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Resumen

Resumen

La siguiente tesis presenta dos bloques principales de estudio: (1)
por un lado se han analizado detalladamente las aplicaciones de los
patrones de circulacién o weather types obtenidos a partir de datos de
presion en superficie. (2) Por otro se ha realizado un ensayo
metodoloégico donde se presenta una nueva clasificacion de patrones de

circulacién basada en trayectorias Lagrangianas.

Los objetivos de este trabajo fueron divididos en tres partes.

a. En la primera parte, se estudian las relaciones entre las
variables climaticas de superficie y los patrones de
circulacion.

b. En la segunda parte, se analizan las relaciones entre dichos
patrones de circulacién y la variabilidad del clima.

c. Enla tercera parte y dltima parte, se introduce un nuevo tipo
de clasificacion de patrones de circulaciéon basado en

trayectorias Lagrangianas.

El trabajo fue desarrollado para el noroeste de la Peninsula
Ibérica pero todos los procedimientos y metodologias se pueden aplicar

facilmente a otras regiones del mundo.
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Resumen

La organizacion de este trabajo se describe a continuacion:

* en el capitulo 1 se presenta una pequefia introduccién sobre el
sistema climatico y la variabilidad del clima;

*en el capitulo 2 se presenta una descripciéon de las diversas
metodologias utilizadas para el calculo de patrones de circulacion y sus
aplicaciones;

* en el capitulo 3 se caracteriza el clima del noroeste de la
Peninsula Ibérica;

* en el capitulo 4 se indican los objetivos principales de este
trabajo;

* en el capitulo 5 se describen las distintas bases de datos que se
utilizan para la realizacién del trabajo;

* en el capitulo 6 se estudian las relaciones entre distintas
variables climéticas y los distintos patrones de circulacién para la region
de estudio;

* en el capitulo 7 se estudia la relaciéon entre los patrones de
circulacién y los modos de variabilidad de baja frecuencia;

* en el capitulo 8 se estudian los cambios en la frecuencia de los
patrones de circulacioén tanto para el clima presente como para el clima
futuro;

* en el capitulo 9 se presenta un nuevo método de clasificaciéon
de patrones de tiempo considerando una estructura 3-D de la atmosfera;

* en el capitulo 10 se presentan las conclusiones.
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Resumen

Observaciones recientes sobre el norte del sector Atlantico-
Europeo han destacado el hecho de que las tendencias significativas del
clima son evidentes en diversas escalas temporales (IPCC, 2007; Trigo et
al., 2008). La variabilidad en la circulacién atmosférica es la cuestion més
importante en términos de cambios en la distribucién espacial, no sélo
de la temperatura o la precipitacién, sino también de otras variables
climatolégicas.

La region seleccionada para este estudio, el noroeste de la
Peninsula Ibérica, es una region caracterizada por el paso de los frentes
frios asociados al “storm track” del Atlantico norte (Trigo, 2006).
Estudios anteriores han mostrado que la variabilidad de la precipitacion
y de la temperatura es influenciada por los modos principales de
variabilidad de baja frecuencia del Atldntico Norte, Oscilacién del
Atlantico Norte, indice escandinavo, los indices atlanticos/occidentales
o del este de Rusia (Lorenzo and Taboada, 2005; de Castro et al., 2006).

Uno de los métodos mas utilizados para estudiar el efecto de los
cambios en los patrones de circulaciéon sobre el clima regional es
estudiar en detalle cambios en la frecuencia de estos patrones y sus
consecuencias para el clima de una regioén. Los patrones de circulaciéon
son especificos para una regién dada y son resultado del analisis de los
datos sinépticos meteorolégicos generalmente sobre una celda regular,
obtenida utilizando gran variedad de metodologias (Huth et al., 2008).
La climatologia sindptica ayuda a identificar las configuraciones claves
de los patrones de circulaciéon y las causas que modifican el
comportamiento de los diversos fendmenos que ocurren en superficie.
Estos esquemas de clasificaciéon traen orden y simplicidad al sistema
climatico, proporcionando una gran cantidad de informacion de forma

codificada.
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Resumen

Una clasificacién de patrones de circulacién es en general un
método algoritmico que distingue entre situaciones meteorolégicas
describiéndolas a través de pardmetros de circulacion (por ejemplo,
zonalidad, caracter ciclonico, posicion de sistemas de altas y bajas
presiones etc.) o por elementos de tiempo local como temperatura o
precipitacion. Los parametros de circulacion son usados frecuentemente
ya que tales parametros pueden ser usados muy féacilmente para
relacionar ciertas caracteristicas de la circulaciéon atmosférica con el
tiempo local a través de métodos estadisticos.

Estos patrones de circulaciéon fueron calculados utilizando la
presion a nivel del mar diaria de los datos del reandlisis de
NCEP/NCAR (Kalnay et al., 1996). Las condiciones de circulacién
fueron determinadas usando pardmetros fisicos o geométricos, tales
como la direcciéon y la fuerza de flujo de aire, y el grado de ciclonicidad
calculados a partir de 16 puntos separados entre si 2.5° y centrados sobre

el drea de estudio (Fig. RI).

Figura R L. Sector euro-Atlantico con la localizacion de los 16 puntos utilizados para el
cdlculo de los patrones de circulacion sobre el noroeste de la Peninsula Ibérica.
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Resumen

Figura R II. Media de la presién a nivel del mar (hPa) que caracteriza los 10 patrones
de circulacion en el periodo 1948-2008.
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Resumen

La clasificacion usada en este trabajo es una version
automatizada del procedimiento (Jones et al. 1993) de los “Circulation
weather types” (patrones de circulacién) de Lamb. En estos dltimos
afios, este método se ha aplicado con éxito a otras regiones europeas
(Goodess y Palutikof, 1998; Trigo and DaCamara, 2000; Lorenzo et al.,
2008; Ramos et al., 2010; Ramos et al., 2011).

Esta version automatizada del calculo de patrones de circulacién
(Fig. R II) fue utilizada para estudiar la conexién entre modelos
atmosféricos y el clima en superficie (precipitaciéon, temperatura y
descargas eléctricas (rayos)) para el noroeste de la Peninsula Ibérica.
Esto permite distinguir para cada patrén de circulaciéon (Fig. R III) las
condiciones meteorolégicas mas comunes. Los resultados muestran que
cada patron de circulacion posee una relaciéon particular con la

precipitacion y la temperatura del drea de estudio.
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Figura R III. Precipitacion media explicada por cada patrén de circulacion a las escalas
anual y estacional.
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Resumen

Ademas, la relaciéon entre los patrones de circulaciéon y las
descargas eléctricas permiti6é que distinguiéramos qué tipos de patrones
se asocian con frecuencia a los episodios de rayos, y también cuales son
los més favorables a episodios severos de reldampagos.

Los modos de variabilidad de baja frecuencia tienen una
influencia importante en la variabilidad del sistema climatico en
diversas escalas temporales y espaciales. Aunque el Oscilacién del
Atlantico Norte explique una porcién substancial de la variabilidad del
clima en Europa, es también necesario considerar otros modos de
variabilidad de baja frecuencia, tales como el indice escandinavo, los
indices atlanticos/occidentales o del este de Rusia. Por otro lado, la
relacién entre los modos de variabilidad de baja frecuencia y el clima en
Europa no se puede considerar estacionaria sino que cambia con el
tiempo. En esta tesis, se ha descrito la compatibilidad entre los modos
hemisféricos y los modos en el sector Europeo/Atlantico Norte (Fig. R
IV), utilizando los regimenes de patrones de circulacién en el area de
estudio (noroeste de la Peninsula Ibérica) durante los meses invernales
(Enero, Febrero, Marzo (EFM)).

Ademas, este estudio ha proporcionado la evidencia de que los
modos calculados usando la presién media en superficie o el campo de
geopotencial a 500hPa son muy semejantes en esta ventana espacial. Los
resultados muestran que existe un alto nivel de coherencia entre los
modos derivados de un acercamiento estadistico (usando el analisis de
componentes principales) y los tipos de circulaciones fisicas verdaderas
(segin lo representado por los patrones de circulaciéon - Lamb

circulation weather types).
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Figura R IV. Las cuatro primeras funciones empiricas ortogonales para los
meses invernales (EFM) para el campo de geopotencial en 500 hPa junto con la
respectiva varianza (%) explicada por cada una.

El uso de un estudio de andlisis de componentes principales con
ventanas continuas temporales ha permitido evaluar si los cambios en la
intensidad o en la posicion de estos modos pueden afectar a la
circulaciéon local (Fig. R V). Los resultados confirman que dichos
cambios tienden a favorecer la ocurrencia de algunos tipos de

circulacion sobre otros.
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Figura R V. Correlacion entre las cuatro primeras componentes principales y la
frecuencia de invierno de los patrones de circulacion. Se muestra la significancia al 95%
en lineas punteadas. La primera ventana de andlisis es 1948-1977 (centrada en 1962) y
la dltima es 1976-2005 (centrada en 1990). Los tipos de circulacion ciclonicos y
anticiclonicos se representan por C y A respectivamente. El dipolo continental zonal, el
dipolo continental meridional, el dipolo ocednico zonal y el dipolo ocednico meridional se
representan por las lineas azul, verde, roja y negra respectivamente.

A la luz del debate sobre cambio climético y su impacto en
ecosistemas, la clasificacion de patrones de circulacion ha ganado interés
ya que cambios en las estructuras de la circulacion atmosférica podria
ser una de las claves para comprender el cambio climéatico. Todas las
variaciones observadas han de estar de uno u otro modo vinculadas a
alteraciones que han experimentado los patrones de circulacién de las
diversas regiones del planeta. Asi pues, fueron analizados diferentes
escenarios del IPCC con 3 modelos climaticos globales para estudiar los

cambios en la frecuencia de ocurrencia de los patrones de circulacién
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Resumen

esperados en el noroeste de la Peninsula Ibérica para el siglo XXI. Para
ello primeramente se evalué la capacidad de los modelos para
reproducir el clima actual y la frecuencia estacional actual de los
patrones de circulacién comparando la simulacién de control para la
altima mitad del siglo XX con los resultados obtenidos a partir del
reanalisis de NCEP/NCAR.

En este estudio, se sigui6 el procedimiento de Demuzere et al.
(2008a) esto es, extrayendo del campo de presion a nivel del mar los
errores estacionales sistematicos de cada modelo. Los resultados
obtenidos presentan una mejora importante cuando los errores
sistematicos se quitan de los campos de presiéon a nivel del mar (Fig. R
VI). Las diferencias en las frecuencias estacidnales de los diversos tipos
de circulacién entre los datos de los modelos y los del re-analisis son
mas bajas que cuando comparamos los resultados sin las correcciones en
el campo de presién a nivel del mar. Por lo tanto, fue encontrado que en
la mayoria de los casos las discrepancias en la frecuencia de los tipos de
circulacién entre los modelos y la re-analisis se pueden explicar debido
al “bias” estacional que presentan los modelos globales del clima.

Los cambios en la frecuencia de los patrones de circulaciéon para
el siglo XXI también fueron analizados. Pequefios cambios (la mayor
parte de ellos menos de 6% y no-significativos) en la frecuencia de los
patrones de circulaciéon fueron encontrados para el periodo 2046-2065,
mientras que las diferencias en la segunda parte (2081-2100) son mas
grandes. Para la segunda mitad del siglo XXI, hay una disminucién del
patrén ciclénico, oeste, y sudoeste en primavera y en verano. Para el
otofio, hay una disminucién proyectada del patrén de oeste y cicloénico y

un aumento en la frecuencia del patrén anticiclénico (Fig. R VII).
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Reanalysis NCEP/NCAR IPSL ECHAMS CCSM3

DJF

MAM

JJA

SON

990 1000 1010 1020 1030 -10 5250255 10
hPa hPa

Figura R VI. Diferencias estacionales en la presion a nivel del mar para el periodo
1961-1999. La primera columna muestra la presion a nivel del mar durante el periodo
1961-1999 utilizando los datos del reandlisis NCEP/NCAR. Las columnas siguientes
muestran la diferencia entre la presion a nivel del mar en los tres modelos. Las
estaciones fueron definidas como sigue: invierno (DEF), primavera (MAM), verano
(JJA) y otofio (SON).
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Figura R VII. Cambios esperados en la frecuencia estacional de aparicién de los
patrones de circulacion para el periodo 2081-2100 en el escenario A2 con referencia al
period 1961-1999 en (%). (IPSL, circulo negro, ECHAMS, tridngulo rojo y CCSM3,
cuadrado azul). Los simbolos rellenos muestran las diferencias significativas al nivel
0.05.

