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STUDY, EDUCATION AND DIDACTICS FROM THE EXCELLENCE
TO COMBAT CLIMATE CHANGE
Xavier Castro Rodríguez
IES Virxe do Mar

Here we have a strategic, impact-based project that is very important for heterogeneous
organizations to come together with a common perspective in the study, analysis and solutions
to attack climate change. They are, teaching centers and Universities of Galicia: the University
of Vigo that coordinates the Campus do Mar de Excelencia Internacional (CEI), awarded by
the Spanish Ministry of Science in 2010 and promoted by the three Galician universities and
the Consejo Superior de Investigaciones Científicas (CSIC). The Institute of Oceanography
(IEO) and seven Portuguese universities and secondary schools. Along with them, IES Virxe
do Mar de Noia, IES Ribeira do Louro de Porriño and the Climántica Network. Portugal that
have at their disposal Ciência Viva, ASPEA. Scotland with its educational centers associated
with the project and the Marine Alliance for Science and Technology for Scotland (MASTS)
started in 2009 and which represents an important national investment in marine research.
MASTS groups together most of the capacity of Scotland's marine science in a single
organizational structure. And Poland with some united schools, the University of Silesia
(Katowice), the University of Warsaw and the University of Science and Technology AGH
and the CIS Poland, whose purpose is to disseminate knowledge within the society in the field
of ecology, as well as information on programs author's education for sustainable development.
Different lines of work and action involving secondary school teachers, university
professors, and essentially students who will know the two realities (bachelor's degree and
university that must be the same guiding thread) in the course of their academic life. Teachers
and disciples in an integrating work, in a common and plural navigation and with a unique
awareness of the challenges that climate change (is global warming inexorable?) that has come
to settle in the universe of all of us. Teaching works, a reflection on the educational reality and
pedagogical projection of a very ambitious project that has been answered by all the people,
professionals and specialists of its disciplines, in a demanding European context.
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Scientific theorization and research, taken to the field of school children, is part of the
essence of a strategic project that makes it possible to understand the environment as well as
to raise awareness among adults and especially young people who take up the baton and have
been responsible for providing solutions and scientific and human outputs to a change that
compromises our environment and, logically, our oceans.
For all the reasons above and for so many that we could continue adding, we are
launching the magazine EduCO2cean-Erasmus +, a publication that is framed in three major
specific blocks:
• Articles of scientific dissemination.
• Educational articles produced by the international project.
• Recessions of outstanding authorities in the field of different intellectual issues
around the articles published in international journals.
We wish a lot of fortune to this publication made from the uniqueness of
collaborative spaces and from the good work of so many specialists who, generously, provide
readers with the most varied research in the search for an environment that we must respect
and with which we must coexist every day, with perspective of the future, an unequivocal
reciprocal coexistence between the natural environment and the human being. Good luck, good
navigation in the oceans and make the prow aim towards the horizon.
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SCIENCE AND SCHOOL
IN THE FACE OF THE GLOBAL CHANGE IN THE OCEANS
José Antonio Caride Gómez
University of Santiago de Compostela (Department of Pedagogy and Didactics)

The immensity of the oceans and their circumstances in the face of the adversities of
climate change. Life and its daily realities in the shellfish bank of Testal (Noia). The desire to
teach and learn in the first person, building knowledge that transits from the classroom to the
laboratory, from the experience to the curriculum, from the coexistence inside and outside the
educational center, to the experiences that science encourages. The pedagogical task shared by
teachers and students in Secondary Education with the unequivocal desire to incorporate
innovative teaching methodologies, committed to the need to respond to the great challenges
of global change, submerging in the immediate environment. Reach far being close.
These are, among others, the symbolic and material scenarios in which -as text and
context- Francisco Sóñora and Aitor Alonso place us in their article "Ocean Under Global
Change: From Science to School", published November 2017 in the International Journal of
Environmental & Science Education (vol 13, nº 2, pp. 97-112), one of the most prestigious
journals in the multiple convergences established between the Environmental Sciences and the
Sciences of Education.
Enrolling their proposals in the Climántica environmental education project -that for
more than a decade has dynamized, going from Galicia to the world, the work in network of
thousands of students and hundreds of professors tackling environmental problems related to
climate change- the article structures its contents in three main axes:
a) The theoretical-methodological foundation of the initiatives promoted, based
on the science of global change and its great dimensions (the warming of the ocean, the
stratification and its effects on the loss of biodiversity, the decrease of the pH in the
ocean; eutrophication and its consequences in the decrease of oxygen in the oceans).
b) Laboratory practices, from design to completion with a group of 70 students
aged between 14 and 16, at the Secondary Education School "Virxe do Mar" in Noia.
A formative process that allowed learning to be placed in the anthropogenic global
© 2018 J. A. Caride
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change and its ecological implications (convention currents, water mixtures with dyes
of different temperatures, dissolution of bivalve shells in acid, average of the turbidity
in Secchi disk).
c) Scientific research carried out by schoolchildren, between experimentation
and simulation, hypotheses and obtaining information, analysis of data and conclusions
based on evidence obtained in a shellfish bank (start of a temporary series of inquiries
referred to the recruitment of cockles -Cerastoderma edule- that stop being larvae and
to the study of their densities to know how global change can affect them).
Three lines of action that, as expressed by the authors in the "conclusions and
implications of a pedagogical nature," highlight the immense potential of school communities
to generate scientific data, establishing synergies between science and school, curriculum and
life, local and planetary realities, to which the sea -made ocean- always, in one way or another,
evokes as landscape and ecosystem.

Disclosure statement
No potential conflict of interest was reported by the author.

Notes on contributors

About the author of the review: José Antonio Caride Gómez
Professor of Social Pedagogy at the Faculty of Educational Sciences of the University of
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THEATRE AS AN EDUCATIONAL TOOL
Irene Maquieira a, Carlos Maquieira
a Collaborator

b

on Theatre at Climántica, SPAIN;
b IES Virxe do Mar, SPAIN

ABSTRACT
Theatre is bound to play a fundamental role in the field of education, not only from the student
perspective, but also within the context of the classroom itself.

KEYWORDS
Theatre, tool, classroom.

Introduction
How can we conceive education in the 21st century? How can we ensure that the
contents of a lecture are assimilated by students in an era of information overload?

Our students were born in an era of constant stimulation. They have become acquainted
with the hectic and immediate rhythm of social networks. As a result, they have grown used
to short bursts of information, such as spectacular images or videos; basically anything at the
reach of a double click.
Although they have not created this world, they are deeply immersed in it. From an
educational perspective, it would be easy to transform the classroom into a spectacle of light
and colour to attract the attention of students. However, it is more important to reflect upon
the situation and focus on the end user of this type of education. By doing so, we will
understand how students consume information, and eventually we will be able to reinvent the
way in which lectures are presented to them.
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How can we help students process this constant information overload? How can we
make contents more intuitive, attractive and interesting?

It is within this context that we propose theatre and its core principles as a powerful
educational tool. But before delving deep into the matter, let us first define the concept of tool:
According to the Royal Academy of the Spanish language, a tool is defined as:
1.

An iron or steel instrument that is used by craftsmen and artisans.

2.

A varied set of objects, including:
a. White weapon, knife
b. Animal horns
c. Animal o human teeth

In the following lines, the nearly sacred concept of theatre will be abandoned in favour
of a more earthly meaning. Hence, we will treat theatre as another classroom object, such as a
piece of chalk, a table or a desk, and we will manipulate it to our will in order to use it with an
educational purpose.
When we talk about theatre in the educational field, we can refer to activities where
students are either the audience or the main actors. These two concepts of theatre will be
discussed in detail in the following sections. In addition, we will examine which theatre
elements can be used by teachers on a daily basis with an educational purpose, without the
need to recite a text. In the end, we will realize that theatre is an extremely powerful tool, one
that allows us to tear down and reshape concepts, making them more accessible to the
audience.

Figure 1. Performance of the musical Tragedy
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The student as an audience
A theatrical experience were students are involved as the audience can be motivating
and fulfilling, but also controversial in case of an inadequate choice of play. It should be noted
that no play can satisfy the entire student crowd, but it is important to take into account two
main factors that can greatly increase the success rate of a play.

2.1 Selection criteria
When choosing a play where students are the audience, we often underestimate their
ability to understand and appreciate what they see. It is important to remark that here are many
theatre companies that are specifically oriented towards this type of public, both in the topics
they choose and the way in which they deliver them to the audience.

2.2 Dialogue
It is important to create a space for dialogue in the theatre, allowing students to discuss what
they have seen. As an actress, I have worked on several occasions with children and teenage
audiences. One of my most memorable experiences took place within the educational program
hosted by Burka Teatro, where they presented their play La Batalla. This play is not
specifically aimed for a young audience, and as a result it can be difficult to grasp. After the
show, the director always opens a space for debate, allowing students to ask questions about
the play. At first, very few students have the courage to take the initiative. However, when
they start to ask specific doubts about the play, the director redirects the question to the students
themselves, and among them they try to elucidate possible answers. There is no right or wrong.
Instead, the purpose is to allow students to think and search for meaning. The fact that no
answer is provided encourages students to participate in each other’s questions, and eventually
they are able to create an opinion about the content they have watched.
It is important to make sure that students do not simply watch a play, but rather interact
with each other to find further meaning. If this dialogue space is not provided in the theatre, it
is interesting to search for other options so that the show is not forgotten. Some interesting
alternatives include the use of texts, news media or videos related to the play, which can help
students contextualize the show.

The student as an actor/actress
In the Galician educational system, the vice-principal is in charge of the cultural
program of the high school. One of his main tasks is to expose students to a variety of cultural
products they would otherwise miss. Hence, the vice-principal plays a fundamental role in the
selection of theatre plays.
As expected, it is not always possible to make a perfect choice: on some occasions the
play is not well received; on others, the actors are not particularly talented; it can also happen
that the audience is not suitable for the content of the play. However, when all the conditions
are favourable, the resulting experience is utterly unique. In our own case, we have witnessed
this incredibly positive experience in the eyes of our students, and this has motivated us to
create a permanent theatre group in our high school.
Even though this theatre group was first devoted to the performance of greek and latin
classics, the focus has been broadened towards contemporary theatre. Throughout the years,
we have performed theatre scripts by Aristofanes, Plato, Goldoni, Jordi Galcerán, Carol López,
Yasmina Rez, Alan Bennett, Michael Frayn and Carolina África, among others. The theatre
group, always in constant renovation, is mainly formed by high school sophomore students.
The fact that most of the actors are close to the adult age makes it easier to select an appropriate
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play in terms of content. In addition, we always try to bring in some students with a wide
variety of skills. For instance, if some actors are naturally good musicians, dancers or singers,
eventually the play will come to life easier.
In our case, and based on the preferences of the group director, we work throughout the
entire academic year with the sole target of performing the play in the high school’s Cultural
Week, which takes place near Easter. Therefore, we conceive our performance as a sort of
“ninot” that we burn in front of the audience. This way of doing things has a certain advantage
for our actors: from the very first moment, the audience is captivated by the event. Parents,
teachers and fellow classmates have the ability to appreciate the work of whoever is on stage.
When choosing a script for a performance, several factors need to be taken into account:
• We always search for plays that can keep the attention of the audience, no matter if
they are dramas, comedies or musicals. In that sense, we do not make any genre preferences.
• We try to choose plays that have a similar number of roles as actors in our group. In
case there is no perfect match, we make an adaptation.
• We strive to offer a conscious theatre, but without falling in the territory of political
correctness.
• We avoid the concept of “high school theatre”. We want to offer real theatre to the
audience.
Once the play is selected according to the available cast, the students receive the script
so they can read it during summer. At the start of the academic year, the preparatory sessions
begin, with the main objective of letting the cast get to know each other. Afterwards, an
interpretative reading of the script is done and the roles are assigned. In that way, the actors
can begin to memorize the script.
At the same time, we begin to define the technical aspects of the play, such as sound,
illumination and stage decoration. This is done in close collaboration with the high school
departments of technology, arts & crafts and music. Therefore, the play becomes a shared
creation within the high school. Regardless of the end result, what really matters is the
experience and the learning throughout the process.
As expected, complications arise during rehearsals. We always try to minimize their
impact from a playful perspective, treating the show as a carnivalesque adventure. We do not
rush or put additional pressure on the cast. If the play is not ready for the opening time, it is
cancelled or postponed. However, from our experience, everything turns out well in the end.
And that’s it: everything works out in the end.

Theatre in the classroom
Nowadays, more and more companies and individuals with jobs that require oral skills
are signing up for theatre classes to improve their public speaking abilities. In the past 4 years,
I have been teaching to adults (biologists, pharmacists, journalists, doctors, etc.) that decided
to learn more about public speaking with the main purpose of improving their skills in
conferences and other events. From this experience, I have realized that the core technical
skills that I have acquired as an actress can be adapted to the needs of these people. In the end,
the line that divides the tasks of a teacher and an actress is very thin.
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3.1 Words must reach the audience
Coming back to the idea of theatre as an educational tool, it is important to remark that
lectures should not be solely based on speaking. It is essential that words ultimately reach
people. In theatre, it is common to illustrate this concept with a ball game. If you throw a ball
to a person without saying anything, the ball may fall to the floor because the receptor is not
aware that they should catch it. In order for this person to understand what is expected from
them, the first step is to establish visual contact. In order to ensure that this person receives the
ball, it may be necessary to throw it a little bit higher or lower, with more or less strength, or
even take the ball and put it in their hands. Therefore, the responsibility of the catch does not
only rely on the receptor, but also on the person that throws the ball.
Nonetheless, it seems that the responsibility of grasping a word or concept only relies
on the person that listens. Hence, the teacher in charge of the explanation should not simply
“throw balls”, but rather make sure that these balls are caught. If that is not the case, the teacher
should throw the balls in a different way, reinventing the way in which the concept is presented
to the receptor. How is it possible to do this?

3.2 The metaphor
Despite the fact that metaphors are often associated with poetry, they are a fundamental
concept in theatre. In films, things are often what they appear to be. In theatre, spaces are
recreated from objects that represent other things. This element that allows to “throw the ball
in a different way” is the metaphor. The purpose is to find an image that enables the receptor
to grasp the explanation. After all, teaching is a creative art: it is necessary to modify it several
times before one of them reaches people.

3.3 Listening
One of the core disciplines in theatre studies is listening. This field not only conveys
understanding what a person says, but also perceiving how they actually feel based on their
words or gestures. In my opinion, listening is an essential part of a lecture. Not all humans are
equal. This may seem obvious, but not all individuals that work with people are aware of this
fact.
Listening allows you to perceive who is willing to engage in a conversation with a sense
of humour, who needs a more serious answer or who needs a more tender explanation. This
will likely make students more comfortable in the classroom, creating a positive environment
for learning.
Obviously, there are people with a natural talent for this, but basically anyone can
improve their listening abilities with a little bit of willingness and attention.

3.4 Energy
When we go to a concert, a stand-up comedy show, a theatre play or any other live
performance, the energy that emanates from the person on stage is crucial to keep us interested.
It seems that due to the simple fact of being in a classroom, the teacher has already
earned the right to be listened. However, it is his/her responsibility to use the energy required
to express the contents and keep the audience interested.

3.5 Being conscious about the audience response
In all interactions with an audience, it is completely necessary to check their reaction
at every instant. In this way, it is possible to act accordingly and keep their attention.
Basically, there are three factors that need to be taken into account to avoid being
monotonous: rhythm, space and intention. It is important to make variations in the rhythm of
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the words, changes in space (being seated, standing up, walking around, etc.) and shifts in the
intonation. This allows to catch the attention of students.

3.6 Self-criticism
One of the main focus of theatre studies is self-criticism. Being honest with oneself
after every performance is fundamental in order to know what went good (without false
humilities or excessive egos) and what went wrong (not to be conceived as a punishment, but
rather as a way to improve it).
Finding the strengths of oneself can be supporting and fulfilling. Similarly, finding
weaknesses allows us to focus on improvements.
It is important to keep this in mind for the lectures: we should not blame the student for
not grasping all the concepts of a lecture, we should not blame ourselves for not being able to
control the audience, and we should not give up on certain students.
This is also something that we can teach to students so that they can learn how to work
autonomously, without depending on external opinions.

3.7 Putting ourselves in someone else’s shoes
This fundamental skill goes hand in hand with listening. With a little bit of training,
this skill can help create a positive learning environment. Additionally, it is also interesting
for students to become aware of this quality (not explicitly) as they interact with each other
and with the teacher.

3.8 The use of voice
A common ground between actors and teachers is the use of voice. Many teachers have
suffered from injuries in the vocal cords due to a prolonged use of their voices and to the
exposure to chalk in the classrooms. In this case, the use of basic vocal techniques can help
teachers perform certain tasks without effort or injuries, enabling them to rise the volume of
the voice beyond normal levels and in big spaces.

3.9 Learning to read. Giving meaning to a text
A good reading of the script can have a positive impact in the perception of an actor.
What is the difference between a good reading and a bad one? In a good reading, the actor
gives different purposes to sentences depending on their meaning. There are shifts in rhythm
to avoid monotony, and the words closely resemble their natural form: they appear alive
instead of just confined to a piece of paper.
On several occasions, teachers read text fragments during lectures (sometimes even for
the entire duration of a lecture). A good reading will likely catch the attention of the students,
but a monotonous one will be the perfect excuse for distraction. In certain courses, paying
attention to the way in which a student reads a text (even scientific) can also reveal how they
are understanding it. In this way, they can be educated so that their readings become more
comprehensive, conscious and critical.
Nevertheless, just as in theatre, when one is familiar with a text, they are more likely to
pay attention to the elements that we have mentioned. When a lecture is well prepared, it is
easier to pay attention and see how the contents are assimilated by the audience.

Conclusions
Instead of considering theatre as something sacred, we should try to bring it closer to
students (and teachers). In the end, theatre should not be regarded as a simple live show, but
also as a suitable tool to be used in classrooms.
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APPENDIX: Musical Tragedy

LIBRETO DEL
MUSICAL
“TRAGEDIA”
Versión do 16/08/2017

Autores:
Irene Maquieira. Actriz.
Carlos Maquieira. Director del Grupo de Teatro IES Virxe
do Mar

(Proyectar los nombres de las partes de la Tragedia. O con carteles)

TRAGEDIA
1. En la Grecia antigua, género teatral en verso que, con ayuda de un coro y
varios actores desarrolla temas de la épica centrados en el sufrimiento, la muerte
y las peripecias dolorosas de la vida humana, con un final funesto y que mueve a
la compasión o al espanto.
2. Obra dramática en la que predominan algunos de los caracteres de la antigua
tragedia.
3. Obra de cualquier género literario o artístico en la que predominan rasgos propios
de la tragedia.
4. Género trágico.
5. Situación o suceso luctuoso y lamentable que afecta a personas o sociedades
humanas.
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PERSONAJES
Corifeo
Trump
Corte de Trump
Periodistas
Familia Maldivas: Padre, Madre, Hija
Vieja 1
Vieja 2
Vieja 3
Periodista
Cámara
Familia barca: Madre, Padre, Hija, Abuela
Familia Oceanía: Padre, Madre, Hija
Presentadora 1
Presentadora 2
Clarinetista
CORO

14

I. MAQUIEIRA & C. MAQUIEIRA

PRÓLOGO

CORIFEO.- Prólogo. Sí. Ese es el principio de toda tragedia. Y no me refiero a un
suceso catastrófico, sino a la Tragedia, al género clásico, a la conocida Tragedia
Griega. Según el diccionario, este es un género teatral en verso que, con ayuda de un
coro y varios actores, desarrolla temas de la antigua épica centrados en el sufrimiento,
la muerte y las peripecias dolorosas de la vida humana, con un final funesto y que
mueve a la compasión o al espanto.
Eso dice el diccionario. También dice que tragedia se puede aplicar también para
describir una situación o suceso luctuoso y lamentable que afecta a personas o
sociedades humanas.
¿Qué mejor género para contarles la historia que nos atañe?
En teoría, en el prólogo aparecen los personajes de la tragedia y hacen un monólogo
o una escena que pone en antecedentes al público. Pero hace ya rato que la teoría no
nos sirve para nada. Hace ya tiempo que el ser humano se ha pasado la teoría y las
normas por donde le da la gana,
Así que, si no les importa voy a hacer lo mismo.
Sí, es verdad, no uso verso.
Sí, es verdad, no soy un hombre, pero lideraré la masa del coro.
Sí, es verdad, en esta tragedia, no habrá un héroe que padece la acción. Todos seremos
héroes y víctimas. Responsables ciegos. Protestones aniquilados.
Y el coro no serán solo aquellos que canten, dancen y declamen en la orchestra. Siento
decirles que, por desgracia, todos somos parte de este coro de refugiados climáticos,
en acto o en potencia ahora. Futuros nómadas por la fuerza, errantes una vez
reventadas las fronteras, inundadas las casas, arrasados los países. ¿Dónde ir? ¿Por
qué tierras caminar cuando no haya ya ni arenas movedizas? ¿Respirando qué aire?
¿Bebiendo qué agua? Sálvese quién pueda.
¿Alguien tiene un búnker? ¿Alguien tiene un búnker?
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Párodos
Idioteque (Radiohead) (Se cantará en inglés y se proyectarán subtítulos)
Who’s in a bunker?
Who’s in a bunker?
Women and children first
And the children first
And the children
I’ll laugh until my head comes off
I’ll swallow till I burst
Until I burst
Until I
Who’s in a bunker?
Who’s in a bunker?
I have seen too much
I haven’t seen enough
You haven’t seen it
I’ll laugh until my head comes off
Women and children first
And children first
And children
Here I’m alive
Everything all of the time
Here I’m alive
Everything all of the time

Ice age coming
Ice age coming
Let me hear both sides

16
Let me hear both sides
Let me hear both
Ice age coming
Ice age coming
Throw it on the fire
Throw it on the fire
Throw it on the
We’re not scaremongering
This is really happening
Happening
We’re not scaremongering
This is really happening
Happening
Mobiles skweaking[?] Mobiles chirping
Take the money run
Take the money run
Take the money
Here I’m alive
Everything all of the time
Here I’m alive
Everything all of the time
Here I’m alive
Everything all of the time
Here I’m alive
Everything all of the time

The first of the children

¿Quién está en un búnker? ¿Quién está en un búnker?
Mujeres y niños primero
Y los niños primero,
y los niños.
Me río hasta que se me sale la cabeza,
trago hasta explotar,
hasta explotar,
hasta
¿Quién está en un búnker?
¿Quién está en un búnker?
Ya he visto demasiado,
tú no viste suficiente,
tú no lo viste,
Me voy a reir hasta que se me salga la cabeza,
mujeres y niños primero
y niños primero
y niños.
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Aquí tengo permiso,
todo lo que quiera, todo el tiempo,
aquí tengo permiso,
todo lo que quiera, todo el tiempo.
Viene la Era del Hielo,
viene la Era del Hielo,
quiero escuchar las dos partes,
quiero escuchar las dos partes,
quiero escuchar las dos.
Viene la Era del Hielo,
viene la Era del Hielo,
Que los arrojen al fuego,
que los arrojen al fuego,
que los arrojen al
No somos partidarios de sembrar el terror,
esto está pasando de verdad,
está pasando,
no somos partidarios de sembrar el terror,
esto está pasando de verdad,
está pasando.
Los móviles rechinan,
los móviles trinan,
cojamos el dinero y salgamos corriendo,
cojamos el dinero y salgamos corriendo,
cojamos el dinero.
Aquí estoy vivo
Todo lo que quiera, todo el tiempo.
El primero de los niños.

Episodio I: EEUU, América
Trump y su cortejo entran como si fuesen a un acto formal: trajeados, serios, etc. Trump de
repente se para en un sitio.
Corifeo: Donald Trump desmantela las políticas contra el cambio climático auspiciadas por
Barack Obama. El nuevo inquilino de la Casa Blanca se dispone a rubricar una orden ejecutiva
con la que se prioriza la creación de empleos en el sector energético y del carbón por encima
de los daños ambientales que esta explotación pueda originar.
Cortejo a coro.- ¿Aquí?
Trump.- Sí.
(El cortejo aplaude -todos a la vez-. Uno de los del cortejo saca una bandera de los EEUU y
la planta en el suelo como en la conquista de la Luna. Una vez hecho esto, todos sacan unas
bolsas de playa y se quitan los pantalones (llevan bañador debajo). Trump saca su toallabandera de los EEUU, su balón de playa (hinchable de la Tierra) y se tumba. Todos los demás
se quedan de pie alrededor.
Llega corte de periodistas. A coro.)
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Coro de periodistas.- ¿Es aquí?
Corte de Trump.- Sí.
(Todos colocan sus cámaras paralelas al suelo. Trump se abriga de parte de arriba, solo la
parte del cuerpo que se ve en plano)
Trump.32º en Nueva York – ¡está helando! ¿Dónde diablos está el calentamiento global cuando lo necesitas?
Esta muy cara patraña del calentamiento global tiene que parar. Nuestro planeta se está congelando,
registra bajas temperaturas récord y nuestros científicos del C.G. están atrapados en el hielo.
NBC News acaba de llamarlo la gran helada – el clima más frío en años. ¿Y nuestro país sigue gastando
dinero en la FARSA DEL CALENTAMIENTO GLOBAL?
El concepto del calentamiento global fue creado por y para los chinos, para hacer que la manufactura
estadounidense sea menos competitiva.
Cambiaron el nombre de “calentamiento global” a “cambio climático” después de que el término
calentamiento global simplemente no funcionó (hacía demasiado frío)!
Denver, Minnesota y otros se preparan para algunos de los climas más fríos registrados. ¿Qué dicen los
genios del calentamiento global sobre esto?
El registro de frío y nieve, las capas de hielo masivas. El único calentamiento global al que debemos
temer es el causado por las armas nucleares – encuestas incompetentes.
¡Déme aire limpio, hermoso y sano – no la misma vieja patraña del cambio climático (calentamiento
global)! Estoy cansado de oír esta tontería.
¡Todos y cada uno de los eventos meteorológicos son utilizados por los FARSANTES DEL
CALENTAMIENTO GLOBAL para justificar impuestos más altos para salvar nuestro planeta! ¡Ellos no
lo creen $$$$!

Mi Administración está poniéndole el punto final a la guerra contra el carbón, contra el carbón
limpio. Con la acción ejecutiva de hoy estoy dando pasos gigantescos, históricos para levantar
las restricciones a la energía estadounidense y así hacer retroceder la intrusión gubernamental
y cancelar las regulaciones que acaban con nuestros puestos de trabajo.
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Estásimo I
Profecía (Dios ke te krew) (si se ve necesario, se acorta)
Cando chegue o día
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no que non poidas respirar
no medio ambiente, acordaraste desta profecía..
Cando chegue o día
no que non poidas comer comida de verdade,
acordaraste desta profecía..
Cando chegue o día
no que non poidas beber auga potable,
acordaraste desta profecía..
Cando chegue o día
en que te deas conta,
será tarde.
Cando chegue o día,
só haberá cinzas;
será tarde.
Demasiado tarde, meu irmán,
os cartos coméronse o mundo.
Ñam ñam!
Bosques talados,
xunglas arrasadas,
ríos contaminados,
animais extinguidos,
seres humanos encauzados
nunha vida programada,
cidades escravizadas nunha engranaxe suicida,
mamada tras mamada quero que me fagas, gobernante,
ti que levas o teu pobo dereitiño
trala morte,
condenado nun deserto podre,
infestado de seres humanos armados
con prolongacións de brazos
rematados en full set.
Revolución frustrada!
Ese día non levantará cabeza.
O sol sairá polo lado contrario
e pararase o planeta.
A morte xa non terá sentido, que va!,
cobrará vida entre nós
e levarate consigo.
As nubes vislumbran
malas noticias.
Comeza o día no que
choverán cinzas…
cinzas de todo aquilo que queimaches.
Remataches con todo.
Nin sequera choraches.
Na árbore equivocada ti mexaches,
nun cubo de merda moi pequeno
cagaches,
e agora a merda que cae por fóra
caeche por riba.
Cheiras a ti mesmo.
Acabaches coa túa vida,
descubriches que ti mesmo es un virus.
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Non acabará contigo ningun bicho
pero si o teu embigo.
Edificios altos,
coches, semáforos:
todo falso.
As penas da terra de asfalto son
e a deusa natureza conquistada polos cartos.
O prezo da vida,
dime: quen cojones o pon?
E agora dis que nos cae ácido do ceo,
que o ozono é un coador
que xa non queda nin unha pizca de xeo nos pólos.
Cantos mares e animales tolos
grazas aos humanos
que pensamos que somos os amos de todo?
Rebentaremos o planeta
como un globo.
Agora os tronos son bombas que tronan de carallo,
as sillitas eléctricas fan o traballo do raio nunha persoa.
Toma chispazo, wapo!
Toma asento!
Toma asesinato!
Creceu tanto o poder coma as ganas de jodernos.
E que culpa tivemos nós?
Traballamos,
temos que deixarnos a vida neste planeta opresor que nos largaron.
Os cartos non se comen. Que cojones!
Proba a meter na boca os fodidos papeis de cores:
Fartan? Alimentan?
Pois mételle de postre unha froita tranxénica.
Que collóns pasa?
Temos esperanza?
Temos pouco tempo pra salvar a raza humana.
Deixa dunha puta vez as armas!
Quixeron inventar a bomba máis forte
en vez de salvar a enfermidade que provocou a morte da miña nai…e dos teus e dos seus… e
deles..
E segue morrendo de fame.
Ou non o vedes?
Cando chegue o día
no que non poidas respirar
no medio ambiente, acordaraste desta profecía..
Cando chegue o día
no que non poidas comer comida de verdade,
acordaraste desta profecía..
Cando chegue o día
no que non poidas beber auga potable,
acordaraste desta profecía..
Cando chegue o día
en que te deas conta,
será tarde.
Cando chegue o día,
só haberá cinzas;
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será tarde.

