse, depending on the type, depth, activity, and speed of the
landslides. The deeper the MM, the more the disaster is damaging. Tunisia is known
for landslides that affect its mudstones and marlstone slopes (Maurer, 1976, 1979).
According to a definition given by (Marthelot, 1957, 1959), the different types and
causes of landslides in Tunisia, are phenomena that can cause substantial damage
and significantly harming the well-being of populations by threatening human life
(Kassab, 1976, 1979). In Morocco and as mentioned by (Pateau, 2014) many the
regions affected by these natural disasters. Rif chain in the northern side of the
Kingdom is very active from a geodynamic, geomorphological (ravinement, land-
slides, etc.), climatic (longer periods of drought in late summer and an intensification
of torrential rains in winter) points of view. These traits have led to an increase in
risks inherently related to extreme climate change recorded since the 2000s. More-
over, other ingredients are also responsible for MM like economic and socio-
demographic growth. Tangier-Tétouan region of the Western Rif is increasingly
populated (3,157,075 inhabitants (Haut-commissariat au Plan, 2014)), as it is
crossed by newly established communication channels (Mediterranean bypass) and
attracts more socio-economic activities.

In this chapter, we will use two study sites in the Tangier-Tetouan region: Ceuta
city and Tétouan-Ras-Mazari. More information about these two study areas can be
found in our previously published works (Elmoulat & Ait Brahim, 2018, 2020). The
present manuscript is crucial to carry out our scientific approach to identifying and
assessing landslides susceptibility; in order to minimize the destructive damage of
these phenomena. Our choice is justified by the fact that these two sites are integrated
into the province of Tetouan, which comes first in the areas severely affected by
landslides in Northern Morocco. In explanation, several researchers around the
world have conducted benchmarking between many statistical, mathematical,
and/or computer learning techniques; in our current study, we focus on leading a
Benchmark between two landslides susceptibility assessments (LSAs) of two dif-
ferent geographical areas by using the same statistical approach and the same type of
independent factors. This present chapter is organized in four consecutive sections
arranged as follows: In the first section (Sect. 19.1), we introduce the research
subject that is the mapping of landslides in two different sites using the same
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statistical approach (FR). In the second section (Sect. 19.2), in which we will explain
the procedures and the techniques followed to obtain our desired results. In the third
section (Sect. 19.3), we will present our findings. In the fourth section (Sect. 19.4),
we provide interpretation and meaning to our previously presented data in the results
section. In the fifth section (Sect. 19.5), we conclude and share an overview of our
future works (Fig. 19.1).

19.2 Methods and Procedures

In this section, we are going to explain in detail how our questions are answered.
This section includes several sub-sections about the implementation of our method-
ology. First, we provide an overview of our datasets, materials, and sources of our
inputs. Second, we explain how we gathered our geodatabase and the preparation
process. Third, we talk about technical details concerning the projections and
provide useful information related to our data. Fourth, we cite our previous works
and summarize the main information regarding the most important inputs of our

Fig. 19.1 Study areas (Area-1 “Ceuta”, Area-2 “Tétouan-Ras-Mazari”)
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modeling, which are the dependents (landslides) and independents factors (seven
controlling factors). Fifth, we cite certain beneficial references about the statistical
approach employed in this research. Sixth, we calculate the Prediction Rate (PR) of
all our controlling factors and in relationship with landslides. Figure 19.2 depicts the
detailed flowchart of our methodology to conduct this research.

19.2.1 Datasets Sources and Materials

Remote sensing imagery becomes more important in landslide studies. Comparison
of images collected before and after the event gives relevant support to landslide
recognition. Landslide inventory data collected from landslide mapping results and
historical records can be employed as a database for susceptibility mapping using
GIS and statistical approaches. According to our previously published works
(Elmoulat & Ait Brahim, 2018, 2020), a summary of the sources of the datasets is
provided in the table below (Table 19.1):

Based upon our previous research works (Ait Brahim et al., 2002; Elmoulat et al.,
2015) and the ones conducted by our predecessors (Mastere et al., 2015) in the Rif
Region seven parameters (lithology, fault density, landuse, drainage density, slope
degree, slope aspect, and elevation) are mapped to run the two models (Model-I for
Area- 1 and Model-II for Area-2). All these parameters are geo-processed in ArcMap
environment except for lithology and landuse for the enhancement and the classifi-
cation are assisted by using Erdas Imagine.

19.2.2 Production of Dependents and Independents Factors

On one hand, approximately 70% (114 centroids) out of 130 total landslides poly-
gons for Ceuta and 70% (123 centroids) out of 165 for Tétouan-Ras-Mazari were
used to train each model. On the other hand, 16 and 42 centroids were used to test
model-I and Model-II, respectively. Moreover, seven parameters were used in
mapping LSAs for both Models, i.e. lithology, landuse, fault density, drainage
density, slope degree, slope aspects, and elevation. All thematic maps have been
converted to Grid format. The pixel size of each grid is 100 m.

19.2.2.1 Lithology

Landsat ETM + 7 images are a beneficial toolset to discriminate the different spectral
properties for lithological units (Ciampalini et al., 2014). They represent a great
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Fig. 19.2 Flowchart of our methodology
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source for lithological mapping where access is difficult either for political or
geomorphological reasons. For both study sites (Ceuta City and Tétouan-Ras-
Mazari), we mapped lithology and classified it into five classes (Figs. 19.3a and
19.4a).

Table 19.1 Datasets sources for the two study areas

Data type Data Sources Details

Dependent
factor

Landslides Field surveys 130 landslides for Ceuta and
126 for Tétouan-Ras-Mazari

Independent Lithology Satellite imagery: http://
earthexplorer.usgs.gov
Geological maps: scale of
1/50,000 (Ceuta & Tétouan-Ras-
Mazari).

1- LANDSAT ETM+ images
consist of seven spectral false-
color composites bands with a
spatial resolution of 30 m for
Bands 1–5, and 7. The resolu-
tion for Band 8 (panchromatic)
is 15 m. 2- Landsat TM image
compose of 6 spectral bands and
1 thermal band (Band 6) with
30 m of spatial resolution.

Fault
density

Satellite imagery: http://
earthexplorer.usgs.gov
Geological maps: scale of
1/50,000 (Ceuta & Tétouan-Ras-
Mazari).

1- LANDSAT ETM+ images
consist of seven spectral false-
color composites bands with a
spatial resolution of 30 m for
Bands 1–5, and 7. The resolu-
tion for Band 8 (panchromatic)
is 15 m. 2- Landsat TM image
compose of 6 spectral bands and
1 thermal band (Band 6) with
30 m of spatial resolution.

Landuse Satellite imagery: http://
earthexplorer.usgs.gov

LANDSATmulti-sensors (TM5,
ETM + 7 et ETM + 8), multi-
date (1999, 2009, and 2018)

Drainage
density

Digital Elevation Model (DEM)
form Shuttle Radar Topography
Mission (SRTM): To generate
high spatial resolution of
90 meters digital topographic
model of the study area.
Topographical map:
Equidistance contours of
10 meters and scale of 1/50,000.

Sensor: C-band and X-Band
Scene size: 1-degree latitude �
1 degree longitude
Capture resolution: 1 arc second
Pixel resolution: 30 m

Slope
degree

DEM from SRTM

Slope
aspect

DEM from SRTM

Elevation DEM from SRTM
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Fig. 19.3 Seven digital thematic maps of the controlling factors of Ceuta City
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Fig. 19.3 (continued)
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Fig. 19.3 (continued)

19 A Selected Benchmark for Landslides Susceptibility Assessments in Northern. . . 455



19.2.2.2 Fault Density

Experts (Mansour & Ait Brahim, 2005; Shi et al., 2016) in Western Rif have paved
the way and allowed us to create faults map for two study areas. Faults maps of
Ceuta (Fig. 19.3b) and of Tétouan-Ras-Mazari (Fig. 19.4b) are established by using
geological maps, landsat+7, and validated by ground truth studies.

19.2.2.3 Landuse

Vegetation is one of the most prone areas to landslides. The landuse maps have been
created based on the supervised classification of ETM+ and validated with field
surveys. Figures 19.3c and 19.4c depicts the different classes of landuse factor for
Area-1 and Area-2, respectively.

19.2.2.4 Drainage Density

Drainage density was automatically extracted from DEM using ArcHydro tools. The
final maps of drainage density were validated using the topographic map of Ceuta
and Tétouan-Ras- Mazari (Figs. 19.3d and 19.4d).

Fig. 19.3 (continued)
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Fig. 19.4 Seven digital thematic maps of the controlling factors of Tétouan-Ras-Mazari
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Fig. 19.4 (continued)
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Fig. 19.4 (continued)
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19.2.2.5 Slope Degrees

Several authors (Lee, 2019) suggested that slope degrees are mandatory for LSAs.
Digital Elevation Model (DEM) extracted from Shuttle Radar Thermometer Mission
(SRTM) of 30 m spatial resolution covering our study areas was a useful source to
create slope degree maps (Figs. 19.3e and 19.4e).

19.2.2.6 Slope Aspect

The parameter indicates the orientation of the surface that faces at a specific location.
Slope aspects maps are considered as a topographical factor that was assessed by
using the DEM of the study areas. Figures show slope aspect maps for Ceuta and
Tétouan-Ras- Mazari, respectively. of.

19.2.2.7 Elevation

Elevation represents used for points above the surface in each altitude. It used to
measure the relationship between altitude above sea level and areas prone to

Fig. 19.4 (continued)
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landslides. Elevation maps for Area-1 and Area-2 are created by using the DEM and
they are given by Figs.

19.2.3 Relationship Between Dependents and Independents
Factors

To better understand the relationship of all the independent factors with landslide
occurrences, we create Pie charts for Area-1 (Fig. 19.5) and for Area-2 (Fig. 19.6).
We provide an explanation and interpretation of all the scientific reasoning behind
these figures in the discussion section.

19.2.4 Method of Landslides Susceptibility Assessment

According to a review article written by (Nicu, 2017) who conducted a survey based
on 776 articles during the last two decades (1999–2018), 24.7% of total articles used
Frequency Ratio (FR) to produce GIS-based landslide Susceptibility Mapping. In
addition to that, many authors (Kim et al., 2018; Chen et al., 2019; Zhou et al., 2016),
proved that FR predicts great results in terms of landslide assessment. In other terms,
this statistical approach depicts the relationships between landslides’ occurrence in
the past and landslides controlling factors. This being said, the greater the ratio is, the
stronger the relationship between the landslides and the controlling factors can be
(Kirat, 1993). For these reasons and more, we are implementing the same method as
our previous research conducted over Ceuta city (Elmoulat & Ait Brahim, 2020) to
map landslides susceptibility for two different areas at local scales (Area-1) and
(Area-2). All the calculated values mainly ratio, FR, the absolute difference between
the maximum and minimum SA values and PR for all factors and for both areas are
given in Tables 19.2 and 19.3 below. More information about the equations and how
we conducted our calculation can be found in (Elmoulat & Ait Brahim, 2020).

Figure 19.7 depicts the PR of each factor for both models from low to the highly
predicted.

19.3 Results

This section is dedicated to only the presentation of our results. Any reading/
interpretation is provided in the discussion section.
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Fig. 19.5 Percentage of relationships between landslides and seven controlling factors for
Ceuta City
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Fig. 19.6 Percentage of relationships between landslides and seven controlling factors for
Tétouan-Ras-Mazari
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Table 19.2 Ratios and Prediction rates for all the controlling factors of Model-I

Factors and Calsses Ratio FR Min RF Max RF [Max- Min] PR

Lithology 0.11 0.3 0.19 3.8

Mudstones 0.62 0.15

Marlstones 1.28 0.30

Limestones 1.13 0.27

Sandstones 0.47 0.11

Conglomerates 0.72 0.17

Fault Density 0.18 0.23 0.05 1

0–257 m 1.15 23.02

257–625 m 0.80 15.98

625–1031 m 1.11 22.32

1031–1607 m 1.03 20.61

1607–2529 m 0.90 18.07

Landuse 0 0.33 0.33 6.6

Built up areas 0.37 0.10

Forest 1.17 0.33

Marshland 0.00 0.00

Agriculture 0.98 0.27

Arable land 1.09 0.30

Drainage Density 0 0.25 0.25 5

0–8 m 1.01 0.25

8–13 m 1.01 0.25

13–19 m 1.01 0.25

19–31 m 1.00 0.25

31–53 m 0.00 0.00

Slope Degree 0 0.33 0.33 6.6

0�–5� 1.19 0.33

5�–11� 0.00 0.00

11�–17� 0.30 0.08

17�–26� 0.98 0.27

26�–57� 1.10 0.31

Slope Aspect 0.17 0.25 0.08 1.6

North (1�–61�) 0.84 0.17

East (61�–134�) 1.26 0.25

South (134�–202�) 0.99 0.20

West (202�–293�) 1.02 0.20

North-East (293�–359�) 0.92 0.18

Elevation 0.12 0.36 0.24 4.8

0–95 m 2.17 0.36

95–200 m 0.95 0.16

200–307 m 1.29 0.22

307–442 m 0.75 0.12

442–821 m 0.84 0.14
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Table 19.3 Ratios and prediction rates for all the controlling factors of Model-II

Factors and calsses Ratio FR Min RF Max RF [Max–Min] PR

Lithology 0.11 0.29 0.18 1.72

Conglomerates 1.03 0.23

Sandstones 0.69 0.15

Mudstones 1.02 0.22

Limestones 0.48 0.11

Marlstones 1.33 0.29

Fault Density 0.05 0.30 0.25 2.40

0–23 m 0.24 0.05

23–46 m 1.28 0.27

46–64 m 1.42 0.30

64–89 m 0.83 0.18

89–147 m 0.91 0.19

Landuse 0.07 0.29 0.33 3.16

Built up areas 0.33 0.07

Forest 1.23 0.28

Agriculture 1.29 0.29

Arable land 0.82 0.19

Marshland 0.77 0.17

Drainage Density 0.10 0.30 0.25 2.39

0–59 m 0.50 0.10

59–72.9 m 1.10 0.22

72.9–82.2 m 1.06 0.21

82.2–91.8 m 0.86 0.17

91.8–118.8 m 1.49 0.30

Slope Degree 0.09 0.30 0.30 2.89

0�–2� 0.41 0.09

2�–5� 0.85 0.19

5�–13� 1.36 0.30

13�–20� 0.97 0.21

20�–57� 0.93 0.21

Slope Aspect 0.15 0.25 0.10 1

North (1�–71�) 1.22 0.24

North-East (71�–143�) 0.76 0.15

South-East (143�–215�) 0.80 0.16

West-SE (215�–278�) 1.30 0.25

North-West (278�–359�) 1.04 0.20

Elevation 0.05 0.36 0.31 2.93

0–84 m 0.53 0.13

84–204 m 1.28 0.31

204–360 m 1.50 0.36

360–571 m 0.63 0.15

571–1003 m 0.23 0.05
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19.3.1 Model-I (Area-1 Ceuta)

Th results to extract from the abovementioned data in the methods section allow us
to create landslides Susceptibility Assessment for Ceuta City (Fig. 19.8). Among
multiple tests to create the most predictable model we used the highly predicted
factors and conditionally independent, which are landuse, elevation, and lithology
for Ceuta City. Afterward, we classified the final map into five classes as not
susceptible, low, moderate, high, and very high by using Jenks Natural breaks
classification method of ArcMap.

19.3.2 Model-II (Area-2 Tétouan-Ras-Mazari)

The susceptibility map of Area-2 (Tétouan-Ras-Mazari) applied the same rule of the
selection of controlling factors as stated in previous part 3.1, which are landuse,
elevation, and fault density. Figure 19.9 depict the final LSA of Tétouan-Ras-
Mazari.

19.3.3 Models Validation

To understand the area of each subclass of both LSAs, we create the graphes in
Fig. 19.10. More reading of thse graphes are provided in the discussion section.
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Fig. 19.8 Landslides susceptibility assessment of Ceuta City
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Fig. 19.9 Landslides susceptibility assessment of Tétouan-Ras-Mazari
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Receiver operating characteristic (ROC) or Area Under Curve (AUC) is well
know for its capability to predict the accuracy of a model based on presence and
absence of a series of data. AUC of our Models are given by Fig. 19.11.

The percentages of cross-validation between the results of LSAs and the testing
data are show in the Fig. 19.12.
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19.4 Discussions

19.4.1 Relationship Between Landslides and Controlling
Factors

According to the results of our analysis shown in the Figs. 19.5 and 19.6, the most
striking findings to emerge from the relationship between landslides’ occurrence and
the explanatory factors used to predict the LSA are discussed as follow:

19.4.1.1 Landuse

The relationship between landuse and mass movement, specifically rock falls in
Ceuta city and landslides in Tétouan-Ras-Mazari are shown in Figs. 19.5c and
19.6c. This type of mass movements are very abundant in agricultural land with
53%, and in the forests subclass 34% for Ceuta City. Concerning Tétouan-Ras-
Mazari, the highest percentage exhibits 37% of landslides in marshland and 24% in
forest. There are several possible explanations for this result. First, we are concerned
about the quality of the agricultural land in Ceuta area and marshland in Tétouan-
Ras-Mazari. If these two subclasses of landuse are prone to rock falls/landslides; so
probably the top layer of soil is removed due to soil erosion; which is a natural
process caused by the weather that harms the agricultural land. Second, we observe
that the subclass of forest is also conducive to the outbreak of rock falls in this
portion of the study area. Unexpectedly, forest stabilizes the equilibrium of land and
therefore increases the shearing strength. However, this is not particularly surprising
given the fact that a clear impact of rockfalls on forest is observed. As matter of fact,
dendrochronology can show a past effect, with missing of trees’ competent. To
better understand the relationship between rock falls and the forest, a further
macroscopic section can be used for dating rockfalls events (16).

Low
19%

Medium
25%

High
56%

Not susceptible
0%

Very high
0%

10%

21%

13% 23%

33%

LSA (Testing Landslides) LSA (Testing Landslides)

Not susceptible Low Medium High Very high Not susceptible Low Medium High Very high

Fig. 19.12 Results of cross-validation between the results of LSAs and the testing data
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19.4.1.2 Elevation

By looking at the Figs. 19.5g and 19.6g, we notice the relationship between MM
occurrence and altitude. They show that in Ceuta moderate and high altitudes
represent 28%(200–307 m) and 25% (307–442 m) respectively. This result reflects
the direct relationship between MM occurrences and high altitudes. Regarding
Tétouan-Ras-Mazari the two highest percentage are 44% (for low altitude
(95–200 m) and 34% for medium ones (200–307 m). Thus, it can be conceivably
hypothesized due to the road cutting and human activities in unstable slopes.

19.4.1.3 Fault Density & Lithology

The third factors used in our models are conditionally dependent for two different
geographical areas and therefore we will be discussed them separately:

For Area-1, lithology is considered as the third highly predicted factor.
Figure 19.5a reveals that conglomerates exhibits 46% of MM and marlstones 35%
of MM. These values are consistent with previous results (Ait Brahim et al., 2002;
Ait Brahim & Soussey, 2003; Kirat, 1993). Consequently, rock falls are intimately
related to the conglomerates and marlstones of Flysch Nappes. Concerning Area-2,
Faut density is the third predicted factor. Figure 19.6b provides the results of this
class. We notice that highest percentage is attributed to middle class 38% (625 m–

1031 m) and next comes the low class (257–625 m) that represent 28% of total
MM. This expectation lends to support the general rule that the probability of
landslides’ occurrence increases when the fault density decreases.

19.4.2 Investigation of Landslides Susceptibility Assessment
(LSA)

19.4.2.1 Model-I

Investigation of our findings throughout Figs. 19.8 and 19.10 (left) highlights that
our model predicts 40% of high susceptible areas and 10% of very high ones of the
total study area by using training data and three conditionally independent factors
(Landuse, fault density, elevation and). In addition to that, we conduct another
analysis to strengthen our confidence about the accuracy of our model and cross-
validate the result of susceptibility assessment by using 30% of testing data and the
statistic results shown in Fig. 19.12 (left). Our model predicts 56% of the total study
area as highly susceptible. To better evaluate our model, we calculate the ROC or
AUC. This test forecasts 78%.55 of landslides’ occurrence. This is in a good
alignment with previous findings in literature. As mentioned by (Chen et al.,
2019): “AUC values between 0.7 and 0.9 indicated reasonable agreement”. These
findings allowed us to recommend that at smaller areas such as Ceuta city three
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conditionally independent factors are barely enough to predict risky areas in North-
ern Morocco.

19.4.2.2 Model-II

Inspection of susceptibly assessment map of Tétouan-Ras-Mazari (Fig. 19.8), sta-
tistical analysis, and prediction rate (Fig. 19.10 (left)) of this model highlights the
following results:

On one hand, the susceptibility areas of the total study area are 22%, 29%, 19%,
14%, and 15% for the five classes that are not susceptible, low, medium, high, and
very high; respectively. Unexpectedly, this can be explained by the high number of
active landslides used to run the model (123). On the other hand, the results gathered
from the analysis by using testing data. Figure 19.12 (right) highlights that 13% of
very high and 21% of high areas. Contrary to expectations, this test overestimated
low class and predicted 33% of the total areas. It is plausible that a number of
limitations may influence the results obtained. This limitation may be related to the
exact ratio of active landslides used for training/testing data. In our previous research
(Elmoulat & Ait Brahim, 2018), we used a ratio of 50% of training and 50% of
testing and the current model a ratio of 70% of data to run the model and 30 for
validation purpose. In terms of the success rate curve, the success rate of the model is
79.25%, which is the highest value found in our analysis among four different tests
using only the highly predicted factors (Figs. 19.11 and 19.2). This result shares a
number of similarities with (Corona et al., 2017). Hence, we can conclude that three
controlling factors which area land use, elevation, and fault density exert more power
in triggering landslides in Area-2.

19.4.3 Comparison Between Model-I vs Model-II

In terms of results obtained from the AUC (Fig. 19.11) and the statical analysis
conduct by using training and testing data (Figs. 19.10 and 19.12), we conclude that
the two areas have two similar predicant factor that are landuse and elevation. The
geographical area inserted in the same Rif region and therefore shares that same type
of land covers; in addition to that in term of elevation they are slightly different. For
area-1 the high rate is observed in the highest class (307–442) because of the
geographic location up to the North of the African plate. Concerning area- 2 the
highest class is slow class (84–204). This can be explained by the geographical
location of area-2 compared to the one of area-1. Thirdly, Model-I used lithology as
the third factor to predict susceptible areas, which is crucial because marlstones and
congregates are dominant formation in area-1. From petrographic and structural
point of view, these elements trigger landslides in the Rif region (Shi et al., 2016,
Corona et al., 2017). Furthermore, Model-II called out fault density. In our previous
works (Elmoulat and Ait Brahim Elmoulat & Ait Brahim, 2018) and field
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observations density around 0 m and 60 m are areas prone to mass movements. Our
current observation is in complete agreement with our earlier findings. We would
like to mention that faults zones between the Flysches Nappes and Tangier Unit
highlight an important number of mass movements.

19.5 Conclusion

The present research composes of two different models to create Landslides Sus-
ceptibility Assessment (LSA) of two distinct geographical areas (Ceuta City and
Tetouan-Ras-Mazari). Both LSAs are implemented by using the Frequency Ratio
approach. The factors used in these models based upon the prediction rates of each
controlling factor of landslides’ occurrences. We selected only conditionally inde-
pendent parameters whose Prediction Rates (PR) are highly classified. Indeed,
conditional dependence decreases the overall accuracy of any model. Our findings
reveal that landuse and elevation are major controlling factors for both models.
Lithology exerts more power over Ceuta City and fault density takes the deal for
Tetouan-Ras-Mazari. The overall accuracy of the two models are evaluated by AUC
and cross-validation by using the testing data, which are in reasonable agreement
with our predecessors.

The hypothesis of the current research is primally focused on benchmarking two
susceptibility assessments for two smaller areas to determine their main similarities
and differences and then gain new knowledge based upon our findings. We are
aware that our results cannot be generalized, given the fact that both areas are
geographically located in the same meridians, despite the distinct position of their
parallels.

To further our research, we plan to extend our studies in several different regions
in the world; in totally different locations (countries and why not continents). For
instance, we would like to conduct another benchmarking, as soon as we collect the
necessary data to do so, between susceptibility maps of areas located, for example, in
Asia and/or South American; in addition to the ones already established in North
Africa. The knowledge we may acquire from this research, will improve our
understanding of global landslides’ susceptibility mapping.

In the end, we believe in a famous saying by a Philanthropist, Petra Nemcova:
“We cannot stop natural disasters, but we can arm ourselves with knowledge: so
many lives wouldn’t have to be lost if there was enough disaster preparedness.”
(Nemcova, 2021).
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Chapter 20
A Geophysical and Remote Sensing-Based
Approach for Monitoring Land Subsidence
in Saudi Arabia

Abdullah Othman and Karem Abdelmohsen

Abstract Groundwater represents the main source of accessible freshwater in Saudi
Arabia. Overexploitation of these resources can adversely lead to serious natural
hazards in these regions. Understanding the mechanisms and factors causing these
hazards whether natural or anthropogenic have become essential to safe people life
and sustain the development in such arid regions. Here we applied an integrated
approach (field, Interferometric Synthetic Aperture Radar [InSAR], hydrogeology,
Geoinformatics) over the northern and central parts of Saudi Arabia to identify the
nature, intensity, and spatial distribution of deformational features. The Lower Mega
Aquifer System (LMAS) in central and northern Saudi Arabia were used as a test
sites. Findings suggest that the natural recharge reduction and excessive groundwa-
ter extraction in the LMAS are the major cause of land subsidence and deformation
features in the study site. Spatial and temporal correlation of radar and Gravity
Recovery and Climate Experiment (GRACE) solutions indicated that sustainable
extraction could be attained by reducing the current extraction rates. This approach
provides replicable and cost-effective approach for ideal utilization of fossil aquifers
in arid lands and for reducing deformation hazards associated with their use. Also
suggesting potential areas for sustainable agricultural development that will lead to
concrete actions and have an immediate humanitarian/community/environmental
benefits.

Keywords GRACE: Radar interferometry · InSAR · Fossil aquifers · Land
subsidence · Saudi Arabia
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20.1 Introduction

Understanding the factors that causing natural disasters and hazards whether natural
or anthropogenic factors have become essential to safe people life and assessing the
development in arid and semi-arid regions. Land subsidence can substantially
jeopardize human lives and infrastructures. This phenomenon represents a response
to the differential subsiding of the ground surface due to the extent reduction of
belowground materials by compaction or collapse of subsurface cavities (Ren et al.,
1989). Land subsidence a result of volume reduction, either by natural or anthropo-
genic activities, is typically a slow process happening over nearly large areas. The
rates of subsidence have been traditionally measured using ground-based surveying
methods (e.g., geodetic leveling and global positioning systems) (Galloway &
Burbey, 2011). Yet, the advancement of the Interferometric Synthetic Aperture
Radar (InSAR) technologies enabled cost-effective and timely estimations of land
subsidence over large-scales (Gabriel et al., 1989). Examples of these applications
include; some areas in California and Las Vegas such as Antelope, Santa Clara, and
Las Vegas valleys (Galloway et al., 1998; Galloway & Hoffmann, 2007), The Nile
Delta in Egypt (Becker & Sultan, 2009; Rateb & Abotalib, 2020) and central Arabia
(Othman & Abotalib, 2019). Moreover, (InSAR) technologies have been recently
used to detect and quantify sluggish, large property displacements all over the globe
(Hooper, 2006; Kampes, 2006), such as technologies enabled cost-effective San
Francisco Bay Area (Bürgmann et al., 2006) and central Mexico (Chaussard et al.,
2014). The relationship between radar-detected subsidence and related spatial -
temporal measurements sheds light on the factors that cause the reported subsidence.
(Higgins et al., 2014). These factors usually include groundwater or oil/gas extrac-
tion rates, rapid urbanization (Al-Jammaz et al., 2021), decline in groundwater
levels, and the distribution of different lithologies. For example, significant subsi-
dence of over 40 mm over 35 days in the oil fields over Lost Hills and Belridge in
San Joaquin Valley, California was attributed to immoderate oil production from
depths of about 700 m under the ground (Fielding et al., 1998). Subsidence and
related deformations such as fissures, sinkholes, and earthquakes, have been reported
in many arid and semi-arid regions, where excessive groundwater extraction is a
common practice. In Las Vegas Valley, between 1992 to 1997, and by using
geodetic and satellites applications such as GPS and InSAR data, deformational
features, and land subsidence of up to six centimeters by year were discovered due to
intensive pumping of groundwater (93 km3/year) (Bell et al., 2002). Significant land
deformation and subsidence were also reported from Mashhad city northern Iran,
where InSAR measurements indicated subsidence of�28–30 cm/y between 2003
and 2005 along the axis of the Mashhad valley. These rates were set on as main
factors caused by extensive extraction of the aquifer system as evident by analysis of
piezometric records (i.e. 65 m of water table decline since 1960s) (Motagh et al.,
2007). Moreover, Earth fissures were reported from the Sarir South agricultural
project over the Nubian Sandstone Aquifer System (NSAS) in Libya, where water
levels dropped by more than 6 meters leading to compaction of fine-grained
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sediments within the aquifer materials and development of earth fissures (El Baruni,
1994). In the same context, using GPS data from two stations (period: 2006 to 2009),
subsidence rates of up to 10 cm per a year were reported from the Quetta Valley in
Pakistan, where subsidence was also attributed to excessive groundwater abstraction
to support progressive population growth (1975: 260,000; 2010: 1.2 million) (Khan
et al., 2013). Groundwater-extraction-induced deformation was reported for both
confined and unconfined aquifers (Galloway et al., 1998; Othman & Abotalib,
2019). The reported deformation was either uniform and extend over large areas,
or differential, causing earth fissures, damage in buildings and infrastructures
(Burbey, 2002) and might involve horizontal displacement in addition to the vertical
component (Burbey, 2001; Galloway & Burbey, 2011).

The largest number of subsidence cases were documented in arid lands, where
precipitation was minimal, limited or no surface water resources were available,
intensive irrigation programs were implemented mainly on groundwater as a source
for freshwater (Maliva & Missimer, 2012) such as the Saharan-Arabian desert belt.
Aquifers in the Saharan-Arabian deserts are fossil aquifers that were recharged
mainly during the Quaternary wet climatic periods (Abotalib et al., 2016, 2019a).
Currently, they receive only limited local recharge, which is way lower than the
annual abstraction (Sultan et al., 2014). Examples of these aquifers include the Mega
Aquifer System (MAS) in Saudi Arabia (Hoetzl et al., 1978; Sultan et al., 2014;
Abotalib et al., 2019b), the Nubian Aquifer System in northeastern Africa
(Abdelmohsen et al., 2020; Mohamed et al., 2017), the North-Western Sahara
Aquifer System in northwestern Africa, and the Great Artesian Basin in Australia
(Taylor et al., 2013).