En la tercera y tltima parte de esta tesis, se presenta un nuevo
método de clasificacion de tipos de circulaciéon para el drea de estudio
(noroeste de la Peninsula Ibérica), basado en el andlisis de las
trayectorias hasta 90 horas hacia atras que llegan en esta area, segiin lo
calculado con el modelo de dispersiéon tridimensional Lagrangiano de
particulas FLEXPART. Los datos del modelo FLEXPART contienen 1 398
800 posiciones de particulas con su estado meteorolégico grabadas cada

6 horas y durante un periodo de 5 afios (2000-2004). Para conseguir una

Xviii



Resumen

retrotrayectoria de 5 dias representativa, cada 6 h se realizara un anélisis
de clisteres para cada grupo de retrotrayectorias de 5 dias (Fig. VIII).
Este andlisis de clasteres se aplica para separar las
retrotrayectorias y tener las masas y flujos de aire representativos para
cada dia. Ademas de la posiciéon (latitud y longitud) de las particulas, en
el andlisis de clasteres, se definieron y calcularon varias medidas de
andlisis a partir de las caracteristicas de cada trayectoria obtenida del
FLEXPART, curvatura de la trayectoria, flujo ciclénico o anticiclénico,

evolucién de la humedad, origen y distancia recorrida de la trayectoria.

Figura R VIII. Retrotrayectorias (90h) que llegan al noroeste de la Peninsula Ibérica
(41°N - 44.5°N y 10°W - 6°W) en un dia determinado (11/11/1999 - UTC 12). Las
lineas de color corresponden a las distintas trayectorias que llegan al dominio y las
lineas negras corresponden a los centroides calculados por el método de Dorling.

El catadlogo final obtenido tiene para cada dia un maximo de
cinco secuencias de aire, cada una caracterizada por las cinco
caracteristicas descritas arriba (altura de la trayectoria, evoluciéon de la
humedad, distancia recorrida) (Fig. R IX). Este método supone una
simplificaciéon de la gran cantidad de informacién que proporciona el
conjunto inicial de datos del modelo de particulas FLEXPART ya que al

final nos quedamos solo con las trayectorias que son representativas
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(centroides salidos del andlisis de cltsteres) de las distintas masas de
aire que llegan al noroeste de la Peninsula Ibérica, capturando asi lo

esencial de la dindmica de la circulacion atmosférica.
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Figura R IX. Evolucion temporal de las caracteristicas de las retrotrayectorias para a)
la altura de la trayectoria, b) la humedad especifica, c) latitud y d) distancia al centro (e)
para el dia representado en la Fig. VIII. Las lineas finas de colores corresponden a las
trayectorias calculadas en la Fig. VIII (computadas con el método de Dorling) mientras
que las lineas gruesas de colores corresponden a las cinco secuencias de aire finales que
caracterizan el dia.

XX



Resumen

El nuevo método aqui propuesto considera parte de la
complejidad tridimensional de la circulacién atmosférica (Fig. R X). Por
otra parte proporciona informaciéon meteorolégica integrada en el
tiempo que también pode ayudar a comprender el desarrollo de
sistemas meteorolégicos (perspectiva Lagrangiana), que va mas alla de
la descripcién tradicional de la situacién sindptica instantdnea
(perspectiva Euleriana). La nueva clasificaciéon Lagrangiana de tipos de
circulaciéon permite capturar cambios en humedad a lo largo del flujo
debido a la evaporacién y a la precipitacion.

La contribucién climatolégica de esta nueva clasificaciéon indica
que el método puede capturar con exactitud las caracteristicas
principales de la estacionalidad del clima regional. Permite una
distincién apropiada de procesos en las diferentes estaciones y ayuda a
determinar aspectos de la variabilidad intra-estacional de la region.

Ademas de caracterizar los aspectos del ciclo anual, el método
puede identificar estructuras dindmicas meteorolégicas distintas tal y
como se demuestra en los diferentes casos de estudio analizados
(eventos intensos y/o extremos) como precipitacién intensa, ola de
calor, ola de frio, bloqueos, DANAS) tanto en términos de tipos de
circulacién clasicos (Eulerianos) como con el nuevo método aqui
desarrollado (Lagrangiano). El nuevo método de clasificacién
Lagrangiano agrega informacion valiosa sobre las condiciones

meteoroldgicas pertinentes, no observada en la clasificaciéon Euleriana.
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Figura R X. Catdlogo final con los 80 primeros dias de la nueva clasificacion (desde el
01/12/1999 al 18/02/2000). Cada dia es caracterizado por un mdximo de cinco masas de
aire y cada una de ellas se puede describir por cuatro caracteristicas del flujo.

Asi, por ejemplo, para la ola de calor 2003 en la Peninsula Ibérica,
el método captura el transporte de corto alcance asociado a la baja
térmica en el centro de la Peninsula, y el transporte de medio y largo
alcance asociado a la circulacién global anticiclénica. También, los

sistemas de DANAS con sefial en muchos casos sdlo en altitud son
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Resumen

detectados por el nuevo método Lagrangiano, mientras que la
clasificacion clasica de tipos de circulacion (Euleriana) solamente puede
recoger las caracteristicas superficiales del flujo. En esto sentido, esta
clasificacion de patrones de circulacién es méas robusta que los métodos
clasicos porque por un lado se tiene en cuenta los patrones de flujo que
llegan a una regién en concreto y por el otro permiten mostrar los
efectos locales de una determinada situacién meteorolégica y tener un
mejor entendimiento de la fisica que hay detras de ese sistema. De esta
forma se complementa la informacién proporcionada por la clasificaciéon

Euleriana de los patrones de circulacion.

Esta nueva clasificacion, aqui desarrollada para el noroeste de la
Peninsula Ibérica, es facilmente aplicable a otras regiones del globo.

Las conclusiones principales de esta tesis se pueden resumir en

los siguientes puntos:

1) Los patrones ciclénico, oeste y sudoeste son los que producen
mas precipitacién, mientras que el patrén anticiclonico se
asocia a no precipitacion en el noroeste de la Peninsula
Ibérica. Ademads, para la temperatura maxima, los valores
mas altos se asocian generalmente a los patrones de sureste,
sur y sudoeste mientras que los valores mas bajos se dan con
los tipos de oeste, noroeste y norte.

2) Fue observado, para las diferentes estaciones del afo, que
existen diversos mecanismos asociados a la actividad de
rayos en el noroeste de la Peninsula Ibérica. Estos
mecanismos  se  relacionan  mayoritariamente  con
caracteristicas atmosféricas que no tienen una signatura clara

en los niveles atmosféricos mas bajos, (ej. presién a nivel del
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mar), por lo que los patrones de circulacion no son
suficientes para explicar completamente los mecanismos
presentes en todos los casos.

Los cambios en la posiciéon e intensidad de los modos de
variabilidad de baja frecuencia en el sector Atlantico-Europeo
tienden a favorecer la ocurrencia de algunos patrones de
circulacién frente a otros. El aumento en la variacion
explicada del dipolo zonal continental y la correlaciéon
(positiva) negativa cada vez mayor entre este modo y el tipo
(anticiclénico) ciclénico pueden ayudar a explicar Ia
disminucién de la precipitacion en el invierno.

El estudio de la circulaciéon local atmosférica por medio de
patrones de circulacién puede dar informacién valiosa para
evaluar los escenarios futuros del cambio climéatico. Por otra
parte, son faciles de calcular, por lo que son ventajosos frente
a otros métodos (ej. métodos downscaling).

De acuerdo con las relaciones entre los patrones de
circulacién y precipitacion en el noroeste de la Peninsula
Ibérica para el clima actual, uno puede hacer la suposicién de
que se favorecen las condiciones de sequia en verano y
primavera. También para el otofio se pueden asumir
condiciones mas secas, basadas en la disminucién prevista de
los patrones de oeste y ciclénicos y un aumento de los
patrones anticiclonicos. Este comportamiento esta de acuerdo
con el aumento esperado en el indice de la Oscilaciéon del
Atlantico Norte para el final del siglo XXIL.

La nueva clasificacién de patrones de circulacién basado en

trayectorias y que fue desarrollada en esta tesis puede



Resumen

describir la complejidad tridimensional de la circulaciéon
atmosférica. Por otra parte, proporciona una informaciéon
fisica integrada del desarrollo de los sistemas (perspectiva
Lagrangiana), que va mas alla de la descripcion tradicional
de la situacion sindptica instantdnea (perspectiva Euleriana).

Ademas, la nueva clasificacion captura aspectos de la
estructura tridimensional de la atmodsfera permitiendo
establecer claramente situaciones sindpticas, como las
DANAS, que pueden no tener una signatura clara en niveles
atmosféricos mas bajos y que por lo tanto no son detectados
por la clasificacion basada solamente en el campo de presiéon

a nivel del mar.
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Synopsis

The following thesis has two central concepts that were the main
motivations for this work: gathering and studying in detail examples of
applications of circulation weather types; and a pure methodological
essay, where a new circulation weather types classification based on

lagrangian air trajectories is presented.

The objectives of this work were divided into three parts:

a. In the first part, the relationship between surface climate
variables and circulation weather types is studied.

b. In the second part, the relationship between circulation
weather types and climate variability is analyzed.

c. In the third part, a new circulation weather type classification

scheme based on lagrangian air trajectories is introduced.
The work was developed for the northwestern Iberia Peninsula

but all the procedures and methodologies can be applied easily to other

regions of the World.
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This thesis is organized as follows:

* chapter 1 presents a brief introduction about the climate
system and climate variability;

* chapter 2 presents an overview of the different weather types
methodologies and its applications;

* chapter 3 characterizes the climate in the northwest Iberia
Peninsula;

* chapter 4 states the main objectives of the present work;

* chapter 5 describes the different datasets that are used;

* chapter 6 studies the relationship between surface climate
variables and circulation weather types for the northwest Iberia
Peninsula;

* chapter 7 relates the circulation weather types and the modes
of low frequency variability;

* chapter 8 studies changes in the frequency of circulation
weather types in present and future climate;

* chapter 9 presents a new method of circulation weather types
taking into account a 3D structure of the atmosphere;

* chapter 10 concludes.
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Recent observations have highlighted the fact that significant
climate trends are evident at different time scales over the North
Atlantic-European (NAE) sector (IPCC, 2007, Trigo et al., 2008).

The variability in atmospheric circulation is the most important
issue in terms of the changes in the spatial distribution, not only of
temperature or precipitation, but also of other climatological variables.

The region selected for this study is Galicia, in the northwest
Iberian Peninsula. It is characterized by the passage of cold fronts
associated with the storm track in the North Atlantic Ocean (Trigo,
2006). Previous studies have shown that the precipitation and
temperature variability is linked to the main North Atlantic modes of
low-frequency variability, i.e., not only the North Atlantic Oscillation,
but also the Scandinavian index and the eastern Atlantic/western Russia
(Lorenzo and Taboada, 2005; deCastro et al., 2006). This region has
undergone a significant decrease in precipitation over the last 40 years,
especially during winter (e.g., Paredes et al., 2006; Trigo et al., 2008).

Circulation patterns are specific to a given region and result from
the examination of synoptic weather data, usually on a regular grid,
obtained using a wide variety of methodologies (Huth et al., 2008).
Circulation types are usually defined for each day and tend to reflect the
local circulation that actually occurs in a simple way. The complexity of
the continuum of atmospheric circulation is the main motivation for
researchers to find an easier manner of categorizing it. Classifications of
atmospheric circulation intend to summarize this complexity into a
reasonable and manageable number of discrete classes (types). There are
different ways to classify climates into similar classes.

The usage of classifications, in order to state the weather, has

become more in use in recent decades since the advance of computers
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which made it possible to develop fast and objective methods in order to
process large amounts of data. Furthermore, many climatological
studies and applications need to have the data as simplified as possible.
This is achieved by analyzing gridded dataset (usually sea level pressure
or geopotential height at different levels) and grouped them into a
relatively small number of distinct categories.

In the study reported herein, an automated version of synoptic
circulation types (Lamb circulation weather types) that was initially
developed for the British Isles (Jones et al., 1993) is used, which
describes the local circulation in terms of the circulation parameters, in
this case. The circulation conditions were determined using physical or
geometrical parameters, such as the direction and strength of airflow,
and degree of cyclonicity based on 16 grid points centered in the
domain, using the sea level pressure field of the NCEP/NCAR
reanalysis (Fig. S I).