Episodio II: Maldivas, Asia
Comedor de una casa en las Maldivas. Madre, padre e hija. La hija tiene puesta la tv. con la
intervención anterior de Trump (habría que grabarla previamente), pero está chateando con
el móvil. El padre y la madre traen platos, cubiertos y mantel de la cocina y empiezan a poner
la mesa.
Corifeo: Estamos en las Maldivas y aquí llevan años trabajando en un modelo que les permita
predecir la velocidad con que esta ciudad, rodeada de tierra aparentemente firme, se acabará
convirtiendo al principio en terrenos en primera línea de costa; poco después en un parque
acuático; y poco más tarde en un arrecife de coral. Aunque, por supuesto, para entonces el
coral ya estará relegado a los libros de Historia, así que será otra cosa la que invada nuestras
casas sumergidas… O nada de nada.

Madre (enfadada): Anda, apaga eso, por favor! O cambia de canal. Es que me pone negra el
tío ese.
Hija: Mamá, estás histérica perdida. ¿Qué se te ha perdido a ti en Estados Unidos, para que te
pongas así?
Madre (al padre, que se ha sentado todo tranquilo): ¿Has oído a tu hija? Que qué se me ha
perdido, dice.
Hija: Sí. ¿Qué nos importa lo que haga o deje de hacer Trump?
Madre: Pero, ¿será posible? ¿Lo estás oyendo?
Padre: Mmmm.
Madre: Dile algo.
Hija: Mamá, que no soy tont@: nunca te cayeron bien los republicanos.
Padre: En eso lleva razón la niña…
Madre: Lo que me faltaba: ponte de su parte.
Padre: No me estoy poniendo de su parte, pero es que tú, cuando te largas a soltar tus
monsergas, te pones pesadísima.
Hija: ¿A que sí, pa?
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Madre: Ahora a nosotros nos van muy bien las cosas.
Hija: Ya empezamos…
Madre: A tu padre, ahí donde lo ves, que parece que nada le importa, le costó mucho hacerse
un sitio entre las empresas que se dedicaban a la pesca submarina, pero lo ha conseguido y
ahora su negocio va como un tiro. Además nuestro hotel tiene siempre en internet colgado el
cartel de completo. Los turistas, sobre todo los europeos, no dejan de visitar nuestras islas.
Hija: Mamá, por favor…
(La madre tira el iPhone de su hija en un vaso de agua)
Hija: ¿Qué haceeeees? ¿Estás loca?
Padre: Pero…
Madre: Tú tienes a tu alcance todo lo que pides. Pero esto no siempre ha sido así. ¿Sabías que
tus abuelos y los abuelos de tus abuelos se morían de hambre? Trabajaban de sol a sol,
jugándose la vida en embarcaciones de mala muerte para traer a casa unas míseras capturas
que vendían por cuatro perras.
Hija: ¡Y a mí que me importa! ¡Mira lo que has hecho!
Madre: A mí, de pequeña, nunca me hicieron un regalo. Mi único regalo consistía en disfrutar
de la compañía de la familia y los amigos. (Silencio) Omnía, mira: vivimos en una isla, en un
país que está siendo devorado por el mar. Da igual lo que hagamos: acabaremos sepultados
bajo las aguas. El expresidente ya era muy consciente de esto y…
Hija: En el Liceo dicen que Nasheed era casi un demonio.
(Pausa)
Madre: ¿El demócrata no piensa decir nada?
Padre: El biólogo bastante tiene con hacerle la respiración artificial al iPhone de su hija.
(Mirada tensa entre ambos. EL padre deja el móvil)
Madre: A Nasheed solo lo dejaron gobernar cuatro años. Cuatro. El tiempo que le dejaron de
vida a la democracia en nuestro país. Apenas tuvo tiempo de hacer alguna que otra reforma
importante con un enfoque moderado del Islam.
Hija: Nos contaron que prohibió el matrimonio infantil, ¿no?
Madre: Sí. Y los azotes en público a las mujeres adulteras.
Padre: En la época de Nasheed ya publicamos estudios de que el 60% de los arrecifes de coral
se estaban quedando sin color por el cambio climático. Cada grado que aumente la temperatura
de la Tierra son centímetros que subirá el nivel de las aguas. Nuestras islas están a sólo dos
metros sobre el nivel del mar, así que…
Hija: ¡Pero eso pasará dentro de mucho tiempo!
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Madre: No, Omnía. Sabían que quedaba poco tiempo. El expresidente ya decidió reservar una
parte importante de los fondos del turismo para comprar tierras en la India, Sri Lanka o incluso
Australia, para que nuestros hijosHija: ¿Yo?
Padre: O los hijos de nuestros hijos tengan una nueva tierra que puedan hacer suya.
Madre: Decía que no nos quería ver viviendo en tiendas de campaña, como los refugiados.
Hija: Pero yo no quiero irme a Australia.
Madre: Hija mía, probablemente no nos quede más remedio: el mar no es de nadie…

Estásimo II
Ninguém é dono do mar (A quadrilha)
Se eu um dia não voltar
Desenha o meu nome no chão
Pede um desejo ás ondas do mar
E guarda na tua mão
Sempre que a noite vier, quando não houver luar
Dá o desejo a uma onda qualquer e pede-lhe para eu voltar
Trago o destino das águas
No aguardar dos rochedos
Dizem que o tempo é que apaga as mágoas
Quem será que apaga os medos?
O mar não é de ninguém
Ninguém é dono do mar
Nem aqueles que lá sabem navegar
O mar não é de ninguém
Ninguém é dono do mar
Nem aqueles que lá sabem navegar
E se depois eu vier
Foi porque o mar te escutou
Deixa os sorrisos correrem pela praia
Que o temporal acabou
Que havemos nós de fazer
Se a sorte está decidida
As mãos que nos têm presos a morte
São de quem nos prende à vida
Trago um coral de ansiedades
Por te querer saber deitada
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Maior que a dor que vem nas tempestades
Ter de esperar pela chegada
O mar não é de ninguém
Ninguém é dono do mar
Nem aqueles que lá sabem navegar
O mar não é de ninguém
Ninguém é dono do mar
Nem aqueles que lá sabem navegar
Vou embalado pelo vento
Ando sem hora marcada
Na barca anda um lamento
Que nem eu sei de onde vem
Andam rezas pela praia
A aguardar pela chegada
Faz-se o destino cinzento
Sempre que a barca não vem
E ninguém, e ninguém
O mar não é de ninguém
Ninguém é dono do mar
Nem aqueles que lá sabem navegar
O mar não é de ninguém
Ninguém é dono do mar
Nem aqueles que lá sabem navegar
O mar não é de ninguém
Ninguém é dono do mar
Nem aqueles que lá sabem navegar

Episodio III: Galicia, Europa
Se rueda un documental en una aldea de Galicia. En su subsuelo se descubrió hace ya tiempo
una enorme bolsa de gas y una empresa -no se sabe muy bien cómo- obtuvo de la Xunta el
permiso para su extracción mediante la técnica de fracking. El cámara y la periodista –en
silencio- recogen el testimonio de tres personas desencantadas y escépticas.
Corifeo: “La hidrofractura consiste en introducir agua y productos tóxicos a 2500 m de
profundidad. El fracking es como un miniseísmo: una enorme presión rompe la roca y hiela el
gas. Para todo esto se necesita un líquido compuesto por una mezcla de 596 productos
químicos impronunciables, desconocidos o demasiado conocidos: biocidas, inhibidores de
corrosión, gelificantes, complementos, espesantes, concentrados de gel líquido… Cada
excavación necesita entre 4 y 28 millones de litros de agua. Y se puede hidrofracturar un pozo
hasta 48 veces…”
Periodista: Ustedes hablen como si no nos viesen. Tampoco es necesario que miren a la
cámara. Actúen con naturalidad.
Cámara: Yo les iría corrigiendo posiciones para que den mejor en cámara.
Viej@ 1: ¿Y de qué quieren que hablemos?
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Periodista: De cómo han cambiado sus vidas desde que empezaron a extraer el gas.
Viej@ 2: Pero eso ya se lo hemos contado.
Periodista: Pero no estábamos grabando y ahora María acaba de encender la cámara. Se trata
de que el público conozca de primera mano cómo les han arruinado la vida.
Viej@ 3: Vale. Pero mira, neniña, nosotros no te hablamos el castellano y ya te digo yo que
muy muy natural no te va a quedar.
Viej@ 1: Ah, y yo si vais a grabar ya, con esta pinta no quiero salir. Mira, filliña, que veño de
sachar na leira. Como mi hija me vea así, le da un patatús.
Viej@ 2: ¿Y dónde dices que sale esto?
Periodista: No sale en ningún lado. Ya les dijimos la primera vez que estuvimos por aquí que
estamos intentando realizar un documental por crowdfunding…
Viej@ 1: ¿Crauqué?
Periodista: Crowdfunding. Gente que aporta desinteresadamente el dinero para que el proyecto
pueda salir adelante. Aún no hemos conseguido todo el capital, pero no queremos estar
cruzados de brazos y, con el dinero que ya tenemos, empezamos a grabar entrevistas como
esta que les queremos hacer. Hablamos con técnicos de la empresa extractora, con la Directora
General de Energía, con profesores/as universitarios que nos informan de los altísimos riesgos
del fracking y ahora les toca a ustedes, a los directamente afectados…
Viej@ 2: Si ya hablaste con gente tan importante, ¿qué te vamos a decir nosotros, que somos
unos ignorantes?
Periodista: Para nada. Es su testimonio el más nos interesa. Ustedes son quienes soportan este
calvario todos los días.
Viej@ 1: Ay, en eso llevas toda la razón, filliña. Aquí ya no hay quien te viva.
Periodista: Bueno, pues eso: María va a grabar una supuesta conversación entre ustedes…
Viej@ 3: ¿Cómo supuesta? O hablamos o no hablamos.
Periodista: Quiero decir que ustedes van a hablar, pero no de cualquier cosa, sino de cómo les
está afectando la extracción del gas.
Viej@ 2: Eso ya nos lo entendiéramos, pero como ahora dijiste “supuesta”, pues pensamos
que sólo teníamos que hacer gestos…
Periodista: No. Como les dije: Hablen del pozo, pero con naturalidad.
Viej@ 1: Pero yo voy a cambiarme. No te tardo nadiña.
Cámara.- Verán: es que no tenemos tiempo. Hemos quedado de aquí a una hora en Santiago
con otra gente y…
Viejo@ 1: Ay, no, eso sí que no. Yo, o salgo decente, o no salgo.
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Periodista: Pero es que no nos va a dar tiempo…
Viej@ 2: Sí, oh. Volvemos na carreiriña dun can.
Marchan l@s tres a la vez. Cámara y periodista se vuelven, estupefact@s, hacia el público.
Música rápida.
Vuelven inmediatamente. Cambio súbito. Regresan arreglándose la ropa.
Viej@ 3: ¿No ves? Esto ya te es otra cosiña.
Periodista: No era necesario. Ya daban bien en cámara así.
Viej@ 1: Pero así, mucho mejor. ¡Dónde va a parar!
Periodista: Bueno, vayan sentándose ahí, alrededor de la mesa. Yo les voy a proponer unas
preguntas. Mi voz después, en el montaje, se eliminará.
Cámara.- De lo que se trata es de que parezca que entre ustedes mantienen una conversación
espontánea…
Viej@ 2: ¿Espontánea?
Cámara: Si, natural. Hablen como lo harían si nosotros no estuviésemos aquí….
Viej@ 3: ¿Cómo si estuviésemos jugando una brisca?
Periodista: Algo parecido. Pero hablando de lo que les preguntemos. Seguro que les sale muy
bien. Simplemente tienen que estar atentos a las preguntas que les formulemos.
Cámara.- En cuanto yo diga: “Cámara. Acción”. Y haga así con las manos, ustedes empezarán
a hablar. ¿Está claro?.
Viej@ 2: Bueno, claro, claro…
Periodista: Miren, vamos a hacer una toma de prueba. Yo les pregunto: “¿Cómo sabe el agua
que beben desde que la multinacional empezó a hacer las primeras perforaciones?”. A
continuación me aparto.
Cámara.- Ahí entro yo y digo “Cámara, acción” y empiezo a grabar todo lo que ustedes digan.
¿Entendido?
Viej@ 1: Non somos parvas, nena.
Periodista: ¡Cámara. Acción!
Viej@ 1: Pois si.
Periodista (en susurro): En castellano.
Viej@ 1: Pues sí.
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Viej@ 2: Ya te digo yo.
Viej@ 3: Así es la vida.
Viej@ 1: ¿Quién nos lo iba a decir?
Viej@ 2: ¿De qué hablas?
Viej@ 3: ¡Mi madriña!
Viej@ 1: ¿De qué voy a hablar?
Periodista (ya desesperada): ¡Al grano, por favor!
Viej@ 1: Pues sí.
Viej@ 2: Ya te digo yo.
Viej@ 3: Así es la vida.
Periodista: ¡Corten!
L@s viej@s entre ell@s, sin entender nada.
Viej@ 1: ¿E a esta agora que lle pasa?
Viej@ 2: Deulle un aire.
Viej@ 3: Vaiche boa.
Periodista: A ver, yo les pregunto y ustedes contestan. Esto funciona así.
Viej@1: Pero tú nos dijiste que hablásemos con naturalidad.
Periodista: Sí, pero del agua. De cómo sabe. De la contaminación.
Viej@ 2: Pues es lo que estábamos diciendo.
Periodista: ¿Cómo?
Viej@ 3: Los de la ciudad no sabéis escuchar. Ya estábamos hablando de eso.
Periodista: ¿Perdón?
Viej@ 1: De eso hablábamos. Del agua.
Periodista: Vamos a ver. ¿Me estoy volviendo loca? Dijeron: (cito textualmente) Pues sí. Ya
te digo yo. Así es la vida… ¿A eso le llaman hablar del agua?
Viej@ 2: Pues claro que sí. Nosotros calentamos así. ¿Ti logo como fas, nena?
Periodista: Ah, ¿era un calentamiento? Has oído, María: era un calentamiento.
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Cámara: ¡Ajá! Ahora ya entiendo. Vale, bueno, pero rapidito. ¡Cámara. Acción!
Viej@ 3: Y digo yo: ¿podríamos tomar antes un licor café? Tengo la boca seca y, además, no
te ando muy bien de la tensión y el médico me dijo que una copita así a la tardiña… me venía
muy bien…
Periodista: No. Mire, mejor que no. Acabamos en dos minutos y ya luego se toma usted la
botella entera de licor café o de caña si quiere…
Viej@ 2: ¡Ai, filliña, así, con tanto nervio, non vas chegar a vella!
Periodista: Venga, empezamos ya. Graba y que sea lo que dios quiera.
Viej@ 1: ¡Vaya genio!
Periodista: Por favor, lo que dijimos: hablen con naturalidad, como si nosotros no
estuviésemos rodando.
Viej@ 1: Pues sí.
Viej@ 2: Ya te digo yo.
Viej@ 3: Así es la vida.
Ahora ya seguido. Sin interrupciones.
Viej@ 1: Hay cosas que nos superan. A mí me superan muchas cosas: Nunca pensé que Feijoo
llegara a tomar esta decisión, Carmiña..
Viej@ 2: Bueeenoo…
Viej@ 1: No así. Yo te voté por el y mira ahora. Todas las máquinas furando y furando.
Y a mí me parecía riquiño.
Viej@ 3: Mi hijo siempre lo decía: ese, ese es un vendido.
Viej@ 2: Ya, pero tu hijo siempre fue un ecologista de esos. Y además galleguista.
Viej@ 1: Bloqueiro.
Viej@ 3: Han venido a destruir un pueblo que tiene mucha animación.
Viej@ 2: Dicen que aquí no le van a hacer daño ninguno al medio ambiente.
Viej@ 1: Haha. Que nosotros somos parvos!
Viej@ 2: “Exactamente. Mira que nosotros somos un pueblo que tiene granja de vacas, que
cultiva maíz, que cultiva patatas…”
Viej@ 1: Afirmativo.
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Viej@ 2: “…que necesitamos el monte, porque lo necesitamos: para la leña, para las cocinas,
para la calefacción…
Viej@ 3: Para todo.
Viej@s 1 2 3: Para todo.”
Viej@ 1: ¿Y el otro día el Delegado de Minas de la Xunta de Galicia no nos dice: pues dennos
ustedes otra opción?
Vieja 2: Opción. ¡Lo que te daba es con un palo en la cabeza, túzaro!
Viej@ 3: Opción. ¿Qué opción les vamos a dar nosotros? A ver, no están los tiempos para dar
nosotros opciones, pero ¿vamos a tener que cerrar los ojosa quien nos viene así… con un
proyecto de este calibre… y tenemos que cerrar los ojos y decir: sí sí, amén, amén…?
Viej@s 1 2 3: Noooooo.
Viej@ 3: Yo, como dice mi hijo, apuesto más por los recursos naturales: explotar un poco más
la agricultura… aprovechar la ría…la ría, aquí dio siempre riqueza la ría… en temas de
marisqueo y barcos siempre dio riqueza la ría, así que… Desde que el mundo es mundo. Sabe
dios de cuándo viene eso. Y ahora con esta mierda que están haciendo aquí también acabarán
escarallando la ría.
Periodista: ¿Y el agua? ¿Qué me dicen del agua?
Viej@ 1: Y el agua, ¿qué me decís del agua?
Viej@ 2: Ai, cala a boca, cala a boca. Non me fagas falar.
Viej@ 3: ¿Pero tú viste cómo baja el agua del río? Roja, amarilla y violeta. Si parece un río
republicano.
Viej@ 1: ¿Y el agua del grifo? Mira, ven mirar. Graba, graba que lo vas flipar.
Se aproximarán a un grifo del que saldrá un líquido inflamable.
Viej@ 2: Parece normal, ¿a que sí?
Viej@ 1: ¿Queréis probarla?
Les acercarán un vaso. En cuanto lo huelan se echarán para atrás.
Periodista: Aggg. ¡Apesta!
Viej@ 3: ¡Si sólo apestase!
Viej@ 1: Mirad. (Acercará un mechero y el líquido se inflamará)
Periodista: ¡Hostia puta!
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Estásimo III:
Ska de la Tierra (Bebe)
La tierra tiene fiebre
Necesita medicina
Y un poquito de amor
Que le cure la penita que tiene
La tierra tiene fiebre
Tiembla, llora, se duele
Del dolor más doloroso
Y es que piensa que ya no la quieren
Y es que no hay respeto por el aire limpio
Y es que no hay respeto por los pajarillos
Y es que no hay respeto por la tierra que pisamos
Y es que no hay respeto ni por los hermanos
Y es que no hay respeto por los que están sin tierra
Y es que no hay respeto y cerramos las fronteras
Y es que no hay respeto por los niños chiquininos
Y es que no hay respeto por las madres que buscan a sus hijos
La tierra tiene fiebre
Necesita medicina
Y un poquito de amor
Que le cure la penita que tiene
La tierra tiene fiebre
Tiembla llora, se duele
Del dolor más doloroso
Y es que piensa que ya no la quieren
Y es que no hay respeto y se mueren de hambre
Y es que no hay respeto y se ahoga el aire
Y es que no hay respeto y hoy lloran más madres
Y es que no hay respeto y se mueren de pena los mares
Y es que no hay respeto por las voces de los pueblos
Y es que no hay respeto desde los gobiernos
Y es que no hay respeto por los que huyen de dolor
Y es que no hay respeto y algunos se creen Dios
La tierra tiene fiebre
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Necesita medicina
Y un poquito de amor
Que le cure la penita que tiene
La tierra tiene fiebre, la tierra tiene fiebre
La tierra tiene fiebre, la tierra tiene fiebre
La tierra tiene fiebre
Necesita medicina
Y un poquito de amor
Que le cure la penita que tiene
Y es que no hay respeto por el aire limpio
Y es que no hay respeto por los pajarillos
Y es que no hay respeto por la tierra que pisamos
Y es que no hay respeto ni por los hermanos
Y es que no hay respeto por las voces de los pueblos
Y es que no hay respeto desde los gobiernos
Y es que no hay respeto por los que huyen de dolor
Y es que no hay respeto y algunos se creen Dios

Episodio IV: Australia, Oceanía, 2xxx
Corifeo: “Decenas de miles de huidos de los países ya desertificados solicitan el
estatus de refugiados climáticos, pero las naciones ricas se ponen a la defensiva y se
niegan a darles acogida y a aceptar la nueva definición jurídica”.
Si se fijan bien, en el horizonte se divisa una barca. ¿Les suena la palabra patera o
ustedes son de los muchos que a lo largo de los años han hecho oídos sordos a las
noticias que no les interesaban? Pues bien, ahí los tienen: Padre, Madre, hija y Abuela.
Supongo que se han dado cuenta de que la abuela es la hija que no quería emigrar a
Australia…
Hija: Quiero volver a casa.
Madre: Ssshhhhh
Hija: Yo no quiero ir a Australia.
Madre: ¡Silencio! (Al Abuelx) ¿Cómo vas?
Abuelx: Bien.
Madre: ¿Seguro? Tienes mala cara…
Abuelx: Sí.
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Madre: Ya queda poco. ¿Ves las luces? Eso debe ser nombreciudad. ¿Y tú estás bien?
Padre: Sí… (Susurrando) Tengo miedo.
Madre: Tranquilo, todo irá bien.
El puerto de nombreciudad. Una pareja paseando con su hija. Vuelven a casa. Es de
noche.
Representaremos sus diálogos con color azul.
Padre: ¿Entonces lo has hecho bien?
Hija: Bueno…
Madre: ¿Qué te preguntaron?
Hija: Lo de los colores de la bandera de los juegos olímpicos. Lo de por qué se usan
esos colores en los anillos.
Madre: Pero esa te la sabías perfecta, ¿no?
Hija: Sí, bueno…
Padre: ¿De verdad que esas son preguntas de un examen? Como sigan simplificando
lo que aprenden los chicos no sé dónde vamos a acabar. Nosotros, sin embargo…
Madre: ¿Tú sabes por qué es?
Padre: Claro. Por lo de que cada anillo representa un continente, ¿no?
Hija: Ya, pero el color que tiene cada anillo, ¿por qué es?
Padre: Pues… No lo he pensado, pero no debe ser muy difícil, ¿no? Lo aprendes y ya
está.
Madre: (Con complicidad) Vaya, con mi listilla…
Hija: Es sobre todo por cosas que tienen que ver con sus paisajes y con la piel de sus
habitantes. Europa es el anillo verde porque esta llena de montes y bosques. Asia, el
amarillo por sus grandes desiertos (bueno y también por lo de la piel de sus
habitantes). El nuestro, Oceanía, azul, por estar rodeada de mares y océanos. Y África
negro y América rojo por la piel de sus habitantes.
Madre: ¿Qué piel roja hay en América?
Hija: Los indios, mamá
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Madre: ¡Ah claro! No había caído. Pero si te lo sabes muy bien. ¿Cuál ha sido el
problema?
Hija: Pues que he hecho una pregunta parecida a la tuya…
Madre: ¿A cuál?
Hija: A la de que ¿qué pieles roja hay en América? ¿Qué bosques hay en Europa y
qué desiertos en Asia? No lo entiendo. Si ya no hay esas cosas en esos continentes,
¿por qué los anillos siguen siendo de ese color? Y me ha quitado tres puntos.
Padre: Normal.
Madre: Pues porque es así, hija.
Padre: Claro, si además te lo sabías, ¿por qué has dicho eso?
Hija: Pues porque no lo entiendo. Si ya no hay esas cosas…
Madre: ¡Bueno, pero si en tu libro pone eso, pues tú lo respondes y ya está!
Padre: De verdad, qué ganas de complicarte las cosas, hija.
Madre: ¡Por favor, ayúdennos! (A la abuela) ¡Mamá, aguanta, por favor!
Padre: ¿Qué es eso?
Madre: No sé.
Madre: ¡Aquí, por favor!
Hija: Tengo miedo.
Padre: Sshhhhh.
Hija: ¿Quiénes son esa gente?
Madre: No sabemos, cariño. Parece que hay un herido, ¿no?
Padre: ¡Ay, pobre, parece que se ha caído al agua!
Madre: ¡Por favor, ayúdennos! Venimos desde muy lejos. Desde Maldivas. Allí, el
agua ya está arrasando todas las islas y necesitamos un sitio donde ir…
Madre: Vale, vámonos.
Hija: ¿Qué pasa?
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Padre: Son refugiados climáticos, cariño.
Madre: Por favor…
Padre: ¡No se acerque!
Hija: ¿Por qué no los ayudamos, papá?
Padre: Porque no. Vamos.
Hija: Pero, ¿por qué? No lo entiendo.
Madre: ¡Porque no! Vamos.
Hija: Por favor, mi abuela está muy…
Hija: Papá… Mamá, por favor…
Padre y Madre: Calla. Vamos.
Padre: Ha muerto.
Hija: Lo siento, abuela. Siento haberte gritado cuando tiraste mi teléfono al mar por
quejarme…
Padre: Sshhhh. No es el momento. ¿Y ahora, qué hacemos?

