The Mediterranean
Region under

Climate
Change

~ g

I,._-h,‘ “y ....F' T



The Mediterranean Region

under Climate Change

A Scientific Update







The Mediterranean Region

under Climate Change
A Scientific Update

Preface by
Hakima EL HAITE

Postface by
Driss ELYAZAMI

Address by
HSH the Prince ALBERT Il of Monaco

IRD EDITIONS
INSTITUT DE RECHERCHE POUR LE DEVELOPPEMENT

Marseille, 2016



Revision and translation
Daphne Goodfellow
Andrew Morris

Graphics

Michelle Saint-Léger
With the collaboration of:
Desk

Gris Souris

Layout
Desk

Cover layout
Michelle Saint-Léger

Page layout
Pierre Lopez

Coordination production
Catherine Plasse

Cover illustrations

© Météo France — RGB composite imagery, METEOSAT-10, 07/04/2016 at 12 UTC.
© IRD/B. Moizo —The town of Chefchaouen, Morocco.

© Ifremer/D. Lacroix —The port of Bizerte, Tunisia.

© IRD/J.-P. Montoroi — Olive trees, Seblet Ben Ammar, Tunisia.

La loi du I juillet 1992 (code de la propriété intellectuelle, premiére partie) n'autorisant, aux termes
des alinéas 2 et 3 de larticle L. 122-5, d'une part, que les « copies ou reproductions strictement réser-
vées a l'usage du copiste et non destinées a une utilisation collective » et, d'autre part, que les analyses
et les courtes citations dans le but d'exemple ou d'illustration, « toute représentation ou reproduction
intégrale ou partielle faite sans le consentement de I'auteur ou de ses ayants droit ou ayants cause, est
illicite » (alinéa 1" de l'article L. 122-4).

Cette représentation ou reproduction, par quelque procédé que ce soit, constituerait donc une contre-
fagcon passible des peines prévues au titre Il de la loi précitée.

© IRD, 2016
ISBN : 978-2-7099-2219-7



This book, coordinated by AllEnvi, is published

on the occasion of the 22nd Conference of the Parties

to the United Nations Framework Convention
on Climate Change (COP22, Marrakech, 2016)

Scientific Direction

Stéphanie Thiébault
Jean-Paul Moatti

Scientific Committee

Isabella Annesi-Maesano
Yildiz Aumeeruddy-Thomas
Robert Barouki

Gilles Boulet

Jean-Luc Chotte

Francois Clin

Wolgang Cramer

Michel Crépon

Editorial Committee

Marie-Lise Sabrié
Elisabeth Gibert-Brunet
Thomas Mourier

AllEnvi

Véronique Ducrocq
Francois Dulac
Benoit Fauconneau
Eric Gaume
Jean-Francois Guégan
Joél Guiot

Eric Hamonou

Denis Lacroix

Pascal Marty

Yunne-Jai Shinne
Jean-Francois Soussana
Emmanuel Torquebiau
Jean-Denis Vigne

AllEnvi, the French National Alliance for Environmental Research, is tasked with making
the great environmental transitions work, coordinating French research into major
societal issues such as food, water; climate and territories. AllEnvi i) sets policy
guidelines and research priorities for advance planning before approaching funding
agencies, ii) supports the emergence and structuring of research organizations, iii)
coordinates innovation and technology transfer policies between public research
operators, businesses and industries, and iv) contributes to the European research
environment and international programme development.

Alliance nationale de recherche pour I'environnement, AllEnvi coordonne la
recherche francaise sur les enjeux des grands défis sociétaux que sont I'alimenta-
tion, I'eay, le climat et les territoires pour réussir les grandes transitions environne-
mentales. AllEnvi i) définit les orientations et priorités de recherche pour la
programmation a 'amont des agences de financement, i) soutient I'émergence et
la structuration d'infrastructures de recherche, iii) coordonne les politiques d'inno-
vation et valorisation entre opérateurs publics de la recherche, entreprises et
industries, et iv) participe a I'Europe de la recherche et favorise I'émergence de
programmes internationaux.

Executive Secretary/Secrétariat exécutif :
Benoit Fauconneau

Christine Douchez

Elisabeth Gibert-Brunet






Contents

PrefacelPréface ........... ... .. ... . . . . e I
Hakima EI Haité

Introduction/Introduction

Climate change in the Mediterranean............................... 17

Le changement climatique en Méditerranée .................... ... 23
Stéphanie Thiébault, Jean-Paul Moatti

Part |
Mechanisms, observed trends, projections...................... 29
Chapter |

People and climate change inthepast.............................. 31

Stéphanie Thiébault, coord.

Chapter 2
Climate change in the Mediterranean region....................... 71
Véronique Ducrocq, coord.

Chapter 3
Hydro-meteorological extremes..................................... 105
Véronique Ducrocq, Eric Gaume, coord.

Chapter 4
Air quality and climate in the Mediterranean region .............. 145
Francois Dulac, Eric Hamonou, coord.

Part 2
Vulnerability and impacts............................o 205

Chapter |
Climate change impacts on marine ecosystems and resources. .. 207
Yunne-Jai Shin, coord.



The Mediterranean Region under Climate Change

Chapter 2
Impacts on the coastal zone .........................................
Joél Guiot, coord.

Chapter 3
Impacts on waterand soils..............................o
Gilles Boulet, coord.

Chapter 4
Impacts on terrestrial biodiversity and ecosystems................
Wolfgang Cramer, coord.

Chapter 5
Health consequences in the Mediterranean region ................
Jean-Francois Guégan, Robert Barouki, Isabella Annesi-Maesano, coord.

Part 3
Adaptation, resilience, conservation of resources
and preventionof risk........... .. .. ...

Chapter |
Societies and climate change in the Mediterranean ......... ... ..
Pascal Marty, coord.

Chapter 2
Agricultural management, livestock and food security ............
Emmanuel Torquebiau, Jean-Francois Soussana, coord.

Chapter 3

Local knowledge, scientific knowledge and food security
in the Mediterraneanregion .................... ...
Stéphanie Thiébault, Yildiz Aumeeruddy-Thomas, coord.

Chapter 4
Risk prevention. ... ... ... . ... ...
Eric Gaume, coord.

Chapter 5
Land degradation and climate change ..............................
Jean-Luc Chotte, coord.

Chapter 6
Adapting to global change in the Mediterranean Sea..............
Denis Lacroix, coord.



Conclusion/Conclusion

The Mediterranean Basin, climate change

and our common future. Engaging future research efforts

tosupportpolicy........ ... ..

Le bassin méditerranéen, le changement climatique

et notre avenir commun. Lancer de nouvelles initiatives

de recherche pour guider les décisions politiques futures.........
Joél Guiot, Wolfgang Cramer

Postface/Postface

From Paris to Marrakesh. Rediscovering universalism.............

De Paris a Marrakech. Retrouver 'universalisme................ ...
Driss EI'YazamI

Address by HSH the Prince Albert Il of Monaco...................
Allocution de SAS le Prince Albert Il de Monaco ..................

List of acronyms ........ ... ... .. .
List of chapter coordinators and contributors......................

Table of contents. .......... ... ... .. ... . . . .

Contents






Preface

Hakima EL HAITE

Minister Delegate in charge of the Environment

to the Ministry of Energy, Mines, Water and Environment of Morocco
Morocco’s High-Level Climate Champion

The wave of multi-faceted crises we have experienced in recent years — both in
the North and in the South — offer a salutary reminder of the risks of
underestimating the climate crisis. Protecting the environment is not a luxury.
The message from the scientific community is loud and clear: if humanity does
not change its development model, fast, life itself will be under threat. In both
the North and the South — and in particular in the Mediterranean region.

Every page of this book, written by some of the top specialists in the field on
either side of the Mediterranean, reminds us of this. Beyond the blue sea and
the beauty of the beaches, the Mediterranean is suffering. In fact, few regions
in the world are as affected by climate change.

Which explains the purpose of bringing together, for the first time, the most
recent findings on climate change in the Mediterranean regions. This book and
toolkit will offer all those variously involved in decision-making on environmental
policy in the Mediterranean and beyond a better understanding of our shared
ecosystem. This innovative and cross-cutting approach to the fragility and the
challenges facing Mediterranean peoples requires the development of a global
integrated strategy.

What is true on a regional scale is also true on a planetary scale.

The Paris Accords signed on 12 December 2015 signalled a robust response to
these demands from the international community, and heralded developments
that were unprecedented in the struggle against climate change: for the first
time, 195 countries from both the North and the South came together to proclaim
the need to engage the whole of humanity in a global energy transformation.
That proclamation must now be turned into action. Nothing less than a paradigm
shift is called for. From all of us.
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In welcoming the 22nd Conference of the Parties to Marrakesh from 7-18
November 2016, and in labelling this the ‘COP of action’, the Kingdom of
Morocco is committed to implementing the Paris Accords.

The size of the task facing the COP 22 is, as we all know, immense. It means
adopting the procedures and mechanisms to turn the Accords into a reality,
drafting a plan of action for the pre-2020 period in terms of mitigation, adaptation,
funding, capacity building, technology transfer and transparency, particularly in
favour of the most vulnerable countries, such as the small developing island
nations and the least developed countries.

To this end, our country will channel all its experience and expertise in the field.
Since 2009, His Majesty King Mohammed VI has taken our country forward
along the path towards sustainable economic development and global energy
transformation — thus demonstrating remarkable leadership on the African
continent and beyond. The whole of Africa, rich in youth and resources, has
enormous potential. We must give it the support it needs to become an example
of sustainable development for us all.

Our country intends to show the whole world that, even in a region as vulnerable
to global warming as the Mediterranean, adapting to the environment is possible,
particularly through the introduction of a sizeable renewable energy programme.
Our considerable experience in the matter has already inspired a number of
convictions about our shared mission: the energies mobilised by countries in
the fight against climate change involve all of us, and in particular non-
governmental actors, from civil society to the private sector, and from regional
authorities to the media.

It is only through the firm commitment of every stakeholder to reducing
greenhouse gas emissions to 2°C and ultimately to 1.5°C that we will turn back
the tide of history. The task that lies before the actors at the COP 22 in Marrakesh
is to prove the efficacy of measures taken in the North and the South to adapt
to and mitigate the effects of climate change.

But there can be no effective solutions and innovations without research upstream.
And there can be no research without reliable data. With its overview of current
research in the Mediterranean, this book provides decision-makers with
indispensable tools, which can be used to implement political action and outline
those areas in which research must continue as a matter of priority. For there
to be a solution a clear diagnosis and objectives are crucial.

It is through the joint efforts of all in Marrakesh — researchers and engineers,
industrialists and farmers, elected representatives and CEOs — that we will
breathe life into the paradigm shift of the Paris Accords, in order to witness the
birth — in both the North and the South — of a new model of sustainable
development able to ensure the economic and social wellbeing of all.



Préface

Hakima EL HAITE
Ministre déléguée aupres du Ministre de 'Energie, des Mines, de I'Eau

et de 'Environnement, chargée de I'Environnement.

Championne de haut niveau du Maroc pour le climat

Les crises successives et multidimensionnelles que nous vivons depuis plusieurs
années, au Nord comme au Sud, nous rappellent les risques qu’il y aurait a
sous-évaluer la crise climatique. Protéger I’environnement n’est pas un luxe.
A cet égard, le message de la communauté scientifique est sans appel : la vie
des générations futures sera définitivement menacée si 1’humanité ne change
pas rapidement son modele de développement. Au Nord comme au Sud. Et en
particulier dans la région méditerranéenne.

Car cet ouvrage, élaboré par certains des meilleurs spécialistes de ces questions
sur les deux rives de la Méditerranée, nous le rappelle a chaque page : derriere
le bleu de la mer et la beauté des plages, la Méditerranée souffre. C’est méme
I’une des régions du monde les plus impactées par le changement climatique.

D’ou T'utilité de rassembler pour la premiere fois 1’état des connaissances les
plus récentes sur le changement climatique dans les régions méditerranéennes.
Ce livre — outil de travail — permettra a celles et ceux qui exercent, a des degrés
divers, des responsabilités en matiere de politiques environnementales dans
I’espace méditerranéen et au-dela de mieux appréhender I’écosysteme commun
dans lequel ils évoluent. Cette approche innovante transversale de la fragilité et
des défis auxquels font face les populations méditerranéennes implique en retour
de les gérer a partir d’une stratégie globale et intégrée.

Ce qui est vrai a I’échelle régionale I’est aussi a I’échelle de la planéte.

Signé le 12 décembre 2015, I’ Accord de Paris a constitué une réponse forte de
la communauté internationale a cette exigence. Et une avancée sans précédent
dans I’histoire de la lutte contre le changement climatique : pour la premicre
fois, 195 pays, du Nord comme du Sud, ont affirmé d’une méme voix la nécessité
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d’engager I’humanité dans une transformation énergétique globale. Une promesse
qu’il faut désormais transformer en actes. Un changement de paradigme a
construire. Collectivement.

En accueillant du 7 au 18 novembre 2016, la 22° Conférence des Parties a
Marrakech et en annoncant au monde que la COP 22 serait la « COP de I’action »,
le royaume du Maroc s’est engagé au service de la mise en ceuvre de 1’ Accord
de Paris.

Le chantier de la COP 22, nous le savons, est immense, puisqu’il s’agit d’adopter
les procédures et mécanismes d’opérationnalisation de 1’ Accord, de définir un
plan d’action pour la période pré-2020 en termes d’atténuation, d’adaptation,
de financement, de renforcement des capacités, de transfert de technologie et
de transparence, en particulier en faveur des pays les plus vulnérables, notamment
les petits Etats insulaires en développement et les pays les moins avancés.

Pour y parvenir, notre pays mobilisera son expérience et son savoir-faire acquis
en la matiere. Depuis 2009, en effet, sa Majesté le Roi Mohammed VI a engagé
notre pays dans la voie d’un développement économique durable et d’une
transformation énergétique globale qui lui vaut une reconnaissance de son
leadership en la matiére sur le continent africain et au-dela. L’ Afrique tout
entiere, riche par sa jeunesse et ses ressources, concentre justement d’immenses
potentialités. Il faut Iui donner les moyens d’étre un exemple pour tous en matiere
de développement durable.

Notre pays entend montrer au monde entier que, méme dans une région aussi
vulnérable au réchauffement climatique qu’est la Méditerranée, il est possible
de s’adapter a son environnement, notamment par la mise en place d’un important
programme de développement des énergies renouvelables. Cette expérience
considérable nous a déja apporté certaines convictions au regard de notre mission
collective : la dynamique enclenchée par les contributions nationales des pays
a la lutte contre le réchauffement climatique passe au sein de chaque pays par
la mobilisation de tous les acteurs en particulier les acteurs non étatiques : société
civile, secteur privé, collectivités publiques, médias...

C’est par ’engagement ferme de chacun a s’inscrire dans une trajectoire de
diminution des émissions de gaz a effet de serre a 2 °C tendant vers les 1,5 °C
que nous réussirons a inverser le cours de 1’Histoire. C’est aussi avec tous ces
acteurs que la COP 22 de Marrakech pourra montrer la réalité des actions
entreprises au Nord comme au Sud, en matiere d’adaptation et d’atténuation
face au changement climatique.

Mais il ne peut y avoir de solutions et d’innovations pertinentes sans recherche
fiable en amont. Et il ne peut y avoir de recherche fiable sans données fiables.
En donnant le paysage global de 1’état de la recherche sur la Méditerranée, ce
livre donne aux décideurs de la région les éléments indispensables a la mise en
ceuvre de ’action politique et la possibilité de définir les domaines ou les
recherches doivent étre poursuivies de facon prioritaire. Il ne peut y avoir de
solution sans diagnostic sir et objectif.



C’est par la convergence des efforts de tous, chercheurs et ingénieurs, industriels
et paysans, élus et chefs d’entreprise que nous donnerons vie a Marrakech au
changement de paradigme de 1’accord de Paris, afin que naisse, au Nord comme
au Sud, un nouveau modele de développement durable capable d’assurer le
bien-&tre économique et social de tous.

Préface






Introduction

Climate change in the Mediterranean

Stéphanie THIEBAULT

Director of the Institut écologie et environnement (INEE)

at the Centre National de la Recherche Scientifique (CNRS),
Vice-President of ‘Coordination of scientific programming and forecasting’
at the French National Alliance for Environmental Research (ALLENVI)

Jean-Paul MoATTi

Chairman and Executive Director of French National Research Institute
for Sustainable Development (IRD), Vice-President of ‘European

and international cooperation”at ALLENVI

The Intergovernmental Panel on Climate Change (IPCC), whose work played a
major role in the ‘historic’ agreement reached at the 21st Conference of the Parties
to the United Nations Framework Convention on Climate Change (COP 21) in Paris
in December 2015, has shown that the Mediterranean Basin is one of the most
vulnerable areas of the planet to climate change. COP 22 will take place in Marrakesh
from 7 to 18 November but ahead of this event, Morocco hosted MedCOP Climate,
the Mediterranean climate forum for all governmental and non-State bodies on 18
and 19 July in Tangier in order to build on the work begun during MedCOP 21 in
Marseille the previous year. In his introductory speech at MedCOP 22, His Majesty
Mohammed VI, King of Morocco, stressed the Mediterranean’s duty to set an
example by creating new consumption and production patterns and developing
innovative approaches to combating climate change.

In response to a request from the Moroccan authorities, particularly Environment
Minister Mrs Hakima El Haité, the 28 ALLENVI members have published a
remarkable summary work for COP 22. This work aims to provide an overview
of high-level scientific research on climate change, the consequences of this
climate imbalance and mitigation and adaptation solutions specific to the
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Mediterranean. It demonstrates the remarkable work carried out by scientists,
researchers and academics on both shores of the Mediterranean to understand
the mechanisms of climate change both today and in the long term, and the
impact of climate imbalance on the environment, the economy, health and society.
It also suggests and recommends responses based on ‘scientific evidence’,
including adaptation, resilience, conservation of resources and risk prevention.
This book is the work of a broad scientific community which has been working
together for a number of years to capture the complexity of the Mediterranean
situation and create the conditions for better mutual knowledge of the interlinking
scientific issues that will be defined step-by-step with a view to breaking down
the barriers between disciplines.

This work does not claim to be exhaustive, despite the diversity and quality of
the contributions it contains. Certain key themes, such as the role of reducing
greenhouse gas emissions and energy innovations in mitigation processes, are
mentioned only briefly. Furthermore, certain chapters highlight the limitations
of the results that have been obtained (for example the limited observations and
climate simulations in the study on extreme hydrological events and the lack of
long-term data on the impact of climate change on human health), revealing
subjects for up-and-coming or future research.

Readers will be able to form their own idea of the significance of the various
contributions, but we believe that the scientific community is issuing a clear
three-part message to public decision-makers, European and international
institutions, economic and civil society organisations and, more broadly speaking,
public opinion and all citizens.

The first message is that science has established beyond all doubt that climate
change is a fact and that Mediterranean societies and ecosystems are some of
the most susceptible to these developments.

The Mediterranean is a ‘miniature’ laboratory due to its geological past, its
semi-arid environment with a climate intrinsically different from that of temperate
zones as a result of its significant inter-seasonal variations and its role in the
turbulent history of human societies. Although it represents only 1.5% of the
earth’s surface, the Mediterranean is a ‘test area’ that is home to, and indeed
tends to exacerbate, almost all the potentially catastrophic issues facing the
entire planet; these include natural risks, global warming, changes in the water
cycle, changes to soil and vegetation functions, modifications to biological
diversity and biodiversity damage, the unequal distribution of resources and the
scaling back of political, economic and social relations between north and south,
leading to conflict, large-scale migration, land occupation and rapid urbanisation
and coastal development. In addition, it is important to remember the central or
peripheral effect the Mediterranean area has on its neighbours, for example the
role of Mediterranean climate extremes on the various components of the Earth
system and the role of hydrological exchanges with the Black Sea and the
Atlantic, as water from the Mediterranean flows through the Strait of Gibraltar
and affects the European climate.
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The Mediterranean is now a major area of investigation for researchers in every
scientific field. The modalities and importance of human activity and its ability
to reveal completely new perspectives are some of the key themes currently
being studied by the scientific community. New approaches to research, which
are reviewed in this work, are essential if we are to understand the way in which
they operate and develop, whether in terms of systematic approaches to
modelling, integration or investigations.

In the current context where, in the absence of radical countermeasures, a global
temperature increase of 1.4 to 5.8°C is expected (3 to 7°C for the Mediterranean
region by the end of the 21% century), it was the deep waters of the Mediterranean
that first registered the greenhouse gas effect and where changes to thermohaline
circulation were observed. Scenarios predict that these changes will continue
and that there will be a significant reduction in the convection phenomena that
lead to the oxygenation of the Basin; this will inevitably affect biogeochemical
cycles as well as the ecosystem and its resources. In this region in particular,
global changes seem to affect the frequency of extreme events such as
cyclogeneses, hydrometeorological or wind phenomena, droughts and soil
degradation.

Research must lead to advances in knowledge, so that we can i) improve our
understanding of climate change and its features and mechanisms. This will
involve studying past climate cycles and the ways in which societies have
responded to them, the latest results reported in this book relating to the water
cycle, the origin and frequency of extreme events, groundwater (continental,
coastal and deepwater) dynamics and seasonal and long-term variability; ii)
quantify flows between compartments and their impact on the system, so we
can study air quality and active pollutants and understand their impact on human
health; iii) characterise the dispersal and intensity of the main practices affecting
marine and continental ecosystems. This involves assessing impacts and
vulnerabilities in relation to marine resources and ecosystems, with particular
focus on the coastal area. The effects on continental ecosystems are more
specifically related to terrestrial biodiversity, particularly forests; iv) study the
assessment of the Basin, including the direct impact of global warming on health;
v) finally, evaluate and manage risks through adaptation, resilience, conservation
of resources and prevention.

Although observations and models based on physical, chemical and biological
approaches allow researchers to understand and quantify the processes mentioned
above, one of the key areas for reflection must focus on the way in which these
processes are affected by human activity and the resultant consequences for the
evolution of the changing ecosystems. By changing the climate and river systems,
changing the chemistry of the atmosphere, lands and water and tapping into
natural resources, we are in fact changing the functioning and value of the
ecosystem itself.

Only with a systematic approach can we document the current ‘crisis’ caused
by human activity and particularly noticeable in the Mediterranean, and answer
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questions on the risks related to usages, practices and social views. These risks
are linked to i) the geodynamic (seismic, volcanic and gravitational) context;
ii) climate (droughts, fires, coastal erosion, changes to marine dynamics and
biogeochemical cycles); iii) industrialisation, urbanisation and transport (pollution
of air, water, soil and living resources); iv) usages and practices relating to the
quantity and quality of mineral and living resources, biodiversity (land, aquatic
and marine), its functions and its services.

This approach to the functioning and functions of the coupled system requires
infrastructures and methods for observing and analysing environments and
peoples and local strategies adapted to the long term and the short term as well
as to the significant seasonal variations found in the Mediterranean. Models and
scenarios exist, but need to be improved and regionalised, and other integrated
digital tools must be developed. This book is a contribution, albeit a modest
one, to the work bravely launched by our Moroccan colleagues so that COP 22
could be an opportunity to support research and the strengthening of the
technological and scientific capacities at the heart of climate negotiations. The
scientific community is hoping that one of the consequences of this work could
be the creation of an inter-country, inter-ministerial and inter-regional authority
operational working group to begin the important, in terms of both knowledge
and action, work of creating a coordinated observation and surveillance system
for Mediterranean anthropo-ecosystems.

The contributions included in this book directly and candidly stress the many
remaining uncertainties regarding the real dynamics of the impact of climate
change, both in general and across the different spatial scales of the Mediterranean
basin.

The second message of this work, however, is that these uncertainties must not
be used as an excuse for inaction. On the contrary, they must encourage us to
better understand the complex causal chains that link climate and the other
environmental and anthropic parameters, and to take immediate action to
minimise those effects of global change that are threatening the environment
and human health and well-being. Some of the contributions show that research
provides direct scientific bases for improved management of environments,
resources and heritage, for the preservation and strengthening of biodiversity
and ecosystem services and for spreading concepts and relevant knowledge
throughout society so they reach both decision-makers and the parties involved.
In so doing, science is not content to merely report on the risks; it also proposes
innovative solutions that could allow us to overcome the barriers currently
restricting climate change mitigation and make them easier to adapt, by
considering the specific environmental and societal context of a region such as
the Mediterranean.

The third message is that science is best placed to link the fight against climate
change, sustainable development goals and development funding, in accordance
with the desire expressed by Christiana Figueres, the previous Executive
Secretary of the United Nations Framework Convention on Climate Change
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(UNFCCC), who stated that ‘the solutions to climate change offer a portfolio
of no-regret policies and actions that are essential for achieving sustainable
development’.

The redefinition of the international agenda in 2015 imposed on us a duty to
do so. Prior to COP 21 in December 2015, the 3rd international conference on
financing development took place in Addis Ababa in July, followed by the United
Nations Summit in New York in September which saw the adoption of the 17
new Sustainable Development Goals (SDG); these are universal goals that,
according to the summary report by Secretary General Ban Ki Moon, will create
a road to ‘dignity for all by 2030°, by ‘ending poverty, transforming all lives
and protecting the planet’. As is the case with all international agreements, both
the SDGs and the content of the Paris Agreement on climate change, whose
initial operational measures are due to be consolidated at COP 22, represented
progress we can be proud of, despite the fact that they were inevitably the result
of a compromise between different and even contradictory interests and between
governments with a large number of downright divergent geostrategic visions
and constraints.

The wording of the SDGs reveals inconsistencies that could, if care is not taken,
be exacerbated by their implementation; a short-term vision of the requirements
for combating poverty or achieving food safety (SDG1 and 2) may, for example,
result in technological and economic choices that in the medium term jeopardise
the achievement of SDGs 15, 14 and 13 on the preservation of life on land, life
below water and combating the effects of global warming respectively. Likewise,
meeting the energy needs of developing countries on the southern shore of the
Mediterranean and on the African continent in the short term may come into
conflict with the need to reduce the carbon intensity of economies in order to
combat global warming. And there are many similar examples. Scientific progress
can reasonably be expected to produce solutions for reconciling sustainable
development goals, creating innovative multi-party coalitions that will be able
to impose these solutions in practice and providing enough of the global public
goods that the planet needs and of which climate security is one of the best
examples.

It has been shown that mankind is finding it very difficult to obtain these public
resources to meet the global challenges that, by their very essence, transcend
national borders, because it comes up against what political science researchers
call the “Westphalian paradigm’, from the name of the 1648 European treaty
that for the first time created an international order based on the strict respecting
of State sovereignty. Thousands of years of history and the current situation in
the Mediterranean have provided many examples of this paradigm. Let’s hope
that work to combat global warming, in which Morocco and France consider
themselves to play a leading role, will help to make the Mediterranean an
example of how to move beyond this paradigm and demonstrate solidarity
between stakeholders, governments and populations facing joint threats and
helping to promote development for the good of all mankind.
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Le changement climatique en Méditerranee

Stéphanie THIEBAULT
directrice de I'lnstitut écologie et environnement (INEE)
du Centre national de la recherche scientifique (CNRS),

vice-présidente « animation de la programmation et de la prospective scientifiques »
de I'Alliance nationale de recherche pour I'environnement (ALLENVI)

Jean-Paul MoATTi

président-directeur général de I'Institut de recherche

pour le développement (IRD), vice-président « coopération européenne
et internationale » d ALLENVI.

Le Groupe intergouvernemental sur 1’évolution du climat (GIEC), dont les
travaux ont joué un roéle-clé dans 1’accord « historique » obtenu a Paris, en
décembre 2015, lors la 21°¢ Conférence des Parties de la Convention cadre des
Nations unies sur les changements climatiques (COP 21), a démontré que le
bassin méditerranéen est une des zones de notre planete les plus exposées au
changement climatique. En amont de la COP 22, qui se tient du 7 au
18 novembre 2016 a Marrakech, le Maroc a bien voulu accueillir, les 18 et
19 juillet a Tanger, la MEDCOP CLIMAT, le forum méditerranéen pour le climat
de tous les acteurs gouvernementaux et non étatiques, qui s’est inscrit dans la
continuité de travaux initiés 1’année précédente lors de la MEDCOP 21 de
Marseille. Dans son message d’introduction a cette MEDCOP 22, Son Altesse
Royale Mohamed VI, roi du Maroc, a notamment insisté sur le devoir
d’exemplarité de la Méditerranée, dans la construction d’un nouveau mode de
consommation et de production et dans I’innovation en matiere de lutte contre
le changement climatique.

Répondant a une sollicitation des autorités marocaines, notamment de madame
Hakima El Haité, ministre chargée de I’Environnement, les 28 organismes
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membres de I’ Alliance pour I’environnement (ALLENVI) publient, a I’occasion
de la COP 22, un ouvrage de synthese exceptionnel. Ce livre s’efforce en effet
de présenter un état des lieux de la recherche scientifique de haut niveau sur
I’évolution du climat, les conséquences de son déreglement et les solutions
d’atténuation et d’adaptation dans le contexte particulier de la Méditerranée. Il
témoigne de la remarquable mobilisation des scientifiques, chercheurs et
universitaires, des deux rives de la Méditerranée, pour comprendre les mécanismes
du changement climatique sur I’actuel comme sur la longue durée ; les impacts
du déreglement climatique sur 1’environnement, 1’économie, la santé, les
sociétés ; mais aussi pour suggérer et recommander des réponses, fondées sur
I’« évidence scientifique » avec les adaptations, les résiliences, la conservation
des ressources ou la prévention des risques. Cet ouvrage rassemble une large
communauté scientifique, qui s’est mobilisée depuis plusieurs années afin de
rendre compte de toute la complexité de 1I’objet Méditerranée, de créer les
conditions d’une meilleure connaissance réciproque au croisement de
questionnements scientifiques a définir étape par étape, dans une perspective de
décloisonnement disciplinaire.

Riche par la diversité et la qualité des contributions, cet ouvrage ne prétend pas
a I’exhaustivité. Certaines thématiques clés comme, par exemple, la place de la
réduction des émissions de gaz a effet de serre ou des innovations énergétiques
dans les processus d’atténuation, ne sont qu’effleurées. Par ailleurs, certains
chapitres mettent en exergue les limites des résultats acquis (a titre d’exemple,
la limitation des observations et des simulations climatiques dans I’étude des
événements hydrologiques extrémes, ou encore le manque de données sur le
long terme sur les impacts du changement climatique sur la santé humaine),
révélant des pans de recherche en devenir ou encore a construire.

Le lecteur pourra se faire sa propre idée de la portée des différentes contributions
contenues dans cet ouvrage, mais il nous semble, qu’a travers ce livre, la
communauté scientifique envoie un triple et fort message aux décideurs publics,
aux institutions européennes et internationales, aux acteurs économiques et de
la société civile, et plus largement aux opinions publiques et a I’ensemble des
citoyens.

Le premier message est que la science a établi, sans contestation possible, la
réalité du changement climatique et le fait que les écosystemes et les sociétés
méditerranéennes sont parmi les plus menacées de la planete par cette évolution
annoncée du climat.

De par son passé géologique, de par son environnement semi-aride dont le climat
se distingue intrinsequement des zones tempérées par ses fortes variations inter-
saisonnieres, comme de par son rdle dans I’histoire tourmentée des sociétés
humaines, la Méditerranée constitue un laboratoire « en miniature ». Quoiqu’elle
ne représente que 1,5 % de la surface terrestre, la Méditerranée constitue une
« zone test » qui concentre la quasi-totalit¢ des enjeux potentiellement
catastrophiques pour la planete entiere et qui tend a les exacerber : risques
naturels, réchauffement climatique, modification du cycle de I’eau, changements
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des fonctions des sols et des couvertures végétales, modifications de la diversité
biologique et atteintes a la biodiversité, répartition inégale des ressources,
contraction des rapports politiques, économiques et sociaux Nord-Sud débouchant
sur des conflits, flux migratoires massifs, occupation des territoires, urbanisation
et littoralisation rapides. De plus, centrale ou périphérique, on ne saurait oublier
I’'impact de la zone méditerranéenne sur les régions avoisinantes : role des
extrémes climatiques méditerranéens sur les diverses composantes du systeme
Terre, role des échanges hydrologiques avec la Mer Noire et avec I’ Atlantique,
les eaux méditerranéennes transitant par le détroit de Gibraltar influengant le
climat européen.

La Méditerranée est, dés lors, un champ d’investigation consolidé pour de
nombreux chercheurs dans tous les domaines scientifiques. Les modalités,
I’importance de 1’anthropisation et sa capacité a faire apparaitre des contextes
totalement originaux constituent des éléments centraux de la réflexion scientifique.
De nouvelles approches de recherche, dont cet ouvrage rend compte de 1’état
actuel d’avancement, sont nécessaires pour en comprendre les modalités de
fonctionnement et d’évolution, qu’il s’agisse des approches de modélisation,
d’intégration ou d’investigations systémiques.

Aujourd’hui ol une augmentation de la température mondiale de 1,4 a 5,8 °C
est, en I’absence de contre-mesures radicales, attendue (3 a 7 °C pour la région
méditerranéenne a la fin du xx1° siecle), ce sont les eaux profondes de la
Meéditerranée qui, en premier, ont enregistré 1’effet de serre ; les observations
notent des modifications de la circulation thermohaline ; les scenarii prévoient
la poursuite de ces changements et une forte atténuation des phénomenes de
convection a l’origine de 1’oxygénation du bassin, ce qui n’est pas sans
conséquence sur les cycles bio-géo-chimiques, I’écosysteme et ses ressources.
Particulierement dans cette région, les changements planétaires semblent affecter
la fréquence d’occurrence des événements extrémes : cyclogeneses, phénomenes
hydrométéorologiques ou €oliens, sécheresses et dégradation des sols.

L’avancée des connaissances, alimentée par la recherche, est indispensable afin :
i) de connaitre les changements climatiques, leur dynamique et leurs mécanismes.
Cela se fait au travers de la connaissance des cycles climatiques passés et les
réponses des sociétés humaines, les derniers résultats évoqués dans cet ouvrage
concernant le cycle de I’eau, I’origine et la fréquence des événements extrémes,
la dynamique des eaux (continentales, cotieres et profondes) et sa variabilité
saisonniere et a long terme ; ii) de quantifier les flux d’échanges entre les
compartiments et leur impact sur le systeme, d’évaluer la qualité de I’air et les
polluants actifs et de comprendre leur impact sur la santé des populations ; iii)
de caractériser la dispersion et I’intensité des principaux usages impactant les
écosystemes marins et continentaux. Il s’agit d’établir le bilan des impacts et
des vulnérabilités sur les ressources marines et les écosystemes marins, une
attention particuliere devant étre apportée a la zone cotiere. Les impacts sur les
écosystémes continentaux concernent quant a eux plus particulierement la
biodiversité terrestre, et notamment les foréts. iv) de réaliser le bilan sanitaire
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du bassin, avec I'impact direct du réchauffement climatique sur la santé ; v)
enfin, I’évaluation et la gestion des risques au travers de 1’adaptation, la résilience,
la conservation des ressources et la prévention.

Si les observations et modeles fondés sur des approches physiques, chimiques
et biologiques permettent d’appréhender et de quantifier les processus évoqués
ci-dessus, un des éléments centraux de la réflexion doit porter sur la facon dont
ils sont modifiés par I’'impact des activités humaines et les conséquences qui en
découlent pour I’évolution des écosystemes. En modifiant le climat et le régime
des fleuves, en modifiant la chimie de I’atmosphere, des terres et de 1’eau, en
tirant profit des ressources naturelles, c’est le fonctionnement méme et la valeur
de I’écosysteme qui sont modifiés.

Seule une approche systémique peut permettre de documenter au mieux la
« crise » actuelle qui résulte de 1’anthropisation, particulierement sensible en
Méditerranée, et de répondre aux questions sur les risques, considérés en rapport
avec les usages, les pratiques et les représentations sociales : i) risques liés au
contexte géodynamique (sismiques, volcaniques, gravitaires) ; ii) risques liés au
contexte climatique (sécheresses, feux, érosion du littoral, modifications de la
dynamique marine et des cycles biogéochimiques) ; iii) risques liés a
I’industrialisation, a I’urbanisation et aux transports (pollution de 1’air, de 1’eau,
des sols et des ressources vivantes) ; iv) risques liés aux usages et pratiques sur
la quantité et la qualité des ressources minérales et vivantes, sur la biodiversité
(terrestre, aquatique et marine), ses fonctions et ses services.

Cette approche du fonctionnement et des fonctions du systeme couplé exige des
infrastructures et des moyens d’observation et d’analyse des milieux et des
populations, des stratégies de terrain adaptées au long terme, au court terme et
a la saisonnalité particulierement marquée en Méditerranée. Modeles et scenarii
existent mais doivent étre améliorés, régionalisés, et d’autres outils numériques
fédérateurs doivent étre développés. Cet ouvrage constitue d’ailleurs une
contribution, certes modeste, a I’action courageusement initiée par ailleurs par
nos collegues marocains pour faire de la COP 22 une occasion de mettre le
soutien a la recherche et au renforcement des capacités technologique et
scientifique au cceur de la négociation climatique. L'une des retombées de ces
efforts, que la communauté scientifique appelle de ses veeux, pourrait étre de
constituer un groupe de travail opérationnel, inter-pays, inter-ministériel et inter-
collectivités territoriales, pour s’atteler au chantier décisif, tant pour la
connaissance que pour 1’action, de construction d’un dispositif coordonné
d’observation et de surveillance des anthropo-écosystémes méditerranéens.

Les contributions incluses dans ce livre ne manquent d’ailleurs pas de souligner,
avec rigueur et honnéteté, les fortes incertitudes qui persistent quant a la
dynamique réelle de I'impact du changement climatique, en général et aux
différentes échelles spatiales du bassin méditerranéen.

Cependant, le deuxieme message de cet ouvrage est que ces incertitudes ne
doivent pas servir de prétexte a I’inaction. Au contraire, elles doivent nous inciter
a mieux comprendre les chaines causales complexes qui relient le climat et les
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autres parametres environnementaux et anthropiques, et a agir sans tarder afin
de minimiser celles des conséquences du changement global qui menacent
I’environnement, la santé et le bien-étre des populations. Plusieurs des
contributions démontrent que la recherche fournit directement des bases
scientifiques pour une meilleure gestion des milieux, des ressources et des
patrimoines, pour préserver et renforcer les services de la biodiversité et des
écosystemes, et pour diffuser les concepts et les connaissances appropriées dans
la société, chez les décideurs comme chez les acteurs concernés. Ce faisant, la
science ne se contente pas de faire le constat des risques qui nous menacent
mais propose des solutions innovantes qui peuvent permettre de dépasser les
blocages qui freinent actuellement I’atténuation du changement climatique et
qui facilitent I’adaptation en tenant compte des spécificités du contexte
environnemental et sociétal d’une région comme la Méditerranée.

Le troisieme message est justement que la science est 1’outil le mieux a méme
de lier la lutte contre le changement climatique, les objectifs du développement
durable et le financement du développement, conformément au souhait exprimé
par Christiana Figueres, la précédente secrétaire exécutive de la Convention
cadre des Nations unies sur le changement climatique (CNUCCC), que « les
solutions au changement climatique procurent un éventail de politiques et de
mesures sécurisées qui sont essentielles pour atteindre un développement
durable ».

La redéfinition de 1’agenda international qui est intervenue au cours de
I’année 2015 nous en fait d’ailleurs une obligation puisqu’avant la COP 21 de
décembre 2015, s’étaient successivement tenues, en juillet a Addis-Abeba, la
3¢ Conférence internationale sur le financement du développement et, en
septembre a New-York, le sommet des Nations unies qui a vu I’adoption des
17 nouveaux Objectifs du développement durable (ODD), objectifs universels
censés, selon le rapport de syntheése du secrétaire général Ban Ki Moon tracer
la route vers « la dignité pour tous d’ici a 2030 » en « éliminant la pauvreté,
en transformant nos vies et en protégeant la planéte ». Comme tout consensus
international, tant les ODD que le contenu de 1’accord de Paris sur la lutte contre
le réchauffement climatique, dont la COP 22 s’efforcera de concrétiser les
premieres traductions opérationnelles, ont représenté des avancées dont on peut
se féliciter mais ont inévitablement été le fruit d’'un compromis entre intéréts
différents, voire contradictoires, et entre des gouvernements dont les contraintes
et visions géostratégiques sont multiples, voire franchement divergentes.

Les ODD dans leur lettre méme ne sont pas exempts d’incohérences que leur
mise en ceuvre effective peut, si ’on n’y prend pas garde, exacerber : une vision
a court terme des nécessités de la lutte contre la pauvreté ou pour la sécurité
alimentaire (ODD let 2) peut, par exemple, favoriser des choix technologiques
et économiques qui hypotheéquent a moyen terme la réalisation des ODD 15, 14
et 13 qui concernent respectivement la préservation de I’environnement terrestre,
des océans et contre les effets du réchauffement climatique. De méme, la
satisfaction a court terme des besoins énergétiques des pays en développement
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de la rive sud de la Méditerranée comme du continent africain peut se heurter
a la nécessaire décarbonation des économies qu’impose la lutte contre le
réchauffement planétaire. Et, on pourrait multiplier les exemples analogues. Ce
sont des avancées de la science que 1’on peut raisonnablement attendre des
solutions qui permettent de concilier les objectifs de développement durable,
de construire les coalitions innovantes d’acteurs qui permettront de les imposer
en pratique, et de fournir en quantité suffisante les biens publics globaux dont
la planete a besoin et dont la sécurité climatique est I’'une des illustrations les
plus caractéristiques.

Il est avéré que ’humanité éprouve de graves difficultés a se doter de tels biens
publics pour faire face a des enjeux globaux qui, par essence, dépassent les
frontieres nationales car elle se heurte a ce que les chercheurs en science politique
qualifient de « paradoxe westphalien », du nom du traité européen de 1648 qui
instaura, pour la premiere fois, un ordre international fondé sur le strict respect
de la souveraineté des Etats. L histoire millénaire, comme 1’actualité récente,
de la Méditerranée ont maintes fois illustré ce paradoxe. Espérons que la
mobilisation contre le réchauffement climatique, dont le Maroc et la France se
veulent I’'un des fers de lance, contribuera a faire de la Méditerranée 1’exemple
de son dépassement et de la solidarité entre les acteurs, les gouvernements et
les populations face aux périls communs et pour un développement au service
de ’Homme.
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Abstract

The current climate change has encouraged interdisciplinary collaboration to
better understand the role that climate may have played in the development of
past Mediterranean societies. Over the past twenty years, palacoenvironmental
research in the Mediterranean has progressed significantly, mainly based on
marine, lake, marsh, peat bog and fluvial archives. These records demonstrate
the long anthropogenic impact on the Mediterranean ecosystems but also provide
evidence of significant climatic instability with notable periods of rapid climate
change (RCC) at the global scale during the Holocene (9.2, 8.2, 6-5, 4.2, 3.2
ka cal. BP (c. 7.2, 6.2, 4-3, 2.2, 1.2 ka BC). The study of the climate in the last
millennium is of particular interest because this period encompasses the most
recent pre-industrial warm interval known as the Medieval Climate Anomaly
followed by the coldest centuries of the Little Ice Age, which was interrupted
around 1850 by the industrial era. In parallel with major progress in generating
proxy signals, model simulations of the climate in last millennium using state-
of-the-art coupled ocean-atmosphere models in the Coupled Model
Intercomparison Project (CMIP) allow cross-analyses of proxy and model data
to explore the physical mechanisms at play and the role of external factors like
solar activity, volcanism, land use and greenhouse gases in climate variability. 31
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Résumé

Le changement climatique observé actuellement stimule I’interdisciplinarité et
les collaborations entre scientifiques, 1’objectif étant de comprendre, le plus
finement possible, le role que le climat a joué au cours du passé, dans le
développement des sociétés méditerranéennes. Depuis plus de trente ans, les
recherches sur les paléo-environnements en régions méditerranéennes ont
fortement progressé ; elles se fondent, la plupart du temps, sur les archives du
sol, des sédiments marins, des lacs, marais et tourbieres et des archives fluviales.
Les résultats montrent I’impact des sociétés humaines sur les écosystemes
méditerranéens sur le long terme. Ils apportent aussi la preuve d’instabilités
climatiques avec des périodes de changement rapide (RCC) observées a une
échelle globale au cours de I’'Holocene (9.2, 8.2, 6-5, 4.2, 3.2 ka cal. BP (c. 7.2,
6.2, 4-3, 2.2, 1.2 ka BC). L’étude du climat du dernier millénaire est
particulierement intéressante car elle englobe la période de réchauffement pré-
industrielle la plus récente, connue sous le nom d’anomalie climatique médiévale,
suivie par le petit age glaciaire qui s’interrompt vers 1850 avec I’ere industrielle.

En parallele, les progres des techniques de recherche, la production d’analyses
multiproxy et de modeles de simulations permettent, en couplant les modeles
océan-athmosphere avec les modeles du projet d’intercomparaison (projet CMIP),
des analyses croisées. Ils autorisent la production de modeles, qui explorent le
role des mécanismes physiques et des facteurs externes comme I’ activité solaire,
le volcanisme, I’utilisation des terres et les gaz a effet de serre dans la variabilité
du climat.

Introduction

The Mediterranean is one of the regions with the longest and most intense human
occupation in the world. Here, human societies have been constantly confronted
with a fragile and contrasted environment subject to recurring crises. Interactions
between human societies and their environment successively shaped the territory,
resulting in recognisable characteristics, but also making it vulnerable, exposed
to natural risks and in a precarious balance. Because it has been subjected to a
wide range of climates, and political and socio-economic conditions for
millennia, the Mediterranean region is a true model of human-environment
co-evolution, and can provide a wealth of information on the vulnerabilities of
its “anthropo-systems”, but also on its capacities of resilience and its ability to
take advantage of environmental requirements.

Ongoing processes and the dynamics of the contemporary ecological systems
are the result of mechanisms inherited from events that occurred in the past,
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even the recent past. The longstanding intense human occupation combined with
variations in climate led to the degradation of biological and ecological resources.
The intense exploitation of these resources has resulted in strong pressures on
Mediterranean hydrological and biogeochemical cycles, thereby increasing
environmental degradation to an even greater extent.

This is the context in which studies of these processes and their interactions are
being conducted at different temporal and spatial scales, in the knowledge that
the mechanisms concerned are still not sufficiently well understood to enable
the production of reliable models and forecasts. Because of the ecological, social
and economic stakes involved, predicting the effects of climate change, land
use, natural resources and the evolution of the ecosystems mobilises numerous
researchers. The overall aim is to improve the construction of long-term scenarios
concerning two main issues: 1) the complexity of scales and of transformations
in the relation between human societies and their territory to improve our
understanding of the role of agro-systems and their management in shaping the
evolution of the human societies, 2) improving management decisions thanks
to scientific knowledge and based on the cultural traditions of the populations
concerned, both of which are fundamental for the survival of the Mediterranean
region.