Figure S 1. Pressure grid points used to compute the Lamb weather types for the NW
Iberia Peninsula.
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of the 10 pure

Figure S II. Annual average composite sea level pressure field

circulation weather types for the 1948-2008 period.
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Additionally, the circulation type methodology used here has
been applied successfully to the Iberian Peninsula in several other
studies, especially those relating to precipitation, e.g., those of Trigo and
DaCamara, (2000) and Lorenzo et al., (2008).

This automated version of the Lamb circulation weather type
classification scheme (Fig. S II) was used to study the relationship
between atmospheric circulation patterns and surface climate
(precipitation, temperature and lightning discharges) in the
northwestern Iberian Peninsula. This allows differentiating each
circulation weather type (Fig. S III) in terms of meteorological variables,
increasing the knowledge of the effects of atmospheric circulation in the
region. Results show that there is a clear difference between each

circulation weather type and the average precipitation and temperature.
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Figure S III. Average precipitation explained by each weather types at annual and
seasonal scales.
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In addition, the relationship between the circulation weather
types and lightning discharges allowed us to distinguish which types
are frequently associated with lightning episodes, and also the ones that
are favorable to severe lightning episodes.

Modes of low-frequency variability have a major influence on
the variability of the climate system at different temporal and spatial
scales. Although the North Atlantic Oscillation explains a substantial
portion of the climate variability in Europe, it is also necessary to
consider other modes of low-frequency variability, such as the
Scandinavian index, the eastern Atlantic or the eastern Atlantic/western

Russia indices.
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Figure S IV. The first four leading empirical orthogonal function patterns for the
winter months (JEM) for the sea level pressure field together with the respective
variance (%) explained by each.
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Furthermore, the relationship between the modes of low-

frequency variability and the climate in Europe cannot be considered to

be stable over time. In this thesis, an assessment of the compatibility

between the modes of low-frequency variability in Europe and local

circulation regimes (the Lamb circulation weather type) was made, in

order to observe how shifts in the positions of the modes of low-

frequency variability in Europe (Fig. S IV), can affect local circulation.
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Figure S V. Correlation between the four principal loading factors and the winter
frequency of the circulation weather types. The significance at the 95% level is also
shown (dotted lines). The first analysis window is set as 1948-1977 (centred on 1962)
and the last window is 1976-2005 (centred on 1990). Cyclonic and anticyclonic are
denoted by C and A, respectively. The continental zonal dipole, continental meridional
dipole, ocean zonal dipole, and ocean meridional dipole are represented by blue, green,
red, and black lines respectively.
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Evidence shows that the modes computed using the sea level
pressure field or the geopotential height at 500hPa field are very alike in
this spatial window. The results show that there is a high degree of
coherence between the modes derived from a statistical approach (using
Principal Component Analysis) and the real physical circulations (as
represented by the circulation weather types). The use of a Principal
Component Analysis approach using continuous time windows allowed
assessing whether changes in the intensity or position of these modes
can influence the local circulation (Fig. S V). The results confirm that
changes in both the position and the intensity of the modes tend to favor
the occurrence of some circulation types in preference to others.

Moreover, projected climate scenarios simulated by different
global coupled climate models were studied in order to assess changes
in the synoptic variability of the northwestern Iberian Peninsula in the
21st century. To this end, changes in the frequency of the different
circulation weather types computed for the study area using three
different models included in the IPCC 4th assessment report were
investigated. The control simulation for the late 20th century was also
evaluated objectively from the results obtained using data from the
NCEP/NCAR reanalysis, as to evaluate the ability of the model to
reproduce the present climate (Fig. S VI). Comparisons embrace not only
seasonal mean sea level pressure fields but also the mean seasonal
frequency of circulation types.

The procedure of Demuzere et al. (2008a) to compute the
circulation weather types for each coupled global climate models was
used, that is, without the corresponding systematic seasonal errors that
are observed in the sea level pressure field of each model for the present

climate.
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Figure S VI. Mean seasonal sea level pressure differences for the 1961-1999 period.
First column shows the seasonal mean sea level pressure during the 1961-1999 period
using the NCEP/NCAR reanalysis data. The next columns show the difference between
the mean sea level pressure from the three models. Seasons were defined as follow:
winter (DJF), spring (MAM), summer (JJA), and autumn (SON).

The obtained results present an important improvement when
the systematic errors are removed from the sea level pressure fields,
since the differences in the circulation weather type frequency between
the models and the reanalysis are lower when compared to the results
without the sea level pressure corrections. Therefore, it was found that
in most cases the discrepancies in the circulation weather types between

the models and the reanalysis can be explained by the seasonal mean

bias.
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Figure S VII. Projected seasonal mean frequency of the circulation weather types
changes (%) for the late 21st century (2081-2100) in the scenario A2. The mean
frequency of the circulation weather types are relative to the 1961-1999 period (IPSL,
black circle, ECHAMS, red triangle and CCSM3, blue square). The filled symbols show
the significant differences at level 0.05.

On the other hand, the frequency of different circulation weather
types in a given area gives valuable information as to assess climate
change. The changes in the mean circulation types frequency for the 21st
century were also analyzed. Small changes (most of them less than 6%
significant) in the frequency of the types were found for the 2046-2065
period, while the differences in the second period (2081-2100) are larger.
Results show that, for the second period, in all scenarios there is a
decrease for cyclonic, western, and southwestern types in spring and

summer (Fig. S VII). This change is larger for A2 scenario.
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In the last part of the thesis, a new classification method for the
large-scale circulation characteristic of a specific target area
(northwestern Iberian Peninsula) is presented, based on the analysis of
90-h backward trajectories arriving in this area, as calculated with the 3-
D Lagrangian particle dispersion model FLEXPART. A cluster analysis
is applied in order to separate the backward trajectories into up to five

representative air streams for each day (Fig. S VIII).

BOUW

40w

Figure S VIIL. Backward trajectories (90h) arriving to the northwest Iberia Peninsula
(41°N - 44.5°N and 10°W - 6°W) on a particular day (11/11/1999 - 12 UTC) in color
lines and the respective clusters position (blue dots) computed by the Dorling method
(dark lines).

This cluster analysis is applied to separate and have the
representative back trajectories (air masses) for each day. In addition to
the position (latitude and longitude) of the particles, in the cluster
analysis were also defined and computed several measures to analyze
the characteristics of each trajectory obtained from FLEXPART, (height
of the trajectory, evolution of moisture source trajectory, distance

traveled) (Fig. IX).
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Figure S IX. Time evolution of the back-trajectory properties for a) height of trajectory
(H), b) specific humidity (Q), c) latitude and d) distance to the center (D) shown in Fig.
VIII. The colored thin line corresponds to the centroid trajectories (previous computed
with the Dorling method) while the colored thick lines correspond to the final five air
streams characterizing the day (see text for details). In e) the final air streams are
shown. The color code is the same as in a) to d).
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The final catalogue has for each time step a maximum of five air
streams, each characterized by the five characteristics described in
chapter 9 (integrated change in specific humidity; curvature of the path;
cyclonicity of the flow; and distance and origin) (Fig. S X). This method
is able to reduce the large amount of information in a comprehensive
trajectory data set into a small number of distinct air streams, which
capture the essential dynamics of the meso- and synoptic-scale flow
situation.

This new method describes the three-dimensional complexity of
the atmospheric circulation. Moreover, it provides time-integrated
physical information on the development of the systems (Lagrangian
perspective), which goes beyond the traditional description of the
instantaneous synoptic situation (Eulerian perspective). For example,
the Lagrangian classification allows capturing changes in moisture
along the flow due to evaporation and precipitation.

The climatological assessment of this new classification indicates
that the method is able to capture with good accuracy the main features
of the seasonality of regional climate. It allows a proper distinction of
processes between seasons and helps determining aspects of the intra-
seasonal variability.

Besides characterizing aspects of the annual cycle, the method is
able to identify distinct dynamical structures. Case studies of an intense
precipitation event, namely heat wave, cold wave, blocking system, cut-
off low and an extra-tropical cyclone are analyzed in terms of the new
and the Lamb classification. It is shown that the new classification
method adds valuable information about the pertinent meteorological

conditions which are missing in an Eulerian approach.
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Figure S X. Representation of the final catalog for 80 first days (from 01/12/1999 to

18/02/2000). Each day is characterized by at most five air streams and each air stream
can be described by four flow properties (Moisture uptake, zonality index, cyclonicity

index and distance-origin).

For example, for the 2003 heatwave in the Iberian Peninsula, the

method captures the short range transport associated with the thermal

low, and respective advection of African air streams, and the medium

and long range transport associated with the anticyclonic circulation. As

a further example, the cut-off low systems with its high-altitude
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depression are picked up by the new method, whereas the Eulerian
Lamb classification is only able to pick up surface characteristics of the
flow. In this sense, the method goes a step further in adding valuable
information to the classification of a particular atmospheric flow
situation.

This novel approach, developed here for the region of the Iberian
Peninsula, should be general enough to be suitable for the classification

of air streams over other regions of the globe.

In the following lines the main conclusions of this PhD thesis are

listed as follow:

1) The cyclonic, western and southwestern types were the
synoptic patterns that produced the highest levels of
precipitation, while on anticyclonic-type days there was
virtually no precipitation in the northwestern Iberian
Peninsula. Regarding the maximum temperature, the highest
values were generally found for the southeast, south and
southwestern types, while the lowest values were found for
the western, northwestern and northern types.

2) It was observed that for different seasons, there were
different mechanisms associated with the triggering of
lightning activity in the northwestern Iberian Peninsula.
These mechanisms were often related to atmospheric features
that did not have a clear signature at lower atmospheric
levels, (e.g. sea level pressure fields); the circulation weather
types alone could not fully explain the mechanisms in all

cases.
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Changes in the position and the intensity of the low
frequency variability modes in the North Atlantic European
sector tended to favour the occurrence of some circulation
weather types, in preference to others. The increase in the
explained variance of the continental zonal dipole, and the
increasing negative (positive) correlation between this mode
and the cyclonic (anticyclonic) type, helped to explain the
overall decrease in winter precipitation in the region studied.
The study of atmospheric local circulation using circulation
weather types can give valuable information when assessing
future climate change scenarios. Moreover, they are easy to
compute, which is an advantage over other methods (e.g.,
downscaling methods)

Based on the relationship between different circulation
weather types and the precipitation in the northwestern
Iberian Peninsula for present climate, one can make the
assumption that there will be dry conditions in summer and
spring. For autumn we may also assume dryer conditions,
based on the expected decrease in the western and cyclonic
types, and an increase in the anticyclonic type. This behavior
is in accordance with the increase in the NAO index that is
expected to occur toward the end of the 21st century.

The novel trajectory-type method developed in this PhD
thesis is able to describe the three-dimensional complexity of
atmospheric circulation. Moreover, it provides time-
integrated physical information on the development of the

systems (from a Lagrangian perspective); this goes beyond
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the traditional description of the instantaneous synoptic
situation (Eulerian perspective).

The new trajectory types capture aspects of the three-
dimensional structure of the atmosphere that allow synoptic
situations to be pinpointed—for example, cut-off low
pressure systems—that may not have a clear signature at
lower atmospheric levels, and would be missed by
classification methods based only on the sea level pressure

field.
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Preface

This thesis is written on work developed from 2008-2012 in the
Ephyslab (Environmental Physics Laboratory) group at the University of
Vigo, under the supervision of Dr. Nieves Lorenzo and Professor Luis
Gimeno. Part of my project was carried out at the Swiss Federal Institute
of Technology Zurich (ETH), in the Institute for Atmospheric and
Climate Science (IACETH), in collaboration with Professor Heini Wernli,

and Dr. Michael Sprenger.

The remainder of the thesis is organized as follows:

e Chapter 1 presents a brief introduction about the climate
system and climate variability;

* Chapter 2 presents an overview of the different weather type
methodologies and their applications;

* Chapter 3 characterizes the climate in the northwest of the
Iberian Peninsula;

* Chapter 4 states the main objectives of the present work;

* Chapter 5 describes the different datasets that were used;

* Chapter 6 studies the relationship between surface climate
variables and circulation weather types for the northwest of the Iberian

Peninsula;
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* Chapter 7 relates the weather circulation types and the modes
of low frequency variability;

* Chapter 8 studies changes in the frequency of weather
circulation types in the present and future climate;

* Chapter 9 presents a new method for weather circulation
types, taking into account the 3D structure of the atmosphere;

* Chapter 10 gives the conclusions of this work.
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1. Introduction

1. Introduction

1.1. Climate system

The climate can be defined as a set of averaged quantities
completed with higher moment statistics (such as variances,
covariances, correlations, etc) that characterize the structure and
behaviour of the atmosphere, hydrosphere and cryosphere over a period
of time (Peixoto and Oort, 1992). The climate system is a complex,
interactive system controlled by five non-isolated systems (Fig. 1.1);
these are the atmosphere, the land surface, the cryosphere, the
hydrosphere and the biosphere.