Overstimulated exploitation of non-renewable groundwater in such regions, and
for certain fossil aquifers, will be expected to cause artesian head downturn, high
extensional stresses, and other problems.

In this study, we are investigating on the LMAS of Saudi Arabia, one of the
world’s largest fossil aquifer systems, examine comparable cases elsewhere, and
note the similarity with our results from the LMAS to those published from similar
areas around the world. The Mega Aquifer System (MAS) (surface area: ~2 million
km2) spans the Arabian Peninsula’s Arabian Shelf in Saudi Arabia, United Arab
Emirates (UAE), Qatar, Yemen, Oman, Jordan and Kuwait. The aquifer currently is
the major water resource for mega-agricultural projects and within these reclaimed
areas, several ground deformations and subsidence features were reported. Examples
of these areas are the Al-Yutamah valley, Tabah village, and Najran valley (Roobol
et al., 1985; Vincent, 2008; Youssef et al., 2014).

The government of Saudi Arabia started in the mid-eighties an ambitious agri-
cultural development program in central Arabia (e.g. Al-Qassim and Ha’il regions
central Saudi Arabia), which led to a raise in groundwater extraction (1.9 � 109 m3/
year in 1984 to 4.4 � 109 m3/year in 2004) and cultivated lands (from 213 � 103

hectares in 1984 to 316 � 103 hectares in 2004). Likewise, widespread agricultural
projects were employed in northern Saudi Arabia (e.g. As-Sirhan valley northern
Saudi Arabia) leading to a raise in groundwater extraction from 0.095 x 109 m3/year
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to 2� 109 m3/year, the cultivated areas have grown from 14� 103 hectare in 1984 to
164 � 103 hectare in 2004 (MOAW, 1984, 2004; Abunayyan and BRGM, 2008).

Our integrated study includes a regional investigation over LMAS in northern and
central parts of the KinSaudi Arabia and a local investigation over the Wadi
As-Sirhan Basin (WASB) and Al-Qassim Region (Fig. 20.1). The regional investi-
gation implemented field observations to examine deformational land features and
applying spatial correlation for features with other relevant datasets in term of causal
effects.

Fig. 20.1 Location map of the regional study area and the investigated InSAR areas over Wadi
As-Sirhan Basin and Al-Qassim Region. The boundaries and outcrops of the Lower Miga Aquifer
System
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20.2 Geology and Hydrogeology of the Study Area

The Arabian Shield’s basement complex crops out along Red Sea margins, creating
the Red Sea mountain range (Red Sea Hills) (Fig. 20.2). Successions of Phanerozoic
sedimentary overlie the basement complex unconformably, with east-dipping and
approaching thicknesses of ten kilometers near the Arabian Gulf (Powers et al.,
1966; Lloyd & Pim, 1990; Konert et al., 2001; Margat, 2007). The Red Sea
mountains outcrops are younger to the eastward of the Gulf (Quaternary age) and
older to the westward (Cambrian age) (Fig. 20.2). The Red Sea rifting exposed the
basement complex and the overlaying Phanerozoic formation, which facilitates
aquifer recharge within the surface exposures of these formations. The Red Sea
opening rejuvenated many of the Proterozoic NW-trending Najd fault systems that
affect the crystalline rocks of the Arabian Shield (Fairer, 1983; Morsy & Othman,
2020). The fault rejuvenation was dip-slip (e.g. normal faults and grabens) in
response to the extensional events associated with Red Sea rifting during the
Oligo-Miocene time (Kellogg & Reynolds, 1983; Giannerini et al., 1988). These
faults are represented by the Kahf fault system in northern and central Saudi Arabia

Fig. 20.2 Regional geological map of Saudi Arabia. (After Powers et al., 1966)

20 A Geophysical and Remote Sensing-Based Approach for Monitoring Land. . . 481



(Othman et al., 2018). Similar observations of dip-slip displacement on Najd faults
were also reported in the Egyptian side of the shield (Sultan et al., 2011).

Phanerozoic sections contain one of the largest fossil aquifers in the world which
formed from sandstone and limestone sequences (Figs. 20.1 and 20.2). The LMAS
was primarily recharged during previous wet climatic conditions, but it is still
receiving a modern recharge at the moment, especially in southwest Saudi Arabia,
where AAP rates of up to 800 mm/y have been recorded (Alharbi et al., 2014).
Groundwater Cl-36 ages attained close to 1 million years from some aquifers in the
southeastern part of Saudi Arabia (Sultan et al., 2019). Those previous wet climatic
conditions are completely different from current arid conditions with an average
annual precipitation of 100 mm/y and minimal surface-water resources over Saudi
Arabia (Barthélemy et al., 2007).

The main aquifer units within the MAS include formations of Paleozoic sand-
stone, Mesozoic-Cenozoic carbonates, Paleocene, and Neogene sedimentary forma-
tions (Wagner, 2011). The MAS geological have been split into two major groups
separated by the anhydrite layer (Hith formation) (Othman et al., 2018). The topmost
is the Upper Mega Aquifer System (UMAS), including Dammam, Rus, Umm Er
Radhuma, Aruma, Wasia, Biyadh formations. Then Lower Mega Aquifer System
(LMAS), which contains Dhruma, Minjur, Tawil, Tabuk, Wajid, and Saq forma-
tions. The area of MAS is ~236.3 � 104 km2, respectively, respectively.

20.3 Methodology

We briefly describe the technical approaches applied in this study to monitor the land
deformation over Saudi Arabia using (1) Field observations and land deformation
database, (2) TWS and GWS extracted from GRACE temporal monthly solutions,
(3) Radar Interferometric data and (4) precipitation extracted from Tropical Rainfall
Measuring Mission (TRMM) data. The spatial and temporal integration of these data
sets with other relevant data sets (geologic, geochemical, remote sensing) provides
more evidences of the factors controlling the reported deformational features
(e.g. sinkholes, fissures, and subsidence) announced in the arid environmental
lands over the fossil aquifers.

20.3.1 Gravity Recovery and Climate Experiment
(GRACE) Data

GRACE is a satellite mission launched in 2002 by the German Aerospace Center
(DLR) and National Aeronautics and Space Administration (NASA) for the tempo-
ral global variations measurements in the Earth’s gravitational field (Tapley et al.,
2004) that represents the temporal variation in the TWS (Wouters et al., 2014;
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Ahmed et al., 2016; Mohamed et al., 2017; Ahmed & Abdelmohsen, 2018; Sultan
et al., 2019; Abdelmohsen et al., 2019, 2020). TWS refers to the vertically integrated
water storage measurement that includes groundwater, soil moisture storage, surface
water storage, snow water storage, and canopy water storage (Strassberg et al., 2007;
Abdelmalik & Abdelmohsen, 2019).

Release (05; RL05), with a spatial resolution of 0.5� � 0.5�, temporal monthly
constrain solutions (mascon; Save et al., 2016) covering the investigated time period
(4/2002 to 6/2016) were utilized to estimate the long-term components of TWS
changes over the lower MAS and the WASB. The mascon solutions were provided
by Center for Space Research (CSR) at the University of Texas (Save et al., 2016).
The mascon solution doesn’t require any post processing, analysis, filtering, or
scaling factors (Save et al., 2016).

The long term trend TWS component was extracted by continuously fitting a
linear regression function (Fig. 20.3) and the trend uncertinity was calculated using
an approach described in Scanlon et al. (2016). The change in groundwater storage
was calculated using a common equation of water mass:

ΔGWS ¼ ΔTWS� ΔSMS ð20:1Þ

Fig. 20.3 Secular trend (mm/y) for GRACE-derived TWS for the Arabian Peninsula extracted
from temporal (04/2002–03/2016) CSR 1� � 1� Mascon solutions showing high TWS depletion
rates over the study areas
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Where ΔGWS and ΔSMS represent the variation in groundwater storage and soil
moisture storage, respectively. Global Land Data Assimilation System (GLDAS)
model was utilized to derive SMS. land surface modeling system developed by
NASA as a simulation model for hydrologic and climatic variables (Rodell et al.,
2004). Four GLDAS models to estimate the soil moisture:, Community Land Model
[CLM], Noah, and MOSAIC, Variable Infiltration Capacity [VIC] were used to
represent the soil moisture over the study area (Rodell et al., 2004; Dai et al., 2003).
The uncertainty (σ_SM) were calculated from the standard deviation (STD) of the
trends from the GLDAS four simulations. The trend uncertainty in GWS (σGWS) was
calculated using standard error propagation equations:

σGWS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σTWSð Þ2 þ σSMð Þ2

q
ð20:2Þ

20.3.2 Radar Interferometric Data (Persistent Scatterer
Interferometry)

Twenty-nine descending scenes from the European Remote Sensing ENVISAT
satellite were implemented. Twenty-two of those scenes covered the Wadi
As-Sirhan Basin (Tabarjal and Busayta area, tracks: 221, 351 and 493) and the
remaining eight scenes were acquired over Al-Qassim area (Track: 49 and 278). The
investigated period for the first set was from 2003 to 2012, while the second set
covered the period between 2003 and 2005. The spatial baseline ranged from 15 to
855 m concerning the master scenes. The maximum temporal baseline was
1351 days for both investigated areas, and the ranges of permanent scatterers’
density from 10 to 251,351 days for both investigated areas, and the ranges of
permanent scatterers’ density from 10 to 25 persistent scatterers/km2 with a coher-
ence threshold value of 0.5 and an amplitude dispersion value of 0.4.

Persistent Scatterer Interferometry (PSI) techniques has been applied (Hooper
et al., 2004, 2007) to examine the spatial variations in subsidence rates across the
two sites on the Northern and southern parts of the study area (LMAS) (Fig. 20.1).
The PSI technique restrict the unwrapping phase and analysis to coherent pixels,
containing individual scatterers and remaining stable over the investigated period.
Buildings, rock formations, rocks, houses, utility poles, and well platforms were
classified as persistent scatterers in the study region using the Stanford Approach for
Permanent Scatterers (StaMPS) algorithm (Hooper et al., 2007, 2012). The interfer-
ometric was processed using the StaMPS process (Hooper et al., 2004). The accurate
orbit information was provided from the Delft Institute for Earth-Oriented Space
Research (Scharroo & Visser, 1998).
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20.3.3 Landsat Images

Multi-temporal Landsat (5, 7, and 8) images (path 172 and row 39) were been
acquired for the following dates (February 1987, 1991, and 2000, March 2003,
January 2014, and February 2017) then were analyzed to monitor the development
of cultivated lands throughout the past three decades (1987 to 2017). Temporal
changes in the agricultural developments areas were estimated using the NDVI
(Normalized Difference Vegetation Index). Using the reflectance values from the
near-infrared and red bands, an NDVI value was estimated using standard model and
process (Rouse et al., 1974):

NDVI ¼ near infrared� redð Þ= near infraredþ redð Þ: ð20:3Þ

It is a positive relationship between the values of NDVI and density of vegetation.
The cultivated land areas were extracted from the Landsat imagery using a threshold
NDVI value of 0.3; visual comparisons with Google Earth images validated the
threshold value.

20.4 Discussion and Findings

Our analysis of the land satellite images and GRACE solutions over the largest
aquifer systems in Saudi Arabia revealed that land subsidence features can be
targeted excessive extraction of groundwater. In the next parts, we going to describe
and explain our findings over the selected areas in relation and relevant deformation
factors.

20.4.1 The Lower Mega Aquifer System

The excessive groundwater abstraction of the LMAS and unsustainable utilization of
the aquifers was reflected in TWS from GRACE solutions. Depletions in TWS and
GWS derived from GRACE over LMAS (areas: A and B) were observed. The spatial
and temporal changes in TWS anomaly over Saudi Arabia and entire the Arabian
platform is shown in Fig. 20.3. Positive TWS trends indicate an increase in water
mass with time and vise versa in the areas of the negative TWS trends. Figure 20.3
depicts that the study area over LMAS and WASB (Fig. 20.3 area A) are experienc-
ing a significant decrease in TWS trend (red and orange), compared to the southern
areas (Fig. 20.3 area B (Al-Qassim Region)) that extend from lower depletion
(yellow and orange) to near-steady statuses (blue) over the Red Sea seaboard
plain. Figure 20.3 shows the temporal differences in GRACE-derived TWS, and
the secular trend over the WASB in LMAS (area A) (�8.7 � 1.1 mm/year;
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�3.1 � 0. 3 km3/year) and Al-Qassim Region (area B) (�9.5 � 1.4 mm/year:
�1.7 � 0.2 km3/year). Using TWS derived from GRACE solutions combined with
soil moisture derived from GLDAS applied to Eq. 20.1, GWS time series for both
WASB and LMAS were derived (Fig. 20.4).

The observed TWS and GWS seasonal periodical cycle were controlled mainly
by groundwater abstraction. Temperatures in summers (June–August) are high
(range: 28� to 37 �C), compared to winter season temperatures which range between
(6� to 19 �C), and the rates of evaporation is between 25 to 28 mm/day in the
summers season and as low as 0.4 mm/day in the winter seasons (Alsharhan et al.,
2001). As a result, agricultural activities and groundwater abstraction got lower
during the winter season (December–February) and decline in the summer seasons.
Excessive abstraction in the winter season caused water-level declines, and surface
land subsidence and the replenishment (gaining mass) during the summer season by
infiltration and groundwater flow. Since there is a losing mass rate of
�4.2 � 0.7 km3/year in GWS over the study basin, the extracted groundwater
does not fully compensated.

The fissures near the boundaries of the subsidence bowls surrounding Busayta
area in WASB and in the southeastern part of Al-Qassim area (Fig. 20.5A and B)
were most probably caused by curving beam transforming around the area of
deformation, the regions have experienced high lateral extension (Bell et al., 2002;
Othman et al., 2018). Fissures also can result from the lateral (horizontal) forces
linked with sediment compaction or horizontal pressures caused by extraction; all of
these mechanisms produce lateral (horizontal) strain extended along the weakness
planes (Helm, 1994). This mechanism could have caused Earth fissures that are
located proximal to faults. The fissures close to the Kahf fault system in Area A and
B in Figs. 20.5 and 20.6 are good examples of this deformation mechanism.

Fig. 20.4 Time series and secular trends for TWS and GWS over the area A and area B in the
regional study area (LMAS)
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Fig. 20.5 “A” PSI results over Wadi As-Sirhan (Busayta and Tabarjal areas) “B” and the
Al-Qassim region. The distribution of the major faults are also depicted with black lines. (Modified
after Wallace et al., 2000)

Fig. 20.6 Field photos showing land fissures and sinkholes proximal to the land subsidence in the
study areas
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Our research findings are consistent with land subsidence phonomena associated
with aquifers depletion which reported from numerous places around the world (e.g.,
Poland, 1960; Galloway et al., 1998; Hoffmann et al., 2001; Burbey, 2002; Bell
et al., 2002; Christiansen et al., 2007; Assumpção et al., 2010; Galloway & Burbey,
2011; González et al., 2012; Avouac, 2012; Martínez et al., 2013; Amos et al., 2014).
The detected subsided lands in these areas were attributed to increased adequate
pressure that causes layer compaction and land deformation and subsidence
(Donaldson et al., 1995). The effective stress balanced the downward stress effect
due to the overload the overlying rock, water effective stress and pore pressure
balanced the downward stress from the overlying rock and water. The changes in
groundwater extraction-induced stresses trigger earthquakes and land deformations
that would have occurred later when natural stress is accumulated (Avouac, 2012).

The illustrated land subsidence in the northern central part of the Kingdom of
Saudi Arabia has a similar patter to other global aquifer systems in terms of
theresponse to overexploitation of groundwater and the significant associated draw-
down of water table such as in the Mojave Desert, California (Galloway et al., 1998),
central and northeast Iran (Motagh et al., 2008) and in North China Plain (Guo et al.,
2015). Such aquifers are expecting to show near-steady GWS secular trends, and
stable velocity (0 radar averaged velocity) (Chew & Small, 2014). The case from
LMAS is different because the fossil aquifer was primarily recharged in previous wet
climatic periods yet still receives a small amount of recharge (Sultan et al., 2008).
LMAS is not in near-stable state condition according to two observations. Which
groundwater abstraction from the LMAS was not compensated for by replenish-
ment,: (1) the depletion in TWS (�4.8 � 0.7 km3/year) and GWS (�4.2 � 0.7 km3/
year) over the investigated period (Figs. 20.3 and 20.4) the radar interferometric
technique studies over WASB and Al-Qassim Regions produce deformation rates of
�4 to�15 mm/year (Fig. 20.5A and B). The regional deformation in the study basin
is attributed mainly to a rise in effective stress that accelerate compaction and land
subsidence (Fig. 20.5). The balance between the downward stress from the overload
of the upper layers and the upward buoyancy force by the groundwater is challenged
by the overexploitation from the Saq aquifer, where the rate of annual groundwater
withdrawal exceeds 100 times the rate of annual recharge (et Miniéres, B.D.R.G.,
2006). This overexploitation reduce pore pressure in the aquifer layers causing
expand effective stress, which causes compaction and land subsidence in this
location (Donaldson et al., 1995).

The MAS in the upper part Saudi Arabia shows the vertical hydrological con-
nection between the aquifer layers due to the structural control and preferred
pathways for groundwater flows (e.g. Kahf fault system) and the geological incom-
patibility associated with differential deposition of aquifer layers (Othman et al.,
2018) (McGillivray & Husseini, 1992), (et Miniéres, B.D.R.G., 2006). The vertical
connection between the deep gaseous-rich Saq aquifer (e.g. H2S and CO2; Kalin
et al., 2001) and the upper Paleozoic and Triassic hyrologic layers leads to enhanced
evaporation and leakaes from Saq aquifer and dissolution of limestones formations
and forming the karst topography during the wet climatic periods and associated
elevation of the groundwater level (Abotalib et al., 2016). These karst remain
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mechanically stable under different climatic conditions untilwater table drawdown,
which causes instability over the pre-existing subsurface cavitis. This kind of
mechanism was reported as the primary mechanism of formation of falling features
in the Arabian Peninsula to the eastern region (Abotalib et al., 2019b). It can
illustrate the the formation of local land fall features in the region of study. More
evidence of support the latest mentioned mechanism is supported by the field
observation/description of sinkholes northern of Buriydah City in Al-Qassim Region
(Youssef et al., 2016). The abovementioned mechanisms, which induced by ground-
water dynamics, however controlling the study basin doesn’t rule out the ifflluence
of the geotechnical properties of the lithological units on the surface deformation in
the study basin. The illustrated features of cracks and fissures in Fig. 20.6 might be
affected by the existence of near surface approximately thick layer of up to 15 m with
high plastic clay beds, causes upward rupture structure when sub-ground layers
damping from close agricultural activities extends these beds (Al Fouzan & Dafalla,
2013). Consequently, the mixture of dissolution and subsequent sagging and landfall
of the upper layers due to the drop down of groundwater level and the existence of
high plastic clay layers with the hydrological and geological factors and the avail-
ability of suitable geological and hydrological conditions (e.g. loss of buoyancy) can
cause the reported regional and local landfall features in the study basin.

20.5 Summary and Implications

The LMAS, one of the highly hydrologic conductive aquifers in the Middle East and
North Africa, represents an significant source of groundwater abstraction for irriga-
tion in the upper part of Saudi Arabia. Mainly, this sandstone fossil aquifer of the
Paleozoic age has been inordinately mined throughout the past 50 years, causing
regional groundwater table dropdown of up to 150 m. The subsidence locations
inferred from the InSAR processing maps strongly correlate with GRACE-derived
TWS results suggesting that the subsidence can result from excessive groundwater
extraction resources. The rapid increase in the cultivated lands between 1987 and
2012 supports this phenomenon (Fig. 20.7) that continues to our present time.
Findings from the present study support that excessive fossil groundwater abstrac-
tion is critical for forming land subsidence, collapse features, and earth fissures in the
study areas. However, the formation of such features might be associated with other
factors. The studied approach could provide a simplified and cost-effective method
to assess the surface land deformations and landscape associated with anthropogenic
and/or natural induced variations in the groundwater tables under arid/semi-arid to
hyper-arid conditions.

Acknowledgments The authors are grateful for UmmAl-Qura University, the University of Texas
at Austin (Space Research Center), European Space Agency, Ministry of Environment, Water and
Agriculture, and Saudi Geological Survey for their data, field, and logistical support.

20 A Geophysical and Remote Sensing-Based Approach for Monitoring Land. . . 489



References

Abdelmalik, K. W., & Abdelmohsen, K. (2019). GRACE and TRMM mission: The role of remote
sensing techniques for monitoring spatio-temporal change in total water mass, Nile basin.
Journal of African Earth Sciences, 160. https://doi.org/10.1016/j.jafrearsci.2019.103596

Abdelmohsen, K., Sultan, M., Ahmed, M., Save, H., Elkaliouby, B., Emil, M., Yan, E., Abotalib,
A. Z., Krishnamurthy, R. V., & Abdelmalik, K. (2019). Response of deep aquifers to climate
variability. Science of the Total Environment, 677, 530–544. https://doi.org/10.1016/j.scitotenv.
2019.04.316

Fig. 20.7 Time series for Landsat 5, 7 and 8 scenes acquired (February 1987, February 1991,
February 2000, January 2012) over Busayta area in Wadi As-Sirhan Basin (WASB). (Source: Earth
Resources Observation and Science (EROS) Center)

490 A. Othman and K. Abdelmohsen

https://doi.org/10.1016/j.jafrearsci.2019.103596
https://doi.org/10.1016/j.scitotenv.2019.04.316
https://doi.org/10.1016/j.scitotenv.2019.04.316


Abdelmohsen, K., Sultan, M., Save, H., & Abotalib, Z. A. (2020). What can the GRACE seasonal
cycle tell us about lake-aquifer interactions? Earth-Science Reviews. https://doi.org/10.1016/j.
earscirev.2020.103392

Abotalib, A. Z., Sultan, M., & Elkadiri, R. (2016). Groundwater processes in Saharan Africa:
Implications for landscape evolution in arid environments. Earth-Science Reviews, 156,
108–136.

Abotalib, A. Z., Sultan, M., Jimenez, G., Crossey, L., Karlstrom, K., Forman, S., . . . Polyak,
V. (2019a). Complexity of Saharan paleoclimate reconstruction and implications for modern
human migration. Earth and Planetary Science Letters, 508, 74–84.

Abotalib, A. Z., Heggy, E., Scabbia, G., & Mazzoni, A. (2019b). Groundwater dynamics in fossil
fractured carbonate aquifers in Eastern Arabian Peninsula: A preliminary investigation. Journal
of Hydrology, 571, 460–470.

Abunayyan BRGM. (2008). Investigations for updating the groundwater mathematical model(s) of
the Saq overlying aquifers. Ministry of Water and Electricity.

Ahmed, M., & Abdelmohsen, K. (2018). Quantifying modern recharge and depletion rates of the
Nubian Aquifer in Egypt. Surveys in Geophysics, 39(4), 729–751. https://doi.org/10.1007/
s10712-018-9465-3

Ahmed, M., Sultan, M., Yan, E., & Wahr, J. (2016). Assessing and improving land surface model
outputs over Africa using GRACE, field, and remote sensing data. Surveys in Geophysics, 37,
529–556.

Al Fouzan, F., & Dafalla, M. A. (2013). Study of cracks and fissures phenomenon in Central Saudi
Arabia by applying geotechnical techniques. Arabian Journal of Geosciences, 7, 1157–1164.

Alharbi, T., Sultan, M., Sefry, S., et al. (2014). An assessment of landslide susceptibility in the Faifa
area, Saudi Arabia, using remote sensing and GIS techniques. Natural Hazards and Earth
System Sciences, 14, 1553–1564.

Al-Jammaz, A., Sultan, M., Izadi, M., Abotalib, A. Z., Elhebiry, M. S., Emil, M. K., Abdelmohsen,
K., Saleh, M., & Becker, R. (2021). Land subsidence induced by rapid urbanization in arid
environments: A remote sensing-based investigation. Remote Sensing, 13, 1109. https://doi.org/
10.3390/rs13061109

Alsharhan, A., Rizk, Z., Nairn, A. E., Bakhit, D., et al. (2001). Physical geography of the Arabian
peninsula, hydrogeology of an arid region: The Arabian gulf and adjoining areas (pp. 7–42).
Elsevier.

Amos, C. B., Audet, P., Hammond, W. C., et al. (2014). Uplift and seismicity driven by ground-
water depletion in Central California. Nature, 509(7501), 483–486.

Assumpção, M., Yamabe, T. H., Barbosa, J. R., et al. (2010). Seismic activity triggered by water
wells in the Paraná Basin, Brazil. Water Resources Research, 46(7), W07527.

Avouac, J. P. (2012). Earthquakes: Human-induced shaking. Nature Geoscience, 5(11), 763–764.
Barthélemy, Y., Béon, O., Le Nindre, Y., et al. (2007). Modelling of the Saq aquifer system (Saudi

Arabia). Aquifer systems management: Darcy’s legacy in a world of impending water shortage
(pp. 175–190). Taylor & Francis.

Becker, R. H., & Sultan, M. (2009). Land subsidence in the Nile delta: Inferences from radar
interferometry. The Holocene, 19, 949–954.

Bell, J. W., Amelung, F., Ramelli, A. R., & Blewitt, G. (2002). Land subsidence in Las Vegas,
Nevada, 1935–2000: New geodetic data show evolution, revised spatial patterns, and reduced
rates. Environmental & Engineering Geoscience, 8(3), 155–174.

Burbey, T. J. (2001). Storage coefficient revisited: Is purely vertical strain a good assumption?
Groundwater, 39, 458–464.

Burbey, T. J. (2002). The influence of faults in basin-fill deposits on land subsidence, Las Vegas
valley, Nevada, USA. Hydrogeology Journal, 10, 525–538.

Bürgmann, R., Hilley, G., Ferretti, A., & Novali, F. (2006). Resolving vertical tectonics in the San
Francisco Bay area from permanent scatterer InSAR and GPS analysis. Geology, 34, 221–224.

Chaussard, E., Wdowinski, S., Cabral-Cano, E., & Amelung, F. (2014). Land subsidence in Central
Mexico detected by ALOS InSAR time-series. Remote Sensing of Environment, 140, 94–106.

20 A Geophysical and Remote Sensing-Based Approach for Monitoring Land. . . 491

https://doi.org/10.1016/j.earscirev.2020.103392
https://doi.org/10.1016/j.earscirev.2020.103392
https://doi.org/10.1007/s10712-018-9465-3
https://doi.org/10.1007/s10712-018-9465-3
https://doi.org/10.3390/rs13061109
https://doi.org/10.3390/rs13061109


Chew, C. C., & Small, E. E. (2014). Terrestrial water storage response to the 2012 drought
estimated from GPS vertical position anomalies. Geophysical Research Letters, 41, 6145–6151.

Christiansen, L. B., Hurwitz, S., & Ingebritsen, S. E. (2007). Annual modulation of seismicity along
the San Andreas Fault near Parkfield, CA. Geophysical Research Letters, 34(4), L04306.

Dai, Y., Zeng, X., Dickinson, R. E., Baker, I., et al. (2003). The common land model. Bulletin of the
American Meteorological Society, 84, 1013–1023.

Donaldson, E. C., Chilingarian, G. V., & Yen, T. F. (1995). Stresses in sediments (Chapter 3). In
Subsidence due to fluid Withdrawal (pp. 165–190). Elsevier.

El Baruni, S. (1994). Earth fissures caused by groundwater withdrawal in Sarir South agricultural
project area, Libya. Applied Hydrogeology, 2, 45–52.

Fairer, G. M. (1983). Reconnaissance geology of the Ishash Quadrangle, Sheet 26/39C, Kingdom of
Saudi Arabia, U. S. Geological Survey, No. 83–821, Reston, Virginia, Saudi Arabia.

Fielding, E. J., Blom, R. G., & Goldstein, R. M. (1998). Rapid subsidence over oil fields measured
by SAR interferometry. Geophysical Research Letters, 25, 3215–3218.

Gabriel, A. K., Goldstein, R. M., & Zebker, H. A. (1989). Mapping small elevation changes over
large areas: Differential radar interferometry. Journal of Geophysical Research: Solid Earth, 94,
9183–9191.

Galloway, D. L., & Burbey, T. J. (2011). Review: Regional land subsidence accompanying
groundwater extraction. Hydrogeology Journal, 19, 1459–1486.

Galloway, D. L., & Hoffmann, J. (2007). The application of satellite differential SAR
interferometry-derived ground displacements in hydrogeology. Hydrogeology Journal, 15,
133–154.

Galloway, D. L., Hudnut, K. W., Ingebritsen, S., et al. (1998). Detection of aquifer system
compaction and land subsidence using interferometric synthetic aperture radar, Antelope Val-
ley, Mojave Desert, California. Water Resources Research, 34, 2573–2585.

Giannerini, G., don Campre, R., Feraud, G., & Zakhem, B. A. (1988). Deformations intraplaques et
volcanisme associe; exemple de la bordure NW de la plaque Arabique au Cenozoique. Bulletin
De La Société Géologique De France, 4(6), 937–947.

González, P. J., Tiampo, K. F., & Palano, M. (2012). The 2011 Lorca earthquake slip distribution
controlled by groundwater crustal unloading. Nature Geoscience, 5(11), 821–825.

Guo, H. P., Zhang, Z. C., Cheng, G. M., Li, W. P., Li, T. F., & Jiao, J. J. (2015). Groundwater-
derived land subsidence in the North China plain. Environment and Earth Science, 74(2),
1415–1427.

Helm, D. C. (1994). Hydraulic forces that play a role in generating fissures at depth. Bulletin of the
Association of Engineering Geologists, 31(3), 293–304.

Higgins, S. A., Overeem, I., Steckler, M. S., Syvitski, J. P., Seeber, L., & Akhter, S. H. (2014).
InSAR measurements of compaction and subsidence in the Ganges-Brahmaputra delta,
Bangladesh. Journal of Geophysical Research: Earth Surface, 119, 1768–1781.

Hoetzl, H., Felber, H., & Zoetl, J. (1978). The quaternary development of the upper part of Wadi
Ar-Rimah (Saudi Arabia). Quaternary period in Saudi Arabia (pp. 173–182). Springer.