The historical aspects of the relationships between the societies and the
environment they built and shaped over time are central to current thinking on
the eco-anthropo-systems and biodiversity in the Mediterranean region.

Understanding natural climate variability and the role of human activities in
ongoing changes requires long term pre-instrumental records. Such records are
presented in this chapter together with some results of research on rapid climate
change and social transformations in the Mediterranean region. Uncertainties,
adaptability and resilience are used to inform the quite near future, illustrated
with a concrete example of climatic and hydrological changes in the Moroccan
Middle Atlas evidence by lake sediment archives.

Introduction

La Méditerranée constitue I'une des régions au monde les plus intensément
occupées par I’homme et cela dans la longue durée. Les sociétés méditerranéennes
ont été constamment confrontées a un milieu fragile et contrasté, sujet a des
crises récurrentes. L’interaction avec ce milieu a fagonné, par couches
successives, un territoire aux caractéristiques bien identifiables mais également
vulnérable, exposé a des risques naturels et en équilibre précaire. Néanmoins,
le bassin méditerranéen, qui a expérimenté une grande richesse de conditions
climatiques, politiques et socio-économiques depuis des millénaires, est un
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modele de co-évolution homme-milieu riche d’informations sur les vulnérabilités
de ses anthroposystémes, mais aussi sur ses capacités de résilience, et enfin ses
capacités de tirer parti des contraintes environnementales.

Le jeu des processus actuels et les dynamiques des systemes écologiques
contemporains répondent & des mécanismes étroitement hérités des événements
du passé, méme récent. Les écosystemes méditerranéens subissent une occupation
humaine ancienne et prononcée, dont la conséquence, conjuguée aux variations
du climat, est une dégradation des ressources biologiques et écologiques.
L’intensité de leur exploitation aboutit & des pressions fortes sur les cycles
hydrologiques et biogéochimiques accentuant plus encore la dégradation des
milieux.

C’est dans ce contexte que les études sur les processus et leurs interactions aux
diverses échelles de temps et d’espaces sont menées, sachant que ces mécanismes
ne sont pas encore suffisamment connus et compris pour que soient entrepris
des modeles et des prévisions fiables. En raison des enjeux écologiques, sociaux
et économiques, la prospective dans le domaine des effets des changements
climatiques et de I’utilisation des terres sur les ressources naturelles et I’évolution
des écosystemes mobilise une grande partie des chercheurs. Il s’agit d’évaluer
la recherche pour améliorer le processus de construction de scénarios a long
terme, autour de deux questions : la notion de complexité d’échelles et de
transformations dans la relation société-territoire pour améliorer la compréhension
du réle des hydro-agrosystemes et de leur gestion dans 1’évolution des sociétés,
la remédiation des modes d’élaboration des décisions de gestion, en fonction
des connaissances scientifiques et de la culture des populations, questions
fondamentales pour la survie en Méditerranée.

Les aspects historiques des relations entre les sociétés et leur environnement,
qu’elles ont construit et faconné au cours du temps, constituent une thématique
centrale de la réflexion sur les éco-anthroposystémes et la biodiversité en
Meéditerranée.

Comprendre les changements climatiques et le role des activités humaines sur
leur évolution demande des données sur la longue durée, présentées dans ce
chapitre, tout comme sont exposés les résultats sur les changements rapides et
les transformations des sociétés dans la région méditerranéenne. L’ adaptabilité
et la résilience sont évoquées pour éclairer le futur proche. Ces changements
sont illustrés par des exemples qui portent sur 1I’évolution climatique et
hydrologique dans le moyen Atlas marocain décrite a partir de I’étude d’archives
sédimentaires lacustres.
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Introduction

Over the past twenty years, palacoenvironmental research in the Mediterranean
has progressed significantly, based mainly on marine, lake, marsh, peat bog and
fluvial archives. These records demonstrate a long-standing anthropogenic impact
on the Mediterranean ecosystems but also provide evidence of significant climatic
instability (e.g. Magny et al. 2013; Vanniere et al. 2013) with notable periods
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of Rapid Climatic Change (RCC) observed on the global scale during the
Holocene (9.2, 8.2, 6-5, 4.2, 3.2 ka cal. BP; c¢. 7.2, 6.2, 4-3,2.2, 1.2 ka BC). In
polar records, RCCs that start abruptly within a decade or two at the most and
most often concern a period of 150 to 400 years, are often considered among
the main environmental factors causing socio-economic and cultural changes,
migrations, and even collapses.

According to such climatic determinism, an RCC would be much harder (if not
impossible), for a human society to adapt to, thus leading to radical societal
transformations (e.g. Weiss et al. 1993; DeMenocal, 2001; Drake, 2012; Weninger
et al. 2014) but an increasing number of published studies suggest that the
relationship between environmental and cultural changes is more complex and
offer a range of non-deterministic explanations (e.g. Butzer, 2012). Starting from
this perspective, we have developed a new research project (ArcheoMed-
Paleomex) in the framework of the MISTRAIs initiative to respond to the
following questions:

1) What is a natural forcing (timing, nature, origin)?

2) How can a so-called “climate event” produce a social fact: change in mate-
rial production, resource exploitation, settlement pattern, etc.?

Methods

We have conducted new archaeological and palacoenvironmental investigations
on an intermediate scale, enabling the cross-comparison of social and
environmental data (e.g. Carozza et al. 2012, 2016; Ghilardi et al. 2012, 2016;
Glais et al. 2016) to move beyond the observation of co-occurrence and the
hypothetical causal link between climate and social change.

Like Flohr et al. (2015) in a recent synthesis about the human consequences of
8.2 and 9.2 ka events in the Near East and in the eastern Mediterranean area,
we believe that “more site-specific detailed studies focusing on one ecological
base and strategies are needed” and that “this ‘bottom-up’ approach is now the
best way to further the debate. [...] This approach will be time consuming but
very worthwhile”.

We have developed a multi-scalar approach from the local site (continental
natural archive near archaeological sites) to the regional scale. It will then be
possible to develop more general conclusions on interactions between nature
and society from the local scale to the regional scale — which is also that of the
cultural areas — to the entire Mediterranean area. In practical terms, we have
developed research in various areas from the south-western to the northeastern
part of the Mediterranean basin.

Three main transects are organized in different investigation windows (fig. 1):
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(1) The ‘Go-West’ transect goes from Eastern Anatolia to the Adriatic, passing
through Central Anatolia, Western Anatolia, the western Black Sea coast and
Danube delta, Cyprus, Crete, Northern Greece and Corfu Island;

(2) The “Gulf of Lion-Southern Alps” transect comprises the Southeastern French
Alps, the Cote d’Azur, Languedocian Lagunas, a small continental depression
in French Languedoc and Roussillon, Corsica Island and the Balearic islands;

(3) The “Maghreb” transect comprises 3 working areas: the Middle Atlas and
the Moulouya River basin in Morocco, the Oued Cheliff river basin in Algeria,
the Medjerda and Oued Zeroud-Merguellil river basins in Tunisia.

In each window, we develop multi-proxy palacoenvironmental analyses
(geomorphology, sedimentology, geochemistry, micromorphology, palynology,
non-pollen palynomorphs, fire signature, phytoliths, etc.) around archaeological
sites and geoarchaeological research into excavated sites, where archaeobotanical
and archaeozoological research were also conducted. To present our investigations,
we briefly summarize results the obtained on the regional scale in 4 RCC periods
from the Early Holocene and the Neolithization process to the Late Holocene.
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Figure |
Areas investigated by the ArcheoMed-Paleomex project.

8.2. ka BP event and the Neolithization
of Eastern Mediterranean

The first question concerns the Early Holocene RCC’s records in the
Mediterranean zone, which are under-represented in continental archives (9.2
and 8.2 ka events, c. 7.2 and 6.2 ka BC) and their impact on prehistoric societies.

37



The Mediterranean Region under Climate Change

We study river and lake systems, from the eastern to the central Mediterranean
areas (Central Anatolia, Cyprus, NE and NW Greece) which represent continental
archives where Early Holocene RCC events and their local impact on prehistoric
societies can be or have been recorded.

The research demonstrates the reality of hydrogeomorphological responses to
early Holocene RCCs in valleys and alluvial fans and lake-marsh systems (Berger
et al. 2016). It highlights the importance of Holocene sedimentation and post-
depositional disturbances on reading the Mesolithic-Early Neolithic transition
and attests to the first true levels of Neolithic occupation in SE Europe. Terrestrial
records still reflect heterogeneities in palaeoclimatic restitution across the north-
eastern Mediterranean during RCC events. They suggest a probable tripartite
timing for the 8.2 ka BP event revealed by a few Mediterranean marine records.
These issues are crucial if we are to reach a clearer assessment of climate impact
on coastal and continental environments, in major societal disruptions such as
the Neolithization of the Mediterranean.

The probable tripartite timing of the 8.2 ka events complicates our view of the
link between climate change and the Neolithic development and colonization
of Europe. Our hypothesis of an early Neolithic colonization of the North Aegean
(around 8.4 ka cal. BP), prior to the assertion of the second and more marked
part of the 8.2 RCC event well registered in the western study area demonstrates
the complexity and the reality of the climate change but also questions its link
with the Neolithization promoted by certain researchers (e.g. Wenninger et al.
2014). We must keep in mind that the geographical setting of the Mediterranean
results in physically very contrasting environments in which it is often sufficient
to move over very short distances to find different environmental conditions
(Lespez et al. 2016b). In fact, a dry period could imply a move closer to water
resources or, on the contrary, as observed in Dikili Tash, a rise of water table
and flood hazards might imply leaving the floodplain to settle higher on the
alluvial fans or lower slopes in the surrounding areas. Only new research, closely
interlinked with the multidisciplinary analyses of intra-archaeological sites will
optimize our perception of forms of socioenvironmental resilience.

6.5-5 ka BP Rapid Climatic Changes

and the “lost millennium”

in SE Balkan archaeology
The second results discuss the interaction of nature and society in the Middle
Holocene. At the end of the Late Neolithic, the period between 6.5 and 5 ka cal

BP (c. 4.5-3 ka BC) is one of the least studied episodes of RCC. This period is
characterized by a dramatic decline in settlement and a cultural break lasting
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over 5 centuries in the South Balkans (Tsirtsoni, 2016). High-resolution
paleoenvironmental proxy data obtained in northern Greece enables an
examination of the societal responses to rapid climatic change (Lespez et al.
2016). The development of a lasting fluvio-lacustrine environment followed by
enhanced fluvial activity is evident from 6 ka cal BP (c. 4 ka BC) in the Lower
Angitis and Strymon valley. Palaecoecological data show a succession of three
dry events at 5800-5700, 5450 and 5000-4900 cal yr BP.

By comparison with the available regional data, it appears that these events
correspond to the incursion of cold air masses to the eastern Mediterranean,
confirming the climatic instability of the middle Holocene climate transition.
Two periods with farming and pastoral activities during the Late to Final
Neolithic (6.3-5.6 ka cal BP, c. 4.3-3.6 ka BC) and the Early Bronze Age
(5.1-4.7 cal BP, c. 3.1-2.7 ka BC) evidently correspond to an increase in
settlements on the regional scale. The intervening period is marked by
environmental changes, but the continuous occurrence of anthropogenic taxa
and fire signatures suggests the persistence of human activities and in particular,
pastoralism, despite the lack of archaeological sites dated to this period and
the weakness of archaeological evidence of continuity, raising the question of
changes in settlement patterns.

The populations moved to cope with environmental change, but although they
moved away from areas most affected by the rising water table, they probably
settled in the foothills. The permanence, even slightly diminished, of anthropogenic
indicators confirms the continuity of settlement in the Lower Angitis and Strymon
Valley. As in other Eastern Mediterranean areas (e.g. Ghilardi et al. 2015), the
abrupt succession of wet and dry periods could have affected the population of
Northern Greece, but it is likely that the dry and cool conditions of the short-
time climate events alone were insufficient to trigger the observed societal
changes. Archaeological surveys must be developed at the micro-regional scale
in order to better understand the changes in the settlement patterns. This study
highlights the high capacity for adaptation of Neolithic and Bronze age societies
during climatic stress periods.

4.2 ka BP climatic event and settlement
pattern changes in western Mediterranean

The third study focuses on the impact of environmental changes (so-called 4.2
ka BP event, c. 2.2 ka BC) on ancient societies, from the recent Neolithic to
the Early Bronze Age in western Mediterranean areas (Carozza et al. 2015). A
short period of drought in the Mediterranean may correspond to the establishment
of the Mediterranean climate under orbital forcing (Magny et al. 2013).
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A series of studies have established that in the south of France, for instance in
the Rhone valley, an important change occurred in the human settlement system
around 2.3-2.2 ka BC. In lowland areas, after maximal concentration, the number
of settlements decreased significantly along the river systems during a period of
very high hydrosedimentary discharges, dryness, and fire activity (fig. 2). It is
interesting to note that the exploitation of copper ore resources, which had begun
in Cabrieres (SW France) around 3.2 ka BC ceased around 2.3-2.2 ka BC.
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Map of the micro-regions documenting the Late Neolithic Ill
to Early Bronze Age transition around 4.2 ka cal BP (c. 2.2 ka BC).

| Western Pyrenees; 2 Languedoc plateau (Boussargues-Les Vautes); 3 Languedoc (Fontbouisse

Culture); 4 southern Alps (Queyras, Saint-Véran); 5 central-western Alps (CPDF); 6 northern Alps

(multi-source CPDF); 7 Jura/Swiss Plateau/Bavaria; 8 mid-Rhdne valley; 9 Normandy (Alizay site,
CPDF). Red minus signs — depopulated areas; blue plus signs — densely populated area; red arrows

— direction of possible mobility of people around the 4.2 ka cal BP event. b Comparison of
temporal dynamics of the same micro-regions illustrating spatial re-organisation throughout France.
Blue arrows — sharp decline; red arrows — growth.
From Carozza et al. 2015.

At the same time, environmental changes allowed for an exploitation of alpine
copper, as seen in Saint-Véran (SE France). Indeed, from 2.15-1.65 ka BC, the
glacial retreat permitted the exploitation of copper ore resources at very high
altitudes of above 2,400 m (Les Rousses, SE France). The archaeological findings
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have revealed a growth in human pressure in mountain areas, specifically in the
Pyrenees (SW France). The exploitation of intermediate areas (from foothills
to moderately mountainous regions) in the Basque Country took the form of
temporary habitations (pastoralism). The period between 2.3 and 2.1 ka BC
corresponds to a global environmental threshold phase in the south-north
atmospheric circulation at the beginning of the Late Holocene, caused by an
orbital forcing. In the same period, the effects of millennial-scale Rapid Climate
Change (RCC) lasting three to four centuries (around the 4.2 ka BP event, c.
2.2 ka BC) are recorded in the lake, fluvial and soil systems of Western Europe.
It still seems to present a temporal tripartite structure with two wet periods in
Southern France (Magny et al. 2013, Carozza et al. 2015). The socio-economic
modifications show a decrease in lowland area occupation and an increase of
settlement in mountainous areas and may have resulted in a spatial reorganization
at a regional level, but not in a global societal collapse.

3.2 ka BP climatic event
and sustainability of agro-pastoral
activities in Eastern Mediterranean

The last case study concerns the transition from the Iron Age to the Middle
Ages in the eastern Mediterranean area. In Anatolia, a complex rural system
has been identified in many pollen records (Bottema and Woldring, 1984): the
“Beysehir Occupation Phase” (BOP). It is characterized by complementary
productions (fruits, cereals, trees, vineyards, olives, animals etc.) and its
chronology varies from place to place (Kuzucuoglu, 2015; fig. 3). Depending
on the recording site, it appears during the Late Bronze Age (LBA, the Hittite
Empire), during the chiefdom and rural transition between LBA and Iron Age
kingdoms (1.15-1 ka BC), and the beginning of the Iron Age (1-0.7 ka BC). It
lasted until the Early Byzantium, ending at places between AD 450 and 750
(1.5-1.2 ka BP). While the end of the BOP is well correlated in central Anatolia
with the Arab raids, its end in other areas seems to be more or less related to a
contraction in rural settlement with no clear cause, mainly because it varies so
significantly from region to region. The exceptional duration (> 1,000 years) of
the BOP landscape in Anatolia, occurred in spite of many, well known, political
turmoil and wars, as well as several, well known, climatic changes that succeeded
in the Eastern Mediterranean from ca 1.3 ka BC to 0.7 ka AD. The example of
the “3.2 ka cal. BP event”, well identified in central Anatolia (Kuzucuoglu,
2015), is a good illustration of the necessary caution and nuancing required
when arguing a decisive role for climate in the fate of major political events
such as the silent vanishing of the Hittite Empire c. 1.17 ka BC (without
destruction). Central Anatolia is a region sensitive to rain-depletion-climatic
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“crises”. In spite of the limits in '*C dating inducing a c. 50-year leeway in the
start and end dates of “rapid changes”, climatic fluctuations as well as abrupt
changes can be evidenced in several areas forming the large central Anatolian
region, even when wet/dry alternations have been rapid.
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Figure 3
Climatic changes from the Hittite Empire to the medieval period and BOP timing in Anatolia.
From Kuzucuoglu, 2015.

Here, the 2" half of the 2" mill. BC (1.55-1 ka BC, 3.5-3 ka cal. BP) and the
start of the 1st mill. BC (1-0.85 ka BC, 3-2.8 ka cal. BP) were characterized by
several dry periods and drought spikes recorded by indicators in marsh, lake,
river and slope sediments. Here several facts contradict the deterministic view
of the climate role in history which assumes that climate causes both an
irreversible decline of agriculture during increasing periods of dryness, and
political destabilization resulting from migrations and wars motivated by resource
depletion.

In fact, at the end of the 2" mill. BC, neither the droughts nor the vanishing of
the Hittite Empire, impacted the BOP at sites where it had started before 1.2 ka
BC. During the so-called “3.2 ka cal. BP global event”, the BOP proved its
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sustainability in spite of political changes and continuing dry conditions. The
climate degradation which occurred in parallel with cultural disorders in the
Eastern Mediterranean (Kuzucuoglu 2012), acted in Anatolia as an external
element leading, in the context of the disruption of the EM “world trade
organization”, to the end of a very centralized system and the development of
an innovative cultural system. This example shows also that the degree of cultural
sensibility to climate change is not obviously related to the intensity or nature
of that change, but to the internal factors of vulnerability with regard to change:
rigidity of social structures, centralization of decision, transmission networks,
unbalanced distribution of resources and means for productions (e.g. equipment,
land, technical innovation).

Conclusion

These 4 examples underline the uncertainties of chronology of so-called RRC
at the local/regional scale without specific investigations and highlight the
capability of societies to be resilient and/or to adapt to environmental
transformations caused by climatic changes. Rather than collecting radiocarbon
dates in order to propose the modelling of Nature/Society interactions, we need
to have more case studies on a regional and Mediterranean scale if we are to
reasonably discuss the role of climatic changes in cultural transformation. Where
archaeological and local palacoenvironmental data are still unexploited, our
understanding of land use and historical dynamics is hindered, with many
surprises still in store.
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Introduction

The Holocene, our present interglacial, has long been considered as a stable
climate period. However, paleoclimate reconstructions produced in recent
decades have shown that the Holocene climate has been variable at millennial
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to centennial time scales. Several centennial scale relapses of sustained cold
and/or dry climate conditions have been documented superimposed on the
long-term cooling observed in the extra-tropics since the beginning of the
Holocene (Wanner et al. 2011). Some of these abrupt cold climate regimes
would have been synchronous with societal collapses, such as that of Akkadian
cultures (Weiss and Bradley, 2001). With the recent rise in global temperatures,
more rapid and intense events including floods, droughts or heat waves have
been observed and are likely to be more frequent with climate change and to
have more severe societal impacts.

Understanding natural climate variability and the role of human activities in
current climate change requires long pre-instrumental records. Indeed, direct
observations of climate variables (i.e. temperature, precipitation) are usually
limited to the last hundred years, which is too short to put the observed
variability into perspective to see how it compares with the range of pre-
industrial variability. The shortness of instrumental records also limits our
understanding of low frequency climate variability as well as of gradual trends
or sustained periods of floods, droughts and storms. Reconstructions of the
pre-industrial climate rely on indirect information based on climate sensitive
bio-indicators and geochemical tracers, called proxies. The improvement of
sampling techniques, the development of new proxies and more robust
calibrations has indisputably led to major advances and produced high quality
reconstructions of the recent past climate. Proxies have been commonly
measured in continental archives such as tree-rings, speleothems or ice cores
to estimate past temperatures and precipitation but it is only recently that
marine sediments have been explored to produce decadal time scale records
of the temperature of the surface ocean, the primary heat reservoir of the Earth
(McGregor et al., 2015). Yet accurate dating to assess rates of changes or the
synchronicity between records is still problematic. As a complement to
sediments, corals yield discontinuous but best dated and seasonally / annually
resolved reconstructions thanks to their growth rates that are much larger than
sedimentation rates.

The study of the last millennium climate is of particular interest because this
period encompasses the most recent pre-industrial warm climate interval known
as the Medieval Climate Anomaly followed by the coldest centuries of the
Little Ice Age interrupted around 1850 by the industrial era. In parallel with
major progress in generating proxy signals, model simulations of the last
millennium climate using state-of-the-art coupled ocean-atmosphere models
within the Coupled Model Intercomparison Project (CMIP) allow cross-
analyses between proxy and model data to explore the physical mechanisms
at play and the role of external factors like solar activity, volcanism, land use
and greenhouse gases in climate variability. Nevertheless, comparison of proxy
data with GCM model simulations is still a critical first step in linking global
climate and regional signals with the information collected across site(s)
reflecting the impact of climate change on ecosystems and the response of
human societies.
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Climate and extreme events
in the recent past

The Mediterranean Sea is a unique region to explore the complex interactions
between climate, environment and human activity at decadal to millennial
timescales (Roberts et al. 2011). Sea level rise and the expected increase in
extreme climatic events such as coastal flooding and storm surges are major
concerns for populations living in the coastal regions of the Mediterranean.
Understanding the frequency of intense storms in the past several centuries to
millennia is important to better predict future vulnerability and economic loss.
Because extreme events are rare and therefore difficult to observe in a human
lifetime, proxy reconstructions are essential to trace their recent history and
place them in a longer temporal context.

Within the framework of the international MISTRALS/PaleoMeX program,
new approaches have been developed using lagoon sediments distributed across
the western Mediterranean Sea (in France, Spain, Morocco, Algeria and
Tunisia) to document the recurrence of floods and storms that have stressed
the coastline in the past (Figure 1AB). Proxy data have shown that during the
Little Ice Age (from ca. 1400 to 1850) storms were more intense and frequent,
thus contrasting with the low storm activity in the Medieval Optimum. In
lagoons in southern France, stratigraphic data revealed an increase in
catastrophic category 3 or more storms during the second half of the Little
Ice Age (Dezileau et al. 2011). Longer records covering the past thousand
years indicate that enhanced storminess in the western Mediterranean coastal
region was coeval with known cold periods in the North Atlantic Ocean and
in Europe. During the past 100 years, no major intense storm has directly
struck the western Mediterranean area, a situation that has resulted in
inadequate policies plus the subsequent construction of buildings and
infrastructure (dams, recent harbors) well within the zone of possible storm
tide flooding. The population residing on the coast has increased by a factor
of 10 since 1700 with a dramatic rise since the 1970s (Figure 1C) and the
number of residential or business buildings now threatened by flooding has
been rising and will continue to rise.

The last few centuries, and notably the abrupt termination of the Little Ice Age
and onset of industrial era warming saw a regime shift in the occurrence of
storms along the coast of the western Mediterranean Sea. While we acknowledge
that the Little Ice Age climate is different from the climate we are experiencing
today, little is known about the future of extreme events in the context of sea
level rise and warming Mediterranean surface waters. The mechanisms that
cause regime shifts are still not sufficiently well understood to allow accurate
predictions of extreme events, or to assess the risk of exposure of human
populations in the context of rapidly increasing urbanization and tourism along
the Mediterranean coast.
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A. Aerial photograph of washover fans (Palavasian lagoons, France).
B.The Uwitec platform used in the different lagoons to collect sediment cores.
C.The resident population on the coast of the French part of the Mediterranean area has
increased by a factor of |5 since 1709 with a dramatic increase since the |970s.Today,

150 000 people live on the sandy barrier all year round.The area had a 0.2% average probability
of being struck by one catastrophic storm per year in the last 2,000 years.This estimate was
higher (2%) during the latter half of the Little Ice Age when the risk increased by a factor of 10.
The last few centuries have seen a regime shift in the occurrences of storms crossing the coast
in the northwestern Mediterranean area (Dezileau et al. 201 1).

The recent reconstruction of sea surface temperature in the NW Mediterranean
Sea (Gulf of Lion) revealed strong decadal scale fluctuations (over ~1 °C)
associated with cold extremes followed by steep warming of over ~1 °C during
the Little Ice Age, i.e. prior to the industrial area (Jalali et al. 2016) (Figure 2A).
The occurrence of the severe conditions is thought to be linked to North Atlantic
blocking regimes leading to intensified cold Mistral winds blowing in southern
France and the NW Mediterranean Sea. According to model simulations, low
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solar activity during the Little Ice Age created favorable conditions for blocking
regimes. During the Medieval Climate Anomaly (1000 — 1200 AD) surface
temperatures in the north-western Mediterranean Sea were ~1 °C lower than
those at the end of the 20" century.
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Figure 2
A. Changes in the sea surface temperature in the north-western Mediterranean Sea (Gulf of Lion)
over the last 2,000 years derived from alkenones as a temperature proxy.
B. Comparison between the proxy reconstruction and instrumental data over the last century.

The steep rise of ~2 °C in temperature over the last century seen in the proxy
reconstruction is in agreement with instrumental data (Figure 2B). This rate of
warming is higher than the 0.6 °C observed in the Northern Hemisphere during
the same time interval or during the last deglaciation in the western Mediterranean
(ca 0.06 °C/century). The post-industrial warming reversal of the pre-industrial
long-term cooling, which is also observed in the global ocean surface temperature
(McGregor et al., 2015), emphasizes the influence of human activities on climate.

During the MISTRALS/PaleoMeX project, changes in deeper water temperatures
were estimated for the first time from proxy analyses conducted on precisely
dated deep water corals collected at ~ 400 m in the central and western
Mediterranean Sea using a remotely operated vehicle (ROV) (Figure 3AB).
According to our results, temperatures were ~2 °C lower during the Little Ice
Age but close to modern values in the 19" century. Annually resolved temperature
reconstructions between 1950 and 2000 obtained from the shallow water coral
Cladocora caespitosa in the Tyrrhenian Sea revealed an increase in sea surface
temperature of ~+0.023 °C/year, which is in very close agreement with
instrumental measurements and the alkenone sea surface temperatures in the
Gulf of Lion (see above).
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Figure 3
A. Living cold water corals Madrepora oculata and Desmophyllum dianthus growing on a deep-sea
giant oyster Neopycnodonte zibrowii collected by a remotely operated vehicle (ROV)
in the Sardinia Channel during the RECORD cruise in 201 3.
B. Hunting for deep sea corals in the Mediterranean Sea on board the R/V Urania.
The ROV is maneuvered from the research vessel down to the seafloor, where it searches
for samples of coral that preserve the history of climate change.

Increasing CO, emissions do not only result in global warming. Penetration of
CO, into the ocean through gas exchange with the atmosphere causes the
progressive acidification of both surface and deeper waters. New research on
Mediterranean corals to evaluate changes in pH beyond the period of direct
observations was also conducted as part of the MISTRALS/PaleoMeX project.
Coral derived pH proxy time series over the past 50 years indicate an acidification
rate of the Mediterranean surface waters of ~ -0.0014 pH units per year, which
is similar to the trend calculated from measured seawater data between 1986
and 2001. This finding confirms the ability of corals to assess changes in the
pH of the ocean since the increase in CO emissions needed to estimate the
beginning of acidification of the Mediterranean Sea, which represents a major
threat for marine calcifying organisms.

Hydroclimate and vegetation changes
in the Mediterranean region

Vegetation is closely linked to regional climate and the pollen produced by
plants and tree species has been used by palynologists to reconstruct past air
temperature and precipitation. Pollen records have shown that forests recolonized
the whole of Europe including the Mediterranean about 10,000 years ago. Over
the last 5,000 years, temperate forest progressively retreated northwards or
upwards in altitude with the overall increase in dryness over the northern
Mediterranean as recorded in southern France, Spain and Italy. In southern
France, recurrent swings between beech and oak abundances in the Languedoc
hinterland characterized this trend. In the same period in southern Tunisia, the
desert progressively expanded (Figure 4AB).
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Figure 4
A. Map showing the vulnerability of the west Mediterranean region to desertification
(from the Natural Resources Conservation Service).
B.An Olive tree submerged by desert sands near Sebkha Boujmel (southern Tunisia).

Examination of changes in vegetation through pollen assemblages preserved in
the sediments clearly shows that long term dryness continues today over the
western Mediterranean and even more significantly in the southern Mediterranean
borderlands. The species composition of the vegetation cover has been impacted
by human activity through the deforestation of northern Mediterranean area.
The expansion of desert landscape along the southern rim of the Mediterranean
Sea was also notably enhanced by farming, cultivation and grazing from the
Bronze Age (4,000 cal BP) to the end of the Iron Age (around 2,000 cal BP),
and has further intensified since the beginning of the 20" century (Azuara et al.
2015; Jouadi et al. 2016). The hydrological activity of major Mediterranean
rivers was also deeply modified, in particular during deforestation phases when
high rates of erosion were revealed by sediment fluxes and by the subsequent
increase in the occurrence of floods, as evidenced in the Rhone River basin
(Bassetti et al. 2016). Modeling studies using pollen data estimated a decrease
of about 50% in the arboreal pollen input in the western Mediterranean lowlands
between 6,000 years ago and today (Collins et al. 2012). Furthermore, land
registers indicate low forest cover (3% to 13%) in southern France at the end
of the 19" century (Koerner et al., 2000). Quantifying vegetation changes is
critical to evaluate feedback mechanisms on climate and their consequences for
the environment.

Information about past continental temperature and precipitation is also provided
by speleothems that form in caves from precipitation waters depending on the
location and the weathering of the host rocks. Oxygen isotopes are the most
commonly analyzed chemical in speleothems to derive environmental and
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climatic factors. In some caves, climate information can be linked to human
occupation, for example in Gueldaman cave in northern Algeria, one of the few
examples in which it is possible to link human history and climate. In this cave,
archaeological layers contained numerous prehistoric remains including pottery,
bones and charcoal dated by radiocarbon dating (Kherbouche et al. 2014)
(Figure 5). Stable oxygen isotopes in the stalagmites in the cave revealed a
drought that lasted several centuries between 4,400 and 3,800 years ago, leading
to the abandonment of the cave around 4,403 years ago after several thousand
years of occupation. This study provides an example of the role that climate
may have played in societal reorganization. Several stalagmites that grew in the
cave during the Holocene indicate other periods of past climate variations that
appear to be synchronous with human occupation.
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Figure 5

Comparison of evidence of ancient human occupation and past climate change
in Gueldaman Cave (from Ruan et al. 2015).

While the current climate change has encouraged interdisciplinary collaboration
to better understand the role that climate may have played in the development
of past Mediterranean societies, effective collaboration between disciplines is
still a challenge (Izdebski et al. 2016). The study of the occupation of Gueldaman
Cave can be seen as a first step towards more integrated efforts between scientists,
archeologists and historians the MISTRALS/PaleoMeX project is trying to
promote, in the knowledge that, to be efficient, interactions need to be thought
out and discussed at the very early stage of the process of the co-construction
of the research project. Identifying target sites and designing the strategy has
been the guideline for the second phase of MISTRALS/PaleoMeX science plan
structured in Transects to favor exchanges between fields of expertise.
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Introduction

The challenge is to implement research that can estimate the consequences of
climate changes in terms of impact on terrestrial environments and resources.
Emphasis should be placed on regions dependent on natural resources and for
which demographic pressure is strong. Simulations obtained from climate model
projections (using different Representative Concentration Pathways (RCPs))
predict that the Mediterranean basin and its southern periphery are particularly
vulnerable to water resources and environmental impact (IPCC, ARS, 2013).
An annual rainfall decrease by 30% is found for the projection period 2070-2099
(IPCC, ARS, 2013) associated with a decrease in water resources by 30 to 50%
(Milano, 2012). In addition, several studies using regional atmospheric models
indicate an increase in the precipitation inter-annual variability with extreme
events and a spatial heterogeneous signature, superimposed on a decrease in the
total precipitation amount (Giorgi and Lionello, 2008; Raible et al. 2010).
Currently, regional climate projections are highly sensitive to the climate model
used. In particular, spatial resolution as well as local climate conditions seem
to impact significantly on the simulations (Jacob et al. 2014).

The Mediterranean region, at the interface between arid and temperate climates
with several mountainous areas, is a complex climate system affected by the
interactions between mid-latitude and sub-tropical processes. In this context,
Morocco, located at the transition between a temperate climate to the North and
a tropical climate to the south constitutes a key area for an impact and sensitivity
study to global climate changes. The climate is influenced by the Atlantic Ocean,
the Mediterranean Sea and the Sahara, together with a very steep orography in
the Atlas region. The precipitation distribution is therefore characterised by great
spatial variability, and exhibits a marked seasonality, a strong inter-annual
variability (Ouda et al. 2005) and in general a pronounced gradient from north
to south and west to east. At a broader scale, Morocco is located on the subtropical
subsidence path and between the Acores High and the Saharan Low (Agoussine,
2003). Several studies have also identified strong links with inter-annual
precipitation variability and NAO index (Knippertz, 2003) as well as remote
climate modes (Esper et al. 2007).

Continental climate variability at a local/regional scale, if it is to be integrated
in climate predictions, needs to be supported by long-term observation.
Meteorological stations in Morocco provide climatic data mainly for the last
40 years with only a few stations located in the mountainous region (Tramblay
et al. 2012; 2013; Driouech et al. 2010). This climate database is also supported
by the IAEA network providing stations for which isotope tracers have been
applied to daily/monthly rain and water vapour samples over 2 to 3 years between
2000 and 2004. Besides the poor coverage of instrumented areas, lacustrine
systems can provide a climatic data set that offers access to short and long-term
time series of climate parameters when knowledge of modern lake water balance
is combined with lacustrine sedimentary-climate records. Lake sediment records
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ideally provide high resolution climate/environmental information of the last
10,000 years (Magny et al. 2013). This time interval (corresponding to the
Holocene) is a key period to investigate short and long-term climate variability
and to improve prediction in a warming climate.

In this study we present an integrated approach focusing on a mountainous lake
(Aguelmam Azigza). The modern lake system study is based on site monitoring
(2012-2016) and available regional hydro-climatic data. These data show that
lake level changes during the instrumented period were mainly driven by
precipitation following the high inter-annual variability. These data are then
compared with accurately dated short sediment cores retrieved in the same lake.
Micro-scale geochemical and sedimentological analyses of these sequences
enable us to identify various sedimentary facies that can be linked with periods
of high (low) lake levels over the past decades.

Study area

The Moroccan Middle Atlas is an intra-continental mountain range belonging
to the Atlasic system (Choubert and Marcais, 1952). It comprises two morpho-
structural units: the tabular Middle Atlas in the Northwest and the folded Middle
Atlas in the southeast separated by the Northern Middle Atlas fault (Martin,
1981). The study area is located in the Ajdir plateau of the tabular Middle Atlas.
Its structure consists of landscapes of elevated Jurassic limestone and dolomite
lying over Triassic argilites and Paleozoic basement units (Lepoutre and Martin,
1967). It is close to the Oum R’Bia springs and belongs to the Oum R’Bia
watershed, one of the most important fluvial system in Morocco with a catchment
area of about 48000 km? (Figure 1a).

The climate in the Middle Atlas is of a Mediterranean sub-humid type,
characterised by wet winters and dry summers (Martin, 1981). This particular
climate results essentially from its altitudinal position, its geographical position
and its exposure to marine influences (Atlantic and Mediterranean). Mean annual
temperature (MAT) in the area is about 13°C (with maximum daily values of
35°C and minimum of -4°C). Mean annual precipitation (MAP) is about 900 mm,
most of which falls between October and April (Martin, 1981). It is assumed
that 20 to 40% of the total rainfall infiltrates. The numerous lakes, caves, rivers
and springs that feed the Oum R’Bia river, make the region one of the most
important water reservoirs in Morocco.

Long-term daily precipitation and temperature series (Figure 1b) were obtained
from the governmental hydrological services of Morocco (ABOER, Tamchachate
station, 33°4N, 5°16W, 1685 m asl) in charge of dams and water regulation
structures. Most of these stations were installed during the sixties. The raw data
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Hydro-climatic context of the study. a:Watershed of the Oum R’bia area.
b:Times series of mean annual temperature (MAT) and precipitation (MAP) close to the study
area (Tamchachate station, ABOER data; ERA-Interim re-analyses data).
Data are expressed as standard deviation to the mean (calculated for the whole period, 1979-2015).
Symbols (red) indicate lake levels observed at the study site (Lake Azigza)
(compared to our reference level of 2013).

of the precipitation record have been checked for quality control. For comparison,
ERA-Interim re-analyse precipitation and temperature data provided by the
ECMWEF were used (Dee et al. 2011). The data are available every 3 hours and
cover the period from January 1979 to the present with a projected horizontal
resolution grid of 0.5°*0.5°. The mean annual air temperature series obtained
close to the study site between 1979 and 2015 is about 14.5°C. A long-term
trend in the temperature record can be detected toward increasing values (about
2% increase per decade). This has been already documented for several regions
in Morocco since 1960’s (Driouech et al. 2010). For precipitation, both data
sets (ABOER and ERA-Interim) reveal a strong inter-annual variability
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(Figurelb), which is one of the most important feature of the Mediterranean
climate (Lionello, 2012). Higher average precipitation is recorded at Tamchachate,
linked to the orographic influence. Similar inter-annual trends are observed
between both sets, despite a smoothing effect for ERA-INTERIM re-analyses
data which are based on few stations. The precipitation variability is also marked
by extreme hydrological events. Some of them had a large regional impact like
in 1995 (violent flood episode in the Ourika valley).

Hydrological context of Lake Azigza

Aguelmam Azigza Lake (32°58N, 5°26’W, 1544 m asl) is a natural lake, in a
tectono-karstic depression along a NW oriented fault line, located at about 30
km east of the city of Khenifra.

The lake has been studied intermittently since 1940. Previous works noticed the
relative pristine nature of the lake environment (particularly the Cedar forest)
and the low level of human activity in the catchment area. The local vegetation
is dominated by Cedar (Cedrus Atlantica) and Oak (Quercus) woodland formed
on calcareous red soils. Physical parameter measurements (temperature profiles)
have shown that the lake is monomictic with a winter overturning period (Gayral
et Panouse, 1954). This has been confirmed with recent temperature profiles
indicating a thermocline at about 8 m water depth during stratification periods
(spring, summer and autumn). The lake is fed by diverse springs and sub-surface
inflows. Despite the absence of surface outflows, chemical and isotopic signatures
of water samples suggest an open system, with a short residence time and diluted
water (Benkaddour et al. 2008). Ample evidence of significant lake level changes
have been observed (Gayral et Panouse, 1954; Flower et al., 1992; Benkaddour
et al. 2008) (Figure 1b). It was suggested that variation in annual rainfall
significantly affects the magnitude of water level fluctuations (Flower et al.
1992), although the contribution of groundwater processes in modulating the
lake response needs to be considered. Precise information about the timing and
causes of these variations is still missing, mainly due to poor data availability.

For this study, a high resolution digital elevation model (DEM) of the lake and
its watershed was produced (Adallal, Thesis) (Figure 2a). The lake’s surface is
0.48*10% m? and its volume is 6.91*10° m®. The watershed (automatically
delineated from the DEM using the ArcHydro extension of ArcMap) has a
surface of 10.16*10° m?, about twenty times the lake surface. The morphometry
of the lake shows a mean depth of 26 m and a maximum depth of 42 m in the
eastern part of the basin characterised by steep slopes compared to the western
part (Figure 2a). Today, the lake has no surface outflow but evidence for a former
outlet has been observed on the NW shore, probably linked to past high lake
level periods.
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Figure 2
Hydro-climatic data from Lake Azigza.
a: High-resolution digital elevation model (DEM) of the lake watershed and bathymetry.
b: Monthly and daily precipitation (2012-2016) and lake level (2013-2016) monitoring.
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Since October 2012, a monthly sampling of precipitation (using a rain gauge),
lake and spring waters has been undertaken for hydro-chemical and isotopic
analyses. In April 2013, monthly measurements of Azigza lake level have been
manually measured using a reference gauge (Figure 2b). After November 2014,
the installation of a data logger and a meteorological station at Lake Azigza
enabled us to collect daily measurements. The data logger was anchored in the
eastern part of the basin in order to measure water pressure, temperature and
conductivity at 2.6 m under the water surface. Lake level is obtained by correcting
the water pressure data from the atmospheric pressure measured at the same
place. Other atmospheric parameters were measured with the meteorological
station (precipitation, temperature, evaporation, humidity, solar radiation and
wind speed) (Figure 2b).

For the instrumented period, the MAP is estimated at about 1100 mm/yr. The
daily data reveal a strong link between precipitation and lake level over an annual
cycle, which increases during the rainy season (November to February) and
decreases during the dry period, with an annual amplitude of 0.5 m. In addition,
the lake level responds rapidly to precipitation events with, for example, a mean
increase of about 0.15 m (in a few days) followed by a relaxing period when
rainfall stops mainly controlled by evaporation and groundwater outflow.

Over and above these changes, we also observed a long-term trend with a lake
level decline of about 3 m since April 2013. As already mentioned, lake level
fluctuations of several meters have been documented from the survey of former
lake level terraces. These results found that low lake level for the early 50’s
coincided with a sharp decline in annual rainfall (Flower et al. 1992). Historical
aerial photographs (obtained from Direction de Cartographie, Rabat, Morocco)
and historical lake level observations (Flower et al. 1992; Benkaddour et al. 2008)
have been compared to our reference lake level (between 1979 and the present).
The data suggest that the lake level fluctuations follow inter-annual variations of
precipitation (Figure 1b). It is noticeable that the high lake level reported in
1979-1980 (Figure 1b) follows a rainy period in 1977, 1978 and 1979 as recorded
at Tamchachate Station (not shown). Our monthly monitoring of the physico-
chemical properties of the lake system (lake, wells, springs) (2012-2014) indicate
a significant contribution of groundwater flows in the lake water budget. For
example, conductivity data (not shown) do not record any trend apart from the
seasonal variability despite the lake level decline. Indeed, the lake water remains
fresh even in the absence of surface outflow, in line with previous results
(Benkaddour et al. 2008). However, the contribution of this groundwater outflow
to the long-term lake level fluctuations still needs to be estimated.

Hydro-sedimentlogical context

In spring 2013, several short sediment cores from Lake Azigza were retrieved
using the UWITEC gravity recovering system. Cores from shallow (16 m water 63
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depth) and deep water (30 m water depth) locations were obtained (Figure 2a).
The cores were split longitudinally into two halves and after lithological
description were used for multi proxy analyses. In general, the sedimentary
sequences were composed of unconsolidated light-brown to dark, partly
laminated clastic sediments and endogenic carbonates and few transition metal
oxides. The cores AZA-13-3 (90 cm long) and AZA-13-1 (78 cm long) retrieved
in the deeper basin were first imaged and measured for chemical composition
in an X-Ray fluorescence (XRF) ITRAX core scanner (Cox Analytical System)
at CEREGE. Using a Molybdenum X-ray source, a suite a chemical element
was semi-quantitatively determined (at 40 kV, 30 mA, and an exposure time of
15s). This method provides high-resolution (Imm step) records of six elements
(Ca, Fe, Ti, K, Si, Mn).

Thin sections performed at CEREGE for core AZA-13-3 allow for micro-
scale observations of the sedimentary facies using a microscopic approach
and semi-quantitative analysis of elements using energy dispersive technique
(EDS) coupled with a scanning electron microscope (SEM). The elemental
mapping of each facies is then linked to the mineralogy and sedimentary
characteristics of the sample in order to improve interpretation of XRF
signals (Jouve et al. 2013).

The chronological framework of core AZA-13-3 was derived using the 2'°Pb
and '¥’Cs activity- depth profiles. The radionuclides content of the bulk sediment
was measured for 13 samples (for the uppermost 40 cm of core AZA-13-3) by
gamma spectrometry at Géosciences, Montpellier. Concentration of '*’Cs clearly
identifies the AD 1963 peak due to atmospheric nuclear tests and the associated
radionuclides fallout (Cambray et al. 1989) (Figure 3a). Sediment accumulation
rates estimations using 2'°Pb-excess and/or '*7Cs concentrations give similar
results of about 5 mm/year. Considering a continuous sedimentation rate we
tentatively estimate that the deep basin sedimentary sequences cover approximately
the last 150 years, given that the age model needs to be improved.

Micro-scale analyses of thin section of sediments revealed three main facies in
core AZA-13-1. The first is a mixing of clastic (quartz) and authigenic (calcite)
sediments with thin laminations of calcitic shells of ostracods and bivalves, and
wood fragments (Facies 1) (Figure 3b). The second is composed of a mixing
of clastic and authigenic sediments with few millimetric calcitic shells of
ostracods and bivalves without wood fragments (Facies 2). Facies 1 and 2
repeated several times along the sequence while Facies 3 is only present in the
upper part of the sequence. It is composed of a mixing of clastic and authigenic
sediments that integrate a critical amount of authigenic minerals, such as gypsum,
pyrite and phosphates, inconsistently deposited on Facies 1.

Facies 1 is interpreted as a proxy of higher superficial runoff during high
lake levels. During increased runoff activity, and when the shoreline is close
to the cedar forest, calcitic shells and wood fragments can be mobilized from
the littoral zone. Facies 2 reflects reduced runoff activity associated with
low lake levels. Indeed, when the shoreline is closer to the coring site, coarser
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Figure 3
Geochemical composition and sedimentary structures of Azigza lake sediment cores.
a:Age model and XRF measurements (Ca,Ti, K, Si)
for core AZA-13-3 (N32°58,418;W5°26,708; 32 m water depth).
b: Micro-facies structures of facies | at 34 cm in core AZA-13-1
(N32°58,332;W5°26,659; 30 m water depth) corresponding to a high lake level period
(derived from SEM-EDS measurements on indurated blocks of sediment).
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calcitic shells can be moved from the littoral zone to the deep basin. In this
case, less intense superficial runoff prevents the transport of wood fragments
to the basin.