The climate system changes with time under the effects of its
own internal dynamics, and due to changes in external factors; these
external factors include natural phenomena such as volcanic eruptions
and solar variations, as well as human-induced changes in the
composition of the atmosphere.

The temperature of the Earth depends largely on solar radiation.
In simple terms—and over long periods—the quantity of incoming
shortwave solar radiation absorbed by the Earth and atmosphere is
balanced by the Earth and atmosphere releasing the same amount of
outgoing longwave radiation. Nearly half of the incoming shortwave

solar radiation is absorbed by the Earth’s surface, where it is transferred
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to the atmosphere via the warming of air in contact with the surface, via
evapotranspiration, and via longwave radiation that is absorbed by
clouds and greenhouse gases. The atmosphere emits longwave radiation
back to Earth, as well as out to space. A detailed estimate of the Earth’s

annual and global mean energy balance is shown in Fig. 1.2.

Changes in the Atmosphere: Changes in the
Composition, Circulation Hydrological Cycle
Changes in
Solar Inputs -
—
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Interaction Evaporation
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Heat Wind * VRadlatmn '
Exchange Stress

Hydrosphere:
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Ice-Ocean Coupling : Changes in the Cryosphere:
Eﬂf&sg'ﬂﬁes Snow, Frozen Ground, Sea Ice, Ice Sheets, Glaciers

Changes in/on the Land Surface:
Orography, Land Use, Vegetation, Ecosystems

Changes in the Ocean:
Circulation, Sea Level, Biogeochemistry

Figure 1.1. Schematic view of the components of the climate system, and their processes
and interactions. Source: IPCC, 2007.

There are three main ways to change the radiation balance of the
Earth. These are; a) changing the incoming shortwave solar radiation
(e.g. changes in Earth’s orbit or in the solar activity), b) varying the
fraction of solar radiation that is reflected (e.g. changes in cloud cover,
atmospheric particles or vegetation) and c) altering the outgoing
longwave radiation from Earth (e.g., changes in the concentrations of
greenhouse gases). The climate system responds directly to such
changes (as well as indirectly) through a variety of feedback

mechanisms.
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Figure 1.2. Estimate of the Earth’s annual and global mean energy balance. Source:
Kiehl and Trenberth, 1997.

1.2. Climate Variability

The natural variability of the global climate system depends not
only on the variations in external solar forcing, but also on two features
of the system itself; namely, feedback and non-linear behaviour.
Additionally, in the last century, anthropogenic forcing has played an
increasingly important role in climate variability (IPCC, 2007).

There are several ways to name the patterns of atmospheric
variability (Quadreli and Wallace, 2004). Teleconnection patterns or
oscillations refer to the preferential modes of low frequency (temporal
large-scale) variability. They can be defined as recurrent and persistent
synoptic patterns of pressure and circulation anomalies that typically
extend over large geographic areas and have a great influence on the
climate (Hurrel, 1995).

The idea that the low frequency variability modes of the general
circulation in the Northern Hemisphere can be characterized by a small

number of preferred circulation patterns, or regimes, comes from the

3



1. Introduction

pioneering work of Baur (1931) and Namias (1950) in the first half of the
last century (see Pandolfo, 1993 and Monahan et al, 2003, for a
comprehensive review).

The existence of multiple atmospheric circulation regimes was
first observed by Sutera (1986), who demonstrated the bimodality of the
probability density function (PDF) of an index measuring the amplitude
of wavenumbers 2-4 of the mid-latitude 500 hPa height field.

Additional observational evidence for the existence of regimes
was given by Kimoto and Ghil (1993), who, in an estimate of the joint
PDF of the leading two modes from a principal component analysis
(PCA) of the 700 hPa geopotential height field, showed the existence of
distinct departures from multi-normality, which corresponded to four
distinct hemispheric circulation regimes. In the same year, Cheng and
Wallace (1993) used a hierarchical cluster analysis technique (at 500 hPa)
to recognize three preferred circulation regimes in the Northern
Hemisphere. The clusters identified by Cheng and Wallace were in close
agreement with those identified by Kimoto and Ghil. More recently,
Smyth et al. (1999) and Corti et al. (1999) confirmed Cheng and
Wallace’s results using distinct statistical methods (specifically, mixture
model clustering and visual inspection of the joint PDF of the leading
two PCA modes).

Parallel with the nonlinear statistical studies described above, it
is also possible to use linear statistical approaches to study extratropical
atmospheric low frequency variability. The statistical techniques used
include correlation analysis and PCA (e.g., Wallace and Gutzler, 1981),
rotated PCA (e.g., Barnston and Livezey, 1987), singular value
decomposition (e.g., Wallace et al., 1992) and canonical correlation

analysis (e.g., Perlwitz and Graf, 1995). The results of these analyses
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described a number of characteristic variability structures—such as the
North Atlantic Oscillation (NAO) and the East Atlantic Pattern (EA)—
each of which consists of a spatial pattern modulated by a time series
that fluctuates in amplitude and sign.

These patterns have large spatial dimensions, and their time
scales range from several weeks to months or even years. Furthermore,
consecutive years are not independent of each another. Relationships
that arise between two meteorological phenomena that are apparently
independent, due to their geographical distance and time discrepancies
can be described as teleconnections. Teleconnections are therefore
intrinsic phenomena of the climate system, and are present as recurrent
circulation fluctuations in the atmosphere and ocean that occur at
distant locations, but are nevertheless correlated. They reflect important
aspects of the internal variability of the climate system and the
interaction between the atmosphere and other components such as the
oceans.

The low frequency variability modes in the atmosphere are of
paramount importance for the study of regional climate. The first major
studies to refer to low frequency variability modes were those of
Wallace and Gutzler (1981) for the winter period, and Barnston and
Livezey (1987) for all seasons. For the North Atlantic European sector
(NAE), the most prominent patterns (Fig. 1.3) are the North Atlantic
Oscillation (NAO), the East Atlantic Pattern (EA), Euroasian pattern 1
(also referred as East Atlantic/Western Russia pattern (EA/WR)) and
Euroasian pattern 2 (also referred as the Scandinavian pattern (SCA)),

according to Barnston and Livezey (1987).
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Figure 1.3. Spatial patterns of the main teleconnections over the Atlantic Northern
Hemisphere. The figures represent the temporal correlation between monthly
standardized height anomalies at each grid point, and the monthly teleconnection
pattern time series from 1950-2005. (Adapted from Lorenzo et al., 2008).

North Atlantic Oscillation

The most important mode of variability in the North Atlantic
area is the NAO (e.g. Trigo et al., 2002). NAO is a large-scale fluctuation
in atmospheric pressure in the Atlantic Ocean, between the high
pressure region near the Azores and the low pressure region near
Iceland. This mode of variability exerts a dominant influence on climate
over many parts of Europe (e.g. Hurrell, 1995), mainly in the winter
months.

The NAO consists of a north-south dipole of anomalies, with one
centre located over Greenland, and the other centre of the opposite sign

spanning the central latitudes of the North Atlantic between 35°N and



1. Introduction

40°N (Azores high). It has two main phases; NAO positive and NAO
negative, which influence the climate differently in the NAE sector.
These differences are mainly related to changes in the location and
intensity of the jet stream.

In the positive phase of the NAO, the pressure gradient between
the Azores and Iceland is enhanced, with a positive pressure anomaly
over the Azores, and a negative anomaly over Iceland. In this case, the
stormtrack is more active than normal, and is further north than normal;
this typically produces colder and drier winters in the Mediterranean
Basin, and warmer and wetter winters in northeastern Europe.

In the negative phase of the NAO, the pressure gradient between
the Azores and Iceland is weaker than normal, with a negative anomaly
in the Azores and a positive anomaly over Iceland. The stormtrack is
weaker and is located to the south, producing warmer and wetter

conditions in the Mediterranean basin.

East Atlantic Pattern

The EA is the second most important low frequency mode of
variability over the North Atlantic, and it is present throughout the year.
It has a very similar structure to that of the NAO, because it is likewise
based on a north-south anomaly dipole that extends over the entire
North Atlantic. Its centres are located further southeast than those of the
NAO; one over the high latitudes of the North Atlantic and Scandinavia,
and the other over northern Africa and the Mediterranean Sea. For this
reason, the EA pattern is often interpreted as a “southward shifted”
NAO pattern. However, the lower-latitude centre contains a strong
subtropical link associated with modulations in the subtropical ridge
intensity and location. This subtropical link makes the EA pattern

distinct from its NAO counterpart.
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During the positive phase, the high-pressure center in the North
Atlantic presents negative anomalies, whereas the low-pressure center
presents positive anomalies; this results in surface temperatures that are
above average in Europe, particularly in the Iberian Peninsula. This
phase intensifies the westerly winds over the mid-latitudes of the
eastern North Atlantic and the majority of Europe. During the negative
phase, this change with the occurrence of an anticyclonic blocking
located west of the United Kingdom. This pattern presents interdecadal
variability.

The EA explains a significant part of the variability in the
precipitation and temperature over the western Iberian Peninsula
(Lorenzo and Taboada, 2005; Lorenzo et al., 2008; Rodrigo and Trigo,
2007; Rodriguez-Fonseca and Serrano, 2002; Saenz et al., 2001; Serrano et
al., 1999; Vicente-Serrano and Lépez-Moreno, 2006). Observations have
demonstrated this to be strongly related to episodes of ocean upwelling
at the northwestern coast of the Iberian Peninsula (deCastro et al., 2008a
and b). On the other hand, the observed extreme temperature tendencies
over the Iberian Peninsula have also been associated with this pattern

(Rodriguez-Puebla et al., 2009).

East Atlantic/Western Russia Pattern

The EA/WR is the third pattern affecting Eurasia the most
throughout the year. During wintertime, it has two main anomaly
centres over the Caspian Sea and western Europe, and another two
centres of opposite sign located over western and northwestern Russia,
and northwestern Europe. In spring, a third anomaly centre appears
over the Portuguese coast; this centre is of the same sign as the one over
Russia. In autumn, this centre appears further west, since it experiences

a pronounced shift towards Greenland.
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This pattern is also characterized by two phases. During the
positive phase, the centre over western Europe and northwestern China
presents positive anomalies, whereas the centre over the North Atlantic
and northern Caspian Sea shows negative anomalies (Barnston and
Livezey, 1987; Wallace and Gutzler, 1981). The most pronounced and
persistent negative phases tend to occur in winter and early spring.

The main anomalies in surface temperature are associated with
the positive phase of this pattern, and are above average in eastern Asia
and below average in eastern Russia and northwestern Africa.

Precipitation is below average in central Europe.

Scandinavian Pattern

The SCA presents a primary centre of anomalies that
encompasses Scandinavia and large portions of the Arctic Ocean and
northern Siberia, and it is present throughout the year. It has two
additional, though weaker, centres of opposite sign located over western
Europe, and Mongolia and western China.

During the positive phase, positive anomalies are observed over
Scandinavia and western Russia, whereas negative anomalies are
observed in the other centres. Its negative phase is associated with
negative anomalies over Scandinavia and western Russia, and positive
anomalies in the other centers. The positive anomalies of this phase
block anticyclones. Thus, temperatures are below average over central
Russia and western Europe, and precipitation is above average in
central and southern Europe and below average in Scandinavia. Its
variability is seasonal, interannual and interdecadal.

This pattern influences the variability in precipitation and

temperature over the Iberian Peninsula (Lorenzo and Taboada, 2005;
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Lorenzo et al., 2008; Rodriguez-Fonseca and Serrano, 2002; Serrano et al.,
1999).

As previously stated, the European region is strongly influenced
by the patterns over the North Atlantic. However, it is also under the
influence of patterns or oscillation modes in other regions of the world.
The El Nifo-Southern Oscillation (ENSO) phenomenon is a clear
example of this (Rasmusson et al., 1983, Garcia-Serrano et al., 2010;

Rodriguez-Fonseca and Rodriguez-Puebla, 2010).

1.3. Daily local weather circulation

Daily local weather circulation is influenced by many factors.
Simplistically, one can state that the main driver of local circulation is
the presence of high- or low-pressure systems, and the corresponding
ridges and troughs at height levels above sea level. The presence of
mountains and air-sea interactions should also be taken into account
when considering local weather circulation. In addition, as stated before,
seasonal variations in the amount of solar radiation that reaches a region
generate intra-annual variability.