Hoffmann, J., Zebker, H. A., Galloway, D. L., & Amelung, F. (2001). Seasonal subsidence and
rebound in Las Vegas Valley, Nevada, observed by synthetic aperture radar interferometry.
Water Resources Research, 37(6), 1551–1566.

Hooper A J (2006) Persistent scatter radar interferometry for crustal deformation studies and
modeling of volcanic deformation. , Stanford University.

Hooper, A., Zebker, H., Segall, P., & Kampes, B. (2004). A new method for measuring deformation
on volcanoes and other natural terrains using InSAR persistent scatterers. Geophysical Research
Letters, 31, L23611.

Hooper, A., Segall, P., & Zebker, H. (2007). Persistent scatterer interferometric synthetic aperture
radar for crustal deformation analysis, with application to Volcán Alcedo, Galápagos. Journal of
Geophysical Research: Solid Earth, 112, B07407.

Hooper, A., Bekaert, D., Spaans, K., & Arıkan, M. (2012). Recent advances in SAR interferometry
time series analysis for measuring crustal deformation. Tectonophysics, 514, 1–13.

492 A. Othman and K. Abdelmohsen



Kalin, R. M., Elliot, T., Suba, A., Katbeh, H., Rimawi, O., IA, A. L.-H., & Aleissa, K. (2001).
Sustainability of groundwater resources in water-scarce regions: From micro-to macro-scales
(Reports submitted to Natural Resources & Environment Research Institute) (p. 56p). King
Abdulaziz City for Science and Technology.

Kampes, B. M. (2006). Radar interferometry: Persistent Scatterer technique, remote sensing and
digital image processing 12. Springer.

Kellogg, K. S., & Reynolds, R. L. (1983). Opening of the Red Sea: Constraints from a
palaeomagnetic study of the as Sarat volcanic field, South-Western Saudi Arabia. Geophysical
Journal International, 74, 649–665.

Khan, A., Khan, S., & Kakar, D. (2013). Land subsidence and declining water resources in Quetta
Valley, Pakistan. Environmental Earth Sciences, 70, 2719–2727.

Konert, G., Afifi, A. M., Al-Hajri, S., et al. (2001). Paleozoic stratigraphy and hydrocarbon habitat
of the Arabian plate. GeoArabia, 6(3), 407–442.

Lloyd, J., & Pim, R. (1990). The hydrogeology and groundwater resources development of the
Cambro-Ordovician sandstone aquifer in Saudi Arabia and Jordan. Journal of Hydrology, 121,
1–20.

Maliva, R., & Missimer, T. (2012). Compaction and land subsidence. Arid lands water evaluation
and Management (pp. 343–363). Springer.

Margat, J. (2007).Great aquifer systems of the world. Aquifer systems management: Darcy’s legacy
in a world of impending water shortage (pp. 105–116).

Martínez, P. J., Marín, M., Burbey, T. J., et al. (2013). Land subsidence and ground failure
associated to groundwater exploitation in the Aguascalientes Valley, Mexico. Engineering
Geology, 164, 172–186.

McGillivray, J. G., & Husseini, M. I. (1992). The Paleozoic petroleum geology of Central Arabia.
American Association of Petroleum Geologists Bulletin, 76, 1473–1490.

MOAW (Ministry of Agriculture and Water). (1984). Agriculture statistical yearbook. Department
of Economic Studies and Statistics.

MOAW (Ministry of Agriculture and Water). (2004). Agriculture statistical yearbook. Department
of Economic Studies and Statistics.

Mohamed, A., Sultan, M., Ahmed, M., et al. (2017). Aquifer recharge, depletion, and connectivity:
Inferences from GRACE, land surface models, and geochemical and geophysical data. Geolog-
ical Society of America Bulletin, 129, 534–546.

Morsy, E. A., & Othman, A. (2020). Assessing the impact of groundwater mixing and sea water
intrusion on oil production in coastal oil fields using resistivity sounding methods. Arabian
Journal of Geosciences, 13, 434. https://doi.org/10.1007/s12517-020-05469-6

Motagh, M., Djamour, Y., Walter, T., Wetzel, H., Zschau, J., & Arabi, S. (2007). Land subsidence
in Mashhad Valley, Northeast Iran: Results from InSAR, levelling and GPS. Geophysical
Journal International, 168, 518–526.

Motagh, M., Walter, T. R., Sharifi, M. A., Fielding, E., Schenk, A., Anderssohn, J., & Zschau,
J. (2008). Land subsidence in Iran caused by widespread water reservoir overexploitation.
Geophysical Research Letters, 35(16), L16403.

Othman, A., & Abotalib, A. Z. (2019). Land subsidence triggered by groundwater withdrawal under
hyper-arid conditions: Case study from Central Saudi Arabia. Environmental Earth Sciences,
78(7), 243.

Othman, A., Sultan, M., Becker, R., et al. (2018). Use of geophysical and remote sensing data for
assessment of aquifer depletion and related land deformation. Surveys in Geophysics, 39,
543–566. https://doi.org/10.1007/s10712-017-9458-7

Poland, J. (1960). Land subsidence in the San Joaquin Valley, California, and its effect on estimates
of ground-water resources. International Association of Hydrological Sciences, 52, 324–335.

Powers, R., Ramirez, L., Redmond, C., & Elberg, E. (1966). Geology of the Arabian peninsula:
Sedimentary geology of Saudi Arabia. U. S. Geological Survey. Professional Paper: a review of
the sedimentary geology of Saudi Arabia, Alexandria, Virginia 560:1–147.

20 A Geophysical and Remote Sensing-Based Approach for Monitoring Land. . . 493

https://doi.org/10.1007/s12517-020-05469-6
https://doi.org/10.1007/s10712-017-9458-7


Rateb, A., & Abotalib, A. Z. (2020). Inferencing the land subsidence in the Nile Delta using
Sentinel-1 satellites and GPS between 2015 and 2019. Science of the Total Environment, 729,
138868.

Ren, G., Whittaker, B., & Reddish, D. (1989). Mining subsidence and displacement prediction
using influence function methods for steep seams. International Journal of Mining Science and
Technology, 8, 235–251.

Rodell, M., Houser, P., Jambor, U., et al. (2004). The global land data assimilation system. Bulletin
of the American Meteorological Society, 85, 381–394.

Roobol, M., Shouman, S., & Al-Solami, D. (1985). Earth tremors, ground fractures, and damage
to buildings at Tabah. Saudi Arabian Deputy Ministry for Mineral Resources Technical Record,
DGMR–TR-05–4.

Rouse, Jr J, Haas, R, Schell, J, & Deering, D. (1974). Monitoring vegetation systems in the Great
Plains with ERTS, NASA. Goddard Space Flight Center 3d ERTS-1 Symp 1, Sect A,
pp. 309–317.

Save, H., Bettadpur, S., & Tapley, B. D. (2016). High-resolution CSR GRACE RL05 mascons.
Journal of Geophysical Research: Solid Earth, 121, 7547–7569.

Scanlon, B. R., Zhang, Z., Save, H., et al. (2016). Global evaluation of new GRACE mascon
products for hydrologic applications. Water Resources Research, 52, 9412–9429.

Scharroo, R., & Visser, P. (1998). Precise orbit determination and gravity field improvement for the
ERS satellites J Geophys res. Oceans, 103, 8113–8127.

Strassberg, G., Scanlon, B. R., & Rodell, M. (2007). Comparison of seasonal terrestrial water
storage variations from GRACE with groundwater-level measurements from the high plains
aquifer (USA). Geophysical Research Letters, 34(14), L14402.

Sultan, M., Sturchio, N., Al Sefry, S., et al. (2008). Geochemical, isotopic, and remote sensing
constraints on the origin and evolution of the Rub Al Khali aquifer system, Arabian Peninsula.
Journal of Hydrology, 356, 70–83.

Sultan, M., Yousef, A., Metwally, S., et al. (2011). Red Sea rifting controls on aquifer distribution:
Constraints from geochemical, geophysical, and remote sensing data. Geological Society of
America Bulletin, 123, 911–924.

Sultan, M., Ahmed, M., Wahr, J., Yan, E., & Emil, M. K. (2014). Monitoring aquifer depletion
from space: Case studies from the Saharan and Arabian aquifers. Remote sensing of the
terrestrial water cycle (pp. 347–366). Wiley.

Sultan, M., Sturchio, N. C., Alsefry, S., Emil, M. K., Ahmed, M., Abdelmohsen, K., AbuAbdullah,
M. M., Yan, E., Save, H., Alharbi, T., Othman, A., & Chouinard, K. (2019). Assessment of age,
origin, and sustainability of fossil aquifers: A geochemical and remote sensing–based approach.
Journal of Hydrology. https://doi.org/10.1016/j.jhydrol.2019.06.017

Tapley, B. D., Bettadpur, S., Watkins, M., & Reigber, C. (2004). The gravity recovery and climate
experiment: Mission overview and early results. Geophysical Research Letters, 31(9).

Taylor, R. G., Scanlon, B., Döll, P., et al. (2013). Ground water and climate change. Nature Climate
Change, 3, 322–329.

Vincent, P. (2008). Environmental impacts and hazards, Saudi Arabia: An environmental overview
(pp. 216–245). Taylor & Francis.

Wagner, W. (2011). The Arabian plate: Geology and Hydrogeologic characteristics (Chapter 1). In
Groundwater in the Arab Middle East (pp. 1–54). Springer.

Wallace, C., Dinin, S., & Al-Farasani, A. (2000). Geologic map of the Wadi as-Sirhan quadrangle,
sheet 30C. Kingdom of Saudi Arabia, Saudi Geological Survey.

Wouters, B., Bonin, J., Chambers, D., et al. (2014). GRACE, time-varying gravity, earth system
dynamics and climate change. Reports on Progress in Physics, 77, 116801.

Youssef, A. M., Sabtan, A. A., Maerz, N. H., & Zabramawi, Y. A. (2014). Earth fissures in Wadi
Najran, Kingdom of Saudi Arabia. Natural Hazards, 71, 2013–2027.

Youssef, A. M., Al-Harbi, H. M., Gutiérrez, F., et al. (2016). Natural and human-induced sinkhole
hazards in Saudi Arabia: Distribution, investigation, causes and impacts. Hydrogeology Jour-
nal, 24, 625–644.

494 A. Othman and K. Abdelmohsen

https://doi.org/10.1016/j.jhydrol.2019.06.017


Chapter 21
Landslide Susceptibility Map Production
of Aden Peninsula – South West of Yemen

Khaled Khanbari, Adnan Barahim, Ziad Almadhaji,
and Sami Moheb Al-Deen

Abstract The slope stability assessment of Aden peninsula which is located at
south-western part of Yemen, was carried out. The study area consist of volcanic
rocks which affected by number of faults, joints and dykes. All important factors
affecting slope stability in the area such as slope angle, slope height, discontinuities
measurements, weathering, vegetation cover, rainfall and previous landslide were
evaluated. The study was constructed based on integration of field investigation and
satellite images in combination with Geographic Information System (GIS). Land
use/cover and Landslide susceptibility maps were produced by using satellites
images and the Landslide Possibility Index System, the correlation values were
computed between the factors measured and Landslide Possibility Index values.
Landslide Susceptibility classes derived into six categories while four these catego-
ries are recorded in Aden Peninsula: very high, high, moderate and low zone. The
results show that rockfall is the main mode of failure in the study area. Some
treatments may achieve where it is needed such as removal of rock overhang and
unstable blocks, support the toe of the slope and the overhanging parts by retaining
wall, erecting well seal drainage conduit and grouting of discontinuities. The out-
comes of this research can be helpful for decision makers and future development
planners to avoid the zones with high susceptibility during land use planning and
urban extension.

K. Khanbari (*)
Yemen Remote Sensing and GIS Center, Sana’a, Yemen

Earth Science Department, Faculty of Petroleum and Natural Resources, Sana’a University,
Sana’a, Yemen

A. Barahim
Earth Science Department, Faculty of Petroleum and Natural Resources, Sana’a University,
Sana’a, Yemen

Z. Almadhaji
Geological Survey and Mineral Resources Board (GSMRB), Sana’a, Yemen

S. M. Al-Deen
Yemen Remote Sensing and GIS Center, Sana’a, Yemen

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. M. Al Saud (ed.), Applications of Space Techniques on the Natural Hazards
in the MENA Region, https://doi.org/10.1007/978-3-030-88874-9_21

495

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88874-9_21&domain=pdf
https://doi.org/10.1007/978-3-030-88874-9_21#DOI


Keywords Landslide · LPI · Susceptibility map · Aden Peninsula · Yemen

21.1 Introduction

Landslides resulting from large-scale rock slope failures are the major hazard in
mountainous regions. In the twentieth century, disasters caused by massive rock
slope failures have killed more than 50,000 people on a global basis (Evans et al.,
2006). Landslide Susceptibility is one of the most reliable methods to identify
landslide- prone areas (Hansen, 1984), i.e. the probability of landslide occurrence.

Landslide susceptibility mapping is essential technique to detract and prevent the
landslide detriment. According to Van Westen, 1997, a landslide susceptibility
analysis is an analysis that involves the determination of the spatial distribution of
landslides, involves four processes: (a) the construction of a landslide inventory
map, (b) the assessment of parameters that influence landslides, (c) the implemen-
tation of appropriate methods for determining the weights of each parameter and
(d) the compilation of the landslide susceptibility map within a Geographic Infor-
mation System (GIS) environment.

Mostly the susceptibility zonation maps are prepared on a 1:50,000 or 1:25,000
scale (Sarkar et al., 2013). Therefore, assessment of probabilistic slope failure hazard
is a one part of decision analytical approach to landslides risk assessment and
management.

Many methods have been developed as tools to assess landslide susceptibility,
Heuristic approach is one of them, it is based on opinion of geomorphologic experts
(Francipane et al., 2014). Generally this approach is divided into two phases: a direct
mapping analysis, in which the geomorphologists (or geologist) determine the
susceptibility in the field directly on the base of their experience, and a qualitative
map combination, in which the experts use their knowledge to determine the
weighting value for each class parameter in each parameter (Bartolomei et al.,
2006; Puglisi et al., 2007).

Remote sensing and Geographic Information System (GIS) techniques are useful
for landslide hazard zonation mapping and can help identify the area best suited for
developmental activities (e.g. Saha, 2005; Van Westen et al., 2008; Gupta et al.,
2008).

The study area is a volcano mountainous region, a little of landslide was recorded
at the region, and it is predictable they are frequently increased due to human
activities expansion. The study area is located in the eastern part of Aden governor-
ate which includes the districts of Sirah (or Crater, non-official name), At Tawahi, Al
Mu’alla, Khur Maksar, Dar Sa’d, Ash Shaykh Othman and Al Mansurah. These
districts represent Aden Peninsula area (Fig. 21.1a).

Aden is an economic capital of Yemen which is located at the south-western part
of Yemen, 450 km to the south of Sana’a city; capital of Yemen (Fig. 21.1a). It is
characterized by mountainous to coastal area with wet hot climate. The annual
average temperature ranges between 22.5 �c in January and 34.2 �c in June, the
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Fig. 21.1 (a) Location map shows the districts of the study area, (b) Elevation map of the
study area
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annual average precipitation ranges between 56.4 mm/year in June and 304.7 mm/
year in August and the annual average humidity ranges from 61.4 in June to 75.2 in
August.

This research aims to produce the Landslide Susceptibility Map of Aden Penin-
sula area, which contain the most important monumentally tourist in Aden
represented by the historical and archaeological Sirah Fort (Fig. 21.2) and Aden
Tanks (Fig. 21.3), and the most important economic construction represented by the
Aden Harbour.

The mountainous area is located at Sirah (or Crater), At Tawahi and Al Mu’alla
districts. The elevation map which is produced from digital elevation model (DEM)
(Fig. 21.1b) shows that the highest elevation (548 m) is located at the volcanic crater
boundary of Sirah district. The other districts are lay’s at coastal zone. The geology
of the area in general characterized mainly by Cenozoic Volcanics.

21.2 Geologic Setting

21.2.1 Geology/Lithology

The geology of Aden governorate is an integral part of the composition of Yemen
and the Arabian Peninsula. Aden governorate is mainly covered by Quaternary-
Recent sediments, Sabkhas and Cenozoic Volcanics (Fig. 21.4). The volcanic rocks
are represented by three volcanoes: Aden, Little Aden, and Ras Imran, which are
belonging to the Aden Volcanic Series. These extinct volcanoes were erupted

Fig. 21.2 Photo of the historical and archaeological Sirah Fort
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through central-vent, strato-volcanoes about 5 m.y. ago (Dickinson et al., 1969; Cox
et al., 1970). Each volcano evolved through a complex cone-building stage during
which the predominant rock types were trachybasalt, trachyte and peralkaline

Fig. 21.3 Photo of the Aden Tanks

Fig. 21.4 Geological map of Aden Governorate (modified after GSMRB, 1990)
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rhyolite. This was followed by periods of caldera formation during which
trachyandesites, trachytes, and peralkaline rhyolites were erupted (Cox et al.,
1968). The major element chemistry of the Aden Volcanic Series is intermediate
between the alkaline and tholeiitic associations (Cox et al., 1970). The most accept-
able ‘parental’ magma is mildly alkaline olivine basalt which, on fractionation,
produced a series ranging from trachybasalts through trachyandesites and trachytes
to rhyolites (Cox et al., 1970). A final stage of parasitic activity included small
amounts of olivine-tholeiite amongst the eruptive products (Cox et al., 1968).

21.2.2 Tectonic Setting

Yemen is bounded by two active, young oceanic rifts which are resulting from the
movement of the Arabian plate away from Africa in a NE direction since 40 Ma
(Beydoun, 1970). The Red Sea is located between African and Arabian plates, and
the Gulf of Aden between Somalian and Arabian plates. These two oceanic basins
are connected within area of Afar hotspot (Fig. 21.5). The western part of Yemen
which is characterized by Tertiary volcanics (Yemen Trap Series) represents a
volcanic margin along the Red Sea coast and the western part of the coast of the
Gulf of Aden (Khanbari & Huchon, 2010). Tard et al., 1991 show that the southern
part of the volcanic margin (Aden margin) presents offshore the characteristics
features of a volcanic passive margin. The volcanic activities in Yemen are related

Fig. 21.5 Simplified
Tectonic Map of Yemen and
the surrounding areas.
Arrows show the directions
of relative plate motions
(modified after Khanbari &
Huchon, 2010)
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to the Afar mantle plume that impacted the Arabia–Africa area during the Oligocene
(Baker et al., 1997).

The volcanoes of Aden Volcanic Series (study area) lie along an east-west
lineament parallel to the north margin of the Gulf of Aden which is a young oceanic
basin. Its general trend is WSW-ENE (N70�E). The Gulf of Aden is thus oblique to
the movement of Arabia toward the north-east (Dauteuil et al., 2001) (Fig. 21.5). The
oceanic ridge becomes younger toward the west which reflects its propagation
toward Afar hotspot (Fournier et al., 2010). The western part of Gulf of Aden
which is located near the study area is characterized by high seismic activities.
Although the study area is located near active ridge of the Gulf of Aden, the
bibliography does not describe any great earthquakes occurred in the past, but the
study area remains under the effect of the very active ridge of the Gulf of Aden
(Khanbari, 2020).

In space and time the Aden Volcanic Series represents a relatively minor episode
intermediate between the alkaline volcanism of the Lower Tertiary Yemen Trap
Series and equally abundant tholeiitic activity in the centre of the Gulf of Aden (Cox
et al., 1970). The upper part of the Yemen Trap Series is petrologically similar to the
Aden Volcanic Series. Cox et al., 1970 suggest that the magma originated in the
mantle.

The volcanoes of Aden Volcanic Series were active between 5 and 10 m.y. ago
and remained active over periods of 1–1.5 m.y (Cox et al., 1970). It is at least
suggestive that the period of magmatic quiescence between the Yemen Trap Series
and the Aden Volcanic Series is coeval with the hiatus in ocean floor spreading in the
Gulf of Aden (Laughton et al., 1970) and that the volcanic activity along the Aden
volcanic series corresponds to the renewal of ocean floor spreading.

21.3 Methodology

This study presents landslide hazards analysis at Aden Peninsula area by using
Remote Sensing, Geographic Information System (GIS) and Field data. The Remote
Sensing data include Landsat-8 (OLI) image, high resolution Quick-Bird image with
60 cm resolution dated 2020 (source: Google Earth) and Digital Elevation Model
(DEM) with 30 m resolution downloaded from ASTER global DEM. These data
were provided by the Yemen Remote Sensing and GIS Center (YRSC). Landslide
hazard map was prepared in the study area by processing and interpretation of
remote sensing and field data in combination to build GIS database to evaluate the
distribution of landslides.

The Landsat-8 image was processed and interpreted to construct a geological map
of the study area. Both the Landsat and high resolution images were used to produce
a land use/cover map of the study area. Additionally, DEM was used to calculate the
slope angle and to create a slope map.

The field data was collected over a period of 20 days with the Geological Survey
and Mineral Resources Board (GSMRB) staff. The main features affecting slope
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stability were measured and estimated in the field at 177 stations (locations) within
area of 712.23 km2 for the eastern part of Aden Governorate which is represented by
Aden Peninsula. These included slope height (the vertical distance between the top
and the toe of the slope at the station), slope angle, grade of fracture, grade of
weathering, gradient of discontinuities, spacing of discontinuities, orientation of
discontinuities, vegetation cover, water infiltration and previous landslide. Then
the parameters were integrated using a heuristic method (Gemitzi et al., 2011;
Francipane et al., 2014; Barahim et al., 2018) as a rating system according to the
Landslide Possibility Index chart (LPI) (Bejerman, 1998 and Barahim, 2004)
(Fig. 21.6); this is similar to an Analytical Hierarchy Process (AHP) approach,
which is a multi-objective, multi-criteria decision-making approach that enables
the user to arrive at a scale of preferences drawn from a set of alternatives (Saaty
& Vargas, 1991; Saaty & Vargas, 2001; Pour & Hashim, 2017). The correlation
coefficient values between each factor and LPI value were calculated by Microsoft
excel software in order to understand which factors significantly affect slope insta-
bility in the study area.

All interpretations of remote sensing data and field data were implemented in
ArcGIS 10.2 in order to evaluate slope instability, and to produce the landslide
susceptibility map. The engineering characteristics of the rock mass were described
according to the Geological Society of London Engineering Group Working Party
(Anon, 1972) and the failure types were recognized.

21.4 Land Use/Cover

Land use/cover data was classified by using unsupervised classification of Landsat
image and supporting with visual interpretation of high resolution image. The land
use/cover map (Fig. 21.7) has been classified into seven classes such as lithological
outcrops, built areas, barren lands, agricultural zones, infrastructures, wet lands and
roads. Land use/cover map which represents the distribution of the various surface
activities in the study area, shows that lithological outcrops cover 8.3% of the area,
and that the built areas cover 14.5%. The barren lands are dominated in the study
area and they represent the greatest area with covering of 36.6%. The agricultural
zones are covering 15.4% of the area. The infrastructures such as the air-port and
sea-ports cover 12.2%. Asphaltic and paved roads are represented in the map by
lines. These roads cover an area of 6.6%. Aden Governorate is characterized by
wetlands which cover 6.3% of the area. Table 21.1 shows the area and the percentage
of each activity of Land use/cover map for each district.

This study will focus on the districts which are characterized by great area of
lithological outcrops. They are Sirah, Al Mu’alla and At Tawahi districts. They are
located close to the slopes and they subjected to slope stability hazard. These
districts are bounded by the sea and the mountains. During the last 30 years, the
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construction of building increases toward the mountainous area which increases the
effect of slop stability hazard and threat the life of population.

Table 21.1 shows that the lithological outcrops cover 75.9% of the area in Sirah
district, and the built areas cover 13.9% in Al Mu’alla district, lithological outcrops
cover 16.5% of the area, and the built areas cover 30.9% while in At Tawahi district
lithological outcrops cover 51.1% of the area, and that the built areas cover 25.3%.

Fig. 21.6 LPI chart used in the study area (Bejerman, 1998; Barahim, 2004)
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21.5 Landslide Data Analysis, Results and Discussion

21.5.1 LPI Assessment

The total area under investigation is 210.06 km2 and the rock formations cover an
area of 18.78 km2 which equal to 8.9% of the area. Along the study area 196 stations

Fig. 21.7 Land use/cover map of the study area
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were identified, 117 of them on rock formations exposed at districts of Sirah, At
Tawahi, Al Mu’alla and southern part of Khur Maksar. The other 79 stations at sand
and Sabkha areas covered the northern part of Khur Maksar and the coastal regions
of the Sirah, At Tawahi and Al Mu’alla districts. The distance between each station is
200 and 500 m to the north-south and east-west directions, with exception of some
military establishment areas. Dar Sa’d, Ash Shaykh Othman and Al Mansurah
districts have a semi horizontal surface covered by sand and Sabkha, and the
landslide hazard is nil (Fig. 21.7).

According to the Geological Society Engineering Group Working Party of
London (Anon, 1972) the rock masses (rock units) in the study area are identified
as black colour and fine grain size, thick bedded to bulky, moderately to widely
spaced joints, slightly weathered, basalt, trachybasalt, trachyte and rhyolite, which is
moderately permeable and has very strong compressive strength.

Based on the LPI assessment system several plots were created using Microsoft
Excel (Fig. 21.8) to show the relationship between the susceptibility category (LPI
value) and the different affected features recognized, showing the correlation coef-
ficient (R2) for each relation. The LPI shows best correlation coefficient value with
the orientation of the discontinuities (R2¼ 0.60), and with less significant correlation
coefficient values with slope angle (R2¼ 0.28) and slope height (R2¼ 0.25) at linear
equations (Fig. 21.8a, b and c), that refer to the direct link of the structure orientation
and the slope.

Fig. 21.8 Graphic Relationships between LPI and, (a) orientation of discontinuities, (b) slop angle,
(c) slope height and (d) grade of weathering in the study area
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On the other hand, poor correlations were found with the other factors such as
grade of weathering (R2 ¼ 0.01) (Fig. 21.8d). This might reflect the homogeneity of
the mineral component of the exposed outcrops within the study area.

The above relationships prove that the LPI in the Aden Peninsula area is mainly
controlled by the factors of orientation of the discontinuities, slope angle and slope
height. Digital maps were created using ArcGIS 10.2 to show the similarity of these
factors (Fig. 21.9a, b and c), and the variation of the other factors i.e. grade of
weathering (Fig. 21.9d) with the final LPI value (Fig. 21.9e).

21.5.2 Landslide Susceptibility Map

The LPI rating system was divided to six classes, and the landslide susceptibility
classified to six categories based on the LPI values. The number and percentage of
each susceptibility category for the Aden Peninsula area were calculated
(Table 21.2). High and very high susceptibility zones cover 78% of the study area.
Moderate susceptibility zones cover 20%, while low susceptibility zones cover 2%
of it (Fig. 21.10). The discontinuities work as an importance factor for failures
(Evans, 1981; Hoek & Bray, 1984; Wyllie & Mah, 2004; Sarkar et al., 2013) so
the topography represented by slope angle and height.

Landslide susceptibility map in the study area was created (Fig. 21.11) based on
the evaluation of landslide susceptibility categories. The susceptibility map and land
use map show that the built areas cover 35.6% of the mountainous region. Most of
these built areas under moderate and high susceptibility zones, which represent 15%
of the total urban zone in study area.

21.5.3 Discussion

The main causes of landslide susceptibility at Aden Peninsula area are discontinu-
ities orientation then slope angle and height; these factors may reflect the effect of
topographical caldera shape and the human activities represented by slopes cut. In
this study the affected LPI factors have similar correlation coefficient values com-
pared with those computed by the same LPI rating system applied in Wadi Dhahr
area which is located in the western part of Yemen and is characterized mainly by
Cenozoic Volcanics and Cretaceous sandstone (Barahim et al., 2018), on the other
hand, the study of little Aden (Barahim et al., in preparation) have little different
correlation coefficient values for the affected LPI factors.

The variation in correlation coefficient values obtained by these three areas (Aden
Peninsula, Wadi Dhahr and Little Aden) might be due to changes in the topography,
rock type and (or) human activities. However, the results of these studies show that
the LPI is acceptable enough to assess landslide susceptibility and furthermore it is
have a good pointer for main factor affected the landslide itself.
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The communal failure type in the study area is Rockfall, which is recorded at
60 stations then rolling failure which is recorded at ten stations. Sliding and toppling
recorded at local areas with small scale.

Fig. 21.9 LPI digital maps
of the study area showing
the distribution of:
(a) orientation of the
discontinuities, (b) slope
angle, (c) slope height,
(d) grade of weathering and
(e) the final LPI value
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The last event of landslide in Sirah district was followed a heavy rainfall on
February 2020. Therefore it is necessary to take some construction measures to treat
the instability problem of the slopes, most appropriate for the topographical, geo-
logical and operational conditions at the site (Wyllie & Mah, 2004). The following
treatments may achieve where it is needed:

1. Removal of rock overhang and unstable blocks by trim blasting.
2. Support the toe of the slope and the overhanging parts by retaining wall.
3. Erecting well seal drainage conduit.
4. Grouting of discontinuities by convenient filling material like cement in order to

increase the cohesion of the different parts of the rock mass and to prevent water
infiltration to the lower part of the slope.

21.6 Conclusion

The results of this research show that the LPI in Aden peninsula is mainly controlled
by orientation of the discontinuities, slope height and slope angle factors. The
landslide susceptibility map classifies the area into four classes of landslide

Table 21.2 Number and percentage of stations for LPI classes and the susceptibility categories for
the rock formation at Aden Peninsula area

LPI
value

LPI
class

susceptibility
category

LPI for rock formation at Aden Peninsula

Number of
stations

Percentage of susceptibility
category

0–5 I Very low – –

6–10 II Low 2 2%

11–15 III Moderately low 11 9%

16–20 IV Moderately high 13 11%

21–25 V High 56 48%

> 25 VI Very high 35 30%

Total 117 100%

Fig. 21.10 Percentages of the susceptibility categories for rock stations at Aden Peninsula area
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susceptibility zones such as; very high and high hazard zones which cover 78% of
the study area, the moderate hazard zones which cover 20% and 2% covered by low
and nil hazard zones. Rockfall are the main modes of failure occur in the study area.
Removing of unstable blocks, retaining wall and grouting are recommended as a
treatment for risky unstable slopes. The outcomes of this research can be helpful for
decision makers and future development planners to avoid the zones with high
susceptibility during land use planning in the study area.