In agreement with the sedimentation rate derived from the age model, Facies 3
is interpreted as the sedimentary deposit derived from the refilling period of the
shallow basin in 2009, following a period of low rainfall (Figure 1b). When the
lake level was rising, the superficial runoff carried authigenic particles from the
shallow to the deep basin throughout small rivers (visible in the bathymetry,
Figure 2a and Jouve et al. in prep). A fast lake level rise could have led to water
column stratification and suboxic/anoxic conditions at the water/sediment
interface and thus the precipitation of pyrite.

These interpretations are consistent with XRF data, since elemental proxies of
superficial runoff (Si, Ti, K and Fe) are higher/lower associated with Facies 1
and 3/Facies 2 (Figure 3a). Moreover, using the age model, periods of high/
low lake levels are coeval with periods of higher/lower annual precipitation
close to our study area (Figure 1b). Since 1963, two periods of high (from the
60s to the 70s, and since 2009) and one period of low lake level stand (from
the 80’s to 2008) seems to be synchronous with the appearance of Facies 1/2
respectively.

Conclusion
and perspectives

Several studies have already highlighted the significant impact of human and
climatic factors in the Middle Atlas lake systems at various spatio-temporal
scales (Lamb et al. 1995; Cheddadi et al. 1998; Rhoujatti et al. 2010; Damnati
et al. 2012 among others). These approaches, while indicating the vulnerability
and sensitivity of these lakes suffer from poor current characterisation of these
hydro-systems needed for a better interpretation of sedimentary records in term
of past hydrological variability. Long-term site survey is essential to conduct
research dealing with the environmental impact of global climate change in
vulnerable remote areas.

At Lake Azigza, our site monitoring (2012-2016) confirmed the strong link
between lake level fluctuations and precipitation variability at daily, monthly
and annual steps. This data set will definitively help to understand the long-term
decreasing trend of the lake level as observed during the instrumented period.
Indeed, the understanding of the hydrological behaviour of the lake requires the
quantification of the groundwater contribution to the lake water balance. This
is an ongoing study in which a water balance model is coupled with water
isotopes (Adallal et al. in prep.). The simulation of the lake level and lake isotopic
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composition at daily and monthly steps compared to the measured data set will
provide a quantified relation between climate, groundwater inflows and outflows,
and lake level variations. Finally, our approach has the potential to provide
quantitative past lake level reconstructions using the hydrological model forced
by historical precipitation times series. The same approach should be tested with
precipitation simulations obtained from high resolution regional climate model
projections.

The micro-scale studies of the sedimentary lake deposits revealed that sed-
imentary structures and geochemical composition can be interpreted as a proxy
for runoff intensity. The improvement of the dating of the cores will allow for
the extension of the sedimentary record over the last 150 years. A calibration
of the proxy with the climatic data will be tested and used to reconstruct runoff
intensity changes (linked to precipitation extreme events) over the last 150 years,
beyond the instrumental period. Interestingly, Flower et al. (1992) did not find
obvious records of the recent lake fluctuations in deep-water sediment cores
(from coarse grain size measurements) and concluded with fairly stable soil
erosion rates. The approach conducted in this project shows that micro-scale
observations can bring valuable additional sedimentary information linked to
the hydro-sedimentary behaviour of the lake.

The integration of modern lake system knowledge (through site instrumentation
and modelling) with lacustrine sedimentary climate records from the same site
will provide new insights into the study of continental hydrological variability
at various time scales. It will enable us to evaluate the imprint of human activities
vs climate factors at decadal scale for the last millennia and provide keys to
future environmental management and preservation purposes.
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Climate change

in the Mediterranean region
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Abstract

The Mediterranean region has been identified as one of the most sensitive regions in
the world to climate change. The high sensitivity of the hydrological cycle to climate
change is a consequence of both the location of the region in a transition zone between
a temperate climate in the mid-latitudes and the hotter-drier North African climate
and its specific physiographic features, i.e. a nearly enclosed sea surrounded by
mountains and highly urbanized coastal areas. These climatic, topographical and
anthropogenic factors also explain the marked spatial and temporal variability of the
atmospheric, oceanic and hydrological conditions in the Mediterranean region.

Analyses of observation-based data show that the Mediterranean region has
tended to be warmer and drier during the last half century, associated with an
increase in evaporation and a decrease in runoff. Global and regional climate
model projections indicate that warming and drying will likely continue, with
the amplitude of the changes after 2050 being highly dependent on the emission
scenario. The climate models also predict a general increase in temperature
extremes for the end of the 21st century. However, the exact spatial distribution
of changes in temperature and much more in precipitation remains uncertain.
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Both global and regional climate models clearly predict warming of the
Mediterranean Sea surface propagating towards the deeper layers. The
thermohaline circulation is expected to change under the influence of warming
as well as with the uncertain changes in salinity, an issue which is still under
debate. In any case, these future changes will influence the exchange of water
and heat at the Strait of Gibraltar and consequently heat and salinity in the deep
layers of the North Atlantic Ocean, whose source is the Mediterranean Sea.
However the models do not agree on the future thermohaline circulation or on
exchanges between the Mediterranean Sea and the Atlantic Ocean.

Résumé

La région méditerranéenne est reconnue comme étant une des régions au monde
particulierement sensible au changement climatique. Plusieurs raisons expliquent
cette forte sensibilit¢é du cycle de I'eau en Méditerranée au changement
climatique. Tout d’abord, le bassin méditerranéen se trouve dans une zone de
transition entre le climat tempéré des latitudes moyennes et le climat plus chaud
et sec de I’Afrique du Nord. Un autre facteur d’explication provient de ses
caractéristiques géographiques, i.e. une mer semi-fermée entourée de montagnes
et de régions littorales tres urbanisées. Ces facteurs climatiques, géographiques
et anthropiques contribuent aussi a la forte variabilité spatiale et temporelle des
conditions climatiques, océaniques et hydrologiques rencontrées en Méditerranée.

L’analyse des tendances observées des moyennes annuelles sur le dernier demi-
siecle montre des évolutions des composantes du cycle de 1I’eau en Méditerranée
avec, globalement en Méditerranée, une augmentation de la température, une
diminution des précipitations et des apports des fleuves a la mer, et une
augmentation de I’évaporation. Les projections climatiques des modeles globaux
ou régionaux du climat indiquent que ce réchauffement et assechement va se
poursuivre, avec une amplitude de ces changements qui dépend principalement
apres 2050 du scénario d’émission. Les projections climatiques indiquent aussi
une augmentation en fréquence et intensité des vagues de chaleur. Néanmoins,
la distribution spatiale détaillée des changements en température, et encore plus
des changements en précipitation, demeure encore incertaine.

Les modeles de climat prévoient clairement une augmentation de la température de
la mer en surface sous I’effet du changement climatique, qui se propage aux couches
profondes océaniques. Il est attendu que la circulation thermohaline de la Méditerranée
va évoluer sous 'effet de ce réchauffement de la mer et des changements encore
incertains de la salinité. Les échanges de chaleur et d’eau au détroit de Gibraltar
devraient aussi étre modifiés en conséquence, et donc la source de chaleur et de sel
que représente la mer Méditerranée pour 1’ Atlantique Nord. Il n’y a cependant pas
a ce jour de consensus entre les modeles sur les caractéristiques d’évolution de la
circulation thermohaline de la Méditerranée et des échanges avec I’Océan Atlantique.
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Introduction

The Mediterranean region has quite a unique character that results both from
physiographic conditions and historical and societal developments. Because of
the latitude range it covers, the Mediterranean region is a transition area under
the influence of both the temperate mid-latitude climate and the hotter-drier
North-African climate. In addition, the region features a nearly enclosed sea
surrounded by highly urbanized littorals and mountains in which numerous
rivers have their source. This results in interactions and feedback between ocean-
atmosphere-land processes that play a prominent role in the climate and
hydrological cycle, including in the high-impact weather events that frequently
affect the region.

The hydrological Mediterranean basin is also characterized by a strong coastal
component. Only 21 catchments have an area of more than 10,000 km?, and they
represent only 42% of the total Mediterranean basin. The remaining part of the
hydrological Mediterranean basin is made up of many small to medium size
watersheds. Most of these small rivers are intermittent as well as ephemeral but
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can become powerful torrential rivers during flash-flooding episodes in fall and
winter. The water resource is a major concern for a large part of the Mediterranean
basin. Freshwater is rare and unevenly distributed in time and space, and the
current situation is worsening due to increasing water demands related to population
growth and economic development as well as to climate change.

The Mediterranean region in fact concentrates all the main natural risks linked
with the water cycle, including heavy precipitation leading to flash floods, strong
winds and associated large swells and storm surges, heatwaves and droughts
accompanied by forest fires. Such natural hazards affect the populations living
in the area. Accurate forecasting of such high-impact weather events is still
challenging and there are large uncertainties in the prediction of their evolution
under climate change, especially precipitation extremes.

The hydrological cycle in the Mediterranean region is thus a key scientific,
environmental and socio-economic issue in a large region that includes southern
Europe, North Africa and the Middle East, which motivated the 2010 launch of
the 10-year HyMeX experimental research program dedicated to the hydrological
cycle in the Mediterranean region (see Box 1).

The following sections of this sub-chapter describe the main characteristics of
the Mediterranean climate, of the Mediterranean Sea, and of the continental
hydrology, their variability and trends over recent decades. Sub-chapters 1.2.2
and 1.2.3 present the results of the future climate projections under emission
scenarios for the Mediterranean climate and the Mediterranean Sea, respectively.
The variability, trends and future changes in hydrometeorological extremes under
climate change are discussed in Chapter 1.3.

Box |
HyMeX — A research program on the water cycle in the Mediterranean

The overarching objectives of the Hydrological Cycle in Mediterranean Experiment (HyMeX)
program are to improve our understanding of the water cycle, with emphasis on the
predictability and frequency of high-impact weather events, and to evaluate the social and
economic vulnerability and capacity of the Mediterranean territories and citizens to adapt to
these extreme events (www.hymex.org, Drobinski et al. 2014). HyMeX is an international and
interdisciplinary program involving about 350 scientists from about 20 countries.

The 10-year HyMeX program consists in observing and modeling the atmosphere/sea/
continental surface system from the event to the climate scales. The HyMeX observation
component includes (i) heavily instrumented special observation periods of a few months
to provide detailed and specific observations to analyze key processes and (ii) longer
observation periods repetitively or routinely collecting observations to monitor long-term
water cycle processes and rare events such as flash-floods over a few specific instrumented
watersheds. Two special observation periods, involving research aircraft and airborne
instruments, instrumented platforms at sea and numerous ground-based research
instruments, took place in northwestern Mediterranean to document heavy precipitation
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and flash-floods in the fall, 2012 (Fig. |, Ducrocq et al. 2014) and ocean response to strong
regional winds in late winter, 2013. The exploitation of the rich database (more than 450
datasets) obtained thanks to successful field campaigns, and the modelling components, has
already produced numerous results, with more than 300 peer-reviewed articles published
in international scientific journals. The outcomes of the program include the improvement
of the numerical weather forecasting systems, the forecasting of flash-floods and the
production of MED-CORDEX regional climate projections for the Mediterranean area for
impact studies (Ruti et al. 2016), among others.

Figure |
Some examples of research instruments deployed in the fall, 2012 in France, Spain, and Italy.
Top row:ATR42 (left) and Falcon20 (right) from the French operator SAFIRE of environmental
research aircraft (CNRS/INSU, Météo-France, CNES).

Middle row: X-band radar from ETHZ deployed in the Cévennes (left),
instrumented Météo-France buoy in the northern Mediterranean (center);
Radiosonde launches from the CNRM mobile station (right).

Bottom row: Non-contact discharge radar (left), CTD rosette deployment at sea (right).

In France, the program is mainly funded by the MISTRALS meta-program (CNRS, Météo-France, IRSTEA,
INRA), the French National Research Agency (ANR), CNES, and the territorial collectivity of Corsica.
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Mediterranean climate

Temperature and precipitation variability

The climatology of the Mediterranean region is characterized by dry summers
frequently associated with very long drought periods, followed by fall and winter
rainfall events that are mostly very intense. It is not rare that total monthly
precipitation at a specific location falls in only few hours (during thunderstorms).
Mean summer temperatures show a gradient from north to south with mean
temperatures exceeding 30 °C in the southeast (Ulbrich et al. 2013). Summer
in southern Mediterranean regions is characterized by high temperatures and
lack of rain, leading to drought and marked arid conditions. Total precipitation
values show high spatial and temporal variability. Mean annual precipitation
amounts range from less than 200 mm/year (North Africa, Arabian Peninsula)
up to 2,000 mm/year over some northern mountainous areas. Winter half-year
precipitation accounts for between 30% (western and northern Mediterranean
area) and 80% (eastern and southeastern parts) of the annual total precipitation
(Xoplaki et al. 2004).

The high spatial and temporal variability of the seasonal mean temperature and
total precipitation is explained by several features. First, the Mediterranean
region is located at the southeastern limit of the North Atlantic storm tracks,
and is thus particularly sensitive to interannual displacement of the paths of
mid-latitude cyclones that can affect precipitation over the region. The
Mediterranean climate is also influenced by tropical and subtropical systems
(tropical cyclones, Asian summer monsoon, etc.). All these influences result in
marked variability. In addition, the complex morphology of the Mediterranean
region, including high mountain ridges surrounding the coast and sharp
orographic features, islands and peninsulas, leads to much sharper and smaller-
scale climatic features than over other ocean basins. The Mediterranean Sea is
also a source of moisture and heat for the mesoscale atmospheric circulation
that can evolve into high-impact weather systems such as heavy precipitation
thunderstorms, cyclogenesis and wind storms.

Observed trends

Observed trends indicate a general tendency for annual mean conditions to
become warmer and drier. Indeed, observations and the CMIP5 global climate
simulations show progressive warming of the land surface air temperature since
the 1960s. Using the CMIP5 multi-model and observational data, Mariotti et al.
(2015) estimated the annual mean surface air temperature trend in the
Mediterranean region over the 1960-2005 period to be 0.19-0.25 °C per decade.
The trend for the summer months is higher, over 0.3 °C per decade. The annual
mean precipitation trend has been estimated to be about -0.6 10> mm/day/decade
for the last century over the entire Mediterranean region. These observed long
term trends are combined with marked decadal and interannual variability.
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Mediterranean Sea

Characteristics

The Mediterranean Sea is a semi-enclosed basin connected with the Atlantic Ocean
through the Gibraltar Strait and with the Black Sea through the Dardanelles Strait.
The surrounding orography tends to produce cold dry northern regional winds
(Mistral, Tramontane, Bora, etc.) over the Mediterranean Sea, leading to high
losses of heat and of freshwater by evaporation and latent heat transfer. These
specific features strongly influence the water budget and the thermohaline
circulation of the Mediterranean Sea. Indeed, the Mediterranean Sea has a negative
water budget over a multi-year period: the loss to the atmosphere by evaporation
is larger than gains due to precipitation and runoff from the rivers. This freshwater
deficit is offset by exchanges through the narrow and shallow Strait of Gibraltar,
where the inflow is composed of relatively warm and low-salinity upper water,
while the outflow to the Atlantic Ocean is relatively cooler and saltier. Light low
salinity water from the Atlantic is transformed into denser water through interaction
with the low-level atmosphere and deep ocean convection that renew Mediterranean
waters at intermediate and deep levels, and generate the thermohaline circulation
in the Mediterranean Sea. The formation of deep ocean convection takes place
preferentially in the Gulf of Lion, the Adriatic, the south Aegean and the north-
east Levantine, regions under the influence of regional winds like the Mistral in
the Gulf of Lion. Ocean convection produces deep vertical mixing processes that
provide oxygen to the deepest part of the water column and consequently have
major impacts on marine ecosystems.

Observed trends

Estimation of trends using observations of the ocean is much less certain than
estimation of trends over land, as series of observations are fewer and not always
sufficiently reliable due to sampling errors or temporal homogeneity issues. This
justified the setting up of additional long-term ocean observatories such as the
MOOSE research observatory (see Box 2). Still, analyses of the trends observed
in the Mediterranean Sea in recent decades tend to show a marked increase in
the temperature of the deep layer from the mid-1980s as well an increase in
salinity. Observations of sea surface temperatures show an increase over the last
half-century (Sevault et al. 2014), with rates of increase estimated from different
observation datasets for the 1979-2006 period in the range of 0.2-0.3 °C per
decade (Mariotti, 2010). Concerning surface salinity, which displays decadal
variability, no significant change was observed in the eastern basin, with possibly
a small increase in the western Mediterranean (Ulbrich et al., 2013).

Sanchez-Gomez et al. (2011) compared the heat and water budgets of the
Mediterranean Sea based on state-of-the-art observational datasets and revealed
a wide range of uncertainty. However, the datasets showed an overall increase
in evaporation from the sea during the last half-century, with a decrease up until
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the mid-1970s followed by an increase, thereafter associated with the increase
in sea surface temperature (Mariotti, 2010). Observed precipitation estimates
over the Mediterranean Sea are very uncertain, which makes it difficult to
produce evidence for robust trends. Yet these estimates have shown no significant
trend over the whole Mediterranean Sea in recent decades.

Box 2
MOOSE - An example of research observatories

Despite intensive research efforts in the Mediterranean Sea over more than a century, an
integrated view of its evolution, in the framework of climate change and anthropogenic
pressures is still lacking. In this context, a Mediterranean Ocean Observing System for the
Environment (MOOSE) was set up as an interactive, distributed and integrated observatory
of the north-western Mediterranean Sea to detect and identify long-term changes in the
Mediterranean Sea and its ecosystems. MOOSE, built as a multi-scale observation network,
is based on a multisite system of continental-shelf and deep-sea fixed stations as well as
Lagrangian and mobile platforms to observe the spatio-temporal variability of interactions
between the coastal-open ocean and the ocean-atmosphere components. The long term
aims of the observatory (Fig. 2) are (i) to monitor the mesoscale circulation in the north-
western Mediterranean Sea; (i) to qualify and quantify river inputs; (iii) to observe and
understand the nutrient and gas (O2 and CO2) dynamics in the NW Mediterranean Sea
in relation with physical ocean processes and anthropogenic/natural inputs (atmospheric
and continental); (iv) systematic end-to-end monitoring, including of prokaryotic communities,
phytoplankton, micro- and meso-zooplankton, in relation with environmental parameters to
provide an overview of the evolution of biodiversity.

Monitoring
of 2rivers

Figure 2
MOOSE set-up.
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Data obtained during the first phase of MOOSE (2011-2015) allowed us to obtain new insight
into the interaction of dense shelf water cascading with open-sea convection, their connection
with peculiar atmospheric circulation patterns, and their impact on the alteration of deep water
characteristics at basin scale. In deep water, a significant increase was observed in the
nitrogen:;phosphorus ratio, together with a clear decrease in the concentration of oxygen (1.2
pmol/dm3/yr) revealing some changes in biogeochemical components of the Mediterranean Sea.

The MOOSE network is a solid observation service for research into the environment,
which is able to provide operational service for the timely, continuous and sustainable
delivery of high quality environmental data and information products, related to the
northwestern Mediterranean environment.

The MOOSE network is primary funded by the French National Research Center (CNRS-INSU) and the
Alliance Allenvi.

Continental hydrological cycle

Characteristics

Hydrological processes are highly variable in time and space, due to the high
variability of the rainfall regime, the complexity of the topography, and the
geological, soil and land use characteristics. Most Mediterranean rivers have
maximum discharges between February and May and minimum discharges in
summer, due to reduced precipitation, elevated temperatures and the associated
evapotranspiration in the summer season. Evapotranspiration over land is a key
process in the annual continental hydrological cycle, representing between 50%
and 80% of the total annual rainfall. Ranked according to annual water discharge,
the 10 largest rivers flowing into the Mediterranean Sea are the Rhone, Po,
DrinBuna, Nile, Neretva, Ebro, Tiber, Adige Seyhan and Ceyhan rivers, which
together account for about half the average freshwater input to the Mediterranean
Sea by rivers (Ludwig et al. 2009). The differences between low and high water
discharge can be extreme, in particular in the numerous small to medium
watersheds most of whose water is collected during short-duration floods. In space,
hydrological regimes depend on geographical and anthropogenic factors such as
basin size, topographic position (mountainous versus plain), the hydrogeological
and aquifer systems (e.g. karstic regions), urbanization, the role of dams and
reservoirs (e.g. Asswan), lakes (e.g. the more than 1,000 artificial lakes in Tunisia),
human activities (irrigation, farming or industrial activities, hydroelectricity), etc.

Observed trends

Except for the two largest rivers in the north (the Rhone and the Po) for which
no trends have been observed, Mediterranean river discharges are decreasing,
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with a reduction of at least 20% in freshwater inputs to the Mediterranean Sea
between 1960 and 2000 (Ludwig et al. 2009). This decrease is mainly due to
the reduction in annual precipitation associated with climate change, and the
construction of dams, which may have further reduced discharge. The biggest
decrease is indeed observed in rivers that have been affected by the construction
of dams such as the River Ebro in Spain and the Moulouya River in Morocco.
Lespisnas et al. (2010) studied changes in discharge of smaller coastal rivers
and found that the mean annual water discharge in their entire study region
(southern France) decreased by about 20% between 1965 and 2004. As they
found no clear trend in annual precipitation over the region, the decrease in
water discharge is likely to be the result of the rise in temperature causing the
switch from snowfall to rainfall at high altitudes and from the drop in groundwater
levels, which are also partly explained by the rise in temperature. In a recent
study (Zampieri et al., 2015), a consistent earlier spring discharge peak of more
than three weeks per century has been found for the Rhéne and Po.

This shift in the river discharge of these two largest rivers might, in turn, have
implications for the hydrological cycle of the whole region, or at least a large

part of it.

Conclusion

Analyses of long-term trends in the Mediterranean region show that annual
mean conditions tend to be warmer and drier, with an increase in evaporation
and a decrease in runoff. However, there is high spatial and temporal
variability of the atmospheric, ocean and hydrological conditions due to the
climate, topographical and anthropogenic factors that are specific to the

Mediterranean.
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Introduction

Giorgi (2006) defined hot-spots as the most sensitive regions to climate change.
On the basis of a regional climate change index (RCCI) calculated from temperature
and precipitation projections, the Mediterranean region was revealed to be one of
the most prominent hot-spots over the globe. Considering the last global climate
change projections in the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change (IPCC, 2013), the singularity of the region, particularly for a
future large reduction of precipitation, was confirmed, as illustrated in figure 1.
This figure reproduces the projected average percentage change in precipitation
in winter (December-January-February) and in summer (June-July-August), under
the conditions of the high emission RCP8.5 scenario, for two 20-year periods in
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the middle and at the end of this century compared to the period 1985-2005. It
clearly shows that the Mediterranean region could be affected by a decrease in
precipitation in both seasons, becoming more significant with time. This could
occur while other regions, particularly those at the same latitude, do not undergo
a change that is distinguishable from climate variability due to internal processes
of the climate system.

This great sensitivity to climate change can be understood as a consequence of
the location of the region in a transition zone between the arid climate of North
Africa and the temperate and rainy climate of central Europe, making it
vulnerable to climate shifts caused by climate change (Lionello et al., 2012).
Moreover, there is great consistency between models concerning the main
characteristics of these projections over the region.

Mean temperature and precipitation

Giorgi and Lionello (2008) reviewed climate change projections over the
Mediterranean region based on a large ensemble of 17 global climate model
(GCM) simulations, part of the ensemble of simulations analyzed in the fourth
assessment report AR4 (IPCC, 2007). With respect to a median emission
scenario (A1B), robust and large warming is projected at the end of this century
(2071-2100) compared to the end of 20™ century (1961-1990), with a maximum
in the summer season. In summer (JJA) values would reach 3 °C to 4 °C over
the sea, and 4 °C to 5 °C in inland areas, with maxima higher than 5 °C in
the Sahara and Middle East. Substantial temperature increases will also occur
in other seasons: +2 °C to 3 °C in winter and spring, and +3 to 4°C in fall.
Changes would be about half a degree higher under the scenario with the
highest emissions (A2 similar to the RCP8.5 scenario used in the ARS), and
1 °C less under the scenario with the lower emissions (B1). Climate change
affects land areas more than the sea with differences between the Mediterranean
Sea and the surrounding land regions of between 0.4 °C and 0.6 °C, reaching
0.9 °C in summer. The reduction in precipitation would be smallest in winter,
where it would vary from no change in the northern Mediterranean to a 40%
reduction in the south. In spring and fall, reductions in precipitation would
vary between 10% and 40%. The average value of the large summer reduction
would be in the range 25% to 30%, but some areas in the northeast and the
south would undergo a reduction of more than 50%. In most model simulations,
the reduction in mean annual precipitation, when averaged over the whole
basin, is larger over sea than over land, except in winter. Like changes in
temperature, changes in precipitation in the lower (higher) emission scenarios
are smaller (larger) than in the median emission scenario. Both precipitation



The climate of the Mediterranean regions in the future climate projections

and temperature signals are projected to become progressively more severe

during the course of the 21% century.
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Figure |
Multi-model CMIP5 average percentage change in seasonal mean precipitation relative
to the reference period 1985-2005 averaged over the periods 2045-2065 and 2081-2100
under the RCP8.5 forcing scenario. Hatching indicates regions where the multi-model mean
is less than one standard deviation of internal variability. Stippling indicates regions
where the multi-model mean is greater than two standard deviations of internal variability
and where 90% of models agree on the sign of change.
From fig. 12.22 WGI AR5, IPCC 2013

The most recent results of emission scenarios of similar amplitude in IPCC ARS
are very similar. For instance, the maps presented in IPCC, 2013: Annex I, show
that in the RCP8.5 comparable to the A2 emission scenario, warming over inland
regions in about one century would be of the order of 3 °C to 5 °C in winter,
and of 5 °C to 7 °C in summer. According to the same scenario, the decrease
in precipitation over land during the October-March period would range from
no change in the north to a 40% decrease in the south, and from 10% to 40%
from north to south during the April-September period. However, according to
the lower emission scenario (RCP2.6) that assumes the application of drastic
mitigation climate policies, and has no corresponding scenario in AR4, the
simulated changes would be much smaller. In this case, mean warming would
not exceed 1.5 °C in winter and 2 °C in summer, even over the land areas. In
addition, in this scenario, mean precipitation change would never exceed one
standard deviation of internal climate variability.

These orders of magnitude are also consistent with the results of climate change
scenarios run using regional climate models (RCMs). These models enable a
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better representation of the orography thanks to the improved resolution of the
calculation, but they only cover a limited geographical area. Some results from
an ensemble of simulations performed in the context of the ENSEMBLES
European research project are reported in Planton et al. (2012). They consist in
climate change projections over the Mediterranean region based on an ensemble
of six regional climate change simulations with a resolution of about 25 km.

Here we reproduce the simulated temperature and precipitation changes between
1961-1990 and 2071-2100.

In agreement with the GCM simulations, over land, the warming calculated by
RCMs is roughly within the range of 2.5 °C to 3.5 °C in winter and 4 °C to 5
°C in summer (fig. 2). Warming over the sea is roughly in the range of 2 °C to
3.5 °C with less seasonal dependence. Precipitation changes simulated by RCMs
(fig. 3) also generally agree with those simulated by GCMs with substantial
future drying in all seasons and over all areas of the Mediterranean region,
except in the northern part in winter.

20-15-10-05 00 05 10 15 20 25 30 A5 40 45 50 55 a0

Figure 2
Multi-model ENSEMBLES average percentage change in seasonal mean temperature relative
to the reference period 1985-2005 averaged over the period 207 1-2100
under the AIB forcing scenario.
From fig. 8.1 Planton et al. 201 2.
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The main conclusion to be drawn from this synthesis of global and regional
climate simulations is that in the Mediterranean at the end of the 21% century
intense warming is almost certain and drying is very likely. The amplitude of
these changes after 2050 depend to a great extent on the emission scenario
concerned when the full range of the ARS emission hypotheses is considered.
However, actual values and the detailed spatial distribution of changes in
precipitation, remain uncertain as they are strongly model dependent (Paeth
et al. 2016).
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Figure 3
Same as fig. 2 for precipitation.
From fig. 8.1 Planton et al. 201 2.

Mean hydrological cycle

Mariotti et al. (2008) studied changes in the Mediterranean water cycle associated
with the AIB emission scenario from GCM simulations synthesized in AR4.
These authors showed that a simulated decrease in precipitation in the 20%
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century precipitation decrease would be followed by rapid drying from 2020
onwards (precipitation decrease is —0.02 mm/d per decade or —7.2 mm/y per
decade). This amounts to roughly 15% less precipitation in 2070-2099 compared
to 1950-2000, and an 8% decrease as early as 2020-2049. Since the multi model
ensemble average has internal variability with reduced amplitude, actual
variability would be larger than that depicted by the model ensemble mean. As
precipitation is the main driver of the land surface hydrological cycle, other
major hydrological indicators would also change similarly (see chapter 2.3).
Concerning land surfaces, evapotranspiration would also decrease because of
the drier soils, but, as increased surface temperature favors higher evaporation,
the rate would be half that of precipitation. By 2070-2099, the projected
difference between precipitation and evaporation decreases over land would be
—0.09 mm/d (-0.01 mm/d per decade or -3.6 mm/y per decade). Some specific
results concerning the future hydrological budget of the Mediterranean Sea are
presented in sub-chapter 1.2.3.

The amplitude of the mean precipitation anomaly foreseen by 2020-2049 (about
0.1 mm/d or 36 mm/y) is comparable to that of the driest decadal spells
experienced by the Mediterranean region in the 20" century. The Mediterranean
region is indeed subject to climatic variability at a decadal time scale resulting
partly from teleconnection with other regions (Ulbrich et al., 2012). Hence, at
least in the short term (10-30 years), regional decadal anomalies and any potential
for decadal predictability is likely to be critically dependent on the regional
impacts of decadal modes of variability “internal” to the climate system.

Warm spells

In addition to changes in mean values, climate projections also include significant
changes in variability. Temperature and precipitation distributions would be subject
to both a considerable shift and deformation, becoming broader in future climate
scenarios. Increased interannual variability, especially in summer, along with the
increase in mean warming, would lead to more frequent occurrence of extremely
high temperature events. Like for precipitation, the decrease in mean precipitation
and the increased frequency of large negative anomalies would increase the
intensity and frequency of drought events (Giorgi and Coppola, 2009).

The detailed impacts of climate change on extremes linked to the water cycle
(heavy precipitation, strong winds, drought events, flash floods) are described
in chapter 1.3. We consequently focus here on warm spells or heat waves whose
length, frequency, and/or intensity are judged to be very likely to increase
throughout the whole region (IPCC, 2013).

The analysis of the RCM simulations in the context of the PRUDENCE and
ENSEMBLES European projects revealed a general increase in temperature
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Box |
Future climate change in Morocco

Several socio-economic sectors (e.g. water resources and agriculture) are climate
dependent in Morocco like in any many other Mediterranean countries. For example, dry
years (e.g. 1980-1985 and 1990-1994) reduce crop yields and can negatively influence the
GDP of the country. In the context of climate change, it is important to assess possible
future changes in precipitation and temperature, two aspects of climate that directly
influence agriculture, water resources and many other sectors.

Using the regional climate model ALADIN-Climat with a high resolution (12 km) over
Morocco, we assessed future changes under two emission scenarios (RCP4.5 and RCP8.5).
The main result obtained with the RCM is a quasi-general decrease in annual and winter
rainfall amounts and an increase in temperature in all seasons, in both scenarios and at
different time horizons.

Between 1971-2000 and 2036-2065, annual precipitation should decrease by 5% to 30%
under RCP8.5 and the longest winter dry period should be extended by between 2 and 6
days from north to south. The number of high precipitation events is projected to decrease
at both annual and winter scales whereas the amount of precipitation during this type of event
should increase slightly, indicating fewer but more severe episodes. Warming is projected to
concern all regions and mean temperature should increase by | °C to |.6 °C from west to
east under RCP4.5 and from 1.4°C to 2.2°C under RCP8.5. Warming should also manifest
itself as more frequent summer heat wave days throughout the country (+1 to +4 days).

When future precipitation and temperature changes are combined, soil moisture is
expected to be negatively impacted (see chapter 2.3).Taking into account the dependence
of many vital sectors on climate and projected future changes, it is easy to deduce that
adaptation is unavoidable to limit the negative impacts of climate change on the country to
the greatest possible extent.
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Figure 4

Future changes in the maximum dry period in winter (in days) and in summer heat waves
(in days) projected by ALADIN-Climat for Morocco under the RCP8.5 scenario between
2036-2065 and 1971-2000.
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extremes projected for the end of the 21% century in different emission scenarios
(Planton et al. 2012). Using a statistical downscaling approach Hertig et al.
(2010) also confirmed the trends in temperature extremes in the median A1B
emission scenario. In general, the results indicate that changes in temperature
extremes do not follow a simple shift of the whole temperature distribution to
higher values but also due to a broadening of the frequency distributions of

Mediterranean temperatures.

In more quantitative terms, Barriopedro et al. (2011) showed in particular that,
according to the RCMs of the ENSEMBLES project, weekly heat spells of
magnitude of the second week of August 2003 (7-day anomaly of 3.7 standard
deviation of the 1979-1999 climatology), will probably occur in 2020-2049,
with a best-guess return period of about 15 years in Western Europe, including
the northern part of the western Mediterranean area. By the end of the 21%
century, such extreme weekly heat spells are expected to occur about every
4 years, whereas some models show 2003-like anomalies about every second
summer. In a study of projected heat extremes over the eastern Mediterranean
and the Middle East (EMME) with a specific RCM, Lelieveld et al. (2014)
projected that by the end of this century, in most cities, the coolest summers
may be warmer than the hottest ones of the 1961-1990 period, according to all
the scenarios considered (B2, A1B and A2).

Projections of extreme temperature changes always show regional variability
that can be partly attributed to mechanisms involving coupling between the
surface and the atmosphere. For instance, a study by Zittis et al. (2014) also
covering the EMME region, showed that heat waves might be intensified by a
decrease in soil moisture due to reduced cooling caused by evaporation. This
mechanism has been shown to play a role in particular in Italy, the Balkans and
Turkey, but this result remains to some extent model dependent.
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Introduction

As a semi-enclosed and highly evaporative basin, the Mediterranean Sea has
a specific thermohaline circulation characterized by deep convection in certain
zones (Gulf of Lion, the Adriatic, Levantine and Aegean Seas). The contrast
between the fresher (hence lighter) waters west of the Strait of Gibraltar
compared to the saltier (hence heavier) Mediterranean waters east of it, is the
principal forcing of the outflowing water vein and the compensating inflow of
light Atlantic waters floating as a surface layer. The entire thermohaline
circulation has a time scale of 75 to 100 years. How the circulation of the
Mediterranean Sea will evolve under a changed climate is a major issue. Other
key questions concern changes in the surface characteristics: sea surface
temperature and salinity (SST, SSS), surface currents, sea level and waves. An
overview of the projected future state of the Mediterranean Sea and associated
uncertainties are presented in the following.
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Models and methods

The assessment of the effects of climate change on the Mediterranean Sea over
the 1950-2100 period and under several socio-economic scenarios is based on
different types of model projections from (i) general circulation models (GCM)
used in the coordinated Coupled Model Intercomparison Projects (CMIP), (ii)
higher resolution regional climate models (RCM) dedicated to the study of the
Mediterranean region and/or Mediterranean Sea. RCMs including (1) atmosphere-
only regional climate models (ARCM) from international coordinated programs
(CORDEX) and European projects (e.g. PRUDENCE, ENSEMBLES) are used
to assess changes in the atmosphere above the sea; (2) forced regional ocean
models are used to assess impacts on the sea itself; and (3) fully coupled
atmosphere-ocean regional climate models (AORCM), also called regional climate
system models (RCSM), take into account the high resolution and high frequency
coupling between the various components of the regional climate system. The use
of RCSM for future projections started quite recently (Somot et al. 2008, Carillo
et al. 2012) before being coordinated in the European project CIRCE (Dubois
et al. 2012; Gualdi et al. 2013) and currently in the Med-CORDEX initiative (Ruti
et al. 2016, see Box 1). CMIP5-based and CORDEX-based analyses are still
ongoing and more results are expected in the coming years.

The various modeling approaches used up to now should be considered as
complementary as they all have their advantages and drawbacks and none has
been demonstrated to be better than the others in assessing the effect of climate
change on the Mediterranean Sea.

Box |

Med-CORDEX

The aim of the Coordinated Regional Downscaling Experiment (CORDEX), of the World
Climate Research Program (WCRP), is to provide a coordinated framework to evaluate
and improve regional climate modelling and to produce fine scale climate projections for
identified regions worldwide.

The specific climate, topographical and anthropogenic factors that characterize the Mediterranean
region make it a good candidate for regional climate modelling and the region was indeed
chosen as a CORDEX sub-domain leading to the Med-CORDEX initiative (www.medcordex.
eu) endorsed by Med-CLIVAR and HyMeX The Med-CORDEX initiative is a voluntary-based
approach and was proposed by the Mediterranean climate research community as a continuation
of previous initiatives. It takes advantage of new very high resolution regional climate models
(RCMs, up to 10 km) and of new fully coupled regional climate system models (RCSMs),
coupling the various components of the regional climate. Med-CORDEX is a unique framework
in which the research community will make use of these new modelling tools to increase the
reliability of past and future regional climate information and to better understand the processes
responsible for the Mediterranean climate variability and trends.
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It is worth mentioning here that empirical downscaling approaches, very common
over land, are only rarely used over the sea (Macias et al. 2013) probably due
to the lack of in-situ data to train the statistical methods.

Future evolution
of the Mediterranean Sea forcings

As mentioned in the previous sub-chapter, there is a wide consensus that the
future Mediterranean climate will be characterized by drier and warmer
conditions. In line with these changes, the components of the Mediterranean
Sea surface freshwater budget, evaporation, precipitation, rivers and Black Sea
freshwater inputs, will also change (Mariotti et al. 2008, 2015, Sanchez-Gomez
et al. 2009, Elguindi et al. 2011, Dubois et al. 2012, Planton et al. 2012, Adloff et al.
2015). Between the end of the 20" century and the end of the 21% century,
most studies predict a decrease in precipitation of between -5% and -15% over
the basin, although some studies project a reduction of up to 28%. On the other
hand, evaporation tends to increase, with some models projecting an increase
of up to 18%. River runoff and Black Sea water net inflow are both projected
to decrease respectively by down to -87 % and -102 %. The latter value implies
that, according to some future projections, the Black Sea will become an
evaporative basin and as a consequence, the net water flow through the
Dardanelles Strait would reverse (from the Mediterranean to the Black Sea).
Changes in the components of the water budget depend to a great extent on
the socio-economic scenario chosen (Adloff et al. (2015): the higher the GHG
emissions, the greater the response of the water flux. However, changes in the
Mediterranean Sea water budget are not expected to emerge from natural
variability before the middle of the 21 century. It is worth noting that the
future change in the Nile River discharge is a challenging issue due to the
considerable influence of the management of this river, which has not been
correctly tackled up to now (see Somot et al. 2006 and Dubois et al. 2012 for
a discussion of this issue).

Future changes in the components of the Mediterranean Sea surface heat budget:
shortwave and longwave radiation, latent and sensible heat fluxes, have been
less frequently studied (Somot et al. 2006, 2008, Dubois et al. 2012, Gualdi
et al. 2013, Adloff et al. 2015). These studies show that in all available climate
projections, the surface heat loss from the Mediterranean will decrease. The
projected change in surface heat change ranges from +25 % to +118 %, meaning
some models predict that the Mediterranean Sea could even gain heat through
the surface in the future. The changes in surface heat fluxes are tightly correlated
with the GHG concentrations in the scenarios.



The Mediterranean Region under Climate Change

Few studies have assessed changes in the speed and direction of the wind over
the Mediterranean Sea (Somot et al. 2006, Dubois et al. 2012, A. Dell’ Aquila
CLIM-RUN project, unpublished). From these RCM-based studies, changes are
not expected before the middle of the 21 century but a decrease in wind speed
is projected for the end of the 21 century. The only sub-basin where an increase
in wind speed is expected is the Aegean Sea (Somot et al. 2006).

Concerning the heat and salt transport from the near-Atlantic Ocean into the
Mediterranean Sea, the global temperature increase will certainly lead to an
increase in the temperatures of the incoming waters through the Strait of
Gibraltar. This, together with the change in the surface heat budget, would
increase the heat content of the Mediterranean Sea. In addition, an increase
in water lost through the sea surface would increase the net water transport
at the Strait and probably increase salinization of the basin, since more salty
water will enter the basin to compensate for the increase in the fresh water
deficit. However, the expected change in salinity in the near Atlantic Ocean
is very uncertain in GCMs (Marcos and Tsimplis 2008, Carillo et al. 2012).
Some global models project an increase in salinity in the northeast, whereas
other models suggest freshening. In the latter case, the waters entering the
Mediterranean through the Strait of Gibraltar could be fresher and could at
least partially compensate for the effects of increased water transport. The
evolution of salinity forcing coming from the Atlantic Ocean is today
probably one of the main uncertainties of future projections concerning the
Mediterranean Sea.

Future evolution of sea circulation,
temperature and salinity

Sea surface temperature and salinity

In the climate change scenarios, GCMs and RCMs clearly predict warming
of the Mediterranean Sea surface, with a significant, nearly homogenous
increase of up to 1.5 °C — 3.1 °C in the annual mean SST for the end of 21
century compared to the present (e.g. Somot et al. 2006, Adloff et al. 2015).
The warming rate depends at the first order on both the time horizon and the
greenhouse gas emission scenario (Shaltout et al. 2014, Adloff et al. 2015,
Mariotti et al. 2015). However, warming will always remain below than that
of the air due to ocean thermal inertia. Some studies indicate greater warming
in summer compared to winter. Even if there is still no clear consensus on the
spatial variability of the increase in SST, Adloff et al. (2015) identified the
Balearic Islands, the northwest Ionian, the Aegean and Levantine Seas as the
regions with maximum warming.
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The future evolution of sea surface salinity (SSS) is less certain as it depends
on two competing and opposite forcings (see above). This leads to non-
homogeneous, geographically and seasonally dependent projected changes for
SSS. A progressively higher SSS is however generally projected with values
ranging from 0.06 psu to 1 psu over the next 100 years. Changes in SSS often
remain undetectable until the middle of the 21% century and more pronounced
salinization is identified in the Aegean and the Adriatic, possibly driven by a
marked decrease in Black Sea and Po river runoff (Planton et al 2012, Adloff
et al. 2015, see Figure 1).

Changes in SST and SSS have opposite effects on the density of the surface
waters. Pessimistic scenarios project a decrease in surface density (due to the
marked increase in temperature) whereas some optimistic scenarios project an
increase in density (related to a moderate increase in temperature and sometimes
major changes in SSS in the near Atlantic Ocean).
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Spatial composite of the expected minimum and maximum changes
in SSS at the end of the 2 st century compared with the end of the 20th century
based on a 6-member ensemble covering various sources of uncertainty
(adapted from Adloff et al. 2015)
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Deep layer characteristics

The surface climate change signal is propagated efficiently towards the
deeper layers through the Mediterranean thermohaline circulation and more
particularly through deep convection and dense water formation processes.
This leads to relatively strong signals in the deep layers of the Mediterranean
Sea with a mean warming of about +0.4 °C in total heat content in the middle
of the 21* century (Carillo et al. 2012) and between +0.9 °C and +2.5 °C
at the end of the 21% century mostly depending on the socio-economic
scenario concerned but also on the choice of the model and on the modeling
strategy applied (Somot et al. 2006, Marcos and Tsimplis 2008, Adloff et al.
2015, Macias et al. 2016). For the total salt content of the seawater, no
significant signal is projected for the middle of the 21 century (Carillo et al.
2012) while values ranging from +0.2 psu to +0.9 psu, (Somot et al. 2006,
Adloff et al. 2015, Macias et al. 2016) are projected for the end of the 21
century mostly due to the uncertainty related to the changes in the near
Atlantic characteristics, in river discharges, and in the strength of the
thermohaline circulation under the current climate. This means the socio-
economic scenario is not the main source of uncertainty in future changes
in salinity.

Sea circulation

Although sea surface circulation is difficult to assess from the published
literature (only one study), it is projected to undergo some modifications
with a northward shift of the eastward moving surface water veins in both
the western and eastern basins. For example in Figure 1, the areas with a
decrease in salinity in the Balearic area and in the northern Ionian Sea are
signatures of these changes in surface circulation (Adloff et al. 2015).

All published studies agree on a weakening of the open-sea deep convection,
the winter deep water formation and the related branch of the thermohaline
circulation for the western Mediterranean Sea (Thorpe and Bigg 2000, Somot
et al. 2006, Adloff et al. 2015), which, in some studies, is projected to be
very strong and to occur very early in the 21% century (Somot et al. 2006).
The picture in the eastern Mediterranean Sea is more contrasted with
weakening in some simulations (Somot et al. 2006) but enhanced convection
and thermohaline circulation in others and even some situations where the
Aegean Sea becomes the first source of Eastern Mediterranean Deep Water
(EMDW) such as during the Eastern Mediterranean Transient (EMT) in the
1990s (Adloff et al. 2015). This EMT-like situation is attributed to stronger
winds over this area and to a drastic reduction in the flow of freshwater from
the Black Sea into the Aegean Sea. The results concerning future changes
in the Mediterranean thermohaline circulation should to be interpreted with
caution as the models still have difficulty representing the current climate
thermohaline circulation.
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Water transport through the Strait of
Gibraltar and Mediterranean outflow water

Changes in the Mediterranean thermohaline circulation are intimately
connected to the exchange of water and heat with the Atlantic Ocean through
the Strait of Gibraltar. Adloff et al. (2015), project an increase of 0.02 Sv
(relative to the actual value, 0.05 Sv) in the net water flux at the Strait of
Gibraltar to compensate for the increase in net water loss from the sea surface.
The net heat and salt transport are projected to increase by +2 Wm2and +11
10° kg.s”!, respectively. The Atlantic Ocean is therefore projected to increase
its supply of mass, salt, and heat to the Mediterranean Sea. Concerning the
two-way exchange, a decrease in outflow (~-0.02 Sv) and a slight change in
inflow (an increase of less than +0.01) are projected. These changes reflect
changes in the hydrographic characteristics of the Mediterranean Sea but also
probably in those of the eastern Atlantic Ocean. However the projected changes
vary among models, with some models showing a reduction in the net heat
gain and in the salt loss at the Strait of Gibraltar (Somot et al. 2006). The
model simulations underline the complexity of the expected changes in water
transport through the Strait of Gibraltar as they are the result of competing
changes in temperature and salinity.