Estásimo IV:
O que a vida me deu (Fausto)

Ó Mar Leva tudo o que a vida me deu
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Tudo aquilo que o tempo esqueceu
Leva que eu vou voltar
Ó Mar
Como quem vem
E regressa ao fundo
Do ventre da mãe
Tão indiferente
Consumiste na força bravia
Todo o encanto das coisas que havia
E lançaste na praia ardente
Náuseas e pragas
Despojos de almas
As carnes em chagas
As mágoas
Condenaste-me à noite
De sangue e fogo
E vento e sombras
Ao teu quebranto
Mas deixa-me ao menos
O corpo despido
Em descanso
Ó Mar
Lago imenso de oceanos salgados
Onde os rios também naufragados
Vão por fim descansar
Ó Mar
Tecem murmúrios
Sensuais
Como os amantes
Depois
Repousam em paz
No teu ciúme
Ó sereia do braço da ira
Seduziste na tua mentira
E arrastaste contigo o mundo
Todos os sonhos
Os meus desejos
Os suaves Outonos
E o Tejo
São saudades que eu tenho
Leve memória
Do que já fui
Que já não sou
Mas se tudo levaste
Leva enfim esta dor
Que ficou
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Episodio V: Nairobi, África
Corifeo: “Una negra sombra se expande. Está aquí y ahora, dentro y fuera. No es una
profecía. En la estrella que brilla, en el viento que zumba, en el murmullo del río, y
en la noche y en la aurora. Bienvenidos a esta superproducción del infierno. Ante
todos y todas ustedes, la pesadilla de la sombra”.
Música africana festiva.
PRESENTADORA 1.- A continuación, como vemos, están empezando a salir
nuestros deportistas, acompañados de los de todos los países. Un aplauso muy fuerte
para ellos.
Pueden comprobar que el séquito lo cierra la enorme masa de refugiados climáticos,
que han podido llegar hasta aquí. Es un momento realmente emocionante para todos
ellos y, por supuesto, para todos nosotros. Nadie ha podido ni podrá decir que ha visto
con sus propios ojos, vivido en sus mismas carnes los primeros JJOO en África: los
últimos juegos olímpicos de la Tierra. En definitiva, Nairobi 2yyy, Tierra zzzz!!!
PRESENTADORA 2.- Efectivamente.
PRESENTADORA 1.- Nos sentimos realmente afortunadas de encontrarnos aquí, de
poderles retransmitir este momento histórico, este fin de ciclo, ¿no es así, Marta?
PRESENTADORA 2.- Sí, sí. Es un orgullo, sí…
PRESENTADORA 1.- ¿Se te ocurre, Marta, una manera más especial para cerrar este
paso por la Tierra?
PRESENTADORA 2.- La verdad que no, Eva. Pero vamos a dar paso al vídeo que
nuestros colaboradores han hecho de recopilatorio de estos últimos juegos mundiales
de Nairobi 2xxx. Este año, dado lo especial de esta convocatoria, veremos
conmovedoras imágenes de nuestros deportistas, pero también del público que nos ha
acompañado durante todos los Juegos, es decir, de ustedes.
PRESENTADORA 1.- Sí, un fuerte aplauso para ustedes, maravilloso público. Por
última vez en estos Juegos, recordamos que la gala no está siendo televisada, dado
que el resto del planeta hoy ya por fin…
PRESENTADORA 2.- ¿Por fin?
PRESENTADORA 1.- Sí, ya hoy podemos confirmar que está todo el planeta cubierto
de agua. Hoy, por fin, estamos todos reunidos, en Nairobi, última ciudad del mundo,
celebrando el verdadero espíritu de los Juegos Olímpicos, la reunión amistosa de los
pueblos.
PRESENTADORA 2.- Damos paso si te parece ya, al vídeo…
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PRESENTADORA 1.- Por supuesto.
(Vídeo o recreación en directo como si fuera en vídeo de imágenes de los deportistas
llorando alternadas con imágenes de cómo se va derruyendo o hundiendo la Tierra)
PRESENTADORA 2.- Hermosas y conmovedoras imágenes…
PRESENTADORA 2.- Sí, bueno… Si les parece, ahora escucharemos al único
dirigente mundial superviviente de este hundimiento planetario, Donald Trump, que
también ha querido estar presente y regalarnos algunas palabras.
PRESENTADORA 1.- Sí, Marta, pero antes de ese broche final, llega el momento
más esperado de la noche, de la vida, de la era, de la eternidad…! ¿Te encuentras bien,
Marta? Estás también fuertemente emocionada, es normal…
PRESENTADORA 2.- Creo que…
PRESENTADORA 1.- ¡Comenzamos! El agua se va aproximando cada vez más al
muro del estadio ya derruido. Dentro de unos minutos, se extinguirá por fin la llama
olímpica y daremos por clausurados estos Juegos de Nairobi 2yyy. Cuéntales Marta,
cómo será el proceso.
PRESENTADORA 2.- Creo que yo no… (Se levanta corriendo como si tuviera una
arcada).
PRESENTADORA 1.- ¡Marta! Qué lástima… Cómo es la vida, ¿verdad? Tener la
oportunidad de protagonizar el momento más importante en la vida de una periodista
y en la vida de todas las personas que habitamos este planeta en este instante y no
poder por… En fin, la vida juega malas pasadas… Pero no perdamos más tiempo. Les
acompañaré, por tanto, yo solo en este último momento colectivo. Como les decía,
ahora sonarán los cuartos, luego el carillón, y por último comenzarán las cinco
campanadas. Una por cada continente al que decimos adiós. ¡Concéntrese, que si nos
equivocamos no da suerte! ¡¡Ay!! ¡Cada vez queda menos! ¡Atentos! Y ya para
terminar, después de las campanadas, nos iremos hundiendo uno a uno, hasta dar por
cerrados estos JJOO, últimos juegos olímpicos de la tierra. Yo seré la penúltima para
poder narrar toda esta experiencia. ¡Se acerca y….! ¡Comenzamos! ¡Los cuartos!
Carillón….
(Mientras suceden todas estas acciones de clausura de la ceremonia, tiene lugar un
monólogo de Trump mientras le sube el agua hasta hundirlo. Su voz se va oyendo
cada vez más bajo hasta desaparecer.)
Trump.¿Dónde diablos está el calentamiento global cuando lo necesitas?
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Esta muy cara patraña del calentamiento global tiene que parar. Nuestro planeta se está
congelando, registra bajas temperaturas récord y nuestros científicos del C.G. están
atrapados en el hielo.
NBC News acaba de llamarlo la gran helada – el clima más frío en años. ¿Y nuestro país
sigue gastando dinero en la FARSA DEL CALENTAMIENTO GLOBAL?
El concepto del calentamiento global fue creado por y para los chinos, para hacer que la
manufactura estadounidense sea menos competitiva.
Cambiaron el nombre de “calentamiento global” a “cambio climático” después de que el
término calentamiento global simplemente no funcionó (hacía demasiado frío)!
Denver, Minnesota y otros se preparan para algunos de los climas más fríos registrados. ¿Qué
dicen los genios del calentamiento global sobre esto?
El registro de frío y nieve, las capas de hielo masivas. El único calentamiento global al que
debemos temer es el causado por las armas nucleares – encuestas incompetentes.
¡Déme aire limpio, hermoso y sano – no la misma vieja patraña del cambio climático
(calentamiento global)! Estoy cansado de oír esta tontería.
(Poco a poco se van sucediendo todas estas acciones. )
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Estásimo V
(Una vez terminadas, irá entrando, en fade in, la música de Michael White hasta que acalla
todas las voces que suceden en escena. Todos estarán en el suelo y quietos. Poco a poco, con
la música se irán incorporando lentamente. Se hará el monólogo siguiente con la música muy
suavecitade fondo. Se harán partes de uno en uno y partes trabajadas a coro por todos los que
se encuentran en
escena)

(Discurso Leonardo Di Caprio en la ONU (24/09/2014))
CORIFEO.- Es un honor estar aquí hoy. Estoy delante de ustedes, no como experto,
sino como un ciudadano preocupado,
CORO.- uno de los billones alrededor del mundo que queremos resolver la crisis
climática. Como actor, actúo para vivir. Interpreto personajes ficticios, que
generalmente resuelven problemas ficticios. Creo que la humanidad ha visto el
cambio climático de la misma manera. Como si fuera ficción. Como si fingir que no
es algo real, hiciera que desapareciera. Pero creo que todos sabemos que eso no es
verdad. Cada semana vemos nuevos e innegables eventos climáticos, evidencias de
que el cambio climático acelerado es una realidad actual. Las sequías se intensifican.
Los océanos se acidifican con gases que salen del suelo. Estamos viendo eventos
climáticos extremos, con los hielos de la Antártida y Groenlandia derritiéndose a una
velocidad sin precedentes, décadas antes de los previsto por los científicos.
CORIFEO.- Nada de esto es retórico, ni nada de esto es histeria. Es un hecho.
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CORO.- La comunidad científica lo sabe, la industria lo sabe, los gobiernos lo saben,
incluso las Fuerzas Armadas de EEUU lo saben. El jefe de la Armada de Naciones
Unidas, almirante Lockleart dijo que el cambio climático es la única y mayor amenaza
de seguridad.
CORIFEO.- Amigos míos, este grupo, a lo mejor más que cualquier otra congregación
en la historia de la humanidad, se enfrenta a esta difícil pero lograble tarea. Pueden
hacer historia o pueden ser destruidos por ella.
CORO.- Para ser claros, no se trata de decirle a la gente que cambie sus botellitas o
compre coches híbridos (que también). Este desastre va más allá de las decisiones de
las personas. Se trata de nuestras industrias, y los gobiernos alrededor del mundo,
tomando acciones decisivas y de gran escala. Ahora es nuestro momento para actuar.
Necesitamos cobrar por las emisiones de carbono y eliminar los subsidios
gubernamentales para las compañías que usan petróleo, gas y carbón. Debemos
terminar con la libertad de las industrias contaminantes, alegando que eso favorece
una economía de libre mercado. No se merecen nuestros impuestos, se merecen
nuestro control, o la propia economía morirá si nuestros ecosistemas colapsan. La
buena noticia es que la energía renovable no solo es alcanzable, sino que es una buena
política económica. No es un debate que corresponda a los partidos, corresponde a los
seres humanos. Aire limpio y un clima habitable son derechos humanos inalienables.
Resolver esta crisis no es un tema político, es sobre nuestra propia supervivencia.
Es un momento de urgencia, con un mensaje urgente. Delegados de honor, líderes
del mundo… Yo actúo para vivir, ustedes no. Ahora es su turno. El momento de
responder al mayor desafío de la humanidad… es ahora. Les rogamos que lo encaren
con coraje y honestidad. Gracias.
(Cuando termina el monólogo va subiendo el volumen de la música a la vez que se va
hinchando la pelota de la Tierra hasta que alguien la pincha [si no suena mucho
puede apoyar alguien de percusión la explosión]. Breve silencio y entra el grito de
júbilo y la base de la siguiente canción)

ÉXODOS
(Comienza la percusión del inicio de Oh when the saints , solo percusión!!!!)
PRESENTADORA 1.- ¡Y así, poquito a poquito, hemos conseguido acabar con la
Tierra! ¡Un aplauso para todos los que lo han colaborado en que esto haya sido
posible! Un fuerte aplauso para Trump y para todos los gobernantes que año a año y
ley a ley han dejado de lado este tema.
Y ahora, ¿qué hacemos? La Tragedia se ha acabado, ¿no? ¿Cómo se cierra una
Tragedia?
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CORIFEO.- ¡Con el Éxodo!
CORIFEO.- Con el Éxodo… ¿Qué dice el diccionario de esto?
CORO.- Emigración de un pueblo o de una muchedumbre de personas.
CORIFEO.- Vayámonos pues.
CORO.- ¿Adónde?
CORIFEO.- Tenéis razón, ¿adónde?
CLARINETISTA.- ¿Puedo hablar?
CORIFEO.- Habla. Haced paso a esa mujer. ¿Quién eres?
CLARINETISTA.- Soy… Era, quiero decir, un músico. Una clarinetista de Nueva
Orleans.
CORO.- ¡Una clarinetista de Nueva Orleans!
CORIFEO.- ¿Sabes dónde deberíamos ir?
CLARINETISTA.- La verdad que no. Igual que después del desastre. Del nuestro,
me refiero. Del Katrina. Perdí, perdimos, todo. Las casas, las calles, la familia. La
esperanza.
CORIFEO.- ¿Qué hacer, entonces?
CLARINETISTA.- No lo sé. Está claro que eso nunca se recupera. Supongo que el
cuerpo y el corazón son como la tierra, una vez arrasados con difíciles de regenerar…
CORIFEO.- ¿Qué propones entonces, amiga?
CLARINETISTA.- No lo sé. ¿Qué respuestas se pueden tener cuando no queda nada?
Pero al menos hagámonos preguntas, ¿no? Hagamos preguntas. Reflexionemos.
Repensemos. Porque cuando algo no funciona, ¿no hay que arreglarlo? ¿Por qué
cuando una enfermedad se extiende por el cuerpo y los médicos ven que avanza
lentamente ponen todos los medios para pararla? ¿Y la enfermedad de la tierra? ¿No
es, no ha sido nuestra acaso? Si solo nos movemos egoístamente y frenamos aquellas
cosas que nos atañen directamente, pensemos así pues. ¿No nos atañe directamente el
aire que respiramos, el agua que bebemos, la tierra sobre la que dejan
construir nuestras casas? No sé qué respuestas hay. Pero desde luego, creo que
deberíamos por lo menos exigir que algunos no pararan de hacerse preguntas.
CORO.- ¿Dónde vamos, entonces?
CORIFEO.- No lo sé. Pero vamos.
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CORO.- ¡Vamos!
(Comienza el clarinetista o instrumentista que elijamos con la melodía de la canción
de Oh when the saints y todos le siguen con la canción y se van en procesión)
Oh, when the saints go marching in,
Oh, when the saints go marching in,
Oh, Lord I want to be in that number
When the Saints go marching in.
Oh, when the sun refuse to shine,
Oh, when the sun refuse to shine,
Oh Lord I want to be in that number
When the sun refuse to shine.
Oh, when they crown Him Lord of all,
Oh, when they crown Him Lord of all,
Oh Lord I want to be in that number
When they crown Him Lord of shine.
Oh when they gather round the throne,
Oh when they gather round the throne,
Oh Lord I want to be in that number
When they gather round the throne.

Para la creación del texto se han utilizado fragmentos de las siguientes autorías:
Justin Taylor, Líos (editorial Alpha Decay)
Bruno Arpaia, Algo, ahí fuera (Alianza Editorial)
Manuel Rivas, El optimismo irritante (artículo publicado en El Páis Semanal el 23-07-2017)
Leonardo di Caprio, Discurso pronunciado ante el plenario de la ONU (24-09-2014)
De la misma manera hemos empleado material extraído de los siguientes documentales:
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The island President (Jon Shenk)
Tesouro de Corcoesto (Cora Peña)
Gasland (Josh Fox)
Y, como ya se ha indicado a lo largo de la obra, hemos hecho uso de estas versiones musicales:
Idioteque (Radiohead)
Profecía (Dios ke te krew)
Ninguém é dono do mar (A Quadrilha)
Ska de la Tierra (Bebe)
O que a vida me deu (Fausto)
Katrina for blue crescent (Michael White)
Oh, when the saints (Louis Armstrong)
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Introduction
ALVES MARTINS secondary school (ESAM) is one of the six model schools that are
part of the European project EduCO2cean, co-funded by ERASMUS+ and coordinated,
nationally, by the Portuguese Association of Environmental Education (ASPEA). Since one of
the most important objectives of the project is to raise awareness, among the younger
generations, to the real impact of climate change on our oceans, the students (class 11H) and
their teachers have been involved in and developed a multitude of activities here to be listed.

Activities performed within the school context
It all started with an opening session in which the Project was presented to the
community, with the participation of Carla Ferreira from the Viseu ASPEA Nucleus
explaining the main objectives of the EduCO2cean project and how the school, as a partner,
should participate and contribute to the project.
The following activity included the temporary exhibition Voyage into the Deep Sea,
created by CMIA (Environmental Monitoring and Interpretation Centre) showing beautiful
images of the strange biodiversity than can persist under extremely harsh conditions. The
exhibition started with an opening session masterfully run by the students with poetry, music
and dance performances concerning the Ocean and Climate Change (see figures 1 and 2).

Figure 1. Opening Session – presenting the Project to the community and the temporary
exhibition “Voyage into the Deep Sea” – ESAM – with the presence of the Coordinator of the
Viseu ASPEA Nucleus, Jorge Loureiro (11.05.2017)
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Figure 2. Opening Session – presenting the Project to the community and the temporary
exhibition “Voyage into the Deep Sea” – ESAM – with the presence of the Coordinator of the
Viseu ASPEA Nucleus, Jorge Loureiro (11.05.2017)

Activities beyond the school context
The first Open Night event was dedicated to the oceans and performed by the students.
It took place in the school buildings and was aimed at the students’ families and friends, thus
widening the outreach of the project’s target public. A number of lectures followed which were
delivered by Daniela Castelo and Cláudio Brandão, both researchers from the Department of
Biology & CESAM (Centre for Marine and Environmental Studies) at the University of
Aveiro. The second Open Night entitled Without Oceans there is no Future took place in
“Carmo’81”, one of the well-known cultural spaces of the city Viseu, and was completely
presented by the students (figure 3). This conference, which was followed by an intense debate,
aimed at showing the community that Climate Change and Pollution represent real dangers for
the Oceans, thus a threat for the whole planet, and that it is high time for every member of
society to adopt environmentally friendly attitudes and behaviours.
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Figure 3. Open Night “Without Oceans there is no future” – at the City’s cultural space
“Carmo´81” (10.06.2017)

The celebration of the European Day of the Sea came as an invitation form ASPEA for
every member of the project to take part in. So on May, 20th over 150 Portuguese and Spanish
students, accompanied by their teachers, met in Aveiro to celebrate the importance of the sea
with a lot of very interesting activities, amongst which a “beach cleaning”. It was also during
this celebration that the winners of the Short Film Contest were handed their prizes (figure 4).
This has a huge motivational impact on the students, highlighting the importance of this kind
of initiatives for the Youth.

Figure 4. ESAM students – First Prize in the “Short Film Contest” (Aveiro – 20.05.2017)

In September, the International Seminar for Teachers promoted by both the projects:
Climántica (that involves all the autonomous regions of Spain) and EduCO2cean. The first
part: «Seminario de investigación-acción sobre el desarrollo del campus juvenil internacional
de respuestas educativas frente al cambio climático CLMNTK17» was held in Aveiro
(Portugal) – three of ESAM’s teachers took part in this seminar – and the second part
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«International Youth Campus» was held in Nóia (Spain) with the participation of two of
ESAM’s students (figure 5). This was an important opportunity for students to share
educational and cultural experiences.

Figure 5. Last day of the Seminar for Teachers EduCO2cean (Aveiro – Fábrica da Ciência –
UA) – and first day of the International Youth Campus with the participation of the students
Patrícia Soares and Inês Costa – Noia – Galicia, Spain (September 2017)

One of the most rewarding activities aimed at the teachers of the EduCO2cean project
took place in November in Katowice, Poland. It was an STS, an Education model to transmit
to society the challenge of global change in the ocean. This Teacher Training Course was held
from November, 6th to November, 10th and was attended by teachers coming from Poland,
Spain and Portugal – two of ESAM’s teachers were amongst the Portuguese participants
(figures 6 and 7). This is another good example of engaging initiatives, this time for teachers.
The possibility of exchanging experiences in a different cultural context is very rewarding for
the participants and should also be promoted whenever possible.

Figure 6. Participants in the Teacher Training Course in Poland, visiting the Euro-Centrum
(November, 2017)
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Figure 7. Participants in the Teacher Training Course in Poland, in one of the many Work
Sessions (November, 2017)

Then on November, 16th students, teachers and the community in general celebrated
the National Day of the Sea with a myriad of activities: poetry, song/dance performances
(https://www.youtube.com/watch?v=_7j_YoMT83E&t=13s), lectures and even a “green
lunch” and a “Flash Mob” carried out by more than 60 students from different Portuguese
schools (https://youtu.be/8gR8A5RwADI), all of which aimed to celebrate the importance of
the Sea.
A very important part of the EduCO2cean project is the Short Film and Infographics’
Contests held for all the students to engage in. They were a huge success for our students since
they won the First Prize in the Short Film Contest and a Second place and two Honorable
Mentions in the Infographics’ Contest. Consequently, the winning short films were broadcast
at The Cine'Eco - International Environmental Film Festival of Serra da Estrela in Seia,
inserted in the category “Parallel Activities – Pre-CineEco”, October 13th; the students played
an important role at the films presentation (figure 8).

Figure 8. Cine'Eco - International Environmental Film Festival of Serra da Estrela in Seia.
At the tables: Pinto and ESAM students, Carolina Neto, Duarte Ferreira and Patrícia
Soares; the president of ASPEA, Joaquim Ramos Pinto, and the director of CineEco, Mário
Branquinho (13.10.2017)
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Future activities and concluding remarks
Other and very interesting activities are to be undertaken by the students in the near
future, during this last year of the project EduCO2cean. Some of these activities are of a more
scientific nature (including exhibitions, science talks at school, interviews with scientists),
others more educational (participation in the project’s competitions (short film and
infographics). Among the more educational ones, there is also the intervention of 12th grade
students (in this case not involved in the project) who are visiting 10th grade classes with
creative and motivating activities, all related to Climate Change and Ocean Pollution. Their
visits are a consequence of what these students have learnt in their English and Biology classes,
and serve the purpose of both informing and making their younger colleagues understand, how
important they are to help create a more environmentally friendly society. To sum up, all the
activities have one and the same objective: raise the awareness of the whole community to the
importance of the preservation and protection of our oceans because the future of the planet is
at stake.
All the activities, carried out in the scope of the EduCO2cean project, have had a very
positive effect on both teachers and students. What the teachers are concerned, the seminars
they attended, made it possible for them not only to update their scientific knowledge but also
to pick up and develop very interesting didactic ideas to approach themes related to the impact
of climate change on the oceans – to teach “respect for the environment”. The seminars also
allowed an exchange of experiences and knowledge among teachers of different countries and
areas of study.
When it comes to the students, this Project, with all its activities, has been a factor of
motivation and union among the participants, which promotes, with every new assignment, a
growing involvement in the search for scientific knowledge and the protection of the
environment.
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EUTROPHICATION IN THE BALTIC SEA – STATE AND EFFECTS
Eugeniusz Andrulewicz
National Marine Fisheries Research Institute, POLAND

ABSTRACT
This paper describes eutrophication in the Baltic Sea which is generally recognized as the most
challenging environmental concern and a top priority for the countries surrounding the Baltic Sea.
Eutrophication is described in relation to the Baltic Sea catchment area, historical developments,
climate change, economic activities, and to the lifestyle of the Baltic nations. This paper describes
various environmental consequences of eutrophication such as increased primary productivity, oxygen
depletion in deep basins, seasonal oxygen depletion in some coastal areas, harmful algal blooms,
massive development of opportunistic algae, diminished water clarity and diminished depth range of
macrophytes. It also attempts to illustrate the impact of eutrophication on fish and fishing. Finally,
it provides information about international efforts regarding combatting eutrophication based on
international conventions and agreements.
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Introduction
Eutrophication is the excessive richness of nutrients and it occurs naturally in all water
systems. The word “eutrophication” comes from Greek and translates to “well nourished”.
There is no single and globally accepted definition of marine eutrophication. According to the
EU Marine Strategy Framework Directive (EU 2008) “Eutrophication is a process driven by
enrichment of water by nutrients, especially compounds of nitrogen and/or phosphorus,
leading to: increased growth, primary production and biomass of algae; changes in the
balance of organisms; and water quality degradation. The consequences of eutrophication are
undesirable if they appreciably degrade ecosystem health and/or the sustainable provision of
goods and service’’ (EU MSFD JRC Report 2010).
Eutrophication is a pronounced phenomenon in almost all large marine ecosystems
(Scherman and Duda 1999, GIWA 2005). However, it is a particularly significant phenomenon
in semi-enclosed seas, marine bays and lagoons, and also along some marine coastal areas.
Eutrophication is caused by natural processes as well as anthropogenic activity. However, it
is impossible to distinguish natural eutrophication from human-induced eutrophication.
Eutrophication in the Baltic Sea is usually discussed in the context of anthropogenic
activity and its various undesirable ecosystem effects. It is generally recognized that
eutrophication is the most serious environmental concern of the Baltic Sea (HELCOM 2009).

The Baltic Sea
The Baltic Sea is located between the Atlantic and Euro-Asiatic continental climate
zones. It is connected to the North Sea by narrow and shallow connections (Kattegat, the Belts,
the Sound). The Baltic Sea is a semi-enclosed estuary with restricted access to oceanic high
saline water (Fig. 1), a long retention time (approx. 25 years) and high freshwater input (about
450 km3/year). The stratification of water masses and fjord-like conditions, in combination
with other factors, form the basis for a problematic oxygen situation in the deep water. Because
of its hydrological features, the Baltic Sea is a sea area susceptible to marine pollution.

Figure 1. Left: Bathymetric map of the Baltic Sea. Right: Baltic Sea and its drainage area.
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The Baltic drainage basin covers an area of approximately 1 670 000 km which is
roughly four times the area of the sea itself at 415 000 km2. The Baltic drainage area is densely
populated, with over 85 million inhabitants in 14 industrialized countries (Fig. 2, left). This
area, particularly its southern part, is arable land (Fig. 2, right) and is intensively used by
agriculture based on artificial fertilizers. Intensive agriculture and intensive livestock farming
leads to large emissions of nitrogen compounds (ammonia, NOx) which stimulate
eutrophication.

Figure 2. Left: Population density in the Baltic drainage area (Wikipedia). Right: Distribution
of arable land in the Baltic drainage area (Grid Arendal).

Development of eutrophication in the Baltic Sea
Eutrophication is a condition in an aquatic ecosystem where high nutrient
concentrations stimulate the growth of algae which leads to undesirable changes in the system,
such as:
- intense algal growth: excess of filamentous algae and phytoplankton blooms;
- production of excess organic matter;
- increase in oxygen consumption;
- oxygen depletion with recurrent internal loading of nutrients
- death of benthic organisms, including fish.

Since the 1900s, the Baltic Sea has changed from an oligotrophic clear-water sea into
a eutrophic marine environment (HELCOM 2009). The Danish EPA has developed a
conceptual model of eutrophication (Fig. 3) used also by the EU Task Group on Eutrophication
(EU MSFD JRC 2010).
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Figure 3. Conceptual model of eutrophication (Ærtebjerg et al. 2003).

3.1 Nutrient loads
Until World War II, the Baltic Sea, was regarded as an oligotrophic brackish water
ecosystem (Ojaweer and Kaleis 2005, Wulff and Niemi, 1992) subjected to a natural nutrient
supply from its catchment area. However, after World War II, due to the rapid development of
industry and the application of artificial fertilizers in agriculture, most parts of the Baltic Sea
became subject to very high nutrient loads. In 2000, the total input of nitrogen and phosphorus
to the Baltic Sea amounted to 1 009 700 tons (Fig. 4) and 34 500 tons (Fig. 5) respectively
(HELCOM 2015). About 75 % of the nitrogen entered the Baltic Sea as waterborne input and
the rest is atmospheric deposition. Phosphorous enters the Baltic Sea mainly as waterborne
input (Fig. 5). Large areas of the Baltic Sea catchment area have been identified as agricultural
Hot Spots.
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Figure 4. Total input (waterborne and airborne) of nitrogen by HELCOM countries to the Baltic
Sea (HELCOM 2015).

Figure 5. Total input (waterborne and airborne) of phosphorous from HELCOM countries to the
Baltic Sea (HELCOM 2015).
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3.2 Climate Change
The Baltic ecosystem is dependent on both long-term and periodic climate changes.
Periodic climate fluctuations are usually discussed in relation to salinity and oxygen
concentrations in deep Baltic basins and their effects on cod fisheries. However, the effects of
climate change are related to eutrophication as well. The three main phenomena responsible
are: i) the growing concentration of carbon dioxide in the atmosphere, ii) the rising
temperature of the atmosphere, and iii) higher dynamics of the atmosphere. Increased
concentrations of carbon dioxide in the atmosphere causes acidification (a decrease in the pH)
of surface waters in the Baltic. Some scenarios predict a significant decrease in the pH by the
end of this century (HELCOM 2013). The Baltic Sea is characterized by naturally high annual
pH amplitudes as a result of changes in the primary production connected with excessive
nutrient loads /eutrophication. Increased atmospheric concentrations of carbon dioxide and
acidification of surface layers may superimpose on this process, leading to increased
amplitudes and much lower pH values than already observed.
Rising water temperatures in the Baltic Sea will stimulate the development of
phytoplankton blooms. This may particularly influence unwanted cyanobacteria blooms in
summertime. They will become more intensive and prolonged (HELCOM 2013).
Growing dynamics of the atmosphere may bring more storms and more rain
precipitation. It means more nutrient wash-out from the Baltic catchment area to the Baltic Sea
and therefore further strengthening of eutrophication in the Baltic Sea. During the influxes of
saline water, strong, vertical mixing favors enrichment of surface layers with nutrients and
therefore the intensification of biological production (Matheus and Schinke, 1994), one of the
signs of eutrophication

Effects of eutrophication in the Baltic Sea
During the last century, the Baltic Sea has experienced a steady increase in
anthropogenic nutrient input via rivers and the atmosphere. This has resulted in excessive
eutrophication in most parts of the sea and has caused deep structural changes of pelagic and
bottom systems. Its consequences, such as water quality degradation, algal blooms, alteration
of habitats and species composition, have been observed since the 1980s. Since the beginning
of the 20th century, the trophic status of the Baltic has changed oligotrophic to eutrophic
(Gustafsson et al. 2012, HELCOM 2009).

4.1 Nutrient enrichment
Nutrient enrichment in the water column is the first indicator of eutrophication. The
concentration of nutrients and the deposition of organic matter in the Baltic Sea have increased
considerably since the beginning of the 20th century (Larsson et al. 1985, Łysiak-Pastuszak et
al. 2011). It has been estimated that P loads have increased about 4 times and N loads have
increased up to 8 times (Gustafsson et al., 2012, Savchuk et al. 2008). These loads have led to
higher concentrations of nutrients in sea water in the Baltic Proper (about 2 x more for PO4
and about 3 x more for NO3) (Gustafsson et al., IMGW 1987-2012, Savchuk et al. 2008).
Increased primary productivity (Renk H. 1997), stimulated the development of phytoplankton
and reduced water clarity (Fleming-Lehtinen and Laamanen 2012).

4.2 Harmful algae blooms
Massive development of blue-green algae blooms during the summer have been noted
since the second half of the 20th century (HELCOM 2009) (Figs 6 and 7). These are mainly
cyanobacterial species Aphanizomenon flos-aquae, Nodularia spumigena, and, sometimes
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Anabaena lemmermannii (Fig. 8). They are potentially toxic, and therefore, may create
harmful blooms - HABs (Mazur-Marzec and Pliński. 2009).

Figure 6. Satellite image of blue-green algae blooms in the Baltic Sea.

Figure 7. Massive development of blue-green algae in the Gulf of Gdansk (Photo by E.
Andrulewicz-left and R. Moroz-right).
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After its death, blue-green algae falls to the bottom where it decays, contributing
significantly to the depletion of oxygen in deep basins. HABs are well known from the cases
of acute toxicity in humans caused by the consumption of contaminated mollusks, however
this applies to full-saline seas, not the Baltic Sea.

Figure 8. Images of potentially toxic blue green algae in the Baltic Sea. Left: Nodularia
spumigena, Middle: Aphanizomenon flos-aquae, Right: Anabaena lemmermannii. (Photo
by J. Kownacka).

4.3 Massive development of opportunistic algae
The massive development of opportunistic algae can be regarded as a certain type of
bloom. Observations of Ectocarpaceae and Cladophora algae blooms have been observed in
the southern part of the Gulf of Gdańsk (Kruk-Dowgiałło 1994). These blooms occur in
shallow bays and lagoons. Filamentous algae can be loosely suspended in water or attached to
the hard bottom substrate. The “cotton wool properties” of these algae may cause juvenile fish
to become trapped (Fig. 9, left). Therefore, they can be a significant reason for the degradation
of spawning grounds. The sinking of filamentous algae to the seabed restricts the oxygen
intake of sediments, while the oxygen-consuming process of decay leads to the further
development of hypoxic and anoxic conditions. Filamentous algae also affect macrophytes by
covering them mechanically (algal mats) and cutting off sunlight which is essential for their
growth. Such algal blooms are also responsible for the reduction of recreational amenities of
marine beaches, particularly those within bays and/or lagoons (Fig. 9, right).

Figure 9. Filamentous algae Ectocarpaceae on the bottom and on the beach in the Bay of
Puck (Photo by E. Andrulewicz)
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According to observations in the Bay of Puck (Skóra 1983), filamentous algae create
favorable conditions mainly for development of stickleback and they are the main reason for
degradation of commercial ichthyophauna in the Bay of Puck (Fig. 9). They also contribute to
the reduction of the depth range and the area covered by seagrass.

4.4 Degraded macrophytes
Higher productivity of phytoplankton causes lower water transparency as observed in
the Gulf of Finland, where the measured Secchi depth diminished from 8 m to 4 m (FlemingLehtinen and Laamanen 2012). Macrophytes are directly affected by the amount of light which
reaches the bottom. For example, the depth range of macrophytes in the Gulf of Gdansk
diminished from 24 m at the beginning of the 20th century, (Lakowitz 1907) to 8 m towards
the end of the 20th century (Kruk-Dowgiałło 1994). The degradation of macrophytes directly
effects fish which rely on them for food and shelter or as spawning grounds.
Until now, the effects of macrophyte degradation have not been sufficiently studied,
and thus we do not know the scale of the degradation of coastal spawning, feeding and shelter
grounds of fish.