Fig. 21.11 Landslide susceptibility map of Aden Peninsula
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Chapter 22
The Use of Earth Observation Data
in Wildfire Risk Management: A Case
Study from Lebanon

George H. Mitri

Abstract Wildfires in Lebanon pose an increasing threat not only to the natural
environment but also to urban settings and local communities near forests. In
response to this increasing threat, the Government of Lebanon endorsed a National
Strategy (i.e., the Strategy) for forest fire management (Decision No. 52/2009). The
Strategy acknowledged that decisions about wildfires are best made within a risk
management framework including five different components, known as the 5Rs,
namely (R1) Research, information and analysis; (R2) Risk modification, including
fire vulnerability reduction and prevention of harmful fires; (R3) Readiness;
(R4) Response, including all means of intervention for fire suppression; and
(R5) Recovery, including the rehabilitation and ecological restoration of healthy
forest conditions. Various tools and instruments were essentially needed to support
the implementation of each component of the Strategy. These included the use of
Earth Observation (EO) data and the employment of different remote sensing
techniques among others. More specifically, satellite remote sensing proved to be
useful for fire risk management as EO offered precise and frequent data especially
that Lebanon lacked reliable national data on fire risk. In this context, the aim of this
work was to review how EO contributed to fire risk management in Lebanon before
(i.e., R1, R2 and R3) and after fire occurrence (i.e., R5) while supporting forecast
and early detection of fires (i.e., R4). This study started by presenting EO cases
which served as background information on the potential use of satellite remote
sensing throughout the 5 Rs of the Strategy. The second part presented a case study
from Lebanon on the actual use of EO in fire risk management.
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22.1 Introduction

Forests in Lebanon represent a unique feature in the arid environment of the Eastern
Mediterranean. These forests include remnants of valuable broad-leaved trees,
conifer forests and evergreen trees that cover the Lebanese mountains in patches
(AFDC, 2019).

Wildfires have been increasingly damaging Lebanon’s forests (Mitri et al.,
2017a). Lebanon experienced in the past two decades increasing fire frequency,
intensity and severity resulting in various ecological, social and economic conse-
quences. While the increase in number of wildfires and extent of burned areas was
mostly related to human activities, climate change and weather extremes worsened
the situation (Salloum & Mitri, 2014). In 2020, Lebanon suffered its worst fire
season. Increasing drought conditions and weather extremes facilitated the spread
of fires over large areas while pushing the flames to ignite at record altitude above
2000 m (i.e., approximately 441 ha of burned high mountain lands). The unprece-
dented fires burned over a total area of 7132 ha while the yearly average of burned
areas was 1000 ha. In addition to the high ecological damages, the recent fires had
large socio-economic damages especially that privately owned large forest and
agricultural areas were severely burned and agricultural crops were lost in time of
a national financial and monetary crisis.

There is no doubt that drought and recurrent weather extremes contributed to the
spread of fires over large areas and in some cases along high mountainous lands. In
fact, a previously published study projected a significant increase in drought condi-
tions in high mountainous areas especially in the Akkar region (Mitri et al., 2015b).
The landscape was so dry and combustible from multiple years of gradual change
leading to an increase in the frequency and intensity of fires. As wildfires will
continue to sweep across the country threatening more lives, destroying private
and public properties and infrastructure, different research and studies (i.e., involv-
ing socio-economic, environmental and climatic data) showed a dire message: this
could be Lebanon’s new normal (Salloum & Mitri, 2014).

In response to a deteriorating situation of wildfire occurrence and spread, a
capable management of wildfire risk was essentially needed. Accordingly, a
National strategy for forest fire management was developed and endorsed by the
Lebanese Council of Ministers (Decision No. 52/2009). The aim of the strategy was
to reduce the risk of intense and frequent forest fires whilst allowing for fire regimes
that are socially, economically and ecologically sustainable. The strategy acknowl-
edged that decisions about fire management are best made within a risk-management
framework, known as the 5Rs, namely, Research, information and analysis (i.e.,
R1);, Risk modification, including fire vulnerability reduction and prevention of
harmful fires (i.e., R2), Readiness, covering all provisions intended to improve
interventions and safety in the event of fire (i.e., R3), Response, including all
means of intervention for fire suppression (i.e., R4), and Recovery, including the
rehabilitation and ecological restoration of healthy forest conditions (i.e., R5), and
the support to individuals and communities in the short- and medium term aftermath
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of the fire (Mitri & Gitas, 2011). These can be grouped under three phases of fire
management namely pre-fire management (i.e., R1, R2 and R3), forecast and early
detection (i.e., R4) and post-fire assessment and monitoring (i.e., R5).

While Lebanon lacked the necessary technological measures and management
capacities to address a number of measures related to fire management including
monitoring, prediction (early warning), preparedness, prevention, suppression and
restoration, Earth Observation (EO) presented various opportunities for improved
wildfire risk management (Mitri & Gitas, 2011). More specifically, satellite remote
sensing data and techniques were reported as effective tools for conducting different
studies related to forest fire management (Chuvieco, 2009). Yet, the development of
new remote sensing instruments provided a number of opportunities to advance
studies and researches on forest fire management in Lebanon.

The aim of this work was to review how EO data contributed to fire risk
management in Lebanon throughout three phases namely before (i.e., first phase
comprising R1, R2 and R3) and after fire occurrence (i.e., third phase comprising
R5) while supporting in between forecast and early detection of fires (i.e., second
phase comprising R4). First, EO cases which served as background information on
the potential use of satellite remote sensing throughout the 5 Rs of the Strategy were
presented. Second, uses of EO along the three phases of fire risk management in
Lebanon were demonstrated.

22.2 Use of Satellite Remote Sensing in Fire Risk
Management: An Overview

In general, developing countries lack the necessary infrastructure to gather and
process data needed to predict when and where natural disasters might occur and
what the impact would be (Zorn, 2018). EO, however, responds to the need of
impactful and cost-effective approaches to prepare, respond and recover from
disasters, especially in developing countries. In this context, the Sendai framework
made specific recommendations about the use of EO solutions to address disaster
resilience (Lorenzo-Alonso et al., 2019). These included the need to promote real
time access to reliable data, making use of space and in situ information and promote
and enhance related services to geospatial and space-based technologies. This
section provided an overview on the use of EO and remote sensing techniques
within a risk management framework, known as the 5Rs.

22.2.1 Research, Information and Analysis (R1)

The strategic objective of this component was to support and promote the improve-
ment, know-how sharing, monitoring and dissemination of knowledge on fire
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ecology, fire management and post-fire vegetation dynamics among all relevant
actors (science/research, policy makers, land managers, grassroots’ groups), bridg-
ing science and traditional knowledge. In general, satellite remote sensing provided
valuable data to support research in fire risk management. This included (1) the
development of effective fire monitoring systems (Jang et al., 2019), (2) the devel-
opment of daily danger indices based on vegetation types, and thus, developing a
comprehensive danger-rating system (Camia et al., 2006; Chuvieco & Salas, 1996),
and 3) the development of annual comprehensive databases on forest fires for
analytical use (Camia et al., 2010; San-Miguel-Ayanz et al., 2009; Barbosa et al.,
2006). The European Forest Fire Information System (EFFIS) provided standardized
European forest fire danger forecast and burned area maps for the EU Mediterranean
region (San-Miguel-Ayanz et al., 2009). The system RISICO (RISchio Incendi &
COordinamento) which involved remote sensing data has been used since 2003 by
the Italian National Civil Protection for daily dynamic forest fire risk assessment
(D’Andrea et al., 2008). In Greece, a daily forest fire risk map involving up-to-date
satellite data of vegetation greenness was published by the civil protection (Gitas
et al., 2004).

22.2.2 Risk Modification (R2)

The strategic objective of this component was to develop effective measures
intending to reduce fire vulnerability, increase ecological and social resilience to
fire, and prevent the occurrence of harmful fires and unsustainable fire regimes.
Satellite remote sensing was considered a useful tool for sustaining prevention
activities (Chuvieco, 2009). EO data proved to provide valuable information on
type (e.g. distribution and amount of fuels) and status of vegetation in a consistent
way and at different spatial and temporal scales (Lasaponara & Lanorte, 2007;
Arroyo et al., 2006; Lasaponara et al., 2006). Also, satellite remote sensing proved
to assist in the detailed analysis of forests status and the improvement of pre-fire
management plans (Hernandez-Leal et al., 2006).

22.2.3 Readiness or Pre-Suppression (R3)

The strategic objective of this component was to undertake all possible provisions by
individuals, communities and fire and land management agencies to be prepared
before a fire event occurs, and improve interventions and safety in monitoring the
probability of fire and detecting the event of fire. Satellite remote sensing data
contributed to the conduction of a proper distribution at the landscape level of fire
control infrastructures such as fire lookout towers (Catry et al., 2007; Nogueira et al.,
2002), water reservoirs, forest strips with low tree density and low shrub cover, fire
break areas of first and second level, forest tracks with fire break lines along them,
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and protection perimeters in urbanized areas (Jaiswal et al., 2002; Chuvieco & Salas,
1996).

22.2.4 Response (R4)

The strategic objective of this component was to quickly suppress and limit the
extension of fires through the development of methods and techniques coupled with
appropriate material and very well trained personnel. Satellite remote sensing helped
in the development of fire behaviour models and/or combustibility models (Johnston
et al., 2019) to allow fire-fighting brigades better predict the fires and manage them,
thus avoiding the uncontrollable expansion of fires (Stergiadou et al., 2007;
Dimitrakopoulos, 2002). Also, spatial information such as, vegetation cover density
and location and defensible space of buildings, contributed to the improvement of
forest fire suppression planning (Szpakowski & Jensen, 2019). In this regard,
satellite remote sensing are tools that can be implemented to extract, store and
process relevant information (Roy et al., 2017). In Spain, the EMERCARTO
mapping viewer involving satellite remote sensing data proved to be a powerful
GIS tool for the optimization and control of resources during forest fire suppression
(Briones et al., 2007). Also, it is possible for countries around the Globe to submit
official requests to international charters such as the International Space Charter
which can provide available data from a series of satellites such as RADARSAT,
ERS, EMVISAT, SPOT, LANDSAT, and DMC to help in the dissemination of
timely information on a disaster occurrence.

22.2.5 Recovery (R5)

The strategic objective of this component was to provide support for individuals and
communities in the immediate aftermath of the fire as well as in the medium and
longer term efforts of community and economic renewal, and restore healthy
ecological conditions of burned forest lands to facilitate the natural recovery of
vegetation and increase forest resilience against future fires. Remote sensing satellite
data previously assisted in 1) mapping fire affected areas and assessing the impact of
fires on different vegetation types (Chuvieco et al., 2019; Mitri & Gitas, 2004), and
2) mapping fire type (Mitri & Gitas, 2006) and fire severity (Gitas et al., 2009; Mitri
& Gitas, 2008). Also, satellite remote sensing data helped in implementing activities
aiming at the reduction of soil erosion, and mapping forest regeneration and vege-
tation recovery (Fiorucci et al., 2013; Mitri & Gitas, 2010, 2013; Gitas et al., 2011;
Veraverbeke et al., 2011; Gouveia et al., 2010; Vila & Barbosa, 2010; Hernandez-
Clemente et al., 2009; Twele & Barbosa, 2005; Diaz-Delgado et al., 2003) for the
development of post-fire active restoration/rehabilitation activities (e.g., forest land-
scape restoration). Eventually, EO contributed to the development of national
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reporting systems based on fire statistics, expanding national databases on forest
fires, their occurrence, and the ecosystems where they occur (Röder et al., 2008;
Viedma et al., 1997). For instance, Portugal employed an operational system for
mapping burned areas from satellite remote sensing imagery (San-Miguel-Ayanz
et al., 2009; Pereira & Santos, 2003).

22.3 The Role of Satellite Remote Sensing in Fire Risk
Management: A Case Study from Lebanon

As Lebanon acknowledged that decisions about wildfires are best made within a risk
management framework including five different components, the use of satellite
remote sensing proved to be useful for fire risk management in Lebanon as EO
offered precise and frequent data over relatively large areas. As shown in Fig. 22.1,
EO contributed to fire risk management in Lebanon before (i.e., R1, R2 and R3) and
after fire occurrence (i.e., R5). In between, EO data contributed to forecast and early
detection of fires (i.e., R4).

22.3.1 Study Area Description

Located on the eastern part of the Mediterranean (Fig. 22.2), the study area encom-
passes the entire Lebanese territory (total area of 10,452 km2). The country is
divided into four distinct physiographic regions: the coastal plain, the Lebanon
mountain range, the Beqaa Valley, and the Anti-Lebanon mountain range. The
Lebanon mountain range rises steeply from the coast to mountains reaching
3088 meters above sea level (masl) and supports most of Lebanon’s forests. In
Lebanon, forests and other wooded land cover 24.5% of the National territory (Mitri

Fig. 22.1 Contribution of satellite remote sensing to fire risk management in Lebanon
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et al., 2017a). Other categories of land cover/land use include cropland, grassland,
bare land, land with little vegetation and settlement. Lebanon is characterized by dry
summers extending from June to November (Salloum & Mitri, 2014) with average
daytime temperatures above 30 �C, and little rain (i.e., around 90% of the total
annual precipitation falling between November and March).

The major forest species are Quercus calliprinos, Quercus infectoria, Pinus
pinea, Pinus brutia, Pinus halepensis, Cedrus libani, Juniperus excelsa, Abies
silicica and Cupressus sempervirens, among others. Like other Mediterranean
countries, the largest number of fires occurs during the dry season mostly due to
human activities. Around 33% of the national territory is of moderate to very high
risk of fire (Mitri et al., 2017a). The average length of the fire season is approxi-
mately 147 days and the average peak month is September, yet, Lebanon is expected
to face in the future an increasing number of fire occurrence and an extended length
of fire seasons (Salloum & Mitri, 2014).

22.3.2 Pre-Fire Risk Management

EO facilitated the assessment of public perceptions towards socio-economic impact
of wildfires at the level of a fireshed (Mitri et al., 2018). The methodology of work
comprised an assessment of fire risk and subsequently, the identification of priority
high risk villages/towns to be targeted by focused socio-economic surveys. Fire risk
was assessed as a product of fire hazard and fire vulnerability (Mitri et al., 2015a).
Fire hazard assessment involved the use of data mainly related to the distribution and
density of forest fuel using Landsat satellite imagery. The combined use of both EO
data for mapping fire risk area and socio-economic survey data allowed a more
comprehensive and structured assessment of how the public perceive socio-
economic impact of wildfires at the level of a fireshed.

In addition, the influence of both socio-economic and biophysical variables on
fire occurrence in Lebanon was modelled (Mitri et al., 2016). Forward stepwise

Fig. 22.2 Location of the study area
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binary logistic regression analysis of 24 socio-economic and biophysical variables
was used to predict wildfire occurrence. Many of these variables were derived from
satellite remote sensing data. These included vegetation fuel type, conversion of
lands and burned areas among others. The accuracy of the fire occurrence model was
approximately 85% when tested on the validation data set. The probabilistic spatial
output of the fire threat model was considered satisfactory given the challenges of
using multi-source and multi-resolution data. More specifically, the results
suggested that increasing the resolution of socio-economic data when combined
with satellite data would improve modelling accuracy of fire occurrence in Lebanon.

A classification approach to generate fuel type maps using Landsat TM and
ASTER imagery was presented (Mitri et al., 2011a). Fuel type classification of the
ASTER image resulted in an overall accuracy of 70% with a total of six fuel type
classes. Comparison of the fuel type mapping results with those from the Landsat
TM imagery showed that the use of spectral and spatial information of ASTER
imagery in a Geographic Object-Based Image Analysis (GEOBIA) approach
resulted in the recognition of the main fuel type classes of the PROMETHEUS
classification model, and the production of satisfactory results in extremely hetero-
geneous vegetated areas. In addition, the use of very high spatial resolution SPOT
imagery (i.e., 2.5 m) for the characterization of fire risk in the Mediterranean area of
North Lebanon was investigated (Salloum et al., 2013). The use of SPOT imagery
together with other ancillary data such as terrain aspect and land cover/land use of
the area allowed the mapping of fuel types with an overall accuracy of 88%, a very
acceptable delineation of recently burned areas, and eventually fire risk mapping of
unburned areas.

In addition, a forest fire risk assessment and mapping model under actual and
future climatic conditions (i.e., in function of hazard, vulnerability and exposure)
was developed (Zeidan et al., 2019). The methodology of work involved a stepwise
approach (i.e., impact chain) to evaluate the following main components: exposure,
sensitivity, hazard and adaptive capacity. Multi-sources geospatial data including
satellite were collected and integrated to create composite indices.

The spatial distribution of wildfire risk in Lebanon was assessed (Fig. 22.3). More
specifically, the work aimed at identifying and mapping (a) wildfire hazard,
(b) wildfire vulnerability, and (c) wildfire risk (Mitri et al., 2015a). A model using
multi-source satellite imagery and climatic data was developed with the use of
GEOBIA. The development of the wildfire hazard map included classification of
forest fuel type, combustibility, and fire spread whereas the vulnerability map
included classification of demographic vulnerability (i.e., boundary, occupation
and scatter indicators) and forest vulnerability (i.e., environmental and replacement
values).

In 2014, a web-based decision framework was developed to improve fire risk
management in Lebanon (Mitri et al., 2014a). The primary objective of the applica-
tion (i.e., so-called FireLab) was to provide an online user-friendly interface for
displaying data that are critical for making informed fire management decisions.
Data included 257 variables related to fire activity, risk, and hazard and are generated
at the municipality level for all of Lebanon using EO derived information. FireLab is
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delivered through a web browser, making it widely accessible to the public in a
format that allows users to easily display wildfire conditions and to describe and
share modeled wildfire potential scenarios of current and future conditions.

Finally, fire risk associated with repetitive armed conflicts on the coastal zone in
North Lebanon was assessed (Mitri et al., 2011b). The methodology of work
involved the use of multi-temporal Landsat (MSS and TM) imageries acquired

Fig. 22.3 Fire risk map of Lebanon
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between 1975 and 2010. The GEOBIA approach was employed in this work. The
results allowed the identification of fire risk which reflected many of the direct and
indirect effects of repetitive armed conflicts on vegetated areas.

22.3.3 Forecast and Early Detection

Systems used for forest fire detection can be divided into three groups based on
where the sensors are deployed: aerial, terrestrial, or combination. In Lebanon, a
wireless sensor node to support early forest fire detection was developed and tested
(Fig. 22.4) in an attempt to complement aerial fire detection (Sakr et al., 2014).

A new national fire danger forecast system for use as an operational fire man-
agement tool in Lebanon was also developed (Mitri, 2015; Mitri et al., 2017a).
Accordingly, the customization of an index for fire danger forecasting involved the
use of both Lebanon’s fire risk map and Fire Weather Index (FWI) forecasts.
Lebanon‘s initial fire risk map (Mitri et al., 2015a) was previously developed by
employing geospatial biophysical and climatic data in addition to the land cover/
land-use map. FWI data were produced by the European Forest Fire Information
System (EFFIS) by adopting the Canadian FWI and by using weather forecasts in
addition to observed synoptic weather data (San-Miguel-Ayanz et al., 2012). A
comparison of FWI forecasts and fire occurrence (i.e., observed fire events) during
the fire season of 2015 resulted in sensitivity (76.2%) and specificity (18.6%)
estimates. The automated daily fire danger forecasts (Fig. 22.4) are expected to
serve as essential tools for both scientific and operational purposes.

Fig. 22.4 Flowchart of the national fire danger forecast system interface (left) which can be
supplemented with ground-based deployed sensor nodes for early detection and prediction of fire
(right)
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Furthermore, the spatial distribution of wildfire potential was estimated with the
use of geo-spatial climatic data. Accordingly, the temporal and spatial variabilities of
wildfire potential were investigated (Mitri et al., 2014b). This involved the use of
monthly Keetch-Byram Drought Index (KBDI) maps for all Lebanon. The KBDI
maps were derived from monthly rainfall and temperature data downscaled from
global climatic data, and employed in an object-based approach. This modelling
effort provided a better understanding of potential wildfire temporal and its spatial
variability, information critical for developing effective fire prevention policies and
adaptation strategies. A comparison between the average monthly values
(2006–2010) of the Fire Weather Index (FWI) for Eastern Mediterranean and the
monthly KBDI average values for Lebanon showed a strong correlation, thus
indicating an increase in wildfire potential during the fire season (Mitri et al.,
2015b). The comparison between the relative areas of current and future wildfire
potentials showed a significant increase in KBDI values affecting a total area of
1143 km2 (441.3 sq. mi) in the country.

In addition, forest fire occurrence was predicted by using a reduced number of
monitored features, and eliminating the need for weather prediction mechanisms
(Sakr et al., 2011). The conducted work compared two artificial intelligence based
methods, namely artificial neural networks (ANN) and support vector machines
(SVM), utilizing a reduced set of weather parameters. The results demonstrated
the ability to predict forest fire danger with a limited number of inputs, however, the
work concluded about the need to predict forest fire occurrence in more fire seasons
and in different study areas. This necessitated the use of extensive fire occurrence
datasets acquired from various EO sources. The use of Artificial Intelligence (Sakr
et al., 2010 in combination with satellite data represents another opportunity for
advancing forest fire prediction.

22.3.4 Post-Fire Risk Management

Most recently, charters and emergency services were activated in response to
disastrous fires in Lebanon. Most of these counted on the use of space solutions
for improved disaster resilience. They established the necessary connections
between data providers, information developers, and end users to ensure that deci-
sion-makers can benefit from satellite technology in the disaster resilience commu-
nity. In this context, The International Charter for Space and Major Disasters is a
global mechanism for countries to access satellite imagery in support of their disaster
response activities. The charter can provide rapid access to free data from a virtual
constellation of satellites owned by space agencies and satellite operators. In addi-
tion, the Copernicus Emergency Management Service (Copernicus EMS) provides
rapid mapping and information for emergency response in relation to different types
of disasters. These include meteorological hazards, geophysical hazards, deliberate
and accidental man-made disasters and other humanitarian disasters as well as
prevention, preparedness, response and recovery activities. In 2019, the International
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Charter Space and Major Disasters estimated fire hotspots density in Lebanon and
Syria as detected by NASA‘s Visible Infrared Imaging Radiometer Suite (VIIRS).
Produced maps illustrated satellite-detected fire hotspots based on the analysis of
VIIRS accessed via NASA FIRMS, between October 15 and 16, 2019. A total of
30 hotspots were detected in Lebanon and 121 hotspots were detected in three
analyzed Governorates (i.e., Homs, Lattakia and Tartous) in Syria (UNITAR-
UNOSAT, 2019). Also, the European Commission’s Copernicus Emergency Man-
agement Service (EMSR396) was activated on 15 October 2019 to provide satellite
maps of disastrous fires occurring across the country. Fire danger forecast maps were
timely produced and communicated to Lebanon for use in further actions.

In a different type of application, time-series Landsat imagery were employed for
mapping burned areas, and consequently well documented methodological
approaches were applied for estimating greenhouse gas (GHG) emissions from
fires at the national level (Mitri et al., 2017b). The methodology of work comprised
the use of a semi-automated model of GEOBIA for mapping yearly burned areas
and, subsequently, estimating GHG emissions (Mitri & Karam, 2016). The overall
classification accuracy of the model was found to be 86% (MoE/UNDP/GEF, 2015).

The yearly temporal pattern of fire activity and its relationship to weather in
Lebanon during the past decade were investigated (Salloum & Mitri, 2014). Fire
seasonality was determined using fire occurrence data from 2001 to 2011. More
specifically, data showing the location (latitude and longitude) and date of fire
hotspot events between 2001 and 2011 were also acquired through the Global Fire
Information Management System (GFIMS), which integrates remote sensing and
GIS technologies to deliver MODIS hotspot/fire locations (Davies et al., 2011).
Although the GFIMS fire records are not the most comprehensive and accurate data
on fire occurrence, such data are best suited for this study because of the lack of
accurate and officially published fire occurrence data in the country.

Potential post-fire land degradation risk in Lebanon was modeled in order to plan
and prioritize post-fire management actions (Mitri et al., 2020). The study included
(1) mapping “burn severity” of the year 2019 using Landsat 8 and Sentinel 2-A
imagery and (2) modeling post-fire land degradation risk using GEOBIA approach.
Mapping burned areas of the 2019 fire season involved the use of a differenced
Normalized Burn Ratio (dNBR) of Sentinel 2-A imagery. Another dNBR image was
produced with the use of Landsat 8 imagery. Mapping overall burn severity was
conducted based on cross-mapping between the two dNBR images which involved
EO sources of different spatial and spectral characteristics. Potential post-fire deg-
radation risk was modelled in GEOBIA with the combined use of burn severity and
topographic data (i.e., slope gradients). In addition, various field data were collected
to produce a Composite Burn Index (CBI) of fire-affected sites. The combined use of
multi-temporal satellite remote sensing images (i.e., for deriving seasonal post-fire
degradation risk in winter and spring following a fire event) and their corresponding
ancillary data (i.e., CBI and soil texture) allowed the prioritization of fire affected
sites for implementing post-fire restoration measures (Fig. 22.5).

In a another study, Sentinel-2A imagery were employed in combination with
other ancillary data for mapping (1) plant composition and abundance, and
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(2) phyto-sociability (i.e., aggregation) of plant species (Mitri et al., 2017c). This
contributed to assessing the effect of fire regime on vegetation cover in the Medi-
terranean forest landscape of Lebanon’s western mountain range. The accuracy
assessment results showed an overall average accuracy of approximately 60% for
mapping plant abundance and phyto-sociability. A careful investigation of the
results would provide further insights towards improving the performance of the
GEOBIA model using the Sentinel-2A imagery.

Another model for operational monitoring of vegetation cover dynamics in fire-
prone Mediterranean ecosystem with the use of multi-temporal Landsat images was
developed (Mitri & Fiorucci, 2012). The work involved (1) mapping the extent of
burned areas, and (2) monitoring post-fire vegetation recovery within fire affected
areas. Multi-temporal Landsat images were employed. Image pixels located within
objects previously classified as burned areas were monitored 16 years and 20 years
after the fire events. The developed approach was flexible enough to be employed for
a continuous monitoring of post-fire vegetation dynamics with the combined use of
field data (EL Halabi et al., 2014).

22.4 Conclusions

The review of previously conducted researches and studies proved the usefulness of
EO in supporting fire managers and planners who are involved in the implementation
of Lebanon’s National strategy for forest fire management. It is expected that the use
of EO data and remote sensing techniques in each of the Strategy’s components will

Fig. 22.5 Post-fire degradation risk in winter (left) and spring (right) following the fire event
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result in strengthened capacities of public authorities and units involved in forest fire
management.

Clearly, there is a great potential for including the wide range of current and
newly emerging EO products in an operational monitoring of fire risk in Lebanon.
Given, a relatively small area of the national territory, very few satellite scenes are
needed to cover the entire national territory. In addition, EO products have the
potential of improving and complementing conventional field and statistical data
collection (e.g., the annual fire reports of Lebanon), as well as provide new types of
other information of relevance (e.g., environmental).

Overall, EO provides (1) synoptic view of the national territory’s surface, (2) reg-
ular and repeatable observations, and (3) cost-effectiveness for monitoring remote
and inaccessible areas. Most importantly, countries with limited financial resources
like Lebanon can extremely benefit from EO data which are increasingly made free
using open data policies. In this context, data from the Sentinel satellite programme
were made free for all by the Copernicus programme of the European Commission
(EU). Also, the United States Geological Survey (USGS) made the large archive of
Landsat data free for all to use. However, Lebanon has not benefited yet from the
widespread use of data architectures and servers on the internet, therefore enabling
operational cloud computing of its national datasets in the forest and forest fire
sectors.

22.5 Key Recommendations

Below are some key recommendations, which outline how the full potential of using
EO for fire risk management should proceed:

1. Communicate and demonstrate the potential of EO so that it can be fully exploited
in fire risk management at all levels. This potential has not been clearly commu-
nicated to date, in particular to statisticians who need the data the most. It is worth
mentioning that the time scales of EO data availability have significantly
increased. Forest fire indicators requiring historical baselines are now continual,
comprising data records over several decades (e.g., Landsat time series spanning
from the late 1970s to the present). In addition, the precision of EO data was
improved at the point of image acquisition, therefore the accuracy of EO derived
products such as burned areas, fire severity, and vegetation recovery is potentially
higher. Currently, the main limitation is where EO data can be stored and easily
accessed and in a format ready to be used.

2. Improve information flows to inform decision-making related to fire risk man-
agement. For instance, Lebanon was able to derive precise daily fire danger
forecast maps but the flow of generated information from EO to geospatial
datasets and into the hands of decision-makers was not efficiently streamlined.
Accordingly, potential bottlenecks (e.g., where information is exchanged
between governmental agencies and local authorities and agencies) should be
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addressed and accordingly, design appropriate strategies to improve data flow
(e.g., one example would be the use of spatial data infrastructures).

3. Establish partnerships between the central administration of statistics (CAS) and
geospatial experts working on fire risk assessment. This is expected to enable the
potential of EO to be fully realized within the national statistical systems.
Especially if EO data were to be merged with traditional sources of data such
as field survey data. Establishing partnerships amongst the different national
agencies and academic/research institutions is a first step towards building an
effective collaboration.

4. Incentivize commercial EO data providers to collaborate with governmental and
non-governmental organizations on the provision of very high resolution earth
observations. Such products of very high resolution satellite imagery are essen-
tially needed for certain applications in monitoring the impact of fires on terres-
trial ecosystems (e.g., fire severity, forest regeneration and vegetation recovery).

