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Resumen General

El clima a lo largo de toda su historia ha sufrido modificaciones importantes con
un alto impacto en las sociedades y ecosistemas. Por ello, el estudio y analisis de
las causas que provocaron dichos cambios presenta un gran interés, y mas hoy en
dia, cuando las proyecciones de cambio climatico, ligadas a una gran incertidum-
bre pero con una tendencia compartida en todos los estudios relacionados, nos
informan de la posibilidad de cambios muy profundos en el clima a lo largo del
presente siglo. No obstante, en el siglo pasado ya han empezado a producirse cam-
bios significativos. Uno de los mas destacados es el aumento de la temperatura
media global del planeta, sobre el que los estudios de atribuciéon senalan como
principal culpable al aumento de las concentraciones en la atmosfera de Gases de
Efecto Invernadero (GEI), provocado fundamentalmente por el mayor desarrollo
de las actividades humanas desde principios de la revoluciéon industrial. No ob-
stante, tanto los cambios observados como las proyecciones de cambio climético
reflejan comportamientos regionales diferenciados a lo largo del planeta. Asi pues,
algunos trabajos donde se emplearon simulaciones climaticas de épocas pasadas,
han demostrado que el patréon espacial de calentamiento global que reflejan las
proyecciones de cambio climéatico es el mismo en el que se proyectaron los cambios
en el pasado, aunque con algunas diferencias regionales que podrian estar rela-
cionadas con cambios en la circulacion atmosférica inducidos por el forzamiento
antropico.

Si nos centramos en un escala mas regional, la Peninsula Ibérica (PI) en
nuestro caso, se aprecia que los cambios difieren de unas regiones a otras. Asi,
por ejemplo, el descenso de la precipitacion durante el invierno y principios de
la primavera es mas notable en la region atlantica peninsular, y no tanto en
la zona mediterranea donde apenas hay tendencia. Otro ejemplo son las tem-
peraturas maximas estivales, cuando las mayores tendencias observadas se estan
produciendo en las regiones del centro peninsular. Muchas de estas diferencias,
principalmente a escalas regionales s6lo pueden ser totalmente entendidas si se
tienen en cuenta los cambios en la circulacion atmosférica.

La circulacion atmosférica junto con la oceénica es uno de los medios trans-



misores del exceso de calor desde las regiones excedentarias como las tropicales,
hacia otras deficitarias como son las polares. En latitudes medias, la dinamica
atmosférica esté regida por la corriente en chorro de niveles altos que actiia en
la génesis, desarrollo y decaimiento de la borrascas extratropicales, asi como en
el mantenimiento, intensificacién y localizacion de las regiones de altas presiones.
A grandes rasgos, el chorro de niveles altos controla la posicién de los principales
centros de presion a escala sinoptica. La distribucion del campo de presiones
en superficie y en altura, define la dindmica atmosférica. Permite inferir los flu-
jos reinantes sobre las diferentes regiones del planeta, y por tanto el caracter
calido/frio y hiimedo/seco de las masas de aire advectadas por la circulacion so-
bre una determinada region. La interaccion de estos flujos con la orografia, y su
variabilidad a lo largo de las estaciones y los anos, condiciona en gran medida la
caracterizacion climatica de la region. Caracterizar qué cambios han tenido lugar
en la dinamica atmosférica ayuda a entender en parte los cambios pasados, pre-
sentes y proyectados para el futuro. Por tanto, la caracterizacion de la circulacion
atmosférica sobre una regién es un aspecto clave para entender sus variaciones
climéticas.

Las leyes fisicas que gobiernan la dinamica atmosférica hacen que ésta presente
en esencia un comportamiento caotico, existiendo a priori un conjunto infinito de
estados atmosféricos. Por ello, se requiere de técnicas estadisticas para abordar
cualquier ejercicio de clasificacion de la circulacion atmosférica. Una de las téc-
nicas habitualmente empleadas hace uso del analisis de componentes principales
para determinar los modos que dominan la variabilidad atmosférica de baja fre-
cuencia. Algunos ejemplos muy conocidos de estos modos son la Oscilacion del
Atlantico Norte (NAO por sus siglas en inglés), Oscilacion del Artico (AO), Os-
cilacion del Sur (SO), etc. Otros métodos de clasificacion se basan en la creacion
de indices de circulacién que caracterizan las situaciones en funciéon de la direc-
cion del flujo y de su tipo de rotacion. Otro de los métodos de caracterizacion
son los Tipos de Circulacion (TCs). Estos constituyen un conjunto reducido y
manejable de situaciones en los que se puede resumir la gran variabilidad atmos-
férica a escala diaria. Desde el punto de vista de un meteorélogo podrian definirse
como aquellas situaciones atmosféricas tipo que se suelen recordar, y a las que
se les suele asociar unos patrones de precipitacion y temperatura caracteristicos,
denominados sus Tipos de Tiempo (TTs). La obtencion de estos TCs requiere
del uso de técnicas de agrupacion. Para ésto, se han implementado diferentes al-
goritmos estadisticos que por lo general tienden a buscar, especificado un niimero
de grupos, una agrupacion 6ptima que tienda hacia grupos lo mas homogéneos
posibles y diferentes entre ellos. Esto se puede medir y definir mediante un indice
de calidad de la agrupacion.

Uno de los objetivos primordiales de esta tesis es profundizar en las relaciones
entre la Circulacion Atmosférica y la gran variabilidad climatica existente sobre la
Peninsula Ibérica, utilizando para ello la 6ptica de los TCs y de sus T'Ts asociados.
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A pesar de que hay disponibles una serie de clasificaciones de TCs desarrol-
ladas para la region Euroatlantica, asi como algunas otras especificas para la PI,
se ha desarrollado una nueva clasificacion de TCs centrada en la PI. Para ello
se han empleado datos diarios de reanalisis (ERA40) y anélisis operativos del
Centro Europeo de Prediccion a Plazo Medio (CEPPM), que se extienden a un
mayor nimero de anos (1958-2008) y que presentan una mayor resolucion espacial
(1.125°) que aquellos usados en anteriores clasificaciones desarrolladas para la PI.
El hecho de poder extender la longitud temporal que abarcan estas clasificaciones
permite su cruce con bases de datos observacionales también de mayor duracion.
Esto permite que se pueda llevar a cabo un analisis més completo de las relaciones
entre la circulacion atmosférica y la variabilidad climéatica. La nueva clasificacion
se hizo para cada una de las estaciones del ano con el fin de mejorar el grado de
calidad de los grupos obtenidos, empleandose como campos atmosféricos la pre-
sién a nivel del mar (SLP por sus siglas en inglés) y la altitud geopotencial en el
nivel de 500 hPa (Z500). Ambas consideraciones también son novedosas respecto
a las anteriores clasificaciones, normalmente desarrolladas anualmente y para una
sOla variable atmosférica. El uso de dos variables permite entender mejor las rela-
ciones entre los TCs con variables como la precipitacion en aquellas regiones de
la PI como las mediterraneas, donde las precipitaciones no solo estan gobernadas
por los flujos en superficie, mas propio de las regiones de clima atlantico, sino
también por la circulacion en altura. Otras consideraciones adoptadas, como son
el algoritmo de agrupacion y la ventana de agrupacion, también representan un
elemento diferenciador de anteriores clasificaciones.

Un condiciéon muy importante de este tipo de clasificaciones es que los grupos
formados sean estables. Esto significa que la clasificacion deber ser lo més inde-
pendiente posible del periodo de tiempo utilizado. Este hecho es fundamental a
la hora de usar las frecuencias de los TCs para analizar tendencias en los TCs y su
relacion con posibles tendencias en la variable climética. Por ello, la clasificacion
se hizo con el algoritmo que dio mejores resultados de estabilidad tras testar dos
algoritmos distintos de agrupacién, uno de uso mas tradicional en este tipo de
aplicaciones como K-medias, y otro de uso més reciente como SANDRA.

