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Mărgărit-Mircea Nistor, Alexandru-Sabin Nicula, Ioan Surdu, Titus Cristian Man,
Nikhil Nedumpallile Vasu, Iulius-Andrei Carebia, Ioan A. Irimuş and
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Preface

The editor’s thoughts

The writing and editing of a science book is a challenge to oneself and one’s experi-
ence, knowledge, and dedication. As a researcher and academic professional in Earth
Sciences, I can confirm that the chance to publish my research exceeded what I
thought were my limitations. During my university studies I never thought that
I would have the opportunity to edit a collection book for Elsevier. Moreover, it was
a great pleasure to contribute as an editor and author in a collection regarding the cli-
mate and land use, which is maybe most interesting to scientists in Environmental
Studies and Earth Sciences. God always offers us the best ways to climb on the highest crests
and I am grateful for His grace!

Scope of the book

The present book “Climate and Land Use Impacts on Natural and Artificial Systems:
Mitigation and Adaptation” describes the actual problems that our environment
encounters related to climate change and land use modifications. Plenty of studies and
books are available on climate and land use from different points of view, and investi-
gations are still ongoing. During the last four decades, scientists and professionals from
various fields of expertise have tried to bring forward the principles, challenges, and
impacts of climate and land use changes with respect to the natural and artificial sys-
tems. Numerous international congresses, meetings, and projects have taken place to
contribute to a better understanding and to find the best solutions and strategies to
mitigate the effect of climate and land use on the environment and human health. In
order to follow a common direction at international level, the Intergovernmental Panel
on Climate Change is, in my opinion, one of the most complex and active consortia
that treats climate change and also the land use problems in an exceptional manner. In
fact, the Intergovernmental Panel on Climate Change is the United Nations’ body that
provides policy makers with scientific evaluations on climate change and land use, best
practices for mitigations, and future perspectives of our planet based on various scenar-
ios and projections. The Intergovernmental Panel on Climate Change contributes with
extensive examples of hazards and risks due to climate and land use changes.
Considering such great and important reports and manuscripts in the literature with
respect to climate and land use, the edited collection “Climate and Land Use Impacts
on Natural and Artificial Systems: Mitigation and Adaptation” was not intended to
follow the same structures and objectives as previous studies. The climatic events and

xxi



land use modifications are very dynamic systems that influence other geospheres of the
globe. Looking at the rapid changes that occur at the human scale, the present collec-
tion aims to bring forward the challenges of climate and land use in the 2020s. I am
honest and humble to confirm that in a few years this book could be completed with
new information and I believe that the topic of climate and land use will be continu-
ously of high interest. This is a remark for our times, because the entire natural and
artificial systems are very dynamic and continuously changing.

The process

In this collection, I have tried to combine the most significant theoretical aspects of
climate change and land use modifications with the real situation, identifying the strat-
egies and mitigation plans to reduce the impact of climate and land use factors on the
natural and artificial systems. For a comprehensive understanding of dynamic systems,
evolution, and future directions, this collection includes classical and modern
approaches for the investigation of climate and land use. In addition, this book con-
tains study cases that treat the past, present, and future climate and land use data.
Original photographs, which reflect the authors’ and editor’s vision regarding the cli-
mate and land use in various places from the globe, and maps are used in this collec-
tion. Thus photographs from the United States (Alaska), Asia (Singapore and
Indonesia), Europe (Italy, England, Romania, Russia, and Wales), Australia, and New
Zealand support this genuine collection.

Structure of the report

The “Climate and Land Use Impacts on Natural and Artificial Systems: Mitigation and
Adaptation” is structured in 18 chapters. In Chapter 1, Introduction: Overview of Current
Climate and Land Use Challenges in the Environmental Space, the general aspects of cli-
mate and land use changes are highlighted, along with the main impacts on climate
and land use changes on natural and artificial systems. In this chapter, the climate
change and land use implications for natural hazards are discussed. Chapter 2, Climate
and Land Use Data Usages in Research and Administration Units, illustrates the available
climate and land use data for the globe and different continents and territories. In this
chapter, the author also indicates the existing climate models and future projections of
land use. The land use and management strategies for shaping sustainable cities are pre-
sented in Chapter 3, Land Use and Management Strategies for Shaping Sustainable Cities. In
Chapter 4, The Impact of Climate Change and Land Use on the Cancer Burden in the 21st
Century, the impact of climate change and land use on the cancer burden is
highlighted. Chapter 5, High-resolution Projections of the Aridity in Europe Under Climate
Change, assesses the aridity of the European continent by using five climate indices.
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The author uses past, present, and future climate models at a high-resolution spatial
scale. Chapter 6, Adapting a Mountain Economy to Climate Change. Case Study:
Romanian Carpathians, focuses on the Romanian Carpathians’ sustainability and devel-
oped policies in the context of the mountain economy and climate change.
Chapter 7, Land Use and Environmental Changes in the Andean Paramo Soils, presents the
Paramo soils and the environmental aspects in the sensitive ecosystem from the Andes
to the climate and land use changes. Chapter 8, An Area Facing Climate Change:
Monthly Water Availability in the Emilia-Romagna Region During 1961�2015, assesses the
monthly water availability for a long-term period in the Emilia-Romagna region by
indicating the recent effects of climate change on water resources. In Chapter 9, The
Impact of Climate Change on Intensive Precipitation and Flood Types in Bulgaria, the impact
of climate change on the intense precipitation and flooding from Bulgaria is illustrated.
Chapter 10, Dynamics of Climate, Flora and Fauna of St. Petersburg, and Modern
Conditions for the Development of Urban Planning, Land Use, and Nature Conservation, pre-
sents the historical observations of climate dynamics in the city of Saint Petersburg.
This chapter focuses on the relationship of weather conditions and human activity,
flora and fauna, as well as urban planning, land use, and nature conservation of the
city. Chapter 11, Significance of Unsaturated Soil Properties on Stability Analyses against
Extreme Rainfall Conditions, proves the importance of unsaturated soil properties in the
seepage and stability analyses of slopes in the tropical area of Singapore under extreme
rainfall conditions. Chapter 12, Preventive Measures for Rainfall-Induced Slope Failures in
Singapore, highlights the preventive measures used in Singapore for rainfall-induced
slope failures that could damage public properties and safety. Chapter 13, Groundwater
Vulnerability Assessment in the Iberian Peninsula under Climate Change and Land Cover,
focuses on groundwater vulnerability determination under climate and land use change
in the Iberian Peninsula. This chapter contains a spatial analysis using large datasets of
climate models and land use projections for the current mid-century. Chapter 14,
Application of HEC-RAS/WMS and FHI Models for Extreme Hydrological Events Under
Climate Change in the Ifni River Arid Watershed From Morocco, presents the simulation of
extreme flows and spatial distribution of floods under climate change in the Ifni River
watershed from Morocco. Chapter 15, The Decline of Butterfly Populations due to Climate
and Land Use Change in Romania, treats the problem of the decline of butterflies due to
climate change, but also due to the industrial and agricultural practices in Romania.
Chapter 16, Environmental Impacts Mitigation Odds by Soft-Computing Methods, focuses
on the concept of sustainable development and soft computing methods for environ-
mental impact evaluation. Chapter 17, Research and Strategies to Mitigate the Impact of
Climate Change and Land Use Practices on Natural and Artificial Systems, presents research
and the main strategies to mitigate the impact of climate change and land use practices
on natural and artificial systems. Finally, Chapter 18, Outlook: Advantages and
Disadvantages of Studies of the Impact of Climate Change and Land Use on the Natural and
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Artificial Systems, highlights the most significant impacts of climate and land use change
on the environment. In addition, this chapter underlines some advantages and disad-
vantages with respect to the study of climate change and land use effects on the natural
and artificial systems.

Mărgărit-Mircea Nistor
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CHAPTER 1

Introduction: overview of current
climate and land use challenges in the
environmental space
Mărgărit-Mircea Nistor
Department of Hydrogeology, Earthresearch Company, Cluj-Napoca, Romania

1.1 Introduction

Climate change and land use are two separate entities that contribute to the develop-
ment and changes of the biomes and abiotic elements on Earth. In the context of cur-
rent climate change (IPCC, 2001, 2007, 2013) and rapid modification of the land use,
the natural and artificial systems are negatively affected. The climate is warming
(Oerlemans, 2005) and the mean annual temperature of the globe has been increasing,
starting in the 1850s (IPCC, 2001). Much more than during other times, the recent
decades have experienced several changes with temperature increasing, higher rainfall
intensity, and increasing evapotranspiration (Aguilera and Murillo, 2009; Jiménez
Cisneros et al., 2014). Due to these changes, the environment is facing high pressure
from climate change and land use modifications. The anthropogenic activities are also
contributing to the increase in vulnerability of the environment. Climate and land use
have direct negative effects on the surface waters, groundwater, slope stability, human
health, and many components of ecosystems (Taylor and Stefan, 2009; Haldorsen
et al., 2012; Kløve et al., 2012; Furtuna et al., 2018). Due to several benefits for
humanity, the natural space was changed by man-made contributions and most of
modified areas have seen irreversible consequences.

Globally, the current climate characteristics show the continuous increase of mean
annual temperature and the reduction of precipitation in some regions by 10% for the
next five decades (Stavig et al., 2005; Marchi et al., 2020). These projections regarding
the future climate indicate modifications in ice mass melting, sea level rise, and
advancement of shorelines (Khalsa et al., 2004). For the 21st century, an increase of
mean temperatures by 1.0�C�3.5�C is expected (Houghton et al., 1995). In the same
time, the increase of CO2 and greenhouse gas emissions contributes to much warmer
conditions and will affect the ecosystems (Cox et al., 2000; Shaver et al., 2000).