Mean sea level, storm surge and wind waves

Mean sea level

Modeling mean sea level variability in the Mediterranean Sea is not straightforward.
On one hand, GCMs do not have enough spatial resolution to reproduce the main
mechanisms that control regional dynamics. For instance, the redistribution of
heat inside the basin is strongly biased if the resolution is too coarse. This has a
major impact on the reliability of temperature projections in the Mediterranean,
and consequently on thermal expansion. On the other hand, at low frequencies,
the variability of Mediterranean sea level is strongly influenced by changes in the
nearby Atlantic, which are usually not included in regional climate models (RCMs)
thus making it impossible for them to estimate long term trends of total sea level.

Up to now, studies on the projections of sea level in the Mediterranean have
focused on one of the components of sea level variability, the steric component
(i.e. linked to changes in the density of the water column). This is only a part
of the story as long as the projected sea level changes in the nearby Atlantic
(i.e. either due to land ice melting or to changes in the circulation) are not taken
into account. Moreover, Jorda and Gomis (2013) showed that ignoring changes
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in the amount of salt and using only the steric component to characterize the
total sea level can lead to false conclusions in the Mediterranean. In particular,
the steric component is equal to total sea level only in those cases where the
mass in the water column is preserved. However, major changes in salt content
are expected in the Mediterranean Sea that would not only increase the density
of the water column but also change the mass. In other words, an increase in
salinity in the basin would not imply a contraction of the water column, even
if the steric component were negative. Therefore, projections based only on the
steric component should be interpreted with caution.

Using the simulated evolution of the steric component in the Mediterranean,
Carillo et al. (2012) found a thermal expansion of about 5 cm in 2050 under
the A1b scenario. It can also be concluded from their study that differences in
the temperature of the waters flowing into the Mediterranean from the Atlantic
will have little effect on the thermal evolution of the basin. Gualdi et al., (2013)
found an increase in the steric component of about 15 cm in 2050 under the
A1b scenario, although it should be noted that this is not completely representative
of total sea level as the salinity effects were not filtered out. Adloff et al. (2015)
projected a basin average thermal expansion ranging from +34 to +49 cm at the
end of the 21% century under scenario A2. These authors found that the
discrepancies are mainly due to the conditions prescribed for the Atlantic forcing,
thus somewhat in disagreement with Carillo et al. (2012), who found no
significant sensitivity to Atlantic forcing.

In addition to the local thermal expansion, other components will play a role in
future changes in sea level in the Mediterranean. In particular, melting of
terrestrial ice due to global warming will be converted into a quasi-homogeneous
global signal. This could mean an additional rise of between 10 and 60 cm in
the level of the Mediterranean Sea (Spada et al. 2013). Changes in the northeast
Atlantic circulation will also represent an additional 10-30 cm (Bouttes et al.
2012). In summary, the projected rise in the average sea level of the Mediterranean
basin is estimated to be between 40 cm and 110 cm at the end of the 21* century
with respect to the present climate. The range reflects the uncertainties linked
to the GHG emissions scenario and to uncertainties in the modelling system.
Finally, it is worth mentioning that changes in circulation within the Mediterranean
can also sustain local changes that differ from the basin average Figure 1. These
changes can be up to + 10 cm (Figure 2) although different models differ in the
patterns of change and there are no dedicated studies addressing the robustness
of these regional patterns.

Storm surge

Concerning the extreme sea level events, studies show that projections of
extreme sea level events in the Mediterranean are very sensitive to the choice
of atmospheric forcing. Marcos et al. (2011) point to a reduction in the
average number of positive surges, whereas negative surges will increase
throughout the 21% century. Conte and Lionello (2013) found an overall



decrease of ~-5% in the magnitude in positive surges with changes up to
~-10% in some locations along the Mediterranean coasts. However, these
authors reported marked differences among simulations, and that the results
were not spatially coherent.

Figure 2
Projection of sea level change for the period 2080-2 100
with respect to the period 1980-2000.The result is the combination
of outputs of an ensemble of regional climate models combined
with the CMIP5 projections for the Atlantic changes
all run under moderate GHG emission scenarios (Alb and RCPé6.0).

Wind waves

Future changes in waves will be determined by future changes in the wind
field over the Mediterranean Sea. Lionello et al. (2008) ran a regional wave
model of the whole Mediterranean Sea under scenarios A2 and B2. These
authors found that the mean significant wave height field over a large fraction
of the Mediterranean Sea would be lower all year round at the end of the 21%
century with a greater reduction (about -20 cm) in winter under scenario A2.
The changes are similar, though smaller and less significant, under the B2
scenario, except during winter in the north-western Mediterranean Sea, where
the mean significant wave height is projected to be higher than at present.
Concerning extreme events, these authors also found smaller values in future
scenarios than in the present climate. They also showed that, in general, changes
in significant wave height, wind speed and atmospheric circulation were
consistent.

Based on statistical downscaling, Pérez et al. (2016) also found a decrease in
significant wave height of -5 cm under scenario RCP8.5, of -3 cm under scenario
RCP4.5, and no change under scenario RCP 2.6. These results are in agreement
with the above mentioned work and point to a larger decrease in wave height
under higher emission scenarios.
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Conclusions

Several robust and significant conclusions can be drawn such as general warming
and an increase in the salinity of Mediterranean waters, as well as the sea level
rise due to the propagation of the global signal. However the changes in
temperature and salinity have opposite and competing effects on the change in
water density and hence on changes in vertical stratification, in the Mediterranean
thermohaline circulation, and in the total steric sea level. Whereas some scenarios
project a weakening of the thermohaline circulation especially in the western
Mediterranean basin, others predict that the Mediterranean Sea could enter an
EMT-like state. As a consequence, future changes in water and heat exchanges
at the Strait of Gibraltar, being part of the thermohaline circulation, are less
certain but will very likely be an increasing source of heat and salt for the deep
layers of the North Atlantic Ocean during the course of the 21 century. Similarly,
the uncertainty on the expected sea level rise is as high as that for oceans
worldwide.

Changes related to the water cycle are not expected to emerge from the natural
variability before the middle of the 21* century, whereas changes related to the
heat cycle are already being observed. Concerning the end of the 21 century,
as expected, the choice of the socio-economic scenario is often the most important
source of uncertainty, but future changes in conditions in the Near Atlantic
Ocean may outweigh salinity related changes including the Mediterranean
thermohaline circulation. Future changes in river discharges could be the main
source of uncertainty in some key sub-basins.
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Abstract

The Mediterranean region concentrates all the main natural risks linked with
the water cycle, including heavy rainfall leading to flash floods, strong winds
and associated large swells and storm surges, heat waves and droughts
accompanied by forest fires. The magnitude and frequency of these hydro-
meteorological extremes could be significantly affected by the ongoing climate
change. The study of extremes is based on the combination of observations,
data analysis and numerical modeling to extrapolate the observations and produce
possible future trends. However, studying extremes is a complex task for several
reasons. Extremes are, by definition, rare events and the existing datasets against
which scientific theories and models can be calibrated and tested are only
progressively enriched. Extreme events are often characterized by large spatial
and temporal variability that is hardly captured by existing observation networks.
Moreover, measurements of exceptional values may also be affected by
significant uncertainties. This explains our still partial knowledge and the
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sometimes contradictory conclusions of scientific studies on past observed and
future trends, for instance. Our knowledge of hydro-meteorological extremes
has nevertheless advanced substantially in recent years thanks to the development
of databases and dedicated research programs. This chapter presents a state of
the art review of extremes around the Mediterranean, their seasonal and
geographical patterns, and their observed and projected trends. Remaining
questions and uncertainties are also discussed.

Résumé

Les régions méditerranéennes sont particulicrement soumises aux risques hydro-
météorologiques, comme les pluies intenses et les crues rapides, les tempétes
induisant des submersions marines et des fortes houles, les vagues de chaleur
et les sécheresses favorisant les feux de foréts. L’intensité et la fréquence de ces
événements hydro-météorologiques extrémes sont susceptibles d’évoluer sous
I’effet du changement climatique. L’ analyse de ces événements extrémes repose
sur I’observation, I’analyse de données et la modélisation numérique afin
d’interpréter et d’extrapoler les observations et de prévoir les évolutions a venir.
L’étude des extrémes est cependant une tache particulierement complexe. Les
événements extrémes sont rares par nature. Les bases de données disponibles
ne s’enrichissent donc que tres progressivement. Ces événements sont par ailleurs
souvent caractérisés par de fortes hétérogénéités spatiales et temporelles que les
réseaux de mesure existants peuvent difficilement capturer précisément. La
mesure de valeurs exceptionnellement élevées, pour lesquelles les réseaux de
mesure n’ont pas été concus et ajustés, peut aussi étre entachée d’incertitudes
importantes. Tout ceci explique notre niveau de connaissance encore aujourd’hui
imparfait et les conclusions parfois contradictoires des études scientifiques sur
les évolutions passées et futures. Nos connaissances ont cependant fortement
progressé ces dernieres années grace a un certain nombre de programmes de
recherche dédiés et a la mise en place de bases de données partagées. Ce chapitre
présente I’état des connaissances sur les phénomenes extrémes hydro-climatiques
autour de la Méditerranée, leur répartition géographique et saisonniere, leurs
évolutions passées et a venir. Les questions non résolues et les incertitudes sont
aussi exposées et discutées.
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This sub-chapter focuses on extreme rainfall around the Mediterranean basin. It provides
an overview of the state-of-the-art knowledge of past and expected future changes.

The high vulnerability of the Mediterranean area to future anthropogenic climate
change has been pointed out since the early 2000s (Giorgi 2006) based on the
consistency of the climate projections made by many atmosphere-ocean general
circulation models (AOGCM) in the successive phases of the Coupled Model
Intercomparison Projects (CMIP).

Whatever the model types, climate projections are resolved at scales of a few
kilometers to hundreds of kilometers. The question of how humans will perceive
these projections at the scale of an urban area or a small catchment basin is still
open. Behind this is the question of the scaling of rainfall with horizontal resolution
and of the processes involved when a physical risk becomes a human hazard. We
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tackle these questions in part by examining how changes in extreme rainfall in the
recent past scale between regional and local diagnostics in the following section. In
the second section, we review the main results of regional climate simulations of
extreme rainfall.

Extreme precipitation trends
in the recent past

Methods for trend analysis of extreme rainfall

Trends in extreme rainfall reported in the literature are examined using a variety
of methodologies to which the results are sensitive.

Two main approaches exist. The first is based on climate indices. Most indices
describe the occurrence and the intensity of moderate extremes that typically occur
several times a year. The Expert Team on Climate Change Detection, Monitoring
and Indices (ETCCDI) recommends the use of 11 indices related to precipitation.
This broad spectrum of indices is used to cope implicitly with the variety of rainfall.
The relevance of the indices can be discussed when comparing their use from a
region to another and their partial assessment of the extreme rainfall phenomenon.

The second set of approaches focuses on the heaviest rainfall fully characterizing
them by modeling their probability density function in the framework of the
“Extreme value theory” (Coles, 2001). These approaches have the advantage of
being scale independent. Thus the same theoretical framework can be used to
analyze precipitation at different scales (rain gauges, climate model fields, etc.).
Moreover fitting a probability density function onto the data implicitly mixes the
intrinsic information of the dataset and the theoretical knowledge behind the
statistical model. This leads to implicit filtering of sampling issues in rainfall data.
However such an approach is seldom used in the literature.

Most studies assess changes in extreme precipitation by regressing climate indices
with time or in the case of the statistical model approach, by capturing the temporal
evolution of one or more parameters of the statistical model.

Another approach is to consider, rather than time, state parameters of the
atmosphere (temperature, humidity) or a large scale diagnosis of atmospheric
circulation (North Atlantic oscillation, NAO) as covariates either in the climate
index regressions or in the statistical model parameters. This framework is useful
to compare past and future climates, however it does not really provide a
quantitative assessment of the rate of change.

From regional to local trends in the recent past

Casanueva et al. (2014) provided a regional picture of the trend in extreme rainfall
on the western side of the Mediterranean basin by analyzing changes in the relative
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contribution of daily rainfall above the 95% percentile to the total amount of rain
(R95pTOT) for the period 1950-2010. Their study was based on the E-OBS data
(high-resolution gridded data set of daily climate over Europe) at a resolution of
0.5°. At this spatial resolution, the trend is either significantly positive at specific
points or null for most of the areas, but seldom negative. Significant positive trends
are in the range of 1.5% to 4% per decade, which corresponds to changes in the
range of 8% to 25% from the 1950s to the present.

Over North Africa, RO5pTOT shows almost no trend except at the extreme east
of the Atlas Massif, the north of the Algerian-Tunisian border where it tends to
increase by about 4% per decade. None of the local studies in this region (Tramblay
etal. (2012a); Donat et al. (2014) and Taibi et al. (2015)) corroborates the increase
in heavy rainfall at the large scale of 0.5° reported in Casanueva et al. (2014) nor
reveals any consensus in this area.

In the north-western part of the Mediterranean basin, the positive trends of
R95pTOT at 0.5° resolution are reported over the main mountain massifs from
the eastern Pyrenees in Spain to the Alps and Balkans around the Adriatic and
Black Sea. In these regions, at some local spots, the extreme rainfall shows a
positive trend of around 40% for the 90™ percentile of daily rainfall, but the results
depend on the area studied and on how extreme rainfall is defined. This is
particularly apparent over the Iberian Peninsula, where contrasting rainfall regimes
are observed from the ocean shore to inland Spain.

Kostopoulou and Jones (2005) collected rain gauge data from 10 countries around
the Mediterranean from Italy to Israel and computed the ETCCDI indices
characterizing extreme rainfall. The dataset spans the period from 1958 to 2000.
In the western part of the basin, they obtained similar results to those described
above, but their results in the eastern part differed, although they were in agreement
with those of other local studies. The quasi-homogeneously positive trend in
extreme rainfall in Italy, can become significantly negative moving eastwards
toward the Balkans, Peloponnese, Turkey and Cyprus. In Israel, these trends vary
from significantly negative to significantly positive passing through zero among
sites located only a few tens of kilometers apart.

Again it appears that designing a robust method to study extreme rainfall is still
a scientific challenge (see Box 1.)

Regional change in extreme rainfall
in future climates

Modeling background

Most models predict a reduction in annual precipitation, associated with a larger
increase in temperature than in the surrounding regions, except in snow covered
areas that are subject to strong winter warming due to snow-albedo feedback. 109
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Box |
Trends in extreme rainfall in southern France

The Mediterranean region of southern France is prone to heavy rainfall that can have major
impacts on humans and society in general. In the framework of the HyMeX program, a
sensitive study was conducted on how the definition of extreme rainfall influences the
resulting extreme rainfall trends. Different methods are being applied independently by
three French labs (HSM-Montpellier, CNRM and LTHE Grenoble) on the same dataset. The
first result is that the statistical extreme value theory is the most efficient framework in the
context of extreme rainfall and its possible evolution.

Figure | shows the relative trend in the annual maxima of daily rainfall computed from both
rain gauges and spatialized rainfall data from 1958 to the present. Extreme rainfall in the
study region was most likely stationary from 1958 to 1985. From 1985 on, we hypothesize
a linear evolution in the statistical distribution of extreme rainfall. The figure below shows
that the trend is spatially highly variable over the region and sometimes even at neighboring
rain gauges such as over the mountain range delineated by the location of the main
mountain peaks (triangles). There is a wide region in the center of the map extending from
the Cévennes mountain range to the Alps passing though the Rhéne river valley, in which
both local and spatially extreme rainfall have increased by 20% to 60% in 30 years.
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Increase (in %) in the annual maxima of daily rainfall during the period 1985-2014 relative
to the average of the series of annual maxima of daily rainfall for each rain gauge (colored
dots) and of the spatial data (colored 8x8 km2 squares). Adapted from Blanchet et al. (2016).
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However, the complexity of both the topography and the land/sea distribution
of the Mediterranean area makes it impossible for either the atmospheric or the
ocean models used in the Coupled Model Intercomparison Project (CMIP) to
faithfully represent the Mediterranean features. For example, atmospheric models
with a horizontal resolution of more than 100 km cannot perfectly represent the
Massif Central and the Rhone valley and are consequently unable to reproduce
the northerly Mistral winds over the Rhone valley.

For these reasons, a concerted strategy of climate simulations at higher resolution
has been implemented in the Mediterranean basin. In the PRUDENCE project
(Christensen et al. 2007) a first approach was attempted with 50 km resolution
regional climate models over Europe (RCMs), driven by observed sea surface
temperature (SST) in the present climate or with SST plus the local SST response
by Hadley Centre Coupled Model. The results confirmed and even amplified
the risk of drought over southern Europe. Unfortunately several RCMs did not
cover the southern part of the Mediterranean basin. Another limitation of the
project was the use of a single greenhouse gas (GHG) scenario (SRES-A2) and
asingle SST scenario (HadCM). In the following European project, ENSEMBLES
(van der Linden, 2009), the horizontal resolution was increased to 25 km, the
whole Mediterranean basin was taken into account in the RCM domains, and
several SST scenarios were used (most including the bias of the coupled GCM).
The GHG scenario was SRES-A1B, considered to be more credible than
SRES-A2. ENSEMBLES results confirmed the consistent response over the
Mediterranean area, and added a probability layer, with the use of weights for
the different GCMs (Christensen et al. 2010)

The CORDEX project (Giorgi et al. 2009) was an extension of the former
PRUDENCE, ENSEMBLES, and other extra-European projects to all continents
of the world. The common denominator is a minimum horizontal resolution of
50 km and the use of two GHG scenarios (RCP45 and RCPS85). Two sub-projects
concern the Mediterranean area: EURO-CORDEX (Jacob et al. 2010) covers a
larger domain (from Iceland to the Red Sea) with a higher resolution (12 km).
MED-CORDEX (Ruti et al. 2016) kept the original 50 km resolution, but
included a regional model for the Mediterranean Sea, rather than prescribing
SST from CMIP5. CORDEX is not only a scenario experiment, but includes
validation with the RCM driven by ERA-interim reanalyses. CORDEX is still
an on-going project. Despite the abundant literature on the validation phase, still
no synthesis papers have been published specifically concerning extreme
precipitation scenarios over the Mediterranean basin.

Regional climate change: response to +2 °C

The most recent attempt to synthesize the climate response of a large number of
RCMs over the Mediterranean basin (and more generally over Europe) was the
IMPACT2C European project. This project relied on high resolution (12 km)
contributions to EURO-CORDEX. The originality of the approach, compared with
FP5-PRUDENCE or FP6-ENSEMBLES, is the choice of the time period to define
the future climate. Rather than a fixed 30-year period like 2021-2050 or 2071-
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2100, in which all models use the same GHG concentration (for a given scenario),
each RCM uses a 30-year period for which the mean global temperature in the
driving GCM is 2 °C above the pre-industrial level. As the reference period to
evaluate the climate change at regional scale is 1971-2000, this means a global
temperature increase of 1.54 °C with respect to this reference.

With this new approach, the model spread is reduced, at least as far as temperature
is concerned: by construction the spread of the global temperature responses is
zero. The GCMs with high climate sensitivity to GHG impose an early period for
the “future climate” in the RCMs they control. For example, in the RCP8.5 scenario,
the center of such a period among the CMIP5 GCMs spans 2020 to 2060. Mean
precipitation (not shown) tends to decrease in any season, but the decrease is
generally modest (less than 5%). Heavy precipitation can be measured by the 951
percentile of the amount of precipitation on rainy days (defined as days with
precipitation of more than 1 mm). This parameter is maximum in the fall (up to
35 mm/day in some areas). More than 80% of the models agree on the sign of the
response over the major part of the domain, which is a good consensus. Figure 2
shows the mean model response for the change in the 95% percentile of daily
precipitation in summer and fall. Some areas of France show a negative response
(less heavy precipitation) in summer. The same goes for Morocco in winter/spring
(not shown). But most of the Mediterranean basin undergoes an increase, which
is maximum in summer in the southern part and in fall/winter in the northern part.
In summer, the relative increase in the 95% percentile of the daily rainfall reaches
20%. However, despite this spectacular increase, the 95" percentile in summer
remains well below that in the fall and the risk involved in this increase might be
low. Yet in the fall, although lower, the relative increase reaches more than 10% at
some spots in the northern part of the basin where the 95" percentile is already
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Figure 2

95t percentile of precipitation (mmiday) for the Eurocordex multimodel (12 km resolution) for
1971-2000 (first row) for summer (left) and autumn (right); changes (mmi/day) in this percentile

during the +2 °C period with respect to 1971-2000 (second row).
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Regional climate change: variability
of the response to socio-economic scenarios

Jacob et al., 2013 reported climate projections at the end of the century (2071-
2100) from the new Euro-CORDEX ensemble. They showed a reduced northwards
shift of Mediterranean drying evolution and slightly stronger increase in mean
precipitation over most of Europe compared to the previous projections of the
ENSEMBLE models.

Improvements due to the high-resolution in the EURO-CORDEX simulations are
clearly visible in the pattern on change for heavy precipitation events. The projected
seasonal mean changes in heavy precipitation for the three emission scenarios
(RCP8.5, A1B, RCP4.5) are similar, but some regional differences are visible.

The results of RCP8.5 include a possible decrease of around 25% in heavy summer
precipitation over some parts of the Iberian Peninsula and southern France,
accompanied by regional increases in parts of Spain and Portugal. For winter,
RCPS8.5 projects up to 35% increases in heavy precipitation in Central and Eastern
Europe, whereas A1B projects changes only up to 25% in the same region.

In this study, both GCM and RCM ensembles show a reduction in weak intensity
precipitation and an increase in strong intensity precipitation, and these are more
pronounced in the RCP8.5 scenario.

Conclusions

The first part of this chapter shows how heavy precipitation scales from regional
to local scales in the recent past. At local scale, the extreme rainfall trend can
increase by a factor of 2 compared to the regional assessment. In the future
climate characterized by an increase of about 2 °C in the global temperature,
extreme daily rainfall (95" percentile) is expected to increase by about 10%
relative to the current level. This is the same order of magnitude as the increase
observed at regional scale in the recent past. At the local scale, it corresponds
to an increase of 30% to 50% in southern France, for example. Research is
underway on the attribution of extreme rainfall trends and of their spatial
variability. Efforts will also made to evaluate the new ‘convection enabled’
simulations at kilometric scale that will be performed in Euro-CORDEX/Med-
CORDEX in the future and the differences in the way the simulated precipitations
respond to climate change from those simulated by the current lower resolution
climate models.
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Introduction

The Mediterranean Sea is an almost enclosed basin surrounded by mountain
chains with a complex coastal orography and numerous islands, many of which
mountainous. The complexity of the physiographic characteristics deeply
influences the atmospheric circulation at local scale, giving rise to strong regional
wind regimes (see fig. 1) (HMSO, 1962). In the Alboran Sea (the westernmost
Mediterranean), the levanter blows from the east and in winter it can be strong
and long lasting (up to 10 days). In the western Mediterranean, the north-north-
west cold dry mistral and its companion wind the tramontane blow in the Gulf
of Lion, occasionally up to the African coasts. The northeasterly strong cold
bora affects the entire Adriatic Sea and bora-type winds also occur in the northern
Aegean Sea. In this region, storm surges are produced by a regional wind, the
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Latitude (°N)

westerly southwesterly libeccio, mainly during winter, and the warm and wet
southeasterly sirocco is produced mainly in the fall. In the Levantine basin, the
prevailing winds are the etesians, strong dry north winds like those that prevail
in the Black Sea. The wind speeds associated with these regional wind regimes
often reach surface values > 15 m s (with gusts of over 20-25 m s™!'). The
Mediterranean basin is also one of the main regions of cyclogenesis in the world
and the strongest windstorms are often associated with a cyclone (Lionello et al.
2016).
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Figure |
The Mediterranean Basin and its main winds. The names of the main sub-basins
are in uppercase letters, and the name of the winds are in red lowercase letters.
GOL stands for Gulf of Lion and GOG for the Gulf of Genoa.

The strongest windstorms and most intense cyclones often produce high impact
weather such as storm surges, landslides and flooding. They can also contribute
to the rapid spread of forest fires (Hernandez et al. 2015) and create hazardous
conditions for sailing, maritime shipping and aviation. They also control the
Mediterranean Sea circulation. Indeed, winds like the mistral often produce sea
surface cooling, and coastal upwellings, and are the main factor involved in
ocean convection and deep water formation (Millot and Taupier-Letage, 2005).
The succession of strong wind events partly explains the upper ocean circulation
and deep water formation in winter. Finally, these strong and sustained regional
winds could be a key to energy production and play an important role in the
energy transition as one possible solution for the mitigation of greenhouse gas
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emissions in the context of global change. How these strong wind systems will
evolve in a warming climate is therefore a major question, as any changes in
their frequency and characteristics are expected to play a key role in future
changes in the Mediterranean regional climate.

Observed spatial
and temporal variability of strong winds

Large-scale climate variability is crucial to European atmospheric circulation,
especially the North Atlantic Oscillation, which is the first mode of wind
variability in Europe, explaining more than a third of winter variability. It
contributes to intense Mediterranean cyclogenesis (Raible, 2007) and therefore
largely influences wind extremes over the Mediterranean. In spite of their
generally limited size and duration, Mediterranean cyclones are known to
cause serious damage in the highly populated coastal areas surrounding the
basin, due to the combination of strong winds and heavy rainfall. The majority
of intense Mediterranean storms present a dynamical structure equivalent to
the one of mid-latitude extra-tropical cyclones (Flaounas et al., 2015). Under
certain specific conditions, a few storms may develop into tropical-like cyclones
(also known as medicanes), and the associated wind can reach the hurricane
strength of 33 m s*!' (Cavicchia et al. 2014a). Medicane events occur once or
twice a year, mainly in fall and winter in the western Mediterranean close to
the Balearic Islands, and in the Ionian Sea (Cavicchia et al. 2014a). Almost
all extreme winds in the region are connected with cyclones (Nissen et al.,
2010). The spatial pattern of cyclones over the Mediterranean is characterized
by several maxima (Alpert et al. 1990; Lionello et al. 2016). Figure 2 shows
the locations where cyclones form and cyclone track density in the ERA-
Interim reanalysis. The most intense cyclogenesis areas are located in the Gulf
of Genoa, south of the Atlas Mountains, close to Cyprus, and in the North
Aegean and Black Sea.

Observations of surface wind speed in recent decades reveal an overall negative
annual trend over the continents in the Northern Hemisphere, referred to as wind
stilling (McVicar et al. 2012). The prevailing hypotheses explaining these trends are
changes in surface roughness, changes in aerosol loads or changes in the atmospheric
circulation (Jacobson and Kaufman, 2006; Bichet et al. 2012; McVicar et al. 2012).
However, wind stilling in the Mediterranean region is minor compared to inter-annual
variability, even though negative trends have been found for both etesian wind
outbreaks and speed in the eastern Mediterranean (e.g. Poupkou et al., 2011).
Nevertheless, at larger scale, and especially for the strongest winds, no consensus
concerning the magnitude of the trend or even the sign has been reached as the
uncertainties in the different datasets are still too large.
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(a) Cyclone track density

(b) Cyclogenesis density
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Figure 2
Cyclone track density (a) and cyclogenesis density (b). Colors indicate the probability
that a cyclone crosses/forms in each 1.5° x 1.5° cell of the domain
in the 6-hourly ERA-Interim reanalyses.
Adapted from Lionello et al. 201 6.

Accurately simulating past wind speed variability and trends at scales smaller
than 100 km is a prerequisite for future projections of local wind climatology,
which relies on downscaling global climate models. Several studies have
demonstrated the added-value of downscaling techniques to simulate the strong
winds and the cyclonic activity in the Mediterranean region (e.g. Obermann et
al. 2016; Vrac et al. 2012).

Projected changes in wind speed
in the context of global change

In the context of expected changes in the 21% century, wind speeds over the
18 Mediterranean region are not expected to be significantly affected by increased
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greenhouse gas conditions (Rockel and Woth, 2007). The projections of high
overland wind speeds in the Mediterranean region, analyzed from eight regional
climate models, generally predict wind stilling, in agreement with the findings
of Beniston et al. (2007) who suggest a negative change in high wind speed
over and south of the Alps or latitude 45°N, locally reaching -10% between the
1961-1990 period and the 2071-2100 period. However the uncertainty remains
large as pointed out by Vrac et al. (2012) and Rockel and Woth (2007), who
found that the decreasing signal is only captured by all regional climate models
during winter months and is only statistically significant in November (see
fig. 3). Najac et al. (2009) projected fewer high wind days in southern France
whereas Anagnostopoulou et al. (2013) forecast a strengthening of etesian winds
associated with the strengthening of the anticyclonic action center, and the
deepening of the Asian thermal low over the eastern Mediterranean.

Concerning cyclone-associated winds in the Mediterranean, two factors need
to be considered in the context of global change, first, the frequency of
cyclones, and second, the intensity of cyclones measured in terms of wind
speed. Under climate change conditions, the total number of Mediterranean
cyclones is projected to decrease. By analyzing a large number of CMIP5
models, Zappa et al. (2015) found a decrease in the frequency of extra-tropical
cyclones throughout the Mediterranean basin as high as 25%, with all models
agreeing on the sign of the change. Figure 4 shows the changes in the winter
cyclone track density in the most pessimistic emission scenario in comparison
with historical simulations. Although fig. 4 shows an overall clear decreasing

Change in high wind speed in the Mediterranean region
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Figure 3

Distribution of 99* percentile of daily mean wind speeds from 8 regional climate models,
averaged over the land area of the Mediterranean region. Absolute values for present-day control
simulations (CTL) and differences between future scenarios and control runs (SRES/A2-CTL).
Open circles denote outliers (i.e. the distance from the lower 25% or the upper 75% quartile
is more than 1.5 times the interquartile distance).“S” means at least 6 out of 8 models
show statistically significant changes. “I” means at least é out of 8 models show changes
that are not statistically significant.
Adapted from Rockel and Woth, 2007. 119
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signal for the Mediterranean, in certain areas such as the Levant and near
Morocco, cyclones may occur more frequently in the future (Nissen et al.
2014). Concerning cyclone intensity, interestingly there is a signal of opposite
sign. Both Cavicchia et al. (2014b) and Romero and Emmanuel (2013) show
that the frequency of medicanes will decrease by the end of the 21 century.
However both studies agree that more violent storms are to be expected.

Number density per month

Figure 4
Winter multi-model mean change in the cyclone track density
under the most pessimistic emission scenario (2082-2099)
compared with historical simulations (1976-2005). Units are the number of cyclones
per month per unit area (5° spherical cap).
Adapted from Zappa et al. 2015.

Consequences

Changes in wind speed in the Mediterranean region will have serious
consequences in different fields. A decrease in wind speed can weaken the
thermohaline circulation due to both a reduction in wind stress and heat flux
(e.g. Somot et al., 2006). Changes in wind patterns can have significant
implications for the potential of wind as an energy resource (e.g. Koletsis et
al. 2016) and more generally can affect local populations and the economy.
Indeed, windstorms and cyclones are the weather events with the biggest
impacts in the Mediterranean region, due to the combination of heavy rainfall
and strong winds. Because of their small spatial extent, climate models are
not yet able to capture all the aspects of future cyclone activity. Despite the
expected decrease in cyclone frequency, most studies suggest that high impact
weather systems and related wind storms will remain a significant risk in the
Mediterranean region.
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Introduction

Drought quantification is difficult since a drought is usually identified by its
effects or by its impacts on different types of systems, but no single physical
variable can be measured to quantify drought. Droughts are also difficult to
pinpoint in time and space since their onset, ending, duration, magnitude, and
spatial extent are not easy to define. Thus, drought is often quantified indirectly
using indices, which are often based on meteorological, hydrological and/or
remote sensing data, and physical models help us understand the relevant
processes and make predictions. In this sub-chapter, we describe and discuss
drought in the Mediterranean together with some relevant processes, and
comment on possible future scenarios. 123
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Description of drought

Mediterranean meteorological droughts

The most popular drought indices are those based on meteorological data, such
as the standardized precipitation evapotranspiration index (SPEI) (Vicente-
Serrano et al. 2010) which is obtained using data of precipitation and atmospheric
evaporative demand (AED). SPEI informs on the severity of dry conditions and
makes it possible to quantify different types of drought and the possible impacts
of droughts in a number of sectors. SPEI also makes it possible to identify the
main drought episodes that have affected a given region.

As a representative example, figure 1 shows the spatial distribution of the
12-month SPEI in December 2005. In 2005, severe drought conditions were
recorded in the west of the Iberian Peninsula, southeast France and extensive
areas in Turkey, whereas humid conditions prevailed in the eastern part of the
Iberian Peninsula, parts of Italy and the Balkans. This is the common pattern
of drought occurrence found in the Mediterranean region, which is characterized
by marked spatial variability of drought events, even for the most extreme
episodes recorded in the region.

Temporal variability of droughts is also strong. Changes in the average SPEI
for four large areas of the Mediterranean region follow very different patterns.
In the Iberian Peninsula, the main drought episodes occurred in the 1940s and
1950s and between 1990 and 2012. In Italy and southern France, the main
droughts occurred in the 1940s although very strong droughts were also recorded
in the 2000s and from 2010 on. In the eastern Mediterranean area, there was a
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Spatial distribution of the |2-month SPEI in December 2005 (Red indicates dry conditions
and blue humid conditions). The average evolution in the SPEI in four representative regions
between 1901 and 2014 is also shown. Red: dry conditions, Blue: humid conditions.
Source: S.Vicente-Serrano using data from the Global SPEI database
124 (http:/Isac.csic.es/speildatabase.html)
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succession of drought events in the 1930s but the most severe drought events
were recorded between 1980 and 1995, a period characterized by extremely
severe long lasting droughts. Finally, in northern Tunisia and in Algeria, droughts
event have been recorded in different periods but no grouping the drought events
in particular decades.

Long term reconstruction of past hydrological droughts

Hydrological droughts are those related to river flow deficits. Historical
meteorological and streamflow observations around the Mediterranean are
generally limited to the last few decades and therefore offer a too small sample
of extreme events to properly explore their long-term evolution as constrained
by both natural variability and recent anthropogenic climate change (Giuntoli
et al. 2013). However, recent advances in the reconstruction of the global
atmospheric circulation from the late 19" century on provides relevant
information on drought precursors that can be translated into local precipitation
and streamflow deficits through dedicated hydro-meteorological modeling
(Caillouet et al. 2016). Applying these modeling steps to a large set of near-
natural catchments over France allowed a better understanding of the individual
drought and low-flow events that happened throughout the 20" century. Results
revealed drought clusters in specific decades like the 1940s or the 2000s and
more widespread events occurring since the 1950s. They also recall somewhat
forgotten extreme events like those in 1893 that affected a large part of France,
or in 1878 that only affected the Mediterranean coastal area (see fig. 2). Such
benchmark events, possibly prefiguring standard 21% century droughts, can
therefore inform robust climate change adaptation strategies for water resources
management.

Drought processes and impacts

Specific Mediterranean drought processes

At least during the warmer months, evapotranspiration is limited by the
availability of water, as solar radiation is abundant and water scarce. A good
knowledge of soil moisture is thus very important because it determines the
availability of water for evapotranspiration. At the same time, vegetation is well
adapted to this situation, with strategies to obtain water from deeper soil layers
(long roots) along with strategies to better tolerate water stress. Unfortunately,
in situ observations of soil moisture are rare, but remote sensing is revolutionizing
our knowledge of soil moisture and vegetation conditions over large areas,
enabling progress in monitoring.

With climate change, an increase in temperature, in the length of the summer
dry period and in its extension is expected. This will exacerbate the impacts of
drought, as a very dry soil stimulates the sensible heat flux, which can interact [25
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Figure 2
1878 low-flow duration in southern France.
Reconstructed by Caillouet et al. (2016).

with the atmosphere, intensifying heat waves. The vegetation will be water
stressed for longer periods too.

In this context, the action of man can also be a vulnerability factor. If climate
change increases demand for irrigation, the water available for natural vegetation
might decrease due to a drop in the water table caused by pumping water for
irrigation, thereby amplifying the above mentioned effect, thereby creating an
environment where extreme droughts could thrive.

Drought and vegetation,
as seen using remote sensing techniques

Meteorological drought indices, such as SPEI, are difficult to use in areas with
few or no meteorological stations, or in regions with a short period of
measurements, which is the case in many Mediterranean areas. Furthermore,
even if meteorological indices can be correlated, for instance, with agricultural
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Box |
Impact of drought on tree growth and health

Increasingly long and severe droughts threaten Mediterranean forests. After decades of
improved productivity in the 20" century, since the 980s, there has been a progressive
north-south downward growth trend (Sarris et al. 201 |) that reached the northernmost
Mediterranean areas at the beginning of the 215" century (Girard et al. 2012).

Thanks to higher temperatures, the growth season starts earlier in spring and ends later in
the fall. Some species such as Aleppo pine even show shoot growth and flower development
throughout winter. But these additional growing periods are more than offset by the longer
stop of growth in summer due to increasing aridity (Adams et al. 2015). This shift in activity
is a risk: any even brief period of deep frost in winter can kill the fragile active new tissues
or at least damage them, paving the way for invasive pathogens. Higher temperatures during
humid periods from fall to spring also favor dangerous fungi and insects such as the
processionary caterpillar, which are gaining ground northward and upward in elevation, and
unprecedented outbreaks have occurred in recent years. Reproduction processes are also
being disturbed. As a consequence, forest dieback episodes have been multiplied by 3 to 4
in the last 30 years in the Mediterranean region (Allen et al. 2010, Fig. 3). Species at the
lower limit of their distribution area are particularly threatened, such as Scots pine and silver
fir Repeated droughts also reduce the resilience of Mediterranean forest to wildfires, limiting
its ability to regenerate.

Figure 3
Example of forest dieback episode in a Mediterranean environment.
Author: M.Vennetier.
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production, a more direct measurement of the impact of drought on vegetation
is needed. For this reason, in the last two decades scientists have proposed a
number of new approaches for the estimation of drought conditions, based on
the use of remotely sensed satellite data.

Optical sensors make it possible to study vegetation dynamics and its variations
over time. Most studies are based on the use of the normalized difference
vegetation index (NDVI), which is related to photosynthetic activity and whose
good accuracy has been demonstrated for the quantification of green vegetation
cover or vegetation abundance. The vegetation condition index (VCI) has also
been tested at different sites, where it revealed its high potential for the detection
and monitoring of drought, and showed a high correlation with agricultural
production. The vegetation anomaly index (VAI) also showed a high correlation
with precipitation levels over Tunisia.

Microwave remote sensing is also very useful as it measures soil moisture
anomalies. The soil water index (SWI) product provided by the Advanced
SCATterometer (ASCAT) or other moisture profiles retrieved from the SMOS
(Soil Moisture and Ocean Salinity) Mission is essential for this type of discussion,
as several studies have shown, including in Tunisia.

The combined use of these remote sensing indices, not only allows us to study
drought in areas with few meteorological stations, but also to study how drought
propagates to the soil (soil moisture) and to the vegetation and how it impacts
agriculture and forestry, for example.

Future trends

Future droughts as seen by regional climate models

Regional climate models make it possible to downscale global climate
simulations to regions of interest (e.g. the Mediterranean) in order to simulate
finer scale physical processes. A simplest way to study drought using regional
climate models is to analyze periods of consecutive dry days (dry spells). This
was done using a group of European regional climate models (RCMs)
(ENSEMBLES project). First, the annual mean dry spell length was studied
in the last four decades of the 20" century (1961-2000). Then, the percentage
change in the mean dry spell length from these RCMs, forced by different
global climate models (GCMs), was analyzed in future conditions (2021-2050)
under the A1B emissions scenario. The results showed that RCMs successfully
reproduce the general characteristics of the observed dry spells. A north-south
gradient of the mean dry spell length index along the Mediterranean basin
was obtained in the baseline and historical periods, with the maximum length
values located over the Sahara Desert (more than 200 days/year) and minimum
over the mountain ranges in the northern part of the basin (with around 3-4
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days/year). High values were also observed in the southern half of the Iberian
Peninsula, on the western and southern coast of the Mediterranean Sea (over
15 days/year). When climate change projections are analyzed, an overall
increase in the mean dry spell length index appears over the Mediterranean
basin for all the combinations of GCM/RCM pair simulations, with no clear
spatial pattern, suggesting that droughts are more probable in the future.
Nevertheless, some uncertainties in the magnitude of the increase emerge
among them, ranging from less than 5 to more than 15 days/year, depending
on the simulation.
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Figure 4
Percentage change (2050-2021) — (1951-1980) in the mean dry spell length under the AIB
emissions scenario. RCM/GCM pairs are indicated above each figure.
Source: E. Sdnchez.
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Future Mediterranean river flows

Studying the impact of climate change on river flow is difficult due to the
uncertainties involved. However, some clear signals emerge. For example,
Quintana-Segui et al. (2010, 2011) studied the impacts of climate change on
mean and extreme river flows in French Mediterranean basins in the middle of
the 21% century, using a regional climate model, statistical downscaling
techniques, and a hydrological model. These studies showed that it is possible
to draw general conclusions concerning the expected impacts on the whole
region, but that it is very difficult to quantify changes at the basin scale, as most
Mediterranean basins are rather small. The studies also showed that there might
be significant changes in the seasonality of precipitation over the mountain
ranges close to the sea (Cévennes), with increases in some seasons (e.g. winter,
spring) and decreases in others (e.g. summer), rendering water management
more difficult. In general, a decrease in annual mean precipitation is also possible,
causing a decrease in the average discharge, which will be more marked in
summer, thereby exacerbating the lack of the resource when it is most needed.
Concerning low flow extremes (hydrological drought), low flows are expected
to be up to -20% lower almost everywhere in the region. The study revealed a
clear signal concerning the increase in the frequency of the low flows, which
in the 20" century had a return period of 5 years.

Conclusions

Drought is a very complex phenomenon involving the atmosphere, soil,
vegetation, rivers and underground waters, at different time and space scales. It
can be estimated using different indices that make use of meteorological, remote
sensing and in situ data, the standardized precipitation evapotranspiration index
(SPEI) being a noteworthy index. Drought can also be understood and predicted
using physical models. In the Mediterranean region, drought is a phenomenon
that has major impacts on society. Mediterranean drought displays high spatial
variability, thus, when it happens, it does not necessarily affect the Mediterranean
region as a whole. Studying extreme drought is difficult, due to relatively short
time series of records, as a result, past droughts that lasted longer periods need
to be reconstructed to better prepare ourselves for future Mediterranean droughts.
This has been done in France with promising results. In terms of processes, the
Mediterranean has a marked north-south gradient, which could be modified by
climate change. Work is ongoing to improve our understanding of drought events
in semi-arid areas. The role of vegetation is very important in this respect, as
Mediterranean vegetation is well adapted to drought conditions. Remote sensing
allows us to study drought and vegetation even in areas where few measurements
are available. Unfortunately, an increase in the occurrence of drought may have
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negative impacts not only on agriculture, but also on our forests, with increased
mortality of trees. In the future, it is expected that the increase in droughts in
the Mediterranean region, which may make low river flows more frequent,
together with a decrease in mean flow, may increase water scarcity in a densely

populated region.
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The Mediterranean area is particularly
exposed to flash floods

Floods are weather-related hazards and their patterns are likely to be significantly
affected by climate change. Floods are already the most frequent and among
the costliest and deadliest natural disasters worldwide (Munich RE, NatCat
Service; Swiss RE, 2015). This is also true in the Mediterranean area. The
EM-DAT international disaster database (http://www.emdat.be/) lists for instance
200 billion Euros damages related to various disasters since 1900 in the countries
surrounding the Mediterranean Sea, out of which 85 billion are related to river
flooding.
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Disastrous flash-floods' are much more frequent in some parts of the
Mediterranean region than in the rest of Europe (Gaume et al. 2009; Llassat et
al. 2010). This is due to the local climate, which is prone to short intense bursts
of rainfall. The reliefs surrounding the Mediterranean Sea force the convergence
of low-level atmospheric flows and the uplift of warm wet air masses that drift
from the Mediterranean Sea to the coasts, thereby creating active convection.
In addition, population growth is particularly high along the Mediterranean
coasts, leading to a rapid increase in urban settlements and populations exposed
to flooding.

The Mediterranean region is a large area extending more than 4,000 km from
west to east and 1,500 km from south to north with spatially variable climatic
patterns and population densities. It is characterized by diverse climates, synoptic
meteorological conditions and hydrological properties: bedrock and soil types,
land use and vegetation cover. The flood regimes and the types of dominant
flood generating rainfall events vary significantly along the coasts of the
Mediterranean Sea (Llasat, 2016). Damaging floods are mainly produced by:

1. Short-lived (often less than 1 hour) strongly convective intense precipitation
events (up to 180 mm/h in only 5 minutes) but limited total rainfall amounts
(generally less than 100 mm). Such events have a limited areal extent (typically
less than 100 km?) and generate local flash floods of small headwater streams.
A typical example of such flash floods is the catastrophic flood that occurred
in Algiers in November 2001.

2. Mesoscale convective systems can produce stationary rain lasting several
hours leading to rainfall amounts exceeding 200 mm in a few hours. In France,
up to 700 mm of rainfall within 12 hours was locally recorded during floods in
the Aude region in November 1999 and in the Gard region in September 2002.
The areal extent of such events ranges from several hundred to several thousand
km?. These events mainly occur in fall and affect the north-western coast of the
Mediterranean Sea. The flash floods that occurred in Genoa, Italy, in October
1970 and in the Var region of France in June 2010 belong to this category.

3. On some occasions, heavy and sustained rainfall may be part of a large scale
perturbation lasting several days. In such cases, extreme rainfall accumulation
may be observed locally: 1,500 mm over four days and a record of close to
1,000 mm in 24 hours in October 1940 in the eastern Pyrenees in France. These
events cover a large area. Typical examples were the October 1969 heavy rainfall
and flash flood in South Tunisia (more than 300 killed) and the October 1940
event that affected both sides of the Pyrenees: the Ter river valley in Spain (90
killed) and the Tech and Tét river valleys in France (44 killed).

I. Flash floods are induced by short duration - from less than one hour to 24 hours - and heavy rainfall convective
events — typically 100 mm or more rainfall accumulated over a few hours.The affected areas are often limited to
a few hundred square kilometers, with rapid hydrological responses — generally less than 6 hours delay between
peak rainfall intensity and the peak discharge downstream.
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Total rainfall amounts as well as land use, soil and bedrock types and the initial
soil moisture content influence the responses of watersheds to heavy rainfall
events and especially their runoff rates: the estimated proportion of the incident
rainfall contributing to the observed stream discharges. The runoff rates during
flash floods are often limited to 10% to 30%. In some rare cases, when large
cumulated rainfall amounts lead to saturation of the watersheds, runoff rates
may reach 100% (Marchi et al. 2010). The observed variability of flood
frequencies and discharge magnitudes is therefore the result of complex interplay
between the characteristics of the generating rainfall events (spatial extent,
duration, maximum intensities) and the factors that control the response of the
watersheds, especially rainfall rates.