La clasificacion de TCs obtenida se ha evaluado con el fin de ver si responde bien
a las caracteristicas conocidas de la circulacion en las diferentes épocas del ano.
Se ha profundizado en el anéalisis de tendencias en la frecuencia de ocurrencia de
los distintos TCs, asi como en el de su persistencia y de las transiciones entre
ellos.

En general, muy pocos TCs presentan tendencias significativas, fundamental-
mente en primavera e invierno. Se observa una tendencia al aumento en la fre-
cuencia de las situaciones anticiclonicas y disminucion de las ciclonicas en ambas
estaciones. Hecho que podria estar conectado con las tendencias negativas en
precipitaciéon reportadas en numerosos estudios. Por otro lado, el analisis de
persistencia de las situaciones y de las transiciones revela que los TCs pueden
presentar una mayor persistencia en primavera y otono, o una mayor probabil-
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idad en otono y primavera, en el descuelgue de bajas presiones extratropicales
desde el Noroeste de la PI hacia el Suroeste, que en las estaciéon de invierno.

Una vez clasificada la circulacion atmosférica sobre la PI, otro punto de esta
investigacion ha consistido en la obtencion de los regimenes asociados de tiempo
en precipitacion y temperaturas maximas (Tx) y minimas (Tm) diarias. Para ello
se ha hecho uso de las nuevas bases de datos observaciones de tipo reticular surgi-
das en los tdltimos anos y que abarcan un largo periodo de tiempo. En este caso
se ha utilizado la Base de Datos de Spain02, de gran resolucion espacial (0.2°) y
largo periodo temporal que se extiende desde 1951 hasta 2008. La relacion entre
los TCs y sus TTs permite ahondar en el andlisis de la variabilidad espacial sobre
la PI a escala diaria provocada por la interaccion de los distintos TCs con su com-
pleja orografia. Ademas, a partir de la series de frecuencia de los distintos TTs se
ha analizado el grado en que los T'Ts son capaces de explicar la varianza y la vari-
abilidad temporal observada tanto a escala diaria como estacional de las diferentes
variables climaticas. En general, la clasificacion explica razonablemente bien la
variabilidad a escala estacional aunque con ciertas diferencias entre las variables
consideradas. La variabilidad de las temperaturas se explica mejor en las esta-
ciones equinocciales y en verano que en invierno. Por contra, la precipitacion se
explica mejor en invierno. La precipitaciéon se reproduce mejor en las regiones
de clima atlantico que en las mediterraneas, mientras que con las temperaturas
maximas sucede lo contrario, especialmente en invierno. La secuencia de los TTs
nos explica en parte, las tendencias observadas en precipitacion y temperatura,
concretamente la tendencia negativa de la precipitacion en invierno en la fachada
atlantica peninsular a lo largo de la segunda mitad del siglo XX, y las tendencias
positivas en temperatura en primavera y otono, observadas fundamentalmente en
el ultimo cuarto de siglo. No obstante, aunque la secuencia de los T'Ts es una
herramienta 1til para entender la variabilidad temporal media a escala estacional,
las limitaciones de ésta técnica, debidas en gran parte al elevado nivel de ruido
presente en las clasificaciones, impiden que la variabilidad a escala diaria pueda
ser reproducida adecuadamente. La aplicacion de este tipo de clasificaciones para
el analisis de eventos extremos a escala diaria, de gran impacto e interés para la
sociedad, puede tener limitaciones importantes.

Sin duda, el interés por los cambios en la frecuencia de eventos extremos
adquiere una especial relevancia por su gran impacto en la sociedad. En la
Peninsula Ibérica las proyecciones de Cambio Climatico apuntan, con un nivel
de incertidumbre menor que en otro tipo de variables, a que la frecuencia de
eventos extremos en verano relacionados con las temperaturas maximas se va a
incrementar de manera muy significativa, hasta el punto de considerarse a la PI
como uno de los puntos calientes a nivel global. Por ello, el estudio y analisis del
papel de la dindmica atmosférica en dichas proyecciones presenta un gran interés.

Para dar respuesta a esta inquietud, otro de los objetivos de esta tesis ha con-
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sistido en desarrollar una nueva clasificacion de TCs desarrollada para el verano
con el fin de sortear las limitaciones que las clasificaciones de TCs como la ante-
rior, de tipo més generalista, presentan para responder a la variabilidad de este
tipo de eventos extremos. La nueva clasificacion se ha basado en una regional-
izacion de las temperaturas méaximas (Tx) de Spain02. Las 8 regiones obtenidas
aportan una nueva vision de la variabilidad de las temperaturas maximas en
escalas espaciales relativamente menores a las 3 grandes regiones tradicionales:
Atlantica, Cantabrica y Mediterranea.

Para la clasificacion de TCs se ha trabajado con informacién derivada de las series
regionales, a priori mas homogéneas que las series de tipo puntual, y cuya variabil-
idad esta también mas controlada por la circulacion atmosférica que en el caso de
las series puntuales. Se ha analizado las ocurrencia de eventos extremadamente
calidos (EHD por sus siglas en inglés) en las distintas regiones, definiéndose estos
eventos como aquellos episodios en los que se supera el percentil 95 de la serie
regional para el periodo 1958-2008. Se ha observado la existencia de tendencias
positivas muy significativas en préacticamente todas las regiones, notablemente
mayores en las regiones del centro y noreste peninsular. El objetivo principal de
desarrollar la nueva clasificacién consiste en investigar la posible atribucién de
estas tendencias a cambios en la circulacién atmosférica.

Con el fin de evitar que las situaciones atmosféricas ligadas a este tipo de
eventos, a priori poco frecuentes, puedan quedar muy repartidas entre los difer-
entes grupos que constituyen los TCs, y por tanto sus posibles tendencias en-
mascaradas, la nueva clasificacion parte precisamente de una primera agrupacion
obtenida exclusivamente para los dias identificados como extremos en todas las re-
giones. La clasificacion definitiva se consigue tras una asignacion a estos primeros
grupos del resto de dias no considerados en la primera agrupaciéon, permitiendo
que dias con situaciones muy distintas, desde un punto de vista sinoéptico, queden
fuera de esta asignaciéon. De esta manera, se puede evaluar la eficiencia de los
diferentes TCs en la ocurrencia de dias EHD en las distintas regiones, asi como
evaluar su tendencia en la ocurrencia de dichos patrones sinépticos representados
en los centroides de los TCs. Ambos resultados se utilizan en un ejercicio sencillo
de atribucion a la circulacion atmosférica de las tendencias regionales observadas.
Ademés, con el fin de evaluar el impacto de las variables atmosféricas usadas en
la definicion de los TCs, se han obtenido diferentes clasificaciones mediante el
uso individual y pareado de tres variables atmosféricas, SLP, Temperatura al
nivel de 850 hPa (T850), y Z500. Los resultados de atribucion, siguiendo nuestra
metodologia, evidencian que en general una fraccion relativamente alta de las ten-
dencias observadas no puede explicarse por cambios en la circulacion atmosférica,
siendo mucho menor la atribuciéon en las regiones del interior peninsular. Esto
apunta a que otras causas, posiblemente atribuidas a cambios en la humedad del
suelo, asi como al calentamiento global podrian estar detras de una gran parte de
la tendencia observada. Ademas, se observa una importante sensibilidad de los
resultados de atribucion a los campos atmosféricos utilizados en la definiciéon de
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los TCs. En general se observa un mejor comportamiento en la mayoria de las
regiones para la clasificacion formada por la combinacion SLP-T850.