5. Overall, improve the cooperation between governmental authorities and national/
local agencies within the country, and increase their awareness of EO products
and their role in improved fire risk management.
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Chapter 23
Avalanche Hazards with Mitigation
in Turkey and Qualitative Risk Assessment
for Snow Avalanches in Ayder (Rize, NE
Turkey) Using Combination of GIS, Remote
Sensing Techniques and Field Studies

Tayfun Kurt

Abstract According to records of the Disaster and Emergency Management Pres-
idency, avalanches have killed 30 people per year in Turkey over the last 30 years.
For example, an avalanche occurred in Görmeç, in the province of Siirt, on February
01, 1992, which killed 97 people. This paper provides information about avalanche
fatalities and avalanche mitigation works in Turkey as well as qualitative risk
assessment method for snow avalanches in a defined region. Figure of avalanche
hazard situation is presented to construct a picture of the potential threats. In the
continuation, a regional-scale qualitative risk assessment is applied in a data-sparse
region exposed to snow avalanches in NE Turkey. Input data included information
on previous avalanche events, avalanche release and run-out areas derived from
desktop review and field mapping, and an inventory of elements at risk. It is shown
how categorization of elements at risk may be useful to obtain reliable results using a
scoring approach. The method may foster risk management strategies in remote
areas of less-developed countries, may support the choice of appropriate mitigation
and may also improve risk communication and awareness. The obtained map pro-
vides are reliable and easy to understand information where avalanches constitute
risky situation in regional scale as well as where new avalanche paths may develop
under favourable conditions in defined region.
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23.1 Introduction

The threat of snow avalanches to the human environment is obvious, and has been
reported from mountain regions throughout Europe over decades (Pfister, 1998;
Fraefel et al., 2004; Fuchs et al., 2015). Apart from the ongoing discussion on leisure
accidents affecting the ski industry, considerable parts of settlements and infrastruc-
ture are at risk. In order to reduce losses for the latter, in Central European mountain
regions the concept of risk has been introduced. The concept of risk is based on a
functional relation between hazard, elements at risk as well as vulnerability, and is
embedded through the risk management approach in the framework of mitigation
and adaptation planning (Kienholz et al., 2004). Also on the international level,
starting with the 1990s IDNDR Decade (UN, 1989), the emphasis was shifted from
hazard to risk assessment, focusing on both the physical and socio-economic
dimension and thus a wider understanding of threats originating from natural
hazards, recently pursued by the Hyogo Framework (UNISDR, 2007) and the Sendai
Framework (UN/ISDR, 2015; Klein et al., 2019).

Snow avalanches compromise citizens inhabiting mountain areas as well as
buildings and infrastructure. Nevertheless, while incidents are increasingly well
documented from mountain regions of Central Europe (Fuchs et al., 2015; Bründl
et al., 2010; Laternser & Schneebeli, 2002; Höller, 2007; Haeberli et al., 2015), data
remains fragmentary in remoter mountain regions such as those in Russia
(Shnyparkov et al., 2012; Fuchs et al., 2017) and Central Asia, to name the most
prominent (Aydın et al., 2014). This issue has also repeatedly been claimed for
Turkish mountain regions (Borhan & Kadioǧlu, 1998; Gürer, 1998) because, mainly
in the eastern part of Anatolia and in the eastern Black Sea region, an average of
24 fatalities is recorded per year, most of them inside buildings buried by snow
avalanches (Aydın et al., 2014). This is a high number, compared to other European
mountain regions were only a low number of fatalities is chronicled Fuchs et al.,
2013). According to available data, avalanche events have increased in Turkey since
the 1990s. For example, during the winter of 1992, 158 avalanche events were
recorded, 453 people were killed, and 108 people suffered injuries. Gürer (2002).
The Turkish government has responded and became particularly aware of the
destructions caused by snow avalanches in the late twentieth century, and has
subsequently defined multiple institutional responsibilities for mitigating snow ava-
lanches. As in many other European countries, these are split with respect to
different competencies regarding (a) the disaster management cycle in prevention
and emergency response, and (b) according to different categories of elements at risk
(e.g., settlement areas vs. transport infrastructure).

Moreover, these extraordinary avalanche events gave impetus to avalanche
control works, which represent the traditional engineering way of hazard manage-
ment, but also to land-use planning and local structural protection (Karsli et al.,
2009). Authorities have also become particularly aware of strategies aiming at a
decrease in future risk resulting from natural hazards (Bicer, 2016) including
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regional planning, land improvement, information and education (Yuksel et al.,
2011).

While risk assessment is feasible and target-oriented if considerable data on
hazard, vulnerability, and risk is available, it still remains challenging in data-
sparse regions (Keiler & Fuchs, 2016). Because the risk concept is pillared by a
quantifying function of the probability of occurrence of a hazard with a given
magnitude and frequency (the scenario pSi) and the related consequences on ele-
ments at risk j, regularly specified by their individual monetary value (AOj), the
related (physical) vulnerability in dependence on scenario i (vOj, Si) and the proba-
bility of exposure (pOj, Si) of elements at risk j exposed to scenario i (Eq. 23.1, see
(Fuchs et al., 2015).

Ri,j ¼ f pSi,AOj, vOj,Si, pOj,Si
� � ð23:1Þ

Rooted in both technical and economic risk analyses, this quantitative definition of
risk provides a framework for probabilistic risk assessment. The risk equation in
terms of the combination of hazard and consequences only differs in terms of spatial
resolution (scale), and can be assessed quantitatively or qualitatively. While specific
risk would result in one individual value of potential losses for a given hazard
probability (Varnes, 1984; Fell et al., 2008), the total (cumulative) risk represents
the overall losses, such as the expected number of lives lost and persons injured, or
the damage to property and disruption of economic activities for a given area and
over a specific period in time (Bründl et al., 2010). Even if such quantitative
information on natural hazard risk is an important milestone for the development
of tailored management strategies Holub & Fuchs, 2009; Kurt, 2014), the concept
poses several challenges because of its scale-dependent approach and the underlying
data requirements.

Apart from temporal and spatial dynamics of avalanche risk (Fuchs et al., 2015),
the main challenge is rooted in the system boundaries of risk assessment (Powell,
et al., 2016; Andretta, 2014), which turns into a challenge of scale if snow avalanche
risk is assessed regionally (Bründl et al., 2010). Nevertheless, also on a regional
scale, risk includes the probability of multiple losses caused by snow avalanche
impact over a definite period of time within a certain area (Shnyparkov et al., 2012).
However, due to a lack in avalanche inventories, a purely quantitative risk assess-
ment remains fragmentary (Keiler & Fuchs, 2016), and therefore more qualitative
approaches are often used (Dahl et al., 2010). Qualitative hazard identification and
risk assessment can effectively assist risk managers in priority-setting and politicians
in decision-making, in particular in remoter regions where available data is sparse or
even unavailable (Shnyparkov et al., 2012; Rogelis et al., 2016; Ding et al., 2016;
Gruber & Mergili, 2013).

In order to close the knowledge gap on avalanche hazards in Turkey, snow
avalanche risk, and to provide necessary background information for practitioners
to manage this threat, a qualitative approach was undertaken to assess snow ava-
lanche risk in this region. Both, hazard and elements at risk were quantified on a
scale of 1:25,000 by using modelling approaches and a GIS environment, and the
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results were visualized and validated by available incident information and field
surveys.

23.2 Avalanche Triggering Factors

Topographic factors, vegetation factors and weather conditions such as terrain,
meteorological, and snowpack factors may be very important in the occurrence of
avalanches (Höller, 2007; Hendrix et al., 2005; Hageli &McClung, 2007; Schweizer
et al., 2003). For example, avalanches generally occur on slopes between inclination
28� and 55� (McClung & Schaerer, 2006; Miklau & Sauermoser, 2011). Avalanches
normally are not triggered on slopes outside this range because snow masses tend not
to accumulate on such slopes (Sullivan et al., 2001).

Slope aspect can be particularly important factor due to snowmelt, solar radiation
and wind loading on the snowpack (Grimsdottir & McClung, 2006; Cooperstein
et al., 2004; McClung & Schaerer, 2006) . For example, south-facing slopes in the
northernhemisphere can be especially dangerous in the spring for occurrence of wet
snowavalanche when heated by the sun (Dubayah, 1994). North-facing slopes may
be slowerto stabilize than slopes facing in other directions (Daffern, 2009). Another
example, leeward slopes, slopes facing away from the wind, are dangerous because
this is where the snow collects and may form an unstable slab (Meloysund et al.,
2007). On the other hand, windward slopes that face the wind generally have less
snow and are usually more stable (McClung & Schaerer, 2006; Dubayah, 1994).
Moreover, because of solar radiation and wind-drifted snow, the strength and
thickness of the snow cover and distribution of weak layers can vary with the aspect
(Grimsdottir &McClung, 2006). Statistical work indicated that; most avalanches fell
in northeastern an eastern aspects, which are the lee and shady aspects (Grimsdottir
& McClung, 2006).

Snowpack forms from layers of snow that accumulates in geographic regions and
high altitudes where the climate includes cold weather for extended periods during
the year (Broulidakis, 2013).

Snowpack factors are snowpack depth and structure, such as hardness, layering,
crystal forms and free water content (McClung & Schaerer, 2006). According to
Gaume et al. (2013), the spatial variability of snowpack properties has an important
impact on snow slope stability and thus on avalanche formation. For example, as the
snow falls it settles in layers of varying strength and weakness. Because numerous
layers constitute a snowpack, it is important to understand the properties of each
layer of the weak layer such as overlying load, densities, temperature gradient and
crystal types, because each one forms under varying weather conditions and will
bond to approaching layers differently (Jamieson & Johnston, 2001). Weak layers
deep in the snowpack can cause avalanches even if the surface layers are strong or
well-bonded (Jamieson et al., 2003).

Vegetation cover is among the factors affecting avalanches by increasing or
decreasing friction on the surface (Butler, 1972; Simonson et al., 2010). Smooth
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slopes with pasture can accelerate formation of avalanches due to lack of resistance
(Tunçel, 1990). If there is vegetation cover in the form of shrubs in the avalanche
release zones, the vegetation cover can hold the snow mass and delay the initiation of
avalanche. According to Brang (2001), dense forests are also effective to reduce
avalanches by preventing the avalanche release in initiation zones. On the other
hand, vegetation analysis can be used to survey past avalanches and to estimate the
frequency and intensity of snow-slide events for specific avalanche path locations
and time periods of interest (Simonson et al., 2010; Burrows & Burrows, 1976;
Carrara, 1979; Mears, 1992; Casteller et al., 2007; Bebi et al., 2009).

Wind loading may occur without precipitation, by scouring of snow on exposed
windward slopes and subsequent deposition of this scoured snow on lee slopes
(Schweizer et al., 2003; McClung & Schaerer, 2006). Variations in wind speed
and snow drift can be important that they form layers of different density or harness
creating stress concentrations within the snowpack (McClung & Schaerer, 2006).
For example, it has been assumed that snow drift peaks at a wind speed of about
20–25 m s�1 and decreases with even higher wind speeds (Schweizer et al., 2003).

Temperature is a decisive factor contributing to avalanche formation, particularly in
situations without loading (Schweizer et al., 2003). The temperature of the weather and
of the snowpack has an increasing effect on the risk of avalanche. According to
McClung and Schaerer (2006), the mechanical properties of snow are highly tempera-
ture dependent. In general, there are two important groups of competing effects:
metamorphism (depending on temperatures) and mechanical properties (excluding
metamorphism effects) including snow hardness, fracture propagation potential and
strength (Schweizer et al., 2003). The probability of powder snow avalanche is high
in the presence of low weather temperature and windMcClung and Schaerer (2006). On
the other hand, temperature rises in the spring can cause wet snow avalanches (McClung
& Schaerer, 2006; Tunçel, 1990). Another example regarding temperature is solar
radiation because it can prepare conditions for avalanches to initiate (Grimsdottir &
McClung, 2006). Solar radiation can present greater risk situations in alpine regions than
lower down, due to the open terrain (Grimsdottir & McClung, 2006; Cooperstein et al.,
2004). Surface hoar forms when relatively moist air over a cold snow surface becomes
oversaturated with respect to the snow surface, causing a flux of water vapor, which
condenses on the surface (McClung & Schaerer, 2006).

23.3 Avalanche History of Turkey

Turkey consists of 7 regions (Fig. 23.1). The mean altitude of Turkey is 1141 m a.s.
l., more than three times avalanches higher that of Europe (300 m a.s.l.), with a mean
slope angle of 10º. Altitudes higher than 1500 m with slopes greater than 27º cover
5.1% of the total area (Aydın et al., 2014; Elibüyük & Yılmaz, 2010). Northeast, east
and southeast parts of Turkey are the most endangered areas based on recorded
avalanche events between 1950 and 2019 (AFAD, 2020, see Fig. 23.2). Considering
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a lot of snowfalls in the mountainous areas, generated elevation and inclination map
of Turkey based on SRTM (Shuttle Radar Topography Mission) database and
maximum snow height map also verify that higher inclination and altitude including
heavy snowfall trigger more avalanches in Turkey (Figs. 23.3 and 23.4). The earliest
recorded avalanche fall in Turkey occurred in 1890 (Varol & Yavaş, 2006). Based
on avalanche records from AFAD that consist of all types of documentation (reports,
photos etc.) from 1890 to 2014, 1997 avalanche events occurred, and more than
1446 people were killed by avalanches. Based on AFAD records, on average,
avalanche events have caused 30 deaths in Turkey every year as well as damage
to villages, settlements, infrastructure and forests over the last 30 years (Fig. 23.5).

Fig. 23.1 Turkey consists of 7 regions

Fig. 23.2 Cities affected by avalanches in Turkey between 1950 and 2019 with number of cases
(AFAD, 2020)
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Fig. 23.3 Inclination map of Turkey Generated based on SRTM database

Fig. 23.4 Elevation map of Turkey Generated based on SRTM database
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Avalanche observations of past and present avalanche activity are of the utmost
importance for any avalanche forecasting operation and avalanche control concepts
(Laternser & Schneebeli, 2002). According to Gürer (2002), prior to the 1950s
avalanche events were not recorded in Turkey by authorities unless they caused
deaths or injuries. In order to create a database for all disasters including avalanches,
TABB (Turkish National Disaster Archive) was established with support from
AFAD (Disaster and Emergency Management Presidency) in 2004.

In order to create a database on Turkey as a whole, including previous disasters,
Turkish National Disaster Archive (TABB) was established in 2004. Written docu-
ments, reports, photos, and other types of information have been collected from the
following governmental bodies: AFAD, General Directorates of Food Control,
Gendarmerie General Commands, Police, Turkish Atomic Energy Authority and
Media. Then, some criteria imposed for records by TABB: the exact date if known,
in the absence of a certain date, the number of fatalities, in the absence of fatalities,
the number of injured. Specifications are searched within these data parameters.
However, so far all the collected data has not been entered into TABB databank and
the monitoring process is behind schedule.

During the winter of 1992, a total of 158 avalanche events were recorded,
443 people were killed, and 108 people suffered injuries in Turkey (Gürer, 2002).
The distribution of several major avalanche events of 1992 and 1993 are shown in
Table 23.1. One reason for avalanche fatalities in Turkey was the heavy snowfall.
For example, the heavy snowfall (Fig. 23.6) in January and February caused many
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avalanche events in eastern Turkey (Gürer, 2002). Many main roads were closed and
many villages were affected by avalanches.

One of the most deadly avalanches in Turkey occurred in the winter of 1992. A
brigade of 71 Turkish soldiers and 26 inhabitants were killed by an avalanche in the
village of Görmeç, province of Siirt on 01.02.1992. According to Borhan and
Kadıoğlu (Borhan & Kadioǧlu, 1998), the day the Görmeç avalanche happened,
the weather was rainy and snowy. Another detail of this avalanche that contributed to
the number of deaths was that there was no avalanche control structure in the region.

Another deadly avalanche occurred in the village of Üzengili, Bayburt Province,
on January 18th, 1993, at 07:45 am. This avalanche killed 59 people and destroyed
62 buildings. According to Taştekin (2003), on January 16th, the weather temper-
ature was – 5.0 �C, the next day air the temperature dropped by 10 degrees and
became�15 �C (Fig. 23.7). As a result, the snow surface cooled. During the daytime
of January 17th, the air temperature increased. Snowfall during the night of January
17th, (between 21:00 and 07:00) (Figs. 23.7 and 23.8). New snow precipitation
caused an additional load and the previous snow layer could not carry new snow, and
in the morning of the 18th, the Üzengili avalanche occurred.

The Palandoken ski resort is located on the northern slopes of the Palandoken
range in Erzurum province; skiing is possible for 150 days in a year, skiing altitude is
2200–3176 m. So far, 9 skiiers lost their lives between 1996–2006 and three more
skiers in total (Fig. 23.9).

Table 23.1 Major avalanche events of 1992 and 1993 in Turkey

Date Deaths Details

02.01.1992 20 Due to heavy snowfall, 20 inhabitants were killed in Karabeya village,
Yüksekova, province of Hakkari.

21.01.1992 10 10 inhabitants were killed in Kesmetaş Village, Şirvan, province of Siirt.

01.02.1992 97 71 soldiers in Turkish army and 26 inhabitants in theGörmeç village were
killed due to avalanche fall in province of Siirt.

07.02.1992 55 31 person in Boğazören village, Beytüşşebap, province of Şırnak;
13 people in different villages in province of Batman, 5 people in Erimli,
province of Elazığ, 6 people were died in province of Bingöl and
Diyarbakır.

08.02.1992 21 15 inhabitants in Çığlıca village, province of Şırnak, 6 inhabitants were
killed in Tatlıca, province of Batman

21.02.1992 32 32 soldiers were killed in both Eruh and Uludere, province of Siirt

25.02.1992 26 Due to heavy snowfall, 26 inhabitants in AnaköyVillage, Gevaş, province
of Van.

18.01.1993 59 59 inhabitants were killed and 21 were injured due to avalanche event in
Üzengili village, province of Bayburt

25.02.1993 26 26 inhabitants were killed in Anaköy, province of Van

27.02.1993 6 6 passengers were killed on the Hakkari-Van main road due to avalanche
event

23 Avalanche Hazards with Mitigation in Turkey and Qualitative Risk. . . 541



Fig. 23.7 Air temperature of Bayburt Üzengili in 18.01.1993 (Taştekin, 2003)

Fig. 23.6 Snow depths, maximum and minimum weather temperature in the winter of 1991–1992,
in Hakkari and Van Province (Gürer, 2002)
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Fig. 23.8 According to 7 and 14 of records, precipitation in Bayburt, Üzengili (Taştekin, 2003)

Fig. 23.9 Avalanche locations in Palandöken skiing centre in Erzurum province (Kurt, 2017)
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23.4 Avalanche Mitigation in Turkey

Until today, different governmental bodieshave been dealt with avalanches to keep
people and property in safe. Today governmental bodies have been dealing with
avalanche control issue, especiallyover the past few decades, in order to control
avalanches and keep people and their property safe in Turkey such as the Ministry of
Forestry and Water Affairs, General Directorate of Forestry (OGM); General
Directorate of Combating Desertification and Erosion (ÇEM); Ministry of Interior,
Disaster and Emergency Management PresidencyMostly passive avalanche control
methods are used instead of permanent control methods due to absence of organized
avalanche control service (Table 23.2).

23.4.1 Avalanche Mitigation Projects in Settlement Areas
in Turkey

If an avalanche occurs in an area of no settlements, no property, or no traffic, it does
not constitute risk. Hence, avalanche protection may not be necessary in these
uninhabited areas. On the other hand, if an avalanche presents hazard, a decision
has to be made quickly to ensure maximum safety of endangered objects in the
hazardous zone. So, avalanche protection works reduce the hazard avalanches pose
to human lives and properties. Today, numerous endangered settlements still have
no protection in Turkey.

Table 23.2 Organizations responsible for snow avalanche management in the Republic of Turkey
(Kurt, 2017)
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Avalanche protection may be divided into temporary and permanent measures
(McClung & Schaerer, 2006). Temporary measures are applied for short periods
when avalanches are expected to occur. On the other hand, permanent measures
usually require expense for engineering works but perform without the need for a
daily hazard evaluation (McClung & Schaerer, 2006). There are very few snow pack
supporting structures or plans to protect settlements in Turkey beyond the current
method of reforestation.

In the starting zones, avalanche control methods are implemented to prevent the
start of avalanches or limit the snowpack motion that can be triggered by snow
movement due to steep slopes, with the help of supporting structures, snow fences or
other type of apparatus (McClung & Schaerer, 2006; Höller, 2007; Margreth et al.,
2007). TheUzungöl project was the first recorded avalanche-control project
implemented in 2004 by OGM (General Directorate of Forest). This project com-
prised 6680 meters of steel snow fences, 3340 meters of snow breakers, and mini-
piles constructed in the avalanche release zones (Figs. 23.10 and 23.11).

Avalanche protection may be divided into temporary and permanent measures
(McClung & Schaerer, 2006). Temporary measures are applied for short periods
when avalanches are expected to occur. On the other hand, permanent measures
usually require expense for engineering works but perform without the need for a
daily hazard evaluation (McClung & Schaerer, 2006). There are very few snow pack
supporting structures or plans to protect settlements in Turkey beyond the current
method of reforestation.

In the starting zones, avalanche control methods are implemented to prevent the
start of avalanches or limit the snowpack motion that can be triggered by snow
movement due to steep slopes, with the help of supporting structures, snow fences or
other type of apparatus (McClung & Schaerer, 2006; Margreth et al., 2007; Höller,
2007). The Uzungöl project was the first recorded avalanche-control project
implemented in 2004 by OGM (General Directorate of Forest). This project com-
prised 6680 meters of steel snow fences, 3340 m of snow breakers, and mini-piles
constructed in the avalanche release zones (Figs. 23.10 and 23.11).

Fig. 23.10 Snow nets used as supporting structures in release zone, Uzungöl, province of Trabzon
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In recently, steel snow bridges have been constructed also in Çaykara, Karaçam,
in Trabzon Province in 2016 (Fig. 23.12).

23.4.2 Avalanche Hazard Zoning and Mapping in Turkey

Avalanche hazard maps can give an idea of the safety level of a certain area in regard
to the risk of natural disaster (avalanches, rock falls, or torrents) (Holub & Fuchs,

Fig. 23.11 Snow fences and mini-piles in Uzungöl, Trabzon

Fig. 23.12 Steel snow bridges in Trabzon (Photo: Anonym)
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2009). Avalanche hazard zoning is used in Turkey to prevent buildings being
constructed in areas endangered by avalanches and to indicate avalanche prone
areas.

Three different risk levels are used for avalanche hazard maps in Turkey (Varol &
Şahin, 2006) (Table 23.3).

On the other hand, avalanche hazard zonings are marked on maps for all
avalanche prone areas that are designated as avalanche paths (avalanche areas),
active avalanche paths, potential avalanche flow tracks, and possible avalanche
flow tracks (Fig. 23.13). These maps are drawn based on avalanche chronology,
topographic properties (aspect, slope etc.), and vegetation cover.

Table 23.3 Types of avalanche levels used in Turkey

Avalanche zone Details

Red High risk level. No construction is allowed and unsuitable are for residence.

Blue Middle avalanche risk level, permanent use for settlement and infrastructure
is possible but with additional safety measures

White No avalanche risk

Fig. 23.13 Offical Avalanche hazard zoning in Turkey
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23.4.3 Avalanche Control in Winter Resorts

Most common avalanche control methods for winter resorts in the regions affected
are avalanche forecasting, control programs, closure of ski paths and warning signs
at defined locations. Also, in the event of heavy snowfall, methods in use include
artificial avalanche release by using the Gazex system (Fig. 23.14) under controlled
conditions in order to trigger smaller, less-destructive avalanches, closure of ava-
lanche paths. For example, the Gazex system is being used in the Erzurum
Palandöken ski resort.

23.4.4 Avalanche Mitigation Near Main Roads

Avalanche hazards can be reduced by defense structures such as avalanche galleries
(Fig. 23.15), snow sheds or snow breakers (Figs. 23.16 and 23.17), and closure of
main roads. KGM is responsible for construction and safety of roads in Turkey. In
this context, KGM takes measures against avalanches by constructing avalanche
galleries and snow sheds (Fig. 23.17).

Fig. 23.14 Artificial avalanche release by using Gazex, Palandöken, Erzurum Province (Kurt,
2017)
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Fig. 23.15 Avalanche gallery (28 meter long) in Elazığ Province (Kurt, 2017)

Fig. 23.16 Snow shed (206 meter long) in Province of Hakkari (Kurt, 2017)
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23.5 Qualitative Risk Assesment: A Case Study

23.5.1 Study Area

The study area is located in Ayder, a recreational area in the Province of Rize, NE
Turkey, and a hot spot of winter tourism (Figs. 23.18 and 23.19). Such data-limited
region is located in NE Turkey, where approximately 4 million people inhabit the

Fig. 23.17 Effectiveness of snow sheds built by KGM in Turkey (Kurt, 2017)

Fig. 23.18 Overwiev of the test site. (Source: Google Earth, 2018)
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mountain region of the Pontian Alps, stretching from the Black Sea coast over a
length of around 300–400 km NE and around 200 km inland. The region is
characterized by rural settlements, and mountain topography; the highest elevation
is mount Ağrı Dağı (3932 m asl) at the Georgian border. The properties (such as
buildings, infrastructure, etc.) are continuously exposed to snow avalanches during
the winter season. The area covers a total of 7800 hectares and is located between
1300 and 2450 m asl with steep gradients and considerable snowfall during winter.

The Ayder area was officially declared as tourism region by the Turkish
government in 1987. As a consequence, heavy land development took place and a
considerable number of elements at risk were located adjacent to potential avalanche
run-out areas, which clearly shows the dynamic component of risk in the area (see
Fig. 23.19).

Land cover in the area is dominated by forest. Snow avalanches occur due to
natural factors such as inclination and aspect supplemented by vegetation; while
herbaceous plants dominate most of the potential avalanche release areas and parts of
the transit tracks, the overall forest cover is dominated by spruce (Picea orientalis
L.), beech (Fagus orientalis L.), chestnut (Castanea sativa Mill.), and alder (Alnus
glutinosa L.). Silent witnesses can be observed throughout the study area; they
represent information on the spatial occurrence of snow avalanches. Hence, taking
characteristics of stand structure by age classification, tree heights, soil regime, and
canopy cover, available information on avalanche activities was gathered
(Figs. 23.19, 23.20 and 23.21).

Fig. 23.19 Overview of Ayder, showing considerable construction activities (Kurt, 2017)
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Fig. 23.21 Silent witnesses on the avalanche tracks (Çelik & Kurt, 2012)

Fig. 23.20 “J” shaped trunks due to snow gliding (Çelik & Kurt, 2012)
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23.5.2 Meteorological Characteristics

To get information about maximum snow heights meteorological data needed for
hazard assessment was taken from the Çamlıhemşin weather station. This station,
though not being the closest to the test site, was taken due to higher representative-
ness than closer stations such as Rize and Pazar, the latter being located at the
shoreline (Fig. 23.22).

According to the data, maximum snow height amounts to 2.1 m for the period
between 1984 and 1992. Because of the relatively high difference in altitude
between the Çamlıhemşin weather station and the test site, however, this value
was height adjusted and supplemented by local knowledge. As a consequence,
maximum snow heights of 5.0 m were taken as being representative for Ayder, as
verified by inhabitants whose houses were repeatedly buried by snow during the
winter.

23.5.3 Avalanche History

Documented information about avalanche events provides the most reliable infor-
mation about avalanche activity. According to reports by the local population, and
supplemented by an assessment of terrain characteristics during field works, major
deposition areas have been identified (Fig. 23.23).

Fig. 23.22 Locations of Çamlıhemşin, Ovit, Pazar, Rize, Artvin, İspir, Bayburt and Torul mete-
orological stations (Çelik & Kurt, 2012)
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The largest avalanche events in Ayder occurred in 1947 and 1992. Run out zones
of these avalanches are indicated in Fig. 23.24. While the archives did not report any
loss for the 1947 avalanche, presumably due to a lack of elements at risk located in
the run-out areas during that time, the powder snow avalanche of 1992 destroyed one
hotel and damaged three wooden houses (Çelik & Kurt, 2012).

To fill the knowledge gap in avalanche documentation, desktop reviews and
fieldwork was undertaken and 67 avalanche release areas were detected, most of
them located in an elevation of around 2100 m asl. Subsequently, a susceptibility
map was deduced linking potential release areas to possible run-out areas
(Fig. 23.25).

23.5.4 Method

The applied method is composed of three main steps including risk identification,
risk analysis, and risk evaluation. As risk identification is the initial step for risk
management, data related to the avalanche susceptibility has to be made available so
that hazard and consequence analysis can be executed (Erener & Düzgün, 2013).
Determining the avalanche-prone areas provide useful information for identifying
future avalanche occurrences. Consequently, as a first step, avalanche susceptibility

Fig. 23.23 Run out zones of avalanches according to inhabitants
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Fig. 23.25 Avalanche susceptibility map for the study area

Fig. 23.24 Run-out zones of the 1947 and 1992 avalanches gliding (Çelik & Kurt, 2012)
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maps were transferred into hazard maps by integrating avalanche trigger probabil-
ities with using satellites images (such as Google Earth), aerial photos. In a second
step, qualitative risk maps (based on a scoring) were obtained by an evaluation of
hazard, vulnerability, and consequences for each element at risk, following the
procedure outlined in Remondo et al. (2005) see Table 23.4).

In order to deduce risk maps, a two-step approach was followed. In the first step,
the occurrence of avalanches was evaluated for all avalanche tracks. One of the
important phenomena is determining the occurrence probability of a specific trig-
gering event (such as periods of intense snowfall), which will trigger the avalanche
for a given time period (Bellaire et al., 2013; Laternser & Schneebeli, 2002). In
contrast, the frequency of an avalanche is defined as the period of time in which an
avalanche of defined magnitude reaches a specific run-out area or threshold
(Haeberli et al., 2015). In this sense, documented information on previous avalanche
events provided the most reliable data with regard to avalanche history. However,
because only one avalanche control project from 2012 was available for the study
area (Çelik & Kurt, 2012), the frequency of avalanches was evaluated empirically
based on information received from the local population and analysing irregularities
in the vegetation cover as once every year; every 5 years; every 10 years; every
50 years; and every 100 years (Table 23.5).

Table 23.4 Calculation of risk scores

R=Occurrence of
avalanche x Effect level

Effect level of avalanche

Highest High Medium Low Lowest
5 4 3 2 1

Occurrence of
avalanche

Highest 5 25 20 15 10 5
High 4 20 16 12 8 4

Medium 3 15 12 9 6 3
Low 2 10 8 6 4 2

Lowest 1 5 4 3 2 1
Low

Medium

Hight

Table 23.5 Evaluation of avalanche occurrence in the study area

Definition of avalanche occurrence Frequency (avalanche events) [%]

Highest � 1.0 (every year)

High 0.1> to <1,0 (every 5 years)

Medium 0.02> to �0.1 (every 10 years)

Low 0.02> to �0.01 (every 50 years)

Lowest � 0.01 (every 100 years)
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In the second step, the possible effects of snow avalanches were defined based on
fieldwork and information obtained during interviews from inhabitants. As
presented in Table 23.6, buildings, roads, other infrastructure and citizens inhabiting
exposed buildings were considered during the analysis. Therefore, elements at risk
were classified into three categories representing information on health, economy
and the environment. Each category was evaluated using five different levels of
severeness (lowest, low, medium, high, and highest). The category health included
the number of people at risk; the category economy included the number of buildings
exposed and the length of major roads, and the category of environment showed
the affected vegetation (i.e. forest cover) in hectares (Table 23.6). After evaluating
the effect level for individual avalanche paths and run-out areas in each category, the
most severe avalanche path showing the highest risk was determined based on an
overlay in GIS.