Sources of information about flood
magnitudes and impacts

Information on flood characteristics and magnitudes comes from a wide range
of sources (databases, the press, local technical reports) that are incomplete
and often not entirely accurate. It is therefore difficult to build comprehensive
databases to better understand the spatial pattern and climatology of large
flood events. The number of fatalities, sometimes damage estimates, is the
type of information that can be collected most easily, mainly from press reports,
and is typically the type of information collected in the EM-DAT International
Disaster Database (http://www.emdat.be/) or the Dartmouth global archive of
large flood events (http://www.dartmouth.edu/~floods/) or in the Italian AVI
flood database or the database on Mediterranean floods created in the
framework of the HYMEX European research project (Llasat et al. 2013).
Re-insurance companies such the Munich Re (CAT NAT Service) and the
Swiss Re (Sigma reports) also gather information on damage costs worldwide
but which is nevertheless only accessible in a synthetic form. As illustrated
in figure 1, such databases should be interpreted with caution. The information
collation efficiency is for instance increasing with time and thanks to the
improved circulation of information on Internet and the social networks. The
EM-DAT seeks to collect information on disastrous events that meet one of
the following criteria: at least 10 people killed, 100 people affected, a state
of emergency was declared and there was a call for international assistance.
Clearly, the number of floods documented in this database has increased since
its creation. Can this be interpreted as a sign of a trend? The total number of
reported annual fatalities does not show the same trend, suggesting that a
larger number of moderate floods have been included in this database in the
recent period, but that the number of catastrophic events has not significantly
changed. Lasatt et al. (2013) came to the same conclusion.
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Changes in the number of damaging floods in the countries surrounding
the Mediterranean Sea in the EM-DAT database.
Source: emdat.be

Moreover, the amount of damage and the number of fatalities are only indirectly
related to the magnitude of the floods and are also strongly determined by local
exposure and vulnerability. Both vary in space and over time. Major population
and economic growth has taken place along the Mediterranean coast in the past
century, with both huge densification and extension of urban settlements outside
but also inside flood prone areas. This has led - and continues to lead - to a
general increase in flood exposure and in economic vulnerability and costs. At
the same time, newly constructed buildings are more resistant to flooding, thereby
providing better shelter; warning systems and emergency management has
improved and may reduce the number of fatalities. Observed spatial distributions
of costs and fatalities are the result of complex interplay between different
explanatory factors. It is useful information that reveals the economic and social
impact of floods on our societies but its interpretation is questionable.

Flood discharge estimates are therefore indispensable to describe and analyze the
geographical patterns of floods, detect possible trends and enable comparisons
between countries and sub-regions. But major floods and especially flash floods
are difficult to document, as they affect small headwater watersheds that are not
monitored. Direct discharge measurements are seldom available and discharge
values have to be estimated using indirect methods that may sometimes lead to
large errors, especially overestimations, even if significant progress has been made
in recent years. Thanks to various European (HYMEX, HYDRATE, FLASH) and
national research projects, the number of documented extreme floods has increased
significantly in recent years. For the purpose of this paper, we collected information
to build a sample of 172 documented extreme floods (Table 1). The database
covers the largest floods since 1940 reported in the countries concerned either



Mediterranean extreme floods and flash floods

according to their estimated discharges or to the number of deaths: events with
more than 10 deaths were selected when no discharge estimates were available
(39 events) except for Greece for which a larger dataset was available.

Table |

Contents of the database of notable Mediterranean flash flood events for the period 1940-2015.

Country

Algeria
Egypt
France
Greece
Israel
Italy
Lebanon
Morocco
Portugal
Slovenia
Spain
Tunisia
Turkey
Total

Number
of events

20

3
40
22
I
46

172

With
discharge
estimates

|
0
38

112

Sources

Sardou et al. (2016), Recouvreur (2005), press

Internet and press

Hydrate, recent surveys by the authors, press

Hydrate, press, Pappanagiakis et al. (2013), Diakakis et al. (2015)
Tarolli et al. (2012)

Hydrate, Anselmo (1985), Barredo (2007), recent surveys, press
Press

Hymex database

Press

Survey by the authors

Hydrate, LLasat et al. (2013), Barredo (2007)

Press and technical reports

Press

Estimated discharge was available for 112 reported flood events. Despite the
large number of values available, only one representative value — not necessarily
the largest one, as it could be overestimated - was selected for each flood event
on any one date in one region. Events including dam failures were not included:
the Moulouya valley floods in Morocco (May 23, 1963, 170 killed), the Fréjus
catastrophe in France (October 2, 1959, 423 killed), the Vajon dam failure in
Italy (October 9, 1963, 2400 killed), and the Val di Stava dam failure in Italy

(July 19, 1985, 268 killed).

Magnitudes and seasonality of extreme
floods around the Mediterranean Sea

Analysis of deaths related to flood events

Figure 2 shows a clear contrast between the reported deaths in the eastern and
western parts of the Mediterranean region. The contrast concerns both the spatial
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density of the events that killed more than 10 people and the average number
of deaths per event. This conclusion remains valid even if the two most dramatic
events occurred in Algiers (2001, 896 killed) and the town of Rubi near Barcelona
in Spain (1962, 815 killed) are removed. Floods generally caused few casualties
in the eastern part of the Mediterranean region, with the notable exception of
the flood in Tripoli Lebanon on December 17, 1955 (around 160 deaths) induced
by a rainfall event of short duration: 100 mm of rain fell on the city of Tripoli
and its surroundings in two hours (De Vaumas, 1957).
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Figure 2
Number of people reported killed in each documentedflood event
over the period 1940-2015;

The contrast was confirmed by analysis of the EM-DAT database (see Figure 3).
The average number of people killed each year during river floods ranges between
seven in France, most of which in the Mediterranean region, and 30 in Algeria,
both western Mediterranean countries, whereas in eastern Mediterranean countries,
the number does not exceed two. These figures are also underestimated since
moderate floods are not recorded in the EM-DAT database, despite being in the
correct range of magnitude. For instance, the average number of people killed due
to floods in Greece is four based on comprehensive flood databases established
for Greece (Pappagianaki et al. 2013; Diakakis and Deligiannakis, 2015).

Analysis of major flood peak discharges

The estimated peak discharges of the major floods confirm the observed contrast
based on the number of deaths, even if the information concerning eastern
Mediterranean countries in the database is not complete (Figure 4). To be able
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to compare discharge values for a large range of watershed areas and to rate the
magnitudes of the reported floods, reduced discharges are mapped in figure 4
according the suggestion of Gaume et al. (2009). The reduced discharge Q, is
the ratio of the discharge value Q (m?/s) to the upstream watershed area A (km?)
at a power 0.6: Q.= Q / A%,
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Figure 3

Average number of people reported killed per country
and per year by floods over the period 1940-2015 in the EM-DAT database.

Source: emdat.be
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Estimated reduced peak discharge of the documented flood events
over the period 1940-2015.The reduced discharge Q, is Q/A%,
Q is the peak discharge (m3/s) and A is the watershed area (km?).
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Reduced discharges exceeding 50 have only been reported in the western part
of the Mediterranean region. Such extreme discharges appear to be more frequent
in the north-western Mediterranean region, more particularly in some hot-spots:
the Piedmont and Liguria regions in Italy, the Cevennes-Vivarais-Roussillon
region in France and Catalonia in Spain. These areas are preferentially affected
by longer lasting stationary rainfall events in the fall, leading to high runoff
rates and hence high discharge values (Gaume et al. 2009). The spatial
heterogeneity of extreme discharge magnitudes is clear in Italy and France, and
the flood database is close to complete for these two countries. It needs
completing for Spain and North Africa for which only partial datasets are
available at the present time.

Seasonal distribution of extreme flood events

Fall is the main season but not the only one in which extreme floods occur in
the Mediterranean region (Figure 5).
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Figure 5

Monthly and seasonal distributions of the documented floods
over the period 1940-2015.

The same seasonal distribution is observed in the eastern part of the area even
if it is less pronounced — however, this conclusion is based on an incomplete
dataset. The occurrence of summer floods is notable in the Alps and more
generally in mountain areas, as illustrated by the Ourika flood in the Moroccan
Atlas (August 8, 1995) or the Barronco de Aras flood in the Spanish Pyrenees
(August 8, 1996). Spring floods are indeed rare but when they do occur, can
have significant impacts, as did the Sarno flood in Italy (May 5, 1998, 147 killed)
and the Var floods in France (June 6, 2010, 25 killed). Extreme floods in winter
mainly occur in North Africa and Greece.
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Extreme Mediterranean floods
compared to world figures

Figure 6 compares the dataset of extreme peak discharges in the Mediterranean
region analyzed here with values extracted from other flood catalogues. Some
major events are highlighted in the figure to illustrate two facts:

1. The most fatal events (Algiers 2001 and Barcelona 1962) do not necessarily
have the largest peak discharge values. This confirms that the local risk is the
result of the interplay between hazard — described by the possible magnitude
of the peak discharge and local exposure and vulnerability.

2. Few reported world records exceed the proposed envelope curve for the
Mediterranean (Q = 100 A%5). It should also be noted that several past records
may have been overestimated (Lumbroso et al. 2012). Some sub-regions of the
Mediterranean area, Liguria, Cévennes-Vivarais, appear to be exposed to floods
whose magnitudes are comparable to world records.
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Figure 6
Reported estimated world records from different sources,
proposed European envelope curve and some selected European record events since |940.

Observed trends in flood magnitudes
and frequency and projections

The numerous studies conducted, especially in Europe, report contrasted trends
for extreme streamflow with both positive and negative trends, with variable
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statistical significance and no clear structured pattern (Madsen et al. 2014).
There are no clear national or large-scale regions in Europe with uniform
statistically significant increases in flood discharges in recent years, although
some trends appear for smaller regions.

Figure 7 illustrates the type of results of trend detection studies in France:
trends in annual maximum peak discharges (Giuntoli et al. 2012). The
analysis was based on a rich dataset of 209 stream gauge measurements
covering the period 1968-2008 and two statistical tests conducted on each
individual series (local test) and on regional samples of series to gain
robustness (regional test). A limited number of series or regions showed a
statistically significant trend. It is interesting to note a general and unexpected
decreasing tendency in southern France that is spatially consistent if not
statistically significant. The main conclusion is that if some trends exist,
they are almost impossible to detect due to the limitations of the available
datasets, especially on extreme events. Likewise, recent streamflow projections
based on Euro-Cordex climate projections led to significant forecasted
changes in river flood frequencies in Europe but to less clear results for the
Mediterranean region (Alfieri et al. 2015).
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Trends in annual maximum streamflow in France based
on local and regional tests (Giuntoli et al., 2012).
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Conclusions

Our knowledge of floods in the Mediterranean area has advanced substantially
in recent years thanks to the development of databases and focused research
programs. A general pattern of the spatial and seasonal distribution of flood
magnitudes can now be established as reported here. The main characteristics
of the floods around the Mediterranean Sea are the following:

1. The magnitude and impact of extreme floods vary significantly over the
Mediterranean region with a clear contrast between west and east. The western
part of the area is much more exposed to high impact and high magnitude events.
This is probably due to the proximity of the Atlantic Ocean and oceanic climatic
influences at latitudes where eastward atmospheric flows dominate.

2. Some sub-regions, including Liguria and Piedmont in Italy, Cévennes-
Vivarais-Roussillon in France, and Catalonia and the Valencian province in Spain
are particularly exposed to extremely severe floods whose peak discharge values
may be close to world records. This particular pattern is the result of the interplay
between the dominant atmospheric low level flow circulation patterns and the
relief and orientations of the northern Mediterranean coast, which force
convergence and trigger convection (Ducrocq et al. 2014).

3. Fall is clearly the main season - but not the only season - for extreme and
damaging floods. This is particularly the case of mesoscale convective systems
producing long lasting and stationary rainfall events that lead to strong responses
by the watersheds concerned (i.e. high runoff rates due to soil and subsoil
saturation) and to extraordinary peak discharge values.

4. No significant trend was detected in the frequency and magnitude of extreme
floods in the Mediterranean region to date, probably due to the limitations of the
available datasets and some complex overlapping signals (e.g. decadal and inter-
decadal variability). Likewise, the existing projections do not clearly point to a change
in extreme flood patterns in the Mediterranean region linked to climate change. But,
whatever the case may be, the risk of flooding is likely to increase due to population
growth and urban development in flood prone areas in the coming years.

References

ALFIERI L. et al., 2015 Atti e Rassegna Tecnica della Societa degli
Global warming increases the frequency of river Ingegneri e Architetti in Torino,

floods in Europe. HESS, 19(5): 2247-2260. 39(10): 245-275.

ANSELMO V., 1985 BARREDO J.I., 2007

Massime portate osservate o indirettamente Major flood disasters in Europe: 1950-2005.
valutate nei corsi d’acqua subalpini. Natural Hazards, 42: 125-148.

143



|44

The Mediterranean Region under Climate Change

Costa J.E., 1987

Hydraulics and basin morphometry of the largest
flash floods in the conterminous United States.
Journal of Hydrology, 93, 313-338.

CosTtA J.E., JARRETT R.D., 2008

An evaluation of selected extraordinary floods in
the United States. US Geological Survey,
Scientific Investigations Report 2008-5164,
Reston Virginia, 2008.

DE Vaumas E., 1957
Annales de Géographie, 66(357), 472-476.

DIAKAKIS M., DELIGIANNAKIS, G., 2015
Flood fatalities in Greece: 1970-2010. Journal of
Flood Risk Management, doi:10.1111/jfr3.12166.

DucrocqQ V. et al., 2014

HYMEX-SOPI The Field Campaign Dedicated
to Heavy Precipitation and Flash Flooding in the
Northwestern Mediterranean. Bulletin of the
American Meteorological Society, 95(7): 1083.

GAUME E. et al., 2009
A collation of data on European flash floods.
Journal of Hydrology. 367: 70-78.

GiunToLl L., RENARD B., LANG M., 2012
Floods in France. In Kundzewicz ed: Changes in
Flood risk in Europe. IAHS Special Publication
10, 199-211.

HALL J. et al., 2013

Understanding Flood Regime Changes in
Europe: A state of the art assessment. Hydrology
and Earth System Sciences, 18: 2735-2772.

Lrasar M.C. et al. 2010

High-impact floods and flash floods in
Mediterranean countries: the flash preliminary
database. Advances in Geosciences, 23: 1-9.

Lrasat M.C. et al., 2013

Towards a database on societal impact of
Mediterranean floods within the framework of
the HYMEX project. Natural Hazards Earth
System Sciences, 13: 1337-1350.

Lrasat M.C. et al., 2016

Flash floods trends versus convective
precipitation in a Mediterranean region. Journal
of Hydrology, 10.1016/j.jhydrol.2016.05.040.

LumBRroso D., GaAuMmE E., 2012

Reducing the uncertainty in indirect estimates of
extreme flash flood discharges, Journal of
Hydrology, doi:10.1016/j.jhydrol.2011.08.048

MADSEN H. et al., 2014

Review of trend analysis and climate change
projections of extreme precipitation and floods in
Europe, J. Hydrology, 519: 3634-3650.

MARCHI L. ef al., 2010

Characterization of selected extreme flash floods
in Europe and implications for flood risk
management. Journal of Hydrology, 394(1-2):
118-133.

PAPAGIANNAKI et al., 2013

A database of high-impact weather events in
Greece: a descriptive impact analysis for the
period 2001-2011, Natural Hazards Earth
System Sciences, 13: 727-736.

PARDE M., 1961
Sur la puissance des crues en diverses parties du
monde. Geographica 8:1-293.

RECOUVREUR R., 2005

Etude de réduction de la vulnérabilité du massif
de Bouzaréah aux catastrophes naturelles.
Rapport de stage de ’ENGREEF, ISL Ingenierie.
2005.

RODIER J.A., ROCHE M., 1984
World Catalogue of Maximum Observed Floods.
IASH Publication Number 143. IASH Press.

SArRDOU M. et al., 2016

Compilation of historical floods catalog of
northwestern Algeria: first step towards an atlas
of extreme floods. Arabian journal of
Geosciences, 9: 455-460.

Swiss RE, 2015
Sigma annual report.

TAroLLI P. et al., 2012

Analysis of flash flood regimes in the North-
Western and South-Eastern Mediterranean
regions. Nat. Hazards Earth Syst. Sci., 12:
1255-1265.

UNESco, 1976
World Catalogue of very Large Floods.
The Unesco Press.



Chapter 4

Air quality and climate

in the Mediterranean region

Charbel AFIF
University Saint-Joseph,
Chemistry Dpt.,, Lebanon

Rezak ALkama
University Abderrahmane Mira of Bejaia,
Electrical Engineering Lab., Algeria

Carla ANCONA
Lazio Regional Health
Service, Epidemiology Dpt, Italy

Isabella ANNES-MAESANO
INSERM, UPMC, Sorbonne University,
UMR-S IPLESP, France

Matthias BEEKMANN
CNRS, UMR LISA, France

Fatima BENAISSA
University Abderrahmane Mira of Bejaia,
Electrical Engineering Lab., Algeria

Chapter coordinators

Francois DULAC
CEA, UMR LSCE, France

Eric HamoNouU
CNRS, UMR LSCE, France

Contributors

Gilles BERGAMETTI
CNRS, UMR LISA, France

Christophe BOISSARD
Paris Diderot University,
UMR LSCE, France

Agnes BORBON
CNRS, UMR LaMP, France

Christel BoUET
IRD, IEES-Paris, UMR LISA, France

Augustin COLETTE
INERIS, Direction
des Risques chroniques, France

Barbara D’ANNA
CNRS, UMR IRCELYON, France

Sabine DARRAS
CNRS, UMS OMP, France

145



146

The Mediterranean Region under Climate Change

Uri DAYAN
The Hebrew Univ. of Jerusalem,
Dpt. of Geography, Israel

Cécile DEBEVEC
Mines Douai, SAGE, France

Claire DELON
CNRS, UMR LA, France

Karine DESBOEUFS
Paris Diderot University, UMR LISA, France

Pierre DURAND
CNRS, UMR LA, France

Sébastien DUSANTER
Mines Douai, SAGE, France

Laaziz EL AMRAOUI
Météo-France, UMR CNRM, France

Wehbeh FARAH
University Saint-Joseph, Physics Dpt, Lebanon

Francesco FORASTIERE
Lazio Regional Health
Service, Epidemiology Dpt., Italy

Paola FORMENTI
CNRS, LISA, France

Valérie GROS
CNRS, UMR LSCE, France

Corinne JAMBERT
Paul Sabatier University, UMR LA, France

Houcine KHATTELI

IRA, Tunisia

Mohamed LABIADH
IRA, Tunisia

Juliette LATHIERE

CNRS, UMR LSCE, France

Benoft LAURENT
Université Paris Diderot,
UMR LISA, France

Maud LERICHE
CNRS, UMR LA, France

Catherine LIOUSSE
CNRS, UMR LA, France

Nadine LocoGe
Mines Douai, SAGE, France

Sylvain MAILLER
ENPC, LMD, France

Marc MALLET
CNRS, UMR CNRM, France

Laurent MENUT
CNRS, LMD, France

Vincent MicHOUD
CNRS, LISA, France

Nikolaos MIHALOPOULOS
National Observatory of Athens
and University of Crete, Greece

Marie MONIER

Blaise Pascal University
of Clermont-Ferrand,
UMR LaMP, France

Pierre NABAT
Météo-France, UMR CNRM, France

Myriam MRAD NAKHLE
University of Balamand,
Faculty of Health Sciences, Lebanon

José B. NicoLas
CNRS, UMR LaMP, France

Fatma OzTURK
Abant |zzet Baysal University,
Environmental Engineering Dpt. Turkey

Jean-Louis Rajot
IRD, IEES-Paris, France, IRA, Tunisie

Jean-Baptiste RENARD
CNRS, LPC2E, France

Philippe RicauD
CNRS, UMR CNRM, France

Thérése SALAMEH
Mines Douai, SAGE, France

Alcide DI SARRA
ENEA, Laboratory for Earth
Observations and Analyses, ltaly



Karine SARTELET
Ecole des Ponts et Chaussées,
CEREA, France

Stéphane SAUVAGE
Mines Douai, SAGE, France

Jean SCIARE
Cyl, EEWRC, Cyprus

Karine SELLEGRI
CNRS, UMR LaMP, France

Air quality and climate in the Mediterranean region

Fabien SotmoN
ICTP, Earth System Physics, Italy

Massimo STAFOGGIA
Lazio Regional Health Service,
Epidemiology Dpt, Italy

Antoine WAKED
Mines Douai, SAGE, France

Régina ZBINDEN
CNRS, CNRM, France

Michaél SICARD
UPC-BarcelonaTech,
Remote Sensing Lab., Spain

Abstract

Ambient air ranks number one among the natural resources vital to human
beings, with an average individual daily need of 12 kg. Due to the specificities
of the Mediterranean region (sunny, hot and dry climate; long-range transport
converging over the basin), air pollution in reactive compounds over the
Mediterranean is often higher than in most European inland regions. Climate
change (increase in temperature and drought) and anthropogenic pressure
(growing population) should significantly impact the regional air quality. As a
result, Mediterranean inhabitants who are already regularly exposed to pollutant
loads well above WHO air quality recommendations will be further exposed,
resulting in an excess of premature deaths. Exposure monitoring and win-win
strategies should be developed in the future both to improve air quality and
develop a low carbon economy. The evolution of emissions under climate change
is not always clear and much uncertainty remains around present emissions from
large urban-industrial centers, although recent progress has been made on
emissions of the different regional sources of pollutants. It has been established
that the regional climate and water cycle are affected by atmospheric chemistry.
By reducing solar radiation at the surface, aerosols reduce the yearly average
precipitation in the Mediterranean by 10%, which is a major issue since water
is already scarce. Aerosols could further reduce precipitations by reducing the
size of cloud droplets or through the formation of cloud droplets and ice crystals.
Moreover, recent in situ and model experiments indicate that anthropogenic
nitrogen and desert dust phosphorus deposition in nutrient-depleted surface
seawater favors phytoplankton development, which stimulates the sink of
atmospheric CO, into marine sediments. But Saharan dust deposition by rain
also stimulates bacterial growth, which reemits CO,. The net effect of desert
dust deposition at large scales needs to be established.
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Résumé

Lair est sans aucun doute la ressource naturelle la plus essentielle a I’homme :
chaque jour 12 kg d’air sont nécessaires a sa survie. Du fait des spécificités de
la région méditerranéenne (climat ensoleillé, chaud et sec ; convergence de
masses d’air d’horizons lointains), la pollution de I’air en especes réactives y
est souvent plus forte que dans la plupart de I’Europe continentale. Les
changements climatiques (augmentation des sécheresses et de la température)
et la pression démographique devraient dégrader encore la qualité de I’air. En
conséquence, les habitants de la Méditerranée qui sont déja régulierement soumis
a des niveaux de pollution bien au-dessus des recommandations de I’OMS
devraient se trouver plus exposés encore, ce qui engendrera une surmortalité.
Un meilleur suivi de 1’exposition des habitants et des solutions « gagnant-
gagnant » devraient étre mises en place dans le but d’améliorer la qualité de
Iair et de s’engager dans une économie décarbonée. Les conséquences des
changements climatiques sur les émissions de polluants par les principales
sources régionales ne sont pas toujours tres claires. Il a été établi que le climat
régional et le cycle de I’eau sont altérés par la chimie de I’atmosphere. En
réduisant le flux solaire en surface, les aérosols réduisent les précipitations
moyennes annuelles de 10 % en moyenne sur le bassin méditerranéen, réduisant
un peu plus une ressource déja rare. Les aérosols pourraient réduire plus encore
les précipitations en réduisant la taille des gouttes d’eau dans les nuages ou en
agissant sur la formation de cristaux de glaces. Par ailleurs, de récentes
expériences indiquent que le dépot atmosphérique d’azote et le phosphore issu
des poussieres désertiques a la surface des eaux pauvres en nutriments de la
Meéditerranée favorise le développement du phytoplancton activant par la méme
occasion I’absorption de CO, par I’océan. Cependant, il a aussi été observé que
le dépdt de poussieres favorise le développement de bactéries qui elles-mémes
rejettent du CO, du fait de la respiration. L’effet net du dépot de ces poussieres
a grande échelle reste a établir.

Introduction

In this chapter, we consider relatively short-lived (<~1 month) particulate and
gaseous tropospheric trace species that cause atmospheric pollution and have
two-way interactions with climate. Emissions of long-lived greenhouse gases and
their role, and evolution with climate change are dealt with elsewhere in this book.

Ambient air is one of our vital natural resources. Air quality in the Mediterranean
region is generally poor, due to both particulate and gaseous pollution. For
instance, particulate or ozone concentrations are generally higher in the
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Mediterranean region than in most continental European regions, especially
during the long dry and sunny summer season that characterizes the Mediterranean
type of climate, (e.g. NABAT et al. 2013; DOCHE et al. 2014; MENUT et al. 2015).
In addition, the Mediterranean region is a hot-spot for climate change (GIORGI
and LIONELLO, 2008), whereas numerous two-way interactions take place between
climate and air quality, which are not always well understood. In addition, the
Mediterranean region is expected to undergo a major increase in population,
especially the development of large urban centers on its eastern and southern
sides (CIHEAM, 2009). Air quality is already very poor in such centers and has
significant adverse effects on health (an average of more than 20 deaths per
100,000 inhabitants took place in 2008 in Egypt, Greece, Israel, Lebanon, Turkey;
WHO, 2014). It is thus important to understand the impact of the expected
climate change on atmospheric chemistry and the resulting surface air quality
in the Mediterranean region (COLETTE et al. 2013).

Conversely, atmospheric pollution also affects the climate. The most obvious effect
is global warming due to anthropogenic emissions of greenhouse gases (GHG),
but anthropogenic aerosols and ozone, for instance, also perturb the Earth’s radiative
budget (IPCC, 2014). Up to now, future climate predictions have neglected
feedback due to atmospheric composition, apart from that due to long lived GHGs.
Atmospheric pollution, however, is also made up of many gaseous and particulate
species that are more chemically active than GHGs and these short-lived species
have various reciprocal interactions with climate, which must be accounted to
better simulate their combined evolution. For instance, direct effects due to
scattering and absorption of solar radiation by tropospheric anthropogenic aerosol
particles compensate for and even cancel out the warming effect of GHG emissions
in polluted regions at the regional scale (BERGAMO et al. 2008). But they are much
more difficult to represent in climate models (i) because of the high temporal and
spatial variability of their concentrations and optical properties whereas, in
comparison, GHG vary very little in concentration (LE TREUT et al. 1998), and
(i1) because to properly assess aerosol climatic impact, it is necessary to use
coupled atmosphere-ocean dynamical models rather than fixed sea-surface
temperature to account for a radiative impact that affects sea surface evaporation
(NaBAT et al. 2014). These reactive species form secondary products that are not
directly emitted into the ambient air but control the concentration of fine particles
in the background (QUEROL et al. 2009) and urban (EL HADDAD et al. 2011)
Mediterranean air, they can be transported over long distances in the troposphere
(LELIEVELD et al. 2002; RicauD et al. submitted) and affect air quality at the surface
(with profound impacts on human health) (KUNzLI et al. 2000), perturb the radiative
budget of the atmospheric column and modify cloud properties with significant
consequences for the atmospheric water cycle and climate (NABAT et al. 2015),
affect marine biogeochemistry (GUIEU et al. 2014a) and continental vegetation
(PaoLETTI, 2006) through their deposition at the Earth’s surface. There are thus
many processes and different types of feedback to take into consideration when
assessing interactions between air quality and climate and when modelling the
present and future coupled air quality-climate system.
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The present chapter is a contribution from the project ChArMEx (the Chemistry-
Aerosol Mediterranean Experiment; http://charmex.Isce.ipsl.fr) of the
multidisciplinary regional research program MISTRALS (Mediterranean
Integrated Studies at Regional and Local Scales; http:/mistrals-home.org)
endorsed by ALLENVI. It summarizes current knowledge on the links
(feedforward and feedback) between climate and the air resource in the
Mediterranean region, on the impact of expected climate change and increasing
anthropogenic pressure on that natural resource and its consequences for human
health, highlighting on-going efforts and recommended research to overcome
critical limitations of our present knowledge. In the following sub-chapter headed
‘Sources of reactive species and source apportionment’, we review emissions
that affect the Mediterranean atmospheric environment and report source
apportionment results in both coastal urban and background air. In a separate
text box, we also present the regional emission database ECCAD/ChArMEx
dedicated to the Mediterranean region. We describe the particular cases of large
urban centers, aeolian erosion, and biogenic emissions of volatile organic
carbonaceous species. In the sub-chapter headed ‘High concentrations of aerosols
and pollutant and greenhouse gases’, we address the question of the high
atmospheric loads of atmospheric pollutants in the Mediterranean region and
our understanding of the reasons. We include a focus on secondary organic
aerosols, a major component of fine particles in the ambient air and a challenge
for atmospheric chemistry models because they are formed by complex chemical
reaction chains from gaseous compounds emitted by both human activities and
natural sources. The sub-chapter headed ‘Atmospheric deposition to nutrient-
depleted seawater’ is dedicated to the deposition of aerosol particles to the
oligotrophic Mediterranean Sea, a major pathway for the transfer of nutrients
and contaminants, and its impact on surface marine ecosystems. The sub-chapter
headed ‘Impact of atmospheric chemistry on the regional climate’ describes the
impacts of atmospheric chemistry on climate and reviews recent results on their
assessment. In the sub-chapter headed ‘Impacts of air quality on health in the
Mediterranean region’, we report recent results on the detrimental effect of air
pollution on human health. In the sub-chapter headed ‘The (uncertain) future
of air quality’, we question our knowledge on the evolution of air quality in the
coming decades. Finally, we summarize the main recent advances, open questions
and related ongoing research and perspectives.
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Natural and anthropogenic emissions of gaseous and particulate pollutants are
key factors in air quality degradation and climate change. As indicated by the
Latin origin of the name Mediterranean (“the middle of the lands”), the
Mediterranean basin is a receptor of anthropogenic emissions from eastern
Europe and surrounding coastal urban areas combined with wind-driven dust
from the Sahara and Arabian deserts, biogenic emissions from the surrounding
vegetation, and sea salt [KANAKIDOU et al. 2011; Fig. 1].

Natural sources

Natural sources play a key role in the exchange of compounds between the
Earth’s surface, the oceans and the atmosphere. The species emitted are
characterized by high diversity and potentially high chemical reactivity.
Consequently they have direct and indirect impacts on climate and air quality.

Marine sources

The sea surface produces airborne particles that contribute to the aerosol
load, Earth’s albedo, climate, and air quality in marine environments. There
are large gaps in our knowledge of marine emissions, which, in turn, are
responsible for large uncertainty on our future climate (CARSLAW et al. 2013).
Marine primary aerosols are produced by bubble bursting processes, mostly
under the influence of wind-driven wave breaking mechanisms. Primary
marine organic particles consist of microbiological organisms (including
viruses and bacteria), biological debris, exudates and by-products. Marine
secondary aerosols are formed by condensation of gas-phase species emitted
from the seawater. Secondary organic aerosol (SOA) particles are expected
to result from the atmospheric oxidation of biologically driven emissions of
volatile organic compounds (VOC), which have not yet been clearly
identified. Among the formation pathways of secondary aerosol particles,
nucleation is the process responsible for the formation of new nanoscale
particles (as opposed to the process of condensation onto pre-existing
particles). Triggered by photochemical processes, new particle formation
(NPF) takes place as an “event” that lasts several hours, during which the
concentration of the clusters of nanoparticles increases to high levels by
nucleation. These clusters grow rapidly to a few nanometers in size when
they can be detected. NPF is expected to generate a large number of aerosols,
which, in turn, can affect climate by influencing cloud radiative processes
(SPRACKLEN et al. 2006). Questions are still open concerning the conditions
that favor the occurrence of NPF and particularly the type and the origin of
precursors. How are VOC emissions and nucleation events influenced by
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Box |
ECCAD/ChArMEx regional Mediterranean emission database

The production of the ChArMEx state-of-the-art specific regional emission inventory for
the preceding decade began in 201 | using the most recent literature, starting with yearly
anthropogenic fossil and biofuel emissions in southern Europe from TNO (KUENEN et al.
201 1; Lioussk et al. 2014) completed by estimates for northern Africa (ASSAMOI & LIOUSSE,
2010; LioussE et al. 2014). It was further completed with key emissions from agricultural and
forest biomass burning (TURQUETY et al., 2014), soils for dust (CALLOT et al. 2000) and for
NO, (YEENGER & Levy 1995), aircraft (RiAHI et al. 2007), shipping, volcanoes (ANDRES &
KasaNoc, 1998), sea surface (SCHWIER et al. 2015), and vegetation (GUENTHER et al. 2006).
The domain of interest extends from [0°N (tropical Africa) to 70°N (northern Europe)
and from 20°W (Iceland) to 50°E (Caspian Sea) sometimes with a spatial resolution of
|0 km. Fig. 2 summarizes the content of the database.
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The different emission subsets and emission parameterizations available
in the ECCAD/ChArMEXx regional emission inventory
(http:/lwww.aeris-data.fr/redirect/eccad/ChArMEXx).

water composition (clean or polluted seawaters), biological composition and
activities? In the framework of ChArMEX, marine aerosol emissions to the
atmosphere have recently been studied in two research projects, MEDSEA
(MEDiterranean Sea Acidification) and SAM (Sources of marine Aerosol in
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the Mediterranean atmosphere). Both used mesocosms, i.e. semi-opened
chambers containing natural seawater and an atmospheric headspace. Results
showed a clear correlation between the level of seawater chlorophyll a (Chl-
a), measured as the standard proxy for phytoplankton biomass, and the
amount of organic compounds in airborne particles produced during the
wave breaking process (SCHWIER et al. 2015). This result is in agreement
with parametrizations obtained in the Atlantic Ocean combining Chl-a levels
measured by satellite and the organic fraction of ambient marine aerosol
measured at receptor sites (RINALDI et al. 2013). Seawater biology also
influences gas phase emissions, and the number of particles formed from
some of these gas phase species by nucleation. SAM experiments showed
that some VOC emissions increase during phytoplankton blooms. In parallel,
several nucleation events were seen to be initiated from seawater emissions
both in the mesocosms and in laboratory experiments. The experiments also
identified iodine species that trigger the formation of new particle clusters
after they reach a threshold concentration, and excluded the usually suspected
precursor dimethyl sulfide (DMS) in the northwestern Mediterranean region
investigated (SELLEGRI et al. 2016). Another result revealed that emitters of
iodine species are not linked to Chl-a as expected, but to other biological
tracers. Furthermore biologically driven emissions of amines appear to
contribute strongly to early growth of the cluster in the 1-10 nm size range.
These findings advance our understanding and our ability to model the
complex climate feedback loop that involves temperature, biological
populations in the seawater and marine aerosol emissions.

Emissions from vegetation

Ecosystems are a notable source of a wide variety of reactive volatile organic
compounds (VOCs), biogenic VOCs (BVOCs), such as isoprene,
monoterpenes, methanol, and many others. BVOC emissions largely dominate
anthropogenic VOC emissions at the global scale. BVOCs play a key role
in atmospheric chemical processes particularly in the ozone cycle and in the
formation of secondary organic aerosols (SOA). Due to high temperatures,
high levels of solar radiation, and high biodiversity, to which BVOC
emissions are very sensitive, the Mediterranean region is a major source of
BVOCs (OweN et al. 2001), and has a significant impact on ozone and aerosol
formation (SARTELET et al. 2012). Models of the correct meteorological and
chemical conditions that are able to reproduce the diurnal variation in
isoprene emissions (GUENTHER et al. 2012) are needed to understand the
underlying atmospheric photochemistry.

Large uncertainties persist in the composition, distribution and levels of BVOC
emissions. Both experimental and modeling studies are thus crucial to improve
our knowledge, especially in the context of climate change that is projected to
severely impact the Mediterranean region. As part of the ChArMEx project, a
thorough case study was performed at the OHP Oak Observatory (Haute Provence,
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France) in a coppice of downy oak, a widely represented tree species in the
Mediterranean area. Measurements from the branch (GENARD-ZIELINSKI et al.
2015) to the canopy scale confirmed high isoprene emissions (up to almost 10
mg m? h'), significant methanol emissions (up to 0.63 mg m? h''), and negligible
monoterpene emissions (KALOGRIDIS et al. 2014). The isoprene degradation within
the canopy was found to be very low (<3%) due to the low level of NO, and the
low canopy height (KALOGRIDIS et al. 2014). Measurements showed that isoprene
emissions increased with an increase in radiation and air temperature, and latent
heat flux was also shown to be a useful parameter to explain variations in isoprene
emissions (Baghi, 2013). A study of the potential impacts of climate change on
water resources (namely a 30% water deficit, as foreseen for the year 2100)
suggests a significant increase in isoprene emissions in the future, irrespective of
the warming scenario (GENARD-ZIELINSKI et al. submitted).

Atmospheric chemistry is being modeled to simulate the fate of BVOC emissions
on a typical hot sunny day (July 3) of the 2014 ChArMEx airborne experiment
above the OHP. Preliminary results show that strong diurnal emissions of BVOC
lead to a clear SOA formation event.

Aeolian erosion/soil dust emissions

Dust emission results from the erosion of soil by wind (BAGNOLD, 1941;
GILLETTE, 1981), which mainly occurs in the arid and semi-arid regions of the
Earth, the Sahara desert and its fringes being considered as the main source
region in the world. The resulting aerosols both scatter and absorb solar and
Earth radiations, which affect the Earth’s radiative budget. When deposited on
the Earth’s surface, mineral dust contributes to the input of growth-limiting
macro and micro nutrients to oceanic surface waters (see the dedicated sub-
chapter hereafter) and terrestrial ecosystems.

In North African countries, the rapid increase in population has led to a growing
demand for agricultural products. As a result, the pressure on natural resources
is increasing steadily with the expansion of cultivated areas stimulated by the
introduction of modern plowing techniques. Beginning in the 1960s, the disc
plow pulled by powerful tractors has progressively replaced the traditional mold
board plow pulled by draft animals, which affects dust emissions.

As can be seen in Fig. 3, wind erosion is more than one order of magnitude
greater on land tilled with a disc plow than in fields tilled with a mold board
plow, land prepared with a tiller being between the two. These results strongly
suggest that new tillage techniques such as using a disc plow drastically increase
soil erosion by wind in agricultural fields with loose soils. They also confirm
that traditional tillage tools like the mold board plows are the most suitable
tillage tools to preserve soils in semi-arid agricultural regions. Finally, these
results suggest that dust emissions from North African countries are increasing
because of changes in land use management rather than because of the extension
of the cultivated area. For example, YOSHIOKA et al. (2005) suggest that this
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type of land preparation could now be responsible for up to 25% of North-African
dust emissions.

A monitoring station was recently set up close to Medenine (southern Tunisia;
http://193.95.22.108/) for the long term monitoring of the surface atmospheric
concentration and atmospheric column load of soil dust, and of the dust
deposition flux.
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Figure 3

Normalized horizontal flux (G) of sediments eroded by wind
in fields prepared by three different types of plow used in Tunisia
(adapted from LABIADH et al. 2013).

Source apportionment

Urban areas

The coastal areas of the Mediterranean include megacities like Cairo (12 million
inhabitants), Istanbul (12 M), Athens Great Area (5 M), and Barcelona (5 M).
All these cities are subject to heavy gaseous and particulate pollution. The
population of these regions will continue to increase, especially in the eastern
part of the basin, leading to a higher anthropogenic pressure in a context of
climate change.

Satellite images of nitrogen dioxide columns from SCIAMACHY identified
coastal urban areas in the Middle East as hot-spots of pollution in the region
(LELIEVELD et al. 2009). Global emission inventories all agree on a marked
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increase in anthropogenic emissions of major pollutants (NO,, VOC and PM, 5)
in the Middle East Area (MEA), in contrast to what is observed in post-
industrialized regions like Europe and the USA. In the coming decade,
anthropogenic emissions from MEA are projected to be even larger than those
from Europe and the USA (SALAMEH et al. submitted).

Anthropogenic emission inventories provide key input data for the atmospheric
models used for the prediction of air quality and for the study of the most
efficient regulations to reduce air pollution. The quality of emission inventories
from rapidly growing megacities in the southern and eastern Mediterranean is
of concern because local emission data are sparse. A new road traffic emission
inventory was built for Algiers, where road traffic is a major source of
atmospheric pollution. It was validated by comparing high resolution (4 km)
simulations with the regional atmospheric chemistry and transport model
CHIMERE and observed air quality measurements of NOx and CO (RAHAL et
al. 2014). Some highly resolved inventories have also recently been developed
at the regional scale for Beirut (WAKED et al. 2012) and Istanbul (MARKAKIS et
al. 2012), but their uncertainties are unknown. As part of the TRANSEMED
initiative supported by the MISTRALS/ENVIMED program, a source-receptor
methodology was developed for emission inventory evaluation. The approach
consists in combining existing and newly collected observations and
complementary source-receptor approaches (i.e., urban enhancement emission
ratios, multivariate models like positive matrix factorization, PMF) in large urban
areas like Beirut (Lebanon), Istanbul (Turkey), and more recently Athens (Greece)
and in the near future, Cairo (Egypt). Very detailed databases of ambient and
near-source observations are being built with a focus on the composition of
gaseous organic carbon. The results recently obtained for Beirut (SALAMEH et
al. 2014, 2015, 2016) showed (i) the extremely high levels of pollution for
organics, (ii) the dominant effect of traffic emissions on concentrations of VOC,
(iii) the poor spatial variability of speciated NMHC traffic emissions regardless
of the region, and (iv) the high uncertainty and discrepancies between large
scale emission inventories compared to observational constraints and local scale
inventories (see also ABDALLAH et al. 2016).

Source apportionment at the regional scale

Sources impacting the Mediterranean basin can be apportioned at regional scale
using models that exhaustively account for all the processes (emission intensity,
chemistry, air mass transport) that occur between the sources and the receptor
zones. This approach has been applied for the summer (JJA) 2012 period at a
resolution of 50 km using the chemistry-transport model CHIMERE dynamically
forced by the model WRF (REA et al. 2015). The contributions from different
sources of particles and gaseous precursors to both the surface particulate air
quality (PM, s and PM () and the aerosol optical depth (a proxy of the aerosol
concentration in the vertical column) were determined by eliminating particle
sources one by one (anthropogenic, fire, soil dust, vegetation, sea), and comparing
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the results with the reference simulation with all the sources activated. Results
showed that desert dust had the most influence on surface PM concentrations
in the Mediterranean basin (up to 86% of PM,,) followed by anthropogenic
aerosols (up to 75% of PM, 5) in Western Europe. Sea salts also had a significant
influence (up to 29% of PM;,) in Atlantic and Mediterranean coastal regions.

Another approach to apportioning sources at regional scale uses receptor oriented
methods focusing on the chemical composition of pollutants measured at a
representative receptor site. Two intensive observation campaigns were conducted
as part of the ChArMEXx research program in Corsica (2013) and in Cyprus
(2015). Statistical analysis of the chemical composition of both gaseous and
particulate pollutants measured at Cap Corsica combined with the residence
time analysis of air mass trajectories pointed to the contribution of anthropogenic
sources located in regions characterized by intense anthropogenic activities (e.g.
the Po valley and south-eastern France, both located in the north-western
Mediterranean basin). In addition to primary (i.e. directly emitted) volatile
organic compounds (VOCs) emitted by biogenic sources (BVOCs), a group of
secondary pollutants composed of first-generation oxidation products of BVOCs
was also identified, while another group was characterized by more oxidized
VOCs (OVOCs) of both biogenic and anthropogenic origin. The combined
analysis of VOC and aerosol compositions in PM; showed that during periods
under a dominant biogenic influence, aerosol composition was dominated by
the secondary organic fraction, whereas during periods of long range transport
of anthropogenic emissions, the relative contributions of inorganic and organic
fractions were the same. These results underline the importance of considering
the roles of both anthropogenic and natural emissions in particulate pollution.
The same approach is being applied using the observations acquired in Cyprus
as representative of the eastern part of the Mediterranean basin.



Sub-chapter 1.4.2

High atmospheric
concentrations of
aerosols, greenhouse
gases and other pollutants

Evidence is growing for the deterioration of air quality over the Mediterranean
basin. In this sub-chapter, we review the current situation over this semi-enclosed
basin. We describe the spatio-temporal variabilities of the pollutants, greenhouse
gases (GHGs) and aerosols, observed and modeled over the Mediterranean basin
and how they help trace physical-chemical processes at regional and global
scales through long-range transport. In a separate text box (see below), we focus
in particular on secondary organic aerosols (SOA), a major component of fine
particles, for which data and simulations were particularly scarce and uncertain
especially over the western Mediterranean basin before ChArMEx. The
Mediterranean basin is located in a transition zone between subtropical and
mid-latitude climate regimes (LIONELLO, 2012), and is highly sensitive to climate
change. In terms of sources of anthropogenic pollution, the basin is located at
the intersection of three continents, Europe, Africa and Asia.

Satellites and models (e.g., LELIEVELD et al. 2002; NABAT et al. 2013) together
with campaigns such as the Mediterranean Intensive Oxidant Study (MINOS)
(LADSTATTER-WEISSENMAYER et al. 2003; ScHEEREN et al. 2003) show that,
during the warm and dry Mediterranean summer season, air pollution above the
Mediterranean often exceeds that observed over most parts of Europe. This is
due to the convergence of European, African and Asian polluted air masses, to
the absence of rain to clean up the atmosphere, and to the high insolation, which
favors the formation of secondary pollutants like ultrafine particles or ozone.
Natural aerosol pollution could originate from sources such as the African and
Arabian deserts, active volcanoes, vegetation, or the sea surface. Pollutants,
GHGs and aerosols originating from Asia can be trapped in the Asian monsoon
and entrained to the upper troposphere before being redirected towards the
eastern Mediterranean basin via the Asian monsoon anticyclone, where they
accumulate and are subject to subsidence (RICAUD et al. 2014).