Una vez definida la nueva clasificacion de TCs, otro de los objetivos de esta
tesis es la proyeccion de estos TCs hacia el futuro con el fin de obtener a su
vez proyecciones de la frecuencia de EHDs en las distintas regiones. Para ello
se han empleado las salidas de los campos atmosféricos de tres modelos del Sis-
tema Tierra (ESM) usados en el proyecto de evaluacion CMIP5: MPIM-MR,
EC-EARTH y CCSM4; y ejecutados bajo dos escenarios distintos de emisiones
de GEI, RCP4.5 y RCP8.5. Independientemente del modelo empleado y del esce-
nario escogido, uno de los resultados mas destacables es el significativo incremento
de la frecuencia de algunos TCs relacionados con una alta probabilidad de ocur-
rencia (eficiencia) de evento extremo en muchas regiones de forma simulténea, y
en especial en las regiones del interior y noreste peninsular, manteniéndose asi el
mismo patron espacial observado en el periodo de reanélisis. Estas proyecciones
estan afectadas por tres fuentes de incertidumbre: modelos, escenarios y clasifi-
caciones de TCs. Asi, se ha analizado la evolucion de la importancia relativa de
cada una de estas fuentes en la incertidumbre de las proyecciones en cada una
de las regiones a lo largo del periodo 1950-2100. En general, se observa que la
incertidumbre asociada a los modelos climéaticos controla durante todo el periodo
mas del 50% de la incertidumbre, mientras que la incertidumbre relativa a los es-
cenarios es importante a partir del 2020, siendo la segunda fuente en importancia
(30%) hasta los ultimos 30 afios de siglo, momento en que la incertidumbre aso-
ciada a las clasificaciones de TCs aumenta considerablemente. Asi, en términos
generales, se proyecta que la frecuencia media estacional de EHDs en el periodo
2071-2100 sea en la mayoria de las regiones del orden de el doble e incluso el
triple en algunas otras, que la frecuencia correspondiente al periodo 1950-2005,
con un intervalo de incertidumbre centrado en estos valores no superior al 30%
en la mayoria de las regiones.

La evolucion del clima sobre la Tierra ha ido marcada a lo largo del tiempo por
la propia variabilidad natural o variabilidad interna, y por una serie de forzamien-
tos externos. En el ultimo milenio hay disponibles un conjunto de reconstruc-
ciones y simulaciones climéaticas para Europa que nos informan de la existencia
de una importante variabilidad climatica en el continente, relacionada en gran
medida con cambios en los forzamientos externos. Asi, en la segunda mitad del
milenio se observa un periodo frio conocido como Pequena Edad de Hielo, e in-
cluidos en este periodo otros subperiodos més frios asociados con minimos en
la actividad solar (minimo de Maunder), o con una mayor actividad volcénica
(minimo de Dalton).

Un objetivo principal de esta tesis es el analisis de la influencia de los forzamien-
tos externos, como la actividad solar, volcanica y las emisiones antropogénicas de
GEI en la evolucion de los TCs en invierno y verano. Este ejercicio es la primera
vez que se aplica bajo la 6ptica de los TCs. Para ello, se han obtenido una serie



de clasificaciones de TCs en una ventana euroatlantica a partir de la variable
SLP, obtenida en el periodo 1500-1990, a partir de 4 simulaciones paleocliméti-
cas, dos de ellas desarrolladas con el modelo global ECHO-G, y las otras dos
con la version climética del modelo regional MM5 alimentado en su frontera por
las dos simulaciones globales anteriores. Cada pareja de simulaciones estan eje-
cutadas con el mismo modelo y los mismos forzamientos externos (éstos iguales
para las cuatro simulaciones), cambiando tan sélo sus condiciones iniciales de
partida. Asi partiendo de estas premisas, y de las series de frecuencia de los TCs
que son similares entre las simulaciones pareadas, es posible evaluar el papel de
los forzamientos en conjunto, y por separado, en la evoluciéon de los distintos TCs.

Los resultados evidencian que existe una relacion significativa, aunque dé-
bil, entre los forzamientos y 2(6) TCs de invierno(verano). Sin embargo, no
hay resultados estadisticamente significativos de la influencia por separado de
los forzamientos solar y antropico. En relacion al forzamiento volcénico, si hay
una influencia clara en invierno. Los resultados obtenidos indican la aparicion
de anomalias positivas de temperatura y precipitaciéon en el Norte de Europa los
inviernos posteriores a una gran erupcion, el cuél es coherente con los resultados
obtenidos en otros estudios basados en reconstrucciones y simulaciones.
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Abstract

Climate has suffered important changes along its history causing large impacts
on society and ecosystems. Therefore, the analysis of the causes provoking such
changes has a great interest, and much more nowadays, when climate change
projections inform about the possibility of deep changes on climate along this
century.

Important climate changes have been occurred during the past century. One of
the most significant is the global warming. Many studies point out to the human
activities as the main responsible of such warming due to the huge anthropogenic
Green House Gases (GHGs) emissions since the beginning of the industrial pe-
riod.

As the changes observed in the last decades as those projected for future, show
regional behaviors overall the planet. Some works employing paleosimulations
have demonstrated that the spatial warming pattern projected by the climate
change simulations, is the same than that obtained for paleosimulations in the
past, but with some regional differences maybe related to changes in the atmo-
sphere circulation caused by anthropogenic forcing.

At more regional scales like the Iberian Peninsula, the changes observed differ
from some places to another. For example, the decrease of precipitation in winter
and early spring is more significant in the peninsular atlantic half, but not as im-
portant in the mediterranean regions. Another example is the positive trend of
summer temperature affecting more to the inner regions. More of these regional
differences ca be completely understood if changes in atmospheric circulation are
taken into account.

At midlatitudes, the atmospheric circulation is governed by the jet stream lo-
cated at the highest troposphere levels. It acts in the cyclogenesis, development
and declining of extratropical lows. In a great extent, the jet controls the position
of the large synoptical pressure centers. The distribution of the pressure fields,
both at surface and higher levels, define the atmospheric dynamics. This allows
to infer the prevalent fluxes over the different regions under its control, and as
consequence, in the warm/cold and dry/wet character of the air masses advected
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towards these regions. The interactions of these fluxes with orography and their
variability along the seasons and years, lead the climate of the different regions.
The characterization of the changes occurred in the atmospheric dynamics helps
to understand not only the climate changes occurred in the past, rather also those
projected for future. Therefore, this is a key factor for understanding the climatic
variations of a given region.

Laws governing the air movement within the atmosphere describe non-linear
processes, making that the atmospheric circulation had in essence a chaotic na-
ture. A priori, there exists an infinite number of atmospheric states needing
of statistical techniques to aboard any attempt of characterization of the atmo-
spheric dynamics.

One of the techniques frequently used is based on Principal Component Analysis
(PCAS) to determine the main modes of low frequency variability. Some examples
are the North Atlantic Oscillation (NAO), Artic Oscillation (AO), East Atlantic
(EA), Southern Oscillation (SO), Scandinavian (SCAN), etc. Another classifica-
tion method is based on the obtainment of circulation indices. These classify the
circulation attending to the direction and vorticity of the air fluxes. Circulation
Types (CTs) are another method of classification. CTs are a handy ensemble
of atmospheric situations summarizing the great atmospheric daily variability.
From the point of view of a meteorologist, CTs are as those atmospheric patterns
that he used to remember and which he is able to associate with some weather
regimes of precipitation and temperature, called as their Weather Types (WTs).
To obtain the CTs statistical clustering techniques are required. For this, different
clustering algorithms have been implemented. In general, they try to look for an
optimal clustering deriving clusters the more homogenous as possible and differ-
ent among them. This is measurable by means of the definition of a quality index.