4.5 Oxygen depletion in deep Baltic basins
Eutrophication leads to increased sedimentation of organic matter in Baltic deep basins.
Once deposited, organic matter undergoes the oxygen consuming process of decay which leads
to oxygen depletion in the deep basins and the subsequent formation of hydrogen sulfide
(H2S).
There has been a steady increase in the range of the area affected by hydrogen sulfide
in Baltic deep basins (the East and West Gotland Basins, the Northern Baltic Proper and the
outer Gulf of Finland) (Fig. 10). Estimates of the extent of hypoxic (oxygen content less than
2 ml/l) and anoxic (oxygen content nil; often with presence of hydrogen sulfide) in autumn
2011 – 2014 (Amund and Lindberg 2016).

Figure 10. Areas with hypoxic (grey color-oxygen content less than 2 ml/l) and anoxic
(black color-oxygen content nil; often with presence of hydrogen sulfide) conditions in
autumn 2013
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Oxygen depletion in deep water masses results in the release of phosphorous from
sediments to water masses which further enhances cyanobacteria blooms (Variopuro et al.
2014).

4.6 Oxygen depletion in coastal areas
Oxygen depletion in Baltic deep basins is a well-studied phenomena, however in
recent years, hypoxic and even anoxic conditions have occurred in some shallow areas (e.g.
the coastal areas of Kattegat, Kiel Fjord) which, according to historical data, have always been
oxygenated. This anoxia is episodic and usually happens during summer stagnation periods.
Anoxia in Kattegat has caused the death of a great number of fish (Ærtebjerg 2003,
Anonymous 2012, HELCOM 2003). The four best known examples of fish kills are from 1981,
1988, 1997 and 2002. In 1981 the kills were caused by severe oxygen depletion in most of the
Danish waters (Danish EPA 1984). In October 2002 fish kills occurred in several places along
the Jutland east coast due to upwelling of oxygen poor and H2S containing bottom water.
A massive fish kill occurred in the Bay of Puck in 1980 and 1981 (Fig. 11). The event
was probably caused by the formation of H2S in sediments during the ice season in the bay.
The decomposition of organic matter accumulated in the bottom pits uses oxygen and leads to
the forming of hydrogen sulfide, and therefore creates acidic conditions for wintering eel and
flatfish. Acidified bottom sediments caused external injuries to the wintering fish which then
became susceptible to bacteriological diseases in the polluted waters of the bay in the 1980s.

Figure 11. Fish kill event in the Bay of Puck (March-April 1980 &1981) (Photo: R.
Wiliński).

4. 7 Benefits for fishery
In the 1950s Demel (1967) determined the estimated capacity of the Baltic Sea fish
production to a maximum of 400 thousand tons per year. However, in the following decades,
the total weight of fish catches exceeded 1 million tons per year (ICES ACFM 2001). At that
time, Demel could not have foreseen the huge anthropogenic loads of nutrients which would
lead to the enhanced productivity of the Baltic Sea.
The weight of fish catches in the Baltic was equal to approximately 100 thousand tons
per year between the beginning of the 20th century until World War II. Following the end of
the war, the total weight of fish catches began to rapidly grow (Fig. 12), exceeding all scientific
estimations: in the 1960s the total weight catches was equal to 350 thousand tons per year, in
the 1970s the number rose to 600 thousand tons per year, and in the 1980s it reached one
million tons per year (Ojaveer and Lehtonen 2001, Thurow 1991). Of course, not everything
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can be attributed to eutrophication. Quoting data on fish catches, we need to take into account
the fact of technological progress and the increased pressure on fish stocks. However,
production of fish per hectare (ha) has increased from about 5 kg/ha/year to 25 kg/ha/year in
open waters and from 25 kg/ha/year to 70 kg/ha/year in Polish bays (Netzel, pers. comm.).
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Figure 12. Fish catches (landings) o.ver the last 70 years in the Baltic Sea (Ojaveer and
Lehtonen 2001, Thurow 1991)

A decline in the total catch has been observed in recent years (Fig. 12), this could be an
effect of the nutrient load reduction measures implemented in the last decade (HELCOM
BSAP 2009, HELCOM PLC-5, 2011).

Present and future challenges
The Baltic countries and their governments are willing to combat eutrophication and its
effects. Some Baltic countries have a national strategy, some just follow international
conventions and agreements. All of these agreements aim “towards a Baltic Sea unaffected by
eutrophication”.

5.1 The Polish approach
There is a large ongoing effort to reduce nutrient loads from agriculture in Poland
(Pastuszak and Igras 2012). The Polish government tries to meet international agreements
aiming to reduce the emission of nutrients from agriculture and households. In the last 20
years, many sewage treatment plants have been constructed in Poland which improved not
only the sanitary conditions of the Polish Baltic coastal/bathing waters but also reduced the
nutrient load the Baltic Sea.
Poland is the largest supplier of nutrients to the Baltic Sea (Figs 4 and 5), however,
almost 50% of the total population of the Baltic drainage basin lives in Poland and nearly 50%
of arable land in the Baltic drainage basin is located in Poland (Fig. 2). However, the nutrient
load is relatively small when presented per capita (Fig. 13).
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Figure 13. Nitrogen and phosphorous loads per capita from Baltic countries, averaged for
1977-2003 (HELCOM 2015).

Agriculture in Poland (in comparison to Denmark or Germany) is to a large extent still
based on small farms which don’t use large amounts of artificial fertilizers. Most Polish
farmers carry out organic breeding of animals. Many rivers in Poland still have natural courses
and therefore high natural self-purification and nutrient-trap abilities (Fig. 14).

Figure 14.Pictures of the natural river course of the Vistula River.

Unfortunately, the natural state of these systems is at risk due to pressure from various
developers who in the name of economic development propose projects which involve
“drying”, “straightening” (of river courses) and ‘damming”, which would destroy their nutrient
trapping potential.

5.2 HELCOM approach
Eutrophication has been a concern of HELCOM since its creation in 1974. Since 1979,
indicators of eutrophication are a regular part of the HELCOM monitoring program. Hence,
the assessment of eutrophication (HELCOM Periodic Assessments) are published regularly in
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the Baltic Sea Environmental Proceedings. Nutrient supply to the Baltic Sea is monitored and
assessed under Pollution Load Compilation Programs - HELCOM PLC (HELCOM, 2011).
There have been many initiatives focused on reducing the nutrient supply to the Baltic
Sea. The most significant of them was the preparation of the “Baltic Sea Action Plan”
(HELCOM 2007, HELCOM 2007 a). Within this initiative Baltic countries agreed to reduce
nutrient loads substantially (Table 2), to bring back the Baltic Sea to the status where
„eutrophication does not cause negative effects”. According to HELCOM BSAP, a Baltic Sea
unaffected by eutrophication should have:
• Clear water
• Natural levels of algal blooms
• Natural distribution and occurrence of plants and animals
• Natural oxygen levels
To achieve this, HELCOM BSAP formulated nutrient load reduction requirements for
specific countries (Table 1). These requirements are very high for Poland, and are probably
unachievable (Pastuszak et al. 2012).

Country

Phosphorus (tons)

Nitrogen (tons)

Denmark

16

17,210

Estonia

220

900

Finland

150

1,200

Germany

240

5,620

Latvia

300

2,560

Lithuania

880

11,750

Poland

8,760 (current load

62,400 (current load at

at 16,000)

191,000)

Russia

2,500

6,970

Sweden

290

20,780

Table 1. Country-wise provisional annual reduction requirements (BSAP, 2007).
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5.3 The EU approach
There is a number of EU Directives which are related to combatting eutrophication
both in fresh and in marine waters. Examples of these are the Nitrates Directive (1991) which
aims to protect water quality across Europe by preventing nitrate pollution from agricultural
sources and the Water Framework Directive (2012) which requires the waterbodies of all
European Union member states to achieve ‘good status’. In 1998, the EU has issued the
Marine Strategy Framework Directive (MSFD) (2008/56/EC), the latest development in
marine protection policies. In regard to eutrophication, the goal is to “Minimize eutrophication
caused by human activity, and in particular the adverse effects, such as loss of biodiversity,
ecosystem degradation, harmful algae blooms and oxygen deficiency in bottom waters”.
By the year 2020, all EU member states have to achieve a “Good Environmental Status”
(GES) of their marine waters. GES with regard to eutrophication will be achieved when the
biological community becomes well-balanced and retains all necessary functions in the
absence of undesirable disturbances associated with eutrophication (e.g. excessive algal
blooms, low dissolved oxygen, decline in seagrasses, kills of benthic organisms and/or fish)
and when there is no nutrient-related impact on the sustainable use of the ecosystems goods
and services (EU 2008, EU MSFD JRC 2010).

The future
Eutrophication has been identified as an environmental problem many years ago.
Mitigation measures to combat eutrophication have already been put in motion in the last few
years and some results in limiting anthropogenic nutrient emissions have been achieved, but
the effects in the marine environment are moderate or not seen. However, eutrophication still
remains to be problem (Ærtebjerg et al. 2003, Andrulewicz and Witek 2002, Gustafsson et al.
2012, HELCOM 2009).
Eutrophication can be considered a “severe problem” as it resists mitigation. Once
introduced, nutrients circulate in the environment. After the decomposition of organic matter,
a portion of nutrients is returned to the organic matter production cycle. Under specific
conditions (deficiency of nitrogen in surface waters), nitrogen can be absorbed by blue-green
algae directly from the atmosphere. In case of oxygen deficiency, phosphorus is released from
bottom sediments into the water column. All these processes lead to eutrophication. Another
problem is that eutrophication is caused by multiple sources of nutrients. They come from
agriculture, forestry, households, industry and even from our “lifestyle”. Eutrophication is
also made worse by climate change. For these reasons, the response of the ecosystem to the
measures undertaken by Baltic countries will not be quick and may take decades.
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ABSTRACT
The ongoing climate change affects all regions of the world, including the oceans and their coastal
areas. The Atlantic Ocean and the coastal, nearly land-locked Baltic sea, are no exceptions. The
region of the Baltic Sea experiences both increases in temperatures and precipitation changes,
however the rate of change varies for different regions and seasons. The increase of the sea level in
the North Atlantic region, including the Baltic, is generally similar to the global average, although it
is regionally varied by the effects of circulation changes, proximity of the Greenland ice-sheet and
isostatic post-glacial rebound. These changes will continue to happen and will most probably
accelerate in the next decades. The melting of the Greenland ice sheet will probably reduce the
salinity of North Atlantic surface waters, weakening the Atlantic Meridional Overturning Circulation,
further affecting the sea level increase. An increase in precipitation would make the briny Baltic
Sea even fresher, although the sea level rise could, in a way, mitigate this by deepening the Danish
Straits. Some future effects of anthropogenic global warming, including atmospheric circulation and
storminess changes are still difficult to constrain.
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Introduction
The Baltic, a semi-enclosed brackish sea (53 – 66° N and 10 – 30° E) is very young
in geological terms. It emerged from under glacial cover only after the Last Ice Age, at the
end of the Pleistocene (Uścinowicz, 2003). After a series of rapid environmental changes at
the beginning of the Holocene, caused both by global warming and increasing global sea
levels, the climate of the Baltic region has been mostly stable and underwent only slight
changes. Following the Holocene climate optimum 6000 – 8000 years ago, caused by the
increase of summer insolation, the climate of the Baltic region began to slowly cool (Seppä
et al. 2005). This temperature decline happened in most regions of the extra-tropical
Northern Hemisphere and was related to the orbital configuration of the Earth, mostly due to
precession changes, namely the slow evolution of the annual date when the Earth is closest to
the Sun (Bradley et al., 2003).

The climate of the Baltic region has shifted from becoming cooler to becoming
warmer and the climate change has accelerated significantly in the last 200 years (Rutgersson
et al., 2014). This is not surprising because it is part of the ongoing global warming which is
extremely likely to have been caused by anthropogenic greenhouse gas emissions (IPCC
2013). This paper tries to summarize present knowledge about climate change during the
industrial era as well as the model based predictions for the next decades. In doing this, it
tries to update the recent report on the Baltic See region climate change (BACC Author
Team, 2014) with recently published data.

Climate Change in the industrial era
The instrumental meteorological record in the region of the Baltic is one of the
longest in the world. Regular temperature measurements in some coastal cities began in the
late 18th century and measurements of atmospheric pressure began in the early 19th century
(BACC Author Team, 2014). However, the spatial coverage was sparse in the early part of
the period. Therefore, for the purpose of data series homogeneity some authors use series
based on one city, for example the Stockholm temperature series (Omstedt et al., 2004).

Figure 1. The average annual temperatures in Stockholm, with a running mean of 11 years
(blue) and 30 years (red). The average annual temperature for the whole series (5.8 C) is
shown as a gray horizontal line. This is the longest temperature series in the Baltic region,
homogenized and removed instrumental bias for early period (Moberg et al., 2002; Moberg et
al., 2003).
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The Baltic region temperature (Figure 1 shows the longest measured temperature
series in the region) did not show any significant trend before the beginning of the 20th
century, according to the instrumental data (Rutgersson et al., 2014). It had a period of
temperature increase in the first 30 years of the 20th century, then a period of cooling for the
next thirty years (until the 1960s), and finally a warming period in the most recent decades.
These features are also present in the time series for the Northern Hemisphere, such as
HadCRUT4 (Morice et al., 2012). (Figure 2). This may be related to the temperature changes
of the North Atlantic, similar features are present in the Atlantic Multidecadal Oscillation
(AMO) index (Schlesinger and Ramankutty, 1994) (Figure 3). The influence of AMO on
temperatures in the Baltic region is especially pronounced in summer (Piskozub and
Gutowska, 2015) (Figure 4). However, the multidecadal changes coincide with an increasing
trend compatible with the increasing radiative forcing caused by the anthropogenic emissions
of greenhouse gases (IPCC, 2013).

Figure 2. Temperature anomaly for the North Hemisphere from the HadCRUT4
series (Morice et al., 2012). The anomaly is the temperature difference between given
year and the reference period of 1961-1990. The blue and red lines are, receptively,
the 11 and 30-year running means.

Figure 3. The Atlantic Multidecadal Oscillation (AMO) time series (Enfield et al., 2001). The
blue and red lines are, receptively, the 11 and 30-year running means.
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(a)

(b)

Figure 4. Regression coefficients of local temperatures (from the HadCRUT4 series) and the
AMO time series for (a) summer and (b) winter. Only areas of statistically significant
correlations are shown.

In the period 1871-2013 linear temperature trends of the Baltic data series were 0.10
°C/decade north of 60° N and 0.08 °C/decade south of the latitude. Both trends are larger
than the global which was had a value of 0.06 °C/decade in the period 1871-2005
(Rutgersson et al., 2014). The trends were largest in winter (0.10 °C/decade in both the
regions) and spring (0.15 °C/decade in the north and 0.10 °C/decade in the south) and
smallest for the summer (0.08 and 0.04 °C/decade respectively) while autumn had values
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close to the annual trends (0.10 and 0.07 °C/decade respectively) (BACC2 Author Team,
2014). The largest interannual variability of the Baltic region surface temperatures is in the
winter season. Winter temperatures in north and central Europe are largely dependent on the
direction of atmospheric circulation due to the fact that the North Atlantic is much warmer
than the adjacent continents in winter. Therefore, the winter temperatures in the Baltic
regions correlate well with North Atlantic Oscillation (NAO), an index of western circulation
(Figure 5). Its influence reaches deep into the Eurasian land masses (Piskozub and
Gutowska, 2015) (Figure 6).

Figure 5. Winter values of North Atlantic Oscillation (NAO) series (winter defined as DJFM
– that is from December to March). The index is calculated by NOAA daily according to the
methodology of Barnston and Livezey (1987). The blue line is the 11-year running mean

Figure 6. Regression coefficients of local temperatures (from the HadCRUT4 series) and the NAO
time series for (a) summer and (b) winter. Only areas of statistically significant correlations are
shown.
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The daily temperature cycle has also been changing in the Baltic area (Rutgersson et
al., 2014). Both the daily minimal and maximal temperatures have been increasing
throughout the 20th century. Minimal temperatures have been increasing mostly in late
spring (April and May) while maximal temperatures mostly in winter (BACC Author Team,
2014). This made the diurnal temperature amplitude increase in spring and decrease in
winter. At the same time the length of the vegetation season has increased along with the
number of days with extremely high temperatures. At the same time the number of frost days
has significantly decreased. The changes resulted in longer periods of mild weather in winter
and longer heat waves in summer (Scaife et al., 2008).
The precipitation trends are less constrained, especially as they vary depending on the
region and the seasons (BACC Author Team, 2013). However, some seasonal statistically
significant trends have been observed in some regions around the Baltic in the 20th century.
An increase in precipitation, especially in autumn and winter has been observed in southeastern Norway as well as in Summer in Finland. In a shorter time scale, Scaife et al. (2008)
found NAO related changes in extreme winter precipitation, namely an increase in the Baltic
region between the 1960s and 1990s.
The quality of historical data on wind intensity is usually better than on precipitation
but there are still great differences on the question of long term trends in storminess in the
Baltic region. On a decadal time scale, storminess seems to follow NAO, increasing, for
example, from the 1960s to the 1990s and decreasing afterwards (BACC Author Team
2014). However, a long-term trend is still a matter of dispute. Multiple studies based on
different data and methods, showing a good overall agreement in respect to long-term
variations, allowed the BACC Author Team (2014) to conclude “that northern European
storminess is dominated by large multi-decadal variations rather than long-term trends”.
However, a recent study (Donat et al., 2011) claimed to detect a long term positive trend in
storminess since 1871. The study used a reanalysis specially created to be temporarily
homogeneous, 20CR (Compo et al., 2011) due to the assimilation of only the data with the
longest time series: daily sea-level pressure as well as monthly sea surface temperatures and
sea ice extent. However, Krueger et al. (2013) compared the 20CR derived long-term trend
with sea-level pressure observations and concluded it to be false. Namely it is the effect of
the increasing number of sea-level pressure stations which have appeared in the more recent
part of the time series. A recent analysis (Schenk and Zorita, 2012) upscaling the sparse
observational data from 1850 into pressure fields comparing each daily observation to the
most similar fields within the period 1958-2007 should not have the same problem with
homogenization. Rutgersson et al. (2014) used it to show there was no significant long-term
trend in historical data for the central Baltic Sea region. According to this analysis, summer
wind speeds have a decreasing trend since their peak in the period 1850s-1880s for the
western Baltic Sea (while no such peak was present in the northern and eastern Baltic). The
study confirms also that the 1990s were a peak of Baltic winter storminess in the entire time
series (since 1850).

Recent Climate Change
Global climate change has become much more pronounced since the 1970s (IPCC,
2013). The Baltic region has not been spared. In fact, the atmospheric temperature trends
over the Baltic Sea are higher than global trends. The linear trends of near-surface
temperatures over the central Baltic in the period 1970-2008 have been estimated at +0.4
K/decade while over the northern Baltic at even +0.6 K/decade, with largest trends in the
autumn and winter (Lehmann et al., 2011). This is respectively twice and three times larger
than the global trend for the same period (IPCC, 2013). Similarly, trends in sea surface
temperatures derived from satellite data (1990-2008) show trends of +0.5-0.9 K/decade for
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the central Baltic, and 0.8 to 1.0 K/decade for the northern Baltic (Lehmann et al., 2011).
Interestingly, the smallest trends in sea surface temperatures have been observed off the
eastern coast of Sweden, which may be the result of more frequent upwelling events,
bringing colder underlying waters to the sea surface (Lehmann et al., 2012). The generally
large trend values are surprising, especially as the NAO index was generally decreasing
during the study period which should have a negative effect on temperatures, especially
during the winter (Lehmann et al., 2011). A partial explanation for this paradox may be the
fact that the largest positive trends of sea surface temperatures were observed in the summer
and autumn (Siegel et al., 2006).
Another climate relevant parameter is river runoff which is the total amount of water
entering a river system. The amount depends on the ratio of precipitation and evaporation in
the river catchment area. In the Scandinavian peninsula, positive trends of river runoff were
observed in most rivers where it was measured in the period 1961-2000 (BACC Author
Team, 2013). On the other hand, on the southern shore of the Baltic the main rivers had no
significant trend in the 20th century and only slight positive tendencies since the 1950s in the
case of the Odra and since the 1980s in the case of the Wisła (Vistula). Since evaporation is
not expected to decrease in a warming climate (and the warming trends are significant in the
region), the increasing runoff must be a result of increasing precipitation, especially in the
northern part of the Baltic catchment area. This is consistent with the conclusions made by
the BACC Author Team (2014) who stated that: “A general increase in precipitation during
winter is typical for northern Europe over the past few decades. The greatest increase has
been observed in Sweden and on the eastern Baltic Sea coast, while southern Poland has on
average received less precipitation”. Yet the individual studies on which the conclusion has
been based on gave quite disparate estimates of precipitation trends in recent decades for
different parts of the Baltic catchment area.
The same climate parameters which control river runoff (precipitation and
evaporation) are also responsible for changes in the salinity of the Baltic. However, another
important process controls the salinity of Baltic deep waters (Meier and Kauker, 2003). The
process begins with inflows of more saline waters from the North Sea and the subsequent
mixing with Baltic waters. They also supplement the oxygen budget of the Baltic deeps.
Without the inflows, the Baltic would be a freshwater basin because the ratio of precipitation
is greater than of evaporation in the Baltic catchment area on an annual time scale.
Therefore, the number and volume of the inflows of salty waters is such an important part of
the Baltic Sea freshwater/salinity and oxygen budgets. The typical frequency of major
inflows since the 19th century was 2-3 inflows per decade (Schinke and Matthäus, 1998).
However, since mid-1970s their frequency has decreased and they tended to happen once in
a decade (in fact, exactly every 10 years: 1983, 1993, 2003). After a hiatus of 12 years a
recent major flow happened in the winter of 2014/2015. (Gräwe et al., 2015; Rak, 2016).
However, even being the third strongest inflow since 1880, it did not improve the oxygen
deficit of the Baltic deeps as much as expected (Neumann et al., 2017). The above described
changes in precipitation and North Sea water inflow frequency should both make the Baltic
Sea less salty. However, so far no statistically significant long term trends in Baltic salinity
have been observed (BACC Author Team, 2014).
The Baltic Sea is covered seasonally with sea ice, especially in its northern part. In the
Bothnian Bay, sea ice remains typically until mid-May (Vihma and Haapala, 2009). In the
southern Baltic, especially along the Polish and German coasts sea ice is a phenomenon
which does not happen every winter. The area covered by sea ice in the Baltic depends
strongly on the winter NAO index, being more than twice as large in winters with negative
NAO than positive ones (Vihma and Haapala, 2009). This makes it very variable on a
decadal time scale. However, the long-term trend in sea ice duration is clearly negative and
for different parts of the Baltic Sea is equal to 14 to 44 days per century, mostly due to
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earlier ice break-up (Jevreyeva et al., 2004). The maximum range of ice cover in the Baltic
Sea has been decreasing in the last one hundred years with a trend of about 2% per decade
(Vihma and Haapala, 2009). However, this tendency may have increased the in last three
decades, especially in the southern Baltic, resulting in the lack of years with complete sea ice
coverage of the Baltic within the last 25 years (BACC Author Team, 2014).
The global sea level has been rising both due to the thermal expansion of warming sea
water, and to the melting of ice-sheets and mountain glaciers. It has increased by 19 cm (±2
cm) between 1901 and 2010 and the sea level rise continues at a rate of 3.2 mm/year (IPCC,
2014). In the Baltic Sea, the observed (relative) sea levels are strongly related to the vertical
isostatic movement of the sea bottom, a result of the lithosphere still adjusting to the loss of
the weight of the ice-sheet which covered the area during the last glacial period (the so called
glacial isostatic adjustment). This adjustment for the Baltic varies from almost 10 mm
upward movement per year in the Bay of Bothnia (causing a negative trend in relative sea
level) to -1 mm per year in parts of the southern Baltic Sea (Richter et al., 2012). The Baltic
sea levels are highly correlated with the NAO index on an interannual time scale, especially
in winter (Hünicke and Zorita, 2006). The correlation is smallest in the western Baltic which
can be understood by noting that NAO is an index of western circulation, therefore stronger
western winds during a positive NAO winter move sea-water away from the Danish Straits.
This makes it difficult to compare Baltic sealevel trends even as long as 30-40 years to
global ones, not influenced by NAO. For example, Madsen (2011) used gridded satellite
altimetry data from the period 1992-2008 to derive an absolute sea level trend of 5.8 mm per
year for the Baltic Sea. The trends for the Atlantic (3.3 ± 0.1 mm per year) and the global
ocean (3.23 ± 0.04 mm per year) for the same period and derived from the same dataset are
significantly smaller, suggesting the strong influence of local circulation within the Baltic.
This problem made it impossible to determine whether the Baltic sea level growth rate has
been accelerating like in the global ocean (BACC Author Team, 2014). However, regarding
long-time trends, despite the various values found in different studies, the BACC Author
Team concludes that “When the reported uncertainty is considered, the results of all the
previously cited studies lie within the error bars of the rate of GMSL rise of 1.7 ± 0.5 mm per
year reported in [IPCC (2013)]”.
Finally, a question should be asked whether the climate change of the recent decades
exceeds the range of natural variability. This was exactly the question which a recent study
(Barkhordarian et al., 2016) decided to answer. Using 1800 years of output from a climate
model and comparing it to the observational data resulted in the conclusion that in summer
and autumn the recent temperature increase cannot be explained without the observed
increase and changes of anthropogenic greenhouse gas and aerosol emissions. For the
temperature increase in winter and spring, the correlation coefficients with anthropogenic
greenhouse gases were not statistically significant, but were close to it. It is possible that they
will be significant in a few years. Which leads to the next question, how much climate
change is expected in the next decades of the 21st century.

Climate projections
Projecting the future climate is difficult. Projecting it accurately is a formidable feat.
You have to not only correctly represent all the relevant processes (physical, chemical and
biological) but also predict our own future collective behavior. A crucial parameter the future
climate depends on is the cumulative amount of anthropogenic emissions of greenhouse
gases. Because we cannot predict future policies and technologies, the modelling community
uses several different emission scenarios (which recently evolved into the slightly conceptual
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Representative Concentration Pathways or RCPs). Therefore, most long term climate
projections are created as several separate climate model runs (or even sets of runs) for
different emission scenarios or RCPs (IPCC, 2014).