Meteorological systems such as extra-tropical depressions,
blocking patterns, cut of lows, Azores high or thermal lows are the most
important features characterizing the daily local weather circulation in
the Iberian Peninsula. A detailed characterization of the climate in the
Northwest (NW) Iberian Peninsula is given in chapter 3. The annual
variability of these meteorological systems is often related to low
frequency variability modes (e.g. Barriopedro et al., 2006, Nieto et al.,
2007a).

The complexity of the continuum of atmospheric circulation is

the main motivation for researchers attempting to find a simpler method
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of categorization. Classifications of atmospheric circulation are intended
to reduce this complexity; they achieve this by summarizing the data
into a reasonable and manageable number of discrete classes (types).
There are different ways to classify climates into similar classes. In
ancient Greece, climes were defined to describe the weather depending
upon latitude.

Over the last century, researchers have attempted to explain and
understand the relations between the larger-scale atmospheric behavior
and local weather and the climate response, leading to numerous
weather and circulation type classifications (as will be described in
chapter 2). The classifications were used mainly for weather forecasting
purposes, while in recent decades the applications of circulation
classifications have widened. Circulation weather types (CWT) are used
to describe and understand the physical links between low frequency
variability modes, synoptic features, and surface weather at various
scales and locations. They are typically based on a single level of the

atmosphere, as will be shown in chapter 2.
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2. Circulation weather type
classifications

In general, classification can be seen as the assignment of objects
to groups (cases) so that common features are shared within each class,
and there are dissimilarities between the classes. In the case of
circulation classifications, this process provides a method for
categorizing the continuum of atmospheric circulation into a reasonable
and manageable number of discrete classes (types).

Classifications have had a long history in meteorology and
climatology. Since the beginning of meteorology, until a few decades
ago, classifications (generally called “catalogs of synoptic types”) were
used mainly in weather forecasting (e.g. Hess and Brezowsky, 1952;
Lamb, 1972). The use of classifications to describe the weather has
grown in the decades since the advent of computers, which made it
possible to develop fast and objective methods to process large amounts
of data. Furthermore, many climatological studies and applications
require that the data be as simplified as possible; this is achieved by
analyzing a gridded dataset (usually sea level pressure or geopotential
height at different levels), and grouping the data into a relatively small

number of distinct categories. As a consequence, several classification
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methods have been developed, and are currently used in a large wide
range of applications. In addition, in 2002, Sheridan stated that the
“Synoptic weather-typing, or the classification of weather conditions or
patterns into categories, continues to be popular, and numerous
methods have been developed over the past century”. Recent
applications of these classifications can be found in climate studies (for
past, present and future climates), and in innovative applications in
ensemble forecasting, increasing the variety of synoptic-climatological
studies (Huth et al., 2008). Due to the wide range of classification
methods in meteorology and climatology, this overview will focus on
the classification of atmospheric circulation patterns, and classification
based on air mass trajectories.

This overview is divided into two parts. The first section
describes the most common methodologies for the classification of
atmospheric circulation patterns, and their applications. In the second

section, a description is made of the applications of air mass trajectories.

2.1. Methodologies

Different methods exist for the classification of circulation
weather types (CWTs), as was shown by Huth et al., 2008, and Phillip et
al., 2010. These different methodological approaches can be categorized
by the kind of type definition they use. Two main strategies can be
discerned concerning the relation between type definition and the
assignment of objects. The first strategy is to establish a set of types prior
to the process of assignment (predefined types), while the second is to
arrange the entities to be classified (daily patterns in this case) following
a certain algorithm, such that the types are—together with the

assighment—the result of the process (derived types). The use of
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predefined types is valid for a deductive, top-down approach, where it
is already known what the relevant types look like; the generation of
derived types is useful for an inductive, bottom-up approach, where
more or less no knowledge of the structure of the dataset or the effects of
certain types is assumed, but is obtained using data mining.

Methods using predefined types include those with subjectively
chosen weather situations, and those where the allocation of days to one
type depends on thresholds or rules (Table 2.1). The Lamb circulation
type, which will be used several times in the following chapters, is
highlighted in bold in Table 2.1.

In contrast, methods using derived types are based on the idea of
identifying types that are indicated by any structure existing in the
dataset itself. In particular, three main strategies can be discerned (PCA,
leader algorithm, and optimization methods); these will be discussed

later in the manuscript.

2.1.1. Methodologies using predefined types

Two different approaches can be defined within these
classification methods. Some methods attempt to reproduce CWTs that
have previously been defined subjectively, and others use quantitative
thresholds or rules to determine the allocation of each day to one class.
These approaches have in common a presumed concept of the relation
between circulation and surface weather variables such as temperature
and precipitation, although this is rarely formulated explicitly.
Especially for European surface weather it is, for example, important
whether the large scale flow is organized zonally or meridionally.
Predefined types are therefore preferentially defined to clearly discern

between these two configurations.
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Table 2.1. Overview of the different circulation weather type classification methods.
The Lamb circulation weather type is highlighted in bold. The abbreviations are defined
as follows: variables used for classification (SLP: sea level pressure; H: geopotential
height; U/V: zonal and meridional wind; PW: precipitable water).

Classification Methods Variables References
Subjective
Hess-Brezowsky* Not specified | Hess and Brezowsky, 1952.
é ZMAG* Not specified | Lauscher, 1985.
>
2 Threshold
=
& | Objectivized Lamb .
% (Jenkinson-Collison) SLP Lamb, 1972; Jones et al., 1993.
-
o%
Litynski SLP Litynski, 1969.
U/V700,H925/ | Dittman et al., 1995; Philip et
WLKC733 500, PW al., 2010.
PCA algorithm
P27 H500 Kruizinga, 1979.
TPCA SLP Huth, 1993.
PACXTR SLP Esteban et al., 2006
Leader algorithm
€ | Lund SLP Lund, 1963,
>
3 | v .
g | Kirchhofer original H500 Kirchhofer, 1974.
= | types
]
o Optimization algorithm
CKMEANS SLP Enke and Spekat, 1997
SANDRA /SANDRAS SIP Philipp et al., 2007; Philipp et
al., 2008.
NNW (original) H500 Michaelides, 2007.
NNW (COST733) SLP Philipp et al., 2010.

* Not adaptable domain
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Subjective classifications are based on expert knowledge of the
effects of certain CWTs on various surface climate parameters, i.e., they
attempt to discern between typical synoptic situations. Since they are
subjective, the definition of the typical situation is not straightforward.
This increasing spread of possibilities for different situations results in
the characteristically high number of types of subjective classifications,
ranging from 29 for the Hess and Brezowsky, 1952, to 43 for the ZAMG-
classification (Lauscher, 1985). An objectivized version of the Hess and
Brezowsky catalogue was designed by James, 2007; an example is given
from this in Fig. 2.1, where it is shown the sea level pressure (SLP) and
the 500 hPa geopotential height (H500) mean composites for the half-
year winter, and for the objectivized Hess and Brezowsky types 1 to 15
(out of 29) for the winter half-year.

Threshold-based methods, such as the objectivized Lamb (Jones
et al., 1993), Litynski (Litynski, 1969), or WLKC733 (Philipp et al., 2010),
define their types each day by setting a limit between types, or
predefined rules of assignment. For example, a distinction can be made
between days with a westerly main flow over the domain, and those
with a northerly, easterly, or southerly direction, where the angles used
to delimit the sectors represent the thresholds between the types. The
objectivized Lamb and Litynski catalogue uses the SLP as a classification
variable, while the WLKC733 uses a combination of the U and V
components of the 700 hPa wind fields, and the geopotential height at
950 hPa (H950) and 500 hPa (H500) with the integrated precipitable
water (PW) content.

More detailed descriptions of the objectivized Lamb CWT will be

given in section 2.1.3 and chapter 6.
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Figure 2.1. Example of the objectivized Hess and Brezowsky (GWLs). Climatological
composites of GWLs 1-15 (out of 29) for the winter half-year, showing H500 (color-
filled field) and SLP (black contours) (source: James, 2007).

2.1.2. Methodologies producing derived types

In contrast to methods that use predefined types, all of the
methods producing derived types are centred on the idea of identifying
types that are intrinsic in the dataset. Three main strategies in particular
are used. The first group uses principal component analysis (PCA) to

determine the principal components (PCs) explaining the major
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fractions of the variance of the input data, while the patterns to be
classified are assigned to classes according to some measure of relation
to the PCs. The second strategy is to find leading patterns according to
the number of patterns similar to them within a certain distance; this is
called a leader algorithm (Hartigan, 1975). The third strategy uses a
combinatorial approach to optimize a partition according to a function;
typically, this involves the minimization of the within-type variability.

The main objective of PCA is to provide a compact description of
the spatial and temporal variability of a data series in terms of
orthogonal functions or statistical modes. Typically, most of the variance
in the spatially distributed time series is in the first few orthogonal
functions, whose patterns may then be linked to possible dynamical
mechanisms. The potential of PCA to be used as a classification tool was
suggested by Richman, 1981, and discussed by Gong and Richman,
1995. The basic process for using PCA as a classification tool consists of
assigning each case to a PC according to some rule. However, several
different modes of PCA exist, which differ fundamentally from each
other (Richman, 1981), and serve different purposes as they can act as a
data preprocessing tool prior to cluster analysis.

The potential use of PCA as a classification tool was discussed by
Richman in 1981. The two most common PCA modes used for
classification are: a) the s-mode, in which the eigenvectors describe the
spatial pattern of variability, and the principal components describe the
time variations (an example of its application can be found in the P27
(Kruizinga, 1979) or the PACXTR method (Esteban et al., 2006), and b)
the t-mode, where the principal components describe the importance of
a spatial pattern, and the loadings reflect the extent of their time variant

realization (an example of its application can be found in the T mode
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PCA (Huth, 1993 or Huth, 2000)). An example of a T mode analysis is
given in Fig. 2.2, where a comparison is made between the T mode PCA
types found for an observed dataset, and those found for a control

global climate model.
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Figure 2.2. An example of circulation weather types generated using T-mode PCA.
Mean H500 patterns of circulation weather types over Europe, found for the observed
data (left column), and their projections onto the UKHI global climate model (right
column). Each type is represented by its number, and its frequency of occurrence
(adapted from: Huth, 2008).
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Classification methods based on the leader algorithm (Hartigan,
1975) can be found in the Lund (Lund, 1963) and Kirchhofer original
types (Kirchhofer, 1974) method. These methods search for key (or
leader) patterns in the original data, which are located in the centre of
high-density clouds of entities (days) within the multidimensional phase
space spawned by the variables, ie. grid-point values. The leader
algorithm is a simple and quick clustering that searches for a key pattern
in the sampled maps.

The last family of classifications consists of the so-called
optimization algorithms, in which several approaches are used to
organize a set of days into groups in a certain way, such that a chosen
function is optimized. The CKMEANS method (Enke and Spekat, 1997)
is based on the k-means algorithm. In the CKMEANS, the initialization
is performed by randomly selecting one object (SLP daily fields). The
seed for the second cluster is then determined as the object most
different from the first, while the seed for the third cluster is the object
with the highest sum of distances from the first two seed-patterns, and
so on, until every cluster has one seed-pattern. In a stepwise procedure,
the starting partition, initially consisting of the k seed-patterns is
gradually identified: all remaining days are assigned to their most
similar class. After the initial assignment of all days has been performed,
the iterative k-means clustering process is launched. The centroids
converge towards a final configuration, which has no similarities with
the starting partition. An example of CWTs generated using the
CKMEANS method (Enke and Spekat, 1997) for Central and Western
Europe, for summer, is shown in Fig. 2.3.

The SANDRA /SANDRAS methods (Philipp et al., 2007; Philipp

et al., 2008) are based on a heuristic simulated annealing algorithm. The
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difference between SANDRA and SANDRAS is that in the latter, instead
of single day patterns, three-days-sequences are used. The only
differences in the k-means are so called wrong re-assignments, i.e.,
objects may be removed from their nearest cluster, depending on a
probability which is high at the beginning, but slowly decreases during

the optimization process.
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Figure 2.3. An example of circulation weather types in Central and Western Europe,
generated using CKMEANS (source: Enke and Spekat, 1997). Composite images of
1000 hPa geopotential height charts for summer (JJA) in Central and Western Europe
are shown. The percentage values at the top right of each graph indicate the frequency of
the respective circulation weather type.