One of the primordial tasks of this Thesis is to deep in the relationships be-
tween the atmospheric circulation and the great climate variability existing over
the Iberian Peninsula (IP), using for this the CTs perspective and of their asso-
ciated WTs.

Despite different CT classifications have been developed for the Euroatlantic
region, as well as some others for the IP, a new CT classification over the IP have
been obtained. To perform this, daily reanalysis (ERA40) and operational anal-
ysis from the European Center Model Weather Forecast (ECMWF) have been
employed. These data cover a longer temporal period (1958-2008) and have a
larger spatial resolution (1.125°) than those used in previous classifications. The
longer period facilitates crossing the classification with observational datasets also
with a longer temporal period than those used before. In this way, a more com-
plete analysis of the relationships between the dynamics and climate variability
can be to carried out.

The new CT classification was performed using a seasonal division for improving
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the quality of the clusters, and considering the Sea Level Pressure (SLP) and
Geopotential Height at 500 hPa Level (Z500) fields as variables for defining the
CTs. Both considerations are novel respect to the previous classifications which
were obtained without seasonal division and considering only one variable. The
use of two variables permits to understand better the links between CTs and
variables like precipitation, especially in the mediterranean regions of the IP. An-
other adopted considerations like the clustering algorithm and the window used
for clustering, are also two differentiating elements of previous CT classifications.

An important condition of this kind of classifications is that the obtained clus-
ters were stable. This means that classifications should be the most independent
of the time period considered for its construction. This fact is fundamental for
using the frequencies of CTs for the analysis of trends in the different CTs and
of their possible connections with trends in the climatic variable. The stability
results of two algorithms were compared in order to chose that with better per-
forming. The compared algorithms were one of traditional use as K-means and
other of more recent use as SANDRA.

The obtained CT classification have been evaluated to check if it describes

well the annual cycle of the atmospheric circulation over the IP. It has been deep-
ened on the analysis of trends in the occurrence of the different CTs, as well as
on their persistence and the transitions among them.
In general, few CTs present significant trends, mainly in spring and winter. It
is observed a positive(negative) trend in the frequency of anticyclonic(cyclonic)
situations. On the other hand, the study of the persistence and transitions reveals
that CTs can have a larger persistence during spring and autumn, as well as a
higher probability in spring and autumn than in winter of the transition of the
extratropical lows at NW of the IP towards the SW of the IP.

Another point of this Thesis has consisted of the obtainment of the precip-
itation, maximum (Tx) and minimum (T,,) temperature WTs associated with
the different CTs of the above classification. New observational grided datasets
available for the IP have been used for that. In this case the Spain02 dataset of
high spatial resolution (0.2°) and covering the period 1950-2008 is used. Links
between CTs and WTs allow the analysis of the spatial climate variability over
the IP at daily scale caused by the interaction of the different C'Ts with its com-
plex orography. Furthermore, the time sequence of WTs is a tool for exploring
the observed variance and time variability, as at daily as seasonal scales of the
different climate variables.

In general, the atmospheric classification explains reasonable well the variability
observed at seasonal scale but with some differences among the variables consid-
ered. Variability of temperatures is better explained in the equinoctial seasons
and summer than in winter, whereas precipitation is better explained in winter.
Precipitation is better reproduced in the atlantic regions than the mediterranean
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ones, whereas the contrary situation occurs for temperature, especially in winter.
Sequence of WTs justifies the observed trends in precipitation and temperature,
especially the negative precipitation trend in winter occurred in the atlantic re-
gions during the period 1958-2008, and the positive temperature trends during
spring and summer, mainly observed in the last quarter of the past century.
However, this technique has important drawbacks for reproducing daily variabil-
ity, probably due to the important level of noise existing in the CT classifications.
Therefore, the application of this method for the analysis of extremes at daily
scale could have serious limitations.

The interest for analyzing changes in the frequency of extreme events acquires

large importance by their great impacts on society. Climate change projections
for the IP point to a significant increase of the frequency of extreme events re-
lated to maximum temperature in summer. Indeed, under such changes, the IP
is considered as one of the hot-spots of the Globe. Therefore, the analysis of the
role of the dynamics on these projections is of great importance.
To give a response to this concern. another of the goals of this Thesis has con-
sisted of developing a new CT classification for summer specific for the analysis
of extremes. The new classification is based on a regionalization of the Ty vari-
able derived from Spain02. The eight regions obtained give new insights about
the spatial variability existing over the IP beyond of the three traditional regions
(Cantabrian, Atlantic and Mediterranean). A priori, regional series are more ho-
mogeneous and are larger controlled by dynamics than local ones. Information
of these regions have been used for the new classification. The occurrence of ex-
tremely hot days (EHDs) in the different regions has been analyzed, defined these
events as those when regional Ty overcomes the 95th percentile of the regional
series derived from the period 1958-2008. The existence of significant positive
trends have been observed practically in all regions, being higher in the central
and northeastern regions. The main goal of developing the new CT classification
is to investigate the possible attribution of trends to changes in the atmosphere
circulation.

The new classification starts from a first clustering obtained exclusively by
using those days defined as extremes in all regions. This avoid that atmospheric
situations linked to extreme events, a priori of few frequency, can be very shared
by the different clusters composing the classifications, and therefore their possi-
ble trends can be masked by the noise. The definitive classification is obtained
through the assignation of the rest of days, initially not considered, to the groups
obtained from the first clustering. In this way, the efficiency of different clusters
on leading to EHD occurrences in the different regions can be evaluated, as well
as the trends in the occurrence of such synoptical patterns represented by the
centroids of the different CTs. Both results are used for an exercise of attribu-
tion of the observed regional trends to the dynamics. In addition, in order to
determine the impact of atmospheric variables used for the definition of the CTs,

Xvi



different CT classifications have been obtained by means of the individual and
paired use of three atmospheric variables, SLP, Z500 and temperature at 850 hPa
level (T850).

The attribution results show that a relatively high percentage of the observed
trends can not be attributed to changes in the CTs, being this attribution lower
in the inner regions. This points to other factors, maybe related to changes on soil
moisture and global warming, could be behind of such trends. Furthermore, an
important sensitivity of the results to the atmospheric fields chosen for defining
the CTs is observed. In general a better behaviour of the SLP-T850 classification
for most regions is obtained.

Once defined the specific CT classifications for the analysis of extremes, an-
other task of this Thesis is the future projection of these CTs in order to obtain
EHD projections for the different regions. To perform this, numerical outputs
of the atmospheric fields (SLP, Z500 and T850) derived from three Earth Sys-
tem Models (ESMs): MPIM-MR, EC-EARTH and CCSM4 are used. Models
were run under two representative concentration pathways (RCPs), RCP4.5/8.5.
Independently of the ESM and RCP used, one of the outstanding results is the
significant increase of the frequency of some CTs related to a high efficiency in the
occurrence of EHDs at most regions simultaneously. This leads to a significant
increase in the occurrence of EHD in the different regions, especially at those
located in the inner and northeastern regions. Projections are linked to several
uncertainty sources: models, scenarios and CT classifications. Hence, the evolu-
tion of the relative importance of each source in the EHD projections has been
analyzed for the different regions along the period 1950-2100. In general, the
uncertainty linked to the models control more than 50% of the total uncertainty
along the overall period, whereas scenarios uncertainty is important from 2020,
being the second source of uncertainty (30%) untill the last 31 years period of
the century (2071-2100) when CT classifications increase in a prominent way. In
general terms, the mean EHD frequency projected for the majority of regions in
the period 2071-2100 will be double or even triple for some regions, in relation to
the mean frequencies observed in the 1950-2005 period. The uncertainty linked
to this projection for most region does not overcome the 30% of the mean EHD
projected values in most regions.