For regional projections, a subset of projection data from a global model can be used
but due to the low resolution of global models, only a very rough spatial picture can be
achieved. Therefore, different downscaling methods are used. Dynamic downscaling
involves using models of higher resolution which assimilate the output of global models.
Statistical downscaling techniques involve using high resolution spatial patterns from
observations and regional models to reconstruct the detailed meteorological fields from the
sparse coverage provided by global models. An extensive description of downscaling
methodology used in the Baltic region and the relative advantages and disadvantages of
individual methods has been provided by the BACC Author team (2014) who also provide
the first analysis of downscaling experiments done within the CMIP5 Coupled Model
Intercomparison Project (Taylor et al., 2012) for the most recent IPCC Assessment Report 5
(IPCC, 2014).
The comparison of surface temperatures calculated for the Baltic region for the period
2070-2099 using the “business as usual” (very limited mitigation) A1B emission scenario to
the observed 1961-1990 temperatures (the most recent “climate normal” period
recommended by the World Meteorological Society) shows a large and varied projected
temperature increase (BACC Author Team, 2014). In winter the most probable projected
temperature increase is between 3 K for the southern Baltic and adjacent lands to over 6 K in
the northern Baltic and northern Scandinavia (with the 5% - 95% confidence range
respectively 2-5 K in the south and 4-7 K in the north). For summers the most probable
projected temperature rise is about 3 K over the whole Baltic sea (with 5% - 95% confidence
range from 1-2 K to 4-5 K with higher projected temperatures in the north).
The precipitation projections from the same model set and for the same period
(BACC Author Team, 2014) show an increase of winter precipitation in the whole Baltic
catchment area of about 10% - 30% (with the 5% - 95% confidence range from no change to
20% increase in the south and 30 – 50% precipitation increase in the north). In summer, the
projected precipitation changes range from no change in the southern Baltic (and even a 1020% decrease in southern Poland which is still a part of the Baltic catchment area) to a 10% 20% increase in the north (with the 5% - 95% confidence range from -30% to 30% in the
south and from 0% to 40% increase in the north). As can be seen from the confidence ranges,
these models cope better with temperature projections when compared to precipitation
projections. However, the observed trends of increasing precipitation in the northern Baltic
and adjacent lands as well as no change or even some decrease in precipitation close to the
southern Baltic coast and within its catchment area (especially southern Poland) are
consistent with observed changes in the recent decades.
The projections of extreme precipitation have even less confidence (BACC Author
Team, 2014). The model set predicts a slight increase in extreme precipitation events
(between 0% and 10%) for most of the Baltic area in winter and summer months. However,
the confidence ranges in both seasons range from negative to positive values (-40% to +
50%) making the projections insignificant. This does not mean the extreme rain and snow
event frequency and intensity will not change. It simply means we currently unable to predict
them with accuracy.
A similar situation is present with projections of winds in future decades. The same
set (BACC Author Team, 2014) predicts no change of winds in winters with a small increase
over the Baltic Sea and decrease over adjacent lands in summer months. However, as it is in
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the case of precpitation, the confidence ranges cover the average wind speed change from
about -10% to +10% for both seasons. This means that we cannot make any accurate
predictions on future wind speed trends. This is not surprising because the most recent IPCC
(2014) assessment report was unable to make any predictions on extra-tropical surface winds
for the Northern Hemisphere. In the case of the Atlantic sector, the same number of CMIP
models predict an increase and decrease of the zonal (western) winds as shown by Barnes
and Polvani (2015) who concluded that “the projected circulation responses are either
opposite in sign to those hypothesized or too widely spread among the models to discern any
robust change”. However, this statement means only that we are unable to predict the
changes in atmospheric circulation, and not that there will be no discernible changes before
the end of the century. Because NAO is an index of zonal extratropical circulation in the
Northern Hemisphere, the above conclusion means that we are also unable to state whether
future NAO index values will be more positive or more negative than the historical ones.
The projected sea surface temperatures (BACC Author Team, 2014) produced with a
set of ocean circulation models forced by the RCM atmospheric model are compatible with
the projections of surface atmospheric temperatures. They predict a 2-4 K summer
temperature increase between the periods 1978–2007 and 2069–2098 for A1B and A2
emission scenarios, with the value increasing to the north, and a slightly smaller 2-3 K
increase in winter. The same set projects a decrease in absolute salinity in the Bornholm
Basin and Gotland Basin at an almost constant rate and amount to 1.5–2 g/kg with a higher
decrease in the Danish Straits and a lower decrease in the Bothnian and Finnish Bays (where
salinity is already very low at present). The decrease in projected salinity values is caused
mainly by increased river runoff (Meier et al., 2012) which is compatible with the
precipitation projections (see above). However, the models used did not include the
deepening of the Danish Straits which may influence the salinity trends, depending on the
rate of relative sea level increase (see below).
Considering the length of the ice season in the Baltic Sea, there are surprisingly few
studies which try to predict the maximum sea ice extent in the Baltic at the end of the
century. The most recent one, Jylhä et al. (2008) used the correlation of observed
temperatures and sea ice extent to create a semi-empirical relationship between them, and
then used the projected temperatures to estimate future sea ice coverage. The results showed
that regardless of the emission scenario used most winters after 2075 will be milder than the
mildest winters on record, suggesting that the maximum winter sea ice extent will be lower
than the present-day record of 49,000 km2 from 2008 (therefore beyond the range of the
semi-empirical function), not excluding the possibility of ice-free winters before the end of
the present century. However, the BACC Author Team (2014) still concluded that “even
under a warmer future climate, sea ice is likely in the northern Baltic Sea”. This discrepancy
should be interpreted as the lack of robust projections concerning the existence of winter sea
ice in the Baltic Sea before the year 2100. It is without doubt that new modelling work is
needed to improve sea ice projections for the Baltic.
Possibly the most important parameter to make projections of for the rest of this
century is the sea level. Its average increase depends on how fast the ocean waters will warm
up and how much additional mass will be added from melting ice sheets and mountain
glaciers (IPCC, 2014). The latter depends on the still poorly understood dynamics of the ice
sheets (DeConto and Pollard, 2016). The local absolute sea level change rate, in addition to
the global one, depends on dynamic factors (ocean and atmospheric circulation) as well as to
the distance from melting land ice due to gravitational effect caused by its loss (IPCC, 2014).
The relative sea level change depends also on the isostatic vertical movement of the sea
bottom (Hill et al., 2010). The BACC Author Team did an analysis of all the factors adding
them to the mid-range projection for the A1B emission scenario from the IPCC AR4 report
(+0.70 ± 0.3 m between 1990 and 2095). This resulted in a projection of local sea level
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change from a rise of +0.60 m on the southern shores to a drop of -0.30 m in the Bothnian
Bay, due to glacial isostatic adjustment. Because the AR4 projections did not include the
effect of ice-sheet mass loss, another set of calculations was performed for a “high-end” case
involving another +0.4 m of global sea level rise due to (mostly Antarctic) ice-sheet melting.
In this case the local sea level rise by the end of the century showed between +1.0 m in the
southern Baltic to +0.1 m in the Bothnian Bay. This “high-end” global projection is higher
than the AR5 prediction for RCP 8.5 (+0.73 ± 0.20 m from 1990 to 2100).
The IPCC projections were based on process-based studies, trying to add the effect of
all separate elements of the sea level budget. However, there exists another, semi-empirical,
approach which uses historical relationships between the global temperature and sea level to
create projections of future sea level values based on temperature projections (Moore et al.,
2013). However, recent process-based (Kopp et al., 2014) and semi-empirical (Mengel et al.,
2016) studies seem to converge their projections on values higher than the IPCC AR5 ones,
respectively 0.5 – 1.2 m and 0.57–1.31 m by the end of the century for RCP 8.5. Also, a
“crowd sourcing” study (Horton et al., 2014) calculating the average opinion of authors of
sea-level related papers, concluded a 0.7 – 1.2 m sea level rise range for a high warming
scenario. Those results mean, an additional 0.2 – 0.3 m should be added to the BACC Author
Team mid-range and high level projections. This could mean a sea level rise of respectively
0.8 and 1.2 m on the southern shores of the Baltic and 0.3 to 0.7 m in the Bothnian Bay.

Conclusions
The Baltic region has been undergoing climate change since the beginning of the
industrial era, with temperatures slowly increasing. The climate change during most of the
period is difficult to discern from multidecadal variability related to changes in zonal
circulation, embodied in the values of the NAO index. However, since the 1970s, the climate
change became more pronounced, with temperatures rising 2-3 times faster than the global
trend. The summer and autumn temperatures have already exceeded the range of natural
variability. The precipitation and river runoff values have also increased, especially in the
northern part of the basin. Sea-ice coverage has been decreasing in the Baltic. The local, long
term sea level rise is similar to the global average. However, no long-term trends for winds
(storminess) have been found, due to them being controlled mostly by changes in the NAO
index.
The projections for the next decades of the 21st century show an increase of nearsurface atmospheric temperatures by 3- 6 K as well as a sea surface temperature by 2-4
degrees. An increase of precipitation, especially in the northern part of the Baltic should
cause a decrease of salinity. The extent of sea ice should decrease towards the end of the
century, although it is not clear whether it will vanish completely, at least in some years,
before 2100. The wind and extreme precipitation projections are beyond the skill of presentday models. However, the most dangerous change may be the local sea level rise. Adapting
the newest global predictions for the business-as-usual emission scenarios to local sea level
rise in the Baltic results in projections from over one meter in the south to about half a meter
in the north.
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ABSTRACT
The unprecedented increase in the atmospheric concentration of CO2 can be attributed to the added carbon
dioxide emitted into the atmosphere from human activity such as the burning of fossil fuels. One method for
preventing carbon dioxide from human activity reaching the atmosphere is carbon capture and storage (CCS).
The CCS process has three distinct stages; the separation of CO2 from industrial and energy-related emission,
its transportation to a suitable storage location and the long-term storage and isolation of CO2 from the
atmosphere.
There are three main CCS technologies (post-combustion, pre-combustion and oxyfuel methods) which can be
applied to remove from power plant emissions. Post-combustion technology can be applied to a range of CO2
emissions (such as those from power plants, natural gas purification and hydrogen production) however precombustion and oxyfuel processes are limited to the removal of CO2 resulting from combustion processes.
While the technologies for the removal of carbon dioxide are relatively well understood challenges exist in
applying these to large industrial facilities. Additional challenges exist developing CO2 transportation
infrastructure and identifying and exploiting suitable storage locations. Storage options include deep geological
formations (exhausted oil and gas fields, saline aquifers), storage in the deep ocean or chemical conversion to
stable carbon compounds (carbonation). At the present time storage in geological formations is favoured.
Despite the obvious potential of CCS its implementation to large scale emission sources has been slow. At this
moment in time only 17 large-scale CCS facilities are in operation around the world; together these facilities
have the capability of removing over 20 million tonnes of CO2 annually. This is the equivalent to taking more
than four million passenger vehicles off our road. These facilities span the range of CO2 capture technologies
and utilise different geological formations for storage. Additionally it is not only the power industries which
are deploying large-scale CCS facilities and adopters include industries involved in natural gas processing,
fertiliser production, steel-making, hydrogen-production, and the plastics and chemicals industry. The diversity
of industries represented reflects the versatility of CCS technology. However, without taxation or legislation
CCS is unlikely to be implemented on the scale required to have any appreciable impact on global atmospheric
CO2 levels.
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Introduction
Since 1958 researchers from Scripp’s Institution of Oceanography have been
measuring the concentration of carbon dioxide (CO 2) in the atmosphere at Mauna Loa
Observatory in Hawaii. At this location CO2 is a well-mixed gas in the atmosphere and this
record is the longest, continuous high precision record of CO2 in the Earth atmosphere, Figure
1. Over this time period the atmospheric concentration of CO2 has increased from 316 ppm, in
1958, to over 410 ppm, as of May 2017. Additionally the long term atmospheric CO 2 record
determined from the above data and from ice cores, shows how a rapid increase from around
1950.

Figure 1. A. The carbon dioxide concentration in the atmosphere, measured at Mauna Loa
from 1958 until 2017, B. The long term trend in atmospheric carbon dioxide from 1700
(Scripp’s Institution of Oceanography)
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At the moment the concentration of CO2 in the atmosphere is increasing at an
unprecedented rate. This increase is attributed to the added carbon dioxide emitted into the
atmosphere from human activity such as the burning of fossil fuels. One method for preventing
carbon dioxide from human activity reaching the atmosphere is carbon capture and storage
(CCS). The International Energy Agency (IEA) defines carbon capture and storage (CCS) as
‘a family of technologies and techniques that enable the capture of CO 2 from fuel combustion
or industrial processes, the transport of CO2 via ships or pipelines, and its storage underground,
in depleted oil and gas fields and deep saline formations’ (IEA 2016) Before we go into this
technology in any detail let us consider how emissions of carbon dioxide are coupled with our
need for energy.
Energy is neither created nor destroyed but can be converted from one form to another.
In the production of energy from fossil fuels (coal, oil and natural gas) or biomass (such as
wood) both energy and carbon “flow” through the entire process. The energy which is stored
in fossil fuels has its origins in the sun. The sun provides the energy directly for the growth of
plants which transform this energy into chemical energy stored in complex molecules such as
carbohydrates, fats and proteins. The plants can in turn be eaten by animals which act as
another store of chemical energy. The decomposition of animal and plant material over long
periods time can produce coal, oil and gas which are themselves a store of chemical energy.
Burning these products simply releases the stored energy which can be used to heat our homes
or generate electricity.
As well as energy flowing through the process carbon also flows through the system.
Carbon dioxide is utilised by plant materials during photosynthesis to build complex
molecules, predominantly carbohydrates, as follows.
nCO 2 + nH2O → (CH2O)n + nO2
These compounds are modified somewhat as the plant material is slowly transformed
into fossil fuels. However, when burned the molecules that make up the fossil fuels are
destroyed, and the carbon transformed into carbon dioxide. The overall chemical equation for
this is simply the reverse of photosynthesis.
nO2 + (CH2O)n → nCO2 + nH2O
The flow of energy and carbon within in the production of heat and electricity are
summarised below, figure 2.

Figure 2. Energy and carbon flows in the production of heat and electricity from fossil fuels.

K. G. Boyd

86

The goal of CCS is to capture and store the carbon resulting from industrial processes
in order to stop it reaching the atmosphere. While the capture of CO 2 produced from the
combustion of fossil fuels is an obvious application there are several other industrial processes
which generate significant amount of CO2. These include the removal of from natural gas,
fertiliser production, hydrogen production, the isolation of metals from their ores and cement
production.

Status of our understanding
CCS is a process consisting of the separation of CO2 from industrial and energy-related
sources, transport to a storage location and long-term storage and isolation from the
atmosphere. The capture of CO2 can be applied to large point sources such as power stations.
The CO2 can be compressed and transported for long term storage in geological formations, in
the ocean, in mineral carbonates or for use in the process of Enhanced Oil Recovery. CCS
was identified as early as 2005 by the Intergovernmental Panel on Climate Change as having
‘the potential to reduce overall mitigation costs and increase flexibility in achieving
greenhouse gas emission reductions’ (IPCC, 2005) CCS technologies remove carbon dioxide
directly at the source of production, where the concentration of CO 2 can reach 15% of flue
gases. Since the technologies involved are already mature CCS has the potential to reduce
greenhouse gases and have a positive impact on climate change.

2.1 Capture of Carbon Dioxide from Point Sources
There are currently three methods which have been shown to be effective in removing
CO2 at the source of emission: these are known as post-combustion, pre-combustion and
oxyfuel methods. While the post-combustion technology can be applied to a range of CO2
emissions (such as those from power plants, natural gas purification and hydrogen production)
the pre-combustion and oxyfuel processes can only be applied to the removal of resulting from
combustion processes

2.1.1 Post combustion
The post combustion method involves a final processing stage which is applied to
remove most of the CO2 from the combustion products before they are vented to atmosphere
(Gibbins and Chalmers, 2008). Products of the combustion process are treated to rove
contaminants such as particulate matter (PM), sulphur oxides (SOx) and nitrogen oxides
(NOx). The carbon dioxide is then separated from the exhaust gases using liquid solvents
(typically amine solutions) and the absorbed CO2 is recovered from the solvent by heating,
figure 3.
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Figure 3. The post combustion recovery of carbon dioxide resulting from the combustion of
fossil fuels.

This technology is used mainly to treat the flue gases resulting from the combustion of
fossil fuels and is well understood and mature. This technology is has been used for many
years to capture CO2 for use in the food and beverage industry and as a raw material in fertiliser
manufacturing. Post-combustion capture can be retrofitted to existing plants or used in newbuild industrial operations. However, the complexity of integrating it into existing plant
systems has technical and cost implications. One of the major challenges for post-combustion
CO2 capture are the costs associated with the heat required for the process will have to be
reduced. Development of new phase-change solvents with potential application for CO2
removal could reactivate the interest for this method.

2.1.2 Pre combustion
Pre combustion carbon capture technology involves the reaction the initial fossil fuel
with oxygen or air and/or steam to produce what is known as synthesis gas which is composed
mainly of carbon monoxide and hydrogen. The reaction in the case of methane is:
CH4 + O2 → CO + 2H2O
The carbon monoxide can then react with steam in the presence of a catalyst to give
CO2 and more hydrogen. This is known as the water-gas shift reaction.
CO + H2O → CO2 + H2
The CO2 is then separated, usually by a physical or chemical absorption process,
leaving a hydrogen-rich fuel which can be used in many applications, such as boilers, furnaces,
gas turbines, engines and fuel cells, figure 4 (Jansen et al., 2015).
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Figure 4. The pre combustion recovery of carbon dioxide resulting from the combustion of
fossil fuel.)

2.1.3 Oxyfuel
In the oxyfuel method the fuel is burned in purified oxygen instead of air (which is
mostly nitrogen) in order to generate a flue gas with high concentrations of CO2 and water
vapour. The CO2 is then removed from the flue gas by dehydration and a low temperature
purification process. (Stanger et al. 2015). Individual physical units are necessary for the
different processes involved: An air Separation Unit (ASU) is required for oxygen production,
a boiler or gas turbine for combustion of fuel and generation of heat; Flue Gas Processing Unit
for cleaning of the flue gas cleaning or gas quality control system (GQCS); and a CO2
Processing Unit (CPU) for the final purification of the CO 2 for transport and storage.

Figure 5. The oxyfuel process showing the removal of nitrogen for air prior to combustion.

EduCO2cean Magazine
89

The technique is promising, but the initial air separation step demands a lot of energy
and the success of this technology will be determined by a combination of technical readiness,
economic incentives, political will as well as public acceptance of CCS (Stanger et al. 2015).

2.2 Transportation of Carbon Dioxide
Once the CO2 has been captured, as outlined above, it is compressed and can then be
shipped or piped to be stored. It is generally accepted that pipelines are the most efficient way
of transporting CO2. However for power plants that are expected to have a life time of less
than 23 years, road and rail transport are more economically competitive (Norisor et al. 2012).
If CCS is applied widely the number and carrying capacity of pipelines will have to increase.
Plans for a European transport network carrying CO2 from clusters of industrial sites to suitable
storage locations is shown in figure 6.
If such a network is to be established, and plans are certainly in place for such
infrastructure in North America as well as Europe (EUCO2), further work on pipeline safety
will be required, particularly where the pipelines imping to heavily populated areas or areas
where seismic activity may cause damage to pipes. While CO2 is not toxic, because it is heavier
than air it can in the right circumstances displace air potentially suffocating people or animals.
If a leakage occurred in open, windy areas, there are unlikely to be any significant danger
because the escaping CO2 would mix with the surrounding air and would probably disperse
rapidly. However, in localised low-lying areas where there is little wind, any significant
leakage could be a problem. Similarly in buildings which have basements or underground
rooms, CO2 levels may have to be monitored during periods of known leakage (BGS.
Corrosion and leakage can occur if the specific transport conditions required CO2 are not
adhered to. Compared with the fuel transport industry, accident rates in CO2 transport are quite
low (Leung et al. 2015) but the pipeline network dedicated to CO 2 transport is currently
relatively small and if commercial scale CCS projects are to be developed, an extensive
network of CO2 pipelines will be required.

Figure 6. Proposed CO2 transport infrastructure for Europe (CO2Europipe).

2.3 Storage of Carbon Dioxide
There are a range of options under consideration for the long term storage of CO 2.
Storage of the CO2 is required in order to isolate it from the atmosphere so that it cannot
contribute to climate change. Storage options include deep geological formations (exhausted
oil and gas fields, saline aquifers), storage in the deep ocean or chemical conversion to stable
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carbon compounds (carbonation). All these solutions are technically possible (notably due to
the extensive oil and gas industry experience), however in practice they have not so far been
applied on the scale envisaged.

2.3.1 Geological storage
CO2 can be stored in geological formations such depleted oil or gas reservoirs,
unmineable coal seams and deep saline aquifers which have no other practical use, figure 7.
Given the amount of CO2 which would need to be stored to have a positive impact on the
climate change, this solution is considered as the most viable storage option for CO 2 captured
using CCS technology.
At the storage site the carbon dioxide is injected under pressure into the geological
formation. Once injected the CO2 moves up through the storage site until it reaches the cap
rock and is trapped. This storage mechanism is called “structural storage”. Structural storage
is the primary storage mechanism in CCS and is the same process that has kept oil and natural
gas securely trapped under the ground for millions of years providing confidence that CO2 can
be safely stored indefinitely. As the injected CO2 moves up through the geological storage site
towards the cap rock some of it is left behind in the microscopic pore spaces of the rock. This
CO2 is tightly trapped in the pore spaces by a mechanism known as “residual storage”.
Over time the CO2 stored in a geological formation will begin to dissolve into the
surrounding salty water. This makes the salty water denser and it begins to sink down to the
bottom of the storage site. This is known as “dissolution storage”. Finally “mineral storage”
occurs when the CO2 held within the storage site binds chemically and irreversibly to the
surrounding rock turning it into carbonate limestone.

Figure 7. Geological storage of carbon dioxide (World Resources Institute).

As the storage mechanisms change over time from structural to residual,dissolution and
then mineral storage the carbon dioxide becomes less and less mobile. Therefore the longer
CO2 is stored the lower the risk of any leakage. Such storage has precise requirements, such
as appropriate porosity, thickness, and permeability of the reservoir rock, a cap rock with good
sealing capability, and a stable geological environment (Leung et al. 2015).
Usually, geological storage of CO2 relies on injection at depths of more than 1 km and
temperatures above the critical value for CO2 (31°C) which means that it will stay as a gas
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and will not liquefy. Pressures are generally high enough (in the order of 100 atmospheres
and above) producing densities of the order of 500 kg/m3 (Gibbins and Chalmers 2008).

2.3.1.1 Depleted (or nearly depleted) oil and gas reservoirs
The oil and gas industry has for decades used of enhanced oil recovery (EOR)
technology, injecting CO2 into depleted (or nearly depleted) oil/gas reservoirs to increase their
pressure and provide the driving force to extract residual oil and gas. Since the geological
parameters of such reservoirs are well known, and meet the physical requirements for CO 2
storage this technology is both reliable and cost effective.

2.3.1.2 Unmineable coal bed storage
This technique involves injecting CO2 into deep coal beds to recover methane which is
trapped in the porous structure of coal seams. It has been successfully tested, mostly in North
America, however coal seams in Europe and China tend to be less permeable, making this
process less applicable in these locations.

2.3.1.3 Storage in saline aquifers
Another possibility to store CO2 is in deep saline aquifers that have no commercial
value and are attractive due to their high storage capacity and ubiquity throughout the world
(Bandilla K.W. et al., 2014). The potential for CO2 storage in saline aquifers is largely
determined by storage capacity and CO2 “injectivity”. Storage capacity depends on aquifer
volume, porosity, and displacement efficiencies, while CO 2 “injectivity” is governed by
permeability, porosity, relative permeability, rock fracture characteristics, and rock
compressibility.
This type of storage, has yet to be applied on a large scale, and most of the work so far
has been theoretical. Given the technical challenges and the potential environmental
consequences that CO2 chemical reaction within a saline aquifer could have, this technique
will need tested further before it can be considered for industrial application.

2.3.2 Deep Ocean Storage
Oceans cover 70% of our planet’s surface and they are already significant store of CO2.
It has been proposed that CO2 could be transported via pipeline or ship injected into the ocean
at great depth. At depths greater than 3000 m CO2 is denser than seawater and will form lakes
of on the ocean floor where it should remain isolated from the atmosphere for centuries, figure
8.

Figure 8. Strategies for the storage of CO2 in the ocean (IPCC).
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While there have been small-scale field experiments and over 25 years of theoretical,
laboratory and modelling studies on the oceanic storage of CO 2 it has yet to be thoroughly
tested or applied on any meaningful scale.

2.3.3 Mineral Carbonation
Mineral carbonation involves the reaction of CO2 captured from fossil fuelled power
plants with magnesium and calcium containing silicate minerals (e.g. wollastonite, serpentine,
olivine) to form geologically stable and environmentally benign carbonate minerals, figure 9
(Giannoulakis 2014). At the moment the energy requirements of this technology are however
prohibitively high. This energy requirement means that such storage is likely to have a greater
environmental impact than power generation without CCS. If this technique is to be adopted
on a large scale substantial technical improvements will be needed.

Figure 9. Mineral carbonation for the storage of CO2 (Global CCS Institute).

2.4 Potential Environmental Impacts of Adopting CCS
If is generally agree that CCS could rapidly reduce the amount of CO 2 reaching the
atmosphere, greatly reducing the CO2 emitted by power plants by 60–80%. It is equally clear
that this technology is not necessarily designed to curb our dependence on fossil fuels. While
in the long term we should be looking to reduce our reliance on fossil fuels, CCS represents a
useful bridging technology to give us time to develop other and more durable solutions.
Potential problems associated with CCS are numerous as with any emerging
technology. The energy requirements of CCS are extremely high with all CCS options
estimated to require around 276 kg CO2 per 1,000 CO2 removed (Cuellar-Franca and Azapagic
2015). Additionally the use and regeneration of monoethanolamide (MEA) in post combustion
CCS has the potential to be contribute to global warming and as a result so that the
development of more environmentally sustainable sorbents need to be developed.
By far in away the greatest concern with CCS is the potential for the leakage of CO2
from long term storage sites. Such leakage has the potential cause great damage to the
environment. Estimates of annual leakage rates range from 0.00001 to 1%, depending on the
permeability of the geological structure and its faults or defects (Cuellar-Franca and Azapagic
2015). Leakage from sub-seabed reservoirs could cause released CO2 to react with the
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surrounding sediments and seawater; changing the proton-, carbonate- and bicarbonate
concentrations, and having the potential to generate acute fluctuations in ocean pH and
carbonate saturation.
Despite these concerns the potential of CCS coupled with geological storage to reduce
CO2 emissions and as a result mitigate climate changes is great. For example the total UK
offshore storage capacity for regions assessed to date is at least 20 Gt CO2 in depleted oil and
gas fields and saline aquifers, representing approximately 40 years of total UK emissions at
current rates.

Carbon Capture and Storage in Practice
According to the Global CCS Institute, today there are 17 large-scale CCS facilities in
operation around the world; together these facilities have the capability of removing over 20
million tonnes per annum of CO2 annually which could otherwise have entered the atmosphere.
This is the equivalent to taking more than four million passenger vehicles off our roads. These
facilities span the range of CO2 capture technologies and utilise different geological formations
for storage. Additionally it is not only the power industries which are deploying large-scale
CCS facilities and adopters include industries involved in natural gas processing, fertiliser
production, steel-making, hydrogen-production, and the plastics and chemicals industry. The
diversity of industries represented reflects the versatility of CCS technology. Of the 17 largescale CCS plants in operation, 11 are in North America and two are in Norway. Brazil, Saudi
Arabia and the United Arab Emirates have a single large scale CCS plant in operation, figure
10 (Global CCS Institute).

Figure 10. Geographical distribution of large-scale CCS plants (Global CCS Institute).

The two Norwegian CCS plants are operated by StatOil Hydro and remove from CO 2
natural gas. Natural gas is a mixture of gases. It is typically at least 90 per cent methane, plus
other hydrocarbons such as ethane and propane. Natural gas can also contain gases such as
nitrogen, oxygen, carbon dioxide and sulphur compounds; and water. Gas containing small
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amounts of these impurities can still be used as fuel, but gas with higher volumes does not
burned efficiently. In the case of CO2, levels should be below 2.5%. The natural gas produced
at StatOil Hydro’s Sleipner and Snahvit fields in the North and Barents Seas contains unusually
high levels (about 5-9%) of CO2. StatOil Hydro has therefore installed CCS plants at both sites
to separate CO2 from the natural gas. The Sleipner-T plant produces about 1 million tons of
CO2 per year with the Snahvit plant producing around 0.7 million. At these locations the CO 2
is injected into a deep saline aquifer below the sea bed. While the separation of CO 2 from the
natural gas is necessary to produce a commercially viable product the incentive for storage of
the gas comes from a carbon tax levied by the Norwegain government which amounts to
around $50 per ton of CO2 released into the atmosphere.
As well as these large-scale CCS facilities, there are a considerable number of smallerscale CCS projects around the world. These smaller plants have generally been experimental
or demonstration projects aimed at determining the technical feasibility of a particular
technology, gaining of operational experience and economic information. These projects have
provided valuable information to assist in the design and development of large-scale CCS
plants, to advance the understanding of the behaviour of CO2 in the subsurface, and to
contribute to public outreach activities. Many of the pilot activities are supported by capture
technology vendors, often with co-funding from public sources, in order to test capture
technologies at a scale relevant to industry, including how a particular capture system can be
best integrated with specific industrial technologies.
The geographical distribution of these smaller-plants is greater with a significant
number in Europe. Demonstration projects can focus on the whole CCS process (capture,
transport and storage) or can focus purely on the carbon capture or storage aspects of the
process. A summary of both the smaller scale or demonstration plants operating in Europe is
given in Table 1.
Table 1. European small-scale and demonstation CCS projects.

Location

Project

Focus

Iceland

CabFix Project

Whole process

Spain

CO2 Capture, Transport & Storage Technology
Development Plant

Whole process

Netherlands

K12-B CO2 Injection Project

Whole process

Germany

Ketzin Pilot Project

Storage

France

Port Jérôme CO2 Capture Plant

Capture

Europe

CEMCAP

Capture
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3.1 Boundary Dam Power Station, Canada
In 2014 SaskPower’s Boundary Dam power station in Saskatchewan, Canada became
the first commercial power station to apply CCS technology to the removal of from CO 2 its
flue gas, figure 11. The plant became fully operational in 2016 and is capable of capturing 1
million tonnes of CO2 per annum using a post-capture amine absorption system (Global CCS
Institute). The captured CO2 is transported through a 66 km long pipeline to the Weyburn oil
field where it is used for enhanced oil recovery (EHR). The cost of installing carbon capture
facilities at Boundary Dam came to $1.3 billion ($800 million was for the CCS process and
$500 million for retrofit costs). The project received $240 million from the federal government
as a contribution to the costs and receives revenue from the oil field for providing them with
CO2. As with any new technology costs are high and SaskPower say they can cut capital costs
by 20-30% if they installed the unit again.
Despite being capable of producing 1 million tonnes of CO2 per year Boundary Dam
only reached this mark after 20 months. Due to this decreased capture rate SaskPower and
failed to deliver the promised amount CO2 to the oil recovery process and had to pay
C$12million in penalties in 2014. The less than optimal recovery of resulted from ongoing
problems with the regeneration of the amine solution used to absorb the carbon dioxide which
resulted in unplanned shutdowns of the plant (Global CCS Institute). As any new technology
or the application of a technology in a new commercial area there will always be problems that
need to be overcome. SaskPower has taken steps to prolong the lifetime of the amine solvent
and are now well on the way to full production.

Figure 11. Boundary Dam power plant. Clockwise from the top; power plant, improvement
in emission post CCS and the installed CCS plant (SaskPower).