1
Climate and Land Use Impacts on Natural and Artificial Systems
DOI: https://doi.org/10.1016/B978-0-12-822184-6.00012-0

r 2021 Elsevier Inc.
All rights reserved.



Climate change has negative effects on artificial systems in terms of human skin
cancer and other illnesses, flooding of establishments due to heavy rainfall, damage to
infrastructure, and many others.

The land use has negative impacts on soil, water resources, species of plants, species of
animals, and on the artificial systems. The intense agricultural and industrial practices nega-
tively affect the quality of ecosystems and environment. The quality of the environment is
affected by land use pollution on the soil, water, and air components (Taylor and Stefan,
2009; Kløve et al., 2014). With regard to the quantitative effects of climate change and
land use modifications on natural and artificial systems, these include deforestation, decline
in river flow and discharge, groundwater table depletion, expansion of land designated to
agriculture and industry, and less land for green space near the large cities (Jiménez
Cisneros et al., 2014).

In different continents, programs and projects between governments and universi-
ties have been implemented for a better understanding and mitigation of climate
change and land use practices. Around the globe, specific problems have been raised
with respect to climate change and land use and several regions and countries have
been engaged in the surveys. The administration staff of these units have tried to
implement specific regulations and measures to attenuate the impact of climate change
and land use on the natural and artificial systems in the respective areas.

1.2 Climate change and land use impacts on natural systems

Since the 1850s the Earth’s temperature has been continuously rising (IPCC, 2001)
and several regions are experiencing increases in the mean annual temperature. Global
warming (Oerlemans, 2005) influences the natural systems in various ways. One of the
systems most affected by climate change is represented by glaciers and ice masses
(Haeberli et al., 1999; Kargel et al., 2005; Nistor, 2017; Fig. 1.1).

According to this climate change context, the investigations indicate a large retreat of
glaciers. In addition, the climate change is negatively affecting all zones of globe, but the
most triggered are the alpine zones and areas covered by glaciers and ice (Fig. 1.2). The
climate warming could be noted by checking some glaciers’ retreat, which represent
the most sensitive indicators for climate change (Dong et al., 2013; Kargel et al., 2005;
Haeberli and Beniston, 1998). In the glacial areas, the melting of glaciers modeled the
alpine landscape (O’Neel et al., 2014; Theurillat and Guisan, 2001). Overall, the global
warming affects the glaciers and several surveys have indicated the negative impact of
global warming on the glaciers’ mass reduction (Oerlemans, 2005; Shahgedanova et al.,
2005; Kennedy et al., 2006; Painter et al., 2013). Most of the glaciers are retreating during
climate warming, but some of them are expanding in area due to the surge of glaciers
(e.g., Caucasian glaciers) and melting of ice (Holobâcă, 2013). These affected components
include natural landscape, surface- and groundwater, soil, and air.
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1.3 Climate change and land use impacts on the artificial systems

The land use is perceived as modified land cover in various scopes, more of these
scopes are coming to support the human life and economy. In terms of sustainability,
the land use is more helpful for the human economy, but the quality of the environ-
ment is neglected in most of the cases. Thus, together with the climate change pres-
sure, the land use contributes nowadays with a negative impact on the environmental
components.

Climate change, mostly the warming of certain regions, also has a negative impact
on human health. Most of harms related to the climate change and human health refer
to skin cancer.

In various regions of the globe, the infrastructure and civil engineering sites
(Fig. 1.3) are negatively affected by climate change in terms of heavy rainfall and
intense snowfall (Rahardjo et al., 2019). Thus in the tropical zone, the frequency and
intensity of rainfall may directly affect the transport infrastructure and indirectly affect
commercial and residential buildings due to the rainfall-induced landslides near cities.

Figure 1.1 Oblique south-looking aerial photograph of Whittier Glacier, South Alaska 2010. Photo
courtesy: M.M. Nistor.
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Figure 1.3 Vajont landslide activated by heavy rainfall and negative affected hydrological system.
Photo courtesy: M.M. Nistor.

Figure 1.2 McKinley Peak 6,194 m and alpine chain of Alaska Range, Central Alaska. Photo courtesy:
M.M. Nistor.
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Cracks in roads and damage to tailings dams have been observed in the polar zones
due to the snow and seasonally frozen soil (Jin et al., 2019).

At the same time the land use practices (Fig. 1.4) contribute to the negative impact
on the quality of land, water, and green space. Together, the climate change and
intense land use have a high impact on the agriculture, water resources pollution, and
on biodiversity.

1.4 Climate change and land use implications for natural hazards

The climate change and land use have, in most cases, direct implications to natural
hazards. The increased frequencies of extreme rainfall, drought, heat waves, and floods
are mainly the hazards that occur due to the climate change. Changes in the forest pat-
tern and agriculture areas could influence biodiversity. In addition, forest fires have
major implications on the vegetation and landscape changes. The intense pollution of
soil, water resources, and air are also consequences of the land fires during drought
periods.

Heavy rainfall influences landslides and slope failures (Fig. 1.5), land subsidence,
erosion, and flooding (Fig. 1.6) all over the globe. In the tropics, slope stability and
tree stability are dependent on rainfall regimes (Rahardjo et al., 2019). These pro-
blems imply costs and damages but also harm to human life. Together with climate
change, the land use is contributing to hazards and catastrophes in several regions
(Nistor, 2019, 2020). These hazards include landslides, long periods of drought, low
discharge of springs, flooding, and sea level rise (Aguilera and Murillo, 2009).

Figure 1.4 Intense land use practices in the agriculture field. Photo courtesy: M.M. Nistor.
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Figure 1.5 Slope failure under extreme rainfall event in Singapore. Photo courtesy: M.M. Nistor.

Figure 1.6 Flooding induced by heavy rainfall in Apennines Mountains, Italy. Photo courtesy:
M.M. Nistor.



1.5 Conclusions

The general implications of climate and land use changes were expressed in this chap-
ter. In most cases, the climate change has negative impacts on the natural and artificial
systems in terms of hazards, water resources, human health, and glaciers. The land use
is mandatory for human life with the use of land for agriculture, industry, and infra-
structure implementation. The pollution of soil, water, and air is the main factor com-
ing from the land use practices.

Several programs and projects regarding the mitigation of climate change and land use
modification have been implemented at regional, continental, and global level. These regu-
lations are useful to reduce the impact of climate and land use change on the environmen-
tal components. Thus the monitoring of water demand for different uses, mainly in the
drought periods, contributes to water resources protection and sustainability practices for
long-term periods with respect to water demand in agriculture and industry. The changes
in land use, in all mountains, hills, and plains may produce imbalances in terms of pollution,
flooding, landslides, and many other impacts, in the tropical, temperate, and/or polar zones.
In the latter, the climate change influences directly the melting of ice mass and glacial
retreat. Due to the higher naturality of the polar zones, the impacts of climate and land use
changes do not affect the human and artificial systems in all cases. However, the melting of
large ice masses contributes to the modification of ecosystems and sea level rise.

The common objectives of the main consortium of researchers in climate and
environmental studies have major implications for highlighting the importance of such
kinds of surveys to governmental organizations, to regional and local administrators,
and, if it could be implicated, to the universities and stakeholders from the affected
territories. Thus the mitigation of climate and land use change impacts on natural and
artificial systems and future plans will lead to the protection of our environment and
consolidation of sustainability.
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Holobâcă, I.H., 2013. Glacier mapper � a new method designed to assess change in mountain glaciers.
Int. J. Remote Sens. 34 (23), 8475�8490.

Houghton, J.T., Meira, F.L.G., Callander, B.A., Harris, N., Kattenberg, A., Maskell, K., 1995. Climate
Change 1995: The Science of Climate Change. Contribution of WG1 to the Second Assessment Report
of the Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, UK.

IPCC, 2001. Climate change 2001: the scientific basis. In: Houghton, J.T., Ding, Y., Griggs, D.J.,
Noguer, M., van der Linden, P.J., Dai, X. (Eds.), Contribution of Working Group I to the Third
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge and New York, New York, p. 881.

IPCC, 2007. Climate change 2007: impacts, adaptation and vulnerability. In: Parry, M.L., Canziani,
O.F., Palutikof, J.P., van der Linden, P.J., Hanson, C.E. (Eds.), Contribution of Working Group II
to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK, p. 976.

IPCC, 2013. Summary for policymakers. In: Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen,
S.K., Boschung, J., et al., Climate Change 2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, United Kingdom and New York, USA, p. 1308.

Jiménez Cisneros, B.E., Oki, T., Arnell, N.W., Benito, G., Cogley, J.G., Döll, P., et al., 2014.
Freshwater resources. In: Field, C.B., Barros, V.R., Dokken, D.J., Mach, K.J., Mastrandrea, M.D.,
Bilir, T.E., Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova, R.C., Girma, B., Kissel, E.S.,
Levy, A.N., MacCracken, S., Mastrandrea, P.R., White, L.L. (Eds.), Climate Change 2014: Impacts,
Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group
II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, United Kingdom and New York, USA, pp. 229�269.

Jin, J., Li, S., Song, C., Zhang, X., Lv, X., 2019. Ageing deformation of tailings dams in seasonally frozen
soil areas. Nat. Sci. Rep. 9 (15033). Available from: https://doi.org/10.1038/s41598-019-51449-6.