Along the time, the Earth climate evolution has been driven by external forc-
ings and internal variability. The existence of climate reconstructions and pale-
osimulations for Europe manifest that climate evolution over Europe in the last
millennium has been linked to changes in the external forcing. Hence, it is ob-
served colder periods during the little Ice Age associated with low solar activity
as the Maunder Minimum occurred around 1700, or to a higher volcanic activ-
ity as the Dalton Minimum about 1800. In addition, the large increase of the
anthropogenic forcing since the second half of the ninetieth century leads to the
significant warming recorded during the last century.
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A main task of this Thesis is the analysis of the influence of the external
forcings, such as changes in the solar and volcanic activity, and changes in the
GHGs concentrations on the evolution of the CTs in winter and summer. This
exercise is the first time that is applied under the CTs perspective. To perform
this, different CT classifications for an Euroatlantic region have been obtained
in the period 1500-1990. For this, four paleosimulations, two of them performed
with the same global model, ECHO-G, and the others obtained by using the re-
gional climate model MM5 fed on its borders by the global simulations. Both
global paleosimulations were obtained considering the same external forcings, but
started from different initial conditions. Under these circumstances, it is possible
the evaluation of the role of the forcing using the temporal correlation obtained
between the frequency series of those CTs which are identical in the different CT
classifications obtained for each paleosimulation.

Results indicate the existence of some weak statistical significant correlation
between the forcings and two(six) CTs in winter(summer). However, there are
not some response, at least with the followed methodology, between the solar
and GHGs forcings and CTs when the influence of both forcings are analysed
individually. Regarding the volcanic forcing, there is a significant influence in
winter. Hence, results show the appearing of positive precipitation and tem-
perature anomalies in the northern of Europe during the winters following to a
big eruption. This result agrees with those informed by other studies based on
reconstructions and paleosimulations.
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Chapter

Introduction

1.1 Climate variability

Many definitions have been used for climate. One of them consider the climate as
the mean state of meteorological variables (temperature, precipitation, humidity,
wind, pressure, etc), obtained for a given spatial scale (normally the local scale)
and for an specific period of time (normally of 30 years). However, this defini-
tion is incomplete because it can not respond to the important changes observed
along the past century, associated not only with the mean state if not with other
statistical parameters of the statistical population like the variance or percentiles,
as well as to another temporal characteristics of the series such as trends, per-
sistence, etc. In addition, a more complete definition should also consider the
relationships between different variables, as it could be the covariance, necessary
to understand some changes in variables like droughts. Hence, climate change
refers to a change in the state of the climate that can be identified (e.g., by using
statistical tests) by changes in the mean and/or the variability of its properties,
and that persists for an extended period, typically decades or longer (IPCC,2014)).

Despite climate is normally referred to atmospheric variables, the fact is that
climate is the result of complex interactions of the Earth’s climate system, formed
by five components: Atmosphere, Hydrosphere, Criosphere, Biosphere and Litho-
sphere. These are exchanging energy, mass and moment among them looking for
a global equilibrium which is governed by the energy existing in the Earth’s cli-
mate system. This energy is the result of a budget in the top of the atmosphere
(TOA) between the short wave radiation (SWR) incoming to the system and the
low wave radiation (LWR) outcoming. Changes in some of the subsystems could
causing changes in this budget and therefore changes in climate. Figure[I.1|shows
the most updated annual mean energy budget published in the fifth assessment
report (ARS5) of the intergovernmental panel on climate change (IPCC). Despite
notable uncertainties remain in this budget in relation to the non-radiative fluxes
at surface (latent and sensible heats) (IPCC, 2014), the net result of this is an
imbalance of +0.6 W/m? adding more energy to the system. The significant rise

1



2 Chapter 1. Introduction

coming solar reflected thermal outgoing
solar TOA TOA

atmospheric
Window s

- - ’\Lu “w greenhouse
solar absorbed [CICHIEEN - e

atmosphere ’ .
L 185 Y| solar, z‘* "

down reflected
y surface

84 20

imbalance 170,850

06 solar absorbed evapo-  sensible thermal thermal
(02,1.0) surface ration heat up surface down surface

Figure 1.1: Mean annual radiative energy budget in the Earth’s climate sys-

tem (IPCC, 2011

of 0.86 °C of the global mean surface temperature (combining land and ocean sur-
face temperature) observed from 1880 to 2012 is probably one of the footprints
of this imbalance. As it has mentioned above, whatever change in some of the
components of the climate system will affect the energy budget, causing a chain
of changes in the rest of subsystems. The initial changes are normally called as
radiative forcing.

The complex interrelationships among the components cause feedbacks pro-
cesses which in some cases tend to diminish the initial change (negative feddback)
or to amplify it (positive feedback). Figure shows some of the key feedbacks
occurring in the Earth’s climate system, as well as the different time scales of
the lasting of each one. Negative feedbacks have to be prevalent to maintain the
dynamical equilibrium of the climate system, being one of the dominant ones
that related to the higher emission of LWR to space when an increase in the
Earth’s temperature occurs. Some example of positive feedbacks is that favoring
the increase of greenhouse gases (GHGs) concentrations in the atmosphere (water
vapor, dioxide carbon, methane, etc), explaining these a significant part of the
observed global, especially due to the anthropogenic GHGs emissions.

Apart from the changes observed in the last centuries, the history of the
Earth’s climate reconstructed from historical documents and proxy data (ice
scores, boreholes, ring trees, sediments, etc), teaches that global surface tem-
perature has suffered important variations along millennia and millions of years.
Two equilibrium states, glacial and interglacial, of one hundred thousand years
and ten thousand years of mean duration, respectively, have been reproduced
by paleoclimatological information. The main reason of these variations at these
longer temporal scales obeys mainly to changes in the total solar irradiance (T'SI)
arriving the TOA which suffers variations because of periodical changes in the
Earth’s orbital parameters (1988)). In addition, unpredictable changes in
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the solar activity provokes also variations at shorter time scales as well as the
eruptions of big volcanoes. The most significant effect of volcanoes is the mod-
ification of the Earth’s albedo caused by the release of substantial amounts of
aerosols into the stratosphere, causing a cooling in the next years after eruptions.
The combination of TSI variations and big volcanic eruptions seem to be some of
the causes leaders to the most relevant variations occurred along the past millen-
nium. Figure shows some reconstructions of the global surface temperature
anomalies during the last two millennia. It can be seen the existence of a colder
period between 1450-1850 defined as the Little Ice Age (LIA) and whose existence
seems to obey to changes in TSI and big volcanic events. In addition, it can be
observed such as the global temperature suffers variations at different time scales
from decennial to multi-centennial years.
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Variations in temperature respond to the forcings and the complex feedback
processes making that the equilibrium of the system was a continuum dynam-
ical process. In addition, if the forcings are kept constant in time, the climate
fluctuates at interdecadal or even larger time scales. This random fluctuations,
deriving from the chaotic nature of the climate system, is defined as internal
variability (Huybers and Curry, 2006]). Therefore, internal variability affect the
climate evolution at different temporal scales, amplifying or hampering the cli-
mate modifications guided by the forcings.

In the current context of economical crisis, one of the most important chal-
lenges for recovering the global economy goes trough a sustainable environment.
To this way, the knowledge about future variations of climate along the current
century is necessary for a better planning of energy resources, agricultural ac-
tivities, infrastructures (hydrological, construction, etc), etc. Therefore, climate
simulations are needed to this target. Global Circulation Models (GCMs) are
the most suitable tools for simulating the climate system. They consist of a
three-dimensional representation of the different climate subsystems, and they
try to solve many of the known complex processes of exchange of energy, matter
and momentum among the different subsystems. Furthermore, to simulate more
realistically the Earth’s climate system external radiative forcings according to
changes in TSI, volcanoes and anthropogenic GHGs emissions have to be included
for simulations.