23.5.5 Results

The results of the qualitative risk assessment in the study area are presented in
Table 23.7. Based on the avalanche susceptibility mapping and the compilation of
hazard maps, qualitative risk information was obtained using the scoring and
classification approach outlined above. The results were verified by comparing
them to existing cadastral maps, where possible (see Figs. 23.26 and 23.27). More
than 3 km of road are endangered by multiple avalanche tracks, and a total of
37 buildings is endangered. Based on a desktop review, around 100 individuals
are at risk, and almost 1100 hectares of forest are threatened. As such, the results
indicate those areas with higher risk levels, and information can be used by land-use
planners and for hazard and risk management so that investments in technical
protection will become more efficient.

The avalanche path with the highest risk is CBZ no. 63, endangering two
restaurants, an internet cafe, a gift shop, a small grocery store, five hotels that can
host 350 tourists overnight, a highway bridge, and a car park. The endangered part of
the main road is 200 m long and 6 m wide (Fig. 23.27).

Overall the result of the qualitative risk assessment using a 1:25,000 scale is a
ranking of risk for the study area. In comparing the all release zones, the develop-
ment of the risks of the all studied avalanche tracks differ considerably (Table 23.8).
As a result, qualitative risk scores were calculated on a continuous scale where
numerical values indicate the risk priority of avalanche tracks respectively.

According to the calculation of risk scores,

• for the traffic infrastructure the avalanche track no (CBZ):11 has shown to have
the highest risk score;

• for exposed buildings as well as with respect to citizens at risk, the avalanche
track no 17 has shown to have the highest risk score;

• and in terms of environment (protected area) the highest risk score was also
avalanche track no11.
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23.6 Conclusion and Discussion

In avalanche control, the first required data is the snowpack-related records. It has
been shown that risk mapping requires accuracy, validity, reliability, and data
accuracy. These issues, depend on the overall availability of data as well as on the
institutional framework, such as the prevailing legal situations and economic
resources. Moreover, a multi-disciplinary approach also requires knowledge on
different topics such as for example a statistical background to assess past avalanche
events, an understanding of geology and silviculture, and a basic understanding of
economics so that the value of elements at risk can be reliably assessed.

Table 23.7 Assessment of exposed elements at risk in the study area

Number
of
avalanche
path

CBZ
(Avalanche
path) No

Length of
road
(Economy)

Number of
property
(Economy)

Number
of
persons
(Health)

Natural Park,
Forested area
(Protected
area)

Avalanche
occurrence

1 1 290 m 0 0 37 hectares 3

2 2,3 0 0 0 29 hectares 4

3 4, 5, 6, 7, 8 0 0 0 52 hectares 4

4 9, 10, 11,
12, 13

315 m 0 0 63 hectares 3

5 14 0 0 0 47 hectares 3

6 15, 16 0 0 0 35 hectares 3

7 17, 18, 19,
20, 21

0 0 0 78 hectares 3

8 22, 23, 24,
25, 26,
27, 28,
29, 30

0 1 0 188 hectares 3

9 31 0 0 0 34 hectares 4

10 38, 39, 40,
41, 42, 43

500 m 0 0 58 hectares 5

11 32, 33, 34,
35, 36,
37, 44, 45

1200 m 25 130 hectares 5

12 46, 47, 48 0 0 0 56 hectares 2

13 49, 50, 51,
52, 53

180 m 0 0 30 hectares 2

14 54 175 m 0 9 hectares 2

15 55, 56 0 0 0 20 hectares 2

16 57, 58, 59 200 m 5 0 56 hectares 1

17 60, 61, 62,
63

200 m 6 100 75 hectares 3

18 64 110 m 0 0 27 hectares 2

19 65, 66, 67 150 m 0 0 73 hectares 2
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The study particularly revealed the lack of snowpack records in possible ava-
lanche starting zones, and associated snowpack characteristics such as density, snow
depths etc. Because Turkish meteorological stations were generally established
before in or around the cities. Therefore, there is lack of records regarding starting

Fig. 23.26 Offical cadastral map of Ayder
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zones with respect to snowpack properties such as density, snow depths etc. In recent
years, the Turkish government has started to close this gap by establishing a denser
monitoring network regarding meteorological parameters, such as snow density,
depth and temperature, wind velocity and direction, precipitation. Moreover, there is
a strong need to further extend an avalanche incident system containing all types of
avalanche events occurring in Turkey. Such a system should be standardized and
should include necessary information such as date, location, damage height and loss
type, and other relevant details (Kurt, 2017). For example, according to the TABB
records, the earliest recorded snow avalanche in Turkey dates on 01.01.1968 in
Elazığ, while Varol and Yavaş (2006) reported an earlier snow avalanche incident

Fig. 23.27 Elements at risk according to (Çelik & Kurt, 2012)

Table 23.8 Overview on the avalanche tracks with the highest risk scores in the study region

Avalanche
Track no

CBZ No
(Avalanche track)

Length of road
(Economy)

Avalanche
occurrence

Being
effected
level

Risk
Score

11 32, 33, 34, 35, 36,
37, 44, 45

1200 m 5 5 25

Avalanche
Track no

CBZ no Number of build-
ing (economy)

Avalanche
occurrence

Being
effected
level

Risk
score

17 60, 61, 62, 63 6 3 2 8
Avalanche
Track no

CBZ no Number of human
(health)

Avalanche
occurrence

Being
effected
level

Risk
score ı

17 60, 61, 62, 63 100 3 5 15
Avalanche
Track no

CBZ no Natural park
(environment)

Avalanche
occurrence

Being
effected
level

Risk
score

11 32, 33, 34, 35, 36,
37, 44, 45

130 hectares 5 4 20
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already in 1890. This clearly shows the overall data inconsistency with respect to
historic events.

The second step in avalanche control is preparing the risk maps There are risk
maps prepared and a few in the process of being prepared but if one takes into
account the number of potential avalanche areas, much remains to be done. In order
to achive this aim, Turkey should create its own avalanche guidelines to determine
technical standards guide and reference that establish the details for creating and
upholding an effective avalanche control. Avalanche hazard mapping may be
improved by using various levels to indicate risk levels in terms of impact pressure
of the snow mass. On the other hand, According to (Li, 1998), new generation high-
resolution satellite images will provide strong geometric capabilities. So, required
departments (ÇEM, OGM, KGM, AFAD) should specialize and produce precise
maps (large-scale maps) such as those created using airborne laser scanners or
terrestrial laser scanners in order to increase accuracy of topography analysis
(i.e. slope, aspect analysis, avalanche modelling).

By using qualitative risk mapping approaches in data-sparse mountain regions,
preliminary information for decision-makers can be performed. This information can
be further refined during future campaigns by e.g. using more quantitative
approaches once data gaps are closed. Nevertheless, as shown by this case study
from NE Turkey, even a qualitative ranking allows for priority-setting in risk
mitigation, and such information can also be useful with respect to necessary cost-
benefit analyses of technical mitigation required.

Turkish Government has tried to close these gaps but the speed should be
increased. Authorities are now keen to avoid future avalanche damage further to
large avalanches over the last two decades. For instance After the Üzengili avalanche
that occurred in 1992 in the Bayburt province, authoritiesdecided to evacuated these
villages: Üzengili, Yaylapınar, Kavlatan, Harmanözü and Dumlu. These villages
(889 persons) were relocated to safe areas (Report, 2011). Training for avalanche
control has gained importance and some forest engineers have been sent abroad by
faculties of forestry and the Forest Ministry. Some avalanche control projets are
being implemented by governmental bodies and the private sector. The forest
ministry has been implementing snow nets, and micro piles since the early 2000s
in Trabzon, KGM have been constructing snow galleries and snow fences in eastern
Turkey and artificial avalanche release is being used in ski resorts in the private
sector. In addition to these precautions, some hotels have forbidden skiing in areas at
risk. The areas at risk are marked by warning signs. This circumtances shows that
there are a number of governmental bodies responsible for avalanche protection (i.e.,
AFAD, OGM, ÇEM, and KGM), and this multi-department situation could cause
uncertainties. There should be a single organization responsible for avalanches to
prevent complexity in making risk maps, preparing avalanche control projects, and
implementing projects similar to the Austrian model. Aıustria has the Austrian
Service for Torrent and Avalanche Control (Die Wildbach und Lawinenverbauung),
which is part of the forest department. This office only deals with avalanches and
torrents, and arranging. Morever, it has been shown that even if originally relying on
a quantitative conceptualisation, risk can be successfully computed in data-scarce
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regions. In particular in mountain areas of less-developed countries, qualitative
information on hazard and risk can be used based on scoring in order to assess
snow avalanche risk. As also reported in Dahl et al. (2010), these approaches are
useful for a preliminary assessment, and in a further step the establishment of an
observation networks and the collection of reliable data on snow heights, terrain
characteristics and avalanches conditions can be targeted. This will enhance the
efficiency of forecasting and warning services adapted to local or regional condi-
tions, and the education of experts in risk mitigation and management.
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Chapter 24
Space Techniques to Recognize
Seismological and Geomorphological
Features in Libya

Somaia Suwihli

Abstract Seismogenic geomorphology features are the surface evidence of tectonic
deformation and earthquake zones, and they can be used to identify and refine the
location and characteristics of seismic sources. This is, in particular, useful in the
early stages of earthquake hazard studies in tectonic environments where
multidisciplinary data may not be available. With the appearance of operational
remote sensing, it becomes possible to efficiently and accurately map seismic
activities induced ground changes and reactivated landslides. Also, it is significant
to notice that remote sensing provides unbiased recording of the events. In this study,
remotely-sensing imagery provider called DigitalGlobe were used to identify
seismogenic geomorphologic features in different locations in Libya. Two different
scaled grids were used on a Libya map to help classify and compilation of imagery
and sites at closer inspection and lower elevation in tandem with latitude-longitude
locations. Remotely sensed data from DigitalGlobe, one of the largest private
satellite data imagery providers in the world, has the potentiality in identification
of localized seismogenic geomorphologic features, which include graben, faultline
scarps, displacement of offset, en-echelon faulting, strike-slip fault, offset stream
channels and wadis. When seismic activity is often sporadic and/or long-term like in
Libya, the identification of surface features caused by or related to seismic activities
represents a vital surrogate for the recognition and documentation of earthquake
magnitude and frequency.

Keywords Remotely-sensed images · Earthquakes · Geomorphologic features ·
Libya
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24.1 Introduction

Libya is located in the Northeast African Tectonic Zone where it is bordered to the
East by the Gulf of Aqaba and Red Sea. The plate tectonic models suggest that the
African plate is moving northward relative to the Eurasian plate at a rate of order of
6 mm per year (Salamon et al., 2003; Reilinger et al., 2006). Corti et al. (2006)
suggested that the Red Sea Rift is transferring compressing to western Egypt and
Libya, generating significant earthquakes along the southeastern Mediterranean
where earthquakes have effects on nature, human life, and man-made structures
(Ambraseys et al., 1995; Mourabit et al., 2014).

Since ancient times, Libya has experienced earthquakes in varying degrees.
However, big seismic events that took place and caused comprehensive destruction
are relatively few and limited in Libya. Historical and archaeological studies showed
that the Cyrenaica region in north-eastern Libya, experienced destructive earth-
quakes in 262 A.D. and 365 A.D., and they caused the complete destruction of the
city of Shahhat killing most of its residents. (Goodchild, 1968). Sabratha, located
about 70 kilometers west of Tripoli on the Mediterranean coast, was hit by tremen-
dous, destructive earthquakes in 306 and 310 A.D., and again in 365 A.D. (di Vita-
Evrard, 1999). Several major earthquakes occurred before the 1900s in Libya where
many towns and villages were destroyed. They were in Sabha Territory, the adjacent
Fezzan Province (704), Tripoli (1183, 1656, 1685) (Ambraseys, 1984), near the
Libyan-Egyptian border (1811) (Kebeasy, 1980), and in Murzuq (1853, 1860)
(Ambraseys et al., 1995). But the 1935 Hun Graben earthquake 7.1 (MI) was
described as the strongest earthquake in Libya, and it was one of the largest
earthquakes in Africa’s history (Johnston, 1989; Suleiman & Doser, 1995). The
city of Al-Marj in the region of Al-Jabal Al-Akhdar on the coast of northeastern
Libya was razed by the 1963 earthquake of moderate magnitude (5.6 Ml) (Gordon &
Engdahl, 1963; Minami, 1965). The coastal zones of northwestern and northeastern
Libya continue to be seismically active where several tremors of 4 to 5.7 magnitude
were recorded between 1990 and 2020 (USGS, 2020), see Fig. 24.1.

24.2 Remote Sensing of Natural Disasters

In different research disciplines, a lot of quality and valuable information about
biophysical characteristics and human activities has been used with the development
in remote sensing science. In the event of a natural disaster, more advanced remote
sensing methodologies energetically and quickly were developed. This has linked
remote sensing with spatial measurements and accessory data for more accurate
mapping, faster analysis, and more effective forecasting. Moreover, remote sensing
represents unique data and valuable information to observe changing conditions on
Earth at various spatial and temporal scales (Chen et al., 2012). By offering frequent,
accurate, and almost instantaneous data, remote sensing provides needed
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Fig. 24.1 Earthquakes affecting Libya from 1900 to 2019 (M� 4.0). This map and graph illustrate
the distribution of the earthquakes that have occurred in or near Libya (20�–34�N, 10�–25�E) with
color-coded events identified chronologically and spatially. Note the recent swarms (low magnitude
3–4) between 1990 and 2019 which are more frequent than previous events (Suwihli & Paradise,
2020)
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reconnaissance as well as quantitative and sustained measurements. Under challeng-
ing disasters, such as the large area extent of an impacted area, the potential shortage
of on-the-ground access because of damaged infrastructure and remoteness, remote
sensing might be the only way to see what is happening on the ground. While it is not
possible to prevent natural disasters from happening, it is possible to manage a
potential disaster to reduce losses through a four-part process of mitigation, prepa-
ration, response, and recovery (Lewis, 2009). With the further technical evolution of
remote sensing (Chen et al., 2012), its applications are increasingly used in natural
disaster management, from risk modelling and vulnerability analysis to early warn-
ing and to damage assessment (Lewis, 2009).

From a landslide-inventory-based and GIS-based framework, Chau et al. (2004)
employed historical landslide data of the area, coupling with geological, geomor-
phological, climatic, population, and rainfall data to analyzed systematic landslide
hazard in Hong Kong. By using high-resolution digital terrain models (DTM),
Tarolli et al. (2012) extracted geomorphic features related to shallow mass-wasting
processes (landslide crowns, bank erosion). Their study area was in a part of Rio
Cordon Basin, in the Dolomites, a mountainous area in the Eastern Italian Alps.
Based on Digital Elevation Model (DEM) matching algorithm, Rui et al. (2017)
presented a landslide detection method in variable mountainous regions. The
researchers resulted that large-scale landslides can be detected based on robust
DEM matching.

Remotely sensed data has been also extensively applied to volcanoes‘studies
(Hooper et al., 2012). Various observations included sill and dike intrusion (Jónsson
et al., 1999; Fukushima et al., 2005; Pedersen & Sigmundsson, 2006), inflation and
deflation of inferred magma chambers (Lu et al., 2000; Fialko & Simons, 2001;
Pritchard & Simons, 2002; Wicks et al., 2006), eruption (Froger et al., 2004; Yun
et al., 2007), and faulting (Amelung et al., 2007). Solano-Rojas et al. (2017) used the
new generation of X-band SAR satellites – Interferometric SAR (InSAR) – to
monitor deformation in the Popocatepetl Volcano in Central Mexico. They presented
deformation results from 2012 to 2016. Effusion rate and estimates of lava volume
are critical for assessing volcanic hazard, and the choice of appropriate methods
depends on the accessibility to the volcanic area to make field measurements, and
how often they can be repeated. Because Volcán El Reventador (Ecuador) is
inaccessible except few locations, in addition to planimetric field Naranjo et al.
(2016) used topographic satellite radar-based measurements of lava flow thicknesses
and volumes for activity between 2002 and 2009 at El Reventador. These measure-
ments of lava thickness by a small set of Synthetic Aperture Radar (SAR) interfero-
grams allowed the retrieval of the shape of the compound lava flow field and show
that it was subsiding by up to 6 cm/year in 2009 (Naranjo et al., 2016).
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24.3 Remote Sensing in Seismology Research

Remote sensing data has been applies in seismology research very early. The first
use was related to structural geology and geomorphology. Clark (1978) used aerial
photographs (high-altitude, oblique, taken by the U.S. Air Force at 60,000 feet) to
find active faults. Clark studied the Garlock Fault in the Mojave Desert of South
California. In some parts of south the USSR, Trifonov (1984) examined three
aspects of aerial and space images application in neotectonics: survey, study, and
mapping, study of the deep-seated structures, in addition to seismic risk studies of
neotectonically active zones. Gupta et al. (1994) analyzed a pre- and post-earthquake
LISS-II sensor data set of Uttarkashi area to detect the surface effects of the
Uttarkashi 20 October 1991 Earthquake, and he observed that there were areas on
the post-earthquake image were higher while others were lower than on the
per-earthquake image. Also, he found that there was an evident change in discharge
of the Ganga River after the earthquake. However, because of the spatial resolution
of data was not high (36.25 m) at that time, landslides caused by earthquake were not
clearly identified. Whereas, later, the IRS-1C-PAN sensor with a high resolution
(5.8 m) provided a special opportunity to map surface changes and landslides
induced by earthquake. Saraf (1998) used IRS-PAN pre- and post-earthquake remote
sensing data sets of two different dates to survey the Jabalpur earthquake (22 May
1997) induced changes. Pre-earthquake IRS-LISS-III digital data then was used to
study the structural framework of the study area. Saraf (2000) studied the change
deformations after the Chamoli 29 March 1999 Earthquake (M ¼ 6.3) hit Himalaya,
India. He mapped landslides induced by this earthquake and compared the surface
deformations by using IRS-1C-PAN pre- and post-earthquake images. A pseudo
color transform (PCT) approach for the assessment of earthquake damage was
successfully evaluated on IRS-PAN per- and post- earthquake data set to accurately
identify the landslides and also to assess quantitative damage.

In addition, the interference patterns which are formed by differencing two
synthetic aperture radar (SAR) images enable the researchers to record different
geophysical phenomena. The fringes made by the topographic relief can be removed
by using a digital elevation model (DEM). By comparing couples of images for
different periods of time, it has been possible to identify the geophysical signal and
interferometric artifact. Massonnet et al. (Massonnet et al., 1993, 1994; Massonnet &
Feigl, 1995) applied pair-wise logic around the 1992 Landers, California earthquake
region using SAR images acquired by the ERS-1 satellite, and that by comparing
pairs of images for different periods of time. The map of the coseismic displacement
field which was generated by this technique brought new insights into the nature of
deformation caused by earthquakes (Zebker et al., 1994; Peltzer et al., 1994). Peltzer
et al. (1994) analyze the coseismic surface displacement field in the vicinity of the
fault trace. He used the interferometric map created by Massonnet et al. (1993). Price
and Sandwell (1998) studied the same earthquake area, but the used different method
which brought out short-wavelen features to reveal previously unrecognized strain
patterns.
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A new method was used to automatically determine the earthquake source
process and near-source strong ground motions. Dreger and Kaverina (2000) used
regional and local distance data to study the October 16, 1999 Hector Mine earth-
quake (MW7.1) in California. Broadband displacement data were inverted to resolve
the fault plane ambiguity independent of aftershock location and surface faulting
information and for the seismic moment tensor.

Satellite remote sensing systems provide spatially continuous information to
observe the tectonic field, and that can assist the understanding of specific fault
systems. Combining ground network data with remote sensing data provides a better
understanding of displacements and slip models validation that is used in a regional
position of tectonic strain. Cakir et al. (2003) used combined tectonic landscape
observations and Synthetic Aperture Radar (SAR) data to determine an improved
model of the displacement associated with the 1999 Izmit Turkey Earthquake, which
ruptured the North Anatolian Fault at the eastern end of the Marmara Sea. Talebian
et al. (2004) used ENVISAT radar data to map surface displacements due to the 2003
Bam, Iran Earthquake (Mw 6.5). They detected that >2 m of displacement occurred
at depth on a blind strike-slip fault which had not previously been identified.

Fu et al. (2004) uncovered the geomorphology and geometry of an active fault
associated with 2003 Bam Earthquake in SE Iran near the towns of Bam and
Baravat. They mapped the active fault that ruptured during the earthquake by
using three-dimensional (3D) pre- and post-event images created from Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) visible and near
infrared (VNIR) data.

By satellite remote sensing observations, it has been possible to have insights into
how much energy is released by earthquakes and other deformation modes and how
stress is transferred between fault systems from depth to the surface. Argus et al.
(2005) used synthetic aperture radar (SAR) interferometry and global positioning
system (GPS) geodesy to study the relationship between interseismic strain accu-
mulation and horizontal anthropogenic motions in metropolitan Los Angeles.

Earthquake prediction has been an intense scientific research field. The scientists
consider a number of geophysical and geochemical phenomena as an earthquake
precursor. The earthquake space research supposes that such disastrous natural
phenomenon relates to: surface temperature increase, gas and aerosol exhalation,
electromagnetic disorder in the ionosphere, and Earth’s deformation (Tronin, 2006).

The employment of satellite thermal Infrared measures has been used as an
indicator of seismic activity. Ouzounov and Freund (2004) studied solid Earth–
atmosphere interactions and possibly solid Earth–seafloor interactions prior to the
occurring of strong earthquakes. They analyzed land surface temperature (LST) and
sea surface temperature (SST) data, and infrared (IR) emissivity. An evidence for
correlations between solid Earth processes and atmosphere/ocean dynamics prior to
major earthquakes was found, particularly for a thermal anomaly pattern which is
apparently related to pre-seismic activity. Many attempts to determine the thermal
anomalies and detect the pre-earthquake anomalous thermal infrared signal were
made (Tronin et al., 2002, 2004; Tramutoli et al., 2005, 2015; Bellaoui et al., 2017).
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In addition, Gorny et al. (2020) analyzed satellite thermal images of the Earth’s
surface within the spectral range of 10.5–11.3 mkm over some linear structures of
the Middle-Asian seismically active region. In certain individual zones of some
major tectonic dislocations there, A retrospective analysis of a continuous series of
observations of the outgoing IR radiation flux has shown that appear from time to
time positive anomalies of IR radiation, for example at the point of intersection of the
Talasso-Ferghana and Tamdy-Tokrauss faults. The time of the appearance of these
positive anomalies coincides with the activation of faults over which there has been
detected an increase of the outgoing IR radiation flux. In the Tien Shan, in 1984 the
majority of crustal earthquakes were accompanied by the appearance of a positive
anomaly of the IR radiation at the point of the intersection of the faults.

24.4 Tectonic/Seismic Geomorphology of Libya

The major regional structures of Libya are represented by basins (the Ghadamis,
Sirte, Murzuq (Murzuk), and Al Kufrah Basins) and uplifts (Nafusah, Cyrenaican,
and Haruj Uplifts). Several large basalt flows and flood basalts of Cenozoic age exist,
and they represent some of the most visible North African landform features from
space (Figs. 24.2a and 24.2b). Almost one third of the country is covered by sand,
gravel, and rubble which are moving and blanketing the surface from eolian, fluvial,
and downslope movement. Over time, different parts of the country have been
faulted, tilted, or warped into arches or basins, or covered by outpourings of lava.
Two groups of faults dominate the middle section of Libya. The fault group in the
north influences the shape of the Gulf of Sirte. Near the two fault groups’ intersec-
tion, the extensive flood basalt fields are located. These two fault trends are roughly
parallel with the great rift system in the Gulf of Suez and East African zones (Conant
& Goudarzi, 1967). In Libya, recent fault and deformation regions are a part of the
active faults of North Africa which are concentrated generally on the northwest side
of Africa, and that belongs to the Alpine–Himalayan belt, and mainly in the Atlas
Orogenic System (Skobelev et al., 2004).

Campbell (1968) explained that there is a close correlation between the seismic
activities and the existing structure and tectonic in Libya. The Hun Graben, a
prominent Rift Valley, extends north from Hun in central of the country to Qaddahia
in the northwest; the faults trend NNW-SSE to NW-SE. The faults’ margins of this
graben are marked by scarps and substantial fault displacement, giving them visible
extents, and they could be recognizable at the surface (Abdunaser, 2015). Through-
out the history, the Hun Graben has been one of the seismically most active areas in
the country (Suleiman & Doser, 1995); in 1935, a series of strike-slip earthquakes
occurred along the eastern margin graben fault (Abdunaser & McCaffrey, 2015).
The first tremor (and aftershocks) of the 1963 Earthquake of Al-Marj, strongly
suggested that the earthquake was a result of fault movement (Campbell, 1968).
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Fig. 24.2a Satellite image of Haruj as seen from space (Google Earth, 2015b)

576 S. Suwihli



24.5 Recognizing Seismological and Geomorphological
Features in Libya

In the last few years, the development and fast expansion of International Computer
Networks have provided an impetus to disseminate and manage information and
data, and with this integration, remote sensing has become real time and interactive
tool. With the appearance of operational remote sensing, it becomes possible to map
earthquake induced ground changes and reactivated landslides efficiently and accu-
rately (Saraf, 2000).

In this chapter, satellite images from Google Earth were used to identify
seismogenic geomorphology features in Libya. The satellite data were produced
from the imagery provider called DigitalGlobe and mosaiced in Google Earth.
DigitalGlobe is the global leader in geospatial information, satellite imagery, and
location-based intelligence. The company has a big collection of extensive very high
resolution (VHR) satellite sensors in its orbiting instrumentation which includes
(a) GeoEye-1 has color 1.64 m multi-spectral, and 41 cm black and white,
(b) WorldView-1 with 50 cm black and white, (c) WorldView-2 with color 1.84 m
multi-spectral, and 46 cm black and white, (d) WorldView 4–3 with color 1.24 m
multi-spectral spatial resolution, 31 cm black and white, and 0.31 m spatial resolu-
tion, (e) QuickBird which has 0.65 m spatial resolution and (f) CNES’ Pleiades-1A
data which has 0.5 m spatial resolution (Sivakumar, 2017).

Fig. 24.2b Volcanoes in the central of Haruj. Photo from Norbert Brügge (2015)
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The Google Earth data provide accurate and mission-critical information about
changes that occur on earth features. Such data support a wide variety of uses which
include mapping and analysis, mission-planning and management, environmental
monitoring, and near real time natural hazard monitoring. Hence, by using this vast
very high resolution we can understand our changing planet in order to save lives,
resources, and time. In this chapter, Google Earth represents an ideal platform for the
location and analysis of surface geomorphology features related to seismic activities.

Two grids of different scales were used on a Libya map. First one was a broad
grid where each grid represents 200 by 200 km (small scale) (Fig. 24.3), and that to
help classify and archive image classification and compilation in tandem with
latitude-longitude locations. Second grid was tighter where each grid represents
20 by 20 km (larger scale) (Fig. 24.4) to make the classification and compilation
of imagery and sites at closer inspection and lower elevation (nadir) more facilitate.

Fig. 24.3 An overlain grid on a satellite image where each grid represents 200 by 200 km (small
scale). The grid is used to help classify and archive image classification and compilation in tandem
with latitude-longitude locations (Google Earth, 2015b)
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In different sites in the country, through DigitalGlobe data a number of
seismogenic geomorphologic features were identified. In northeast Al Jabal Al
Gharbi (western Libya), the identification showed that several stream channels
were cut by a number of parallel faultline, where the displacement created offset
wadi channels. Also, en-echelon faulting was located (Fig. 24.5). In Haruj Volcanic
field, several geomorphic features were identified. In the southwest of the field, small
flanking en-echelon (possible transform faulting), a large strike slip fault, and
faultline scarps were identified in 26�26’N, 16�510E (Fig. 24.6). North of the field,
distinctive en-echelon faulting, faultline scarps graben complex, and offset wadi
channels developed in 28�58’N, 17�480E and 28�56’N, 17�490E (Figs. 24.7 and
24.8). In eastern and northeastern Sirte, en-echelon faulting, faultline scarps, offset
wadi channels indicative of an active fault displacement, and large complex graben
feature trending SE-NW were located in 30�13’N, 18�280E, and faultline scarps and
displacement of en-echelon faulting in 29�44’N,18�040E (Figs. 24.9 and 24.10). In
Al Jabal Al Akhdar (northeast Libya), offset stream channels and wadis were located
in Al-Shuqluf, Al-Khirbet, and Amira Valleys between Al Hamamah and Susah in
32�54’N, 21�450E (Fig. 24.11). These features indicate the surface presence of

Fig. 24.4 Tighter grid overlain on a satellite image representing 20 by 20 km (big scale) to
facilitate the classification and compilation of imagery and sites at closer inspection and lower
elevation (Google Earth, 2015b)
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Fig. 24.5 Matched image displaying (a) en-echelon faulting, (b) faultings, (c) and offset wadi
channels located in 32�09’ N 12�320 E northeast Al Jabal Al Gharbi western Libya (Google Earth,
2019a)

Fig. 24.6 Matched image showing (a) large strike-slip fault, (b) smaller flanking en-echelon faults
(possible transform faulting), and (c) faultline scarps located in 26�26’N, 16�510E southwest Haruj
Volcanic Field (Google Earth, 2012a)
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Fig. 24.7 Matched image pair displaying a (a) graben complex, (b) offset wadi channels, (c) clear
en-echelon faulting, and (d) faultline scarps developed north of the Haruj Volcanic Field in
28�58’N, 17�480E (Google Earth, 2012b)

Fig. 24.8 Matched image pair showing (a) graben complex, (b) offset wadi channels, (c) distinc-
tive en-echelon faulting, and (d) faultline scarps located in 28�56’N, 17�490E north of the Haruj
Volcanic Field (Google Earth, 2012b)
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faulting that is actively shifting wadi channel alignment, which a key indicator in
identifying seismogenic geomorphology. Using remotely-sensed images is impor-
tant in examining seismic geomorphologic features at various scales in various
elevations.

In arid landscapes, such geomorphic features can be identified and classified
through multi-scalar techniques and represent the first crucial process in identifying
potentially hazards seismogenic features. It is through the remotely-sensing data that
these seismogenic surface features may be identified first, then ground-truthed come
second for further study, hazard assessment, and risk management. In a vast country
like Libya, using ground observations to identify and assess seismic geomorphologic
features would be too costly and time-consuming.