Kargel, J.S., Abrams, M.J., Bishop, M.P., Bush, A., Hamilton, G., Jiskoot, H., et al., 2005. Multispectral imag-
ing contributions to global land ice measurements from space. Remote Sens. Environ. 99 (1), 187�219.

Kennedy, B.W., Trabant, D.C., Mayo, L.R., 2006. A Century of Retreat at Portage Glacier, South-
Central Alaska, U.S. Geological Survey, Anchorage.

Khalsa, S.J.S., Dyurgerov, M.B., Khromova, T., Raup, B.H., Barry, R.G., 2004. Space-based mapping of
glacier changes using ASTER and GIS tools. IEEE Trans. Geosci. Remote Sens. 42 (10), 2177�2183.

Kløve, B., Ala-Aho, P., Okkonen, J., Rossi, P., 2012. Possible effects of climate change on hydrogeologi-
cal systems: results from research on Esker Aquifers in Northern Finland. In: Treidel, H., Martin-
Bordes, J.J., Gurdak, J.J. (Eds.), Climate Change Effects on Groundwater Resources: A Global
Synthesis of Findings and Recommendations. International Association of Hydrogeologists (IAH).
International Contributions to Hydrogeology. Taylor & Francis Publishing, p. 414., pp. 305�322.

Kløve, B., Ala-Aho, P., Bertrand, G., Gurdak, J.J., Kupfersberger, H., Kværner, J., et al., 2014. Climate
change impacts on groundwater and dependent ecosystems. J. Hydrol. 518, 250�266.

Marchi, M., Castellanos-Acuña, D., Hamann, A., Wang, T., Ray, D., Menzel, A., 2020. ClimateEU,
scale-free climate normals, historical time series, and future projections for Europe. Sci. Data 7 (428),
1�12. Available from: https://doi.org/10.1038/s41597-020-00763-0.

Nistor, M.M., 2017. Climate change impact on glaciers retreat in passage Canal Fjord, Alaska. Carpathian
J. Earth Environ. Sci. 12 (1), 259�267.

Nistor, M.M., 2019. Climate change effect on groundwater resources in South East Europe during 21st
century. Quat. Int. 504, 171�180. Available from: https://doi.org/10.1016/j.quaint.2018.05.019.

Nistor, M.M., 2020. Groundwater vulnerability in Europe under climate change. Quat. Int. 547,
185�196. Available from: https://doi.org/10.1016/j.quaint.2019.04.012.

8 Climate and Land Use Impacts on Natural and Artificial Systems



O’Neel, S., Hood, E., Arendt, A., Sass, L., 2014. Assessing streamflow sensitivity to variations in glacier
mass balance. Clim. Change 123, 329�341.

Oerlemans, J., 2005. Extracting a climate signal from 169 glacier records. Science 308, 675�677.
Painter, T.H., Flanner, M.G., Kaser, G., Marzeion, B., Van Curen, R.A., Abdalati, W., 2013.

In: Solomon, Susan (Ed.), End of the Little Ice Age in the Alps Forced by Industrial Black Carbon.
Massachusetts Institute of Technology, Cambridge.

Rahardjo, H., Nistor, M.M., Gofar, N., Satyanaga, A., Xiaosheng, Q., Chui Yee, S.I., 2019. Spatial dis-
tribution, variation and trend of five-day antecedent rainfall in Singapore. Georisk: Assess. Manage.
Risk Eng. Syst. Geohazards. Available from: https://doi.org/10.1080/17499518.2019.1639196.

Shahgedanova, M., Stokes, C.R., Gurney, S.D., Popovnin, V., 2005. Interactions between mass balance,
atmospheric circulation, and recent climate change on the Djankuat Glacier, Caucasus Mountains,
Russia. J. Geophys. Res. 110 (D4).

Shaver, G.R., Canadell, J., Chapin III, F.S., Gurevitch, J., Harte, J., Henry, G., et al., 2000. Global
warming and terrestrial ecosystems: a conceptual framework for analysis. BioScience. 50 (10),
871�882.

Stavig, L., Collins, L., Hager, C., Herring, M., Brown, E., Locklar, E., 2005. The effects of climate
change on Cordova, Alaska on the Prince William Sound, Alaska Tsunami Papers. Natl. Ocean. Sci.
Bowl. Available from: https://seagrant.uaf.edu/nosb/papers/2005/cordova-nurds.html accessed 23
April 2014.

Taylor, C.A., Stefan, H.G., 2009. Shallow groundwater temperature response to climate change and
urbanization. J. Hydrol. 375 (3�4), 601�612.

Theurillat, J.P., Guisan, A., 2001. Potential impact of climate change on vegetation in the European
Alps: a review. Clim. Change 50, 77�109.

9Introduction: overview of current climate and land use challenges in the environmental space



This page intentionally left blank



CHAPTER 2

Climate and land use data usages in
research and administration units
Mărgărit-Mircea Nistor
Department of Hydrogeology, Earthresearch Company, Cluj-Napoca, Romania

2.1 Introduction

The research in the field of climate and land use is currently of high interest for
numerous institutions, universities, and corporations that include researchers and aca-
demic staff, environmental specialists, civil engineers, and managers from administra-
tion units. Many issues have been raised at the global, continental, regional, and
country level in the last decades due to the global warming and land use modifications
(Stocks et al., 1998; Haeberli et al., 1999; IPCC, 2001; Čenčur Curk et al., 2014;
Haidu and Nistor, 2019; Nistor, 2019). In most cases, the climate warming
(Oerlemans, 2005) and intense land use practices affected negatively the natural and
artificial systems of the globe. Several studies have shown that climate change contri-
butes drastically to glaciers and ice mass melting (Khalsa et al., 2004; Kargel et al.,
2005; Oerlemans, 2005; Shahgedanova et al., 2005; Dong et al., 2013; Xie et al.,
2013; Elfarrak et al., 2014; Nistor, 2017). This fact implies many other effects such as
flooding, sea level rise, landslides, and modifications in the biotic factors (Rahardjo
et al., 2019). Water resources are affected by climate change in terms of quality and
quantity (Taylor and Stefan, 2009; Haldorsen et al., 2012; Kløve et al., 2012, 2014).
The land use practices, mainly intense agriculture and industrial activities, contribute
to the pollution of soil, air, and groundwater resources (Wochna et al., 2011; Kosztra
et al., 2017; Nistor et al., 2018; Nistor, 2019).

In order to have a healthy environment and a good quality of artificial systems,
numerous researches and investigations have been completed up to the present. The
past and current studies with respect to the climate and land use indicate the quality
status and quantity status of the natural and artificial systems (Galleani et al., 2011;
Čenčur Curk et al., 2014; Dezsi et al., 2018; IPCC, 2019; Nistor, 2019). Most
recently, the future predictions and modeling of various phenomena completed the
gaps in the research. For instance, the good management of the environment and arti-
ficial systems for long-term periods is mandatory from a sustainability point of view. In
addition, conferences and meetings have taken place during the last decades (e.g.,
United Nations, 1992; IPCC, 2001, 2007, 2013).
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The climate and land use data are extremely often used in climatology and hydrol-
ogy studies (Cervi and Nistor, 2018). Through the climate data, the climate indices are
used for the climate regime characterization and determination of humidity�aridity and
continentality�oceanity (Flocas, 1994; Filatov et al., 2005; Baltas, 2007). For instance,
the De Mertonne Aridity Index, UNEP Index, Johansson Continentality Index, Pinna
Combinative Index, and Kernel Oceanity Index are five of the most important climate
indices that are applied in climatology, hydrology, and also in agricultural investigations
(Baltas, 2007; Deniz et al., 2011, Nistor, 2016). The impact of land use for the hydroge-
ology and groundwater vulnerability in Europe and in several regions was determined
by Haidu and Nistor (2020) and Nistor (2020).

In the analysis of quality factors of the environment and artificial systems, but also
in the quality of the global entities, the datasets are crucial. Thus many institutes and
universities have been concerned with climate data analysis, including the historical
records and future models (European Environment Agency, 2007; ISPRA, 2020;
CSIRO, 2020). Up to the present, several climate models have been created for the
globe and continents. At the same time, the land use data were analyzed and projected
for the future at the global and continental levels (Copernicus Land Monitoring
Services, 2012; European Environment Agency, 2007; Schulp et al., 2015).

The objective of this chapter is to highlight the main aspects of climate and land
use datasets, including the sources and reasons for which these data uses were created.

2.2 Climate data

The climate data are important in almost all environmental studies regarding the climate
change topics. Most of the climate data are collected by authorized institutions and pre-
processed in order to obtain clean series of climatological parameters and to eliminate
errors and anomalies due to the measurement instruments. Specialists in climatology have
prepared the “ready to use” datasets in various places of the world. The WorldClim
(2020) is a complex database with high spatial resolution of historical and future climate
variables (https://www.worldclim.org/data/index.html#). This database contains monthly
climate data for minimum, mean, and maximum temperature, precipitation, solar radia-
tion, wind speed, water vapor pressure, and for total precipitation (Fig. 2.1). In the
WorldClim are included 19 “bioclimatic” variables. The spatial resolution varies between
B1 and 340 km2. The database contains nine climate models based on global climate
models. These models are BCC-CSM2-MR, CNRM-CM6-1, CNRM-ESM2-1,
CanESM5, GFDL-ESM4, IPSL-CM6A-LR, MIROC-ES2L, MIROC6, and MRI-
ESM2-0 (https://www.worldclim.org/data/cmip6/cmip6climate.html) (Fig. 2.2).