The improvement of CMs have been spectacular in recent decades. It has
been linked to the increase in the computing power of computers, following the
inclusion of more climate subsystems as well as of more complex processes to the
extent that the spatial resolution of models have increased. Figure [1.3| shows a
summary of the CMs’s evolution. In the first models (middle 70s), only some
processes occurring in the atmosphere, land surface, ocean and sea ice were simu-
lated, whereas the models used in the last IPCC report (IPCC| 2014)) are capable
of simulating a larger number of processes affecting to aerosols, carbon cycle,
dynamic vegetation, atmospheric chemistry and land ice.

GCMs are used for climate change experiments as well as to determine to what
extent the current climate change obeys to anthropogenic causes. However, the
climate projections present a number of problems to consider before models are
run. The first one is the important uncertainties existing in the future evolution
of external forcings, being some of them unpredictable such as the evolution of
TSI and volcanoes. There are another natural forcings which can be considered
constant at the time scale the projection is designed for (typically 100 years),
such as modification in the lithosphere (this is, the distribution of continents and
oceans) or the Earth’s orbital parameters. The evolution of the Biosphere is an-
other important factor which is affected by climate variations (indeed there are
important feedbacks between both subsystems) and which normally is taken as
constant in climate simulations because of the important uncertainties existing
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in the complex mechanisms between climate and life. Finally, the anthropogenic
forcing may determine critically the evolution of the climate. They include, but
are not limited to, evolution in the concentration of GHGs, aerosols and modifi-
cations in land use (IPCC,2013). These factors are however affected by a huge
uncertainty, since they depend on the future unpredictable socio-economical evo-
lution of the current civilizations around the Globe. The only way to deal with
such uncertainties is an statistical approach. A number of possible evolutions of
the socio-economical factors, with their respective implications in the available
technology, and thus in the future GHGs and aerosols emissions, are hypoth-
esized. These hypothetic futures are denominated representative concentration
path ways (RCP), also called traditionally as scenarios. This input information is
used to conduct simulations with several state-of-the-art GCMs, and the results
of this ensemble of simulations are considered in an statistical way (IPCC| [2014).
Figure [L.5]illustrates the result of this process showing the mean of the ensemble
series of global temperature projected under several RCPs.

Depending on the application of the climate change projections (CCP) the
spatial coarse resolution of GCMs (see Figure can be insufficient and CCP
of larger spatial resolution could be necessaries. The analysis of the impacts of
future changes for adopting strategies of adaptation and mitigation are a clear
example of activities demanding CCPs with higher spatial resolution. Downscal-
ing techniques are employed to procure CCPs of high resolution, existing two
generic downscaling approaches, dynamical and statistical. The former consist of
using regional climate models (RCMs) of higher resolution than GCMs. These
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Figure 1.5: Ensemble projections of changes in the global surface temperature
under different climate change scenarios (IPCC, 2014).

models simulate only a limited area domain, with well defined borders. The infor-
mation in the borders have to be provided somehow externally, so a model with
these features need to be coupled to a GCM providing this information. The
advantage of this type of model is its lower computational cost, allowing its im-
plementation to greater spatial resolution (the order of tens of kilometers). The
latter downscaling approach consists of using some outputs of GCMs (defined as
predictors), normally large scale atmospheric fields well resolved by the global
model, for developing statistical-empirical relationships between these predictors
and local climate data (predictands) derived from meteorological stations (Wilby
et al., 2004). Both downscaling approaches have drawbacks and strengths. In
the case of RCMs its outputs are dynamical consistent because they simulate
real processes but they require an important computational cost. Furthermore,
they are strong dependent on the GCM in which they are embedded. By con-
trast, statistical downscaling requires low computational cost, but it assumes that
empirical-statistical relationships keep constant along the time and this would be
problematic in a context of climate change.

1.2 Atmospheric dynamics

The movement of the air within the atmosphere is denominated as atmospheric
circulation (AC). Considering a global scale, the main mission of the AC is to
carry the excess of heat at low latitudes towards the most deficient polar regions.
This allows to maintain constant the Earth’s temperature in the annual scale.
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At shorter-scales, whatever imbalance (of pressure, temperature, humidity, etc)
within the atmosphere will be restored to its equilibrium state by appearing some
kind of air circulation.

AC differs largely between tropical and extratropical latitudes. In the tropical

regions the AC is driven by the Hadley cell, whereas in midlatitudes the circula-
tion is guided by the jet stream. The Hadley cell is a closed circulation located
between the equator and tropics. Air at surface equatorial regions is unstable
and rises, leading to a region of low pressures at surface. Over the tropics high
pressures domain at surface, mainly due to the existence of air subsidence over
this region. Therefore, a circulation from tropics to the equatorial region (trade
winds) is produced at surface level governed by the gradient pressure force. At
higher levels the cell is closed by a southern circulation towards the tropics.
At midlatitudes, AC obeys mainly to the unstability of the jet stream. The jet
stream is an intense circulation occurring at high atmospheric levels whose forma-
tion is due to the existence of intense temperature gradients between tropical and
polar regions. On average, the jet stream is a zonal and circumpolar circulation
from western but it suffers some deviations of its trajectory. These deviations
are governed by physical laws related to the conservation of the potential vorti-
ciy. In the northern hemisphere, polarward (southward) undulations of the jet
are called as ridges (troughs). In the ridges patterns the air vorticity is nega-
tive (clockwise air movement) and positive temperature anomalies take place in
the medium troposphere. By contrast, positive vorticity and negative temper-
ature anomalies appear under the trough configuration. Ridges and troughs of
large amplitude and wavelength are regions with persistence weather conditions,
prevailing the stabilitly and instability of the atmosphere, respectively. Quasi-
geostrophic theory teaches that the pressure field at surface levels is in a great
extent driven by the jet stream undulations, leading to areas of high(low) pres-
sures under ridge(trough) configurations (Holton and Hakim, 2012)). This is of
very importance because of the location of the areas of high and low pressures
control the prevalent wind regime affecting directely to the regimes of precipi-
tation and temperature of the regions under the influence of the jet stream. In
addition, the cyclogenesis, lifetime and dissipation of the low extratropical sys-
tems, of great importance in the climate at midlatitudes, is also controlled by
the jet stream. Finally, the interactions of the AC with other factors such as the
orography determine the climate of the different regions.

Laws governing the air movement within the atmosphere describe non-linnear
processes, making that the AC had in essence a chaotic nature (Lorenz, (1969).
Atmospheric circulation models (ACM) used for the weather forecast simulate the
evolution of the atmosphere states. Unlike of climate models, ACMs simulate only
the atmosphere and they need to be initialized from an initial state. This state,
also known as analysis is derived from a huge number of weather observations
collected from several observational platforms: weather stations, air soundings,
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Figure 1.6: Phases of the Nort Atlantic Oscillation.

satellites, meteorological radars, ocean buoys, ships, etc. Assimilation processes
are necessaries to join all this information and to procure a gridded initial state
for running the ACMs. For the construction of the grid, interpolation techniques
applied over the observations are used, and then, a process to analyze the phys-
ical consistency of the initial state is performed. Once consistent initial state is
obtained, not exempt of errors, the ACM forecasts its evolution. The sensitivity
of the atmospheric simulations to the initial state is a fundamental characteristic
of the chaotic systems. Initial errors are amplifying along the forecast time steps,
invalidating, in general terms, the forecast beyond 10 days. Therefore, ACs have
to be initialized frequently.