159



The Mediterranean Region under Climate Change

Continental sources including industrial and densely populated coastal areas
(KaNAKIDOU et al. 2011; Im AND KANAKIDOU, 2012) or forest fires (CRISTOFANELLI
et al. 2013) affect the ozone (O5) and carbon monoxide (CO) budgets with which
methane emissions (CH,) interplay through complex reactions with nitrogen oxides
(NO,) (DENTENER et al. 2005), although the impacts of the respective source types
are still not fully understood. Polluted air masses affecting the Mediterranean
basin may originate from Europe (e.g., PACE et al. 2006), Asia (e.g., LELIEVELD
et al. 2002; RANDEL AND PARK, 2006), Africa (e.g. Z1v et al. 2004; Liu et al. 2009)
and even North America (e.g., FORMENTI et al. 2002; CHRISTOUDIAS et al. 2012).

The transport and dispersion conditions of atmospheric pollutants over the
western and eastern Mediterranean basin differ, as illustrated in Fig. 4, which
shows the contrasted vertical air motion in the western and eastern parts of the
basin in summer. The subsiding air aloft induced by the descending branch of
the Hadley global circulation cell affecting the eastern basin, and the depth of
the Persian Trough (an extension of the Indian monsoon), control the spatio-
temporal distribution of the boundary layer (BL) height during summer. The
resulting shallow mixed layer and weak zonal flow, leads to poor ventilation
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Figure 4
Top panel: June to August 1948-2015 average of the NCEP/INCAR model omega (Pa s™')
at 500 hPa (about 5.5 km altitude) showing a maximum downward air motion
of about 1.5 cm s’ over Crete in the eastern Mediterranean, contributed by the descending
branch of the African and Asian monsoon, and a maximum upward motion of about 0.5 cm s’
over the westernmost Mediterranean basin. Bottom panel: spatial distribution of the summer
mixed layer height over the Mediterranean (from DAYAN et al. [996).
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rates, inhibiting the efficient dispersion of the pollutants. Several studies pointed
to specific local (e.g. ventilation rates) and regional peculiarities (long-range
transport) that enhance the building up of pollutant concentrations (WANGER et
al. 2000; MATVEV et al. 2002; EReL et al. 2007; RubpicH et al. 2008; DRORI et
al. 2012) over the eastern Mediterranean basin.

Considering the long-range transport climatology that characterizes the
Mediterranean basin, two different regimes can be observed: 1) From fall to
spring with predominance in winter, and from the boundary layer to the upper
troposphere, air masses mostly come from either Europe or the eastern Atlantic
Ocean. 2) In summer, the origin of air masses affected by long-range transport
over the eastern and western Mediterranean basin is distinct, more complex and
altitude dependent. In the lower troposphere over the western basin, convective
cells develop within the boundary layer with mostly air masses coming from
Europe, northern Africa and eastern Atlantic Ocean. The coasts and mountains
surrounding the western basin favor the development of mesoscale recirculations
in summer that lead to the formation of ozone- and aerosol-rich layers above
coastal areas and the sea (e.g. MILLAN et al. 2000). Over the eastern basin, the
air masses originate from four major source regions: (i) west-north-west long
fetch of maritime European air masses all year round, (ii) north-west flow
originating in south-eastern Europe (etesian winds) in summer, (iii) south-east
flow from the Arabian Peninsula in the fall, and (iv) south-west flow along the
North African coast most frequent in late winter and spring (DAYAN, 1986). In
the mid-troposphere, whatever the season, air masses in both parts of the basin
mainly come from the west. In summer, upper tropospheric air masses in the
western basin mainly come from the west, but in the eastern basin, they also
come from North Africa and the Arabian Peninsula (Z1v et al. 2004; Liu et al.
2009), and even farther away, from Asia (LELIEVELD et al. 2002).

Several airborne campaigns have recently been conducted above the Mediterranean
basin as part of the ChArMEx program: TRansport and Air QuAlity (TRAQA)
in 2012, Aerosol Direct Radiative Impact on the regional climate in the
MEDiterranean region (ADRIMED) and Secondary Aerosol Formation in the
MEDiterranean (SAFMED) in 2013, and SAFMED+ and Gradient in Longitude
of Atmospheric constituents in the Mediterranean basin (GLAM) in 2014. They
addressed different processes that impact pollutants, GHGs and aerosols: air
quality, radiative impact of aerosols, secondary aerosol formation, and long
range transport. Combined with spaceborne and modeling studies, airborne in
situ measurements highlighted the strong pollutant, GHG, and aerosol gradients
between the western and eastern Mediterranean basin in summer from the mid-
to-upper troposphere. Maxima in ozone, carbon monoxide, methane, nitrous
oxide are commonly observed in the eastern basin, although on some occasions,
minima in carbon dioxide are detected. The gradients were mainly attributed to
the impact of long range transport of air masses originating either from Asia,
North America, Europe, or Africa (Fig. 5). In the case of Asia, the Asian monsoon
and its associated anticyclone are the main cause of the gradient by (1) trapping
lower tropospheric pollutants and GHGs in the Asian monsoon; (2) updrafting
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pollutants and GHGs in the Asian monsoon up to the upper troposphere; (3)
building up pollutants and GHGs within the Asian monsoon in the upper
troposphere; (4) re-distribution of the pollutants and GHGs at a large scale by
the Asian monsoon anticyclone to the Middle East and North Africa in the upper
troposphere; and (5) subsiding pollutants and GHGs into the middle troposphere
above the eastern basin (RicauD et al. 2014). In the case of North America,
biomass burning by long-lasting forest fires is the main source of aerosols,
pollutants and GHGs. They are updrafted into the mid-to-upper troposphere by
pyro-convection and/or through meteorological systems generally located in the
Atlantic Ocean (warm conveyor pool, strong depression, etc.) following the jet
stream towards the western Mediterranean basin (ANCELLET et al. 2016; RicauD
et al. submitted). In the case of Africa, outbursts of Saharan desert dust are
advected westward towards the Caribbean Sea, in the lower part of the
troposphere, and, once in the central North Atlantic Ocean, are trapped within
meteorological systems to be finally transported upward to the western
Mediterranean basin like in the case of transport from North America.
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Figure 5
Very long-range intercontinental transport of air masses over the Mediterranean basin.
Dots identify source regions and arrows identify transport pathways.

In addition to intercontinental transport of pollutants, GHGs and aerosols, the
Mediterranean basin is a region that favors stratosphere-to-troposphere transport
(ZBINDEN et al. in prep.). Stratospheric intrusions result in high ozone and low
carbon monoxide or methane penetration into the troposphere. The depth, the
irreversibility and the frequency of the stratospheric penetrations modify the
tropospheric climatology and trends of these chemical species (TYRLIS et al. 2014).



Mediterranean extreme floods and flash floods

Although measured and modeled data are still being analyzed in the ChArMEx
program, their comparison underlines the difficulties models face representing
1) the significant fine structures observed both horizontally and vertically, 2)
some processes that might be missing in the models (e.g. pyro-convection), 3)
the mixing ratios of pollutants and GHGs with sufficient accuracy to estimate
trends. Finally, chemical analyses that consist in assimilating satellite data with
model data, widely used during the ChArMEXx airborne campaigns, are efficient
tools that benefit studies of the distribution and evolution of pollutants, GHGs,
and aerosols over time.

The ChArMEXx program allowed us to investigate the variabilities of pollutants,
GHGs and aerosols in the Mediterranean basin in space and over time with
particular emphasis on the summer period combining in situ airborne, spaceborne
and model data, and to attribute these variabilities to several processes.
Pyroconvection, convection, monsoon and the Asian monsoon anticyclone, the
jet stream, etc., are dynamic processes that redistribute pollutants, GHGs and
aerosols originating from desert dusts, biomass burning, etc., from Asia, Europe,
Africa and North America over the Mediterranean basin. Some potentially key
geographical areas that impact the eastern basin were revealed, e.g. the Arabian
Sea, where future airborne campaigns may be deployed.

Box |
The secondary organic aerosol (SOA)

The secondary organic aerosol (SOA) is made up of thousands of organic compounds
originating from a wide range of natural and human sources (combustion of fossil fuel and
biomass, gaseous emissions from the continental biosphere, marine emissions, etc.). SOA
accounts for from 20% to 60% of very fine airborne particulate matter PM, (particles
whose aerodynamic diameter is < | um) (ZHANG et al. 2007). This aerosol fraction is the
most relevant for health issues (POPE AND DOCKERY, 2006) but also climate effects. Organic
aerosol particles scatter solar radiation, which cools the Earth's atmosphere, since part of
the radiation is reflected back to space, but more recently their absorbing properties have
also been put forward (ZHANG X. et al. 201 I). This affects the radiative properties of aerosol
observed over the Mediterranean basin (Di Biagio et al. 2016). Depending on its
hygroscopicity and mixing state, organic aerosols affect cloud micro-physics (LOHMANN AND
FEICHTER, 2005; ZHU et al. 2016). SOA forms from semi-volatile organic compounds
(SVOCGs) by nucleation or condensation. Oxidative processes are most efficient in lowering
the volatility of initially volatile compounds of anthropogenic and biogenic origin (KROLL et
al. 2008). Anthropogenic emissions play a role in the formation of oxidants and hence in the
formation of SOA, so that SOA of biogenic origin may be strongly reduced by reducing
anthropogenic emissions, especially above large cities around the Mediterranean Sea
(SARTELET et al. 2012). Research to elucidate the formation of SOA s still very active. Once
formed, SOA can become highly viscous, which prevents later evaporation of the organic
material (VIRTANEN et al. 2010).
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During ChArMEx, and for the first time in the western Mediterranean, intensive and long-
term aerosol mass spectrometer measurements filled the gap of missing observations of
SOA over this region. On a yearly average, organic aerosol made up about 50% of PM, at
Cape Corsica (POM in Fig.Bl, left), among which around 90% were of secondary origin
(LV-OOA and SV-OOA in FigBI, right). Surprisingly, aged (highly oxidized) SOA (LV-OOA)
concentrations were found throughout the year, dominating OA even in winter when
photochemical conditions are low. This result provides further evidence for the highly
oxidative atmosphere of the Mediterranean. Additional isotopic '*C measurements during
the intensive campaign in the summer of 2013 showed that the majority of the organic
aerosol was of biogenic origin (from the continental biosphere), although still 20% at Cape
Corsica and 35% at Mallorca were of anthropogenic origin (fossil fuel combustion).

SOA modelling is still very challenging as the many chemical reaction pathways are not explicitly
known and need to be parameterized in 3D models. Including a volatility basis-set (VBS) scheme
including multti-step functionalization and fragmentation of organic compounds and formation of
non-volatile SOA in the CHIMERE regional chemistry-transport model (SHRIVASTAVA et al. 2015)
made it possible to retrieve the SOA mass and its fossil vs. biogenic fractions observed at surface
stations at Cape Corsica and Mallorca (CHOLAKIAN et al. 2016), and recently in the Paris area
(ZHANG et al. 2015). Simulations with the Polyphemus model including the new multiphase
SOAP organic aerosol scheme were in good agreement with measurements of concentrations
of organic aerosol at Cape Corsica. The formation of extremely low-volatility organic aerosols
has been added to the model to better represent organic aerosol properties (CHRIT et al, 2016).
Well evaluated chemistry-transport models is a prerequisite for simulating the regional scale
interaction of SOA with climate (radiation, micro-physics) over the Mediterranean region as the
next step. Ongoing developments will be constrained and validated by the large number of field
observations made recently in the western Mediterranean as well as new measurements in the
eastern basin as part of the ChAMMEx program.
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Figure Bl
PM, composition in ug m? (left) and source apportionment (right) of carbonaceous aerosols
at Ersa, Cape Corsica (42°58'N, 9°23'E, alt. 530 m), averaged over two years (from June 2012
to July 2014) from off-line filters and on-line aerosol mass spectrometer (Q-ACSM) measurements,
respectively (after Nicolas, 2014). POM stands for particulate organic matter, NO3 for nitrate,
nss-SO4 for non-sea salt sulfate, NH4 for ammonium end EC for elemental carbon. LV-OOA
(low-volatility oxygen-like organic aerosol) is assimilated to aged secondary organic aerosol,
SV-O0A (semi-volatile oxygen-like organic aerosol) to freshly formed secondary organic aerosol,
HOA (hydrogen-like organic aerosol) to primary organic aerosol.
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Sub-chapter 1.4.3

Atmospheric
deposition to nutrient
depleted seawater

Atmospheric deposition is the removal from the atmosphere of particles and gas
by sedimentation (dry deposition) and by rainfall (wet deposition). Atmospheric
inputs of pollutants and nutrients are of the same order of magnitude or larger
than the riverine inputs for the Mediterranean region (KocAk et al. 2010;
CHRISTODOULAKI et al. 2013; MoOoON et al. 2016), and hence of primary importance
for marine ecosystems in the particularly oligotrophic seawater (i.e. with very
low nitrogen and phosphorus nutrient concentrations) of the Mediterranean basin
(DUGDALE AND WILKERSON, 1988). Indeed, owing to the small size (2.51 10° km?)
of the Mediterranean Sea and to many intense land-based sources of emissions,
open waters receive significant loads of nutrients through atmospheric deposition
(Fig. 6). Some deposition events qualified as ‘extreme events’, such as dust
inputs as high as 22 g m? (BONNET AND GUIEU, 2006), can occur at very short
time scales (hours to days).

Atmospheric deposition is a significant source of major nutrients including
inorganic (KOUVARAKIS et al. 2001) and organic nitrogen (VIOLAKI et al. 2010),
and phosphorous (MARKAKI et al. 2003). Even if water convection generally
supplies most of the nitrogen (N) and phosphorus (P) available for biology in
surface waters (where photosynthesis occurs) from deep waters, atmospheric inputs
of inorganic N and P may be the most intense source of nutrients in summer when
thermal stratification of the surface water column prevents vertical mixing
(PASQUERON DE FOMMERVAULT et al. 2015). Atmospheric deposition could also
partly explain the increasing N:P ratio in the seawater column from the western
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Figure 6
Main processes occurring at the air-sea interface driven
by different atmospheric inputs (adapted from Law et al. 2013).

to the eastern Mediterranean basin, since a similar N:P trend is observed in
atmospheric deposition in these areas (MARKAKI et al. 2010). It has been shown
that atmospheric deposition of iron (BONNET AND GUIEU, 2006) and trace metals
(THEODOSI et al. 2010) represents significant inputs to support the primary
production in surface waters. Deposition also transfers different atmospheric
organic contaminants from the lower atmosphere to the ocean surface, including
organochlorine compounds or polycyclic aromatic hydrocarbons (PAH), but their
low deposition fluxes and their degradation in the water column limit their impact
on marine ecosystems (CASTRO-JIMENEZ et al. 2012; BERROJALBIZ et al. 2014).

Deposited nutrients come from two main sources: anthropogenic sources and
soil dust, the latter mainly from the Sahara but also from the Middle East in the
easternmost Mediterranean basin. Anthropogenic inputs control the deposition
flux of N, inorganic nitrogen being mainly supplied by dry deposition (MARKAKI
et al. 2010), and organic nitrogen by wet deposition (VIOLAKI et al. 2010). The
deposition of desert dust plays an important role in the fluxes of P and trace
metals due to sporadic but intense deposition events (Ozsoy AND ORNEKTEKIN,
2009; GuIEU et al. 2010; MORALES-BAQUERO AND PEREZ-MARTINEZ, 2016), even
if the contribution of anthropogenic aerosol deposition is significant (between
10% for Fe to 90% for Zn; GUIEU et al. 2010). Dust deposition releases dissolved
inorganic phosphorous (DIP) and nitrate in N- and P-depleted surface waters
(RiDAME et al. 2014). The atmospheric deposition of mineral dust also determines
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enrichment of the sea-surface microlayer in dissolved trace metal micro-nutrients
such as Cd, Co, Cu, Fe (TovAR SANCHEZ et al. 2014). However, it has been
shown that dust deposition can result either in a net release or in scavenging of
DIP and nitrate (Louis et al. 2015) and trace elements (WAGENER et al. 2010;
WUTTIG et al. 2013) in seawater, depending on the quantity and quality of in
situ dissolved organic matter at the time of the deposition. Indeed, the dissolved
organic matter can control the dissolution of nutrients carried by dust particles.

Recent experiments in realistic conditions showed that, by providing P and N to
the marine biosphere, wet Saharan dust deposition strongly stimulates primary
production and phytoplankton biomass for several days after deposition (RIDAME
etal. 2014; Guitu et al. 2014b; Fig. 7). From such studies, the inputs of atmospheric
trace metals into the Mediterranean Sea associated with dust deposition are also
suspected of stimulating bacteria and phytoplankton species such as cyanobacteria
that are able to assimilate atmospheric dinitrogen N, (RIDAME et al. 2011). The
extent of the fertilizing effect of dust deposition events in the Mediterranean was
revealed by statistically positive correlations between dust deposition and surface
chlorophyll concentrations in combined remote sensing and modeling approaches
(GALLISAI et al. 2014). However, a negative effect of atmospheric deposition on
chlorophyll was observed in the regions under the influence of aerosols of European
origin (GALLISAI et al. 2014). Indeed, inputs of anthropogenic aerosols, such as
Cu-rich aerosol, are suspected of inhibiting phytoplankton growth (JORDI et al.
2012). Dust deposition has also been shown to modify the structure of the bacterial
community by selectively stimulating and inhibiting certain types (PULIDO-VILLENA
et al. 2014). By stimulating predominantly heterotrophic bacteria (i.e. that use
organic carbon for their growth), atmospheric dust deposition can increase the
recycling of carbon, thereby reducing net atmospheric CO, drawdown and the
fraction of dissolved organic carbon that can be mixed and exported to deep waters
(PuLmDO-VILLENA et al. 2008). In contrast, Saharan dust deposition in the
Mediterranean can enhance the export of particulate organic carbon to the deep
ocean by acting as ballast and facilitating aggregation processes (i.e. BRESSAC et
al. 2014; DESBOEUFS et al. 2014).

To tackle these questions at the scale of the Mediterranean basin, numerical
models need to be developed. The main challenges are to quantify the relative
contributions of anthropogenic and natural deposition of nutrients and
contaminants in this region in a context of Mediterranean climate change, and
to improve our ability to simulate the chemical elements and their soluble fraction
in 3-D atmospheric transport and chemistry models. Modeling the size
distribution of desert dust particles and its evolution from emission to deposition
contributes to the difficulty. /n sifu measurements by aircraft suggest a coarse
mode of large soil dust particles over the Mediterranean (with a volume mean
effective diameter in the range of 3.8-14.2 um) as large as that observed close
to the Saharan and Sahelian source regions (Denjean et al. 2016). Balloon-borne
aerosol counters have also shown the frequent presence of large particles
(> 20 pum) inside airborne desert dust plumes over the western Mediterranean
(Renard et al. 2016). These particles, which appear to be transported for several
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days without significant gravitational sedimentation, in contradiction to their
size, probably control the mass flux of deposition of dust.
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Figure 7
Stocks (green) and fluxes (blue) measured during mesocosm experiments after the
simulation of a realistic atmospheric input in a water body large enough to be representative
of natural processes (GUIEU et al. 201 4b; modified from DE LEEUW et al. 2014).

Predicting inputs of atmospheric nutrients in the future is important to understand
the vulnerability of the marine ecosystem and carbon fluxes. Climate change
simulations predict a hotter dryer climate in the Mediterranean basin (e.g.,
HERTIG & JACOBEIT, 2008), a situation that could increase dust emissions and
transport due to increased aridity (MoULIN & CHIAPELLO, 2006) but also intense
deposition events (BEAULANT et al. 2011). However, the most recent measurements
of dust deposition in Corsica (2011-2013) show that deposition fluxes are much
lower than in the three past decades shown by existing records in the area (11-
14 g m? yr'!) (VINCENT et al. 2016). But it is not yet understood if the reduction
in dust deposition is related to a decrease in the frequency of dust events and/
or to a change in deposition processes and patterns in the Mediterranean region.
The temporal dynamics of marine N and P concentrations since 1985 showed
high sensitivity to anthropogenic atmospheric deposition and are expected to
decline in the coming decades due to mitigation/control of pollutant emissions
(MooN et al. 2016). In the same way, CHRISTODOULAKI et al. (2016) showed that
even if the human-driven atmospheric deposition of N and P has led to a 16%
increase in total phytoplankton biomass over the past one and a half centuries,
small changes in carbon fluxes and planktonic biomasses are predicted for the
near future with the projected inputs of N and P. The regulation of inputs of
anthropogenic nutrients could be a key driver of seawater nutrient cycles and
hence marine ecosystems in the future. However, findings concerning the sources
of the atmospheric trace metals and effects need to be completed to enable high
quality projections in a context of future changes.



Sub-chapter |.4.4

‘mpact
of atmospheric chemistry
on the regional climate

In this section, we address the complex atmospheric-chemistry and climate
interactions and feedback processes in the Mediterranean region.

Processes

Projecting climate changes at regional scale remains a challenge. This is
especially true in regions where aerosols play a significant role in the radiative
balance with effects on the climate and water cycle (NABAT et al. 2014 and 2015)
like in the Mediterranean region. Regional projections of this type are required
for the design of adaptation and mitigation strategies and a deeper understanding
of regional processes is thus needed.

Atmospheric aerosol particles play a major role in the water cycle and also in
the Earth’s energy balance through their radiative effects, including direct effects
(by extinction of radiation and attenuation of surface illumination), semi-direct
effects (due to the heating of turbid air layers by particles absorbing solar
radiation), and indirect effects (through their influence on cloud properties). The
uncertainty of these climate effects exceeds that of any other forcing because
the physical, chemical and optical properties of aerosols are highly variable in
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space and time since their atmospheric lifetime is short and their emissions are
very heterogeneous (FORSTER et al. 2007).

The Mediterranean region is at the intersection of large scale circulation patterns
with highly contrasted sources of particles. The region is subject to high particle
loading as described in the sub-chapter ‘High concentrations of aerosols and
pollutant and greenhouse gases’, high photochemical activity, with mixing of
different origins: particles come from anthropogenic sources such as highly
densified cities in Europe, Turkey, and the Middle East; desert dust from the
Sahara and from the Middle East in the eastern part of the basin (MAMOURI &
ANSMANN, 2015); maritime particles from the Mediterranean Sea; as well as
organic particles from biomass burning (LELIEVELD et al. 2002; SCIARE et al.
2003, 2008). Expected impacts of climate change in the region include heat
stress associated with poor air quality in the urban environment (LELIEVELD et
al. 2012, 2015). This is why the impact of particles in the Mediterranean region
is high and is expected to change, and why each effect of different particles on
the climate of the Mediterranean region, whether direct or indirect, needs to be
understood and quantified.

Assessment of aerosol
direct radiative forcing (DRF)

Aerosols observed over the Mediterranean basin are known to be able to
interact with both shortwave (SW) and longwave (LW) radiation (NABAT et
al. 2012; PAPADIMAS et al. 2012; ZANi1s et al. 2012; SICARD et al. 2014). In the
SW spectral range, due to their variability in size and in chemical properties,
they can scatter (sea salt, sulfates, nitrates, ammonium and secondary organic
particles) or scatter plus absorb (black and brown carbon from combustion
[smoke], certain types of mineral dust) solar radiation. Only mineral dust and
sea salt can interact with LW radiation due to their large particle size.
Consequently, Mediterranean aerosols significantly affect the radiative budget
of the Mediterranean by (1) decreasing surface incoming shortwave radiation,
(2) increasing/decreasing outgoing shortwave fluxes depending on the surface
albedo, and (3) possibly by heating turbid atmospheric layers when the particles
absorb solar light.

Concerning pollution aerosols, SW direct shortwave radiative forcing (DRF)
has been estimated at the local scale by many authors (HORVATH et al. 2002;
MAaRkKowICZ et al. 2002; MELONI et al. 2003; ROGER et al. 2006; DI SARRA et al.
2008; D1 Biacio et al. 2009, 2010). These authors showed a significant decrease
in surface solar fluxes of 20-30 W m™ (daily mean) at different locations
including Almeria (Spain), Finokalia (Greece), Lampedusa (Italy), Marseilles



Impact of atmospheric chemistry on the regional climate

and Toulon (France). In parallel, the combination of surface and satellite remote-
sensing observations performed at Lampedusa has been used to calculate the
radiative effects, in both the shortwave (D1 Biacio et al. 2010) and longwave
(DI SARRA et al. 2011; MELONI et al. 2015) spectral ranges for different cases
of Saharan dust intrusions. These studies emphasized that desert dust in the LW
spectral range has a significant radiative effect, and offsets a large fraction of
SW forcing (DI SARRA et al. 2011; MELONI et al. 2015). More recently, based
on remote-sensing observations in Barcelona and 1-D radiative transfer
calculations, SiCARD et al. (2014) also estimated the LW radiative effect of
dust. Only a few studies are available concerning the radiative impact over the
Mediterranean region of intense biomass burning events. One estimate was
proposed by FORMENTI et al. (2002) for an aged Canadian biomass-burning
plume and revealed a significant SW surface dimming of 60 W m~. In addition,
the radiative effect induced by smoke aerosols at Lampedusa between August
3 and 23, 2003, during an exceptionally hot and dry season when the
Mediterranean atmosphere was affected by massive forest fires, was estimated
by PACE et al. (2005) to be between +22 and +26 W m™. For a complete review
of local direct radiative forcing see MALLET et al. (2016).

At the regional scale, PAPADIMAS et al. (2012) proposed an estimation of the
aerosol DRF using MODIS data from 2000 to 2007 for both all-sky and clear-
sky only conditions. These authors derived a multi-year regional mean surface
DRF of -19 W m?, associated with a DRF of -4.5 W m? at the top of the
atmosphere (TOA). It should be noted that such radiative forcing is regionally
higher than that exerted by greenhouse gases. Regional modelling studies were
also recently conducted by NABAT et al. (2012, 2015) using the coupled-chemistry
RegCM and the CNRM-Regional Climate System Model (RCSM) models for
multi-year simulations. These authors reported a mean SW regional surface
(TOA) DRF of -13.6 W m2 (-5.5 W m?) and -20.9 W m? (-10.5 W m) for the
RegCM and CNRM-RCSM (see Fig. 8) models, respectively. ZANIS et al. (2012)
also proposed a regional estimate of the DRF of anthropogenic particles for the
1996-2007 period using RegCM and showed a significant negative forcing of
up to -23 W m~2 at TOA over Eastern Europe.

In parallel with the radiative forcing exerted by aerosols, RICHARDS et al. (2013)
investigated the effect of reducing certain sources of emissions on the radiative
effect of ozone over the Mediterranean (ozone shows a marked but localized
summertime maximum, especially over the eastern basin). These authors reported
a mean radiative effect at the top of the atmosphere of between -1 and -40 W m2,
depending on the types of emission tested. HAUGLUSTAINE & BRASSEUR (2001)
reported mean radiative forcing associated with an increase in tropospheric
ozone since the preindustrial era of around 0.70 W m. Such studies demonstrate
that the radiative effect of ozone is significantly lower than that exerted by
natural/anthropogenic aerosols over the Mediterranean region.

The aerosol atmospheric load can also directly impact the production of
secondary gaseous species (i.e. chemically produced from primary emitted
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species) by attenuating or scattering visible and UV radiation. Recently, MAILLER
et al. (2016) showed a net reduction in the photolysis rates of ozone and nitrogen
oxides due to the absorbing effect of a mineral dust plume observed in
Lampedusa. This effect led to a change of several ppbs in ozone surface
concentrations. Over the Mediterranean Sea and continental Europe, close to
the sources of NO,, the effect of dust leads to reduced ozone concentrations
(but an increase occurs over remote areas such as the Sahara and the tropical
Atlantic Ocean). By reducing photosynthetically active radiation (PAR), the
aerosol may also reduce crop production, and hence biogenic emissions, leading
to complex interactions in the formation of secondary organic aerosols that are
not yet well understood.

Implication
of aerosol direct radiative forcing (DRF)
in the Mediterranean water cycle

Concerning surface and TOA atmospheric forcings, ZANIS et al. 2012; SPYROU
et al. 2013; NABAT et al. 2014, 2015a,b recently investigated how changes in
the radiative budget due to natural/anthropogenic aerosols influence the surface
temperature (over both land and sea), relative humidity profiles, exchanges
(latent heat fluxes) between ocean and atmosphere, cloud cover (semi-direct
effect of absorbing particles), precipitation, and finally the whole Mediterranean
hydrological cycle. Indeed, notable perturbations in sea surface-atmosphere
fluxes are expected despite the relatively small size of the Mediterranean Sea,
since the latter plays an important role at a much larger scale by providing
moisture for precipitation to its surrounding land areas, which extend to northern
Europe and northern Africa (GIMENO et al. 2010 and SCHICKER et al. 2010). In
parallel, the absorbing particles over the Mediterranean Sea (MALLET et al. 2013)
could have a semi-direct effect that could modify the vertical profiles of relative
humidity and cloud cover.

In that context, using simulation ensembles of the direct radiative effect of
aerosols (Fig. 8a) carried out with the regional climate system model CNRM-
RCSM, NaBgar et al. (2015) showed annual average cooling of the Mediterranean
sea surface caused by aerosols of -0.5 °C, up to -1 °C locally, and higher in
spring and summer when aerosol loads (mainly sulfate and dust particles) are
maximal (see summer average in Fig. 8b). This cooling also affects the
surrounding land, not only due to negative aerosol DRF over land, but also
because of the advection of maritime cooler air over land regions. For example,
in summer, northern winds over the eastern basin favor additional cooling over
northern Libya and Egypt.
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Figure 8

Average (JJA 2003-2009) surface aerosol direct radiative forcing (DREW m?) (a)
and the resulting impact of the aerosol on surface air temperature (°C) (b),
latent heat loss (W m?) (c) and precipitation (mm day’') (d), simulated by the CNRM-RCSM
regional model. Hatched areas are not significant at the 0.05 probability level.

In addition, aerosols are responsible for a decrease in the latent heat loss by
evaporation over the Mediterranean Sea (Fig. 8c) due to these lower sea surface
temperatures (SST). Consequently a reduction in the whole hydrological cycle
has been attributed to aerosols, resulting in an average 10% decrease in specific
humidity in the lower troposphere, in cloud cover and in precipitation (Fig. 8d).
In addition, dust aerosols also reduce atmospheric convection in the region by
warming the lower troposphere by absorbing solar radiation, and hence stabilizing
the atmosphere. The comparison of these results with the model response in
atmosphere-only simulations shows that feedback is reduced if SST cannot be
modified by aerosols, highlighting the essential role of the Mediterranean SST
and the need to use atmosphere-ocean coupled regional models in regional
aerosol-climate studies. In addition, the decrease in SST causes an increase in
the density of surface Mediterranean waters that favors ocean convection in
sub-basins where deep water masses are formed (Gulf of Lion, Adriatic Sea and
Aegean Sea), and reinforces the Mediterranean thermohaline circulation.

173



|74

The Mediterranean Region under Climate Change

It is also worth mentioning that since the 1980s, aerosol loads have been
dramatically reduced over the Mediterranean basin (NABAT et al., 2013), because
of the reduction in anthropogenic emissions of sulfate precursors in Europe
(improved air quality standards plus economic crises). As a consequence, aerosol
DRF decreased over the region between 1980 and 2012, leading to an increase
in surface solar radiation (brightening period) and additional warming of land
and ocean surface temperature: aerosol changes explain 23% of the warming in
the region over this period (NABAT et al., 2014).

Aerosol-cloud interactions
and impact on precipitation

The Mediterranean region is particularly vulnerable to climate change due to
its location at the interface of the hot dry North African climate and the cooler
wetter European climate. The water cycle in this region is very sensitive to the
position of the descending branch of the Hadley cell, which is expected to move
poleward following global warming, leading to increasingly scarce fresh water
(GiorGl & LIONELLO, 2008). Understanding the formation of clouds and
precipitation and its link with atmospheric composition is particularly important
in this region. Clouds and precipitation strongly influence tropospheric
composition and radiative properties, water transport and energy redistribution.
At the cloud scale, clouds and the precipitation life cycle are controlled by the
prevailing meteorology and aerosol particles, particularly the presence of cloud
condensation and ice nuclei (CCN/IN) (FLOSSMANN WOBROCK, 2010). Indeed,
hydrometeors cannot form spontaneously in the thermodynamic conditions
encountered in the atmosphere. They need a substrate (a nucleus) during the
early stage of formation. An aerosol particle that serves as a nucleus for a cloud
droplet is called a cloud condensation nucleus (CCN), and for an ice crystal, an
ice nucleus (IN).

An additional consequence of the enlargement of the Hadley cell (ICCP, 2014b)
is the increasing frequency of dust particles transported over the eastern
Mediterranean. ROSENFELD et al. (2001) reported that an excess concentration
of atmospheric dust can prevent cloud precipitation. This argument is often
referred to as the second indirect effect in the Twomey classification (1980): an
excess of CCN causes an increase in the number of droplets and consequently
the cloud droplet size distribution shifts to smaller sizes, thereby narrowing the
droplet size distribution. This hampers precipitation. Indeed, precipitation is
triggered by a mechanism that forms hydrometeors of millimetric sizes in a
matter of minutes. Only the presence of a few large hydrometeors in the
population that will fall and collect the population of small hydrometeors can
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lead to precipitation. The narrowing of the size distribution eliminates the largest
hydrometeors and reduces precipitation ability. This will inherently amplify
dryness due to extension of the Hadley cell, and is referred as the “desertification
positive feedback loop”.

Our understanding of the processes that take place inside clouds has considerably
increased in recent decades (FLOSSMANN AND WOBROCK, 2010, LOHMANN et al.
2010, LEVIN AND COTTON, 2008). Microphysical features of clouds in the
Mediterranean region have already been characterized together with their link
with the loading of aerosol particles (LEVIN et al. 1996, 2005; ROSENFELD et al.
2001; TELLER et al. 2012). The impact of aerosols is uncertain but potentially
maximal when aerosol particles can cause the formation of ice crystals in clouds.
This is referred to as the ice indirect effect by LOHMANN (2002). Indeed, global
precipitation is predominantly produced by clouds containing ice crystals
(DEMorT et al. 2011). Aerosols that can act as IN are mostly insoluble particles
that often mimic ice lattice structure. Only a few types of aerosols have this
property, including mineral dust, volcanic ash, and bioaerosols such as bacteria,
fungal spores, and pollen (VALIL, 1985; HOOSE & MOHLER, 2012). Their IN
ability, their likelihood of precipitating the ice phase, and to what extent
anthropogenic aerosols can play a role in cloud ice formation are still not fully
understood although the number of laboratory studies on the IN properties of
different kinds of aerosol particles has been continuously increasing (e.g.,
MOHLER et al. 2007, for bacteria; CONNOLLY et al. 2009, and ARDON-DRYER &
LEvIN, 2014, for dust).

Even though air quality and water resources in the Mediterranean region have
been the center of scientific interest, and have been studied intensively, many
questions remain unanswered, in particular in the eastern part i.e., how and to
what extent natural and anthropogenic aerosols can increase or prevent rainfall
(e.g. LEVIN et al. 1996, TELLER & LEVIN, 20006).

Ongoing research
and recommendations

Recent studies clearly demonstrated the added value of using regional climate
models including ocean-atmosphere coupling to study the impact of the aerosol
direct radiative effect on the Mediterranean climate. One priority should now
be to conduct an intercomparison of such models to check the robustness of
individual models, as scheduled in the next phase of the MedCORDEX program
(https://www.medcordex.eu/). In addition, the impact of the anthropogenic and
natural aerosol DRF on future climate needs to be investigated using different
RCP scenarios, with the 8.5 scenario as a priority. The second important point
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concerns the role of aerosols in cloud microphysical and macro-physical
properties at climatic scale. To this end, regional climate simulations should be
built including the first (aerosol-cloud albedo) and second (aerosol-cloud
precipitation) indirect effects of anthropogenic and natural aerosols on warm
clouds. A better representation of dust-IN interactions is also required over this
region especially for the eastern Mediterranean. Specific experimental campaigns
focused on this aspect associated with improvements in its representation in
climate models should be encouraged.
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Sub-chapter 1.4.5

‘mpacts
of air quality on health

There is growing concern about the detrimental effects of air pollution on human
health (WHO, 2013). However, data have only been collected in some countries
in the Mediterranean region (WHO, 2014). A recent review systemically and
qualitatively screened relevant papers and reports published between 2000 and
2014 on health impact of air pollution in the eastern Mediterranean region. The
authors found only 36 published studies. A variety of indoor and outdoor
exposures associated with various acute and chronic respiratory health outcomes
were included. However, data were limited to a few studies in a few eastern
Mediterranean countries and concerned both indoor and outdoor air pollution
(ABDO et al. 2016). Several adverse respiratory health outcomes were positively
associated with various indoor/outdoor air pollutants throughout the region.
Respiratory health outcomes ranged in severity, from allergies and general
respiratory complaints to lung cancer and mortality. In addition, although
Mediterranean countries are highly exposed to dust storms and wildfires, their
effects have rarely been studied. In this section, we present recent data on the
consequences of exposure to particulate air pollution and related health impacts
in the case of both anthropogenic and natural air pollution collected in the
Mediterranean region. These include air pollution reduction scenarios.

Impact of air pollution
on health in Bejaia (Algeria)

In Algeria, monitoring of air pollution is limited to three big cities (Algiers, Annaba
and Oran), and little is known about the impact of air pollution on health in most
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of the country. Ad hoc measurements of ambient concentrations of particulate
matter taken in the Bejaia region in July 2015 indicated that the annual average
PM; (particulate mass concentration of particles smaller than 10 pm in diameter)
and PM, s (idem for particles smaller than 2.5 pm in diameter) levels in this urban
zone exceed the World Health Organization (WHO) air quality guideline (AQG)
values, the EU AQG and Algerian AQG. As expected, the highest 24-hr average
concentrations (PM;y= 103.7 £15.1 pyg m> and PM, s= 35.7 £9.5 pug m™) were
measured during peak traffic flow hours, pointing to a significant contribution of
emissions from vehicles, which are generally old. These assessments of air pollution
put forward that an estimated 55 deaths per year could be avoided by reducing
the annual PM, levels to the WHO AQG of 20 ug m. Furthermore, not exceeding
the PM,;, WHO AQG would reduce respiratory and cardiac hospital admissions
by 36 per 100,000 and 23 per 100,000, respectively (BENAISSA et al. 2016). The
same author previously showed that people who live in areas with high traffic
density and high air pollution suffer from higher rates of asthma and COPD
morbidity and mortality (BENAISSA et al. 2014).

Impact of air pollution
on health in Beirut (Lebanon)

Another study was conducted in Beirut in 2012 where the main sources of
pollution are vehicles and dust storms as there is no industrial activity in the
vicinity. Results (FARAH et al. 2104; FARAH et al. 2016) showed that the annual
average concentrations of PM;, and PM, 5 exceeded the annual average of WHO
AQG (20 and 10 pg m?, respectively) by 150% and 200%, respectively. The
mean PM, s:PM; ratio for the entire study period was 0.61 +0.12, indicating
that in Beirut about 61% of PM; is made up of PM, s, i.e. that particulate air
pollution is dominated by fine particles. The highest daily averages of PM;, and
PM, 5 were measured in spring and summer (March to July) (Fig. 9), echoing
the higher frequency of dust storms in this part of the Mediterranean at that
period of the year. The correlation between particulate matter and nitrogen
dioxide (NO,) indicated that vehicle exhaust emissions contribute an average
of 93% of PM, 5 and 43% of PMy,,.

Using data collected daily in 2012, the BAPHE (Beirut Air Pollution and Health
Effects) study showed that total respiratory admissions were significantly
associated with the same day (lag=0) level of PM,, (1.2% increase per 10 ug m
rise in daily mean pollutant concentration) and PM, 5 (1.6 % per 10 ug m rise
in daily mean pollutant concentration) and that children and the elderly were at
higher risk (MRAD NAKLE et al. 2015). The results obtained in Beirut are similar
to, and consistent with, those obtained in other international studies. Air pollution
control is expected to reduce the number of disease admissions in Lebanon.
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Figure 9
Relative distribution of WHO AQG exceedance days for PMy and PM, g
during the different months of the study in Beirut (from FARAH et al. 2016).

Impacts of natural particles
in the Mediterranean on health

Since climate change will accelerate desertification processes in arid and semi-
arid regions, desert dust outbreaks and wildfires will increase substantially in
both frequency and intensity in the near future in various regions of the world
including the Mediterranean. The recent MED-PARTICLES (“Particles size and
composition in Mediterranean countries: geographical variability and short-term
health effects”; http://95.110.213.190/medparticles/) project studied the impact
of dust storms and wildfires on human health in 13 cities of Euro-Mediterranean
countries, including several on the Mediterranean coasts (Fig. 10): Barcelona
and Madrid (Spain), Marseille (France), Bologna, Milan, Modena, Palermo,
Parma, Reggio Emilia, Rome, and Turin (Italy), Athens and Thessaloniki
(Greece). African dust outbreaks were highly frequent in southern sites during
the period 2001-2011, i.e. occurred on 30% to 37% of the days, whereas they
occurred on less than 20% of the days at northern sites (STAFOGGIA et al. 2016).
The study also identified Saharan dust outbreaks as the largest source of PM;,
in regional background southern sites of the Mediterranean (35% to 50% of
PM, ), with seasonal peak contributions to PM;, of up to 80% of the total mass.
Significant increases by 10-ug m in non-desert and desert PM,, were associated
with a lag of 0-1 day with increases in natural (non-accidental) total and cardio-
respiratory mortality and hospital admissions (STAFOGGIA et al. 2016). The
occurrence of wildfires assessed by satellite observations was also linked with
health by the MED-PARTICLES project. A significant increase in natural and
cause-specific mortality was observed on smoky days, with the biggest increase
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in mortality from cardiovascular diseases (FAUSTINI et al. 2015). PM, had more
marked effects on cardiovascular and respiratory mortality on smoky days than
on other days, suggesting particulate matter is an effective component of fire
smoke. This new evidence for adverse health effects of natural sources reinforces
the need for control of anthropogenic sources, especially on days when natural
dust levels are high, to avoid individuals being subject to excessive exposure
resulting from the accumulation of anthropogenic and natural air pollution.

. Milan
Turin, = EmiliaRomagna

Marseille Bologna
Barcelona Rome i
Madrid E Thessalon_lkl
Palermo Athens
- Huelva " 5
Figure 10

Urban cities involved in the MED-PARTICLES (“Particles size and composition in Mediterranean
countries: geographical variability and short-term health effects”) project.

Reducing air pollution
in the Mediterranean region

Recent data from the Mediterranean region showed that reducing air pollution
is beneficial (Benaissa et al. 2016). According to the VIIAS (Integrated
Assessment of the Impact of Air Pollution on the Environment and Health)
project (www.viias.it), 34,600 and 23,400 are the mean numbers of annual
premature deaths in Italy that can be attributed to PM, s and NO,, respectively
(http://www.viias.it/sites/default/files/ancona.pdf). Applying the 2020 Italian
National Energy Strategy (NES) would prevent 17% of the PM, 5-, and 57% of
the NO,-attributable deaths. However, compliance with the EU Directive for
PM, 5 would have an even higher impact with a 22% annual reduction in
attributable mortality, with the highest reduction (-30%) in urban areas. For
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NO,, compliance with the EU Directive would result in a 25% annual reduction
in attributable mortality, especially in urban areas (-31%). Like for ozone, VIIAS
estimated 1,710 annual premature deaths from respiratory diseases due to long-
term exposure, and 2,230 annual premature deaths from non-accidental causes
due to short-term exposure. Applying the 2020 Italian NES would prevent 23%
of the long term and 14% of the short term Oj attributable deaths, especially in
the south (-26% and -20%, respectively) and in rural areas (-27% and -21%,
respectively).

Recommendations

Studies on the impact of air quality on health conducted in the Mediterranean
region underline the need to improve assessment of exposure and estimations
of anthropogenic and natural (especially dust storms and wildfires) related health
outcomes in countries where they have been neglected. A better understanding
of the role played by meteorology in the direction and the extension of dust
events in space and over time is also important. Prevention needs to be promoted,
since it has been shown to be effective in reducing effects on health.
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Sub-chapter |.4.6

T he (uncertain) future
of air qualrty

Assessing the future evolution of air quality requires taking climate projections
into account and designing environmental policies. In the context of adaptation
to climate change, the geophysical changes expected in coming decades will
have an impact on chronic and extreme air pollution events (JACOB AND WINNER,
2009). But air quality is also sensitive to climate mitigation strategies: the social
and technological changes required to reduce greenhouse gas emissions will be
accompanied by changes in the emission of air pollutants and of their precursors.
There are potentially large co-benefits between air quality and climate change
mitigation that could help efforts to identify win-win strategies. Nevertheless,
mitigating climate change can also cause collateral damage to air quality. It is
thus very important to identify the co-benefits and possible collateral damage
to maximize the former while minimizing the latter. Here we briefly review
recent results on the impacts of climate change on air quality in the Mediterranean
region in terms of ozone and particles, and describe the positive and negative
feedback of climate change on air quality.

Adaptation: the impact
of climate change on air quality

Surface ozone

Ozone concentrations in the troposphere are driven by many chemical and
dynamic processes including emissions of ozone precursors and meteorological
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variables. Climate change has an impact on the tropospheric ozone through its
effects on biogenic emissions of ozone precursors (mainly volatile organic
compounds - VOCs), meteorological parameters (temperature, precipitation,
humidity) and atmospheric chemistry (chemical budget, photochemical regimes).
Climate change will be accompanied by a reduction in rainfall over southern
Europe, creating wintertime deficits that reduce soil water content, thereby
further increasing average temperatures and the frequency and severity of heat
waves (FIORE et al. 2012; VAUTARD et al. 2013) with major consequences for
summertime ozone pollution in Europe and the Mediterranean, which have
already been pointed out (LANGNER et al. 2005; MELEUX et al. 2007). A meta-
analysis of the 25 projections of ozone pollution in Europe in the context of
climate change published between 2007 and 2015 was conducted by COLETTE
etal. (2015a) to explore the robustness of the projected impact of climate change
on surface ozone (Fig. 11). The corresponding climate ozone penalty is defined
as the incremental change in ozone that can be attributed to climate change
alone, in the absence of changes in anthropogenic emissions of ozone or other
drivers. The penalty was confirmed over most of continental Europe, especially
in European countries located on the Mediterranean rim where such a penalty
is robust, i.e. consistent in over two-thirds of the models in the ensemble
(diamond symbols in Fig. 11).