For North America and South America, a complex dataset including historical climate
data and future climate models was developed by Andreas Hamann from the University
of Alberta (https://sites.ualberta.ca/Bahamann/index.html). For the precipitation climate
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models the Parameter Regression of Independent Slopes Model (PRISM) tool was used
to perform the climate models (Hamann et al., 2013; Wang et al., 2016). The ANUSplin
interpolation method was used for temperature models computation. The Representative
Concentration Pathway (RCP) 4.5 and 8.5 for emissions were applied for the climate
change projection, based on a global prediction. The product is represented by raster grid
data of ensemble averages of 15 AOGCMs, according to the CMIP5 multimodel dataset
and the IPCC Assessment Report 5 (2013). ClimateEU v4.63 software was used to model
the future climate variables for these continents. The National Weather Service (2021),
known also as the National Oceanic and Atmospheric Administration (https://www.
weather.gov/), and NASA (2021) provide the climate data (https://gcmd.nasa.gov/) for
North America, especially for the United States. For the western part of North America,
including Alaska, the Western Regional Climate Center (2021) provides comprehensive
historical datasets and weather forecasts including maps and radar imagery. The climate
data are available on the website (https://wrcc.dri.edu/) (Fig. 2.3).

Andreas Hamann completed the 1 km2 grid data of a multitude of variables at spatial
scale for Europe and the datasets are available on the website (http://tinyurl.com/
ClimateEU). He used the PRISM tool for precipitation computation and the ANUSplin
interpolation method for temperature climate models. The climate data models consist
of an ensemble of average data grids of 15 AOGCMs, according to the CMIP5 multimo-
del (Marchi et al., 2020). Practically, the procedures are the same as those for North
America and South America (Hamann et al., 2013; Wang et al., 2016). The datasets are

Figure 2.1 The WorldClim website including the historical climate data. Data from https://www.
worldclim.org/data/worldclim21.html.
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available on Andreas Hamann’s website (https://sites.ualberta.ca/Bahamann/index.html)
(Fig. 2.4).

An important dataset source of the base of normal period (1961�1990) and a dataset of
meteorological stations for Europe are available on the website (http://www.cru.uea.ac.uk/)

Figure 2.2 The WorldClim website including the future climate data. Data from https://www.world-
clim.org/data/cmip6/cmip6climate.html.

Figure 2.3 The Western Regional Climate Center website including climate services. Data from https://
wrcc.dri.edu/.
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of University of East Anglia (2021). These datasets belong to the CRU TS 2.1 project
(Mitchell and Jones, 2005) and include mean monthly precipitation and mean, minimum,
and maximum monthly temperature. The datasets were quality controlled and checked for
inhomogeneities (New et al., 1998). For the Europe gridded climatological data of tempera-
ture, about 1644 stations (344 for mean monthly temperature, 647 for minimum monthly
temperature, and 653 for maximum monthly temperature) were used using the surface
observations. For the gridded climatological data of precipitation about 1333 meteorological
stations were used.

The ENSEMBLES Regional Climate Models validation and future projections for
Europe and Africa include precipitation, mean temperature at 2 m, minimum temperature,

Figure 2.4 The Andreas Hamann’s website including example of climate data and climate models.
Data from: https://sites.ualberta.ca/Bahamann/data.html.
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and maximum temperature parameters. These climate models were biased for 1961�2000
period and refer to the ERA40 and SRESA1B experiments. The products are raster data
grids with 25 km2 spatial resolution (Fig. 2.5). The ENSEMBLES Regional Climate Models
(2021) are available on the website (https://sites.google.com/site/rt3validation/Home).

In Asia, the existing climate models were developed by different institutions.
Seoul National University Regional Climate Model (SNURCM) is one of the
most complex climate models for Asia and it was performed by Ulsan National
Institute of Science and Technology in the 1990s; it simulates the intrinsic and
detailed climate prevailing in Asia (Lee and Cha, 2020). In South Asia, for exam-
ple, the Meteorological Service Singapore (2014) managed to downscale nine cli-
mate models at a spatial resolution of 12 km2 for Singapore Island. These models
are ACCESS1�3, bcc-csm1-1-m, CanESM2, CMCC-CM, CNRM-CM5,
CSIRO-Mk3�6-0, GFDL-CM3, HadGEM2-ES, and IPSL-CM5A-MR. These
climate models were performed using RCP4.5 and 8.5 and were validated by
Meteorological Service Singapore (2014).

In Australia the CSIRO agency prepared CSIRO-Mk3�6-0 and ACCESS climate
models (Fig. 2.6). The latter is based on CMIP6 and it provides two ACCESS versions,
ACCESS-CM2 and ACCESS-ESM1.5, which handle atmosphere and sea ice components
and simulate the carbon cycle alongside the climate (https://www.csiro.au/en/Research/
OandA/Areas/Assessing-our-climate/ACCESS) (Fig. 2.7). These climate data are available
on the website of CSIRO (https://www.csiro.au/en/Research/Climate).

Figure 2.5 The ENSEMBLE Regional Climate Models website including data for Europe and Africa.
Data from https://sites.google.com/site/rt3validation/Home.
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At the regional and local scale, several researchers from authorized institutions created
regional and local climate models. For instance, for Southeast Europe region, the precipi-
tation, temperature, and potential evapotranspiration parameters were completed by the
National Administration of Meteorology from Bucharest, Romania. They have gridded

Figure 2.6 The CSIRO website and climate data. Data from https://www.csiro.au/en/Research/Climate.

Figure 2.7 The CSIRO website and ACCESS climate model based on CMIP6. Data from https://www.
csiro.au/en/Research/OandA/Areas/Assessing-our-climate/ACCESS.
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the climate parameters at a spatial scale of B25 km2 with a temporal scale of 30 years.
These datasets were used in the Waters and CCWARE European Projects. World Bank
(2020) is an important database that includes various datasets with respect to climate, water
resources, world development indicators, finances, and many others parameters. The data
are available on the website (https://data.worldbank.org/).

In the real world of research and industry, there exist many other databases with
climate data and climate models. For instance, The Climate Data Factory (2021) are
offering comprehensive datasets (Fig. 2.8), which include climate projections, and
weekly and monthly forecasts (https://theclimatedatafactory.com/). They have
prepared the mean, minimum, and maximum temperature, rainfall, wind speed para-
meters, 30 climate indices, and two GHG emission scenarios.

2.3 Land use data

The land use data represent the past and current situation of the terrain in term of types of
land parcels. The future projections of land use are also available for several territories of
the globe. Most land use and land cover data are coming from remote sensing surveys,
satellite imaging data, and field research. Globally and regionally there are certain datasets
processed by various institutions and environmental agencies.

Global Land Cover is a large database that contains land use and land cover data which
extends to Asia, North America, South America, Africa, Europe, Australia, and Pacific areas

Figure 2.8 The Climate Data Factory website including the climate variables, climate indices, and
2GHG emission scenarios. Data from https://theclimatedatafactory.com/.
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(Fig. 2.9). The datasets are offered by the United States Geological Survey EROS Archive
(2021) (https://www.usgs.gov/centers/eros/science/usgs-eros-archive-land-cover-products-
global-land-cover-characterization-glcc?qt-science_center_objects5 0#qt-science_center_ob-
jects). This dataset includes Global Ecosystems, International Geosphere-Biosphere
Programme (IGBP) Land Cover Classification, U.S. Geological Survey Land Use/Land
Cover System, Simple Biosphere Model, Simple Biosphere 2 Model, Biosphere
Atmosphere Transfer Scheme, and Vegetation Lifeform. The spatial resolution is about
1 km2. The data could be downloaded from the EarthExplorer website (https://earthex-
plorer.usgs.gov/). NASA Earth Observing System Pathfinder Program and the International
Geosphere Biosphere Programme Data and Information System were involved in the data
acquisition and processing. The temporal frame is started in 1992.

In Europe, the European Environmental Agency (EEA) (European Environment
Agency, 2020) processed and offers the CORINE Land Cover datasets (Fig. 2.10). This
dataset includes land use and land cover datasets for the European continent. The data are
available free of charge on the website (https://www.eea.europa.eu/data-and-maps), and
also from the Copernicus Land Monitoring Services (2012) (http://land.copernicus.eu/),
and refer to the 1990, 2000, and 2012 years. The format of CORINE Land Cover is vec-
tor and raster data at 250 m2 spatial resolution.

The HERCULES (2021) models of land cover refer to the land use and land cover
projections of Europe for 2030 and 2040. This dataset was prepared in the HERCULES
Project (Fig. 2.11), which stands for “Sustainable futures for Europe’s HERitage in

Figure 2.9 The United States Geological Survey EROS Archive website including global land cover
database. Data from https://www.usgs.gov/centers/eros/science/usgs-eros-archive-land-cover-products-
global-land-cover-characterization-glcc?qt-science_center_objects5 0#qt-science_center_objects.
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CULtural landscapES: Tools for understanding, managing, and protecting landscape func-
tions and values.” The dataset is available for Europe and it is available free of charge on
the website (http://www.hercules-landscapes.eu/). The cultural landscapes, such as land-
scape patterns, landscape structure, and intensity of land use parameters, were included in

Figure 2.10 The European Environmental Agency website including the data and maps products.
Data from https://www.eea.europa.eu/data-and-maps.

Figure 2.11 The HERCULES website including the land use and land cover datasets. Data from
http://www.hercules-landscapes.eu/.
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the land cover mapping. In addition, cultural significance was included into “Landscape
Character Index,” while the “polarization of land use” is based on the land abandonment
in some places and intense agriculture in other places. These indices influence the current
changes in cultural landscapes (Gellrich and Zimmermann, 2007; Kuemmerle et al., 2008;
Navarro and Pereira, 2012; Verburg et al., 2010).