One of the steps of the weather forecast has important application for climato-
logical studies. The obtained initial states are very useful for climate applications
constituting the nearest approximation to the real observations. In addition, the
observations recorded before the ACMs began to be used, can also be used for
models for reconstructing the past atmospheric states. These data are called as
reanalysis.

An interesting exercise with important implications in climatology is the char-
acterization of the atmospheric dynamics. Low frequency modes of variability,
based on Principal Component Analysis (PCA) (Barnston and Livezey, [1987) ap-
plied to Sea Level Pressures (SLP) or to a given geopotential height field, is one
of the ways for its characterization. These modes, also called as teleconnection-
patterns, are, in a great extent, responsible of the climate variability observed
in large areas at interannual and decadal time scales (Rodriguez-Puebla et al.l
1998). The main mode controlling the climate variability over Europe is the
North Atlantic Oscillation (NAO) (Barnston and Livezey, [1987). The two phases
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of this mode are represented in the Figure [I.0]Its positive phase reflects a dipole
of Sea Level Pressures (SLP) anomalies over the north Atlantic Ocean, observ-
ing negative(positive) anomalies at northern(southern). This configuration favors
over the northern Atlantic coasts of Europe warm and wet air advection, causing
positive anomalies of precipitation and temperature over these areas, but negative
precipitation anomalies in the southern of Europe. By contrast, during the nega-
tive phase, anomaly patterns are reversed. Apart from the NAO, there are some
other modes of variability affecting also to the different European regions such as
the Artic Oscillation (AO), the East Atlantic (EA), the Scandinavian (SCAND),
etc (Barnston and Livezeyl, [1987). An example of other variability modes affecting
even to the interannual global temperature variability is the Southern Oscillation
(SO) (Zhang et al, [1997)).

The obtainment of circulation indices (Jones et al, |1993) and Circulation
Types (CTs) (Beck and Philipp, 2010; Garcia-Valero et al., 2012) are two ways of
characterizing the prevalent atmospheric circulation over a region at daily time
scale. Circulation indices characterizes the atmospheric situations in order to
the direction of fluxes and their vorticity. CTs are a handy ensemble of atmo-
spheric patterns on which the huge number of daily atmospheric situations can
be simplified. Hence, from the point of view of a meteorologist, the CTs are those
atmospheric situations that he could remember and which are associated with
some precipitation and temperature spatial patterns, normally called as their
weather regimens or Weather Types (WTs). Links between CTs and WTs are
traditionally used to explore the climate variability (Romero et al (1999); |Yiou
and Nogaj (2004); |[Fernandez-Montes et al (2012), among others) and also for
downscaling purposes (Wilby and Wigley, (1997)).

1.3 Climate variability in the Iberian Peninsula

The IP is a region with a large climate variability (Font-Tullot} 2000; Lorente-
Plazas et al, 2015). Its location at midlatitudes determines the presence of a
large variety of atmospheric situations over this territory (Garcia-Valero et al.
2012). In addition, its position between the Mediterranean Sea and the Atlantic
Ocean, of very different temperatures especially at the end of summer, autumn
and winter, favors that the air masses advected towards the IP acquire very dis-
tinct properties on humidity and temperature depending on their provenance
regions. This leads to the occurrence of different meteorological phenomena of
large spatial-time variability. All these factors joined to its complex orography
justify its large climate diversity.

In the last decades, significant changes in precipitation and temperature have
been observed in the IP. On the one hand, a decreasing of precipitation in winter
and early spring in large areas of the central, western and northern (Corte-Real
et al, [1998; M J. et al, 1998 Serrano et al, [1999; Paredes et al, [2006} |Lopez-Bustins
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et al, 2008; Martin-Vide and de Luisal, [2009} |de Luis et al, [2010} |Gonzalez-Hidalgo
et all, 2011; |Gallego et al, 2011; Hidalgo-Munoz et al, 2011} [Luna et al, 2012)
have been reported. On the other hand, significant positive trends in maximum
temperatures (Tx) in spring and summer, practically generalized over the entire
territory, as well as similar trends in minimum temperatures (Tm) in the same
seasons and autumn have been informed (Brunet et al, 2007; Bermejo and Ancell,
2009; |Garcia-Valero et al,|2015)). Finally, climate change projections inform about
the continuity of such changes in the future, defining this region as one of the
hot-spots of the Globe (Giorgi, [2006), especially by the large increase projected
for temperatures in summer.

1.4 Objectives and structure of this Thesis

In the former sections, the high degree of the relationships between the prevalent
atmospheric dynamics over a region and its climate variability has been mani-
fested. The appearing in the recent years of new observational climate datasets
developed for the IP, with a higher temporal-spatial resolution and covering a
longer period of years than those available previously, allows a more complete
analysis of its climate variability. In the same way, the availability of reanalysis
and analysis atmospheric data, of great spatial and time resolution, since the
middle of the past century favors to cross them with the observational climate
datasets. This facilitates to deep in the relationships existing between the atmo-
spheric and climatic variability. The objective of this Thesis are various.

The first objective consist of characterizing the prevailing atmospheric sit-
uations over the IP. To perform this, a seasonal CT classifications is obtained
for an historical-recent period (1958-2008). Despite different CT classifications
are available for the IP, the longer period covered by this new classification and
the methodology followed for its construction are two improvements respect to
the previous classifications. Although here, CT classification is obtained for ana-
lyzing the variability of temperature and precipitation, this classification can be
potentially used for several kind of researchers, from the analysis of other climate
variables to environmental applications. Indeed, it has been employed for the
characterization of wind and of the air extreme pollution events over the IP.

Another objective is to investigate the influence of the CTs obtained above
on the precipitation and temperature variability over the IP along the historical
period. To deep on these links, the WTs associated with the CTs are obtained.
The WTs are an usefulness tool for carrying out this kind of analysis. They allow
to analyze the attribution degree of possible trends in the mean variability of
climate variables to the changes in the atmospheric circulation. In addition, they
allow to deep about the spatial variability caused under different atmospheric
conditions in a territory of great orographical complexity like the IP is.
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A third objective is the analysis of the occurrence of summer extremely hot
situations under the influence of the atmospheric circulation. The study of these
situations through CT classifications as the obtained above could have impor-
tant difficulties due to the low statistical load that these kind of situations have.
Therefore, a new methodology for obtaining specific CT classifications for the
analysis of extreme events is proposed. The application of these specific classi-
fications to attribute significant positive trends in the extreme occurrence found
in several Spanish regions to changes in the frequency of the CTs is another task
of this analysis.

The next objective is the projection of the specific CT classifications to the fu-
ture (untill 2100), using for that different climate change scenarios. This permits
to obtain projections of extreme hot occurrences at several Spanish regions. Dif-
ferent atmospheric field outputs derived from three Earth System Models (ESMs),
recently used for the Fifth Assessment Report of the IPCC (2013), are used. Pro-
jections allows to investigate the role that dynamics could have on the projections
that point to significant temperature increase in the IP.

The final task of this Thesis is to deep on the role of the external forcings on
the atmospheric dynamics, and therefore on the climate variability. Three exter-
nal forcings are analyzed: changes in the total solar irradiance, changes in the
atmosphere concentrations of GEI and volcanic activity. To perform this, an en-
semble of generalist CT classifications for the Euroatlantic region are stablished
from the data of four paleosimulations. The period 1500-1990 is investigated.
This exercise is the first attempt of this kind analysis under the CTs perspective.