Using remote sensed imagery to identify, locate and classify similar features is
less costly and ultimately cost-effective and efficient. An efficient plan to first use
remote imagery to locate these features, and then undertake ground observation and
feature assessment would be an ideal plan to locate, classify, and archive all
potentially hazardous seismogenic features (and other related geomorphology)
across Libya.

Fig. 24.9 Matched image pair illustrating (a) en-echelon faulting, (b) large graben feature trending
SE-NW, and (c) offset wadi channels indicative of active fault displacement located in 30�13’N,
18�280E, northeastern Sirte, Libya (Google Earth, 2016)

Fig. 24.10 Matched image pair showing (a) faultline scarps and (b) displacement of enechelon
faulting in located 29�44’N,18�040E eastern Sirte (Google Earth, 2015a)
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Fig. 24.11 Matched image illustrating (a) offset wadi channels and (b) faultline scarps between Al
Hamamah and Susah in Al-Shuqluf, Al-Khirbet, and Amira Valleys (32�54’N, 21�450E). Offset
stream wadis and channels indicate the surface presence of faulting that is actively shifting wadi
channel alignment – a key indicator in identifying seismogenic geomorphology (Google Earth,
2019b)
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Chapter 25
Seismological and Remote Sensing Studies
in the Dead Sea Zone, Jordan 1987–2021

Najib Abou Karaki, Damien Closson, and Mustapha Meghraoui

Abstract The Dead Sea area is draining massive tourism and infrastructure invest-
ments. However, the area is prone to both induced anthropogenic and natural
geological hazards, with indicators requiring innovative monitoring. Hazards are
resulting from the zone’s plate boundary tectonic setting and seismicity added to the
generalized subsidence and sinkholes proliferation related to decades of accelerating
water level lowering of this terminal lake.

The Jordan Dead Sea Transform Fault System (JDST) is an N-S trending
and ~ 1000-km-long plate boundary that accommodates ~5 mm/year. left-lateral
slip. We focus on the main research results concerning the whole spectrum of
destructive seismicity components, i.e. Instrumental, historical, archaeo and
paleoseismicity. Field investigations in earthquake geology and paleoseismology
point out the identification of seismic gaps with long-term temporal quiescence
reaching 851 years on the Jordan valley fault segment compared to 988 years for
the Missyaf fault segment of the JDST further north in Syria (as per the year 2021).
Destructive historical and instrumental seismicity were subjected to careful robust
revision processes. The repetition of seismic events and related earthquake faulting
parameters suggest a high level of seismic hazard and risk along the JDST.

From 1992 onwards, research based on space remote sensing techniques, Geo-
graphical information systems, and field data collection has been undertaken to
develop a predictive model for salt karst hazards along the Dead Sea coast.

Radar and optical image processing produced images capable of being interpreted
in a geographic information system (GIS).
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The field observations were systematically georeferenced using a GPS and then
imported into the GIS to be analysed with the processed satellite images. Each
independent data source was used to establish an explanatory model for the predic-
tion of areas at risk of collapse.

This approach has been improved over time due to the arrival of an ever greater
number of optical and radar images. Image resolution has also increased, allowing
inventories of sinkholes, especially in the most dangerous locations.

This Chapter contributes in filing the gap in the seismological, and remote sensing
studies necessary to the sustainable preservation of this world class cultural heritage
zone, the safe economic upgrading of the area and the safety of its inhabitants and
visitors.

Keywords Dead Sea fault · Paleoseismicity · Radar interferometry · Seismicity ·
Sinkholes · Subsidence

25.1 Introduction

The Jordan Dead Sea Transform Fault System (JDST) is a north-south trending left
lateral strike slip known as the Levant fault zone(Abou Karaki, 1987). It is a
documented plate boundary of the transform type (Abou Karaki, 1987; Garfunkel
et al., 1981; Meghraoui, 2015; Wilson, 1965). The JDST forms the limit between the
Arabian and African (Sinai) plates accommodating the northward motion of Arabia
to the east in relative to Africa to the west (Fig. 25.1a). Both plates show a northward
movement toward Eurasia with different rates, the Arabian plate rate being about
18–25 mm/year. and the African plate having a slower movement rate of about
10 mm/year. (Reilinger et al., 2006). The JDST extends for about 1000 km passing
through the Dead Sea. The Transform connects the Red Sea developing mid-oceanic
ridge south of the entrance of the Gulf of Aqaba in the south to the triple junction
area to the north in Turkey where it joins the East Anatolian Fault (EAF) and the
Cyprus Arc (CA). In its north central part in Lebanon the JDST bends rightward and
become oriented N30�E, and across Syria the northern segment trends N–S and
bends towards NNE showing splays into several small fault segments (Fig. 25.1a) in
southern Turkey (Westaway, 2004). A rate of left lateral displacement of 4 to 7 mm/
year. has been estimated by several geological and geodetic studies along the JDST
(Alchalbi et al., 2010; Ferry et al., 2007; Gomez et al., 2007; Le Béon et al., 2008;
Meghraoui et al., 2003; Pe’eri et al., 2002; Wdowinski et al., 2004).

Geological and geomorphological studies show that the JDST is not acting as a
tectonic structure with uniformly distributed deformation. We observe a difference
in total motion between the south and the north segments of the transform: and also
in the historical seismicity (Abou Karaki, 1987): a total cumulative sinistral slip of
about 107 km has been documented along the southern part of the fault (Wadi
Araba) and was accumulated 15–20 Ma since, when the JDST was initiated in the
Middle Miocene (Freund et al., 1968; Quennell, 1958). In the northern part of the
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Fig. 25.1 (a) The Dead Sea fault segments, Fault mapping and slip rates from (Gomez et al., 2007;
Khair et al., 2000; Meghraoui, 2015; Westaway, 2004) Abbreviations for some key tectonic
features: AGF Al-Ghab fault, AF Afrin fault, CA Cyprus Arc, KB Karasu basin, KF Karasu fault,
KOF Karatas-Osmaniye fault, LF Lattakia fault, DSF Dead Sea fault, EAF East Anatolian fault,MF
Missyaf fault, SF Serghaya fault, RF Roum fault, YF Yammuneh fault. (b) Instrumental seismicity
of the Dead Sea fault between 1964 and 2011, M > 3. Data are from: IRIS; Incorporated Research
Institutions for Seismology (http://www.iris.edu/hq/), ISC; The International Seismological Center
(http://www.isc.ac.uk/) and NEIC; The National Earthquake Information Center. The seismicity
depending on international organizations lists for this area’s earthquakes of magnitudes <4 is
misleading. The clusters of yellow “epicenters” around (30�N, 36.4�E and 31.2�N,36.4�E) are
most probably explosions these areas correspond to the “Phosphate Mines Co.” locations of
Al-Shidiah and Al-Hisa exploitation areas south of Jordan respectively where up to 10 Tons of
explosives are detonated frequently on routine basis in the framework of the industrial exploitation
of the mines. See Fig. 25.5b
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system (Lebanon, AL-Ghab and Karasu basin; Fig. 25.1a) the total documented
amount of slip is 70–80 km (Chaimov et al., 1990; Freund et al., 1970; Westaway,
1994; Westaway, 2004) which suggests that the difference in total motion between
north and south along the JDST is at least ~25 km. This value was justified by the
existence of the Palmyride fold belt and the Serghaya and Beqa’a faults (Ambraseys
& Barazangi, 1989; Khair et al., 1997; Westaway, 1994).

25.2 General Seismotectonic Setting

The JDST consists in the north and the south zones (Fig. 25.1a) connected to each
other by an active transpressive zone: the restraining Lebanese bend (Griffiths et al.,
2000, Gomez et al., 2007). The principal issue is the ~25 km difference of accumu-
lated slip rate between the northern and southern parts of the fault (Chaimov et al.,
1990; Freund et al., 1970; Westaway, 1994). The JDST was divided into five major
segments (Wadi Araba, Jordan Valley, Albeqa’a basin, Ghab Basin and Karasu
Valley) (Khair et al., 2000); the segmentation was proposed due to the difference in
geometry, geomorphology, geology and seismicity of each part (Fig. 25.1b). All
these segments have N-S trending in general with small deviation to the NNE for the
central and the northern segment of the fault.

The tectonic markers of Quaternary deformation are observable at all scales and
on all sections along the JDST. Using the geological and geomorphological maps,
the linear shape of the fault affecting late Pleistocene and Holocene deposits can be
identified on Landsat, SPOT, and QuickBird satellite photographs as well as on
aerial photographs. In the southern part the JDST zone crosses the western edge of
the Gulf of Aqaba and extends further north for about 40 km crossing fluvial and
alluvial terraces of Avrona Playa and the Wadi Araba Valley. Several fault branches
outcrop showing normal geometry in this area, but they may result from the slip
partitioning on branches of the main JDST (Niemi et al., 2001).

To the north, except for the accumulation of sand dunes that conceals the fault zone
around latitude 30�N, the fault can be seen to affect successive stream channels and
terraces. In the northern half of the Wadi Araba, the DSF fault exposes outstanding
tectonic geomorphology with linear fault scarps showing offset alluvial fans and
channels visible until the south eastern edge of the Dead Sea (Barjous & Mikbel,
1990). The southern end of the DSF meets the Gulf of Aqaba that shows NNE–SSW
trending relay fault system with large pull-apart basins in the sea bottom that may act
as a geometrical barrier that limits the Wadi Araba fault zone to the south. Indeed, the
DSF including the Wadi Araba section is about 200-km long if we include its
extension in the eastern edge of the Dead Sea area (Fig. 25.1a), it may constitute a
single fault segment or two distinct segments if a major geometrical complexity (relay
zone) is hidden below the mid-distance sand dunes.
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25.2.1 Dead Sea Area Fault Segments

25.2.1.1 Wadi Araba

Wadi Araba is the southern part of DSF that starts from the Red Sea (Aqaba Gulf) at
29.5� N and extend for about 160 km till the basin of the Dead Sea at 31� N
(Fig. 25.1a) (Klinger et al., 1997, 2000a). Along this segment, the fault have a
sharp morphological discontinuity that can easily be traced across the Quaternary
deposits and alluvium sediments, excluding where the fault is covered with sand
dunes or cuts across very recent alluvial terraces. The principal fault is rather
straight, striking N20o E, and showing limited structural discontinuities, with a
simple geometry is reliable with basically pure strike slip motion (Meghraoui, 2015).

An estimation of the slip rate along Wadi Araba segment based on time varying
geodetic study (GPS) of 4.9� 1.4 mm/year. was given by (Le Béon et al., 2008), this
value rely on 6 years of time span and a locking depth of 12 km.

Regarding the historical seismicity catalogs, few seismic events are reported
during the last 2000 years along the Wadi Araba. The largest reported events
occurred in AD 1068, 1212, 1293 and 1458 (Abou Karaki, 1987; Abou Karaki
et al., 1993; Ambraseys et al., 1994; Klinger et al., 2000b) These events seem to be
smaller than the 1995 earthquake which struck the Gulf of Aqaba with a Mw ~ 7.3
(Abou Karaki, 1987, 2001a, b).

25.2.1.2 Jordan Valley

The N-S trending Jordan Valley extends for about 180 km between the Dead Sea
pull-apart basin at 30.7� N and the Hula Basin in the north before connecting with
the Lebanese restraining bend at 33.1� N. The northern end of this segment attests in
the division of the fault into many fault branches trending toward the NNE, the
Serghaya, Rashaya, Hasbaya, and Yammuneh faults (Fig. 25.1a). This segment is
connecting the two pull-apart basins of the Dead Sea and the Tiberiade Lake. It was
the object of paleoseismologic and geomorphologic studies which estimated its slip
rate to be ranging from 2.5 to 10 mm/year (Galli, 1999; Marco et al., 1997).

The largest estimated magnitude for the paleoearthquakes in the Jordan Valley
segment is Mw 7.3 (Ferry et al., 2007). Studies of macroseismic damage from
historic events and archaeological evidence conclude that several large destructive
earthquakes (Ms > 6) occurred in the northern Jordan Valley segment during the past
2000 year (Abou Karaki, 1987; Ambraseys et al., 1994; Guidoboni et al., 1994;
Guidoboni & Comastri, 2005; Marco et al., 2003).
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25.2.2 Paleoseismicity

The Levant area is one of the oldest inhabited regions of the world and by conse-
quence it has among the richest written history, including on earthquakes. The
Earthquakes as any other well-known natural events were recorded and described
carefully. The old documents describe the earthquake effects on nature and
man-made structures, such as faulting rupture, co-seismic deformation, landslide,
springs appearing and disappearing, lives casualties, houses destruction, . . . etc. This
allows us to have, nowadays, a very rich earthquake catalog for more than
3000 years in the region (Abou Karaki, 1987; Ambraseys, 2009; Guidoboni &
Comastri, 2005; Sbeinati et al., 2005).

The Dead Sea area has the characteristics of a large pull-apart basin (100-km
long, 17-km wide) limited by two north striking segments, the southern Wadi Araba
fault zone and the northern Jordan valley fault segment. The latter segment follows
the Jordan River, extends from the Dead Sea (right bank of the Jordan River) to the
Tiberiade Lake and is made of a succession of 10–20-km-long subsegments (mostly
on the left bank of the Jordan River) for a total length of 110 km. In the valley, small
pull-apart basins and restraining bends limit the subsegments and show left-lateral
slip of stream channels (Fig. 25.2a, b) (Ferry et al., 2007; Ferry et al., 2011).

25.2.3 Archaeoseismicity

The richness of exposed JDST and archaeological sites along the Jordan Valley
constitutes an exceptional advantage for dating prehistorical earthquakes. There are
about 120,000 recognized archaeological sites in Jordan, forming part of the cultural
heritage of this open museum country. The number is expected to reach half a
million sites after the introduction of new survey techniques. Most major Jordanian
archaeological sites and other ancient sites in the neighbourhood of the JDST show
evidences of earthquake related damage, often historically documented as well,
some of these sites located in the immediate neighbourhood of the DSF have already
been subjected to archaeoseismicity investigations (Galli, 1997, 1999; Galli &
Galadini, 2001; Klinger et al., 2000a, b; Niemi et al., 2001; Niemi & Smith,
1999). More specifically. The areas of Aqaba (South of Wadi Araba), Petra (Middle
of Wadi Araba), Dahl (northern Wadi Araba), Jerash, Amman (East of the Jordan
valley), Umm Quais and Tabkat-Fahl (Northern Jordan Valley) represent a set of
places singled out as a result of previous historical seismicity studies. All were
affected by relatively large historical earthquakes of equivalent Mw 7.0 � 0.5.
during the last 2000 years. Field investigations revealed left-lateral faulting of the
following archaeological sites: a total of 2.1-m offset walls of a Crusader castle
during the 20 May 1202 and 30 October 1759 earthquakes (Ellenblum et al., 1998);
the offset of walls in the Tiberiade area during the 18 January 749 earthquake (Marco
et al., 2003); at Tell Saidiyeh and Ghor Katar in the Jordan Valley paleo-earthquakes
have been identified in 759 B.C., 1150 B.C., 2300 B.C., and 2900 B.C. (Fig. 25.2a,
b) in (Ferry et al., 2011), the 2.2-m offset wall of Qasr Tilah that can be related to an
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earthquake event in 608–826 AD (Klinger et al., 2000a, b); the cumulative offset of
the Roman–Byzantine–Islamic Qasr Tilah site of the northern Araba valley during
the 634 or 659/660, 873, 1068, the minimum 1 m vertical slip of a qanat during the
1068 earthquake on the southern DSF near Eilat (Zilberman et al., 2005). These
archaeoseismological studies of the JDST are complemented with tectonic geomor-
phology and paleoseismic investigations that constrain paleoearthquake faulting
episodes and slip rates. In trenches, radiocarbon dating brackets the 1759 earthquake
on the northern Jordan valley fault segment and the Serghaya fault branch through
3D trenching with 0.5 and 2.5-m left-lateral slip, respectively (Gomez et al., 2003;
Marco & Agnon, 2005). Faulting of the 749 earthquake of the Jordan valley segment
is resolved at Beyt Zayda (north of Tiberiade Lake) and Tell Saidiyeh (south Jordan
valley) paleoseismic sites (Ferry et al., 2011; Marco & Agnon, 2005). The longest

Fig. 25.2 (a) The Jordan valley fault (red lines) seen on an aerial photograph that exposes small
pull-apart basins with left-lateral en echelon fault structures and stream channel offsets (at Ghor
Katar), (b) Paleoseismic site with at Ghor Kabed pull-apart basin with high-resolution topography
and fault branches affecting the Lisan lacustrine deposits (see also trench sites TK1 and TK2 in
(Ferry et al., 2011))
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paleoseismic records on the JDST are determined in the Jordan valley with a
sequence of 12 coseismic surface ruptures over the last 14 ka (Ferry et al., 2011).
Although the correlation with individual fault segments is problematic, another
source of earthquake records in the Dead Sea lake sediments and speleothems
indicates a succession of seismites (El-Isa & Mustafa, 1986), synchronous to
historical earthquakes in 1927, 1293, 1202/1212, 749, 551, 419, 33 AD and
31 BC and mid-second century BC (Kagan et al., 2011; Marco et al., 1997). From
recent paleoseismic trenching (Klinger et al., 2015; Meghraoui, 2015) identified
faulting events along the southern DSF in the Wadi Araba, which can be correlated
with past earthquakes in 1458, 1212, 1068, and 363 AD, in addition of one faulting
event bracketed between 806 AD and 1044 AD.

In conclusion, field investigations and studies in earthquake geology and
paleoseismology conducted in the frame of the APAME Project (2003–2007) and
other or subsequent studies point out the identification of seismic gaps with long-
term temporal quiescence reaching 988 and 851 years (as per the year 2021) on the
Missyaf fault segment in Syria and the Jordan valley segments of the JDST. The
repetition of seismic events and related earthquake faulting parameters suggest a
high level of seismic hazard and risk along the JDST including the Jordan Valley.

25.2.4 Historical Seismicity

The great importance of genuine historical seismicity catalogs, has been well
recognized (Ambraseys, 1971). In our region, for historical and cultural reasons as
the center of the ancient world civilizations and birthplace of writing, a wealth of
Historical Seismicity material exists. This has been emphasized in many modern
works (Abou Karaki, 1987, 1992, 1995a, 1996a, b, 1999; Al-Ghunaim, 2002;
Amiran et al., 1994; Ben Menahem, 1991; Ghawanmeh, 1990; Guidoboni et al.,
1994; Guidoboni & Comastri, 2005; Poirrier & Taher, 1980; Sbeinati et al., 2005). It
is also necessary to recognize the importance and contributions of pioneering works
of a great number of historians and scientists who compiled historical earthquake
lists and catalogs, Impressive lists and references of these works is found in (Vered
& Striem, 1977; Willis, 1928, 1933).

Nevertheless, rigorous analysis of the historical seismicity information in our area
clearly demonstrated that most lists were contaminated by a variety of chronological
and interpretation errors, some of them heavily, thus, to be fully useful historical
seismicity lists need to be reassessed on detailed, objective and robust basis (Abou
Karaki, 1987, 1995a), this was done as briefly introduced hereafter.

25.2.4.1 The General Mechanisms at the Origin of the Historical
Seismicity Errors

Abou Karaki (1987, 1992, 1995a) defined the following, general, and in some cases,
systematic causes and mechanisms of errors which led to a wide scale contamination
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of the historical seismicity catalogs depending mainly on Arabic manuscripts and
documents in the Middle East and parts the wider Mediterranean and far East areas.

Timing and Chronological Calendar Systems Related Errors

The first step and most important factor for the correct identification of a historical
earthquake is to accurately determine its time of occurrence. Any duplication of the
timing may result in a direct duplication of the earthquake in future compilations and
catalogs. The typical negative implications of this, are of some wide range conse-
quences for seismic hazard evaluations and understanding of earthquake generating
processes in the area. We agree that the greatest part of historical seismicity
information related to this area, is provided by Arabic documents, manuscripts and
chronicles, as was noticed by Ambraseys et al. (1994) p.7 “Arabic chronicles are the
primary source for the history of the Middle east, and certainly for its earthquake
history, from the ninth century at least until the end of the seventeenth centaury”.
However, the time window that looks like a restriction, is without any practical
consequences because the core part of the area’s available historical seismicity
information is concentrated within the upper mentioned time interval specified in
(Ambraseys et al., 1994) It is also well known that this area is characterized by the
multiple aspects of its cultural heritage diversity. The area adopted a number of
chronological calendar systems. Different calendars may have been simultaneously
in use in a same place (Village, city, region, or stat). Hence a same and one
earthquake may be reported from the same region associated with two or more
dates in different calendar systems representing the same absolute point in time.
Moreover, When a calendar is changed or modified at a certain point in time, usually
following an important historical event, or simply, decision, in a given part of the
area, chronicles did not uniformly follow the new style right away in all localities of
the region. By far, the most important problem resulting in event duplications is the
confusion between calendar systems in later compilations, and ambiguities related to
this issue, a somewhat more complex case, is the more or less inaccurate careless
date transformations between calendar systems. We identified six main mechanisms
led to an equal number of error types in the historical seismicity of the area. These
were defined by Abou Karaki (1987, 1992, 1995a) and further developed in this
work, as follows:

Type I Errors

Instead of one genuine original earthquake, the date of which is eventually given in
two different calendar systems, the earthquake is wrongly associated with two
different dates given in one of the two calendar systems, e.g. the earthquake of the
year 598 AH (After Hijra Muslim lunar Calendar) which is the same of 1202 AD,
figuring in a catalog as two independent earthquakes associated respectively with the
years 598 AD and 1202 AD, or, although less frequently, to 598 AH and 1202 AH)).
Tens of such “earthquakes “that we call “false earthquake twins, or simply, twins”
figures in Willis’s list in his work of 1928, these errors were copied and passed on
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within the global seismicity lists of Seiberg in 1932 (Willis, 1933), such errors were
corrected partially (rather inaccurately, and too late) in 1928 (Willis, 1933) then
(Ambraseys, 1962).

Type II Errors

This type of errors refers to twins resulting from an inaccurate date transformation
between calendar systems. This provides an explanation to the case of many major
earthquakes with reasonably similar locations, effects, and descriptions occurring
within �2 years from each other in a given section of the fault, a clear example on
this is found in the work of Taher (1979) (Taher, 1979). The earthquake of the month
of Ramadan 130 AH is wrongly associated to the year 747 AD the correct year
corresponding to the month of Ramadan in the year 130 or 131 AH should be 748 or
749 AD In some existing or future “complete” catalogs the years 746, 747, 748 and
749 AD would be listed as major earthquakes happening in almost the same
geographic area. So the existence of two major earthquakes occurring in the same
area and associated with the years 747 AD and 748 AD if given in a historical
seismicity list would be the result of a type II error.

Type III Errors

This type of errors refers to a confusion between BC and AD dates. A full example
illustrating this type of errors is shown in Table 25.1.

Type IV Errors

This is another source of timing errors potentially leading to multiple duplications in
the historical seismicity catalogs. It refers to the difficulty to determine the exact year
in the original manuscripts and historical seismicity primary sources, due to the
frequent use of abbreviated numbers to represent the date in the original text. In
many Arabic original manuscripts the full number representing the year of occur-
rence of a given event is in fact given partially. So a statement like “there was an
earthquake in the year 37” might mean 37 AH or 137, 277,. . ., or 1437 AH and so
on. Victims of such errors are typically those who depend upon translated short
pieces of an original text. To overcome this problem, it was often necessary for us to
perform the time consuming task of carefully reexamining a number of pages before

Table 25.1 An example illustrating the historical seismicity error type III, 2 independent earth-
quakes are listed instead of one

Date Description Io ML Type III EError in

525 BC Of coast Sur, Sidon greatly damaged. XI 7.5 Ben Menahem (1979)

525 AD Of coast Sidon IX-X 6.7 Ben Menahem ( 1979)

Notice the difference in the magnitude evaluations of Ben-Menahem (Ben Menahem, 1979),
corresponding to this one and same earthquake
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and/or after a given purely pertinent description of the effects of an earthquake to
find or clearly deduce its correct year of occurrence.

Manuscripts Reproduction Related Errors (Type V)

The only way to reproduce manuscripts was to recopy them manually, often by
others than the original author. Different versions exist derived from an original
work. The famous work of the Muslim tenth century paleographer Jalal-Eddine
Al-Suyouti exists in twenty copies of variable qualities (Al-Sadani, 1971) p. XVII).
One of them, namely that of the British Museum library, Ms. No. 5872, is known to
be incomplete and to have some lack of accuracy problems (Al-Sadani, 1971)
p. XIV). To illustrate this kind of difficulties by an example, the earthquake of
11 March 1068 AD is said to have destroyed the totality of Ramla except 2 “houses”
(in Arabic DARRAN) in one manuscript or except 2 “lanes” (DARBAN) in another
copy. The process of copying tend to produce, propagate and amplify errors.
However this is not the only aspect of the problem, the ancient Arabic writing
style is much more difficult to read and interpret. Recognizing the correct significa-
tion of a written word which could have a number of very different meanings is a
matter of habit, training and context. Old style writing means more difficulties at
least as far as the habit factor of the reader is concerned.

Erroneous Seismological Quantifications Based Upon Inaccurately Translated
or Understood Texts (Type VI):-

This is best represented by the following case; Taher (1979) (Poirrier & Taher, 1980)
presented “A full corpus of texts from Arabic sources and a summary French transla-
tion”. This work is considered to be “By far the most valuable compilation of material on
the seismicity of the region” Ambraseys et al. (Ambraseys et al., 1994, p.7). Although
we agree with the general ideas implicated by the upper mentioned statement, it is
necessary to say that some parts of Taher’s translations were potentially very misleading
from the seismological point of view. In his revision of the area’s seismicity, Abou
Karaki (1987) gave the following example concerning the earthquake of the year
425 AH ¼ 1033 AD, Taher’s French translation of part of the Arabic text concerning
that earthquake began as follows “Cette annèe un très violent tremblement de terre
ravagea la Syrie et l’Egypt ¼ This year a very violent earthquake ravaged Syria and
Egypt“(Taher, 1979) p. 35). A more accurate and faithful translation of the Arabic text
would in fact be “This year there was an increase (or multiplication) of earthquakes in
Syria and Egypt“(Abou Karaki, 1987), p.131). It is clear that the first seismologically
erroneous translation would give a much higher magnitude for “the earthquake“, if a
magnitude calculation operation based on that translation and the “radius of percepti-
bility” concept is “committed”. The work of Taher (1979) was the basis of the
parametric-macroseismicity information catalog of Poirrier and Taher (1980). Despite
the inaccuracies “It nevertheless remains the most authorative and reliable list of events
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in the region up to 1800, thanks to its reliance on primary sources” that was the opinion
expressed by Ambraseys et al. (1994). However we think that primary sources when
they exist are not quite enough, it should be mentioned here that “Taher’s work is the
starting point for (Ambraseys et al., 1994) retrieval and reassessment of historical
information” (Ambraseys et al., 1994, p. 11). Our revision of Poirrier and Taher’s
work of 1980, and the application of Abou Karaki’s algorithm for the detection of errors
in the historical seismicity catalogs of the Arab region, (Abou Karaki, 1987, 1992,
1995a) allowed us to discover that 59 dates out of 240 ones associated with the historical
earthquake‘s list of Poirrier and Taher (1980) are in fact erroneous. Some quantifications
and interpretations are not less erroneous and misleading, and have already injected new
ambiguities in the historical seismicity domain of this area. One example is provided by
examining the following statement concerning, once more, the earthquake of March,
18th 1068 AD in Poirrier and Taher’s remark “d” (Poirrier & Taher, 1980) p. 2199
(which should be “c” by the way) they wrote “Al Djawzi reports that at Khaibar, the
ground opened up and treasures were revealed. As Sayouti reports that at Tayma, the
ground opened up. These features of ground deformation, usually restricted to the
epicentral zone, plus the widespread destruction in Arabia suggest that this was an
intraplate earthquake with its epicenter in Arabia despite the fact that there were sea
waves on the Egyption and Israeli coasts. Perhaps we are dealing here with two close
seisms”. Independently “?” of this statement Ambraseys and Melville (1989), and later
Ambraseys et al. (1994), also enhanced this ambiguity by presenting a somewhat
“artificially” strong case for the major 1068 AD earthquake along with two other less
“well” documented ones (873 AD, 1588 AD) to be considered as intraplate earthquakes
taking place inside northwestern Arabia, more than 150 to 250 km east of the nearest
plate boundary zone in the area. This aspect along with other various sources of errors
will be briefly discussed under our description and revision of the following case.

25.2.4.2 The “Ramla” Earthquake of 11 Jumada I, 460 AH, March
18, 1068 AD

We briefly show results of our revision processes and analysis as applied on the case
of the Tuesday, 11 Jumada Al-Awla 460 AH 18 March 1068 AD well documented
earthquake. This historical earthquake is reported in primary sources of Arabic
documents and manuscripts, to have destroyed Ramla in Palestine (causing 15,000
to 25,000 causalities, mostly at Ramla as a result of a tsunami following the
earthquake), and to have destroyed Ayla (modern Elat and Aqaba with the death
of all but 12 of its inhabitants, Banyas to the North in southwestern Syria, suffered
100 casualties), and to have affected parts of Egypt, northwestern Arabia and Iraq.
However the earthquake is referred to in most Arab manuscripts and primary sources
as the earthquake of Ramla.

Our Analysis of some modern works revisiting the March, 18 1068 AD earth-
quake show important problems in interpreting the earthquake effects with some
degree of information manipulation freely practiced on the historical data in other
contributions as well. Some of the historical seismicity information has clearly been
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misinterpreted. We detected in a number of otherwise, usually “Authorative” his-
torical seismicity works (Ambraseys et al., 1994; Ambraseys & Melville, 1989), a
clear tendency and efforts to maximize the destructive effects of this earthquake in
Arabia and to minimize these effects in Ramla and elsewhere. This led to shifting of
the earthquake‘s epicenter hundreds of kilometers from the southern part of the
JDST to northwestern Arabia near Tabuk about 250 km far away from the nearest
recognized “axis” of the plate boundary. However, the simple plate tectonics and
seismogenic sources basic principles are also certainly not in favor of the new
location. The Ambraseys approach in dealing with historical texts was further
criticized by a specialist “The Translations of Ambraseys were not complete, he
altered the description of events in a way incompatible with the way ancient
historical text should be treated” Al-Ghunaim (2002) p. 27. This led to very serious
location and timing problems for this major earthquake that we examine hereafter.