Schulp et al. (2015) presented four scenarios (A1, A2, B1, and B2) of land use
changes for 2030 and 2040. They considered 14 trajectories in the land trend
changes. The most significant trajectories are forestry, agriculture, and urbanization.
Looking in detail at the scenarios, Scenario A1 is based on economic growth at a
global level with increases in the growth of food. For the Scenario A1, the decline
in tropical forest areas, and a fully liberalized CAP were considered, as well as weak
regulation on land use change (Lotze-Campen et al., 2008). Scenario A2 brings for-
ward the modest economic growth and no change in the CAP was considered. In
Scenario B1, the slow growth of food, small feed demand, and modest bioenergy
demand indicate the differences with the other scenarios. Scenario B2 was consid-
ered to be a fragmented world with modest economic growth without changes in
the CAP and modest bioenergy demand (Lotze-Campen et al., 2008).

2.4 Discussion

The main goal of this chapter was to present the main datasets of climate and land use for
different territories from around the globe. In the Earth Sciences, the climate data and
land use are two types of data that are very often used for numerous investigations. As it
was shown, specialists from various institutions and agencies have prepared the historical
climate data and future models for large kinds of analysis, risk assessment, and predictions.
The climatological data are included in the studies regarding climatology, hydrology, glaci-
ology, water demand, sea level rise, and many others. Climate change influences the stud-
ies and research topics in term of quality and quantity (Kløve et al., 2014).

The land use data is useful for large variety of surveys, including land resources,
agriculture and industry, engineering and construction, pollution, and many others
(Nistor, 2020). The most important topics in the environmental field are related to the
land use changes and the influences that these changes may have on the environmental
components (Haidu and Nistor, 2020).

Both climate and land use data are mandatory in the natural disasters analysis that occur
over the world with respect to landslides, slope failures, drought periods, and fires. The
European Commission treats very well and updates the information of climate change,
land use, and disasters (European Commission, 2020, https://ec.europa.eu/jrc/en/
research-topic/hazards-and-risks-climate-change-impacts) (Fig. 2.12).

In some domains, it is not enough just to use climate and land use data. In the field of
agriculture and hydrogeology, the chemical data are requested for quality analyses
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(Taylor and Stefan, 2009; Kløve et al., 2014). In the glaciers’ retreat, the satellite images and
various GPS measurements are necessary. In the hydrology and geohydrology studies, the
digital elevation model, geological data, and measurements in the piezometers are also used.

In civil engineering construction and infrastructure, geotechnical investigations are
mandatory. These investigations include boreholes data acquisition, laboratory analyses,
shear strength and friction angle calculations, factor of safety determination, and many
other parameters. For these reasons, in the analyses of landslides and slopes failures, the
geomorphology of terrain, climate data, and land use are only part of the datasets. The
geotechnical surveys, completed with modern techniques of slope stability analyses and
modeling, are nowadays applied in the research and landslides predictions. These analyses
are based on historical data analyses, rock and soil samples, and 2D and 3D slope stability.

Being very important datasets, climate and land use data are crucial in various
domains. In addition, the climate and land use are of interest in different research
projects across the world for environmental studies. However, in some domains, the
terrain data morphology and geotechnical data are necessary.

2.5 Conclusions

Climate and land use data are mandatory in most surveys of the Earth. Nowadays, the
global warming and changes in the land use are affecting the ecosystems and environ-
mental components. Due to this, the artificial systems and human components are also

Figure 2.12 The European Commission website including hazards and risks of climate change
impact. Data from https://ec.europa.eu/jrc/en/research-topic/hazards-and-risks-climate-change-impacts.
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affected in different ways. The main sources for climate data and land use data were
presented and the websites that host various datasets were provided in this chapter.

At the global and regional level, there are several institutions and agencies that pro-
vide climate models. The main sources for the entire globe and continents
are WorldClim, National Weather Service, CSIRO, ENSEMBLES Regional Climate
Models, and University of East Anglia. For North America and South America, there
are BCC-CSM2-MR, CNRM-CM6-1, CNRM-ESM2-1, CanESM5, GFDL-ESM4,
IPSL-CM6A-LR, MIROC-ES2L, MIROC6, and MRI-ESM2-0. The SNURCM
climate model was developed in Asia, but also several climate models are available
(e.g., ACCESS1�3, bcc-csm1-1-m, CanESM2, CMCC-CM, CNRM-CM5,
CSIRO-Mk3�6-0, GFDL-CM3, HadGEM2-ES, and IPSL-CM5A-MR). For the
European continent, several climate models are available, such as CanESM2, ACCESS1.0,
IPSL-CM5A-MR, MIROC5, MPI-ESM-LR, CCSM4, HadGEM2-ES, CNRM-CM5,
CSIRO Mk 3.6, GFDL-CM3, INM-CM4, MRI-CGCM3, MIROC-ESM,
CESM1-CAM5, and GISS-E2R. The CSIRO and ACCESS climate models cover the
Australian continent.

Regarding the land use of the globe and various territories, the surveys are performed
mainly by United States Geological Survey EROS Archive, National Aeronautics and
Space Administration (NASA), EEA, and Copernicus Land Monitoring Services.

As it was shown in the chapter, for agriculture and hydrogeology, glaciology, and
civil engineering construction and infrastructure, the climate and land use are not
enough for a complete survey. Depending on the complexity of the problems and
specific characteristics of the domain, the digital elevation model, chemical data, geo-
logical data, boreholes data, piezometers GPS measurements, and geotechnical data are
some of the additional datasets that are necessary in the environmental research.

In order to perform a certain research, the climate and land use data types could be
downloaded from the indicated links and used. This chapter contains only a small number
of the climate and land use datasets that are easy to find. We are convinced that at the global,
regional, and local scales there could exist many other datasets of climate and land use. Here
we intended just to mention the main datasets and their sources. The presented climate data
and land use data are validated and used in the international studies and publications.

Abbreviations of climate models
AOGCM Atmosphere Ocean Global Climate Model
CMIP5 Coupled Model Intercomparison Project phase 5
CanESM2 Canadian Earth System Model 2
CCSM4 Community Climate System Model version 4
INM-CM4 Institute of Numerical Mathematics Climate Model version 4
ACCESS1.0 Australian Community Climate and Earth System Simulator
HadGEM2-ES Hadley Centre Global Environment Model version 2

23Climate and land use data usages in research and administration units



MRI-CGCM3 Meteorological Research Institute Coupled Global Climate Model version 3
IPSL-CM5A-MR Institut Pierre Simon Laplace Climate Model 5A Medium resolution
CNRM-CM5 Centre National de Recherches Météorologiques Climate Model version 5
MIROC-ESM Model for Interdisciplinary Research on Climate Earth System Models
MIROC5 Model for Interdisciplinary Research on Climate version 5
CSIRO Mk 3.6 Commonwealth Scientific and Industrial Research Organisation model version 3.6
CESM1-CAM5 Community Earth System Model version 1 Community Atmosphere Model version 5
MPI-ESM-LR Max-Planck-Institut für Meteorologie Earth System Model on Low Resolution
GFDL-CM3 Geophysical Fluid Dynamics Laboratory Climate Model version 3
GISS-E2R Goddard Institute for Space Studies ModelE 2 Russell ocean model
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CHAPTER 14

Application of HEC-RAS/WMS and FHI
models for extreme hydrological
events under climate change in the Ifni
River arid watershed from Morocco
Mustapha Ikirri1, Farid Faik1, Said Boutaleb1, Fatima Zahra Echogdali1,
Mohamed Abioui1 and Nadhir Al-Ansari2
1Department of Earth Sciences, Faculty of Sciences, Ibn Zohr University, Agadir, Morocco
2Civil, Environmental and Natural Resources Engineering, Lulea University of Technology, Lulea, Sweden

14.1 Introduction

Floods are important hydrological phenomena that have damaging effects on infra-
structure, property, people, and the natural environment (Aich et al., 2015).
Exceptional floods cause enormous problems with very negative socioeconomic and
environmental repercussions (e.g., Nistor et al., 2020; Jongman et al., 2012; Pulvirenti
et al., 2011; Saidi et al., 2010; Jonkman et al., 2008; Hallegatte et al., 2007). Several
researchers have worked on the development of theories, numerical models, and statis-
tical methods to describe and map these phenomena (e.g., Sun et al., 2016; Mendez
and Calvo-Valverde, 2016).

In recent years, Morocco, a country located in northwestern Africa, has experi-
enced numerous floods in several regions due to the impact of climate change, and
the negative impacts were considerable (Table 14.1) (Bennani et al., 2019; El Alaoui
El Fels et al., 2018; Echogdali et al., 2018a,b; Feng et al., 2013; Saidi et al., 2010;
Hulme et al., 2001). The region of Sidi Ifni is a perfect example since it suffered
extensive damage following the flood of the Ifni River that occurred on November
28, 2014 (Saad et al., 2019; Talha et al., 2019). This exceptional event was due to the
heavy rainfall during this hydrological cycle (342.8 mm) which was threefold higher
than the interannual average (143 mm per year). A study of these recurrent events and
their lateral extensions seems essential at the level of this region. It will allow operators
in the hydraulic field to delimit risk and safety zones with these events. It is from this
perspective that this study was conducted by comparing the results of the application
of the two flood mapping models [HEC-RAS/WMS (Watershed Modeling System)
and FHI], while presenting the advantages and limitations of each of them. The
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approach will consist of a simulation of the extreme flows along the Ifni River and the
spatialization of the floods according to the frequency of its flows (El Alaoui El Fels
et al., 2018; Wongsa, 2014; El Alaoui El Fels and Saidi, 2014).