S-S

Figure Il

Increase in surface summertime ozone concentrations (ppbv) by the middle of the 2 I** century

in the moderate climate change scenario AIB in an ensemble of all the published European
model projections (adapted from COLETTE et al. 2015a).
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The main effect of climate responsible for this increase in surface ozone pollution
in Europe is the increase in temperature and solar radiation leading to an increase
in biogenic isoprene emissions even if a possible inhibition of these emissions
with increasing CO, concentrations occurs in the long run, thereby yielding
major uncertainties (LATHIERE et al. 2010; LANGNER et al. 2012). The other
impacts of climate on surface ozone are the direct impact of an increase in
temperature on the kinetics of atmospheric chemistry, and the direct impact of
solar radiation on photochemistry resulting from changes in cloud cover. Both
increase photolysis rates, particularly that of nitrogen dioxide, which favors the
formation of ozone. In both cases, the increase in temperature and solar radiation
can result from gradual changes in the average climate, but they are exacerbated
in the case of extreme heat wave events. In addition to meteorological factors,
heat waves favor the accumulation of pollution in the absence of atmospheric
dispersion.

In the context of the MISTRALS/ChArMEX project, the global model outputs
from the Atmospheric Chemistry and Climate Model Intercomparison Project
(ACCMIP; YOUNG et al. 2013) are being analyzed to assess future changes in
surface ozone over the Euro-Mediterranean region (JAIDAN et al. in prep.). Under
the pessimistic Representative Concentration Pathway (RCP8.5) scenario, mean
temperature will increase by about 5.4K by 2100 compared to 2000 accompanied
by a small increase (about 2%) in surface ozone.

Over European land surfaces, the 95% confidence interval of summertime mean
ozone change is estimated to be [0.44; 0.64] and [0.99; 1.50] ppbv for the
2041-2070 and 2071-2100 periods, respectively. This change may seem small,
but it is of the same order of magnitude as the ozone trends reported over Europe
in the past two decades despite the implementation of ambitious policies (MONKS
et al. 2015; CoLETTE et al. 2016). This raises serious doubts about our ability
to compensate for the climate change penalty by controlling the emissions of
0Zone precursors.

Particulate matter

The largest detrimental sanitary impacts of air pollution are currently attributed
to atmospheric aerosols from various sources (WHO, 2013). Also called
particulate matter (PM), they can originate from anthropogenic or biogenic
gaseous precursors (this is the case for example of sulfate, nitrate, ammonium,
and secondary organic aerosols), from primary emissions of particulate matter
(e.g. elemental carbon (EC), but also heavy metals and persistent organic
pollutants (POPs) such as polycyclic aromatic hydrocarbons (PAHs)), or from
natural sources (desert dust, sea salt, volcanic ash).

Future changes in PM pollution in the context of adaptation to climate change
is less clear than that of ozone because of the complexity of the often competitive
processes involved (Fuzzi et al. 2015). Recent evidence points to a climate
change benefit (with a reduction in PM loads, in particular because of an increase
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in volatility with increasing temperature; LECGEUR AND SEIGNEUR, 2013; COLETTE
et al. 2013; LACRESSONNIERE et al. 2016; LEMAIRE et al. 2016) but increases
have been reported in the southern parts of Europe (MANDERS et al. 2012;
HEDEGAARD et al. 2013). Changes in biogenic precursor emission of secondary
aerosols (SOA), which are likely to increase substantially in a warmer climate,
could lead to an increase in PM concentrations (MEGARITIS et al. 2013). Changes
in scavenging by precipitation, transport patterns and persistence of anticyclonic
conditions leading to PM accumulation could also play a role in shaping future
aerosol concentrations (PAUSATA et al. 2013). The frequency of precipitation is
more likely to affect PM scavenging than the intensity of precipitation. Simulating
accurate precipitation frequencies is very challenging for climate models, and
projections are still subject to large uncertainties. Extreme heat events associated
with stagnation of air masses are projected to increase, but the relative
contribution of changes in their frequency and duration versus changes in the
intensity of heat waves is not yet clear (CLARK AND BROWN, 2013). PM pollution
is likely to be more sensitive to the extended duration of the events.

The potential change in PM loads in southern Europe will be largely determined
by the mineral dust fraction. Both advection from the Sahara and North African
deserts and local mobilization e.g. from agricultural land during dry conditions
(BESSAGNET et al. 2008) contribute to this fraction. Global and regional climate
changes as well as changes in land use may have significant impacts on dust
emission and transport. African dust activity has been shown to be correlated
with different aspects of climate variability including the El Nifio/Southern
Oscillation, the North Atlantic Oscillation, the meridional position of the
intertropical convergence zone, Sahelian rainfall and surface temperatures over
the Sahara Desert, which can affect surface wind activity to varying degrees
(EvaN et al. 2016). The same authors conclude that the likely tendency for
African dust activity is a decrease in a warmer climate. However, changes in
PM;, exceedances due to dust over Europe are more likely to be sensitive to
changes in the frequency and transport pathways of dust storms rather than to
variations in mean emissions or in mean concentrations. Currently, there is no
consensus on the sign and magnitude of future regional change in dust
concentrations affecting Mediterranean regions and southern Europe.

As another source of natural aerosol, sea sprays, can account for a major fraction
of PM in the coastal regions of Europe. Beside sea salts, a significant proportion
of the submicron fraction of sea sprays is organic and comes from biogenic sources.
Studies have revealed no significant trend in the activity of sea sprays in the North
Atlantic in recent decades (KORHONEN et al. 2011) and this is unlikely to change
significantly with climate change (JACOBSON AND STREETS, 2009).

Wildfires are another major source of aerosol and ozone precursors that can severely
impact air quality (Hopzic et al., 2007; MIRANDA et al., 2008) and for which climate
and land use change may be determining factors. A dryer climate would tend to
increase wildfires but man-driven changes in land use also have a very strong impact,
especially in Europe, where the population density is high. Landscape management



and fragmentation and fire suppression tend to reduce wildfires (KNORR et al. 2014).
For these reasons, an increase in fire frequency with climate change will not
necessarily lead to a net increase in PM emissions as these are not only determined

by the number of fires but also by their duration, extent and intensity.

Mitigation: towards win-win

solutions to limit global warming
and improve air quality

The evolution towards a low carbon economy will be accompanied by reductions
in the emission of air pollutants. A vast array of mitigation measures will have
beneficial impacts on both air pollution and climate mitigation, of which several
belong to the category of energy efficiency measures, which represent a very
substantial pathway towards win-win solutions (COLETTE et al. 2015b), even if
some strategies that favor climate mitigation may be detrimental to air quality
(for instance the use of diesel fuel and the domestic burning of wood with

outdated appliances).
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Figure 12
Win-win strategies: cost benefit analyses at European scale demonstrate that
the additional costs related to the climate mitigation (MIT) scenario aiming
at limiting warming to 2 °C at the end of the 2 [*‘century compared
to the business-as-usual scenario (REF) could be largely offset by savings
in end of pipe air pollution mitigation costs and avoided damage to health.

Adapted from SCHUCHT et al. (2015).
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The sanitary benefits that can be expected from the future evolution of climate
and air quality policies were quantified in ITASA (2013) and LIKHVAR et al.
(2015), for example. These authors demonstrate that European countries located
along the Mediterranean coasts will benefit the most from a reduction in ozone
exposure.

A quantitative assessment of the costs and benefits associated with climate
mitigation in Europe was proposed by SCHUCHT et al. (2015). These authors
found that the very substantial costs of shifting to an energy mix that would
comply with the 2 °C warming target would be offset by the positive externality
represented by reduced air pollution. This is because the low-carbon scenario
also yields (i) reduced cost of end of pipe technologies and (ii) direct sanitary
benefits (Fig. 12).

Way forward

Recent evidence demonstrated the link between climate change and air pollution
both regarding adaptation and mitigation strategies. It should be emphasized
that, at present, most work has been performed at continental scale, through
Europe-wide assessments, in addition to a few global studies (ANENBERG et al.
2010; WEsT et al. 2013; LELIEVELD et al. 2015). There have been few dedicated
assessments of such impacts on the Mediterranean region, thereby opening new
research perspectives, in which the proposed contribution of the MISTRALS/
ChArMEx Program could be instrumental.

Overall, major uncertainties remain on the likely evolution of aerosols, especially
over southern Europe and the Mediterranean basin. Beside process studies,
ensembles of high resolution modeling approaches combining climate and
aerosols, and including land use change/management scenarios are one possible
way to characterize key mechanisms and to quantify and reduce these
uncertainties.

As far as climate adaptation is concerned, the role of climate change in land
use and, in turn, in dust resuspension and dispersion remain a key uncertainty.
The role of biogenic emissions, as ozone precursors, but also of secondary
organic aerosols, is also an important topic.

There are win-win strategies to be developed in the years to come to improve
air quality and to engage in progress towards a low carbon economy. Such
benefits have been pointed out in several European studies, but the specific
situation of Mediterranean countries deserves a closer look to tailor the most
efficient sustainable strategies.



Sub-chapter 1.4.7

Conclusion
and recommendations

Ambient air is an important common resource. Its quality affects human and
ecosystems health, and its composition impacts the regional climate.
Climatological surveys show that atmospheric pollution in the form of both
gaseous and particulate compounds is generally higher over the Mediterranean
basin than over most European continental regions, especially during the long
dry season, due to (i) the confluence of long range transported continental air
masses that add to local sources of air pollution (e.g. heavy ship traffic), (ii) the
scarce precipitation scavenging, (iii) intense photochemistry, and (iv) local
circulations and poor ventilation rates that recycle polluted air layers in the
western basin, or accumulate pollution in the eastern basin. Future levels of
atmospheric trace compounds will be significantly impacted by the changes in
climate conditions expected in the Mediterranean region, especially the
significant increase in temperature and decrease in precipitation frequency. This
will have, in turn, impacts on the Mediterranean climate and human health.

Atmospheric composition and air quality depend on natural and anthropogenic
mechanisms, some of which are directly affected by climate change. This is the
case of emissions of volatile organic compounds (VOCs) by vegetation, which
depend on the temperature, photosynthetically active radiation and availability
of water. The most recent observations made in the framework of ChArMEx
show that climate change will likely lead to an increase in these emissions,
which play a crucial role in the chemical formation of ozone and fine organic
particles. But the impact of climate change on emissions is not always
straightforward. This is the case of forest fire emissions that also play a role in
ozone and particulate pollution. One could expect that a dryer climate would
increase fire frequency and consequently particulate air pollution. Nevertheless,
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emissions by fires depend not only on their frequency, but also on their duration,
intensity and extent. There is also no consensus on the impact of climate change
on dust emissions. Although climate change will affect dust emissions, which
depend on precipitation, land cover and surface wind, it is still uncertain whether
these emissions will increase or decrease in the future, especially because dust
emissions also depend on agriculture pressure and field preparation techniques.
Neither is the effect of climate change on marine emissions of sea salt and VOCs
(as marine VOCs depend both on the biological activity and environmental
parameters) yet clear. Rather than the usually suspected sulfur compounds,
iodine-containing compounds, whose emission is linked to seawater
microorganisms, appear to be at the origin of new particle formation over the
northwestern Mediterranean. Despite the fact anthropogenic emissions are also
important contributors to the composition of the air, their quantification are still
associated with considerable uncertainty. Finally, recent studies in large urban
centers in the eastern Mediterranean basin indicate that large scale anthropogenic
emission inventories are seriously underestimated. What is more, all these
inventories agree on a marked increase in anthropogenic emissions of major
pollutants in the Middle East area (MEA). Higher levels of primary emitted
pollutants combined with higher temperature in the future will lead to more
frequent intense pollution events that will have major health impacts in urban
areas.

The level of pollution of Mediterranean air also depends on long range and
intercontinental transport. Recent ChArMEx field campaigns identified air
masses from North America and tropical Africa in the western Mediterranean
and from South East Asia in the eastern Mediterranean. It was shown that
imported Asian pollution builds up in the eastern Mediterranean, leading to a
sharp west-to-east increasing gradient in aerosols and trace gases such as ozone
and methane. These intercontinental pathways come into play under specific
meteorological configurations that will be impacted by climate change. However,
it is not yet known if climate change will favor intercontinental transport, or
not.

The Mediterranean surface water ecosystem largely depends on atmospheric
inputs for most of its crucial nutrients (N and P), especially in summer when
thermal stratification prevents the upwelling of nutrients from deeper waters.
Anthropogenic nitrogen and airborne dust deposition to nutrient depleted surface
seawater could favor phytoplankton development and this fertilization effect
may stimulate the transfer of atmospheric CO, to sediments, reducing
atmospheric CO, and climate change. Due to air quality mitigation measures,
it is also predicted than anthropogenic N fluxes will decrease in the coming
years, limiting the atmospheric input of nutrients and possibly related biological
activity. In addition, long term series of deposition measurements suggest that
the atmospheric input of dust has decreased by one order of magnitude in the
last decade compared to previous decades. The reasons are not well understood,
satellite observations show that Saharan dust transport events are still common.
Recent in situ studies in the northwestern Mediterranean showed that Saharan
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dust deposition by rain stimulates heterotrophic bacteria growth, which reemits
CO,. Thus, dust deposition has two opposite effects on the atmospheric CO,
that need to be further studied in order to estimate the net effect at large scales.

One very important impact of atmospheric chemistry on the regional climate is
the impact of aerosols on the water cycle, which is often neglected in climate
models. The Mediterranean region is a special place where most of the moisture
that fuels precipitation comes from evaporation from the Mediterranean basin.
One direct effect of aerosols is reducing the solar energy delivered to the surface
by scattering it back to space or absorbing it within turbid layers containing
desert dust or carbonaceous aerosols. This dimming effect decreases surface
temperature and consequently evaporation from the sea surface. Atmospheric
models with externally forced sea surface temperature do not properly account
for this effect, which can be simulated by atmosphere-ocean coupled models.
A recent study performed in the framework of ChArMEx and HyMEX calculated
that this radiative effect reduces the regional precipitation by 10%, which is a
major issue in a region where water is already scarce. But aerosols can further
reduce precipitation by indirect effects through aerosol-cloud interactions. Since
water vapor condenses around aerosol particles to form the cloud droplets, an
excess of aerosols leads to smaller cloud droplets that do not get big enough to
fall. Another important and even more complex issue is the formation of ice
crystals that trigger the precipitation cycle, which critically depends on the icing
properties of aerosol particles. These properties are highly contrasted in different
types of particles, some bacteria and soil dust being the most efficient. Aerosol-
cloud interactions remain a major source of uncertainty in climate models and
climate change projections, and should thus be an important field of study in
the near future in the Mediterranean due to its possible impact on the scarcity
of water resources.

The most dramatic effect of bad air quality is on human health. People poison
themselves by breathing polluted ambient air, the result being chronic diseases
or even premature death. Most inhabitants of the Mediterranean region, especially
on the southern and eastern sides of the basin, are more or less regularly exposed
to high loads (well above WHO air quality recommendations) in the form of
soil dust particles, smoke emitted by forest fires, ozone, and anthropogenic
emissions from almost unregulated large urban centers. All around the basin,
the rare available epidemiological studies all show an excess of premature deaths
associated with an increase in particulate pollution. Reducing pollution levels
would reduce the death toll and hospital admissions, and prevention policies
should be established with a view to reducing effects on health.

Recent evidence demonstrated the link between climate change and air pollution
both regarding adaptation and mitigation strategies. There are important possible
win-win strategies to be developed in the years to come to improve air quality
while engaging in a process aimed at a low carbon economy. Such benefits have
been pointed out in several European studies, but the specific situation of
Mediterranean countries deserves more specific investigations.
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To conclude, it is clear that both-way interactions between atmospheric chemistry
and climate are not yet fully understood and quantified in the Mediterranean
region. Robust predictions of the future living conditions in the Mediterranean
require that such interactions are included in regional models. Positive feedback
is expected between climate change and air pollution, but quantification of
natural and anthropogenic emissions, process studies, and the development of
chemistry-transport models are still necessary for a good assessment of future
regional atmospheric environmental and climate conditions. In particular, air
pollution health risk assessment is still lacking at the regional scale and requires
a major research effort on the southern and eastern side of the basin where the
dose-response functions established in well-developed countries can be
questioned.
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Abstract

The Mediterranean Sea is one of the biggest reservoirs of biodiversity in the
world. Millions of people directly or indirectly depend on the ecosystem
services it provides, in particular the provisioning of fisheries resources.
Rather than a hot-spot of biodiversity, the Mediterranean Sea has now become
a hot-spot of global change where climate change and other anthropogenic
pressures (e.g., overfishing, pollution, habitat destruction) operate
independently or synergistically to shape an altered Mediterranean Sea that
may shift from the today picture. The set of physical-chemical changes
triggered by climate change may disrupt the functioning of the biological
components of ecosystems, from the individual up to the ecosystem scale,
from the basis of the food webs (macrophytes, phytoplankton) up to the
higher trophic levels (e.g., predator fish). Current research shows that the
physiology and fish life history traits have changed, that fish distribution
areas are moving northward and eastward, thus modifying the structure and
the species composition of the communities. The dynamics of populations
and food webs are modified as well, and species invasions increase at an
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unprecedented rate. Combined with fishing, climate change renders marine
ecosystems more vulnerable to anthropogenic pressures, to natural hazards
and to invasions by non-indigenous species. Although uncertainties remain
with regard to the magnitude of expected ecological changes, the projections
based on IPCC scenarios all confirm that climate change is a serious threat
for the biodiversity and the sustainable exploitation of fishing resources in
the Mediterranean Sea. This calls for the reinforcement of innovative and
integrated research and assessment capacities to support an ecosystem-based
management at the scale of the Mediterranean basin.

Résumé

La Méditerranée constitue I’un des plus grands réservoirs de biodiversité a
I’échelle mondiale. Des millions de personnes dépendent directement ou
indirectement des services écosystémiques rendus par celle-ci, notamment
I’approvisionnement en ressources marines. Plus qu’un point chaud de
biodiversité marine, la Méditerranée est désormais un point chaud du
changement global ou changement climatique et autres pressions d’origine
anthropique (e.g. surexploitation, pollution, destruction d’habitat) peuvent
agir indépendamment ou en synergie pour former une Méditerranée différente
de celle que nous connaissons aujourd’hui. L’ensemble des modifications
physico-chimiques induites par le changement climatique conduit a un
bouleversement des composantes biologiques des écosystemes, de 1’échelle
individuelle a I’échelle écosystémique, des producteurs primaires (algues,
phytoplancton) aux plus hauts niveaux trophiques (e.g. poissons prédateurs).
Les recherches actuelles démontrent que la physiologie et les traits de vie
des poissons changent et que leurs distributions spatiales se sont décalées
vers le nord et I’est, modifiant la structure et la composition des communautés.
La dynamique des populations et des réseaux trophiques s’en trouve
également modifiée et les invasions biologiques se multiplient a un rythme
encore jamais observé. Avec la péche, le changement climatique induit une
fragilisation des écosysteémes marins, rendant ces derniers moins résilients
et plus instables face aux activités anthropiques, aux aléas naturels et aux
invasions d’especes exotiques. Bien que des incertitudes demeurent quant a
I’ampleur des changements biologiques en Méditerranée, les projections
faites a partir des scénarios émis par le GIEC s’accordent pour affirmer que
le changement climatique est une sérieuse menace pour la biodiversité marine
et la production de ressources vivantes. Il s’agit alors d’appuyer des systemes
de recherche et d’évaluation innovants et intégrés afin d’adopter une gestion
écosystémique a 1’échelle du bassin méditerranéen.
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Introduction

The Mediterranean Sea is a hotspot of biodiversity. It hosts 4% to 18% of
all identified marine species, which is considerable given that the
Mediterranean Sea only accounts for 0.82% of the global ocean surface (Coll
et al. 2010). Considered as a “factory” designed to produce endemics, the
unique geological history of the Mediterranean Sea and the variety of climatic
and hydrological situations have led to the co-occurrence of cold, temperate
and subtropical biota (Lejeusne et al. 2010). This biodiversity hot-spot is at
risk today as a result of multiple pressures. Based on global climate change
projection scenarios, the Mediterranean Sea has been classified as one of
the most responsive regions to climate (Giorgi, 2006). The Mediterranean
Sea is also known to be the biggest recipient of exotic species with the rate
of species introduction peaking at two species per ten-day period in the
2000s (Ben Rais Lasram and Mouillot 2009, Zenetos et al. 2010). Combined
with critical overfishing (more than 90% of assessed-stocks were overfished
in 2015 (STECF 2016)), pollution and habitat destruction, climate change
may result in the Mediterranean Sea becoming a hot-spot of global change
(Micheli et al. 2013).

In this chapter, we describe how marine ecosystems and resources have shaped
and, through interlinked mechanisms, may continue to shape future responses
to climate change: (i) changes in primary production and in the structure of
foodwebs, (ii) changes in population dynamics and life history traits, (iii) changes
in species distribution range and habitats, and (iv) changes in the invasion rate
of non-indigenous species. Examples are provided from different regions of the
Mediterranean Sea and different biota (with a focus on fish communities),
whereas marine top predators such as birds and marine mammals are not included
in this review. Interactions between climate change, overfishing and habitat
destruction are discussed throughout the chapter, but interactions with other
direct anthropogenic pressures such as pollution, shipping, and oil spills are not
addressed here.
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Sub-chapter 2.1.1

Climate change impact
on planktonic production
in the Mediterranean Sea

Fabio BENEDETTI
UPMC, CNRS, UMR LQOV, France

Primary production and plankton
communities in the Mediterranean Sea

The Mediterranean Sea is characterized by a gradient of growing oligotrophy
from the northwestern regions to the Levantine basin (Bosc et al. 2004). Nutrient
availability is generally low, resulting in low phytoplankton biomass (less than
0.25 mg/mL). However, blooms and peaks in zooplankton biomass are recorded
in areas of complex physical dynamics (winter convection, fronts, and gyres,
Siokou-Frangou et al. 2010).

Seasonal hydrological regimes structure the phytoplankton community (Marty
et al. 2002; Marty and Chiavérini 2010). Seasonal patterns are linked to
variations in hydrological features and changes in nutrient concentrations:
peaks in biomass occur in spring (March-April), after the replenishment of
nutrients in surface waters owing to winter water mixing. After spring, the
phytoplankton biomass decreases and goes deeper in the water column. Relying
on satellite observations, D’Ortenzio and Ribera d’Alcala (2009) defined a
bioregionalization of the whole basin. Their classification provided a clear
picture of the different phytoplankton trophic regimes in the Mediterranean.
Nearly 60% of the basin’s surface was described as « non-blooming » (mainly
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the eastern regions and the southwestern basin). Conversely, the northernmost
regions, the Alboran, and the region of Rhodes were shown to be zones of
« intermittent blooming » (gradual growth of biomass between September and
February, linked to the deepening of the mixed layer). The locations of the
different trophic regimes are clearly linked to convection and deep water
formation processes (Millot and Taupier-Letage 2005). Primarily wind driven
physical forcings favor the development of the phytoplankton by re-injecting
nutrients (nitrates and phosphates) into the surface waters through mixing of
the water column (Sverdrup 1953). This has a strong impact on the structure
of the phytoplankton community.

Depending on the trophic regime, different phytoplankton taxa are likely to
constitute the communities. Marty et al. (2002) analyzed algal pigment
content to explore the relative contribution of different taxa to total
phytoplankton biomass. These authors found that spring blooms were
dominated by diatoms (large micro-algae characterized by silica shells),
while stratifying conditions favor the development of nanoflagellates
(nanophytoplankton), which are then replaced by cyanobacteria
(picophytoplankton). The two latter phytoplankton size classes can be
considered as markers of oligotrophic conditions, while microphytoplankton
(diatoms) are opportunistic and burst after nutrient replenishment. Over the
year, nanophytoplankton account for 43% to 50% of the total primary
production of the Mediterranean Sea, which is largely dominated by
Prymnesiophyta (Uitz et al. 2012). Even the blooming areas investigated by
D’Ortenzio and Ribera d’ Alcala (2009) were dominated by nanophytoplankton,
except in spring when they were replaced by microphytoplankton (up to
38% of total primary production). In non-blooming zones, picophytoplankton
come after nanophytoplankton in order of abundance.

To date, offshore surveys of plankton distribution and communities have been
dispersed not only in space and time, but have also used different methods
(Siokou-Frangou et al. 2010). Consequently, regional and seasonal patterns
of diversity and community composition are still poorly understood.

Concerning phytoplankton diversity, low biomass is linked to the dominance
of the smallest plankton, which consist of picophytoplankton (mainly
prochlorophytes), cyanobacteria (Synechococcus) and flagellates (Marty et
al. 2002; Uitz et al. 2012). Non-colonial picodiatoms have occasionally been
reported to be abundant, but cell size usually prevents their accurate
identification. Nanophytoplankton, which are mainly composed of small
flagellates, dinoflagellates, coccolithophores, and to a lesser extent of some
small solitary diatoms, are also very abundant. Major increases in biomass
are correlated with the growth of microphytoplankton, which are mainly
composed of large colonies of diatoms (Marty et al. 2002; Marty and
Chiavérini 2010). The main genera are Asterionellopsis, Chaetoceros,
Pseudo-nitzschia, Thalassionema and Thalassiosira (Siokou-Frangou et al.
2010). These genera are unevenly distributed in the Mediterranean basin:
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healthy colonies of Chaetoceros and Pseudo-nitzschia have been observed
in areas of deep convection while colonies of Chaetoceros, in association
with Thalassiosira, Proboscia, Rhizosolenia and Leptocylindrus have been
found across fronts and gyres (circular oceanic surface currents). Although
among the less abundant microplankton, dinoflagellates show significant
diversity in the Mediterranean; like nanoplankton, they are associated with
stratified and nutrient-depleted conditions. These taxa exhibit wide trophic
modes: some are heterotrophic, while others are mixotrophic (Neoceratium
spp.) or host endosymbiotic cyanobacteria. To summarize, Mediterranean
phytoplankton comprise very diverse taxa with diverse ecological preferences.

Regarding zooplankton, the world dominance of copepods in the water column
also applies to the Mediterranean. Like micro-algae, smaller species (< 2 mm)
prevail in the communities, whatever the trophic regime (Siokou-Frangou et
al. 2010). The bulk of zooplankton comprises very diverse genera of calanoids
and cyclopoids. The relative contribution of the smaller cyclopoids is thought
to increase with the increasing west-east gradient of oligotrophy, while larger
species are more abundant in colder and more productive areas (Siokou-
Frangou et al. 1997).

Other zooplankton taxa should not be overlooked. Cladocerans are found in
large numbers in summer in coastal environments (Riandey et al., 2005).
Gelatinous filter-feeders, like salps, frequently produce spectacular blooms in
warm waters. Outbursts of jellyfish in summer have become a public concern.
Gelatinous-wise, chaetognaths and siphonophores are carnivorous species
frequently encountered in the Mediterranean Sea that prey on copepods and
other smaller planktonic organisms.

Climate variability influences plankton
distribution and community composition

Plankton abundance and distribution are strongly controlled by hydrological
features and water mass advection. The tight coupling between their population
dynamics and climate makes them optimal indicators to monitor the impact of
climate variability on ecosystems (Hays et al. 2005). Tunin-Ley et al. (2009)
assembled time series to investigate the effects of increasing temperatures on
the distribution of 46 Ceratium species (Dinoflagellates) over the 20" century
(1908-2005). Irrespective of the location, species composition showed a clear
seasonal cycle, but phenologies differed according to the species and the sites
surveyed. Although Ceratium assemblages did vary with changing temperatures,
contrary to expectations, thermophilic species did not show increasing trends.
As no new species were detected during the 20" century, the disappearance of
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species that prefer colder conditions could not be balanced, and warming has
resulted in a loss of biodiversity.

Marty and Chiavérini (2010) monitored hydrological changes in the Ligurian
basin and their biogeochemical consequences during the period 1995-2007.
These authors revealed an increase in phytoplankton biomass (+1.5 mgChla/
mZ.yr) paralleling increases in temperature and salinity in the northwestern
Mediterranean Sea. Furthermore, the fraction of biomass attributed to diatoms
also increased. Thus, the increases in biomass were due to generalized growth
of phytoplankton, not only to the growth of the smaller size classes that usually
dominate in warmer conditions. Marty and Chiavérini (2010) reported an
increase in the frequency of mixing events, rather than longer stratification
periods.

Long time series provide ideal material to study plankton dynamics under
climate change. Several multidecadal surveys have been conducted in the
Mediterranean Sea (Berline et al. 2012), all of which evidenced strong seasonal
patterns in phytoplankton and zooplankton communities (Ribera d’Alcala et
al. 2004). In the Gulf of Naples for instance, a time series from 1984 to 2000
revealed an over decadal decrease in phytoplankton (Ribera d’Alcala et al.
2004), together with an increase in a rare copepod species and a weak decrease
in zooplankton biomass. These authors suggested that biological rhythms
regulate the temporal dynamics while the climate modulates the amplitude of
the growth periods. This hypothesis was later invalidated by Mazzocchi et al.
(2011) using the same time series, by providing evidence for phenological
changes in Mediterranean mesozooplankton: the copepod assemblage
characterizing spring and summer conditions declined over the study period
as its typical high production season became shorter and started earlier in the
year. By contrast, the communities that depend on summer and fall conditions
remained stable phenology-wise, and were quite resilient to decreases in
phytoplankton biomass. From these results, Mazzocchi et al. (2011) concluded
that the zooplankton composition does not vary according to phytoplankton
variability, and that zooplankton communities are resilient to climate change.
This conclusion was challenged by Conversi et al. (2009), who demonstrated
a dramatic shift across the copepod community between the late 1980s and
the early 1990s. Warming combined with changes in circulation in the Ionian
Sea (Civitarese et al. 2010) have been identified as the principal causes. The
link between climatic variability and phytoplankton dynamics is consequently
not well understood yet.

To summarize, plankton assemblages in the Mediterranean have proved to be
good indicators of environmental changes. The variety of trophic regimes and
the diversity of biological communities offer great opportunities to test
hypotheses concerning climate change and its impacts on plankton. The
Mediterranean Sea contains a wide range of plankton whose environmental
preferences and functional roles remain to be fully determined. The patterns
described above suggest differences between the ecological traits and
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environmental preferences of species. By altering the pelagic environment,
anthropogenic climate change could alter plankton distribution, as well as
their importance in the food web.

How will anthropogenic climate
change impact Mediterranean plankton!?

Despite the importance of plankton for both food webs and biogeochemical
cycles, very few studies have attempted to forecast the impact of climate change
on primary production and community composition in the Mediterranean Sea
(Lazzari et al. 2013; Herrmann et al. 2014). There are projections at the global
scale, but the corresponding models do not adequately resolve the peculiar
regional processes of the Mediterranean, and regional coupled models thus need
to be implemented.

Focusing on the northwestern areas of the basin (Gulf of Lion and Ligurian
Sea), Herrmann et al. (2014) investigated the response of the pelagic plankton
ecosystem and associated carbon cycle, to long term changes in oceanic and
atmospheric circulation. Their predictions suggest that climate change will not
modify the seasonal dynamics and variability of the planktonic ecosystem at a
first order, compared to what is modeled for the contemporary period.
Microphytoplankton and nanophytoplankton biomasses are not expected to
increase by the end of the 21% century. Meanwhile, their model forecasts an
increase in zooplankton biomass, due to a gain in the smaller size fractions
(nanozooplankton), and in picophytoplankton biomass. Their study suggests
that climate change in the northwestern Mediterranean will favour the smallest
components of the plankton, and strengthen the microbial loop activity.

Lazzari et al. (2013) used a different model that covered the entire Mediterranean
Sea to assess the impact of climate change on the carbon cycle in a plankton
ecosystem model. Like Herrmann et al. (2014), their model predicts a
strengthening of the microbial pathway in the plankton ecosystem with reduced
nutrient availability and phytoplankton biomass.

In contrast to higher trophic levels (Ben Rais Lasram 2010; Albouy et al. 2012),
the potential impact of rising temperatures and salinity on plankton species
composition has never been assessed. This will be crucial to better understand
how climate change could reshape plankton in the Mediterranean Sea, as not
all species share similar traits and functions in the ecosystems (Benedetti et al.
2016). In the future, more modeling studies are needed to better constrain the
predicted impacts of climate change on primary production and plankton size
structure. Models should also focus on resolving taxonomic and ecological
complexity by accounting for differences in plankton species traits. Finally,

215



216

The Mediterranean Region under Climate Change

multi-trophic models should be developed to estimate how climate change may
impact the structure of the food web and ecosystem services provision.
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At the global scale, one of the main effects of climate change on marine
ecosystems is changing the rate and patterns of primary production (Brown et
al. 2010). In the Mediterranean Sea, although there is no consensus and no clear
trends have emerged, several studies expect that, by increasing the vertical
stability of the water column and by decreasing nutrient replenishment, seawater
warming will cause changes in phytoplankton bloom phenology, biomass and
community structure (Goffart et al. 2002, Bosc et al. 2004, Tunin-Ley et al.
2009). What has been clearly demonstrated is that seawater warming will lead
to a shift in dominant species towards smaller species (picophytoplankton and
nanoflagellates) and a decrease in diatoms (The MerMex Group 2011). Moreover,
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acidification in the Mediterranean Sea will strengthen the expected impacts,
with an expected decrease in the biomass of calcifying organisms such as
coccolithophorids, which are important plankton primary producers (Dias et al.
2010, The MerMex Group 2011). Primary and secondary production (i.e. the
production of phytoplankton and zooplankton, respectively) play a key role in
biogeochemical cycles, as well as in the structure and functioning of food webs
and in global productivity of marine ecosystems. Through bottom-up or wasp-
waist trophic controls (Cury et al. 2003), changes at the base of the food webs
may transfer from low to high trophic levels, with potential impacts on the
production of living resources and fisheries. Moreover, since the Mediterranean
is a semi-enclosed sea, expected impacts of climate change on phytoplankton
communities and their dynamics could affect ecosystems much more rapidly
than in other oceanic regions (Lejeusne et al. 2010, Siokou-Frangou et al. 2010).
In this chapter, we describe how climate change could affect the functioning of
marine systems, and more specifically, the production of living resources by
bottom-up control. We use a few typical recent examples to show how the
strength of the bottom-up control and the base of the food web in the
Mediterranean Sea could be affected by several hydrological changes and how
these changes could affect food web dynamics, catch potential, and conservation
of the marine biodiversity in the future.

Changes in primary
and secondary production affect
food web dynamics and recruitment

At the global scale, under the IPCC SRES (Intergovernmental Panel on
Climate Change Special Report on Emission Scenarios) A2 scenario, and
based on the output of four global coupled carbon cycle-climate models,
Steinacher et al. (2010) suggest that global mean primary production may
decrease by 2% to 20% by 2100 relative to preindustrial conditions. In the
Mediterranean Sea, by increasing the strength of the vertical stratification,
warming could affect the turbulent nutrient supply to the photic layer and
hence could reduce primary production (Marba et al. 2015), as well as reduce
the relative contribution of larger cells (The MerMex Group 2011). There are
still many uncertainties on the level of impact of sea warming and of
acidification on primary production in the basin, but it is clear that physical-
chemical changes will affect the magnitude, timing and composition of
phytoplankton blooms, with associated changes in the seasonal distribution
of zooplankton (see sub-chapter 2.1.1 for more details).
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It is now recognized that primary production is critical to maintain biodiversity
and support fishery catches in the world’s oceans (Brown et al. 2010). Indeed,
more than 90% of ocean productivity is ensured by phytoplankton, which is
then transferred throughout the food webs by grazing and predation and lost
through metabolism (Lindeman 1942, Gascuel et al. 2008). Few studies have
tried to forecast potential changes in primary and secondary production and the
ensuing impacts on food webs and on the functioning of Mediterranean
ecosystems. Many uncertainties remain concerning the magnitude of the expected
climate-induced changes. Nevertheless, based on studies of other ecosystems in
the world, it is possible to extrapolate the consequences of changes in primary
production in this region. For instance, Chassot et al. (2010) showed that
phytoplankton primary production influences global fisheries production at the
scale of Large Marine Ecosystems (LME). This assumption was confirmed by
Blanchard et al. (2012), who showed that, in 11 large regional shelf seas, potential
marine fisheries production is primarily determined by available primary
production. Similarly, using an ecosystem model, Brown et al. (2010)
demonstrated that changes in primary production affect fisheries catch and value
and have major implications for the conservation of marine biodiversity. Finally,
at local, regional and global scales, several authors have established that
fluctuations in fishery yields are linked to fluctuations in phytoplankton,
zooplankton and benthic communities (e.g. Darnaude et al. 2004, Edwards &
Richardson 2004, Cheung et al. 2010, Barange et al. 2014).

In the Mediterranean Sea, previous observations already suggested that a reduction
in primary production linked to an increase of sea surface temperature could have
negative impacts on fisheries catch and could exacerbate current trends of
overfishing. This hypothesis was confirmed by Cheung et al. (2011) whose models
predict that if phytoplankton communities shift towards smaller size cells, energy
transfer from primary production to higher trophic levels may decline in the future,
with an associated reduction in catch potential (see sub-chapter 2.1.4). Moreover,
a decrease in primary production could be detrimental for the conservation of taxa
of interest and for overall biodiversity in a context of global change, with potential
synergies with overfishing, habitat degradation and biological invasions.

In marine ecosystems, environmental conditions play an important role in fish
recruitment (i.e. the number of fish that survive from the early larval stage to
reach the recruitment stage that can be targeted by fisheries). As fish larvae are
very vulnerable to starvation, their survival strongly depends on prey availability,
meaning the mean size of prey, their seasonal timing and abundance (Beaugrand
et al. 2003) are crucial. The match-mismatch hypothesis (Cushing 1990)
emphasizes that the production of first feeding larvae must match the production
of planktonic food. Thus, by affecting primary and secondary production and
timing, climate change may disrupt the distribution and phenology of fish larvae,
affect recruitment and production of fish stocks, with indirect effects on food
web structures and ecosystem-level changes (Edwards & Richardson 2004,
Brander 2010). In the Mediterranean Sea, projected changes in primary and
secondary productions suggest that trophic mismatches between fish pre-recruits
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and their prey could increase in the future, with negative consequences for
recruitment success, sustainable fisheries and conservation of biodiversity
(Lejeusne et al. 2010, Stergiou et al. 2015).

Before After climate change
Predator Prey (a) (b) |I(c)
t, Tlme t, Tlme t1 T|me Time
Figure |

Match-mismatch hypothesis and three possible effects of climate change:

(a) Change in the timing of prey peak production; (b) Change in the level of prey abundance;
(c) Change in the amplitude of year-to-year variations in prey timing in regions where inter-annual
variability in temperature is expected to increase. ty is the degree of time mismatch,

t, is the inter-annual variability in the timing of prey population.

From Cury et al. (2008).

In addition to impacts on plankton production and timing, climate change can also
lead to changes in the composition of species that form the base of marine food
webs. In the Mediterranean Sea, the increase in water temperature has already
modified jellyfish population dynamics (Coll et al. 2010). For several decades, the
extent and intensity of jellyfish outbreaks have increased, in particular outbreaks of
Pelagia noctiluca, a planktonic predator of fish larvae and of their zooplankton prey
(Licandro et al. 2010). In the western Mediterranean, the increasing frequency of
these outbreaks can be explained by the alteration of the trophic structure of
ecosystems due to overfishing and/or eutrophication on the one hand, and by sea
warming and changes in surface hydrography on the other (Licandro et al. 2010,
Canepa et al. 2014). As already shown in the Black Sea, outbreaks can affect fisheries
by bottom-up and top-down controls on fish larvae survival (Daskalov et al. 2007).
In fact, jellyfish can affect fish recruitment negatively and as they can be venomous,
outbreaks can also be detrimental to aquaculture and have strong ecological and
socio-economic impacts. Considering the current IPCC projections, Licandro et al.
(2010) suggested that outbreaks of Pnoctiluca, along with other jellyfish species,
may become more frequent in the Mediterranean basin and extend over a longer
period of the year than previously, causing alteration of the pelagic food web and
thereby reducing fishery production. For instance, in the northwestern Mediterranean
Sea, Molinero et al. (2005) found that the increase in jellyfish outbreaks during the
1980s was largely favored by high positive temperature anomalies. They highlighted
the trophic cascade that took place during the mid-late 1980s, with the high abundance
of jellyfish and a marked drop in the abundance of copepods. However, the variability
of copepods has direct implications for pelagic fish populations and for the biological
pump of carbon into the deep ocean (Ohman & Hirche 2001, Calbet 2008). Thus,
the Mediterranean pelagic ecosystem could shift towards an alternative state with
less organic matter exported and prone to the risk of high trophic level predators
(exploited by fisheries) being replaced by jellyfish (Gros 2011).
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Another consequence of climate change in the Mediterranean Sea, which, at first
sight, has less impact on fisheries, is the increase in the mucilage phenomenon.
Indeed, surface water warming and the associated increase in water column stability
can favor the coalescence of marine snow (i.e. small amorphous aggregates with
colloidal properties) into marine mucilage (Danovaro et al. 2009). Danovaro et
al. (2009) have shown that the majority of mucilage spreading is linked to climate-
driven sea surface warming. The occurrence of mucilage events is increasing and
spreading to several regions beyond the Adriatic Sea. Mucilage can act as a
controlling factor for microbial diversity and could act as a carrier of specific
microorganisms, thereby increasing the spread of pathogenic bacteria (Danovaro
et al. 2009). According to these authors, if the mucilage phenomenon continues
to increase in frequency and duration and to extend its range in the region, the
increased frequency and extension of some marine diseases may have consequences
for human health; “a warmer world would be a sicker world”” (Harvell et al. 2009).
Mucilage, in turn, can induce hypoxic phenomena, extensive anoxia and may
reduce the provision of ecosystem services and ecosystem resilience. Indeed,
hypoxia or anoxia events can cause the suffocation of benthic and epibenthic
organisms on the sea bottom, which, in turn, could result in severe fishery and
sanitary problems (Danovaro et al. 2005). Moreover, because of mucilage’s
properties, the phenomena may clog fishing nets causing serious socio-economic
damage for fisheries (Rinaldi et al. 1995).
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Figure 2
Relationships between mucilage occurrence in the Mediterranean Sea and climate change
(as magnitude of the thermal anomalies) on a decadal basis. Photo of mucilage
in surface off-shore waters. Adapted from Danovaro et al. (2009).
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Climate change drives
commercial fish production

Because of their short life span, their nutrition relying on short plankton-based
food chains and their recruitment controlled by the environment, pelagic fish
stocks are excellent sentinel species for analysis of the effects of climate change
on ecosystems (Checkley et al. 2009). This is not surprising, given that these
species have a very high growth and population turnover rate, making them
more susceptible to changes in the environment. For example, in the western
Mediterranean, a significant relationship was found between round sardinella
(Sardinella aurita) landings and temperature anomalies (Sabates et al. 2006).
Indeed, a gradual northward increase in the abundance of this warm water species
was observed along the Mediterranean Iberian coast. Consequently, an overall
increase in landings of round sardinella has been observed over the last 30 years
(around 35 000 t), while landings remained below 5000 t year'! until the early
1980s. This increase is linked to the successful reproduction of the species,
marked by an increase in larval abundance, in the northwestern Mediterranean.
At the same time and in the same area, landings of two other pelagic species,
sardine (Sardina pilchardus) and anchovy (Engraulis encrasicolus), have
declined in recent decades. Sprat (Sprattus sprattus), a cold water small pelagic
species, has virtually disappeared from commercial catches of the northwestern
Mediterranean (Sabates et al. 2006). Using a 3-D full life cycle population model
at the Mediterranean Sea LME (large marine ecosystem) scale, under the SRES
IPCC A1B scenario, Stergiou et al. (2015) determined that the anchovy biomass
would decrease significantly (by around -28 %) in 2080-2100 compared to
1980-2000. This prediction is linked to a decrease in zooplankton biomass and
rising temperatures that affect fish metabolic rates (i.e. an increase in maintenance
cost). In their study, sea warming was shown to affect net fish somatic growth
and to indirectly affect egg production, which is weight dependent. Moreover,
with warmer temperatures, fish early life stages could be subject to higher
starvation mortalities due to the increased energy required to meet maintenance
costs (Stergiou et al. 2015). As a result, anchovy stock biomass is predicted to
decrease by 33% in the Adriatic sub-area, by 18% in the north Aegean sub-area
and by 15% in the Catalan Sea/Gulf of Lions sub-area.

In the northwestern Mediterranean, numerous changes in environmental
conditions such as riverine input or wind mixing can explain fluctuations in the
productivity of small pelagic fish (Lloret et al. 2004). For instance, a significant
relationship between monthly landings of anchovy and freshwater inputs of the
Ebre River during the spawning season of anchovy has been found (Lloret et
al. 2004). For sardine, monthly landings were positively correlated with wind
mixing during its spawning season (Lloret et al. 2004). Thus, in a context in
which climate change is expected to increase variance in rainfall regimes, with
increased frequency of droughts paralleled by unusual amounts of rainfall and
floods, increasing temperature and changing wind mixing, pelagic fish stocks
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in the Mediterranean are likely to be strongly impacted (Lloret et al. 2001). In
the northwestern Mediterranean, in contrast to anchovy, sardine abundance was
found to be negatively correlated with sea surface temperature, and the warming
trend may have contributed both to the decrease in sardine abundance and to
the extension of the distribution area of the round sardinella (Palomera et al.
2007, Rijnsdorp et al. 2010). In addition to climate change impacts, fluctuations
in small pelagic populations have also been shown to be associated with
interdecadal variability of climate indices, such as the well-known Atlantic
Multidecadal Oscillation (AMO) and the more local Western Mediterranean
Oscillation (WeMO) indices (Martin et al. 2012, Alheit et al. 2014).

Pelagic fish are essential trophic compartments of marine ecosystems due to
their high biomass at intermediate levels of the food web, and therefore their
key role in the transfer of organic matter from lower to higher trophic levels
(Cury et al. 2000, Palomera et al. 2007). Hence, variability in small pelagic fish
due to climate change or other anthropogenic disturbances will modify both the
structure and functioning of ecosystems (Cury et al. 2000). Pelagic stocks are
not the only stocks to be impacted by changes in river discharge. Salen-Picard
et al. (2002) showed that the Rhone river flow in the Gulf of Lion also influenced
abundances of Solea solea by causing pulses of organic matter that are followed
by peaks of polychaetes density. Indeed, a positive correlation was found between
the mean annual commercial landings of S. solea, with a time lag of five years,
in two fishing harbors close to the Rhone delta (Salen-Picard et al. 2002). The
authors of the study concluded that fluctuations in sole fishery yield in the Gulf
of Lion can be influenced by climate, as the Rhone river flow is related to the
North Atlantic Oscillation, which drives precipitation over Western Europe. In
fact, a decrease in run-off into the Mediterranean Sea could reduce the
productivity of sole and other demersal fish in this region (Salen-Picard et al.
2002, Darnaude et al. 2004). By coupling a hydrodynamic model to the food
web model Ecopath with Ecosim, Libralato & Solidoro (2009) showed that
changes in river run-off are the major environmental driver of ecosystem
dynamics in coastal areas in the Adriatic, especially the Lagoon of Venice.