22



2. Circulation weather type classifications

The self-organized map technique (SOM or SOFM) employs a
neural network algorithm that uses unsupervised learning to determine
generalized patterns in data (Kohonen, 1982). This technique reduces the
dimensions of large datasets by grouping similar data records together
and organizing them in a two dimensional array, which is referred to as
a map. The NNW (original) and the NNW (COST733) are examples of
two catalogues that use the SOM technique; they differ only in the
classification variable used, namely H500 (Michaelides, 2007) or SLP
(Philipp et al., 2010).

2.1.3. Lamb circulation weather types

Since the use of the Lamb circulation type’s methodology will be
recurrent in the next chapters, a detailed overview will be given here,
and the computational procedures will be described in chapter 6.

This classification of atmospheric circulation into weather types
was carried out for the British Isles by Lamb, 1972. This was a manual
classification, and was based on the analysis of daily SLP fields for the

British Isles. In his work, Lamb defined seven principal types:

eWest (W), eSouth (S);
eNorthwest (NW);  eAnticyclonic (A);
eNorth (N); e Cyclonic (C).
eEast (E);

In addition, a set of hybrid classes was created; these correspond
to days with a mixture of characteristics from the seven principal classes
(for example, the class AW corresponds to cases where there is
atmospheric circulation with anticyclonic vorticity that is associated

with a flux mainly from the W sector). The days that cannot be included
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2. Circulation weather type classifications

in any of the above classes are also taken into account. These are days
that show: a) inconstant and/or extremely intense flow (whether weak
or very strong); b) changes of atmospheric circulation during the day; c)
incompatible hybrid types. However, the analysis of the charts in this
procedure requires not only a very experienced meteorologist, but also
large amounts of time.

The manual Lamb classification was adapted by Jenkinson and
Collinson (1977) for an objective automated classification for the British
Isles, which was later evaluated by Jones et al., 1993. This automated
classification is based on the use of a set of indices associated with the
direction and vorticity of geostrophic flow. This automated method was
recently adapted for different areas in the Iberian Peninsula; for the SE
Iberian Peninsula (Goodess and Palutikof, 1998), for Portugal (Trigo and
DaCamara, 2000), and for the NW corner of the Iberian Peninsula
(Lorenzo et al., 2008). Several applications of the Lamb CWT will be
discussed in section 2.1.4, while in section 6.2 a detailed description of

the automated classification method will be presented.

2.1.4. Applications of the circulation weather type classifications

In recent years, the usefulness of CWT classifications has been
investigated for a wide range of applications, in scientific domains from
climate, to environmental areas such as air quality and forest fires, to
extreme events such as flood, drought, avalanches. A large number of
studies in the literature describe the application of circulation weather
type classifications and some examples of such applications are given

below.
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Europe

Regarding the climate in Europe, several studies focus on the
assessment of long-term changes (trends or regime shifts) in the
frequency and persistence of CWTs, for both past and future climates
(e.g., Huth, 2001; Demuzere, 2008a). In addition, studies quantifying the
links between circulation changes and observed climatic trends are also
common (e.g., Hope et al., 2006; Cahynova and Huth, 2009). There are
also studies pointing out other applications for synoptic CWTs. Some
studies relate these large-scale synoptic patterns to mean levels of
surface Os (e.g., Demuzere et al., 2008b; Lesniok et al., 2010), while
others study the mechanism that characterizes the triggers for extreme
events, e.g., floods (Prudhomme and Genevier, 2011), or wildfires
around the Mediterranean region (Kassomenos, 2010). In addition,
James, 2008, attempt to use the synoptic CWT in medium-and extended-

range ensemble forecasting.

Iberian Peninsula

The following gives a description of the different classification
methods that are used in the Iberian Peninsula, and their application
(note that this is not an exhaustive description).

The first studies to use automated classifications of the
atmospheric circulation affecting the Iberia Peninsula were developed
on both monthly (Corte-Real et al., 1995) and daily (Zhang et al., 1997;
Corte-Real et al.,, 1998; Romero et al, 1999) timescales, and were
computed using principal component analysis, followed by a k-means
cluster analysis. In the years since, several studies using an automated
version of the Lamb CWT have been published (e.g. Goodess and
Palutikof, 1998; Trigo and DaCamara, 2000; Spellman, 2000; Goodess

and Jones, 2002). These works studied the relationship between
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2. Circulation weather type classifications

precipitation in different regions of the Iberian Peninsula, for different
purposes; e.g., to explain precipitation trends, or to construct
precipitation scenarios for future climate or precipitation prediction. The
application of CWT classifications in the Iberian Peninsula has been
restricted largely to studies of precipitation; these classifications have
not typically been applied in temperature studies.

In the last decade, the use of different classification methods in
the Iberian Peninsula has increased; this is due to reductions in
computation time, but also because new climate weather-related
datasets have become available. Studies of the Iberian Peninsula that use
other classification methods are shown in Table 2.2.

Table 2.2. Example of studies of the Iberian Peninsula that use classification methods
other than the Lamb circulation weather type.

Relationship with: References
S Rodriguez-Fonseca and Serrano, 2002; Santos et al.,
2005; Fragoso and Gomes, 2008; Casado et al., 2010
e Serra et al., 1999; Bermejo and Ancell, 2009; Esteban
et al., 2009
Snow Esteban et al., 2005
Wild fires Pereira et al., 2005; Rasilla et al., 2010
Dimming/Brightening | Sanchez-Lorenzo et al., 2009
Hail events Aran et al., 2011
Lightning activity Pineda et al., 2010
Wave height Rasilla and Codran, 2010
Aerosols Alonso-Perrez et al., 2011

Despite this, the automated version of the Lamb circulation is still a
very popular method in fields like climatology, atmospheric sciences, or
in studies of weather-related health impacts. Examples of this can be
found in:

e precipitation (Spellman, 2000; Martin-Vide, 2002; Paredes et al.,

2006; Vicente-Serrano et al., 2006; Garcia-Herrera et al., 2007;
Lorenzo et al., 2008; Vicente-Serrano et al., 2011);
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¢ maximum and minimum temperature (chapter 6);

e wind (Rasilla et al., 2002; Azorin et al., 2009).

e association with lightning activity (Tomas et al., 2004; Ramos et
al., 2011);

e snow pack variability (L6pez-Moreno and Vicente-Serrano, 2007)

¢ hospital admissions (de Pablo et al., 2009);

e relationship with modes of low frequency variability (Lorenzo et
al., 2008; Ramos et al., 2010);

e future atmospheric circulation scenarios (Lorenzo et al., 2011).

2.2. Air mass trajectories and their applications

Trajectory paths are a useful tool for describing air mass motions,
and are applied in several fields in the atmospheric sciences (Stohl,
1998). For such applications, the problem of dividing the atmosphere
into a set of air parcels —which are forced to move by three-dimensional
winds—under certain physical conditions can be solved using
Lagrangian models (Stohl, 1998; Stohl et al, 2001). A comparison
between three frequently used trajectory models (TRAJKS, LAGRANTO
and FLEXTRA) was given by Stohl et al., 2001.

Trajectories have been used not only to interpret individual flow
situations, but also to study the history of air masses, both backward
and forward, with large sets of trajectories. Trajectory analyses are
commonly used in air quality studies, and are based on the cluster
analysis of large sets of trajectories. The main idea is to have a
multivariate statistical technique that splits a data set into a number of
groups. Dorling et al, 1992a gives a detailed description of their
clustering technique, which allows distinct flow patterns and large

scaling circulation features to be discriminated (Dorling et al., 1992b;

27



2. Circulation weather type classifications

Stohl and Scheifinger, 1994). Fig. 2.4 presents an example of results from
a cluster analysis by Dorling et al., 1992a for the trajectories arriving at
Eskdalemuir (south Scotland) in the period February-July, 1981-1984.
The analysis of trajectories approaching a chosen target region
provides an alternative to studying CWT classifications (e.g., Stohl and

Scheifinger, 1994; Jorba et al., 2004; Nyanganyura et al., 2008).

a) Cluster 1.n=18 b} Cluster 2, n = 60 c) Cluster 3, n = 25

Figure 2.4. Results of a trajectory cluster analysis showing nine clusters that were
identified with their trajectory members (originally presented by Dorling et al., 1992a).
The work is based on trajectories arriving at Eskdalemuir (south Scotland) in the period
February-July, 1981-1984.
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Trajectory analysis can also be used to study moisture supply
regions—by tracking air parcels moving in a given area (James et al.,
2004; Nieto et al., 2006; Gimeno et al., 2010) — or precipitation at different
timescales (Sodemann et al.,, 2008). Most of these studies use only
information on the position (latitude, longitude and height) of the air
parcels; in the case of moisture sources studies, information on the
specific humidity of the air parcels is also used

Knowledge of how the properties of an air parcel change with
time allows a better estimation of the evolution of meteorological
phenomena. Once the additional thermodynamic conditions of air
parcels are known, the development of particular structures can be
easily followed. Backward trajectory analysis can also be performed in
the examination of meteorological structures (e.g. Stohl, 2001; Eckhardt

et al., 2004; Wernli and Davies, 1997; Knippertz and Wernli, 2010).
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3. Climatic characterization of the northwestern Iberian Peninsula

3. Climatic characterization
of the northwestern Iberian
Peninsula

The area under scope in this work—that is, the NW Iberian
Peninsula—corresponds to the Spanish region of Galicia and the north
of Portugal. The area extends between approximately 40°N and 44°N,
and 9.5°W and 6°W (see Fig. 3.1, red rectangle).

Figure 3.1. Location of the area studied, enclosed by the red rectangle.
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3. Climatic characterization of the northwestern Iberian Peninsula

Regarding altitude (Fig. 3.2), the highest values in the NW
Iberian Peninsula are between 1000m and 1500m, with the exception of
Serra da Estrela (SET), in Portugal, which peaks just below 2000 m, and
Manzaneda (M), in Galicia, which peaks just below 1800 m. The
northern landscape of the domain becomes mountainous towards the
interior, with several plateaus indented by river valleys. Continentally,
the regions farthest from the Atlantic Ocean are approximately 220 km
away. The orography of Portugal and Galicia also affects the domain. In
the north, the Cantabrian Mountains border Galicia, while in the
northern/central part of Portugal, the Spanish Meseta (Inner Plateau)

borders the region.
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Figure 3.2. Orography of the Iberian Peninsula. The topologic names mentioned
throughout the chapter are also included in the figure.

Although the variations in the climactic factors are rather small,
they are enough to produce significant variations in air temperature
and, most significantly, in precipitation, as will be described in more
detail later. The northern areas of the domain represent one of the
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3. Climatic characterization of the northwestern Iberian Peninsula

wettest areas in Europe, while the southern part of the domain is
characterized by a mild Mediterranean climate, but with well-known
vulnerabilities; namely, droughts and desertification (SIAM, 2002;
SIAM, 2006).

Climate is a complex mixture of many elements, including
temperature, humidity, wind, precipitation, pressure and cloudiness;
these factors combine to define the physical and chemical environment

at the surface of Earth.

3.1. Surface characterization

To put the NW Iberia Peninsula into a climactic context, the
spatial distribution of the mean annual maximum air temperature in the
Iberian Peninsula is shown in Fig. 3.3a. As shown, the mean annual
maximum air temperature values in the W Iberia Peninsula vary
between 24°C in the southern part of Portugal and 18°C in Galicia. The
mean annual minimum air temperature values (see Fig. 3.3b) range from
12°C in southern Portugal to 6°C in Galicia. Microclimates produced by
valleys and mountains are also present in the domain. In general, the
coastal regions of Galicia and Portugal tend to have a milder climate
than the interior regions.

The mean annual accumulated precipitation (Fig. 3.4) also shows
a high degree of spatial variability. The highest values are found in the
North of Portugal and Galicia, with values higher then 1500 mm, while
the lowest values are found in the southern regions of Portugal, with

values below 400 mm.

33



3. Climatic characterization of the northwestern Iberian Peninsula

A0° 0§ 0 6 5 4 3P 22 A 0 T 2 3

43°

42°|

41°

40°

39"

38°

37

36°

42°

410

40°

39°

38°

3r

36°

Tmax (°€)
| E
I =
B s
] s
= -
| E
B s
(mE
|
K
-

Tmin (*C)
| E
I =
= e
[

Figure 3.3. Spatial distribution of (a) the mean annual maximum air temperature (b)
the mean annual minimum air temperature in the Iberian Peninsula, during the 1951-

1999 period (source: Ninyerola et al., 2005).
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Figure 3.4. Spatial distribution of the mean annual accumulated precipitation, during
the 1951-1999 period (source: Ninyerola et al., 2005).

Since the results presented in this work focus on the NW Iberian
Peninsula, a detailed description of the seasonal maximum and
minimum air temperature, and the variability in precipitation, is made
for the Euroregion Galicia-North Portugal, based on the characterization
of the region made by Gomez-Gesteira et al., 2011.