14.2 Geomorphological and hydroclimatological framework of the
Ifni River basin

The watershed of the Ifni River is located in southern Morocco between longitude
9� 500 and 10� 100, and latitude 29� 100 and 29� 280. It covers an area of 717 km2,
with an altitude variation ranging from 8 to 1209 m (Fig. 14.1). This basin is
equipped with a hydroclimatological station located upstream from the city of Sidi
Ifni. Table 14.2 summarizes the physical characteristics of this basin.

From a climatic point of view, the watershed of the Ifni River is arid to semiarid
characterized by the interference of oceanic influences (CSEC, 2001). The average
temperature is 25�C, with a maximum of 45�C and a minimum of 10�C. From a
hydrological point of view, the hydrographic network of the Ifni River basin is quite
dense and well-branched (Fig. 14.2A), the average annual flow is 1.5m3 s21, its floods
reach 891 m3 s21 The slope of this basin is generally significant, it varies from 0 degree
on the terraces arranged in the beds of the wadis, up to 61 degrees on the slopes
upstream of the basin (Fig. 14.2B).

Geologically, the Ifni River basin is part of the Ifni buttonhole (Western Anti-
Atlas). This consists of a paleo-Proterozoic basement (granite of Alouzad) and a neo-
Proterozoic cover represented by the volcanosedimentary series of the Lkest Group
(Mortaji et al., 2007; Jeannette et al., 1981). This set is covered by volcanosedimentary

Table 14.1 Economic and human losses due to disasters that occurred between 1980�2014,
Morocco.

Killed people Economic damage

Disaster Date Killed Disaster Date Cost (US$ 3 1000)

Flood 1995 730 Drought 1999 9,00,000
Earthquake 2004 628 Earthquake 2004 4,00,000
Flood 2002 80 Flood 2002 2,00,000
Flood 1997 60 Flood 1996 55,000
Flood 1995 43 Flood 1995 9000
Flood 2003 35 Flood 2001 2200
Flood 2010 32 Extreme temp. 2000 809
Mass mov. dry 1988 31 Storm 2005 50
Flood 2008 30 Flood 2010 100
Flood 1996 25 Flood 2014 10,000,000
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formations corresponding respectively to sandstones and quartzites (Benziane and
Yazidi, 1982). The set is topped by carbonate formations of the Lower Cambrian
(Soulaimani and Bouabdelli, 2005; Benssaou and Hamoumi, 2003; Boudda and
Choubert, 1972). The Quaternary outcrops, generally in wadis, are in the form of
alluvium in terraces or veneer on ancient rocks (Fig. 14.3B).

The geological crystalline and carbonate formations favor intense runoff which
amplifies the extent of the floods. Alluvial and continental deposits, due to their

Figure 14.1 The geographical location of the watershed of the Ifni River.

Table 14.2 Morphometric characteristics of the watershed of the Ifni River.

Area
(km2)

Perimeter
(km)

Gravilus
index
(kg)

Equivalent
rectangle
width (km)

Length
of the
equivalent
rectangle
(km)

Drainage
density
(km-1)

Average
slope
(%)

Global
slope
index

717 133 1,39 13,55 52,91 0,66 22,73 11,52
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Figure 14.2 Sidi Ifni watershed. (A) Hydrographic network. (B) Slopes.

Figure 14.3 Sidi Ifni watershed. (A) Geological map. (B) Permeability map.
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greater permeability, tend to favor infiltration, which reduces the intensity of floods.
The importance of crystalline formations in the watershed provides an environment
conducive to the easy development of strong floods.

The flood of November 28, 2014, whose peak flow reached 891 m3 s21, was
due to a heavy downpour of 107.44 mm that fell over a short period of 12 hours.
The flood lasted 8 days, going from 4.5 m3 s21 to 891 m3 s21 for 12 hours fol-
lowed by a first fall to 440 m3 s21, then the flow increased over 30 hours to
505 m3 s21 followed by a slower preceding second and a prolonged dry-off
(Fig. 14.4). This event caused significant material and socioeconomic damage,
namely (Fig. 14.5), the demolition of houses, sports complex, tourist infrastruc-
ture, and the submersion of a campsite and the zoo park by water and mud, in
addition to the degradation of the road network connecting this city to other
regions.

14.3 Simulation methodology and hydrological models

The maximum discharge data used in the HEC-RAS/WMS model are those from the
Sidi Ifni hydrological station covering 39 years (1979/2018) (Table 14.3).

These data were statistically adjusted, by the maximum likelihood method, by six
laws using the Hyfran software: Log-Normal distribution, Gumbel distribution,
Weibull distribution, GEV (Generalized Extreme Value) distribution, exponential, and
Gamma distribution (Dey and Kundu, 2009; Meylan et al., 2008; Herschy, 2002;
Bobée et al., 1999; Robson and Reed, 1999; Vogel and Wilson, 1996; Hosking,
1990; Bobée and Ashkar, 1988; Crippen and Bue, 1977; Dubreuil, 1974).

The choice of the most suitable distribution is based on the application of the test
of the two criteria (Merz and Thieken, 2009): Akaike Information Criterion (AIC)
proposed by Akaike (1973) and the Bayesian Information Criterion (BIC) proposed by

Figure 14.4 Hydrograph of the flood November 28, 2014.

255Application of HEC-AS/WMS and FHI models for extreme hydrological events under climate change



Schwarz (1978). The distribution with the lowest values of BIC and AIC is the one
that best fits the data. These criteria are defined as follows:

AIC5 2 2TlogLik1 2Tk ð14:1Þ

BIC5 2 2TlogLik1KTlog Nð Þ ð14:2Þ

Figure 14.5 Photos showing the damage from the floods in November 2014.
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where logLik represents the log-likelihood of the parameters associated with the data;
K corresponds to the number of independent parameters in the model, and N desig-
nates the number of individuals making up the sample.

The curve resulting from the fit of the Log-Normal distribution with 95% confi-
dence intervals shows a satisfactory fit (Table 14.4) (Fig. 14.6).

The simulation of the lateral extension of the floods of the Ifni River was carried
out by the multicriteria analysis method (FHI) and validated by the HEC-RAS/WMS
method. Geographic Information System (GIS) was used to output maps of the spatial
distribution of floods. This work was carried out according to the methodology illus-
trated in Fig. 14.7. The results of the predetermination of the peak flows of Ifni River
are shown in Table 14.5.

Table 14.3 Annual instantaneous maximum flows of the Ifni River.

Year Q max
(m3 s21)

Year Q max
(m3 s21)

Year Q max
(m3 s21)

1979/1980 450.2 1992/1993 141.9 2005/2006 177.14
1980/1981 180.12 1993/1994 99.02 2006/2007 200.31
1981/1982 300 1994/1995 188.11 2007/2008 228.12
1982/1983 170.2 1995/1996 258.27 2008/2009 281.22
1983/1984 270.14 1996/1997 154.11 2009/2010 422.7
1984/1985 332.5 1997/1998 77.77 2010/2011 280.43
1985/1986 150.77 1998/1999 177.1 2011/2012 119.5
1986/1987 242.3 1999/2000 94.1 2012/2013 229.11
1987/1988 465.25 2000/2001 264.22 2013/2014 94.1
1988/1989 194.47 2001/2002 201.11 2014/2015 891.61
1989/1990 189.22 2002/2003 315.15 2015/2016 272.19
1990/1991 228.77 2003/2004 0 2016/2017 536.09
1991/1992 298.55 2004/2005 183.22 2017/2018 330

Table 14.4 Criteria of the model choice.

Laws Akaike information
criterion

Bayesian
information
criterion

Loglik

Log-normal (maximum likelihood) 473.626 470.35 �221.291
Gumbel (maximum likelihood) 475.75 472.475 �226.039
Gamma (maximum likelihood) 476.841 473.566 �225.061
Generalized extreme value

(maximum likelihood)
476.931 472.018 �217.453

Exponential (maximum likelihood) 478.983 475.707 �231.894
Weibull (maximum likelihood) 483.141 479.866 �227.53
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Figure 14.6 Best statistical adjustment of maximum daily flows at the Sidi Ifni station (1979�2018).

Figure 14.7 Diagram of the model methodology applied to floods in the Sidi Ifni watershed.
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14.3.1 Risk of flooding by the HEC-RAS and WMS method
The HEC-RAS/WMS model was applied to the area located downstream of the Ifni
River. The topographic data and the land use constitute, in addition to the maximum
flows, the basis of the flooding modeling of the Ifni River (Horritt and Bates, 2001).
The roughness values of the Ifni River in this study are 0.08 for the urbanized zone,
0.03 for the river zone, 0.04 for the bare soil, and 0.10 for the agricultural zone
(Echogdali et al., 2018b; Morin et al., 2000). The water level data calculated by
Hydrologic Engineering Centers River Analysis System (HEC-RAS) are then trans-
lated into thematic maps by the WMS model.

The parameters required for the hydraulic model in HEC-RAS are the central line
stream, the main channel benches, the cross sections of the wadi, and the geometry of
the channels to determine the elevations and speed of the surface of the river.

A total of 17 spaced cross sections were chosen for the mapping of the flood zones
(Fig. 14.8). Based on the simulated peak flows, the process of delimiting the flood
zones was carried out for seven return periods (10, 20, 50, 100, 200, and 500 years).