To summarize, many uncertainties remain on future change in primary production
and more data are needed to carefully assess possible impacts on marine
biodiversity and on fisheries production. With this synthesis, we highlight a possible
change in the strength of the bottom-up control in the Mediterranean ecosystems.
Small pelagics are influenced by a plethora of factors, each of which can be altered
by climate change, so that they can have additive, synergistic or antagonistic effects
on small pelagics. Climate change is expected to reduce primary production rates
at basin scale, to alter the phenology of phytoplankton and zooplankton blooms
and to cause shifts in community structures. All these changes will have dramatic
impacts on the structure and functioning of ecosystems, and especially on food
web dynamics. For fisheries, the change in primary production will likely result
in a reduction of catches and/or an exacerbation of the effects of overfishing.
Finally, by affecting rainfall regimes, and therefore river outflows, climate change
could affect the overall food web and fishery production on the continental shelf.
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Temperature has a major direct effect on the physiology, growth, reproduction,
recruitment and behavior of poikilothermic organisms such as fish. It affects
many physiological processes ranging from damaging proteins to disrupting
organ function. Environmental changes, especially climate warming, may
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thus strongly influence the abundance and biogeography of fish through
species-specific physiological thresholds of temperature tolerance, or through
responses to changes in other trophic levels (Perry et al. 2005, Sabates et
al. 2006, Rijnsdorp et al. 2009). Organisms tend to adapt to local
environmental temperatures, with optimal physiological responses matching
temperatures that are close to the environmental average (Hoegh-Guldberg
& Bruno 2010). In this context, shifts in the spatial distribution range of
marine organisms are among the most perceptible consequences of climate
change at the world scale, with potentially significant impacts on commercial
fisheries (Perry et al. 2005), on food webs and ecosystem functioning (Doney
et al. 2012, Albouy et al. 2014), and on biodiversity as a whole (Harley
2011, Bellard et al. 2012).

The warming of the Mediterranean Sea affects the fitness of marine biota
as already shown by records of changes in abundance, survival and fertility,
phenology and species migration (Marba et al. 2015). Population abundance
and survival are the biological variables are the most frequently reported
impacts of Mediterranean warming, followed by migration of native and
introduced species (Marba et al. 2015). However, the sensitivity of
Mediterranean biota to warming varies across taxonomic groups (Marba et
al. 2015), from primary producers to high trophic levels, with possible
synergistic effects with other anthropogenic impacts such as high exploitation
(Harley et al. 2006). In this chapter, we use examples to analyze the expected
impacts of climate change on marine organisms in the Mediterranean Sea,
with a focus on fish, and to investigate possible responses from individual
to ecosystem level. It is important to bear in mind that in the Mediterranean
Sea, the effects of climate change occur in parallel with other human-driven
effects such as overfishing, pollution, and habitat degradation (Coll et al.
2010), and can have cumulative effects, frequently of synergistic nature
(Calvo et al. 2011).

Climate change
affects functional traits of fishes

Several studies have shown that changes in temperature and in ocean chemistry
affect the growth, reproduction and physiology of marine organisms (Portner
& Knust 2007, Sumaila et al. 2011). It was recently shown that fish body size
may be reduced due to climate change, especially in response to warming,
reduction in oxygen, and resource availability (Daufresne et al. 2009, Sheridan
& Bickford 2011, Cheung et al. 2013) (Figure 1). In a meta-analysis of the
effect of climate on fish body size, Daufresne et al. (2009) showed a significant
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increase in the proportion of small-sized species and young age classes and a
decrease in size-at-age, in accordance with Bergmann’s rule concerning
temperature vs. size. According to the IPCC (Intergovernmental Panel on
Climate Change), oceans are projected to become warmer and less oxygenated
(IPCC 2014). As a consequence, in the Mediterranean Sea, the average
maximum body weight of fish is expected to shrink by 4% to 49% from 2000
to 2050 (Cheung et al. 2013).

Original state Future state

Latitude

Warming
reduced O,

Depthr Depth .
Figure |
Expected changes in body size at individual and assemblage levels.
According to Cheung et al. (2013), due to the invasion/increased abundance
of smaller-bodied species and local extinction/decreased abundance
of larger-bodied species, the mean maximum body weight is expected
to decrease at the assemblage level, with a vertical distribution shift of species.

Despite relative local heterogeneity, the projected decrease in fish size is largest
in the western Mediterranean (20%-49%). In contrast, the mean assemblage
body weight is expected to increase in the Gulf of Lion likely due to the
northward migration of large exploited species. However, interpreting global
scale simulation results at a regional scale can be hazardous and more dedicated
fine scale regional studies are needed. Nonetheless, changes in assemblage-
level body size structure suggest that climate and ocean changes will cause
dramatic modifications of food web dynamics (predator-prey interactions are
strongly dependent on size as well as on food consumption rates), the natural
mortality rate of fish populations (negatively correlated with maximum body
weight) and size at maturity (positively correlated with maximum body weight)
(Pauly 1980, Palomares & Pauly 1998, Cheung et al. 2013). Fishes in warmer
waters are expected to have a smaller maximum body size and smaller size
at first maturity with possible higher natural mortality rates (Sumaila et al.
2011). All these key population parameters determine population dynamics
and productivity.
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Sea warming changes fish distribution
and associated assemblages

In the Mediterranean Sea, the increasing abundance of thermophilic biota can
be described by two major processes of change involving both indigenous and
non-indigenous species (Boero et al. 2008): the northward extension and
enhancement of native thermophilic species (i.e. meridionalization) and the
increasing introductions and range extension of thermophilic non-indigenous
species (i.e. tropicalization).

Due to seawater warming, numerous native thermophilic species have greatly
extended their distribution range and are becoming more abundant especially
in the northwestern part of the basin (box 1). One of the best studied case is the
ornate wrasse Thalassoma pavo, a species once confined to the southern parts
of the Mediterranean Sea, which penetrated into the Ligurian Sea in the 1980s,
where it is now able to reproduce, thereby becoming “naturalized” (Sara et al.
2005, Bianchi 2007). Sparisoma cretense, a parrotfish species, is considered to
be a clear indicator of meridionalization because of its increasing abundance
over the last two decades (Azzurro et al. 2011). Originally, this parrotfish was
thought to be common in the strait of Sicily (i.e. chiefly distributed along the
southern and eastern coasts) but absent from northern Sicily. Several recent
studies confirmed the increase in the populations of Sparisoma cretense over
the last 10 years. Currently, the species is well established along the coast of
France and in the central and northern Adriatic (Azzurro et al. 2011).

Box |
The effects of climate change on the Catalan Sea ecosystem

The Catalan Sea represents a portion of the Western Mediterranean region and is located
between the Balearic Islands to the east and the eastern Iberian Peninsula to the west
(Figure Bla).

The region has shown clear signs of climate change, including an increase in sea surface
temperature (SST) of approximately |.| °C in the last 40 years (Figure BIb), an increase in
salinization of the intermediate and deep waters, a rise in sea level over the last century, and
strengthening of seasonal stratification in summer (Calvo et al. 201 I). A decrease in rainfall
and wind, warmer surface waters and hence a longer stratification period is foreseen (Calvo
etal. 201 1).

The effects of climate change can be clearly seen in all the compartments of the marine
ecosystem in the region. There has been an increase in thermophilic species, which are favored
by increasing temperatures, in contrast to temperate species. These increases include algal,
invertebrate and vertebrate species. For example, an increase in the SST has been linked with
the expansion of round sardinella (Sardinella aurita) (Sabates et al. 2006), and with the decline
of sardine (Sardina pilchardus) (Palomera et al. 2007). Declines in freshwater inputs and winds
may have had an impact on pelagic fish species (Lloret et al. 2004).
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Mass mortality events of sessile invertebrate species have been linked with anomalous warm
waters in specific hot years with longer stratification periods (Coma et al. 2009). Significant
mortality episodes have been documented for gorgonian and sponge species, which are long-
lived and slow growing vulnerable organisms (Garrabou et al. 2009). In addition, the capacity
of the ocean to absorb atmospheric CO2 has been linked with increased acidification of the
seawater, which can have negative impacts on many pelagic and benthic organisms with
calcareous body parts such as corals, mussels, pteropods and coccolithophores (CIESM 2008).

The strengthening of the stratification period of the water column has been linked with
changes in primary productivity and with the increase in the smallest phytoplankton species
(Calvo et al. 201 1. The longer stratification period and the high SST has also been linked
with more frequent and abundant proliferations of gelatinous species, including jellyfish
(Molinero et al. 2008).

These effects have had marked impacts on food webs in the Catalan Sea, which occur
simultaneously with other coastal anthropogenic effects such as overfishing, habitat degradation
and pollution (Coll et al. 2010) and can have synergistic impacts (Calvo et al. 201 1).
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The barracuda Sphyraena viridensis and the dolphinfish Coryphaena hippurus
are two other good examples of the meridionalization process. These two top
predator species have greatly extended their natural distribution range over the
last 30 years (Lejeusne et al. 2010, Azzurro et al. 2011). Due to the range
expansion of these species, besides changes in fish species richness, a recent
study predicts that under climate change the mean body size of fish assemblages
will increase on the continental shelf with potential effects on trophic functioning
(Albouy et al. 2013). However, this study only took distribution range shifts
into account, but not the climate-induced physiological changes.

Most of the non-indigenous species in the Mediterranean Sea are thermophilic
species originating from the tropical Indo-Pacific region (i.e. Lessespsian
migrations). In total, more than 900 alien species have been recorded (Zenetos
et al. 2012) and the introduction of warm and tropical alien species has been
exacerbated by the warming of the eastern Mediterranean (Raitsos et al.
2010), which creates maritime corridors (box 2). Since 2011, the number of
alien macrophyte, mollusk and polychaetes species has increased by two to
three species per year, by three to four species per year of crustaceans, and
by six species per year of fish (Zenetos et al. 2012). At the same time, the
diversity of alien species is largely underestimated due to a “shifting baseline
syndrome” (i.e. cultural traditions tend to embrace newly introduced
organisms progressively, by attributing to them the values originally
associated with native species. The new species are therefore included in
the assumed normal or desirable state of a natural system) (Clavero 2014).
Thus, the tropicalization of the Mediterranean Sea (i.e. the increased
occurrence of warm-water biota), particularly in the eastern Mediterranean,
seems inevitable (Bianchi & Morri 2003, Ben Rais Lasram & Mouillot 2009).
This phenomenon may locally and temporally increase species richness but
several studies demonstrated that warming and aquatic invasions can lead
to the decline and even collapse of several marine populations (Bianchi &
Morri 2003, Occhipinti-Ambrogi 2007). In the short to medium term, invasive
aliens may cause major shifts in community composition and lead to a
significant loss in Mediterranean biodiversity and, possibly, to cascade effects
on food webs (Galil 2000, Streftaris & Zenetos 2006, Molnar et al. 2008,
Lejeusne et al. 2010, Zenetos et al. 2012). Evidence for geographical
extension is particularly abundant for species coming from the Red Sea
(Azzurro et al. 2008). For instance, the bluespotted cornetfish, Fistularia
commersonii, which was observed for the first time in 2000 in Israel, was
soon afterwards recorded all over the eastern and central Mediterranean
coasts, up to the proximity of the Strait of Gibraltar (Golani 2000, Bilecenoglu
et al. 2002, Pais et al. 2007, Azzurro et al. 2008, Dul¢i¢ et al. 2008). Today,
it is one of the most successful invaders of the Mediterranean Sea and can
have strong potential impacts on food web dynamics by preying upon
commercially important fish such as the bogue (Boops boops) and the red
mullet (Mullus barbatus) and by competing for food with native piscivorous
fish (Kalogirou et al. 2007).
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Box 2
Climate change and exotic fish invasions

Does climate play a key role in the dispersal success of exotic fish species?

The invasion success of some exotic species has been shown to be positively related to the
match between native and colonized environments (Duncan et al. 2001). In particular, a
species that is introduced in similar thermal conditions is more likely to establish successfully.
This is called the ““climate match” hypothesis, and it appears to play a key role in the invasion
rate in the Mediterranean Sea. The greater dispersal success of Lessepsian species was
associated with thermal conditions prior to 1980 (Ben Rais Lasram et al. 2008); crossing the
Suez Canal does not necessarily guarantee successful invasion and widespread dispersal of
fish populations.

Is the Mediterranean Sea experiencing increasing southern invasions?

Many species have shifted their distribution area by extending northward as a response to
climate warming (Cheung et al. 2009). Southern invasions are an indicator of the impact of
climate change on biodiversity. Lessepsian species migrating through the Suez Canal
inevitably originate from more southern latitudes than the Mediterranean Sea, so their
dynamics can be easily correlated to climate warming.

In contrast to the Lessepsian species, Atlantic species do not come necessarily from lower
latitudes. Their introduction rate assessed by the number of species that migrated to the
Mediterranean Sea, does not therefore indicate whether southern migrations are
accelerating during a period of global warming. The original latitude of introduced Atlantic
species rather than their abundance can be used as an indicator of the rate of southern
invasions. Ben Rais Lasram and Mouillot (2009) showed that the Lessepsian invasion rate
and the latitude of Atlantic species entering the Mediterranean Sea both significantly
correlated to the Mediterranean SST, positively and negatively respectively. These analyses
suggest that southern invasions from the Red Sea and from the Atlantic accelerate with
global warming (Figure B2).

© Psenes pellucidus © Epinephelus coioides
@ Seriola fasciata @ Siganus rivulatus

Figure B2
The Mediterranean Sea under southern invasions.
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Is there an increasing spatial overlap between exotic and endemic Mediterranean fish fauna?
Spatial overlap is an indicator of the intensity of interaction between species and the
potential hazards coming from exotic species. By comparing the distributions of endemic
and exotic species, it appeared that between 1980 and 2006, major exotic species have
moved northwards in the Mediterranean Sea by approximately 300 km (Ben Rais Lasram
and Mouillot 2009). After the |980s, some exotic fish species reached the coldest areas of
the Mediterranean Sea (western basin), for example the Adriatic Sea, which is a major
hotspot of endemism. The number of exotic species in the Mediterranean is now 98.4%
higher than it was 20 years ago (Ben Rais Lasram and Mouillot 2009).

What can we learn from the spread of Lessepsian species?

Species move to keep pace with changing climates, but can they move at the required
speed! The spread rates of native species may underestimate how fast species can move.
The exceptional spread rates of Lessepsian species can give upper estimates to the rate at
which native species could spread to colonize suitable habitats under climate change.
Hiddink et al. (2012) estimated that about 20% of Lessepsian species could not spread fast
enough to keep pace with climate change in about 20% of the global seas, thus suggesting
that climate change may lead to biodiversity loss.

Can we predict invasion risk in the Mediterranean Sea?

Species Distribution Models (SDM) have been used intensively to predict range shifts of
marine species in the context of climate change (Cheung et al. 2009; Albouy et al. 201 3).
Parravicini et al. (2015) showed that Lessepsian fish species may spread far beyond their
native niches and that SDMs do not predict their new distributions better than null models.
This suggests that SDMs may underestimate the potential spread of Lessepsian species.
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In the Mediterranean Sea, the history of the invasive of the rabbitfish species
Siganus luridus and Siganus rivulatus, two herbivorous fishes, is probably the
best example of impacts caused by invasive alien species on the whole ecosystem,
from primary producers to top predators (Galil 2007). For instance, a survey
conducted along around 1,000 km of coastline (temperate reefs) in the eastern
Mediterranean demonstrated that, in regions with abundant rabbitfish, canopy
algae were 65% less abundant, there was a 60% reduction in overall benthic
biomass (algae and invertebrates) and a 40% reduction in total species richness
(Vergés et al. 2014) (Figure 2).

Therefore, climate warming produces “winners” and “losers” among fish
assemblages. Winner species may enjoy higher survival, growth and reproduction
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Figure 2
Benthic biomass and species richness patterns in Mediterranean regions with or without rabbitfish.
(a) Total biomass of dominant benthic organisms; (b) Total species richness of algae,
invertebrates and fish; (c) Fish biomass of major trophic groups; (d) Photo of a Cystoseira spp.
forest where tropical rabbitfishes are absent; (e) Barren area typical of the eastern Mediterranean
sites where range-shifting tropical rabbitfish are abundant.
From Vergés et al. (2014). 237
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rates in a changing Mediterranean while for losers, more stressful conditions
may lead to higher mortality rates, reduced growth, smaller size and reduced
reproduction (Doney et al. 2012). For winners, climate warming is synonymous
with geographic range extensions (e.g. ornate wrasse has increased its range by
about 1,000 km in recent decades) while for others it is synonymous with range
contraction. This is particularly true for cold-water species. Projecting the
potential future distributions of 75 Mediterranean endemic fish species based
on a global warming scenario implemented with the OPAMEDS model and
Ecological Niche Models (ENMs), Ben Rais Lasram et al. (2010) showed that,
by 2041-2060, 25 species would qualify for the [IUCN (International Union for
the Conservation of Nature and Natural Resources) Red List and six species
would become extinct (for example, starry sturgeon Acipenser stellatus and
European sturgeon Huso huso). For “narrow” endemic species (i.e. endemic
species found strictly in the Mediterranean Sea that do not reach the neighboring
Atlantic Ocean and Black Sea) their extinction would be irreversible.

45.75° N F
38°N "'.
o
30.25° N Observed
-5.95°E 15.13° E 36.21° E
45.75° N

38°N

By 2041-2060

30.25° N .
-5.95°E 15.13°E 36.21° E

45.75° N

J

38°N

By 2070-2099

30.25° N
-5.95°E 15.13°E 36.21° E
(| (I ./ L]
Presence Absence Other waters Land
Figure 3

Observed distribution areas of the endemic Mediterranean fish Gobius geniporus (1980s, top)
and projected potential future thermal habitats (by 2040-2060 middle; 2070-2099, bottom).
The “cul-de-sac” effect is clearly visible for this species.

From Ben Rais Lasram et al. (2010).
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Box 3
Climate change impacts on the Gulf of Gabes ecosystem

The Gulf of Gabes is located in southern Tunisia, at the junction of the eastern and the western
basins. It is the second largest continental shelf in the Mediterranean Sea (36 000 km?) after the
Adriatic Sea. The seabed is covered by an extensive Posidonia oceanica meadow, the largest in the
Mediterranean Sea and one of the largest in the world (Batisse & Jeudy de Grissac 1998). The
meadow is a spawning ground for marine organisms and an important nursery for juvenile fish of
the region (Hattour et al. 1995), it hosts 247 of the 327 marine fish species of Tunisia of which 44
species have only been recorded in the Gulf of Gabes (Bradai et al. 2004).

The high diversity and production of the Gulf of Gabes and its accessibility (very shallow slope of
the continental shelf, soft bottom suitable for bottom trawling) have contributed to a considerable
increase in the number of fishing fleets. The Gulf of Gabes has become the main fishing area in Tunisia.

Like the rest of the Mediterranean Sea, the Gulf of Gabes has been undergoing warming: sea surface
temperature and salinity have increased by respectively 2 °C and 0.5 over the last 100 years. The
warming of the surface layer has resulted in intensification of the thermohaline circulation, and
variations in water density have led to a rise in sea level of | cm over the last century (Ben Mahmoud
& Harzallah 2009).

Climate change has likely caused the observed shifts of the distribution areas of some fish species usually
encountered in northern Tunisia: Brama brama, Trachinotus ovatus, Ariosoma balearicum and Oblada
melanura currently inhabit the Gulf of Gabes (Bradai & Capapé 2001). In parallel, the colonization of the
waters by some exotic thermophilic species has also been attributed to climate change (e.g. Missaoui &
Zaouali 1995, Bradai et al. 2004). The fish species exploited in this coastal region of Tunisia are also
strongly impacted by climate change. Species distribution models that include habitat selection processes
and the physiological temperature tolerance of exploited marine species, project a decline in species
prevalence by an average of 56% by the end of the 2I** century (figure B3). The models suggest that
the magnitude of the changes caused by climate will be greater than that caused by the loss of the
Posidonia meadow. This suggests that climate, and particularly temperature, is a key driver of marine
species distribution even at a small spatial scale like the Gulf of Gabes (Hattab et al. 2014).
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Figure B3 Differences between species richness predicted under current climate conditions
(1982-2009, baseline scenario) and values predicted under a mid-century climate scenario
(2040-2059, right panel) and an end-century climate scenario (2080-2099, left panel)
(Hattab et al. 2014).
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In addition, the ENMs showed that by the middle of the 21% century, the
coldest areas of the Mediterranean Sea (i.e. Adriatic Sea and Gulf of Lion)
would act as a refuge for cold water species. However, by the end of the
century, those areas are projected to become a “cul-de-sac” that would drive
these species towards extinction. By 2041-2060, 31 species were projected to
extend their geographic range, whereas the geographic range of 44 species
was projected to contract (e.g. the slender goby Gobius geniporus) (Figure 3).
The Gulf of Gabes, one of the largest continental shelves in the Mediterranean
Sea and a major area of fishing activities is also undergoing a warming phase
with marked consequences for the distribution of exploited species (box 3).

Overall, 25% of the Mediterranean continental shelf is predicted to be subject
to a total modification of endemic assemblages by the end of the 21% century
(Ben Rais Lasram et al. 2010). This projection are likely to be conservative.
A more recent study based on the SRES IPCC A2 (“business as usual”) scenario
suggested that at the end of the century, 54 species (mainly gobiidae) will have
lost their climatically suitable habitat (Albouy et al. 2013); species richness is
predicted to decrease across 70.4% of the continental shelf area (Figure 4) and
mean fish body size to increase over 74.8% of the area. Thus, by reducing the
geographic range size of small-bodied species, climate change may contribute
to the loss of small and low trophic level fishes, which may have ecosystem-
wide impacts (Albouy et al. 2013). This last projection disagrees with projections
of Cheung et al. (2013) who rather suggested that maximum body weight will
decrease at the scale of the Mediterranean basin. However, contrary to Cheung
et al. (2013), Albouy et al. (2013) only considered distribution shifts caused by
climate warming and not the resulting physiological changes, thus introducing
a source of structural uncertainty.

For two exploited species, the allis shad Alosa alosa and Microchirus azevian,
projections highlight possible extinction strengthened by exploitation by fisheries.
Other commercially important species such as the European flounder (Platichtys
flesus), the Danube sturgeon (Acipenser gueldenstaedtii) and the starry sturgeon
(Acipenser stellatus) are likely to be affected by climatic change both in fresh-
water and marine habitats. Because marine species track their climate niches
from the different parts of the Mediterranean, Albouy et al. (2012) showed that
most of the Aegean and Adriatic Sea will be subject to a high rate of species
replacement and an increase in species richness by the mid-21* century, as a
result of a northward and eastward shift in species ranges. However, by the end
of 21% century, with increasing temperature, these same areas, along with the
Gulf of Lion, are expected to undergo a net decrease in species richness. The
“cul-de-sac effect” described by Ben Rais Lasram (2010) suggests that for many
fish species, the loss of their thermal niche may not be compensated for by the
arrival of other species from the south (Albouy et al. 2012).

Beyond consequences at the level of individual species, changes in fish
distributional range may result in dramatic changes in the structure of the
community and of the food web, with potential consequences for ecosystem
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Figure 4
Differences in species richness between a baseline scenario (196 1-1980) and two time periods
(a: 2040-2059 ; b: 2080-2099) predicted for the continental shelf of the Mediterranean Sea (all
fish species of the continental shelf are represented) according to the SRES IPCC A2 scenario.
Adapted from Albouy et al. (2013).

functioning. To capture this phenonemon, Albouy et al. (2014) built a trophic
size-based model coupled with current and projected future distributions of
Mediterranean fish species. These authors showed that by 2080-2099, 54 fish
species among 256 coastal endemic and native species included in the model,
would disappear from the Mediterranean continental shelf, resulting in a
widespread decrease in local species richness. These disappearances will likely
be accompanied by a decrease in the number of trophic links between the fish
species (in the order of 70%) of the continental shelf. Moreover, fish prey
abundance is expected to be lower at the end of the 21% century compared to
the baseline period (1961-1980), which may further increase the probability of
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extinction of fish species (Albouy et al. 2014). Projecting species distribution
in the future is a simple way to address the effects of climate change on fish
communities, but ignores changes in substrates and in physical habitats, for
example. The potential impact of climate change on some essential habitats
could severely affect the life cycle and the spatial distribution or redistribution
of numerous marine species whether indigenous or not (box 4).

Climate Change affects
migration patterns and phenologies

Climate influences a variety of ecological processes such as migration patterns
and phenologies (Stenseth et al. 2002). Several studies have shown that climate
driven changes in temperature modify or will modify the phenology of annual
migrations to feeding and/or spawning grounds (e.g. Sims et al. 2004, Huse
& Ellingsen 2008, Rijnsdorp et al. 2009). For instance, based on a review of
published data in the northeast Atlantic, Rijnsdorp et al. (2009) reported that
pelagic species exhibit clear changes in seasonal migration related to climate-
induced changes in secondary production. In the Mediterranean Sea, climate
change and variability are critical to the seasonal spawning and migration
behaviors of the Atlantic Bluefin tuna Thunnus thynnus, a large migratory fish
species of high economic and ecological importance (Ravier & Fromentin
2004, Muhling et al. 2011). Indeed, it has been suggested that water temperature
triggers the spawning activity of the species (Muhling et al. 2011). If the
Mediterranean Sea warms up earlier in the year, spawning may also start
earlier, with a potential mismatch between favorable feeding conditions and
tuna reproduction. In addition, the migration patterns and spatial distribution
of highly mobile large pelagic fish, such as bluefin tuna, may be indirectly
altered by climate-induced changes in prey abundance (Walther et al. 2002).
Historical data from the Mediterranean Sea suggest that bluefin tuna may
change their migration routes and spawning behaviors in association with
long-term fluctuations in temperature (Ravier & Fromentin 2004). As a result,
the migration routes of bluefin tuna may vary and adapt to climate change
and potentially explore new spawning grounds in the Atlantic. However, some
authors have also warned that overfishing has likely reduced the genetic
diversity of the bluefin tuna, so its ability to adapt to climate change may also
be affected (Perry et al. 2010, Planque et al. 2010, Muhling et al. 2011).
Moreover, the energy cost and potential reduced fitness resulting from
adaptation to a changing climate may reduce the surplus production of exploited
stocks and make them more vulnerable to previously sustainable fishing levels
(Brander 2010). This assumption applies to all exploited fish populations that
experience high and prolonged fishing mortality and consequently a selective
pressure of several alleles and genotypes. In fact, the loss of sub-populations
may reduce the ability of marine species to adapt to climate change (Brander



Box 4
Climate change will impact essential fish habitats

Climate change reduces habitat complexity and has likely the most pronounced influence on habitat-
forming species such as seagrass (Hoegh-Guldberg & Bruno 2010). A recent study projected the
trajectory of Posidonia oceanica meadows under expected sea warming in the western Mediterranean
over the 2|t century and concluded that warming could lead to the functional extinction of P oceanica
meadows by the middle of this century even under a low greenhouse-gas emissions scenario (Jorda
et al. 2012) (Figure B4).
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Figure B4
Left: percentage of P. oceanica shoot density in the twenty-first century.

The pink line represents the projected percentage of shoot density under warming
and local impacts, and the blue line represents the projected trend in the absence
of warming. From Jorda et al. (2012). Right: photo of P. oceanica.

Source www.arnaudgrizard.com.

Given the importance of the functional role of seagrass meadows in the ecosystem (as an essential
habitat for commercially and recreationally important fishery species, coastal protection from erosion, as
a food source for megaherbivores such as sea turtles, nutrient recycling, etc.), the degradation of this key
habitat may have dramatic consequences for regional biodiversity, food web dynamics and de facto for
human welfare (Beck et al. 2001, Orth et al. 2006, Waycott et al. 2009, Jorda et al. 2012). In addition,
Hattab et al. (2014) showed that the habitat loss of P oceanica in the Gulf of Gabes, replaced by muddy
sand, combined with climate change, triggered a high level of species replacement and a significant
reduction in the geographical range of several species including the bluespotted seabream Pagrus
caeruleosticus, the speckled shrimp Metapenaeus Monoceros and the brown comber Serranus hepatus, and
that these species might be replaced by other commercial species such as the black goby (Gobius niger),
the European hake (Merluccius merluccius), and the musky octopus (Eledone moschata) (Hattab, et al.
2014). Organisms typically respond to climate change by shifting their biogeographic ranges to maintain
their thermal regime (Parmesan & Yohe 2003). However, a recent analysis of the velocity of climate
change, as the rate of poleward migration of isotherms with climate change, identified the Mediterranean
Sea as a region of concern because the northward displacement of the biogeographic ranges of endemic
species, such as P oceanica, is bounded by the presence of the European continent (Burrows et al. 201 1).

In addition to sea warming, ocean acidification (OA) is considered as a major threat to the marine
environment in the coming years. Calcifying organisms can be affected by increased seawater acidification,
which both reduces the growth of calcareous skeletons and tends to dissolve them (Bramanti et al. 201 3).
Habitat-forming species such as Lithophyllum cabiochae (a crustose coralline alga which constitutes mari
beds) could be severely affected by OA. As marl beds are spatially complex habitats that provide shelter
for numerous species and trophic groups (Barbera et al. 2003), OA could have major consequences for
the biodiversity and biogeochemistry of coralligenous communities (Martin & Gattuso 2009).
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2010, Planque et al. 2010). By influencing food abundance and age structure,
climate and fishing may also have significant effects on migration route fidelity,
population resilience, and colonization of new habitats (Perry et al. 2010).

With this synthesis, we highlight the observed and potential consequences of
climate change at different levels, from the individual to the ecosystem level.
Climate change is expected to affect the physiology of individuals with
consequences for community assemblages and population dynamics.
Meridionalization and tropicalization processes have already taken place but
appear to have accelerated in recent years with dramatic consequences for the
Mediterranean biodiversity in the medium and long term. For several species,
in particular those of commercial interest, climate change is expected to modify
migration patterns and periodicities with consequences for population dynamics
and fisheries management. All these changes are shaping a different Mediterranean
Sea in which living resources and human activities will need to adapt in a

sustainable way.
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There is considerable evidence that Mediterranean marine species have been
shifting their ranges, migration patterns, seasonal activities and periodicities,
abundances, growth and mortality rates, and consequently their trophic
interactions in response to climate change and variability. These responses may
ultimately have significant consequences for ecosystem productivity, biodiversity
and functioning and hence for the overall goods and ecosystem services they
provide, especially the production of living resources (Kirby & Beaugrand 2009,
Doney et al. 2012).

Climate change is an additional pressure on marine ecosystems that are already
subject to many anthropogenic disturbances such as fishing activities. This is
especially true in the Mediterranean Sea, where a series of human impacts
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co-occur and interact (Coll et al. 2010, Micheli, Halpern, et al. 2013). The
consequences of climate change for marine resources need to be evaluated in
this context and research and management need to take interactions between
fishing, other human impacts, and climate into account (Brander 2010, Perry et
al. 2010). This chapter thus has three aims: (i) to investigate the synergy between
climate and fishing (a major human impact on Mediterranean marine ecosystems)
and, using some examples from the Mediterranean Sea, to highlight how these
two factors interact, from the individual to the ecosystem scale, (ii) to assess
and quantify the consequences of climate change for the composition of fishery
catches in the Mediterranean Sea, and (iii) to address the consequences of climate
change for the management tools and strategies implemented in the region.

Fishing and climate act in synergy

Studies that specifically assess the synergistic effects of both climate change and
fishing on fish resources and ecosystem functioning in the Mediterranean Sea are
rare. However, studies conducted in other regions or at global scale describe a
range of changes that can be expected in the Mediterranean. Under climate change,
fishing is likely the most significant anthropogenic impact on marine fishes. Fishing
has been going on in the Mediterranean Sea for a thousand years and has resulted
in overexploitation of the main commercial species, with no less than 90% of
stocks assessed in 2015 categorized as overfished (STECF 2016). Fishing does
not only reduce the abundance and production of fish populations but also results
in changes in their population structure (e.g. by truncating the demographic
structure with fewer older fish and by altering life history traits such as mean body
size and age at maturity) and in species composition (e.g. by removing populations
of large sized fish) (Colloca et al. 2013). In an ecosystem context, where inter- and
intra-specific interactions are the main drivers of community structure, fishing
exerts direct pressure on the main target species but also indirectly affects their
competitors, prey and predators, thereby potentially affecting the whole food web
(Scheffer et al. 2005, Daskalov et al. 2007, Coll et al. 2008). In addition to reducing
the size of target populations, one direct impact of fishing is simplifying the
demographic structure of marine populations, making them more sensitive to
climate variability at interannual to interdecadal scales (Perry et al. 2010). Fishing
of finfishes and invertebrates can reduce the number of age groups in populations,
lead to spatial contraction, sometimes to a loss of population sub-units, and alter
life-history traits such as age at maturity and longevity (Perry et al. 2010, Planque
et al. 2010). All these effects may make populations more susceptible to climate
variability at different temporal scales. For instance in the Mediterranean Sea,
Hidalgo et al. (2011) showed that the long-term exploitation pattern has likely
eroded the age structure of hake (Merluccius merluccius), one of the main
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commercially exploited species. Hake subsequently became more recruitment-
dependent, and thereby more sensitive to climate variability (Figure 1). This
phenomenon is called the “age truncation effect” (Hsieh et al. 2006).

In the same way, Ottersen et al. (2006) demonstrated that heavily fished stocks
were subject to more pronounced variability in recruitment linked to environmental
fluctuations, due to changes in the spawning stock age and size composition.
Hsieh et al. (2006) showed that exploited species exhibit higher temporal
variability in abundance than unexploited species. Indeed, truncation of the age
structure caused by fishing may reduce the capacity of exploited populations to
buffer environmental events, especially anomaly events. Fishing can thus cause
higher fluctuations in the abundance of commercially targeted species thereby
increasing the risk of collapse of a heavily fished population from stochastic
environmental events (Scheffer et al. 2001, Hsieh et al. 2006). Fluctuations in
fish stocks may have consequences for both ecosystem functioning and fishing
sustainability. In addition, fishing communities that depend on just a few local
species have become more vulnerable to fluctuations in stocks, whether due to
overfishing or climate variability (Brander 2010).

Under fishing pressure, the mean turnover rate of fish communities is expected
to increase due to a relative increase in the proportion of smaller individuals
with higher metabolic rates and to the depletion of the major predatory demersal
fish resources that have a lower turnover rate (Myers & Worm 2003). In this
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According to Hidalgo et al. (201 1), fishing “by altering the demographic structure,
populations switch from an internally-generated to an externally-forced fluctuation mode,
tracking the environmental variability more closely”.
Adapted from Hidalgo et al. (201 1).
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context, Perry et al. (2010) pointed out that “these changes are expected to alter
how the community responds to climate forcing since exploited fish communities
with faster mean turnover times are expected to track more closely the short-
term variability in production that results from variability in climate”. In addition,
by removing top predators and favoring the dominance of short-lived prey
populations with rapid turnover rates, fishing modifies the trophic controls that
drive ecosystem dynamics, i.e. generally weakening top-down control and
strengthening bottom-up control, which can lead to much greater vulnerability
of the marine system to climate forcing (Perry et al. 2010).

In view of the current state of fish stocks in the Mediterranean basin, climate
change in the region will strongly affect marine resources with several
ramifications in food webs dynamics and ecosystem functioning. The
Mediterranean Sea, which for decades has been - and continues to be - subject
to intense exploitation of marine resources, is likely to experience stronger
bottom-up control. This will lead to greater vulnerability and variability of the
system to climate forcing, with implications for fisheries sustainability and
biodiversity conservation.

Climate-induced
changes in commercial catches

Worldwide, fisheries will be impacted by changes in the distribution and in the
catches of exploited marine species (Cheung et al. 2008, 2016, Barange et al.
2014), which will affect the economics of fisheries worldwide (Sumaila et al.
2011). In the Mediterranean Sea, the change in fisheries catch potential is partly
due to northward and eastward shifts in fish distribution (see sub-chapter 2.1.3)
that result in the invasion of warmer-water species into higher latitudes (e.g.
Adriatic Sea) and local extinction in the southern Mediterranean region. Thus,
in the near future, species that are commercially important in some areas may
no longer be available. This may be already the case of the once abundant sardine
(Sardina pilchardus), which has decreased drastically in the northern
Mediterranean Sea in the last decade (Palomera et al. 2007).

By 2050, under a high emission scenario (Representative Concentration pathway
8.5), Cheung et al. (2016) predicted an up to 5% reduction in the potential catches
at the Mediterranean scale (Figure 2). Furthermore, when considering changes in
biogeochemistry such as ocean acidification and reduction in oxygen concentration,
these authors also predicted a decrease in fish growth performance, which, along
with a higher rate of distributional shift, may reduce estimated catch potential
(Cheung et al. 2011). Changes in phytoplankton community structure may even
reduce the projected catch potential by a further 10% (Cheung et al. 2011).
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Figure 2
Mean percentage changes in potential catch by 2050
relative to present day, under the RCP 8.5 scenario.
From Cheung et al. (2016).

This decrease in catch potential will be accompanied by tropicalization of the
catch (i.e. an increase in warm-water species in catch composition). Indeed,
Cheung et al. (2013) showed that in the Mediterranean Sea, the Mean Temperature
of the Catch (MTC, i.e. the average inferred temperature preference of the
exploited species weighted by their annual catch) has significantly increased
since 1970, evidence for an increase in the catch of warmer water species and
adecrease in the catch of colder water species. This index, which reflects changes
in the composition of marine fisheries catch is closely linked to warming of the
Mediterranean Sea. For the period 1970-2010, the MTC for the western, central
and eastern Mediterranean has increased by 0.56 °C, 1.05 °C and 0.29 °C per
decade, respectively (Tsikliras & Stergiou 2014) (figure 3). Moreover, if
Lessespsian species are included, the MTC rate would be higher in all areas
(Tsikliras & Stergiou 2014).

With the proliferation of non-indigenous invasive species (see sub-
chapters 2.1.3), there is a need to explore market options for non-target
species currently of low or no economic value. In general, changes in the
composition of commercial fisheries catches have detrimental socioeconomic
implications for fisheries, markets and consumers (Weatherdon et al. 2016).
This is the case of the decline in small pelagic fish species (Van Beveren et
al. 2016). However, climate change and the associated increase in sea surface
temperature may offer opportunities to some Mediterranean fishermen to
increase landings of tropical and subtropical species, some of which are of
great commercial interest (e.g. the dolphinfish Coryphaena hippurus)
(Weatherdon et al. 2016).

From qualitative and quantitative analyses of catch composition of a small
tuna trap along the Ligurian coast, Cattaneo-Vietti et al. (2015) showed that
in the last few decades there have been notable changes in species
composition, with a decrease in the abundance of certain scombroids such
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as mackerel (e.g. Scomber scombrus) and bullet tuna (i.e. boreal species)
and an increase in the abundance of carangids such as horse mackerel
(Trachurus spp.) and amberjacks (e.g. Seriola dumerili) and other typical
southern-water fish species (e.g. the dolphinfish Coryphaena hippurus and
the east Atlantic barracuda Sphyraena viridensis). Using ‘local ecological
knowledge’ (LEK), a recent study showed an increase in Carangidae and
Sphyraenidae (thermophilic species) over time, but a simultaneous decrease
in Scombridae and Clupeidae (Azzurro et al. 2011). In the western
Mediterranean Sea, LEK information made it possible to record the
proliferation of some species, including cephalopods, jellyfish and small-
sized fish (Coll et al. 2014). These proliferations may be partly due to the
impacts of fishing on the ecosystem and to climate change. Tzanatos et al.
(2014) also demonstrated that fisheries landings showed significant year-to-
year correlations with temperature for approximately 60% of 59 species.
Based on these species, these authors showed that approximately 70% of
landings were negatively correlated with temperature (e.g. hake, common
sole, sardine and Norway lobster) and had decreased by an average of 44%.
However, increasing trends were also found in the landings mainly for species
with short life spans (e.g. anchovy, greater amberjack). Finally, Tzanatos et
al. (2014) detected a shift in the landings of the 59 most important species/
taxa indicating that most of them had undergone a significant abrupt change
in the mid-late 1990s paralleling an increasing SST regime shift during the
same period. For instance, a negative shift for hake and sardine has been
reported along with a positive shift for anchovy (Engraulis encrasicolus) or
white seabream (Diplodus sargus). In addition to northward migration,
invasive and endemic populations respond to climate warming by bathymetric
displacement. This is particularly true in the case of red mullet (Mullus
barbatus), hake and spottail mantis shrimp (Squilla mantis), three species
(local, native and indigenous, respectively) that have been reported to move
into cooler and deeper waters to avoid warm-water competitors (Galil &
Zenetos 2002). This shift in the distribution of stocks of exploited species
is expected to affect their availability to fisheries and possibly to reduce
commercial catches. Here, we mainly addressed the effects of warmer
temperatures on fish resources and their fisheries, but a rise in CO2 levels
also triggers ocean acidification and can affect Mediterranean fisheries. For
example, sponge fisheries are seriously threatened by acidification of the
sea because of the low capacity of most sponges for acid-base regulation
(Linares et al. 2005, Goodwin et al. 2014). Ocean acidification is looked on
as a major threat to the marine environment in the coming years and may
have dramatic effects on calcifying organisms such as the precious
Mediterranean red coral (Corallium rubrum), which is a long lived, slow
growing gorgonian endemic species in the Mediterranean Sea. Sold at US$
230-300 per kg, it is one of the most valuable corals thanks to its bright red
durable skeleton used in the jewelry industry (Tsounis et al. 2010, Bramanti
et al. 2013).
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Evolution of the mean temperature of the catch between 1970 and 2010
in the western, central and eastern Mediterranean Sea.
From Tsikliras & Stergiou (2014).The picture at the top right is from Cheung et al. (2013).

Adapting the whole management system

Effectiveness of Marine Protected Areas

Marine protected areas (MPAs) are the flagship management tool for conserving
biodiversity and ensuring sustainable ecosystem services (Garcia et al. 2013). The
objective of creating MPAs is conserving sensitive habitats and associated species
and biodiversity, while taking economic and social considerations into account.
Beyond preventing habitat destruction resulting from anthropogenic activities by
protecting species from exploitation within a defined area, MPAs are also expected
to have beneficial effects outside the protected perimeter through the spill-over
effect (i.e. net emigration of adult and juvenile fish) and export of pelagic eggs and
larvae from restored spawning stocks within the MPA (Harmelin-Vivien et al. 2008;
Stobart et al. 2009; Garcia et al. 2013). More than 100 MPAs have been established
in the Mediterranean Sea since the 1960s (Abdulla et al. 2009). However, the most
recent investigations suggest that Mediterranean MPAs do not perform as expected
in several important respects. First, they do not meet international conservation
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goals (e.g. Aichi Target 11 of the Nagoya CBD Strategic Plan for Biodiversity,
aiming at protecting at least 10% of coastal and marine areas by 2020) with less
than 4.6% of the surface area of the Mediterranean continental shelf covered, i.e.
114 600 km? (1.1% if we exclude the Pelagos Sanctuary, which is dedicated to the
protection of marine mammals) (http://www.medpan.org). Second, MPAs were
established based on national or local initiatives and lack cross-regional consistency
(Guidetti et al. 2008, Claudet & Guidetti 2010)). Finally, there is evidence for a
mismatch between MPAs and the current state of Mediterranean marine biodiversity,
with 70% of fish species failing to benefit from improved protection in the current
MPA system than could be expected if MPAs were located at random across the
continental shelf (Guilhaumon et al. 2015) and Mediterranean MPAs do not protect
a substantial proportion of species at risk (Coll et al. 2015) and consensus areas
for conservation (Micheli et al. 2013).

Since climate change affects marine species in a number of ways scaling from
individual (e.g. vital rates, mortality, timing of migration) to populations (shifts
in abundance-size structure or in spatio-temporal distribution), the potential
beneficial effects of MPAs on marine populations facing climate change will
depend on their ability to enhance the resistance of the populations to these
different impacts and to adapt to changing spatial distributions of marine species.

Regarding individual fitness and population resilience, MPAs can act as
enhancers and disrupt the detrimental synergistic effects between climate change
and fisheries. By maintaining larger individual sizes and higher larval production
and recruitment compared to fished populations outside reserves, MPAs enhance
the resilience of exploited populations (Micheli et al. 2012).

Beyond the poor performance of the Mediterranean MPA system with regard
to current biodiversity patterns, the efficiency of Mediterranean MPAs in the
future is called into question by the impacts of climate change on marine
populations. Indeed, conservation actions, such as the protection of land or sea,
have traditionally been implemented under the assumption that species
geographical distributions change relatively slowly, unless they are directly
affected by human activities (Aratijo 2009). However, climate change is predicted
to have profound impacts on the geographical distribution of Mediterranean
organisms over the 21st century. For example, modeling studies predict that
25% of the Mediterranean continental shelf will have undergone a complete
modification of the endemic fish assemblages by the end of the 21st century
(Ben Rais Lasram et al. 2010) (see sub-2.1.3). In a context in which marine
species are shifting their geographical ranges, MPAs can lose the very same
species that justified their implementation, therefore calling their future relevance
for biodiversity conservation into question (Alagador et al. 2016). In the
Mediterranean Sea, we observed a strong bias in the geographical distribution
of MPAs, with a higher density of MPAs on the northern coast of the
Mediterranean Sea than on the southern coast with only eight MPAs located on
the North African continental shelf out of the 99 included in the study (Figure
4) (Guilhaumon et al. 2015).
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Figure 4

Map of the Mediterranean Sea showing the continental shelf
grey and the location of the 99 MPAs mentioned in the study by Guilhaumon et al. (2015)
(blue circles whose size is proportional to the size of the MPA).

Although this geographical bias may be responsible for the current poor
performance of the Mediterranean MPA system (Guilhaumon et al. 2015), it can
also be seen as an opportunity for the future conservation of fish species. Since
endemic and native fish are expected to move northward in the Mediterranean
due to sea warming (Ben Rais Lasram et al. 2010; Albouy et al. 2012, Cheung et
al. 2015), a potential increase is possible in the congruence between native and
endemic biodiversity patterns and MPAs. However, the small size of MPAs on
the northern Mediterranean coast and the lack of MPAs in the south are not only
obstacles to rebuilding overexploited populations but may also prove problematic
for the conservation of newly exploited tropical and subtropical species.

Future climate change may also have notable impacts on connectivity patterns
between MPAs and other natural refuges of marine species (such as deep sea canyons
and rocky areas). But although connectivity between MPAs is a critical criterion in
the design of MPAs, it has not yet been taken into account when establishing MPAs
in the Mediterranean Sea. In a recent publication based on the SRES IPCC A2
scenario, Andrello et al. (201