3.2 CIUDEN Carbon Capture and Storage Project, Spain
The CIUDEN Carbon Capture and Storage Project based in Ponferrada in north western
Spain was an EU funded project aimed at developing and demonstrating the capture of CO 2
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using the oxyfuel process, figure 12. The project was funded with EUR 180 million from the
European Commission (MIT). The project tested the process on a range of fuels including coal
and biomass. It is of importance as it was the first to demonstrate the capture of CO 2 after
oxycombustion in a fluidised bed reactor, which are increasingly used for power generation.
Results from the project showed of the oxy-combustion process produced a flue gas
highly concentrated in CO2 which, with some minor purification to remove some O 2, NOx,
SOx and particulates, is suitable for compression, transportation and storage. The facility also
tested the behaviour of CO2 in pipelines, examining depressurisation, leakage, fracture and
corrosion as well as the design of, instrumentation used in monitoring such pipelines.
With the successful demonstration of the technology the subsequent development of a
larger a second phase planned which included 300 MWe industrial power plant and
transportation of the CO2 via a 135 km onshore pipeline for storage in a saline aquifer at a
depth of 1,500 m. However due to lack of funding this has not materialised.

Figure 12. CUIDEN carbon Capture and Storage Project. Clockwise from above;
demonstrtion plant, power station where the second stage of the project was planned and
CCS control room (CUIDEN carbon Capture and Storage Project).

The lack of investment in large scale plants in Europe is unfortunate. Without taxation
or incentives it is unlikely that many large scale plants will developed. In the UK large CCS
plants were planned by Shell and Scottish and Southern Energy at it’s Peterhead power station
and at Drax, the UK’s largest power plant. Both of these projects have been halted due to lack
of investment and the cancellation, just six months before it was due to be awarded, of a £1bn
competition run by of The UK government for carbon capture and storage (CCS) technology
(The Gaurdian).
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Direct air capture
Traditional CCS technologies are designed to remove CO2 from point sources such as
power plants and other industrial process. However, with atmospheric levels of CO 2
continuing rise it has been proposed that simply making industry treat their emissions will not
achieve the necessary reduction in atmospheric CO2 levels and that methods are required to
directly remove it from the atmosphere. One such method is as direct air capture (DAC) which,
in contrast with CCS, allows for the removal of CO2 from ambient air at any location and is
designed as a geo-engineering method to counteract global warming by stabilising or even
reduce global atmospheric levels of CO 2.
DAC utilises chemicals with absorb CO2 from air. Those that can be used include,
anion-exchange resins which absorbs CO2 when dry and releases it when wet (Lackner 2009),
potassium hydroxide solutions that capture CO2 producing potassium carbonate solution (CE
2014) and a dry amino-silicate sorbent which can be regenerated by steam is passed through
the structure (Gray et al. 2008).
The constraint of DAC is the atmospheric concentration of CO2 is 350 times less than
those typically found in the flue-gas from coal-fired power plants at ~12-14%. This means that
huge amounts of air need to be processed in order to capture similar amounts of CO 2 and
additionally requires that the sorbents used to extract are highly selective to ensure a long lifetime for the sorbent. DAC technology is only at the demonstration stage and a number of
designs have been proposed and tested. The key difference in the designs is the presence or
absence of a pump to force air through the absorbent material, with some designs relying on
the natural flow of air through their device and others actively pumping air through the device,
figure 13.

Figure 13. Direct air capture devices (Centre for Carbon Removal (top) and Carbon
Engineering (bottom)).
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The number of DAC devices required to stabilise atmospheric concentrations CO2
depends on the device. For smaller devices capable of removing around one tonne of CO 2 per
day around 90 million of these would be required. If larger facilities were constructed which
could remove in the region of 1 Mt CO2/yr approximately 30,000 would be required. These
large structures would be made of five individual units , each at 10m height and 1km length
(APS 2011). Such plants are likely to have visual and maybe also acoustic impacts and like
wind turbines may not be accepted by the public. However, since these would effectively
remove at any location they could be sites away from human populations near suitable CO 2
storage sites.
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ABSTRACT
This chapter presents evidence and predictions regarding the impacts of climate change on marine invasive species, with
specific relevance to the seas of northern Europe. Invasive species have a drastic impact onmarine ecology and can be a
nuisance to industries that operate in marine environments. In some cases they can also have a negative effect on human
health, for instance when invasive algal blooms cause shellfish poisoning. Invasive species tend to be rapid colonisers that
are tolerant of a wide range of environment conditions and this has allowed them to thrive in many locations throughout
the world. Native species however tend to be less tolerant of environmental changes. It is predicted that the impact of
invasive species will be exacerbated by climate change as it could promote the spread of invasive species and also increase
their ability to out-compete native species. The components of climate change likely to have this effect include increased
seawater temperature, increased frequency of extreme weather events, ocean acidification, and alterations to ocean
circulation and salinity. There is already evidence to suggest increased seawater temperature over the last few decades
has facilitated introductions of invasive species. Examples of the northward range expansion of invasive species in northern
Europe that can be attributed to warming seas do exist. These include the introduction of Crassostreagigas (Pacific oyster)
and Styelaclava (Leathery Sea Squirt) at more northerly locations in Europe than previously observed. Future increases to
seawater temperature are likely to further promote the spread of invasive species and could cause native species to go
extinct from various locations. Warm-water species previously unable to colonise habitats in northern Europe may be
introduced via human-mediated pathways (such as shipping) or by natural dispersal from warmer locations in the south of
Europe. So far only increased seawater temperature has been observed to have an effect on invasive species abundance
and distribution. However, other changes associated with climate change are predicted to facilitate marine invasions in
the future. A predicted increase in precipitation at northerly latitudes will result in a decrease in salinity in the enclosed
Baltic Sea, and as a result of this, it is forecasted to enhance the abundance of euryhaline invasive species in the region.
Ocean acidification is also predicted to favour some invasive species. Changes in human maritime activity in response to
climate change could further impact marine invasions. This is of particular relevance to the Atlantic and Baltic region
because new arctic shipping routes are opening up between the Atlantic Ocean and Pacific Ocean due to sea ice melt. This
represents a huge opportunity for marine invasions from the Pacific because shipping is a major vector for non-native
species introduction. The addition of coastal sea defences in order to adapt to increased risk of coastal flooding and erosion
is also likely to enhance marine invasive species because they provide habitat for these species and can aid dispersal.
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KEY QUESTIONS AND CONCEPTS
What are invasive non-native species?
Why do we care about them?
Do they have environmental, economic or societal
impacts?
How has climate change already influenced the
spread and establishment of invasive non-native
species?
In the future, will continued environmental changes
caused by climate change further influence the
impact of invasive non-native species?

Introduction
This article Non-native species (also known as alien or non-indigenous species) are
species living outside of their historic native range that have been introduced by indirect human
activity or intentional release. When established these species can detrimentally impact the
environment, economy or human health in the area they are located (Fig. 1). If they show these
impacts they are termed “invasive species”. Invasive species are usually associated with the
ability to spread rapidly upon introduction and in the marine environment are often impossible
to eradicate. It is estimated that invasive species cost the European Union €12 billion/year 1 as
a result of their impacts and the cost of eradication and containment.
Over the past century there has been a worldwide trend of an increase in the number of
marine non-native species being introduced and becoming established. This has largely been
attributed to an increases in anthropogenic marine activities, principally global shipping, but
is also a result of the movement of cultured stock for aquaculture purposes and the accidental
and intentional release of foreign species.
Along with climate change, the proliferation of biological invasions around the globe
is considered to be one of the biggest threats to marine biodiversity (UNEP 2006). Climate
change also has direct consequences for invasive species (Hellmann et al. 2008). Changes to
climatic conditions can influence all stages of the invasion process (initial introduction,
establishment, and subsequent spread) and has the potential to alter the geographical
distribution and even the impacts of marine invasive species. It is widely considered that
projected climate changes scenarios will favour invasive species as many of them will be more
tolerant of these changes than native species. Climate change may also alter the effectiveness
of management strategies in place to mitigate the detrimental impacts of invasive species.
The environmental changes associated with climate change likely to affect invasive
species will be: increasing sea surface temperatures, changes to salinity (increased freshwater
discharge into sea), decreasing pH, increasing storm frequency and sea level rise (Fig. 2).
Further to this the warming of the seas will also alter human mediated pathways for invasive
species (e.g. opening up of Arctic shipping trade routes) and is expected to cause northward
range shifts in the geographical distribution of warm water species (these newly introduced
species may have the capacity to become invasive at their new locations).

1

Estimate includes both terrestrial and marine species. Credit:
http://www.europarl.europa.eu/RegData/etudes/BRIE/2015/573889/EPRS_BRI(2015)573889_EN.pdf
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This chapter describes how climate change has already influenced the spread and
abundance of invasive species, and outlines predictions for how continued climate change will
impact invasive species in the future. The geographic scope of this chapter covers north
European seas in the Atlantic area and the Baltic Sea.
a. dinoflagellate Prorocentrum minimum

b. carpet seasquirt Didemnum vexillum

Figure 1. Examples of some invasive species in northern Europe. a. invasive
phytoplankton which forms harmful algae blooms that can have drastic effects on local
ecosystems through eutrophication and can also be responsible for shellfish food
poisoning in humans. Located in the North and Baltic Seas. b. Colonial seaquirt that
smothers substrates and underlying sessile organisms causing reduced feeding
capability and causing mortality in natural communities and farmed shellfish.
Credit: http://www.meece.eu/highlights/pm.html and U.S. Geological Survey

Figure 2. Environmental changes associated with climate change that could influence
the impact of invasive species. Credit: Adapted from Harley et al. 2006
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Status of our understanding
There is strong evidence to suggest climate change has already influenced the
introduction, abundance and spread of some invasive species throughout the globe (Pederson
et al. 2011; Cook et al. 2013). Currently there is evidence to suggest increased seawater
temperature has had an effect. No field observations relating to the effect of other
environmental changes associated with climate change currently exist; however, these are
expected to have a bigger effect in the future (See ‘The Future?’ section).
The global average sea surface temperature (SST) has unequivocally risen during the
last century (IPCC 2013). Temperature is a determining factor in the distribution and
abundance of species and it is linked to seasonal changes in metabolism, growth and
reproduction in organisms. The current rise in temperature has therefore unsurprisingly caused
changes in the distribution of several species including some marine invasive species. For
example, increases in SST have facilitated the spread of a number of invasive tropical species
throughout the Mediterranean Sea (Occhipinti-Ambrogi 2007) and caused a northward spread
up the North American coast, a phenomenon aptly termed the ‘Caribbean Creep’ (CanningClode et al. 2011).
In northern Europe, SST has also shown a general increasing trend and this increase
has been more rapid over recent decades. Since satellites starting recording SST in 1979,
temperatures have risen 0.21°C per decade in the North Atlantic and 0.4°C per decade in the
Baltic Sea (European Environment Agency, 2016). Some invasive species that are likely to
have expanded their range as a result of rising temperatures in the North Atlantic are the pacific
oyster Crassostrea gigas, ruby bryozoan Bugula neritina, and the leathery seasquirt Styela
clava (Cook et al. 2013).
Recent warming can also be attributed to an increase in the range and abundance of a
number of invasive species in the Gulf of Finland and Gulf of Riga in the Baltic Sea (Ojaveer
et al. 2011). This includes the predatory cladoceran Cercopagis pengoi, which has notably
reduced the abundance of some native planktonic crustaceans in the Baltic. This warm water
species is one of a number of invasive species in the Baltic that have invaded from PontoCaspian region (the Black, Azov seas and the Caspian Lake) via shipping activities through
the Volga-Baltic waterway which connects these two regions. Higher summer temperatures
are thought to have allowed Ponto-Caspian species that are tolerant of low salinity and the cold
winters to thrive in the Baltic Sea.

2.1 Case study Crassostrea gigas:
Temperature is a limiting factor in the distribution of the pacific oyster Crassostrea
gigas. It requires at least 18°C to spawn and disperse larvae. This species has been imported
to Europe and grown as a food product throughout the 20th century and when first imported
to the UK in 1965 it was not believed to be able to successfully reproduce and spread into the
‘wild’ due to the seawater temperatures being too low for reproduction. However, following
warm summers in 1989 and 1990 natural spatfalls (settlement of juvenile oysters) occurred
outside aquaculture sites in the UK. Rise in temperatures have caused increased spawning
frequency and there now many large self-sustaining populations known throughout Europe
(e.g. in the southern parts of UK, France, Germany, Denmark, Netherlands, Norway and
Sweden). Over the last 50 years, the northern limit of ‘wild’ populations of the pacific oyster
in Europe has extended from the south of France to Norway (Thomas et al. 2016). Recently
small populations have also been observed in Scotland, and at more northerly latitudes in
Scandinavia and Ireland (Shelmerdine et al. 2017).
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When Crassostrea gigas is established in an area it can have substantial impacts on
local ecosystems and the human use of the coasts because of the formation of dense reefs (Fig.
3). These reefs drastically change the physical characteristics of the foreshore and cause
competition with native species through the reduction of food and space resources (Herbert et
al. 2016).

Figure 3. Wild pacific oyster reef in Blackwater estuary, UK. Credit: Herbert et al. 2016

2.2 Case study Styela clava:
The leathery seasquirt Styela clava, was first discovered in Europe in 1953 in Plymouth,
UK and it is speculated to have been introduced from military vessels returning from the North
West Pacific after the Korean War. Since its detection, populations of the seasquirt slowly
spread and by the early 90s it was distributed around much of western Europe (Fig. 4). This
species appeared to be restricted to areas with a summer temperature of at least 16°C (Davis
and Davis 2007) and its most northerly limit was Loch Ryan (54°N) in south-west Scotland
(where it was discovered in 1988). However, over the last decade it has expanded its range
northwards as far as Loch Carron (57°N). This is likely to be in response to rising water
temperatures on the west coast of Scotland which now regularly meets its summer threshold
temperature (Cook et al. 2013).
This species can have a negative impact on mussel aquaculture by fouling mussel lines
and competing with mussels for food. The added weight of the fouled lines can also cause the
mussels to sink into the anoxic sediment below the farms and results in mortality of stock.

Figure 3. European distribution of Styela clava including recent northward spread in Scotland
Credit: Adapted from Davis and Davis 2007; Image of Styela clava by Matthieu Sontag
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The future?
This section outlines the impact that forecasted climate change scenarios could have on
invasive species in the years to come. It includes both the direct impacts of climate induced
environmental change but it also highlights how the changes to human activities in response
to climate change will have an indirect impact on the human-mediated spread of invasive
species.

3.1 Continued warming of the seas
Under all current climate change scenarios global ocean temperature is expected to continue
to rise in the near future and beyond (IPCC 2013). Quantitative assessments available for
northern Europe project a substantial rise in temperature in the 21st century, with summer SST
expected to rise between 2-4°C in the Baltic Sea (HELCOM 2013).
Continued warming of the seas will affect the growth, survival and phenology 2 of
marine organisms and will alter the species composition of marine communities. Such changes
will allow for further expansion of warm water invasive species northwards and it is also likely
to enable the introduction of species previously restricted from northern European due to
reduced survival and reproduction capabilities at colder temperatures (Fig. 5). Range
expansion invasions by warm-species into the North Sea and west coasts of UK and Ireland
will probably originate from the Atlantic coasts of Spain, Portugal and France which have
relatively higher water temperatures (Philippart et al. 2011).
Laboratory experiments assessing the effect of higher temperature regimes on marine
communities containing both native and invasive species indicate invasive species already
present in a community will be more tolerant of thermal change and will increase their
abundance relative to native species (Sorte et al. 2010).

Figure 3. Projected yearly rate of range shift towards the poles by pelagic species between 20052050. It is important to note that not all species moving northwards will be invasive species,
some will have a benign impact in there new localities. However as mentioned invasive species
a likely to be more successful in these changing environments. Credit: Pereira et al. 2010

3.2 Decreased Salinity
Future climate scenarios suggest that northern latitudes will receive higher levels of
precipitation (IPCC 2013). This will increase the amount of freshwater input into northern
seas. Enclosed seas such as the Baltic Sea will experience a considerable reduction in salinity;
12-18% increase in freshwater input by the end of the 21st century (Meier et al. 2012). Changes
to salinity can cause severe physiological stress and can alter an organism’s growth rate and
2

Phenology: an organisms life cycle events that are influenced by seasonal and inter-annual variations in climate,
e.g. spawning times are triggered by temperature and day length in some species
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feeding rate and even cause mortality in adults and larvae (Somero 2012). Decreases in salinity
can often be more demanding than changes to temperature. Species with a marine or brackish
background often do not possess physiological adaptation to persist in low saline or freshwater
environments.
The Baltic Sea has strong gradient of salinity from west to east, decreasing from marine
salinities of 20 PSU (lower than average seawater salinity of 35 PSU) in the Danish Straits to
near freshwater salinities 1-2 PSU in the most northern and eastern parts. This gradient largely
governs differences in species composition along the Baltic Sea. There is a corresponding
gradient in species diversity with considerably more taxa present in the most saline parts.
A review by Holopainen et al. (2016) indicates there will be a considerable effect of
decreased salinity on invasive invertebrates in Baltic Sea in the future. Some invasive species
will benefit and increase in abundance whilst others such as benthic worms, crabs and snails
will become less abundant. Species expected to prosper due to both lower salinities and higher
temperatures include Ponto-Caspian cladocerans and the extremely invasive zebra mussel,
Dreissena polymorpha.
The expansion and increased abundance of zebra mussels could have a very negative
effect on the invaded areas. Zebra mussels are prolific consumers of phytoplankton and can
cause substantial decline in primary producer 3 populations. Zebra mussels are also a nuisance
biofouling species to humans because they clog water supply pipes used by power plants and
other industries. They can cause floating structures to sink by increasing their weight.

3.3 Ocean Acidification
The ocean naturally absorbs CO2 from the atmosphere and as CO2 levels increase due
to fossil fuel combustion the ocean will continue to act as a carbon sink. Although offsetting
the level of greenhouse gas in the atmosphere, the increased CO2 levels in the oceans will have
ramifications as it will increase the acidity of seawater and lower the carbonate concentration.
By 2100 seawater pH is predicted to have decreased by as much as 0.31 units (IPCC 2013).
Ocean acidification can have a negative consequence for calcifying marine organisms
(such as molluscs and crustaceans) because their calcium carbonate exoskeletons can be
vulnerable to dissolution. The response of invasive species to ocean acidification is fairly
limited but if invasive species are tolerant to changes in seawater chemistry they are likely to
benefit from ocean acidification. A review by marine scientists at University of Plymouth
(Hall-spencer and Allen 2015) predicts that many invasive species will be resilient to ocean
acidification and that they will expand their range and increase in abundance by outcompeting
with species less resilient. Invasive seaweeds (such as wireweed Sargassum muticum and
wakame kelp Undaria pinnatifida) are thought to be at a particular advantage because they
will have added benefit from the elevated CO2 levels which will stimulate photosynthesis. Not
all invasive species will benefit though. Invasive molluscs (such as Pacific Oyster Crassostrea
gigas and slipper limpet Crepidula fornicata) are likely to see adverse effects of ocean
acidification because projected conditions have a negative impact on shell development,
growth and survival.

3.4 Melting of arctic opens up new introduction routes for invasive species
The Arctic Ocean is undergoing extraordinary transformation as a result of climate
change. Among many other environment impacts as a result of these changes in the Arctic, an
indirect effect is likely to be an increase in marine biological invasions to Europe and

3

Species in an ecosystem that produce their own food via photosynthesis
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elsewhere in the Northern hemisphere. This will be a result of unintentional introduction by
the shipping industry and changes to circulation between the North Atlantic and North Pacific.
The area of arctic sea ice cover and sea ice thickness is known to have decreased over
the course of the last century (IPCC 2013) and data obtained from satellites since 1979 indicate
that the total arctic sea ice extent4 has undergone substantial reduction in recent decades (Fig.
6a). This is particularly apparent in the summer months where the summer extent has declined
by 6.1% per decade and record lows have been recorded (Fig. 6b). There has also been a
decline in winter months but this is less substantial (2.3% per decade). In 1999 the marine
diatom, Neodenticula seminae, naturally migrated from the North Pacific to the Atlantic Ocean
as a result of reduced ice cover and changes to oceanographic currents (Reid et al. 2007). This
species is now established in the subarctic Nordic Seas of northern Europe and although not
invasive indicates possibility for natural dispersal of invasive species into Europe via the
Arctic.
Arctic sea ice is projected to undergo further shrinking and thinning in line with the
predicted global annual surface temperature rise. It is likely that there will be a ‘nearly’ icefree5 summer by 2050 and some climate models have indicated a completely ice-free summer
is actually possible by 2040 (IPCC 2013).

Figure 6. a. Decadal averages of daily sea ice extent in the Arctic up to 2012. Credit: IPCC
2013. b. Record lowest Arctic sea ice coverage in the satellite record - September 16th 2012.
Credit: National Snow and Ice Data Center

The increased melting rate of Arctic sea ice presents substantial opportunity for marine
access, in the form of the opening up of shipping trade routes and the exploitation of untapped
oil and gas resources, particularly in summer months when the sea ice extent is at its lowest.
This is a potential economic game changer for the shipping industry because it realises the
potential of long anticipated trans-arctic navigation which have occupied maritime explorers

4

‘Sea ice extent’ is defined as measurement of the area of ocean where there is at least some sea ice. The IPCC
define a 15% threshold of minimum ice concentration to mark the ice edge.
5
Sea ice extent reduced to <1 × 106 km2 (current average summer extent = 6 × 106 km2)
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for more than 400 years. Trans-arctic shipping routes will offer a cheaper alternative to
traditional oceanic shipping routes that use the Suez or Panama Canal routes because they are
shorter and require less fuel (Fig. 7). The first commercial voyage through the Northwest
Passage occurred in September 2013 with a shipment of coal from British Columbia, West
Canada to Finland. Meanwhile, the Northern Sea Route between East Asia and Northern
Europe represents the most potential for global trade because it is an important trade link and
it shortens the journey by around 45% (e.g. between Yokohama, Japan and Rotterdam,
Netherlands voyage distance shortens from 21,700km via the Suez Canal to 12,000nm via the
Northern Sea Route). This route has seen a rapid rise in shipping traffic, with 71 passages in
2013 and at the current rate a rise of 20% every year is expected (Miller and Ruiz 2014).

Figure 7. Arctic shipping routes

Changes to interoceanic shipping patterns (such as when the Suez and Panama Canals
became key nodes in global shipping routes) are responsible for many shipping mediated
marine bioinvasions. In a similar way trans-arctic shipping between the North Pacific and
North Atlantic Ocean is expected to cause a number of new invasions of non-native invasive
species in the Northern hemisphere including northern Europe.
Vessel movement (e.g. container ships, oil tankers, recreational boats) represent a major
transport vector for invasive species introduction and to a certain degree shipping routes dictate
the dynamics of marine biological invasions across the globe. Vessels can be a vector for
marine invasive species in two ways (Fig. 8): i. The uptake of water for ballast in large ships
can entrain a substantial quantity of planktonic marine organisms including larvae and spores
(the early dispersal stages of marine organisms) and these can subsequently be released at
recipient locations when the ballast is ejected; ii. Settlement of hard substrate dwelling marine
organisms on the hull of vessels or any other water-exposed surfaces of the vessels (e.g.
rudders, sea chests, and ballast water tanks). The settlement of organisms on artificial surfaces
is termed ‘biofouling’ and many marine invasive species are biofouling species. Species in the
biofouling communities of ships can be transferred to recipient locations via dislodgement,
fragmentation or through the release of juveniles (larvae or spores).

EduCO2cean Magazine

a) Ballast water exchange

109

b) Ship biofouling

Figure 7. Introduction pathways of invasive species associated with shipping. Credit: ballast
water exchange – CSIRO; zooplankton - NOAA Photo Library; ship biofouling - LimnoMar

Species translocated via ballast water exchange or ship biofouling are likely to establish
in ports because this is where boats spend the majority of time in a stationary position.
Translocated species that are not naturally occurring in the country of the destination port can
potentially become invasive and spread into the natural environment.
The success of invasion of non-native invasive species through the shipping depends
on whether there are matching environmental conditions between the place of origin and the
recipient location as well as the environmental tolerances of the organism. For example, an
organism which originates from a warm tropical freshwater environment is unlikely to be able
to establish in a cold temperate seawater environment due to a mismatch in physiological
tolerances both for salinity and temperature. If environmental conditions are within
physiological tolerances of the organism, invasion success will be dependent on a number of
factors: available habitat for colonisation, nutrient availability, competition and interactions
with native communities and introduction of other individuals of the same species to allow
successful reproduction and to prevent genetic bottlenecks. See Fig. 9 to understand more
detail on factors affecting invasion success.
The introduction of invasive species also depends heavily on the transit
success/survival of stowaway organisms (those residing in the ballast water or within the
biofouling community) during the voyage. Survival of organisms during transit decreases with
length of voyage and also if there is a mismatch or fluctuations in environmental conditions
during transit. Survival of organisms during transit and differences in environmental
conditions during transit and at the recipient location acts as a selective filter, reducing the
abundance and diversity of the stowaway community.
The opening up of trans-arctic shipping provides a particularly high risk for new marine
invasions because it is a different ‘filter’ to previous shipping routes between the North
Atlantic and North Pacific. As previously mentioned the arctic shipping route is a shorter travel
time, and thus provides an increased survival likelihood for stowaway organisms. It also
provides different environmental conditions during the route to the alternative shipping canal
routes.
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Figure 9. Factors effecting the success of each stage of the introduction of invasive species via
the ship biofouling pathway. Credit: Floerl 2002

The Arctic passages provide transit through cold polar waters between the temperate
water basins of the North Atlantic and North Pacific, whilst the shipping canal routes provide
warm tropical transit conditions (the Panama Canal route also includes a filter of salinity
fluctuations as it passes through a freshwater water lake). This means that species with cold
temperature tolerances will be able to survive transit and a different cohort of non-native
invasive species will be introduced to those previously able to survive the warm tropical
shipping canal routes. A study by scientists in Canada showed that whilst a large proportion
of the biofouling community do not survive transits between temperate waters and the
Canadian arctic, some species are capable of this voyage (Chan et al. 2016). This confirms the
potential of human-mediated introductions of invasive species via shipping in the Arctic.
The risk of this invasion pathway to the Atlantic and Baltic regions is palpable. It is
likely the most frequently used shipping route in the Arctic will be between East Asia and
Northern Europe. Many of the species coming from this region are likely to be capable of
surviving and establishing in northern Europe because the environmental conditions are
similar. This is particularly evident as a large proportion of marine species that have already
successfully invaded northern Europe via shipping or through aquaculture stock movement
have had a Northern Pacific origin (Minchin et al. 2013).

3.5 Extreme coastal weather events
Increased frequency and magnitude of extreme weather events (e.g. storm surges, heat
waves, heavy precipitation and intense storms) are an expected consequence of climate change
(IPCC 2013). These events can favour invasive species because some species have a high
tolerance for environmental disturbances such as pulses of intense hydrodynamic activity, low
salinity, and sediment deposition (Lenz et al. 2011). Invasive species also tend to be rapid
colonisers and are able to quickly establish on bare surfaces have been cleared of marine life
after disturbance events.
The combined climate change effects of sea level rise and the increased intensity of
extreme coastal weather events are predicted to lead to a greater risk of coastal flooding and
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erosion in the future. With a large proportion of the human population and a high number of
assets adjacent to the coast or estuaries there is a growing demand for protection by coastal
defences (Firth et al. 2013). This is also true for the northern Europe coastline which is
particularly at risk from increased erosion and flooding (European Commission 2004).
The proliferation of coastal defences along coastlines around the world will provide
another indirect effect of climate change on the promotion of marine invasions. Most coastal
defences are hard-substrate structures and therefore can provide suitable habitat for hard
surface colonising (biofouling) invasive species. As previously mentioned many marine
invasive species are biofouling species and these species are actually known to be more
prevalent on artificial structures than on natural surfaces (Glasby et al. 2007). The addition of
artificial structures can therefore provide ‘stepping-stones’ for invasive species to spread into
new locations. This is particularly evident when artificial structures provide a link across
stretches of unsuitable habitat for a species (e.g. an expanse of sandy habitat that a biofouling
species cannot colonise; Fig. 10). In the Adriatic Sea, coastal defences built along 200km of
sandy shore has resulted in the spread of a number of invasive species along the Italian coast,
including the green finger algae Codium fragile spp. tomentosoides and predatory snail
Rapana venosa (Bulleri and Airoldi 2005).

Figure 10. Coastal defence breakwaters at Elmer Sands, UK provide an opportunity for hard
substrate dwelling species to spread along the coast, particularly those species with short
dispersal potential (such as ascidians and bryozoans). Credit: Firth et al. 2013

CHALLENGES
There are two quite different challenges related to the impact that climate change has
(and will have) on invasive species: i. there are uncertainties surrounding the impacts of
climate change on invasive species; ii. there is a need develop plans and processes that mitigate
the predicted impacts. Although different, these challenges are inherently linked because
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correctly understanding the effects of climate change will be imperative for informing the
development of management practices for invasive species.