14.3.2 Risk of flooding by the Flood Hazard Index method
The Flood Hazard Index (FHI) method consists of delineating overflow zones by
Analytical Hierarchy Process (AHP) multicriteria analysis (Patrikaki et al., 2018). This
analysis is based on the combination of the selected factors, taking into account the
relative weights of each (Rahmati et al., 2016; Kazakis et al., 2015).

14.3.2.1 Factors included in Flood Hazard Index
The FHI process was developed in a GIS environment, taking into account six flood-
ing factors: flow accumulation (F), distance from the hydrographic network (D), drain-
age density (Dd), land use of the watershed (LU), slope (S), and geology of the

Table 14.5 Peak flows at different return periods by the Log-Normal distribution at the Sidi Ifni
station (1979�80�2017�18).

Return periods Frequency Probability Discharge (m3 s21) Confidence interval

2000 0.9995 0.0005 1190 696�1680
1000 0.999 0.001 1070 652�1490
500 0.998 0.002 962 607�1320
200 0.995 0.005 825 546�1100
100 0.99 0.01 727 499�955
50 0.98 0.02 633 452�815
20 0.95 0.05 515 386�643
10 0.9 0.1 428 334�522
5 0.8 0.2 342 278�407
2 0.5 0.5 223 187�260
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watershed (G). The selection of these factors in this study was theoretically based on
their relevance, their rate of contribution to flood risks as well as the local conditions
of the watershed. The factors were reclassified from values ranging from 2 (low risk)
to 10 (high risk):
1. Factor (F): the accumulated volume of water flowing downstream from the basin

(Avagyan et al., 2018) (Fig. 14.9A).
2. Factor (D): it indicates a level of flood risk in each area gradually removed from

the drainage network, the more the distance increases, the more the flood potential
decreases (Kazakis et al., 2015) (Fig. 14.9B).

3. Factor (Dd): it is between 0 and 2.41 m km22 (Jenkinson, 1955). The majority of
the basin has a Dd of between 0.72 and 2.41 m km22 (Fig. 14.9C).

4. Factor (LU): the urban area of Sidi Ifni city is located downstream of the basin
which allows water to flow in greater quantity in the form of runoff in this area. A
large part of the area of study is covered by bare, nonvegetated soil (Fig. 14.9D).

Figure 14.8 Cross section used for modeling with DEM (digital elevation model) as a background image.
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5. Factor (S): the slope was classified according to the model applied by Demek (1972). For
this basin, the areas of a low slope are located in the central part, while the areas with a
strong slope are found in the mountainous parts to the south and southeast (Fig. 14.9E).

6. Factor (G): the permeable formations favor the infiltration of water, and conse-
quently, they are assigned class 2, unlike impermeable formations, which have
been assigned class 10 (Fig. 14.9F) (Table 14.6).
The geological information and land cover of the watershed have been classified as

per studies by Echogdali et al. (2018b), Franci et al. (2016), and Kazakis et al. (2015).
In this study, the order of importance of the factors influencing the FHI is as follows:
(F), (D), (Dd), (LU), and (S). The thematic maps in Fig. 14.9 illustrate the spatial dis-
tribution of the parameter values of each factor in the basin.

The relative weight of each factor is defined according to the AHP (Saaty, 1990a,b). It
is calculated after it is ranked according to its relative importance (Table 14.6). Thus once
all the criteria are sorted hierarchically, a pairwise comparison matrix is created for each
criterion, taking the principal eigenvector of the pairwise comparison matrix between the
AHP criteria (Table 14.7). A good approximation of this result was obtained by summing
the values of each column of the comparison matrix, dividing each element in the matrix
by its column total, and finally calculating the average of the elements in each column of
the standardized matrix (Table 14.8) (Razandi et al., 2015; Drobne and Lisec, 2009).

Figure 14.9 Thematic maps of the factors of the Sidi Ifni watershed: (A) Flow accumulation. (B)
Distance from the hydrographic network. (C) Drainage network density. (D) Land use. (E) Slope. (F)
Permeability.
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To assess the weight of each factor, the pairwise comparison matrix data (Table 14.7)
were taken as the input data, while the relative weights of the factors are taken as the
results. This matrix is 63 6 in size and the diagonal elements are equal to 1.

The degree of consistency of the matrix was calculated by the use of the AHP method
which consists of calculating the consistency ratio (CR), which makes it possible to compare
the consistency index (CI) of the matrix compared to the CI of a random type matrix (RI).

Subsequently, after normalization of the matrix, the eigenvector λ max of the
matrix is calculated. The consistency of all the judgments is subsequently checked, by
ensuring that the CR is less than or equal to 10% (Saaty, 2012).

The CR of 0.08 calculated for our case shows that the consistency of the assigned
weights is correct (Tables 14.8 and 14.9).

Table 14.6 Classes of the factors and according to weights.

Factors (units) Classes Rating Weight

Flow accumulation (pixels) 0�21691 2 3.31
21691�85338 4
85338�174373 6
174373�381082 8
381082�768077 10

Distance from
hydrographic network (m)

1000�2000 2 3.08
700�1000 4
400�700 6
200�400 8
0�200 10

Drainage network
density (m km22)

0�18.67 2 1.34
18.67�34.37 4
34.37�49.3 6
49.3�66.11 8
66.11�105.21 10

Land use Dense vegetation 2 1.08
Less dense vegetation/agricultural activity 4
Bare ground/pastures 6
Urban 8
River 10

Slope (%) 28�61 2 0.71
19�28 4
Dec-19 6
6-Dec 8
0�6 10

Permeability High permeability 2 0.49
Medium permeability 6
low permeability 8
raincoat 10
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14.3.2.2 Overlay maps
The proposed methodology combines the factors used linearly, taking into account
the relative weights. This involves superimposing the thematic maps of Fig. 14.9 with
different weights in a GIS environment. The flood risk index is calculated using
Eq. (14.3).

FHI5
X

i5 6

WiTXið Þ ð14:3Þ

Table 14.8 Normalized flood hazard factors and weights for factors.

Factors Flow
accumulation

Distance
from
drainage

Drainage
network
density

Land
use

Slope Geology Mean Wi

Flow
accumulation

0.38 0.51 0.27 0.31 0.31 0.21 0.33 3.31

Distance from
drainage

0.19 0.26 0.54 0.31 0.24 0.32 0.31 3.08

Drainage
network
density

0.13 0.04 0.09 0.2 0.18 0.16 0.135 1.34

Land use 0.13 0.09 0.04 0.1 0.18 0.11 0.11 1.08
Slope 0.08 0.06 0.03 0.03 0.06 0.16 0.07 0.71
Geology 0.1 0.04 0.03 0.05 0.02 0.05 0.05 0.49

Table 14.9 Random indices are used to compute the consistency ratio.

n 1 2 3 4 5 6 7 8 9 10

Randon index 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

Table 14.7 Pair-wise comparison matrix of different factors.

Factors Flow
accumulation

Distance
from
drainage

Drainage
network
density

Land
use

Slope Geology

Flow accumulation 1 2 3 3 5 4
Distance from drainage 1/2 1 6 3 4 6
Drainage network

density
1/3 1/6 1 2 3 3

Land use 1/3 1/3 1/2 1 3 2
Slope 1/5 1/4 1/3 1/3 1 3
Geology 1/4 1/6 1/3 1/2 1/3 1
n5 6 λmax5 6.54 RI5 1.24 CR5 0.08
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where Wi is the weight of factor i and Xi is the number of factor i.

FHI5 3:31T Flow accumulationð Þ1 3:08T Distance from hydrographic networkð Þ

11:34T Drainage network densityð Þ1 1:08T Land use Land useð Þ

10:71T Slopeð Þ1 0:49TðGeologyÞ
Finally, the flood risk map is created (Fig. 14.10).

14.4 Results and discussion

14.4.1 Flood Hazard Index method
The map (Fig. 14.10) defining the results of the FHI method shows five classes of
flood vulnerability (Table 14.10). The flood-prone areas mainly concern the bed of
the wadi, tourist infrastructure, the national road connecting the Sidi Ifni city to other
regions, and residential buildings. This mapping by the FHI method corroborates the
flood zones of the 2014 flood. These results show that the constructible zones in the
public hydraulic domain slow down the infiltration of water and thus constitute dan-
gerous zones with a very high risk of flooding. The upstream part and central basin,
stripped of any massive construction in the hydraulic field, is weakly sensitive to flood-
ing due to the steep slope and the presence of permeable formations.

Figure 14.10 Flood risk map obtained by the Flood Hazard Index composite of the downstream
part of the basin.
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14.4.2 HEC-RAS and WMS method
The peak flows as well as their return periods used for the modeling of flood zones
downstream of the watershed are presented in Table 14.11.

The simulated peak flows were entered and generated in the HEC-RAS model.
Results were imported and prepared in WMS software for all return periods (Fig. 14.11).

Table 14.10 Distribution of flood hazard risk in the Sidi Ifni watershed.

Degree of flood risk Area (km2) Percentage (%)

Very low 85.24 11.92
Low 141.99 19.86
Medium 178.89 25.02
High 197.12 27.58
Very high 111.46 15.59

Table 14.11 Peak flows at different return periods used for modeling.