The maximum seasonal air temperature on land is represented in
Fig. 3.5. Although the data shown in the maps follow expected trends
closely, with the highest temperatures being recorded in summer and
the lowest temperatures being recorded in winter, a few points merit
discussion. A marked difference between coastal and continental
temperatures can be observed in summer in Galicia, when at the same
latitude maximum continental temperatures are of the order of 2°C
higher. In contrast, in the northern region of Portugal, the highest

temperatures are found inland. In winter, this effect is even more
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3. Climatic characterization of the northwestern Iberian Peninsula

pronounced, with continental temperatures of the order of 5°C lower
than coastal temperatures. Deviations from this general pattern are
mainly due to orographic effects (see Fig. 3.2). The presence of
orographic barriers along the coastline is also responsible for the rapid
transition from a maritime climate at the coast to a continental climate at
distances less than 100 km from the coast.
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Figure 3.5. Seasonal spatial distribution of the mean maximum air temperature (°C)
for the 1961-2006 period, in winter (DJF), spring (MAM), summer (JJA) and autumn
(SON) (source: Gomez-Gesteira et al., 2011).
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Figure 3.6. Seasonal spatial distribution of the mean minimum air temperature (°C) for
the 1961-2006 period, in winter (DJF), spring (MAM), summer (JJA) and autumn
(SON) (source: Gomez-Gesteira et al., 2011).

Similar patterns can be observed for minimum air temperatures
(Fig. 3.6). The lowest temperatures in Galicia always correspond to the
continental region, where the highest mountains are located. For
northern Portugal, the highest minimum temperatures are found in the
interior region, while for other seasons the highest minimum
temperatures are generally found in the coastal regions.

The seasonal mean accumulated precipitation is shown in Fig.
3.7. In general, moderate precipitation values are observed at coastal
locations, and low values are observed in the interior regions. The
maximum values are observed along the Galician ridge in the northern

part of the area, and along the Xures/Geres (G) and Marao (M)
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mountain ranges in the southern part. Seasonally, the highest
precipitation values are observed in autumn and winter, reaching values
close to 1000 and 1200 mm per season, respectively. Minimum values of
under 300 mm were observed in summer.

The intensity of winter precipitation is influenced by the
orography. Incoming fronts from the Atlantic Ocean are affected by the
presence of mountains near the coastline, which act as barriers that
hinder the movement of the fronts towards the interior. For this reason,
the precipitation in these mountain regions is enhanced (Foehn effect).
In general, the coastal and adjacent areas are characterized by a
maritime climate, with mild summers and rainy winters. In contrast, the
interior of the region is characterized by a continental climate, with dry

summers and cold winters.
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Figure 3.7. Seasonal spatial distribution of the mean accumulated precipitation (mm)
for the 1961-2006 period, in winter (DJF), spring (MAM), summer (JJA) and autumn
(SON) (source: Gomez-Gesteira et al., 2011).
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The lightning observation dataset was characterized by a large
temporal and spatial variability in the number of occurrences, and a
large geographical distribution of cloud-ground (CG) discharges. The
same methodology as that used by Ramos et al., 2011 (for Portugal) was
used, but in this case the domain was extended towards the Galicia
region. The inter-annual variability of the spatial density distribution
(given by the number of flashes/km?) is shown in Fig. 3.8; the data
shown is given relative to all CG discharges, incorporates data from
2003 to 2009, and was measured on a 0.2° x 0.2° grid. The existence of a
high inter-annual variability in the CG discharges was immediately
noticeable, with low-activity years in 2005 and 2008, while maximum
counts were achieved in 2004 and 2006. Moreover (as noted earlier),
there were clear spatial inhomogeneities, particularly for the maximum
CG discharge occurrences, which were non-uniform throughout the
years. Some years appeared to be dominated by a meridional gradient
(e.g., 2008 and 2009), while others presented a more zonal configuration
(e.g., 2003, 2005 and 2007). Despite this high variability in space, some
regions had a higher probability of showing high-density CG discharge
values; specifically, these were the mountain ranges (Geres and
Manzaneda). In contrast, Atlantic coastal areas presented very low
densities of CG discharges. Nevertheless, when compared with other
regions in the eastern and northern sectors of the Iberian Peninsula
(especially the Pyrenees and the Mediterranean coastal sector), these
values could be considered as relatively low (Pineda et al., 2010; Rivas
Soriano et al., 2005).

It has been shown before that the monthly Iberian Peninsula CG
discharge regime varies considerably throughout the year, on both

seasonal and monthly timescales (Rivas Soriano et al., 2005). The
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seasonal distribution of all individual CG discharges is shown in Fig.
3.9; the corresponding density distribution is also represented. The first
obvious result was the large seasonal variability in the density of the
flash distributions, with winter months presenting much smaller
numbers of CG discharges when compared with spring, but particularly
with summer and autumn. Interestingly, there were appreciable
differences between the spatial distributions of CG discharges in
different seasons. During the winter months (DJF), the highest numbers
of CG discharges were found in coastal areas. The main factor
responsible for this spatial pattern is the frequent travelling lows that
cross the Atlantic in winter. In spring (MAM), the spatial distribution
was more homogenous throughout the entire domain, with the highest

density being found in inland areas.
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Figure 3.8. Annual spatial density distribution of CG discharges (colored contours).
Values are given as number of discharges/km? per year, over a reqular 0.2° x 0.2° grid.
All CG discharges for each year are represented by grey dots. The percentage of CGs per
year is also shown.

In summer months (JJA), the highest CG density values were
found in the eastern sector of the domain, with lower values in the
coastal regions. The northeastern part of North Portugal and Galicia are
characterized by complex terrain with orographic systems, which are
favorable for the generation of uphill currents during hot weather, thus
allowing the creation of cumulonimbus clouds (Curi¢ et al.,, 2003).
Finally, during autumn (SON), the atmosphere is often characterized by
colder and moister air masses advected from the Atlantic ocean, which
can interact with the still reasonably warm Iberian continental mass
(Martin et al.,, 2004; Valero et al, 2009). This situation can foster
instabilities that favour thunderstorms, increasing the number of CG
discharges throughout the region.
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Figure 3.9. Seasonal spatial density distribution of CG discharges (colored contours).
Values are given as the number of discharges/km? per season, over a reqular 0.2° x 0.2°
grid. All CG discharges for each season are represented by grey dots. The percentage of
CGs per season is also shown.

3.2. Large-scale influence

The atmospheric circulation in the area (Fig. 3.10) is governed by
two main centers of activity; an anticyclonic zone south of 40°N, centred
near the Azores, and a low pressure area centered around 60°N, near
Iceland. In summer, the Azores High moves northwestward. A thermal
low develops over the IP from April to September, giving rise (Hoinka
and de Castro, 2003) — in combination with the Azores High—to
equatorward coastal winds. Regarding the geopotential height at 500
hPa, the pressure surfaces are lower at the poles and higher through the
equator, indicating that in the summer months westerly winds at height

prevail.
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Figure 3.10. Seasonal a) mean sea level pressure (hPa) and b) geopotential height (m),
during the 1961-1999 period, using the NCEP/NCAR reanalysis data.
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Fronts and associated depressions tend to develop in well-
defined areas. The major zones of frontal-wave development are areas
that are most frequently baroclinic, a result of airstream confluence
(Barry and Chorley, 2003). This is the case off eastern North America,
especially in winter. At mid-latitudes, the variability of the climate is
related to travelling low-pressure systems (Trigo, 2006), which are
sometimes diverted from their regular path by the presence of persistent
and quasi-stationary high-pressure systems (Rex, 1950; Barriopedro et
al., 2010). Thus, both systems were expected to influence some of the
characteristics and variability of the studied region (NW Iberia
peninsula).

Extra-tropical cyclones have a strong influence on local weather,
as their passage is related to strong winds, precipitation, and
temperature variability. The Iberian Peninsula (Fig. 3.11) is one of the
most favourable areas for the passage of minimum central pressures.
The relative maximum of cyclonic activity over the Iberian Peninsula
exhibits a strong annual cycle, and is mostly due to the summer activity
of the Iberian thermal low (Trigo, 2006), a quasi-stationary signature that
rarely brings precipitation. In winter, however, most of the cyclones
travel along the northern Atlantic or, secondarily, through the Azores-
Mediterranean axis.

Although the tracks delineated by the cyclone centers do not
cross the region under study, it is important to note that an extra-
tropical cyclone often reaches 1500 to 2000 kilometers in diameter
(Longshore, 2000), and that the frontal precipitation associated with
extra-tropical cyclones typically occurs south of the low pressure centre.
The target region is mainly affected by low-pressure systems traveling

north of the Iberia Peninsula.
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Figure 3.11. Seasonal spatial distribution of the positions where lows reach their
minimum central pressure, using the 6-hourly database of the ERA-40 reanalysis and
the cyclone tracking method of Trigo et al., 1999. The values correspond to the average
number of events detected per 1.125° x 1.125° grid box (source: adapted from Gomez-
Gesteira et al., 2011).

On the other hand, blocking activity interrupts the normal
progression of extra-tropical cyclone systems and suppresses the mid-
latitude westerly winds (typically over a period of a week or two),
which are replaced by meridional flows (e.g. Barriopedro et al., 2010).
Therefore, persistent anomalous temperatures and a marked
redistribution of precipitation over large areas of middle and high
latitudes, including the NW Iberian Peninsula, are typical fingerprints of
blocking patterns (Trigo et al., 2004a; Garcia-Herrera et al., 2007). The
region under study (NW Iberia Peninsula) is frequently affected by
eastern Atlantic/western Europe blocking (Fig. 3.12). The region is

especially affected during winter and spring, while in summer blocking
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activity is rare. Several authors report a decreasing trend in Atlantic
blocking activity during the second half of the 20th century; the decrease
in the frequency of blocking days in the region is largely confined to
winter and early spring (e.g. Barriopedro et al., 2006; Croci-Maspoli et
al., 2007).

a) AMJ

JFM

Figure 3.12. Total seasonal frequency of blocking centre positions for the 55-yr period
1948-2002; (a) spring, (b) summer, (c) autumn and (d) winter. Blocking centre
positions were calculated using the NCEP/NCAR reanalysis dataset (source: adapted
from Barriopedro et al., 2006).
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Cut off low systems (COLSs) are common in the NW Iberian
Peninsula (Nieto et al., 2005; Nieto et al., 2007a; Fig. 3.13). COLSs consist
of a closed upper-level low that has become completely displaced (cut
off) from the basic westerly current, and moves independently of that
current. Their intensity is highest in the upper troposphere and the
magnitude of the associated cyclonic circulation decreases towards the
surface; it is even possible to find anticyclonic circulation at the surface.
COLS systems in the vicinity of the NW Iberian Peninsula are usually
associated with unstable conditions, and even with severe convective
episodes (Nieto et al., 2007b; Ramos et al., 2011). In addition, Nieto et al.,
2007a, found that more than half of the cut-off low systems found in the
European sector are associated with blocking events, particularly in
spring and winter, when these quasi stationary anticyclonic patterns are

more frequent.
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Figure 3.13. Spatial annual distribution of the cut off low systems, created using
NCEP/NCAR reanalysis. The values correspond to the average number of events
detected per 2.5° x 2.5° grid box (source: adapted from Nieto et al., 2008).
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As mentioned in chapter 1, modes of low frequency variability
are also an important factor when studying the climate variability of the
NW Iberian Peninsula. Previous studies (e.g. Rodriguez-Puebla et al.,
1998; Lorenzo and Taboada, 2005; deCastro et al., 2006; Trigo et al., 2008;
Ramos et al, 2010) have considered that the most representative
regional patterns of atmospheric variation in the Northern Atlantic-
European sector influencing the Iberia Peninsula are NAO, EA, SCAN
and EA/WR. While these modes are defined throughout the year, their
strength varies considerably, being more prominent in winter and less
well-defined in the summer months (e.g. Barnston and Livezey 1987;
Corte-Real et al., 1995; Trigo and Palutikov, 2001). The impact of these
major atmospheric circulation modes upon the precipitation in Europe is
also greater during the winter months (Dunkeloh and Jacobeit, 2003;
Trigo and Palutikov, 2001). Fig. 3.14 shows the relationship between
monthly precipitation and the NAO index for Europe. The highest anti-
correlation is observed between the NAO index and precipitation in the
NW Iberian Peninsula for march.