The structure of this Thesis is as follows. Chapter 1 introduces the Thesis
exposing some basic concepts in relation to the climate system, the atmospheric
dynamics and the main characteristics of the PI as well as the latest changes
occurred in its climate variability. Chapter 2 describes the methodology used
for the construction of the CT classification during the period 1958-2008. The
synoptical description of the obtained CTs, the analysis of trends in the frequency
of CTs as well as of their persistence and of the main transitions among them
are also included in this part. In the Chapter 3 the WTs associated with the
different C'Ts are obtained and used for analyzing the role of the CTs on the mean
variability of temperature and precipitation over the IP. Chapter 4 presents the
methodology for obtaining the specific CTs for the analysis of extremely hot days
occurrences over the IP. The method of attribution of trends in this kind events to
the atmospheric circulation is also included on this chapter. Chapter 5 includes
the results of the climate change projections of the extremely hot events at several
Spanish regions. Chapter 6 illustrates the methodology followed to analyze the
influence of the forcings on the dynamics under the optics of the CTs. Finally,
Chapter 7 outlines the main conclusions obtained in this Thesis. All chapters
include an introduction and a methodology part which further describes their



12 Chapter 1. Introduction

contents.
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Chapter 2

A seasonal study of the Atmospheric
Dynamics over the lberian Peninsula
based on Circulation Types

2.1 Introduction

The classification of the atmospheric circulation over a region in a discrete set of
atmospheric patterns may result an unrealistic task if we take into account the
chaotic nature of the atmospheric dynamics (Lorenz, 1956)). Nevertheless, from a
synoptic point of view, the atmospheric patterns defined by large-scale variables
(generally sea level pressure or geopotential at a given level) present recurrent
spatial configurations that could be considered as the attractors of the system.
They are usually named Circulation Types (CTs). Traditionally, the CTs have
been used for the analysis of the regional climatic variability of elements such
as precipitation (Gallego, |1995; Romero et al, [1999), temperature (Bermejo and
Ancell, 2009; |Philipp et al., 2006, Cassou et al, 2005; Yiou et al, 2008) and
wind (Jiménez et al, 2008) so that their influence in these variables has been
used to develop conceptual models or empirical-statistical relations useful for
prediction. Nowadays its use has been extended to other interesting climatological
applications like the validation of climate models (Crane and Barry, 1988 [Hulme
et al, 1993; [Huth, [2000) or the possible changes in the circulation under different
climate change scenarios (Kysely and Huth, [2006; Huth, |1997)).

The first classifications started to be developed in the second half of the twen-
tieth century (Hess and Brezowsky |1952; Lamb) |1950). The synoptic patterns
were grouped according to a number of subjective rules adopted by experts. The
limitation of these classifications lied on the assignation of the states in the differ-
ent groups when the databases were very large; so, they were usually developed
for relatively short periods (10-15 years). The availability of gridded atmospheric
databases (e.g. NCAR, ERA40) carried out the development of objective tech-
niques on assignation. The most frequently used among them are: (1) correlation
method (Lund, 1963)); (2) sums of squares (Kirchhofer, [1974)); (3) cluster analysis
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(Key and Crane, |1986)); and (4) principal component analysis (PCA) (Richman),
1981)). Huth| (1996) shows a comparative study of the aforementioned methods,
concluding that those using PCA get the best results. Specifically, the T-mode
rotated PCA is the method reproducing more realistically the underlying physic
structure of the data, providing the most stable clusters in time and space. Fur-
thermore, the non-hierarchical grouping method K-means obtains a larger sepa-
ration among clusters, albeit requires a set of seeds for its initialization. With
the aim of joining the quality of two methods, Huth/| (2000)) and Kysely and Huth
(2006)) proposed a clustering methodology in two stages. The first stage provides
a set of seeds as a result of applying the T-mode rotated PCA, whereas the second
stage consists on a K-means grouping initialized from the seeds obtained in the
previous stage. In the last years new classifications have added considering other
non-hierarchical clustering methods like SANDRA (Simulated Annealing and Di-
versified Randomization, Philipp et al.| (2006])) and SOM (Self Organizing Maps,
Bermejo and Ancell (2009)); Hewitson and Crane| (2002)). The main attribute of
SANDRA is its capability to obtain clusters with an high quality and stability
(Philipp et al., |2006). The quality of a clustering is defined as the proportion of
the original variance explained by the groups (Ec. [2.1]), while the stability is de-
fined as the probability to obtain the same clusters when they are achieved using
shorter or different temporal periods. Clusters with high quality and stability al-
low making more realistic studies of the frequencies, persistences and transitions
of the different CTs (Beck and Philipp, 2010; [Huth) |1996). The trend analysis
of the annual or seasonal frequency series of the CTs is an interesting exercise
that helps understanding, under a climate change context, some of the regional
changes observed (Bardossy and Caspary, [1990; |[Philipp et al., 2006|) or projected
in precipitation, temperature or other variables if we previously know the influ-
ence on them of the CTs. Despite the number of methods existing, none of them
present a clearly superior behavior (Philipp et al, 2010, COST733) so that its
selection depends on the criteria of the researchers based on their experience and
the objectives of the classification (Casado et al, [2008]).

The results of the clustering process are sensitive not only to the method con-
sidered, but also to other parameters such as the large-scale variable or variables
considered for the definition of the CTs, the size and the resolution of the cluster-
ing window (Jiménez et all |2008; |Demezure et al, 2008} Garcia-Bustamante et al,
2012), the seasonalization (or not) of the classification, the number of principal
components (PCs) to be retained (when adopting a classification scheme based
on the PCA) and the number of clusters to consider (Michelangeli et al, 1995}
Philipp et al., 2006; Fereday et al, 2008). These variables largely affect the results
of the classification. The election of the synoptic variables for characterizing the
CTs obeys to practical criteria (e.g. their availability and mainly the objective
of the classification). Frequently most of those obtained for Europe and other
regions were developed using the sea level pressure (SLP) in order to relate the
classifications to regional variables influenced directly by the state of the low
levels of the atmosphere, like surface temperature (Philipp et all [2006; |Cassou
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et al, 2005; Yiou et al, 2008)), the sea surface temperature (Fereday et al, 2008])
or the wind (Jiménez et al, 2008). Other classifications used the geopotential at
500 hPa (Z500) (Kirchhofer, 1974; Casado et al, |2008; [Yiou and Nogaj, 2004)),
which provides a global vision of the average state of the atmosphere. In a lesser
extent, several authors used together the SLP and Z500 for characterizing the
atmospheric dynamics with the aim of analyzing precipitation (Gallegol [1995;
Romero et al, |1999; Petiscol, 2003)). Precipitation is specially sensitive to the
moisture fluxes at low levels, governed by the distribution of the pressure field
at those levels. Nonetheless, in regions where the rain regime is very irregular
and most of precipitation is convective, as occurring during the warm half of the
year in the mediterranean area of the Iberian Peninsula (Font-Tullot|, 2000), the
advective component of the low levels defined by the SLP is not enough to explain
its variability, and hence it should be to consider in addition the degree of average
atmospheric instability represented by Z500.

The size and resolution of the clustering window are two parameters which
should be adequated to the objectives of the classification. An indirect relation
should exist between them to improve the quality of the clusters; that is, high res-
olutions should be avoided when using large windows, and low resolutions when
the windows are small. Generally, most of the authors that have characterized
the circulation in big regions as Europe used windows that covered this entire
region and a large portion of the northern Atlantic, with resolutions between 2.5°
and 5°. Here we intend to characterize the circulation over a smaller area, and
hence it seems logical to use higher resolutions and smaller windows, covering at
least the target area. Working with small windows helps improving the quality
of the clustering, specially when the clustering method uses the results of a PCA,
because the variability modes whose origin responds to remote areas with small
influence in the target area will not appear in the clusters. The idea of developing
(or not) seasonal classifications is another aspect to consider, and depends in a
great extent on the level of detail persued by the classification. Furthermore, the
reduction of the database in more homogeneous samples may lead to an improve-
ment in the