Retum periods Frequency Probability Discharge (m3 s21)

500 0.998 0.002 962
200 0.995 0.005 825
100 0.99 0.01 727
50 0.98 0.02 633
20 0.95 0.05 515
10 0.9 0.1 428

Figure 14.11 Simulation and spatialization of the (A) 10-year and (B) 500-year flood downstream
of the Sidi Ifni watershed.
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The analysis of the lateral extension of these floods highlights significant overflows
of the watercourse on its banks. The height of the water varies from 0.43 to 8.6 m in
some places of the alluvial plain. This is also confirmed by the number of historical
floods that have occurred in areas of high and very high flood risk and, which have
been assessed by the FHI index method. The 500-year flood, which can reach 8.6 m
in height, can inundate several homes, tourist infrastructures, houses, agricultural fields,
and even cut through the road network.

Overall, the validation of the spatial distribution of the FHI index has significantly
improved the reliability of the proposed methodology for assessing flood-prone areas
throughout the basin despite the lack of hydrometric data. The HEC-RAS/WMS
method seems limited because it allows mapping only of the zones downstream of the
hydrological station, and it is impossible to use it in the zones not equipped with
hydrometric stations, especially upstream (Fig. 14.12).

Figure 14.12 Superposition of the HEC-RAS/WMS and Flood Hazard Index results.
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This study made it possible to promote the FHI method in nonequipped pools,
especially since its results corroborate those of the HEC-RAS method, where the
measurements were made by both methods.

14.5 Conclusion

Two models for mapping flood-prone areas were applied in the Ifni River watershed.
These are the HEC-RAS/WMS and FHI models. Analysis of the results of the FHI
model shows that the weight of the most influencing parameter is corresponding to
flow accumulation while the least influential parameter is that corresponding to per-
meability. The superposition in the form of thematic maps of the different factors
makes it possible to delimit the areas at risk of flooding in the basin. The application
of the HEC-RAS/WMS model made it possible to map these areas more precisely,
but only in the area downstream from the hydrometric station. These results show the
importance of the FHI method, which makes it possible to map flood-prone areas
throughout the basin even if it is not equipped with a hydrometric station, and above
all that its results corroborate those of the HEC-RAS method, where measurements
were made by both methods. The results obtained in this basin will help guide man-
agers and operators of flood risks in future development plans for the region.

References
Aich, V., Liersch, S., Vetter, T., Andersson, J., Muller, E., Hatermam, F., 2015. Climate or land use?

Attribution of changes in river flooding in the Sahel Zone. Water 7 (6), 2796�2820. Available from:
https://doi.org/10.3390/w7062796.

Akaike, H., 1973. Information theory and an extension of the maximum likelihood principle. In:
Proceedings of the Second International Symposium on Information Theory, (pp. 267�281). Budapest:
Akademiai Kiado.

Avagyan, A., Manandyan, H., Arakelyan, A., Piloyan, A., 2018. Toward a disaster risk assessment and
mapping in the virtual geographic environment of Armenia. Nat. Hazards 92 (1), 283�309.
Available from: https://doi.org/10.1007/s11069-018-3208-0.

Bennani, O., Tramblay, Y., Saidi, M.E.M., Gascoin, S., Leone, F., 2019. Flood hazard mapping using
two digital elevation models: application in a semi-arid environment of Morocco. Eur. Sci. J. 15 (33),
338�359. Available from: https://doi.org/10.19044/esj.2019.v15n33p338.

Benssaou, M., Hamoumi, N., 2003. Le graben de l’Anti-Atlas occident (Maroc): contrôle tectonique de
la paléogéographique et des séquences au Cambrien inférieur. C. R. Geosci. 335 (3), 297�305.
Available from: https://doi.org/10.1016/S1631-0713(03)00033-6.

Benziane, F., Yazidi, A., 1982. Géologie de la boutonnière d’Ifni (Anti-Atlas occidental, Maroc). Notes
Mém. Serv. Géol Maroc. 312, 114 p (In French).

Bobée, B., Ashkar, F., 1988. Review of statistical methods for estimating flood risk with special emphasis
on the Log Pearson Type 3 distribution. In: El-Sabh, M.I., Murty, T.S. (Eds.), Natural and Man-
Made Hazards. Springer, Dordrecht, pp. 357�367. Available from: http://doi.org/10.1007/978-94-
009-1433-9_25.

Bobée, B., Fortin, V., Perreault, L., 1999. Hyfran 1.0 (logiciel hydrologique: Chaire en hydrologie statistique
CRNSG/Hydro-Québec). INRS-Eau, Terre et Environnement, Université du Québec, Québec.

267Application of HEC-AS/WMS and FHI models for extreme hydrological events under climate change



Boudda, A., Choubert, G., 1972. Sur la limite inférieure du cambrien au Maroc. CR Acad. Sci, Paris
275, 5�7.

Crippen, J.R., Bue, C.D., 1977. Maximum flood flows in the conterminous United States. U.S.
Geological Survey Water Supply Pap. no. 1887, p. 56.

CSEC (Conseil Supérieur de l’Eau et du Climat), 2001. Plan directeur pour le développement des
ressources en eau des bassins du Souss-Massa, 9éme Session, Agadir 21-22 juin 200 (In French).

Demek, J., 1972. Manual of Detailed Geomorphological Mapping. Academia, Brno.
Dey, A.K., Kundu, D., 2009. Discriminating between the log-normal and log-logistic distributions. Commun.

Stat-Theor M. 39 (2), 280�292. Available from: https://doi.org/10.1080/03610920902737100.
Drobne, S., Lisec, A., 2009. Multi-attribute decision analysis in GIS: weighted linear combination and

ordered weighted averaging. Informatica 33, 459�474.
Dubreuil, P., 1974. Initiation à l’Analyse Hydrologique. Masson & Cie, Editeurs, Paris.
Echogdali, F.Z., Boutaleb, S., Jauregui, J., Elmouden, A., 2018a. Cartography of flooding hazard in semi-

arid climate: the case of Tata Valley (south-east of Morocco). J. Geogr. Nat. Disast. 8, 214. Available
from: https://doi.org/10.4172/2167-0587.1000214.

Echogdali, F.Z., Boutaleb, S., Elmouden, A., Ouchchen, M., 2018b. Assessing flood hazard at river basin
scale: comparison between HECRAS-WMS and flood hazard index (FHI) methods applied to El
Maleh Basin, Morocco. J. Water Resour. Prot. 10 (9), 957�977. Available from: https://doi.org/
10.4236/jwarp.2018.109056.

El Alaoui El Fels, A., Saidi, M.E.M., 2014. Simulation et spatialisation du risque d’inondation dans
une vallée anthropisée. Le cas de la vallée de l’Ourika (Haut Atlas, Maroc). Eur. Sci. J. 10 (17),
210�223.

El Alaoui El Fels, A., Alaa, N., Bachnou, A., Rachidi, S., 2018. Flood frequency analysis and generation
of flood hazard indicator maps in a semi-arid environment, case of Ourika Watershed (Western High
Atlas Morocco). J. Afr. Earth Sci. 141, 94�106. Available from: https://doi.org/10.1016/j.
jafrearsci.2018.02.004.

Feng, X., Porporato, A., Rodriguez- Iturbe, I., 2013. Changes in rainfall seasonality in the tropics. Nat.
Clim. Change 3 (9), 811�815. Available from: https://doi.org/10.1038/nclimate1907.

Franci, F., Bitelli, G., Mandanici, E., Hadjimitsis, D., Agapiou, A., 2016. Satellite remote sensing and
GIS-based multi-criteria analysis for flood hazard mapping. Nat. Hazards 83 (1), 31�51. Available
from: https://doi.org/10.1007/s11069-016-2504-.

Hallegatte, S., Hourcade, J.C., Dumas, P., 2007. Why economic dynamics matter in assessing climate
change damages: illustration on extreme events. Ecol. Econ. 62 (2), 330�340. Available from:
https://doi.org/10.1016/j.ecolecon.2006.06.006.

Herschy, R.W., 2002. The world’s maximum observed floods. Flow. Meas. Instrum. 13 (5-6), 231�235.
Available from: https://doi.org/10.1016/S0955-5986(02)00054-7.

Horritt, M., Bates, P., 2001. Predicting floodplain inundation: raster-based modelling versus the finite-
element approach. Hydrol. Process. 15 (5), 825�842. Available from: https://doi.org/10.1002/
hyp.188.

Hosking, J.R.M., 1990. L-moments: analysis and estimation of distributions using linear combinations of
order statistics. J. R. Stat. Soc. Ser. B (Methodol.) 52 (1), 105�124. Available from: https://doi.org/
10.1111/j.2517-6161.1990.tb01775.x.

Hulme, M., Doherty, R., Ngara, T., New, M., Lister, D., 2001. African climate change: 1900-2100.
Clim. Res. 17 (2), 145�168.

Jeannette, D., Benziane, F., Yazidi, A., 1981. Lithostratigraphie et datation du Protérozoïque de la
boutonnière d’Ifni (Anti-Atlas, Maroc). Precambrian Res. 14 (3�4), 363�378. Available from:
https://doi.org/10.1016/0301-9268(81)90045-0.

Jenkinson, A.F., 1955. The frequency distribution of the annual maximum (or minimum) values of mete-
orological elements. QJR Meteorol. Soc. 81 (348), 158�171. Available from: https://doi.org/
10.1002/qj.49708134804.

Jongman, B., Kreibich, H., Apel, H., Barredo, J.I., Bates, P.D., Feyen, L., et al., 2012. Comparative flood
damage model assessment: towards a European approach. Nat. Hazards Earth Syst. Sci. 12 (12),
3733�3752. Available from: https://doi.org/10.5194/nhess-12-3733-2012.

268 Climate and Land Use Impacts on Natural and Artificial Systems
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