Location Problems of the Earthquake of Ramla 18 March 1068 AD

Table 25.2 gives a synoptic summary allowing at this stage to compare between what
we consider as the more realistic accounts concerning the Ramla earthquake affects
and locations (Ambraseys, 1962) and the somewhat artificial radical evolution of
ideas concerning this earthquake’s description and location as revisited in
(Ambraseys & Melville, 1989; Ambraseys et al., 1994).

Table 25.2 Showing the extent in the location evolution of the 1068 AD earthquake

Description after Ambraseys (1962)
(Ambraseys & Melville, 1989) Description after Ambraseys et al. (1994)

An earthquake in Palestine. Ramla was
destroyed; it extended to the Hejaz. It reached
also Wadi-el-Szafrh (Safra), Khaibar, Bedr
(Badr), Yanbah(Yanb’u), Wadi Kora,Teima
and Tabuk, and it extended as far as Kufa, only
two houses remained and 25,000 persons
perished

A major Earthquake in the Hejaz and
northern Arabia. . .killed in all about 20,000
people. Aila was completely destroyed with all
but 12 of its inhabitants. In Tabuk, three
springs of water appeared and in Taima the
ground was “split open.” Near here a spring of
water gushed out. The earthquake was felt at
Khaibar, Medina (where the shock brought
down two decorative crestings of the mosque
of the prophet), Wadi al-Safra, Wadi al-Qura,
Badr, and Yanbu’. . .the earthquake was
strong enough in Palestine to damage
al-Ramla and ruin many houses with loss of
life. Damage was reported from Baniyas,
where about 100 people were killed

In conclusion, it is clear from the comparison of the 2 texts (the bold parts in particular) that there
was a shift of ideas implicating a serious shift of emphasis which led to a transfer of this
earthquake‘s probable location from the DSF to a none probable one somewhere in Hejaz and
northern Arabia. It should be mentioned that first hints implicating a new location of this
earthquake to be in Arabia were suggested by (Ambraseys & Melville, 1989)

This evolution is unjustified when closely examined after the original Arabic primary sources
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A possible hint and clue towards an explanation of the inherent cause of this
transfer of location to Arabia may be in the following “It is a shame, in a sense, that
there are not more earthquakes to record in Saudi Arabia itself, and that the focus of
our attention has thus strayed inevitably to the surrounding regions.” Ambraseys
et al. (1994) page xix. Who also admitted the lake of robustness of the earthquake’s
location in Arabia later elsewhere “A major event in 1068 in the Hejaz in north-
western Arabia is unusual not only because of its location but also because of the
evidence admittedly slight, suggesting a surface rupture. The location of which must
be sought in the region of Tabuk”. Ambraseys and Jackson (1998) p. 399 point 9. It
should be stressed that the reported “surface rupture” is not at all credible, the
primary source this was based upon put it this way “Al Djawzi reports that at
Khaibar, the ground opened up and treasures were revealed” (Poirrier & Taher,
1980) p. 2199. An extensive compilation of the Arabic sources of the earthquake of
Tuesday 11 Jumada I 460 AH ¼ 18 March 1068 AD is found in Al-Ghunaim (2002)
pp.117–120.

Timing Problems and False Twins Related to 1068 AD Ramla Earthquake

After the application of Abou Karaki’s algorithm for the detection of errors in the
historical seismicity catalogs (Abou Karaki, 1987, 1992, 1995a), the following dates
in various catalogs of the region must be regarded as very probably twins of false
historical seismicity earthquakes 160 AH, 11 Jumada I 462 AH, 20 April 1067 AD,
20 April 1068 AD, 1069 AD, 2 Feb. 1070 AD, 25 Feb. 1070 AD, 26 Feb. 1070 AD.

These are all related to the Ramla 18 March 1068 AD earthquake, resulting from
various possible errors populating a number of lists, references and catalogs, one or
more of these or similar errors are still found and possibly propagating in the
following works (Abou Karaki, 1987; Ambraseys, 1962, 2009; Ambraseys et al.,
1994; Ambraseys & Melville, 1989; Amiran et al., 1994; Ben Menahem, 1979,
1991; Khair et al., 2000; Poirrier & Taher, 1980; Seiberg, 1932; Taher, 1979; Vered
& Striem, 1977; Willis, 1928, 1933) a non-exhaustive list.

In conclusion, historical seismicity data was reassessed and subjected to an
algorithm for the detection of errors in the historical seismicity catalogs (Abou
Karaki, 1987, 1992, 1995a). Tens of false earthquakes were purged from the lists.
The critical revision of the historical seismicity catalogs resulted in the following
revised slim list Table 25.3.

25.2.5 Instrumental Seismicity of the DSF, 1900–2021, M� 6

The first relatively nearby seismological station to the DSF was established very
early in 1892 in Helwan Egypt, the second closer one started in Ksara in Lebanon in
1910, both along with 80 world stations recorded the Palestine (Jericho) earthquake
of 11 July 1927 M 6 ¼ which caused more than 300 killed and widespread
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Table 25.3 Historical seismicity list of the DSF for equivalent ~ M 6 or more based on a revised
version of Abou Karaki (1987) and references therein

Date φ�N λ�E
Affected localities, intensity class,
remarks Io Mag.

Fault segment
(s) locations,
remarks

31 BC 32 35.5 Qumran (2), Jerusalem(2), Jordan
Valley

2 6.5 JVA (PS)

33 AD 32 35.5 Jerusalem 2 6.0 JVA

48 30 35.2 Jabal Rum, Petra, Tal El-Khalaifeh 2 6.5 WAR/GAQ

112 31.5 35.5 See Russel (1985). 6.5 WAR/JVA

19 05363 31 35.5 See Russel ( 1980), Guidoboni
et al. (1994)

2 6.5 WAR/JVA

419 33 35.5 Safad (2), Aphek (2), Jerusalem
(1)

2 6.0 JVA/BEQ

634/635 32.5 35.5 Palestine (30 days of Activity). 6.0 JVA

748/749 AD ¼
Ramadan
130 AH.
(or 131)

32 35.5 Jerusalem (2), Tiberias (2), Lod
(2), Jerash (2), Jericho (2), Arad
(2), Damascus (1), Syria (1),
Egypt (1), Arabia (1), Mesopota-
mia (1)

7.0 JVA (PS)
A minimum
of 3 Shocks.

853/854 33 35.5 Tiberias 2 6.0 JVA

1033 32.5 35.5 Ramla, Tiberias, Jericho,Nablus
Jerusalem, Akka, Gaza, Askalan

2
2

6.5 JVA

1047/48
439 AH

31 35.5 Ramla 2 6.0 Jordan Valley
or Wadi
Araba
(JVA/WAR)

Tuesday
18 031068 AD
11 Jumada I
460 AH

31.5
30.0

35.5
35.0

Ramla (2), Banias (2), Jerusalem
Aqaba (2), Tabuk (1), Tayma
(1) Khaibar(1), Wadi Es Safra (1),
Egypt (1)

2 7.0
6.5

WAR
WAR or Gulf
of Aqaba
(GAQ)

24 121,105 Jerusalem 2 6.0 JVA

1156/59 31 35 Petra (2), Bethlehem (1), Egypt (1) 2 6.5 WAR

1160 32 35.5 St Jean Monastery 2 6.0 JVA

2 051212 30 35 Aqaba-Elat (2), Shobak (2), Karak
(2), Cairo (2), Egypt (2)

2 6.5 WAR/GAQ

March/April
1260

32.5 35.5 Beisan (2), Galilee (2), Damascus
(1)

6.5 JVA (Ambi-
guity) Abou
Karaki (1987)

1261/1262 30 35 Karak, Shobak, Cairo 6.0 WAR

1269 32 35 Qualquilia (2), Imoisse (2),
Sernour (2), Ballouta (2), Hajar
al-Asher (2)

2 6.5 JVA, 8000
victims

January/
February 1293

31 35.5 Karak (2), Ramla (2), Gaza (1),
Lod (1)

2 6.0 WAR

1458/1459 31 35.5 Karak (2) 100 victims in Karak 2 6.0 WAR

(continued)
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destruction both sides of the DSF, the routine modern monitoring of the seismicity
by a local network of seismological stations (Jordan Seismological Observatory,
JSO) only started to operate East of the DSF in 1983. Just after the Institute of
Petroleum Research and Geophysics (IPRG) based in Holon and operating west of
the DSF. There were important location accuracy problems at the beginning of the
JSO operations in particular (Abou Karaki, 1987). A number of swarms in 1983 near
Haql at the gulf of Aqaba starting January 21, and in the Carmel Wadi El-Fara’a area
in 1984 were analyzed and relocated (Abou Karaki et al., 1993; Abou Karaki, 1987,
1994, 1995a, b). Several earthquakes of these swarms were around ML ¼ 5 the
maximum magnitude did not exceed 5.2. Only 3 destructive or potentially destruc-
tive earthquakes occurred on the DSF during the instrumental period, their param-
eters are shown in Table 25.4.

To illustrate the revision processes aspect, we examine the results of our analysis
as applied on the case of the earthquake of Palestine of 1927. The most destructive
DSF earthquake during the instrumental seismicity era.

25.2.5.1 The Location of the Earthquake of Palestine 1927

The earthquake of Palestine (known also as the earthquake of Jericho), took place
near the Damia area in the Jordan valley on the early afternoon of Monday 11-07-

Table 25.3 (continued)

Date φ�N λ�E
Affected localities, intensity class,
remarks Io Mag.

Fault segment
(s) locations,
remarks

Jan 1546 32 35.5 Jerusalem (2), Hebron (2), Karak
(2), Salt (2), Nablus (2), Jaffa (2),
Gaza (2), Damascus (2)

2 6.5 JVA

5 01 1588 30 35 Aqaba (2), Cairo (2), Egypt, Sinai 2 6.5 WAR/GAQ

23 05 1834 32 35.5 East of the Dead Sea, Karak,
Jerusalem, Gaza (2), Nablus (2),
Askalane (2), Akka, Tiberias, Pal-
estine, Syria

2 6.0 JVA

1 01 1837 33 35.5 Safad (2),Tiberias (2),Reineh (2),
Ein Zeitoun (2),El-Jish (2), Sejera
(2), Tyr (2),Sidon (2),Beirut (2),
Damascus (2), Nazareth (1),Jeru-
salem (1),Hebron (1), Jericho (1),
Tripoli (1).

2 6.5 JVA or north
5000 victims
Asphalt
Blocks in the
Dead Sea.

Abou Karaki (1995a) 2 additional events (112 AD and 363 AD) were added from Russel (1980,
1985) and Guidoboni et al. (1994). Intensity classes 1 ¼ Non-destructive [III, VI]. 2 ¼ Destructive
[VII-IX]. 3¼ Very Destructive [X-XII]. Location errors of about�1� are possible for the historical
earthquakes, magnitude estimates for these earthquakes are generally minimum equivalent
Ms. (Abou Karaki, 1987) The earthquakes listed in this catalog were individually discussed in
Abou Karaki (1987) pp. 81–178. And 352–359. (PS) ¼ C14 dated with additional Paleoseismicity
evidences
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1927, This Magnitude 6 ¼ earthquake, is still the most destructive earthquake since
the earthquake of Safad back in 1837 AD on both sides of the river Jordan and the
JDST. It caused more than 300 killed and widespread destruction. Figure 25.3 (Abou
Karaki, 1987; 1999; Vered & Striem, 1977; Willis, 1928) and references therein. A
reasonably accurate determination of this earthquake’s epicenter is an important
factor for a useful assessment of the seismic hazard in this part of the JDST.
However, there were a number of new attempts to relocate this earthquake by
applying rather modern location techniques using old data of questionable quality,
recorded by that time seismological stations that were always suffering from known
serious synchronization problems thus affecting the internal consistency of the
different arrival times. A new calculated epicenter location resulted from those
attempts (Avni et al., 2002; Shapira et al., 1993) clearly and anomalously shifting
the location of the 1927 earthquake out of the main macroseismic area of damage.
The quality of the new location (31.6�.0 N, 35�.4E) was analyzed, critically exam-
ined and finally assessed as being far less convincing than the old original ISS
location (32�.0 N, 35�.5E) (Abou Karaki, 1995a)The main basis for the rejection of
the new location could be seen on Fig. 25.3 and Table 25.4.

The (SAN) location Fig. 25.3 is a direct consequence of the lack of internal
coherency in the data used as an input for the location computations. This is
evidenced by examining the following elements:

The Earthquake was located assuming a normal depth and using the IASPEI
travel time tables applied on data provided by 30 seismological stations. The
calculated – observed residual values as derived from the data of Table 25.1 in
(Shapira et al., 1993) were generally and unacceptably high. The nearest stations
were (KSA) Ksara in Lebanon, situated at some 200 km north of the epicenter, has a
calculated-observed residual of 4.6 s, and (HLW) in Helwan-Egypt at some 450 km
south west of the epicenter has a residual of �2.5 s. 78% of the arrival times used in
the computations yielded residual values (C-O) > |1.5 s| among these 22% were
associated with (C-O) values > |4.0 s|. These elements show that the “new” epicenter

Table 25.4 The M � 6 class of instrumental earthquakes on the DSF

Date φ�N λ�E
Affected localities, intensity class,
remarks Io Mag.

Fault segment
(s) locations,
remarks

11
07
1927

32 35.5 Nablus(2),Salt(2),Ramla(2),Jericho(2),
Reineh(2). From Abou Karaki (1999)

2 6.2 JVA, Abou
Karaki (1999)

03
08
1993

28.75 34.6 Aqaba- Elat 1, Haql 1, Cairo 1, 1 6.0 GAQ

22
11
1995

28.75 34.8 Nuweiba 2, Dahab(2), Haql (2), Aqaba-
Elat (2), Tabuk (2) from (Abou Karaki,
2001a; Klinger et al., 1999).

2 7.3 Mw GAQ (Abou
Karaki 2001a)

The locations of the 1927 and 1995 earthquakes were fully discussed respectively in (Abou Karaki,
1999, 2001a). A brief reminder of the most destructive instrumental earthquake and related
problems is reminded herein
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is at best mathematically equivalent to the old one and the computational arguments
of such nature and in such circumstances can’t be used to justify or validate a new
location of the epicenter. Furthermore the particular C-O values of KSA and HLW
resulting from the new epicenter calculation mean that the epicenter should better be
closer to KSA and more far away from HLW this is just the case of the ISS original
epicenter (Table 25.5).

Yet it is noticed that the new location is already being uncritically followed and
adopted by a number of more recent seismicity studies (Amiran et al., 1994; Jaber,
1994; Ken-Tor et al., 2001).

Fig. 25.3 Macroseismic effects of the earthquake of Palestine 1927 based on the best available
primary sources (Abou Karaki, 1999). Damage proportional to the size of star, main destructive
effects in Nablus, Salt, Ramla, and Jericho, minor damage in Hebron, Ma’in, Madaba. Original
(ISS) epicenter location is shown. A new location, some 50 km to the south of the ISS location is
also shown along with its “uncertainty ellipse” after (Avni et al., 2002; Shapira et al., 1993) (SAN).
This location, clearly, does not fit the macroseismic data, it is based upon new computations using
body waves arrival times as recorded by that time seismological stations which used to suffer from
serious synchronization problems. The consequences of this are clearly shown in Table 25.4
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25.3 Conclusions About the JDST Seismicity –

Identification of Seismic Gaps

It is important to notice some aspects of the seismicity of the Wadi Araba-Gulf of
Aqaba segment(s) of the JDST. These segments, located south of the Dead Sea, are
particularly interesting. From the historical seismicity data (Abou Karaki, 1987) the
Gulf of Aqaba part of the transform passed from a clear state of seismic quiescence
for the last few centuries, (since 1588 AD at least) (Abou Karaki, 1987), and from
the status of the least seismically active segment of the transform during these
centuries to the most active zone of the JDST since January, 1983 (Abou Karaki,
2001a), when it entered into a period of increased activity marked by a number of
swarms, starting on January, 21, 1983 (Abou Karaki et al., 1993; Abou Karaki,
1987; Alamri et al., 1991; El-Isa et al., 1984; Russell, 1985) and culminating with the
7.3 Mw earthquake of November, 22 1995 (Abou Karaki, 2001a, b; Klinger et al.,
1999). Paleoseimicity investigations Kanari et al. 2020 (Kanari et al., 2020) gener-
ally confirmed our conclusions from the historical seismicity results and catalogs
(Abou Karaki, 1987, 2001a) and as shown in Table 25.3.

The Wadi Araba part (WAR) remained quiescent till now (Jan. 2022), this makes
of the Wadi Araba-Gulf of Aqaba adjacent segments, the least and respectively most
seismically active segments of (JDST), during the instrumental seismicity era.

In Conclusion, historical and instrumental seismicity of the JDSF along with
relative seismic gap areas are shown on Fig. 25.4.

Finally Fig. 25.5a presents the JDSF instrumental seismicity 1900–2020 for
M � 4 to avoid the noisy epicentres resulting from artificial events resulting from
industrial mining explosions an example of which is given in Fig. 25.5b.

Table 25.5 Shows a representative part of the data used to calculate The (SAN) epicenter, those
with epicenter-station distance <20�

Station Phase Arrival time Calc-Obs (s) Distance(deg) Azimuth

KSA P 13:04:43 4.6 1.8 1

HLW P 13:05:10 �2.5 4.3 241

S 13:06:07 2.9

BAK P 13:07:34 5.1 14.2 49

MKY P 13:07:55 �3.0 16.4 5

S 13:10:58 �4.2

BEO P 13:08:10 �1.6 17.5 321

S 13:11:32 3.6

BMP P 13:12:13 4.2 19.2 303

NPL P 13:08:37 4.1 19.3 303

LVV P 13:12:23 0.7 19.8 337

Partially reproduced from Table 1 in (Shapira et al., 1993)
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25.4 Dead Sea Remote Sensing Studies

25.4.1 Problems Related to Subsidence in the Dead Sea
Coastal Areas

Since the 1960s, the Dead Sea coastal areas are expanding because the Sea is
undergoing what is an essentially induced, and extremely rapid decrease of its
water level (Abou Karaki et al., 2007). The drop in the Dead Sea level caused the

Fig. 25.4 Seismicity of the JDST from 31 BC up to 2020 AD. Open circles represent the historical
earthquakes for the period from 31 BC–1200 AD. Bleu circles from 1200–1900 AD. With
equivalent Ms. Magnitudes [6, 7.5] based on the revised catalog of Abou Karaki 1987 revised
2021. Instrumental seismicity epicentres from 1900 and on are represented in red solid circles for
magnitudes from [5, 7.3] (Abou Karaki, 1994, 1995a, 2001a) and USGS, EMSC databases.
Resulting locations of 3 relative seismic gap areas are represented in elliptical forms on this figure
namely centred around the latitudes (28�N, 30�N and 35�N � 0.5�)
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Fig. 25.5 (a) It is interesting to compare the locations of the relative seismic gaps represented in
Fig. 25.4 with the instrumental seismicity map Fig. 25.5. For the magnitudes�4 It is still possible to
identify the 2 main gaps which are comparable on the two figures (� 30�N and 35�N. � 0.5�).
Epicentres are from the same sources of data as Fig. 25.1a In conclusion it is clear that limiting the
represented magnitudes on the seismicity map of the JDST from�3 in Fig. 25.1a to�4 in Fig. 25.5
is more robust and useful for the tectonic significance of the epicentres distribution if the unchecked
international seismicity monitoring organizations data is used. (b) Industrial detonations amounting
to 10,000 kg of explosives are routinely used in mining operations of the Phosphate Mines Co. at
the Phosphate extraction sites in Southern Jordan (El-Hisa and Al-Shidia Mines). This explains the
“epicentral” non-tectonic clusters with low magnitudes around the coordinates (30�N, 36.4�E and
31.2�N, 36.4�E) in Fig. 25.1a
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loss of more than a third of its water surface (Salameh & El-Naser, 1999, 2000). This
is already inducing serious hazards in the area related to subsidence and
hydrogeological problems (Abou Karaki et al., 2016, 2017; Salameh et al., 2019).
The fundamental cause of these hazards is known to be the sharp imbalance in the
water budget of the Dead Sea. This is provoking a steady shrinkage of the sea surface
and the emergence of new unstable lands in the coastal areas of the sea coupled with
the development and proliferation of rapid collapse features (Sinkholes) on both
sides of the Dead Sea zone. If the Dead Sea level continues to decrease, these hazards
are only expected to increase in intensity and extension.

Between 1992 and 2021, we have intensely studied the Jordanian part of the Dead
Sea with remote sensing techniques (Abou Karaki et al., 2016, 2017, 2019;
Al-Halbouni et al., 2017; Closson & Abou Karaki, 2009, 2014; Closson et al.,
2003, 2005, 2010; Fiaschi et al., 2017; Watson et al., 2018) The nature of this
work and the methods of image processing have evolved along with the discipline.
We have tested many optical and radar sensors. One of our studies (Abou Karaki
et al., 2016) was classified by (p.9, tables 4 and 5 in (Pricope et al., 2019)) as the
study which used a maximum of satellite sources among 83 analyzed studies
worldwide. Table 25.6 takes up the list of satellites used during the investigation
period.

Table 25.6 provides an overview of the technologies’ evolution over the past
60 years. In the 1990s, there were only a few optical satellites equipped with imaging
systems capable of providing images with a resolution between 10 and 30 m (Spot,
Landsat).

It was therefore impossible to visualize sinkholes with this data, except for the
larger ones. Radar images provided an alternative but there was still no software
capable of processing radar images in the manner of a freeware like SNAP.

Fig. 25.5 (continued)

610 N. Abou Karaki et al.



Soil moisture detection algorithms were used on optical images to detect wetlands
(Closson & Abou Karaki, 2014) within land discovered because of the Dead Sea
water level lowering (> 1 m/year). These moisture anomalies have been interpreted
as the places where groundwater moves from the recharge zones to the ultimate base
level (i.e. the Dead Sea), but also rivers eroding their beds in order to stay in balance
with the base level (Abou Karaki et al., 2016).

We have observed that between the time of their emergence, in the 1980s, and the
2010s, these underground water flows gave rise to real karst networks capable of
destroying agricultural land, destabilizing the installations and industrial dikes of the
Arab Potash Company APC, as well as national roads bridges and hotels.

Figures 25.6 and 25.8 illustrate this point. Its principle can be generalized to the
entire shores of the Dead Sea (Abou Karaki et al., 2019). These geomorphological
maps were drawn from multiple observations made with optical Fig. 25.7 and radar
images collected in 1992 to 2015 (Closson & Abou Karaki, 2009; Closson et al.,
2003, 2005, 2010; Watson et al., 2018).

Table 25.6 List of satellites used, investigation period, and image processing applied

Radar
satellites

Periods of
investigation Image processing

ERS-1 1992–1999 Interferometry: InSAR (DSM); DInSAR; PS; SBAS

ERS-2 1997–2011

Envisat 2003–2012

ALOS-1 2008–2010 Interferometry: DInSAR

Cosmo-
SkyMed

2011–2013

Sentinel-1 2014–2021 Interferometry: DInSAR; PS; Sbas

Space
Shuttle

1994 Visual interpretation of greyscale Intensity

Optical
satellites

Periods of
investigation

Image processing

Corona 1963–1971 Geocoding; visual interpretation of greyscale Intensity

Landsat 1 to
8

1972–2021 Geocoding improvement; textural filtering; band ratio and
combination diachronic color composition; LULC
classificationsSentinel-2 2015–2021

Spot 1992–1994,
2003

Ikonos 2000, 2003,
2006

Geocoding improvement; textural filtering; band ratio and
combination diachronic color composition; LULC classifica-
tions; detection of sinkholes,vegetation, and sel pillars in evap-
oration ponds

Aster 2000–2005

Worldview 2010–2012

Geoeye 2009

Rapideye 2010

Planet Lab 2018

Bing; Goo-
gle Map

2000–2021 Geocoding; visual interpretation
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The region corresponds to Cape Molyneux (see the elevation of �360 m). The
coordinates are expressed in UTM kilometers. Eastern side, a plateau bounded by a
cliff dominates a gentle plain inclined to the North, towards the Dead Sea. This plain
is crossed by the Wadi Araba (river to the west). In 1992, the Wadi Araba had an
altitude of �402 m. It was therefore 42 m lower than the karst plateau of Cape
Molyneux.

Fig. 25.6 Development of a karst system in the early 1990s with the Landsat and Spot satellites

Fig. 25.7 Satellite image (source: https://www.bing.com/maps) most likely acquired in 2015. This
image is contemporary of Fig. 25.8
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In winter, rainwater enters through the plateau because of hundreds of sinkholes
developed along lineaments of tectonic origin (green spots and dashed lines). These
lineaments and sinkholes are accessible via an access road that leads to the APC
dikes’ system.

The southern part of the cliff is of tectonic origin. A fault segment ESE-WNW
(continuous black line) is represented. It is a small segment of a major transversal
fault zone that connects the East and West fault systems of the Dead Sea Basin. This
fault zone is kilometer-deep and drains some of the fresh water coming from the
eastern part to the Wadi Araba. This fact is attested by the presence of fresh water
sources in the Cape Molyneux area (oral communication of APC dike safety
engineers, 2015).

South of Cape Molyneux is an evaporation basin (SP-01; �395 m). Given the
difference of 7 m in water level between this basin and Wadi Araba (�402 m), the
water stored in the reservoir naturally tends to escape to reach the local base level.
Earthen dike #1 holds the water in the reservoir. Due to the significant fracturing of
the subsoil, a portion of the brine manages to escape and reach the Wadi Araba.

This percolation of water greatly increases soil moisture. Very clear infrared
signatures appear on the optical images where these percolations occur. We detected
a karst system that was reactivated by water from the SP-01 basin and also fed by the
transversal fault zone (underground flows giving rise to a development of shrub
vegetation). The blue arrows indicate the flow direction subparalel to the transverse
fault.

Fig. 25.8 Geomorphological map of the region west of Cape Molyneux in 2015. A levee (purple)
was created to isolate a segment of the dam threatened with collapse. Many sinkholes attest to an
intense flow of water below the basin
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Optical and radar images have allowed us to study in great detail the impact of the
gradual development of the karst system on the stability of the APC dikes built in the
late 1990s (Fiaschi et al., 2017). So, a few years after the retreat of the Dead Sea, at
the time when the karst system was being reactivated.

Data on land use land cover changes and soil nature have all been mapped:
creation of new salt evaporation ponds; seepage areas contemporary to the feeding
operations; partial draining and gradual drying of the ponds to increase the safety
coefficient; various repairs; refilling sinkholes; widening of dikes; collapse of dikes;
appearance and disappearance of springs; appearance and disappearance of vegeta-
tion in connection with an underground freshwater supply; faults and fractures;
subsidence; landslides; soil collapse; structural lineaments; erosion resistance ...

With the increase in sensor resolution (Fig. 25.7), it has been possible to visualize
sinkholes both inside and outside the evaporation basins. Combining optical obser-
vations and radar, at the end of 2012, it was possible to send warning signals to the
APC. The observed elements have enabled security engineers to deploy considerable
geophysical means. Prediction of collapses based on diachronic analysis of high- and
very high-resolution radar and optical satellite images was one of the major culmi-
nations of two decades of research.

Figure 25.2 illustrates this point. Its interpretation is in (Fig. 25.8). It shows the
amputated part of an evaporation basin. A levee (SE-NW and SSE-NNW) was
created in early 2015 to completely isolate the most unstable part of the dike.
2.5 km were drained for repair. Detailed analysis of the bottom shows that it is
perforated in multiple locations by sinkholes (Fig. 25.8). These are organized
according to an underground karst network whose main axes were already visible
in 1992 (Fig. 25.6), several years before the creation of the basin.

Cape Molyneux was surrounded by the waters of the Dead Sea until late 1970s.
During the 1980s, major development work took place in the southern part of the
terminal lake. The wadi Araba delta was transferred from the southern Dead Sea
basin to the northern one via a 20 km long channel leading to Cape Molyneux.
Naturally, this river has become the local base level for all surrounding water tables
(including brine stored in evaporation basins). Wadi Araba, like all other rivers
flowing into the terminal lake, is forced to rejuvenate its longitudinal profile to adapt
to Dead Sea level. As a result, all water stored in basins and adjacent freshwaters are
gradually being mobilized.

Large layers of water stored in the marls of the Lisan Peninsula were thus
displaced by the force of gravity. Underground water flows appeared very early
after the Dead Sea was withdrawn. These waters have taken all areas of tectonic
weaknesses created either by the rise of the salt diapir or by the tectonic activity of
the Dead Sea basin.

As early as the 1990s, radar images were able to detect millimeter movements of
the ground in a relative way. This information has been very useful to us in
improving knowledge in the field of neoctonics. The absence of geological maps,
the study of tectonics on the border (military zone),etc. was more than compensated
by the contribution of radar interferometry data. The detection of active faults in
connection with the Lisan diapir allowed us to place sinkholes on a map of active
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faults and draw conclusions/models as to the genesis of sinkholes affecting the
earthen dikes of the APC.

The main finding that can be attributed to the combination of image processing
techniques with field observations is presented in Fig. 25.9.

Figure 25.9 is relevant in that it clearly shows the co-occurrence between
elements of structural geology and ground collapses. The sinkholes that make up
the two lineaments account for the majority of known collapses on the Jordanian
side. Moreover, these two lineaments appeared at the same time, during the 1980s, a
few years after the earthquake of 23-04-1979.

In this case, radar interferometry brings the dynamic dimension of the system.
Optical sensors allow the counting and delimitation of sinkholes. Field observations
provide information on the nature of the layers affected by collapses, as well as
networks of cracks undetectable from space or even aerial photos. Differential radar
interferometry shows the actual spatial extent of the phenomenon and its dynamics
over time. Advanced techniques such as PS and SBAS have allowed us to establish a
25-year time series of data (Fiaschi et al., 2017).

Subsidence and sinkholes related problems and major expected resulting hazards
in the sensitive Dead Sea area added to the recognized seismic hazards there (Abou
Karaki, 1987; Bonnin et al., 1988) require mitigation, cooperation, funding and
extensive multidisciplinary work (Abou Karaki & Closson, 2012).

Fig. 25.9 Comparison between the distribution of sinkholes (black dots) of Cape Molyneux and
Ghor Al Haditha. Two structural directions appear: N24E and N66E. N24E is in agreement with the
EQ event of 23-04-1979 (Lisan). Focal mechanism after (Arieh et al., 1982). In Cape Molyneux
region, the karst system is very active in the southern part of the lineament. The colors are those of
an ALOS-2 differential interferogram. The bright colors correspond to the most intense subsidence
during the observation period. Acquisition dates 01 April 2008–17 May 2008; T 46 days; perpen-
dicular baseline 17 m; altitude of ambiguity 2705 m
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