4.1 Uncertainties and knowledge gaps
It can be hard to decipher links between climatic change and observed increased
abundances and range expansions of invasive species because there are often a number of
factors acting simultaneously. For instance, there can be multiple environmental changes
related to climate change (Fig. 2) and there can be other factors not related to climate change,
which are also occurring.
In the UK, many marine invasive species first establish on the south coast because of
the high frequency of human-mediated species introductions from shipping and recreational
boat movements in this area. Established species introduced to the south coast subsequently
spread northwards over a number a years following normal invasion patterns unrelated to the
effects of climate change. So only northward expansion of a species with an invasion history
that has previously displayed a northerly limit due to temperature can be indirectly linked to
observed increases in seawater temperatures (see Crassostrea gigas and Styela clava case
studies).
Studies such as those by Ojaveer et al. (2011) which investigate the effect of a large
number of changing environmental parameters (related to climate change) on the abundance
of a number invasive species over time are good for understanding the effects on climate
change. However, these studies are not always possible because there is very little information
on the distribution of invasive species. This is due to a lack of consistent survey effort over
time and a lack of the taxonomic expertise required for identifying invasive species correctly.
Many marine invasive species are quite difficult to identify, and the taxonomy of some marine
groups such as ascidians and smaller organisms are still unresolved. There is also currently a
limited number of monitoring programs in place to detect the presence and abundance of
invasive species in northern Europe. Most information on their distribution comes from
piecemeal projects and single species surveys or from general marine monitoring programmes
which are driven by national governments and the European Union but which do not
specifically target invasive species (e.g. Water Framework Directive monitoring).
Other challenges exist when predicting the effects of climate change. It is difficult to
predict the response of invasive species to environmental changes when there is lack of
ecological and physiological data for both the native and invasive species within a marine
ecosystem. Important data includes species-specific information on environmental tolerance
limits and the effects of environmental parameters on growth, reproduction and settlement (in
the case of biofouling species).
More laboratory and field studies evaluating these responses are required. A good
example of one such study is by Stachowicz et al. (2002). Here field observations of water
temperature and the settlement of species in a biofouling community were taken over 12 years.
This was coupled with controlled laboratory studies assessing the direct effect of temperature
on the growth rate of key community species. The study showed that higher winter
temperatures correlated with greater settlement and abundance of invasive ascidians in
summer and indicated increased temperature caused substantially faster growth in invasive
ascidians than their native equivalents.

2.2 Mitigation
Once a marine or brackish invasive species is established it is actually very difficult to
eradicate and contain its spread. Many attempts for eradiation fail and have high
implementation costs. For this reason prevention of initial introduction is considered the most
effective and least environmentally damaging management measure for invasive species
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(Hilliard 2004). As such, it is a key component of legislation surrounding invasive species in
Europe (e.g. the WANE Scotland Act 2011, EU Invasive Species regulation, and the
Convention on Biological in Diversity). The International Maritime Organisation’s convention
on Ballast water management, which is soon to come in force, will help prevent the spread of
invasive species by shipping. This convention makes it compulsory for all ships to treat their
ballast water so there limited number of viable organisms will be released during ballast
exchange.
Strategies that prevent the human-mediated spread of invasive species will go some
way to mitigate climate change-mediated invasions. However, some species are able to
naturally spread long distances without the help of human vectors (e.g. species like
Crassostrea gigas which has a long larval phase and therefore a high dispersal potential). Risk
assessments forecasting likely future invasions are important for these species. They can be
used to highlight likely source populations and locations at risk of invasion. This information
can make eradication programs more effective by determining useful locations for monitoring
so invasive species introductions can be detected as early as possible.
It should be mentioned however that both human-mediated and natural invasions will
be difficult to prevent and manage in the current climate change scenarios. The best allencompassing solution would be to combat climate change itself and curtail the human impacts
accelerating it.
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ABSTRACT
b
It is an unquestionable fact that the Arctic climate is being transformed and as a result of these
changes it is being warmed at a rate two to three times higher than the global average (IPCC, 2013).
The evidence of climate change can be observed in the sea, in the reduction of the Arctic Ocean ice
cover, in the melting of glaciers and permafrost, and in changes in the functioning of biotic elements
(Report on the Goals…). These widely observed impacts of changing climate in the Arctic provide a
very strong evidence of the magnitude and level of environmental consequences for the rest of the
world (Brönnimann et al., 2007). It is obvious that the changes reach far beyond the Arctic and have
a global impact. They affect biodiversity, and many aspects of social and economic systems
(Brönnimann et al., 2007). Therefore, changes in the Arctic should obtain major attention by all
parties, from scientists, through policy makers to the public worldwide (IPCC, 2013).

Introduction
The Arctic encompasses the area around the North Pole. In principle it is a large water
body surrounded by land. Its territory includes the northern regions of two continents, the
North America and Eurasia, as well as Greenland and Iceland. The word Arctic, according to
Wikipedia, comes from the Greek word ἀρκτικός (arktikos), "near the Bear, northern" and that
from the word ἄρκτος (arktos), meaning bear. The term may refer to the constellation Ursa
Major, the "Great Bear", which is prominent in the northern sky, or to the constellation Ursa
Minor, the "Little Bear", with the North Star.
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Figure 1. Polar bear at the frozen Arctic seawater (Photo: M. Darecki).

In reality, there are a number of more detailed descriptions of the Arctic and what
regions are included within the term Arctic. These, are e.g. an area north of the Arctic Circle
(66° 33'N), the approximate southern limit of the midnight sun and the polar night. Another
definition of the Arctic is as follows: area for which an average air temperature for the warmest
month of the year (July) does not exceed 10 °C.

Figure 2. Arctic boundary as defined by the Arctic Research and Policy Act.

As for the Arctic marine area, it covers 25% of the world’s continental shelves, 35%
of the world’s coastlines, and intakes water from 20 of the world’s 100 biggest rivers, which
contribute 11% of global river runoff. Still, the Arctic region inhabits only 0.05% of the global
human population, which makes it one of the most pristine reservoirs on Earth.
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Arctic marine ecosystems differ a lot from other ecosystems on the planet, including
those in the Antarctic. The Arctic Ocean is surrounded by continents, while in the case of the
Antarctic, ocean surrounds the continent. Such situation results in significant differences in
climate, oceanic and atmospheric circulation patterns, species composition and seasonal and
long term ice patterns between both regions. The Arctic is also inhabited by around 4 million
people, with the associated indigenous cultures and heritage that have been developing over
centuries.

Figure 2. Map of the Arctic marine environment (Source: CAFF 2013).

Species in the Arctic present great adaptation skills to extreme, very changeable
climate conditions. There are approximately 7,600 marine species in the Arctic, which is
similar to the Antarctic. However, both ecosystems have very distinct species.
One thing is for sure though. The Arctic is a unique region among our environments,
its ecosystem includes organisms living in the ice, zooplankton and phytoplankton, fish and
marine mammals, birds, land animals, plants and human societies (ACIA, 2004). Although the
Arctic region only occupies a relatively small part of the globe, its role in moderating climate
globally is undoubted. Nowadays, the Arctic is undergoing large-scale climatic changes that
are unparalleled elsewhere else (IPCC, 2013).

Background
Arctic climate is variable and under significant impact of the Arctic Ocean and the
surrounding land masses. It is here, where cold north-westerly, polar air masses (high pressure
over Greenland and the Polar basin) meet mild, moist marine air masses from the south (low
pressure between Greenland and Spitsbergen) (Brönnimann et al., 2007). These results in
creation of very dynamic cyclonic circulation, thus cloudy and rainy fronts and fast winds
(cyclonic movement is the movement in the same direction as the Earth’s rotation). The
Coriolis Effect causes cyclonic rotation to be in a counterclockwise direction in the northern
hemisphere, and clockwise in the southern hemisphere. Therefore, the most characteristic
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feature, for which the Arctic is mostly known, is its severe climate, with very cold winters and
relatively cool summers (Brönnimann et al., 2007).
The Arctic Circle is an area where the sun can remain continuously above or below the
horizon for twenty-four hours. This is known as polar day and night. No sunlight and thus heat
is obtained by the Arctic during the polar night, and thus the surface of the region is cooling
off for up to 150 consecutive days. During summer (polar day), long days with many hours of
sunlight, create conditions with mean temperatures exceeding 10°C. Majority of precipitation
is in the form of snow and is rather not abundant, since majority of the region receives not
more than 50 cm of precipitation per year (Report on the Goals….). These are major factors
which determine the changeable weather over e.g. Svalbard, which in various parts of the
archipelago is significantly different (Report on the Goals…).
The Arctic environment is colder not only because Sun is most of the year low and
delivers less energy compared to latitudes closer to the equator but also because high albedo
of the snow and ice, covering the Arctic. Albedo is the ratio of radiation (solar energy) reflected
from the surface (sea, land, ice, snow cover) to incident radiation (Myhre et al., 2013). The
differences between albedo of the typical sea surface (usually less than 10%) and albedo of the
sea covered by ice or snow (even more than 90%) is significant. The increase of snow and ice
free area in the Arctic, results in an increased amount of solar radiation absorbed in the ocean
(IPCC, 2013).
The Arctic climate, like the global climate, is being transformed. Indeed, it has warmed
two to three times the global rate, which is named the Arctic Amplification (IPCC, 2013).
These changes are reflected at rising surface temperatures, in reduction of Arctic Sea ice,
glaciers, permafrost and changes in functioning of the biota (IPCC, 2013).
The Arctic amplification is not a new phenomenon, since it has been observed in
history, found in past warm and glacial periods, and reported as a result of climate model
experiments. It is worth to mention that the ratio of the temperature increase in the Arctic to
the temperature increase for the whole planet during the climate warming, typical around 3:1,
is similar to the ratio of temperature change in the Arctic to the temperature change for the
whole planet in historical glacial cycles. During the last Glacial maximum, the Arctic was
around 15 degrees colder than it is presently, while the whole planet was about 5 degrees
cooler. So far, many suggestions have been made as to the nature of this phenomenon. Some
researchers focus mostly on the feedback effects related to temperature, water vapor and
clouds, while other put emphasis on the surface albedo. Climate model simulations made with
use of the Coupled Model Intercomparison Project Phase showed that, the greatest influence
on the amplification is attributed to temperature feedbacks. With warming surface, larger
amounts of energy are radiated back to space in low latitudes, than in the Arctic (Myhre et al.,
2013).
The decreasing amounts of ice cover change the temperature patterns in the Arctic, and
thus climate patterns. How does Arctic amplification work? Sea ice causes that the Arctic
atmosphere is cold. Ice surface is white and reflects large amounts of solar radiation back to
space. This regime protects the atmosphere from heating by the Arctic Ocean beneath. With
smaller areas covered by sea ice, more dark oceanic water is exposed. Dark surface absorbs
the Sun's energy in summer, which leads to heating the ocean, which in turn leads to more ice
melting. Smaller ice covered sea areas, mean less insulation, and as a result more heat from
the ocean escapes and warms the Arctic atmosphere in the autumn and winter.
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Figure 4. Mean temperature (°C) averaged over a 1951-1980 mean period and time interval
relative to a December 2016 (Source: https://data.giss.nasa.gov/gistemp/).

Consequences of the fast warming Arctic climate (Global)
Not only climate change creates increasing pressure on fragile Arctic ecosystems, but
the Arctic warming consequences have worldwide impact (Arrigo et al., 2010). Changes in the
Arctic can influence the global climate through a number of major mechanisms. The amount
of solar energy reflected back to space decreases with ice and snow melting, which results in
increased surface warming. Ice melting together with increased precipitation can lead to the
inflow of greater amounts of freshwater to the oceans, which may affect the North Atlantic
currents (GreenFacts).

Figure 5. Frozen Arctic seawater in summer 2016 (Photo: M. Darecki).
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During each year, frozen seawater cap on the surface of the Arctic Ocean is created in
the fall and winter, with its maximum annual extent between February and April. Then it melts
in spring and summer. In 2016 researchers reported that on March 24, Arctic sea ice extent
covered an area of 14.52 million square kilometers, which was the lowest winter maximum
extent in the satellite record that started in 1979 (Goddard Scientific Visualization Studio,
NASA). Even more worrying is that the 13 smallest maximum extents, as measured from
satellites, have occurred in the last 13 years.

Figure 6. Satellite image of the Arctic ice cap showing the extent of summer sea ice in 2012,
compared with summer sea ice in 1979 (yellow outline) (Source: Goddard Scientific
Visualization Studio, NASA).

Research results show it is not only covering less of the planet, but it’s also getting
significantly thinner, which causes easier melting, which may lead to alteration of local
ecosystems, shipping routes as well as ocean and atmospheric patterns (IPCC, 2013).
Unfortunatelly, current data based on different sources, from Navy submarines to satellites,
show that thinning is happening faster than models have estimated (Report on the Goals…).
The results of calculations show that in the central region of the Arctic Ocean, sea ice has
thinned by 65% since 1975. In September, time when the ice thickness is at its annual
minimum, ice thickness is smaller by a 85%! (Alaska Dispatch News).
Ice extent is only one of statistical factors which has recently showed especially low
levels. The March snow cover in the Northern Hemisphere was the second-lowest in a 50-year
record (Rutgers University Global Snow Lab, the National Snow and Ice Data Center).
Correlation between low snow cover and low September sea ice is observed. It is presummed
that the low snow cover influences the atmosphere, resulting in reduced sea ice extent.

122

T. Zieliński & M. Darecki & J. M. Węsławski

Figure 7. Ice age for the Arctic Basin (Source: https://www.adn.com).

The thickness of the ice can be assessed based on direct measurements of the drilled
ice cores (Fig. 7) or it can be assessed remotely, e.g. from sattelite measurements. In order to
assess ice thickness, satellites must measure thickness differences of a meter or so, from a
distance of hundreds of kilometers which is not an easy task, however, some satellites, provide
such data. Other methods for such research involve airborne missions, moorings and
submarine cruises below the ice.

Figure 8. Scientists exploring the ice core (Photo: M. Darecki)
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As warming progresses, more greenhouse gases could be released into the atmosphere
by the thawing of the permafrost (IPCC, 2013). Also, by year 2100, melting Arctic glaciers
alone will most likely contribute to a sea level rise of some 5 cm out of the projected 10-90 cm
total rise in the 21st century (IPCC, 2013).

Consequences of the fast warming Arctic climate (Local)
Availability of Arctic resources will be related to climate change, including: wildlife,
such as whales, seals, birds, and fish sold on world markets; and oil, gas and mineral reserves
(Arrigo et al., 2010; Bates and Mathis, 2009, Polyakov et al., 2004). Arctic ecosystem changes
will have global influence, via, e.g. affecting migratory species’ summer breeding and feeding
grounds (IPCC, 2013).
Arctic vegetation zones will be shifting, which will have global impact. Among the
main types of Arctic vegetation these are predominant: northern polar deserts, boreal forests
in the south, with tundra in between. Increasing temperatures are likely to cause an enhanced
northward expansion of boreal forest into the tundra, and of tundra into the polar desert
(GreenFacts). This may likely amplify global warming, since green/forested areas are darker
than the tundra they replace, and thus absorb more of solar radiation (Kaufman et al., 2002).
The other effect of this process is such that green areas, covered by green plants, absorb more
carbon from the atmosphere because the green plants utilize CO2 in the process of
photosynthesis, producing new organic matter. Another result is that insect outbreaks could be
more numerous and they will affect forest areas. Climate change processes, will however, lead
to a greater areas for agriculture in the Arctic and to extend the growing season.

Figure 9. Arctic tundra (Photo: M. Darecki).

Just like in an entire “Arctic story”, also from the ecosystem point of view, the key
elements that make a difference between the Arctic and surrounding areas are: polar light cycle
(Polar Day and Polar Night), low temperature of the sea water (down to 1.89oC) and presence
of sea ice (seasonal fast ice and perennial ice pack). These three elements are driving forces
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that control important bio-geo- chemical processes, important, means significant beyond the
region of the Arctic (Report on the Goals…).
Primary production fetched by marine plants (production of organic matter with the use
of solar light, CO2 and nutrients which for marine plants are mainly nitrates, phosphates, and
silicates) is high or very high (over 100g C per m2/year) along the Arctic shelf seas
(Greenland, Barents, Kara, Beaufort and Chukchi seas) and low (below 50g C/m2/yr) in the
Central Arctic basin. The main reason for this difference is the easy and fast nutrient exchange
(and supply) in shallow seas, associated with land discharge (large Siberian and American
Arctic rivers, discharge substantial amounts of nutrients) and very limited nutrient input in the
deep central Arctic. The Arctic primary production is provided mainly by microplankton –
protists floating in the upper layer of the sunlit water column, but also by protists associated
with the sea ice. These ice algae form a dense mat on the ice undersurface, and often develop
into a long (up to few meters long) string. Very important difference between ice algae and
microplankton is the speed, they may sink to the bottom. Single cells of microplankton may
stay in the water column for very long time, enough to be eaten by grazers – minute
invertebrates of zooplankton. On the contrary, ice algae often sink very fast – as mucous
aggregates, once detached from the ice, may speed down to reach the depth of 1000 m in one
day. This is the way how the Arctic microplankton supplies energy flow in the water column
(zooplankton and fish) while ice algae are important also for the sea bed – variety of benthos
animals that wait for the rain of organic carbon falling down from the sea surface. The observed
climate warming causes the retreat of sea ice, its faster melt and later formation in the season.
All in all, less sea ice means more light on the sea surface and better conditions for
microplankton (stronger support to zooplankton and fish) and worse conditions for the benthic
life. Still, besides light and ice, the supply of nutrients is a controlling factor for primary
production (photosynthesis). Nutrients are provided by land transport (rivers and glaciers) and
mixing (waves) as well as the microbial processes that decompose organic matter and recycle
nutrients.
Carbon sequestration - storage is a process of removing carbon form the atmosphere,
further incorporation into the organism (algae or plants) body and deposition of such organic
matter in the sea bed, where some time (often thousands of years) will pass before it will be
remineralised and turned into the form of gas (COc). This process is known as a biological
pump and belongs to the ecosystem processes that may control the climate (Le Quéré et al.,
2016, Yasunaka et al., 2016). The Arctic system is important as an efficient biological pump,
that is active in ice covered areas, and glaciated fjords, as well as in the marginal ice zone over
the shallow shelf seas.
Energy transfer in ecosystem is the way in which the primary production is transferred
from algae and plants to grazers and then to small and large predators. On each step of this
transfer about 90% of energy is lost (to have 1kg of wolf you need a 10 kg of sheep and this
needs a 100 kg of grass). On land, the grazer/herbivore (cow, antelope, etc.) may feed on large
plants (bush and vegetables), contrary to the sea, where the plants are of microscopic size
(microplanktonprotists), which requires a small herbivore like zooplankton (usually few mm
in size). Larger zooplankton feeds on small grazers, and falls itself as a prey to small and larger
fish and sea mammals. Finally, in the sea, the way from primary producer (0.001mm in size)
to the top predator (3m long dolphin) is a long chain of intermediate links, each connected
with 90% energy loss. Finally, to have 1 kg of dolphin you need 10 000 kg of microplankton.
Uniqueness of polar areas, both the Antarctic and the Arctic relies in the presence of ultrashort energy transfer – similar to such on land. Cold water in polar areas slows down the life
cycle – metabolic rates (heartbeat, food digestion, oxygen consumption) that makes organisms
to grow slowly and attain large sizes. Polar, marine herbivores are the largest in the world
ocean – Antarctic krill is 6 cm long, Arctic about 3 cm. This facilitates large carnivores, such
as e.g. whales, dolphins, seabirds and seals to graze on them. Big whales of the world spend
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winter and give birth in warm, subtropical waters, and feed in the summer time in polar waters.
Warming of the Arctic is connected with the larger inflow of warm Atlantic waters, that carry
boreal plankton – much smaller and more diverse compared to the cold water Arctic organisms.
In such way the energy flow gets dissipated – and better conditions for small predators prevail
(pelagic fish like herring, capelin) on the expense of large predators (plankton feeding whales).

Ecological
phenomena
at na
seamorzu
are different
on land
Zjawiska
ekologiczne
są inne niż than
na lądzie

Figure 10. Diagram of energy flow in the ecosystem on land and in the sea.

Figure 11. Diagram of energy dissipation in Arctic and subarctic (warmer) waters
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Figure 12. Diagram of the relation between sea temperature, growth, size and age of marine
invertebrates.

Changes in the Arctic ecosystem are not only connected with the climate fluctuations.
In the European Arctic, major shift in the pelagic system occurred after the discovery of
Spitsbergen by a Dutchman, Willem Barentsz, in 1596. Soon after the massive arrival of
whalers from the Netherlands, England and Germany, slow Greenland whales (bowheads)
became their main target. The archeological excavations, and well preserved logbooks of
whaling companies, allowed to estimate the Svalbard bowhead stock in the beginning of 16th
century at a level of some 40 000 individuals. Intensively hunted, whale population was close
to total extinction by the end of that century, and finally became almost extinct. A small group
of bowheads has been observed between Svalbard and Franz Josef Land since 1990-ies. The
absence of huge plankton feeders for almost 350 years means that amount of polar plankton
was available for other predators. Figure 13 shows the likely scenario of ecosystem shift. The
surplus of plankton was consumed by small pelagic fish (polar cod, capelin), plankton feeding
birds (Little auks) which facilitated the present day population increase of those species.
Archeological examinations of whalers camp sites confirmed the absence of large Little auk
colonies during the whaling period. Similar phenomenon was documented in the Antarctic,
where the removal of large whales in 1920-1960, resulted in massive krill surplus and increase
of penguin and seal populations that benefitted from the free food base.
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Figure 13. Changes in the Arctic pelagic food web: left before arrival of Europeans, right
after the whales removal from the system (Weslawski et al, 2000).

Rising temperatures are causing continuous modifications in the Arctic coastline. Some
settlements, industrial installations and facilities are already objects to damage as a result of
erosion, and may be forced to be moved. Reduced sea ice is opening new possibilities for an
increased marine transport, with new shipping routes, as well as access to natural resources
(IPCC, 2013). However, increased shipping activities in the region raise the risk of spills,
pollution, and even harm to marine mammals Thawing of permafrost, and thus ground will
cause the disruption of transportation, in buildings, and other infrastructure, thus leading to
significant engineering challenges for road, building, pipeline etc. constructions, since new
constructions will require deeper foundations, thicker and more efficient insulation, and other
measures, which lead to increased construction costs (GreenFacts).
Climate change is now a problem of every country, regardless of regions or continents.
It affects economies and lives. It is a global challenge that does not respect any borders,
including national ones. Sources of pollution anywhere have impact on living creatures,
including people everywhere. Such a global issue requires solutions at the international level.
Apart from regular challenges, related to current social, economic, and political
conditions, Arctic indigenous communities whose cultures and activities are based on the local
environment are facing new types of challenges because of climate change (GreenFacts).
Elevated ultraviolet radiation levels have impact, mostly adverse on people, plants, and
animals. How the Arctic communities will deal with these changes will, to a great extent,
depend on political, legal, and socioeconomic factors such as growing populations,
urbanization, or self-determination movements (IPCC, 2013).
Global changes, including those related to climate change pose a major threat and
thus an essential challenge to the world, and as described above, especially to the Arctic. Future
ecosystems and thus future societies will have to face the implications of our activities, which
were made by humans in the past and are undertaken these days. All changes to environment
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will very much affect the entire region of the Arctic. Although, majority of these changes may
be seen as adverse, they also open new possibilities for humans. Retreating sea ice has adverse
influence on future of a number of species. On the other hand it opens a number of
opportunities, from new transport routs, through new population regions, to access to natural
resources, buried in the Arctic Ocean bottom. Majority of prognostic results assume gradual
changes. However, since the Earth’s atmosphere-ocean system is a very complicated system
with a large number of unknowns, factors and their interactions it is possible that the predicted
changes will go differently, perhaps not gradually. One example may include e.g. ocean
currents in the North Atlantic, which may change their patterns, which would lead to major
climatic consequences on a global scale.
In order to address global change, including climate issues, international community
adopted the Paris Agreement in Paris on 12 December 2015. The Agreement entered into force
shortly thereafter, on 4 November 2016. The agreement, states that all countries agreed to
make any effort to limit global temperature rise to well below 2 degrees Celsius. This is our
hope for the Planet and for the Arctic.

Figure 14. Signing of the Paris Agreement

Message to take home:
1. Arctic is quickly warming, and scientists project further and significant changes.
2. Changes in the Arctic have global implications.
3. We observe changes in the range of Arctic vegetation zones. This has also got global
consequences.
4. Biodiversity patterns in the Arctic are changing.
5. Disappearing sea ice in the Arctic will cause increased sea traffic in the region.
6. It also opens new opportunities to reach for natural resources buried in the Arctic
Ocean bottom.
7. Decreasing range of permafrost affects transportation and land constructions.
8. Indigenous communities are affected in every aspect of their lives, which leads to
major economic and cultural changes.
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THE ROLE OF OCEAN CURRENTS IN ARCTIC CLIMATE
CHANGE
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ABSTRACT
Water very efficiently absorbs solar radiation. Therefore, the seas and oceans are huge reservoirs of
b
heat. They gather heat in the summer, and transfer it to the atmosphere in the winter. But the seas
and oceans are dynamic structures, water is in constant motion. The article describes how oceanic
currents are generated and how the heat contained in the oceanic water spreads on the whole Globe.
Special attention has been paid to the Arctic. On the one hand Arctic is a great heat receiver, on the
other, these processes play a role of a generator of the oceanic currents of large scale – the
Thermohaline Circulation. Paper describes the study of Thermohaline Circulation , it climatic
significance, today's status and predictions for future.
KEYWORDS
Climate, Ocean currents, Thermohaline Circulation, Arctic,
Climatic role of the ocean, wind and thermohaline forcing
of global circulation

Introduction
The most recent observations in climate change are very worrying. Until recently
there was no certainty whether the climate is, in fact, warming, or whether it is just a temporary
fluctuation. Today we know that these are no longer just normal weather anomalies. We have
evidence that the globe is getting warmer and that we, the human race, are the ones responsible
for it. In 2007, the fourth report of the Intergovernmental Panel on Climate Change, showed a
very small margin of error, the probability that global warming is caused by the emission of
greenhouse gasses was calculated at over 90%. The fifth report, from 2013, confirms these
findings. As far as the direct causes of global warming are known, the mechanisms and longterm effects of this process are yet to be studied and fully understood. The Earth’s climate has
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proved to be an incredibly complex phenomenon, dependent on a large number of factors and
processes.
The ocean is one of the most significant factors which shape the climate. It has long
been known that the sea causes a milder climate: winters are warmer at the seaside, and the
summers are cooler compared to inland areas. The importance of the Gulf Stream for the
heating of the Atlantic part of Europe has also been known. The El Niño – La Niña cycles
taking place in the Pacific Ocean have far-reaching effects. However, the ocean has never been
thought of as the primary factor shaping the global climate, influencing it with a broad range
of processes and in various timescales. The increased interest in the climate of the past few
decades has revolutionized the way we perceive the importance of the ocean. The amount of
heat absorbed, stored and transported by the ocean became significant, at the same time, the
potential consequences of the hypothetical changes in ocean circulation became a topic of
discussion. It was also understood that the ocean influences the climate not only as a significant
component of the planetary hydrological and energy cycle. It also participates in the
biogeochemical cycle, in the exchange of gases with the atmosphere, which influences the
greenhouse effect. The ocean is a vast reservoir, a buffer for the most common greenhouse gas
emitted by mankind – carbon dioxide.
Despite the growing understanding of the role of the ocean, the fourth IPCC report, the
most serious study on climate change, includes the following statement: “Although scientists
now better appreciate the strength and variability of the global-scale ocean circulation, its roles
in climate are still hotly debated. Is it a passive recipient of atmospheric forcing and so merely
a diagnostic consequence of climate change, or is it an active contributor?”. It is not until the
fifth report from 2013 that the role of the ocean is made more specific: „Changes in the ocean
may result in climate feedbacks that increase or reduce the rate of climate change. The
evolution of climate on time-scales from seasons to millennia is therefore closely linked to the
ocean.”.
There has been no doubt among oceanologists for a long time: the ocean is an incredibly
important, active factor in the shaping of our climate. The changes we observe directly affect
the ocean, but it actively responds to them and modifies them. A crucial role in these processes
is attributed to the Arctic regions of the Atlantic. This was first noticed in 1920 by Norwegian
researcher Fridtjof Nansen who wrote: „It is evident that oceanographic conditions of the
North Polar Basin have much influence on climate, and it is equally evident that changes in
the conditions of circulation would greatly change the climatic conditions.”.
The ocean’s role becomes more significant in periods of noticeable warming of the
climate. In addition to distributing heat, the ocean also mitigates global warming by
accumulating excess heat caused by the greenhouse effect.

How the ocean affects the climate
We usually associate the climate with the atmosphere: air temperature and humidity,
precipitation, wind. However, the atmosphere is not an isolated system. It interacts with all the
components of the Earth system: the hydrosphere (oceans, rivers, lakes), the cryosphere (sea
ice and snow on land), the lithosphere and biosphere. All these components put together form
the climate system, the elements of which interact with each other by a series of processes.
(Fig. 1).

EduCO2cean Magazine
133

Figure 1. Schematic view of the components of the global climate system, their processes
and interactions. Source: IPCC 2007.

The ocean has always affected the Earth’s climate system and it continues to do so
today. It is an extremely important, if not the most significant, element of the system. The
ocean (and the life it produced) created the atmosphere and has shaped its composition over
billions of years. It remains so today, by transforming energy and matter the ocean continues
to be an active participant in the occurring changes. The ocean is a part of a system which
interacts with the atmosphere, lithosphere and cryosphere through a broad spectrum of
processes and a chain of various interactions. In order to understand its significance, it is
enough to mention that:
• The ocean covers over 71% of the area of the globe and contains over 97% of all the
water on Earth.
• The global hydrological cycle is dominated by evaporation from the ocean.
• Most of the energy of sunlight that reaches the Earth is absorbed in the surface layer
of tropical oceans.
• The ocean gives off heat by evaporation, water vapor gives off latent heat to the
atmosphere by condensation.
• The evaporation-condensation process in the equatorial region of the ocean initiates
the global large-scale atmospheric circulation by creating circulating Hadley cells.
• The condensation of water vapor at higher latitudes causes storms and strong winds.
• The ocean additionally heats the atmosphere by emitting infrared radiation.
• The ocean controls CO2 content in the atmosphere and dominates the global carbon
cycle.
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• Oceanic phytoplankton has a significant effect on cloud formation by increasing SO4
content in the atmosphere.
• Sea ice dramatically changes the albedo of water surface; most of the sunlight that
reaches it is reflected back.
• The ice forming process produces denser deep ocean water which slowly flows
through oceanic basins and initiates deep ocean circulation.
• Drifting sea ice transports fresh water from polar regions to the tropics.
• Most of the excess heat generated by global warming is stored in the ocean.
• The ocean transports enormous amounts of heat through a system of ocean currents.

This list shows that the ocean plays a number of important roles in the shaping of the
climate. Two of the most significant roles being:
1.The regulation and mitigation of the climate by absorbing excess heat during the
summer, storing it and returning it when the atmosphere is cooler.
2.Redistribution of heat in large-scale ocean circulation.

Figure 2. Energy accumulation within the Earth's climate system. Estimates are in 1021 J,
and are given relative to 1971 and from 1971 to 2010, unless otherwise indicated.
Components included are upper ocean (above 700 m), deep ocean (below 700 m; including
below 2000 m estimates starting from 1992), ice melt (for glaciers and ice caps, Greenland
and Antarctic ice sheet estimates starting from 1992, and Arctic sea ice estimate from 1979
to 2008), continental (land) warming, and atmospheric warming (estimate starting from
1979). Uncertainty is estimated as error from all five components at 90% confidence
intervals.
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What powers the oceanic circulation?
Movement of the ocean is caused by many processes. The primary force driving the
movement of surface layer currents is the friction of wind against the surface of the water. The
ripples that appear further increase friction and make the surface more susceptible to wind.
Wind blowing at a constant speed of 100 cm/s for 12 hours produces a current of merely 2
cm/s. Despite that, most surface layer currents that occur in the upper 100 m are wind-driven
(Fig. 3). Changes of flow patterns are caused by the Coriolis effect. The effect is caused by the
rotation of the Earth. This force causes particles on the surface of the Earth to be deflected to
the right in the Northern Hemisphere and to the left in the Southern Hemisphere. The further
away from the equator, the stronger this effect becomes. The result of the Coriolis effect is that
the average water flow is perpendicular to the driving wind direction.

Figure 3. Wind direction (gray arrows) and large-scale surface ocean currents. Warm
currents are marked red and cold currents blue. Source: https://www.pmfias.com/oceancurrents-factors-responsible-formation-ocean-currents-effects-ocean-currents/.

The structure of large-scale surface circulation is also determined by the shape of
ocean basins. Further analysis allows us to identify several common features for all oceans.
The most important of those is the presence of large subtropical ocean gyres above and below
the equator in the Atlantic Ocean, the Pacific and the southern Indian Ocean. They circulate in
an anticyclonic manner – clockwise in the northern hemisphere and counterclockwise in the
southern hemisphere. At the western edges of the basins the currents flow towards the polar
regions carrying warm water. These currents are much more powerful than in other regions
and are among the fastest in the world's oceans. In the North Atlantic Ocean, this current is the
Gulf Stream – a flow that modifies the climate of the entire region, and its extensions – the
North Atlantic Current, the Norwegian Atlantic Current and the West Spitsbergen Current
reach even further north and significantly affect the Arctic climate. In tropical regions, along
the eastern edges of ocean basins, a system of permanent currents and winds leads to the
creation of the largest deserts of the world due to the lack of moisture in the air. Wind-driven
surface currents usually have speeds of several dozen centimeters per second, reaching
sometimes over one hundred centimeters per second.
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Ocean currents occur also at depths of thousands of meters. These currents are caused
by different mechanisms than surface currents. The movement of water is caused by
differences in density, resulting in horizontal pressure differences. Because water density is
determined by temperature (Latin: thermo) and salinity (Latin: haline) this type of circulation
is called thermohaline circulation (THC) (Fig. 4).

Figure 4. Global thermohaline circulation. Surface currents are marked with red lines, deep
currents are marked with blue lines. The main areas where deep water is formed are marked
with yellow circles. Source: http://worldoceanreview.com/en/wor-1/climate-system/greatocean-currents/.

The differences in temperature and salinity are made possible by the existence of
climate zones. Ocean water cools in the polar regions (the Arctic and Antarctic). Sea ice forms
on the surface. When sea ice forms, most of the salt is pushed out and back into the water. The
water below sea ice has a higher concentration of salt and is more dense, as a result it sinks
into the depths below. This is called convection. Surface water then replaces the sunken water
until, after some time, it also becomes salty and dense enough to sink. This process initiates
both surface currents as well as deep ocean currents which together form the “global conveyor
belt”. It begins in the polar regions of the North Atlantic and in the Arctic Ocean. From there
the dense deep water masses flow southwards, until they reach the edge of the Antarctic. The
water is cooled again in the Southern Ocean which strengthens the global conveyor belt.
Flowing along the edge of the Antarctic, the deep ocean current splits into two and turns north,
flowing into the Pacific and Indian Oceans. Upon reaching the northern parts of these basins,
the currents make a loop and flow back towards the equator. Deep water is warmed along the
way, it becomes less dense and rises to the surface in the eastern parts of the basins in a process
called upwelling. Then the surface water flows to the South Atlantic, finally reaching the North
Atlantic where the loop begins again. The movement of water in the conveyor belt is much
slower than in surface currents – at speeds of several cm/s. It is estimated that it takes 1000
years for a water particle to complete the cycle. Despite this, it is responsible for the movement
of huge amounts of water – 5000 thousand times more than the Niagara Falls. Warm water
carries heat from the tropics which is then released at mid and high latitudes. The scale of this
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heat transfer is well illustrated in an image created by Stefan Rahmstorf (Fig. 5) a well know
climatologist. The entire north-west region of Europe is 5-10 C warmer than it would
otherwise be based on its geographical location.

Figure 5. Surface air temperature deviation ( C) from the are average. Source: Rahmstorf
and Ganopolski, 1999.

Early studies of oceanic circulation
In 1751 captain Henry Ellis, commander of a British ship carrying slaves found that
water extracted from the depths of the ocean is ice-cold. The vessel was on the 25th parallel
north at the time of the experiment. The crew extracted seawater from various depths with the
use of a specially designed bucket with a system of valves and measured its temperature. In a
letter to the author of the experiment the captain wrote: “The cold increased regularly, in
proportion to the depths, till it descended to 3,900 feet: from whence the mercury in the
thermometer came up at 53 degrees (Fahrenheit); and tho’ I afterwards sunk it to the depth of
5,346 feet, that is a mile and 66 feet, it came up no lower”. This was the first recorded deep
ocean water temperature measurement, giving an immediate result of great significance: deep
ocean water is cold. This was the first documented observation of the effects of thermohaline
circulation. The correct explanation for this phenomenon was published in 1797 by inventor
and physicist Benjamin Thompson: “It appears to be extremely difficult, if not quite
impossible, to account for this degree of cold at the bottom of the sea in the torrid zone, on any
supposition than that of cold currents from the poles; and the utility of these currents in
tempering the excessive heats of these climates is too evident to require any illustration”.
The growth of maritime shipping lead to the continuously improving understanding of
the oceans. In 1832 James Rennel, a surveyor for the Royal Navy and East India Company,
published a map of the surface currents of the Atlantic Ocean. This map was the first to show
the possibility of exchange between the North and South Atlantic and elements of THC.
Many theories were developed in the wake of the gathered empirical information about
the ocean. In 1845, the Russian-German physicist Heinrich Lenz further developed Thomson
idea by building a conceptual model of two circulation cells located symmetrically in relation
to the equator, where upwelling takes place near the equator, downwelling occurs in polar
regions, cold water is moved near the ocean bottom, and compensating warm surface flows
towards the poles.
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The great oceanographic expeditions of the second half of the 19th century and first
half of the 20th century produced new maps and three-dimensional sketches of global ocean
circulation. Such schematics were created after the Challenger expedition (1872-1876),
Valdivia expedition (1898-1899) and Meteor expedition (1925-1927). At the same time,
researchers became aware of the importance of ocean circulation in shaping the climate.
At that time, oceanographic studies of the North Atlantic area were launched, initiated
by northern European countries and Russia. In 1861, Danish admiral Carl Irminger described
an ocean current which was later named after him. The Danish expeditions discovered the
Greenland-Iceland and Greenland-Scotland ridges. In 1868, a British expedition found the first
evidence of arctic and Atlantic water masses in the South Shetland Trench.
Swedish and Russian expeditions focused mainly on the Spitsbergen region. It was
discovered in the beginning of the 20th century that the West Spitsbergen Current (WSC)
carries Atlantic water into the Arctic Ocean, and that some of that water might recirculate back
south with the East Greenland Current (EGC). This discovery confirmed the origin of the
relatively warm water masses observed in the East Greenland Current by the Danish
expeditions.
Another significant expedition was Fridtjof Nansen’s 1893-1896 Fram expedition in
which the plan was to freeze the ship Fram into the Arctic ice sheet and float with it over the
North Pole. The expedition provided basic information about the Arctic Ocean, the geography
and hydrography of the basin. During his voyage, Nansen became certain of the extraordinary
importance of the exchange between the Atlantic and Arctic Oceans.
In the year 1900, Norwegian scientists received the SS “Michael Sars”. After four years
of research, Helland-Hansen and Nansen presented a detailed description of the hydrographic
conditions of the Nordic Seas which became the primary source of information about the
physical oceanography of these areas. The quality of the results and the relevance of their work
amazes scientists to this day.
In 1905, Russian researcher Nikolai Knipovich described very cold (bordering on
freezing temperatures) and very salty deep sea water as a product of the displacement of salt
from sea ice forming in the Barents Sea.
In 1909, based on the observation of the cold bottom waters of the Greenland Sea,
Nansen presented the first classic model for the forming of Greenland Sea Deep Water
(GSDW). By doing so, Nansen sparked the nearly century-old discussion about the origin and
significance of GSDW and the process of deep convection.
In the early 1920s, American geologist Thomas Chamberlin formulated the idea that
climate change is caused by changes in global ocean circulation.
After a scientifically active period of the early 20th century came a period of stagnation
for the research of the Nordic Seas. Data was collected only in the years 1935-1936 in the
Norwegian Basin, and after that in winter in the early 1950s. The winter data didn’t produce
the expected results – no homogenous column of cool water was found, and so deep convection
was determined to be an insignificant process.

Current views on thermohaline circulation
During the 1950s, American oceanographer Henry Stommel did pioneering work on a
3-dimensional map of the ocean floor and ocean circulation. In the year 1957, he
revolutionized the concept of Atlantic circulation, and in 1961 he introduced the concept of
“thermohaline circulation”.
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It was not until more than 100 years after Thompson's work, in 1987, that the circulation
theory of the Ocean Conveyor Belt was formulated. American researcher Wallace Broecker,
in 1987 presented the concept of a system of surface and deep-water currents connecting all
the oceans and transporting salt and heat between them. This revolutionary idea had as many
followers as it had opponents. Broecker postulated that changes in Atlantic thermohaline
circulation led to the rapid and widespread climate changes experienced by the North Atlantic
during the recent glacial periods.
The following years saw numerous variations of the idea of a comprehensive circulation
system interconnecting the World Ocean, as well as improved and corrected schematics, new
terms and so on. The primary force and the fundamental processes behind this circulation are
still disputed today. Finally – in the period of noticeable warming of the climate, the role of
ocean currents in the shaping of the climate has become widely discussed, especially the
importance of the Ocean Conveyor Belt, including the possibility of its change or even
cessation. The Arctic Ocean and the adjacent seas – a key region for this circulation became a
primary object of research for oceanographers, meteorologists and climatologists.
Today’s views on the Global Ocean Conveyor Belt differ from those presented by
Broecker. Thermohaline circulation became the leading theory for global ocean circulation,
while the north-south movement of water in the Atlantic Ocean is attributed to Meridional
Overturning Circulation (MOC) also called the Atlantic Meridional Overturning Circulation
(AMOC). The role of the Atlantic Ocean, and especially the processes taking place in its
northern regions – the Nordic Seas and the Arctic Ocean, is regarded to be the mainstay of
sustaining thermohaline circulation.
According to today's knowledge and views on climatic phenomena, THC is the main
mechanism driving ocean currents. The cooling of water and forming of sea ice at high
latitudes increases the density of water to a point which allows the initiation of deep convection
and other processes, together called thermohaline ventilation (Fig. 6). In the northern
hemisphere, deep water is formed primarily in in the northern Atlantic Ocean in regions
separated from the southern parts by the Greenland-Scotland Ridge (GSR). 75% of Atlantic
water flowing over the ridge and into the Arctic Ocean is transformed into dense and salty
North Atlantic Deep Water (NADW). On the other end of the circulation loop, in the tropical
zones of the Pacific and Indian Oceans, the processes of vertical circulation cause an increase
in the temperature, a decrease in density and the consequent upwelling of deep water. As a
result of cooling and ventilation at high latitudes, and heating and vertical circulation at low
latitudes a horizontal difference in water density is created which forces the surface flow of
warm and salty water towards the poles and a deep flow toward the equator. The primary water
mass created in the chain of processes of ventilation and water flowing over the GreenlandScotland Ridge is the North Atlantic Deep Water which supplies most of the deep water of the
world’s oceans. Global Ocean.

140

W. Walczowski

Figure 6. AMOC. The process of NADW formation (Hansen et al., 2004)

This simplified description of the functioning of THC does, however, have its
opponents. The differences in opinion are a result of the fact that THC is a much more
complicated process that the sketch presented above. All of its stages are connected by strong
feedback loops which makes determining a chain of cause-and-effect very difficult.
Thermohaline ventilation processes are considered principal here. It is the process of
convection in the Arctic that generates horizontal differences in density and pressure that drive
the exchange between the Arctic and the Atlantic. Thanks to their high salinity (despite mixing
with less saline waters from the surrounding seas), surface waters in the north Atlantic reach a
density high enough to sink to the bottom, replacing the water masses residing there, and
making way for water arriving from the south. This is the origin of the term thermohaline
circulation, as the process is driven by differences in salt content and the density of seawater.
The phenomenon of a stable global circulation of the oceans is often compared to the operation
of a thermodynamic machine fueled by the cycle of heating/evaporation at low altitudes and
cooling/condensation at high altitudes. This view bears a resemblance to atmospheric
circulation – Hadley cells.
The most important difference between the atmosphere and the ocean is that, unlike the
atmosphere, the ocean is heated and cooled only on the surface, and a stable vertical
stratification occurs in almost all its volume. Thermohaline ventilation – contact areas where
deep ocean water reaches the surface, can only occur in specific, limited areas. In the northern
hemisphere, these areas are the Labrador Sea, the Greenland Sea and the continental shelfs of
the Arctic Ocean, in the southern hemisphere ventilation occurs near Antarctica – in the Ross
Sea and Weddell Sea (Fig. 4). Despite a direct connection with the Arctic Ocean and sufficient
cooling, there are no convection sites in the Pacific Ocean, as surface water in the pacific is
not salty enough to reach deep water densities. The Indian Ocean is closed from the north so
it cannot participate in the described processes.
The areas where surface water descends into the depths are the “flywheels” of
thermohaline circulation. The potential energy of water masses is converted here into the
kinetic energy of ocean currents. From the point of view of the formation of the THC and the
climate of our hemisphere, the North Atlantic along with the Nordic Seas are the most
important reservoirs, and the Greenland-Scotland Ridge is the most important underwater
landform. The flows that occur above this ridge – deep currents flowing south, and
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compensating surface currents flowing north, determine the amount of volume and heat
exchanged between the North Atlantic and the Arctic Ocean along with the Nordic Seas.
Apart from the vertical exchange of water (convection) and the currents it causes, there
is another significant type of circulation in the Arctic – horizontal estuarine water circulation.
Warm and salty Atlantic Water (AW) mixes with freshened surface water in the Nordic Seas
and Arctic ocean, after which, cooled and less salty, it flows back south in a process called
recirculation. The cold, low-salinity East Greenland Current flows southwards from the Arctic
Ocean as well. These two types of circulation, which form the unique current system and ocean
conditions of the Arctic, are sensitive to climate change.
There has been a lot of misunderstanding and confusion around THC. It is often the
case that wind-driven currents such as the Gulf Stream are identified with THC. These two
circulations overlap locally in the surface layer and both transport Atlantic Water northwards.
However, they have a different range, other routes, and above all, different mechanisms that
drive them. THC is also often identified with AMOC, both names are used interchangeably.
THC is mainly a physics-based idea which focuses on global ocean circulation driven by
thermohaline forces. AMOC, on the other hand, covers the total of all north-south flows, and
the driving forces behind them are not distinguished here. Contrary to THC, the surface section
of AMOC includes wind-driven currents while deep currents are the effect of overturning.
Therefore, the idea of AMOC includes, in a simplified way, both wind and thermohaline
circulation
Water transport (in rivers or ocean currents) is measured in m3/s, a commonly used unit
is the Sverdrup (1 Sv=106 m3/s). 1 m3 of fresh water weighs an average of 1000 kg, seawater
weighs approximately 1027 kg. The amazon, the largest river in the world, transports an
average of
120 000 m3 of water each second, which is equal to 0.12 Sv. Ocean currents have much
higher flows. It is estimated that the northern part of AMOC generates a flow of around 17 Sv,
140 times more than the Amazon river. This illustrates the sheer volume of water and heat
transported by the global conveyor belt.

Ocean currents in the Arctic
The arctic and subarctic, and especially the Nordic Seas (Norwegian Sea, Iceland Sea
and Greenland Sea), are linked to the global climate system mainly by balancing the heat the
system receives at low latitudes and releases at high latitudes. This heat is accumulated and
transported by the atmosphere and the ocean. Only 3–5% of the heat supplied by the oceanatmosphere system to the polar regions comes from oceanic advection, however, oceanic
processes have unusual importance in the formation of the Arctic climate. The ocean's heat
capacity is 1000 times that of the atmosphere. The heat absorbed at low latitudes is stored,
transported and released, often with great delay, in another region.
Most of the heat is collected in the top 700 meters of the ocean, but a portion of it is
transported from surface waters to deep layers. On the 30th parallel north, currents from all
the oceans carry 2 PW (2 × 1015 W) of sensible heat from the tropics to the polar regions – an
amount equal to atmospheric transport. On the 60th parallel north, 0,4 PW of heat is
transported towards the Arctic, mainly by the warm and high salinity Atlantic Water. During
the northward transport of AW, heat fluxes of 200 W m−2, delivered by the ocean in winter,
warm the atmosphere and modify its circulation. As a result, the Arctic Ocean receives
significantly less heat than the Nordic Seas. Oceanic transport of heat to the AO, through the
Fram Strait is equal to 16–41 TW (1 TW=1012 W). Nonetheless, even this diminished amount
of heat is essential for the balance of the climate system.
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Water masses and currents in the North Atlantic, Nordic Seas and Arctic Ocean are
closely related to the bathymetry of these waterbodies – the shape of the coastline and depths.
The Arctic Ocean is actually a vast mediterranean sea enclosed by Eurasia from the east, and
North America from the west (Fig. 7). Between them is the world’s largest island – Greenland.
Between Greenland and North America located is the Canadian Arctic Archipelago – a shallow
region with hundreds of islands and narrow straits. The central and western parts of the Arctic
Ocean consist of deep basins with dozens of ridges crossing them, the eastern part comprises
of wide, shallow shelfs. Situated on the edges of the shelfs, near the Eurasian Basin, are the
arctic archipelagos of: Svalbard, Franz Josef Land and Severnaya Zemlya.
The Arctic Ocean is connected to the Pacific via the narrow and shallow Bering Strait.
The water exchange here is limited due to the size of the strait. Much better access to the Arctic
Ocean is from the Atlantic side. There is a deep and relatively wide passage between
Spitsbergen and Greenland called the Fram Strait. It is over 300 km in width which allows a
two-way water exchange: the inflow of warm and salty water from the Atlantic into the Arctic
Ocean at its eastern side, and the outflow of cold and less saline Polar Water at its western side
(Fig. 8). The warmer water causes the eastern side of the strait to remain ice-free even during
the winter. In addition, Atlantic Water reaches the Arctic Ocean through the Barents Sea, Polar
Water flows out through the Canadian Arctic Archipelago.

Figure 7. Bathymetry of the Arctic Ocean and North Atlantic. Source: International
Bathymetric Chart of the Arctic Ocean (IBCAO).
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Figure 8. Layout of major surface currents in the Nordic Seas and the Arctic. Red lines –
warm and saline surface water from the Atlantic, green lines – Pacific water. Author:
Agnieszka Beszczynska – Möller

Atlantic Water reaching the Arctic forms the surface branch of AMOC. It is carried
from the tropics by the Gulf Stream and its extension – the North Atlantic Current. Further
north, the system of current becomes more complicated (Fig. 9). The warm currents divide
into a series of branches.
The most important branch of the inflow of Atlantic Water, flowing along the
continental shelf of the Norwegian and Barents Seas, flows directly into the Arctic Ocean
through the Fram Strait. It is a sequence of the Norwegian and Shetland currents, along with
the eastern part of the West Spitsbergen Current. The Norwegian Sea receives 3.5-4 Sv of
water and over 140 TW of heat, the Arctic Ocean receives nearly 2 Sv of water transporting
36 TW of heat through the Fram Strait. A smaller current branches off near Norway and flows
through the Barents Sea. The distance it travels is greater which causes it to release more heat,
therefore, the water it carries is cooler as it reaches the Arctic Ocean. At the edge of the
Eurasian Basin, both flows join again and encircle the entire Arctic Ocean (Fig. 8).
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Figure 9. Main flows of Atlantic Water in the Nordic Seas: IC – Irminger Current; NIIC –
North Icelandic Irminger Current; NAC – North Atlantic Current; NwAC – NorwegianAtlantic Current; NwASC – Norwegian Atlantic Slope Current; WSC – West Spitsbergen
Current). (Source: Walczowski, 2014)

The second important branch of the transport of Atlantic Water in the Nordic Seas runs
between Iceland and the Faroe Islands and further north over a system of underwater ocean
ridges. These are the Faroe Current, the Norwegian Atlantic Current and the western branch
of the West Spitsbergen Current. The Faroe Current carries approximately 3.3 Sv of water and
110 TW of heat. This branch merges partially with the eastern branch near Spitsbergen. A vast
majority of water carried by this system of currents flows back south before reaching the Fram
Strait. Even though it doesn’t reach the Arctic Ocean, it has great influence over the regional,
and possibly global, climate. The recirculation of warm water allows for most of the basin to
remain ice-free throughout the year. Heat fluxes releasing heat to the atmosphere moderate
the winters in the entire eastern part of the basin. The salty Atlantic Water sinks after winter
cooling and is an important component of deep water – the initiator of thermohaline
circulation.

How are ocean currents measured?
Measuring the amount of water and heat transported by ocean currents is one of the
most difficult tasks faced by oceanographers. This is due to both the nature of ocean currents
– their high spatial and temporal variability, and the technology and means of measurement
available today. Recent years have brought significant progress in this area, but we still have
a lot to do.
The movement of water is measured with a current meter. In the past, these were
mechanical devices, recording spot measurements of the speed and direction of the current.
The development of electronics allowed for more precise measurements and more efficient
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data recording. The field was revolutionized with the introduction of the Acoustic Doppler
Current Profiler (ADCP). The measurement is performed remotely, using the Doppler effect
generated in an acoustic wave emitted by the meter and reflected from particles floating in the
water. The ADCP allows for the simultaneous measurement of currents in different cells, in a
water column 50 – 400 m high. As a result, the ADCP can replace a series of spot measurement
current meters. In general, current meters are mounted on subsurface buoys anchored to the
seafloor. This sort of measurement is easier, the vector of the current is measured in relation
to the immobile seafloor. Ship mounted measurements are also conducted. These
measurements are more complicated because we record the relative velocity of the current
which is the sum of the velocity of the current, and the ship.
Unfortunately, single spot measurements do not provide information on the total mass
and energy transport of the studied ocean current. This is why, in important places such as
straits, scientists position a line of buoys perpendicularly to the researched current (Fig. 10).
This kind of equipment must contain a current meter, to measure the water transport, as well
as instruments for measuring temperature and salinity, to measure the transport of heat and
salt. These installations are very expensive and their resolution is usually far from perfect. That
is why the estimated volumes of transport usually have a large margin of error. In addition, in
the Arctic such installations must be fully submerged in order to avoid collision with drifting
sea ice, or freezing into the permanent ice cover. This makes remote data transfer impossible,
all instruments must be retrieved and exchanged every year, or operated on site.

Figure 10. A series of anchored measuring rods across the Fram Strait operated by the Alfred
Wegener Institute (AWI) and the Norwegian Polar Institute (NPI) since 1997. In 2010-2011,
spot metering, ADCP, and temperature and salinity recorders were installed there. The
measurements were assisted by Seaglider autonomous submarines. Source: BeszczynskaMöller et al., 2011.

Another revolution in oceanography was caused by the Argo system. It is a system of
autonomous profiling buoys which drift freely in the ocean (Fig. 11). A standard Argo buoy
carries out measurements from the surface to 2000 m deep. The data collected is then
transmitted to reception centers via satellite. The real-time data allow for much more accurate
weather forecasts and a better assessment of the ocean’s thermodynamic state. The buoys
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cannot be steered, but currently there are 2000 Argo boys in service which provides sufficient
cover of the researched areas. The exception being the Arctic, where due to the presence of
ice, the working time of the buoys is heavily limited.

Figure 11. Argo observation system. The buoy descends to the so called “parking depth”
where it drifts for a pre-programmed amount of time (usually 9 days). After that, the buoy
descends to a pre-programmed maximum depth and begins its ascent measuring the
temperature and salinity in the water column. The data collected is transmitted via satellite,
after which the cycle begins again. Source: http://www.argo.ucsd.edu/How_Argo_floats.html

Future predictions
The leading hypothesis explaining the rapid climate change that has taken place in the
northern hemisphere over the past millennia is the change in the amount and location of deep
water, formation, especially NADW, and the consequent change in the intensity and range of
thermohaline circulation. Data obtained from ice cores confirms this hypothesis. Thanks to
modern ice core dating technology, cores taken from the Arctic (Greenland) and the Antarctic
have been precisely correlated in time. The results showed that every single temperature rise
in the Arctic was correlated with a temperature decline in the Antarctic. This correlation is
taken into account in present-day climate models based on the AMOC idea. A temperature rise
in Greenland results in the intensification of AMOC, larger heat transfer from the tropics to
the North Atlantic, and a temperature decline in the south. Furthermore, data obtained from
ocean sediments shows that significant changes in strength and range of thermohaline
circulation have occurred in the past. There are three main phases of circulation:
• Heat phase, similar to the current state of North Atlantic circulation.
• Cold phase, during which deep water is formed south of Island.
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• Transitional phase between the warm and cold phases.
The transition from the warm to cold phase can occur in a period of intensive inflow of
fresh water into the ocean surface layer as a result of the melting of glaciers or rapid iceberg
calving and the direct release of freshwater to the ocean. Glacial periods in North America and
Europe occurred during the cold phase of thermohaline circulation.
The question is, can such scenarios happen again in the future? What is the time-scale
of these changes? The global conveyor belt is a powerful but delicate process. Simulations
show that its responses are non-linear. This means that sometimes a small change in external
conditions can lead to a sudden “switch” between the cold and warm phases when the
sensitivity threshold is exceeded. The changes that are currently being observed in the climate
system may have negative and hard to predict effects on the circulation. They can affect the
process in two ways: by heating the surface layer of the ocean and by freshening it. Both
processes lead to the decrease of surface water density. In the Arctic, this can cause a reduction
in the amount of deep water formed. An increased inflow of fresh water in the Arctic can have
a particularly bad effect on global thermohaline circulation. Increased precipitation over the
North Atlantic, the melting of glaciers and sea ice, increased inflow of fresh water from the
great Siberian rivers – these processes are presently capable of curbing the formation of sea
ice and stopping the sinking of cold water into the depths. This way, the driving force, the most
important process of thermohaline circulation is being weakened or even stopped. This could
cause drastic temperature changes in the northern Hemisphere, and possibly around the globe.
It is without a doubt that Europe would be most affected by these changes.
The question that scientists ask themselves, regarding the future of THC and its effects
on the climate, is whether or not there is a risk of exceeding the sensitivity threshold of
thermohaline circulation at the present state of global warming. The answer to this question
largely depends on the future changes in freshwater balance in the North Atlantic and the
Arctic. Unfortunately, it is impossible to predict these changes with sufficient accuracy. The
melting of Arctic glaciers, and especially the Greenland Ice Sheet, is a process of considerable
dynamics. The margin of error in the estimations of fresh water inflow into the ocean is still
too great. We also do not know the future greenhouse gas emissions.
The total stop of thermohaline circulation and rapid climate change in the foreseeable
future seems unlikely and is present only in the most pessimistic scenarios. However, these
scenarios do exist. Simulations carried out in 2017 show that AMOC could collapse 300 years
after reaching an atmospheric CO2 content twice as high as in 1990. This would lead to the
significant cooling of the North Atlantic and of the adjacent continents. However, much more
likely than the total collapse, is the weakening of the global conveyor belt by about 20-50 %.
This scenario is present in many numerical simulations. Also, scientists researching AMOC
have frequently reported a decrease in its intensity, both at the surface and in the depths.
There are many questions that still remain unanswered. We do not even know whether
stopping thermohaline circulation would simply cause a decline in warming or rapid cooling
and a new ice age. But I am sure that we will not experience this in the nearest future.
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