Although the NAO is, to date, the most commonly studied mode
in the Iberian Peninsula (e.g. Rodriguez-Puebla et al., 1998; Trigo et al.,
2004b), several studies have demonstrated that additional modes must
be considered if the variable structures of winter precipitation in the
NW Iberian Peninsula—and even the variable structures of river
flows —are to be explained (e.g. Lorenzo and Taboada, 2005; deCastro et
al., 2006; Trigo et al., 2008). In 2010, Rodriguez-Puebla et al. studied the
relationship between extreme temperature events in the Iberian
Peninsula and modes of low frequency variability. In addition, several
studies have indicated the influence of the main atmospheric circulation

modes on circulation weather type (CWT) frequency and the occurrence
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of drought in Spain (Rod¢ et al.,, 1997; Rodriguez-Puebla et al., 1998;
Pozo-Vazquez et al., 2005; Ramos et al., 2010).

The climate variability in the Iberian Peninsula is therefore not
straightforward; it is a complex challenge, with different synoptic
systems and modes of low frequency variability playing different roles,

which will studied in this work.

-08 -06 -04 -02 02 0.4 0.6 0.8

Figure 3.14. Values showing correlation between monthly European precipitation
(CRU data set) and the corresponding monthly NAO index, for the 1960-2000 period
(source: adapted from Trigo et al., 2008).
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4. Objectives

Two central aims motivated this work; these were to gather
examples of the application of circulation weather types, and study
them in detail, and to perform a purely methodological essay that
presented a new circulation weather type classification system based on
Lagrangian air trajectories. The work was developed for the NW Iberian
Peninsula, but all of the procedures and methodologies could easily be
applied for other regions of the world.

The objectives of this work were divided into three parts. The
first set of objectives were concerned with the study of the relationship
between surface climate variables and circulation weather types. The
second set were to do with the analysis of the relationship between
circulation weather types and climate variability, and the third set
aimed to introduce a circulation weather type classification scheme
based on Lagrangian air trajectories. A short description of each
objective is given below.

o In the first part (Chapter 6), two examples of the application of
circulation weather types are made by relating them to climate variables.
In this part the objectives were:

1) To study the seasonal circulation weather type-dependent

relationship between temperature and precipitation for the
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NW  Iberian Peninsula. This study should allow each
circulation weather type to be differentiated in terms of
meteorological variables, increasing knowledge of the effects
of atmospheric circulation in the region.

2) To attempt an uncommon application for the circulation
weather types for the NW Iberian Peninsula. The main idea
here was to assess if circulation weather types can explain the
variability of lightning activity, or if additional
meteorological variables are needed. This extra knowledge
should help to predict lightning activity over the region,

minimizing the associated impact.

e In part two (Chapter 7 and Chapter 8) the objectives were

twofold:

3) To study the compatibility of the circulation weather types in
the NW Iberian Peninsula and the modes of low frequency
variability in the North Atlantic-European sector. The modes
of low frequency variability were computed using an
Empirical Orthogonal Function (EOF) analysis of the daily
SLP and H500 fields. An objective comparison was made
taking into account the principal component loading patterns
and the daily local circulation weather types, to show if any
circulation weather type presented any preferable modes of
low frequency variability. This would increase knowledge of
this field, if changes in the positions and intensities of the low
frequency variability modes had an impact on the local

circulation weather types in the region.
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4) To study future climate scenarios for the NW Iberian
Peninsula, by studying circulation weather types. To achieve
this, the ability of the control simulations of the different
coupled general circulation models (CGCMs) to reproduce
the present climate was evaluated in a primary analysis.
Secondly, the frequency of circulation weather types in the
future climate was computed for different CGCMs, and for
forcing simulations corresponding to three SRES emission
scenarios, representing low, medium and high greenhouse
gas concentration scenarios. This objective could help to
prove that the use of circulation weather types can be a
useful tool in validating the control simulations of CGCMs; it
could also help in assessing the accuracy of CGCMs, and in
studying changes in atmospheric circulation under future

climate change scenarios.

e In part III (Chapter 9) a new circulation weather type

classification scheme based on Lagrangian air trajectories is presented:

5) A new classification method using a 3-D framework was
proposed, where the objective was to analyze the backward
trajectories of the particles arriving in the northwestern
Iberian Peninsula. This purpose was achieved by using the
successful 3-D Lagrangian particle dispersion model
FLEXPART. The data from the model consist of 1,398,800
particle positions and their meteorological state properties,
recorded every six hours over a five-year period (2000-2004).
We therefore had a daily catalogue containing information

about the air masses before they arrived at the target area
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(trajectory types). This classification is intended to be more
robust than the classical circulation weather type methods,
since it takes into account not only the flow patterns arriving
at a certain area, but also allows the local effects of a certain
meteorological system to be shown, and allows a better

understanding of the physics behind that system.
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5.1. Large-scale meteorological fields

Some of the objectives of this investigation required that the
selected data had global or regional cover, with sufficient spatial and
temporal resolution. All large-scale meteorological fields used in this
work were obtained from the National Center for Environmental
Prediction (NCEP) database. Consequently, two reanalysis datasets
were used. The first set used contained the daily mean fields retrieved
from the NCEP/NCAR reanalysis data (Kalnay et al., 1996), with a 2.5°
grid data resolution. The variables retrieved are summarized in Table

5.1.

Table 5.1. Variables for the NCEP/NCAR reanalysis data used in this work.

Variable acronym unit levels
Sea level pressure SLP hPa surface
Geopotential height H hPa 1000; 500
Relative humidity RH % 925; 850; 700

To satisfy the requirement that data of a higher spatial resolution
should be used, additional meteorological fields (Table 5.2) from the
NCEP Final Analyses of the Global Tropospheric Analyses (NCEP FNL
data; FNLDOC/NOAA/NWS/NCEP, 2000) at 1° grid resolution were
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retrieved. The original data is available from the RDA
(http:/ /dss.ucar.edu) in dataset number ds083.2.

Table 5.2. Variables for the NCEP Final Analyses of the Global Tropospheric Analyses
reanalysis data used in this work.

Variable acronym unit
Convective Available Potential Energy CAPE J/kg
Lifted Index LI K

The Convective Available Potential Energy (CAPE) and the
Lifted Index (LI) are instability indices (Wallace and Hobbs, 2006) that
give information about the stability of the troposphere and about
whether convection can be enhanced or inhibit.

Monthly mean precipitation data (from a 2.5° latitude x 2.5°
longitude grid) taken from the Global Precipitation Climatology Project
(GPCP) of the Global Energy and Water Cycle Experiment
(http:/ /cics.umd.edu/~yin/ GPCP/main.html) between December 1979

and December of 2004 was also retrieved.

5.2. Hemispheric modes of low-frequency variability

The standard NAO, EA, EA/WR and SCA low frequency
variability mode indices were obtained from the Climate Prediction
Center (CPC) of the National Oceanic and Atmospheric Administration
(NOAA), for the years 1950-2008. These low frequency variability mode
indices were computed for the entire Northern Hemisphere, using
Rotated Principal Component analysis (RPCA) (Barnston and Livezey,
1987). This procedure isolates the primary teleconnection patterns for all
months and allows time series of the patterns to be constructed. The
RPCA technique was applied to monthly mean standardized 500 hPa
height anomalies for the entire Northern Hemisphere (20°N-90°N),
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between January 1950 and December 2008. The anomalies were
standardized by the 1950-2008 base period monthly means and standard
deviations.

For each of the twelve calendar months, the ten leading un-
rotated EOFs were first determined from the standardized monthly
height anomaly fields in the three-month period centred on that month;
that is, the July patterns were calculated based on the June through
August monthly standardized anomaly fields. A Varimax rotation was
then applied to these ten leading un-rotated modes, yielding the ten
leading rotated modes and their time series for that calendar month.

The standard annual NAO, EA, EA/WR, and SCA low
frequency variability modes (also referred to as teleconnection patterns)
are shown in Fig. 1.3. It is important to note that hereafter, the
hemispheric low-frequency variability modes (NAO, EA, EA/WR and

SCA) will be referred to as hemispheric modes.

5.3. Coupled general circulation model simulations

The use of coupled general circulation model simulations
(CGCMs) allows the study of future climate scenarios. Data from three
models studied in the IPCC, 2007 were retrieved. The choice of models
was determined mainly by the availability of daily data. In addition, the
use of other CGCM simulations made the quantification of uncertainties
more reliable.

The three models used were:

1) The IPSL climate system model IPSL-CM4 from Institut

Pierre Simon Laplace des Sciences de I'Environment Global

(IPSL), France, with a spatial resolution of 2.5° by 3.75°%
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2) The 5th generation of the ECHAM general circulation model
(ECHAM5/MPI-OM) from the Max Planck Institute for
Meteorology, Hamburg, Germany, with a spatial resolution
of ~1.9° by 1.9%

3) The CCSM3, NCAR Community Climate System Model 3.0
from the USA, with a spatial resolution of 1.4° by 1.4°.

Additional information about the salient features of these
CGCMs is shown in Table 8.1 of IPCC, 2007.

Data for the daily mean sea level pressure of the three climate
models, and from four different forcing simulations, were obtained from
the WCRP CMIP3 multi-model database (https://esg.llnl.gov). These
simulations corresponded to a control simulation and three emission
scenarios from the special report on emission scenarios (SRES) for low
(B1), medium (A1B) and high (A2) concentrations of greenhouse gases
(Nakicenovic and Intergovernmental Panel on Climate Change,
Working group I1I, 2000).

The climatological control simulation period used in the 20th
century was defined as the 1961-1999 period. For the 21st century, the
coincidental temporal resolution availability of daily data for the 3
models allowed us to analyse two periods, the first between 2046 and

2065, and the second between 2081 and 2100.

5.4. Lightning data

The Portuguese Lightning Location System (LLS) has been in
service since June of 2002, and is operated by the national weather
service, the Instituto de Meteorologia (IM). It is composed of 4 IMPACT
141T-ESP detectors, which are installed throughout Portugal, in Braga,
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Castelo Branco, Alverca and Olhdo (Fig. 5.1). Since 2005, the IM has
received data from the Agencia Estatal de Meteorologia (AEMET), from
the five sensors located nearest to the border (Jerez de la Frontera,
Armilla, Getafe, Matacdn and Santiago - Fig. 5.1), thus improving the

accuracy of the network.

Altitude (m)
3500
425 N 3000
A - Braga
2500 B - Castelo Branco
C - Alverca
D - Olhdo
° 2000 E - Jerez
40.
0N F - Armilla
G - Santiago
H - Matacan
[ 1500 | - Getafe
- <1000
375 N Algarve
4500
100" W 75 W 50 W 25 W

Figure 5.1. The locations of the nine (four in Portugal and five in Spain) Lightning
Location System detectors are indicated with capital letters. The Portuguese regions
referred to in the text are also identified in the figure.

According to Rodrigues et al. (2008), the software manufacturer
indicates an error in spatial location over the continental area of
Portugal, which varies between 500 m and 1 km for the semi-major axis
of a 50% probability ellipse. The manufacturer also assures—for the
same area—an efficiency higher than 90% for strokes with peak current

greater than 5 kA. These values were found using the detection
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efficiency of each sensor (based on the threshold value and gain sensor),
which was supposed to be the same for all sensors. In addition,
detection efficiency varies over the continental area of Portugal.
Consequently, and following the work of (Soriano et al., 2005), we also
did not attempt to correct the data for detection efficiency, but evaluated
the lightning data using the measured values. The annual and spatial
variations may therefore have been slightly biased by changes in the
lightning detection network, and its characteristics.

The network uses a combination of time-of-arrival (TOA) and
magnetic-direction-finding (MDF) to locate lightning. The system also
estimates several other properties, including the current peak, the
multiplicity (number of strokes in a flash), and the type of discharge
(cloud-ground, cloud-cloud). According to Jerauld et al. (Jerauld et al.,
2005), current peaks are underestimated by lightning locating systems.

This work focused on cloud-ground (CG) discharges that strike
the Portugal mainland, i.e., all other discharges were disregarded.
Information about the semi-major axis (a measure of the location error)
was also available in the dataset. An initial quality control process was
performed to ensure that CG discharges with an error larger (semi major
axis) than 25 km were excluded from the analysis (which corresponded
to 4% of all data). At the synoptic scale employed in this work, the 25
km threshold was considered sufficient. If we had been analysing a finer
scale (e.g., CG discharges striking transmission electric systems), a

smaller threshold would have been appropriate.
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5.5. Weather observation station data

Data from different daily weather observation stations were used
in this work. The station data sources used were the Agencia Estatal de
Meteorologia (AEMET), and Meteogalicia. Table 5.3 summarizes the
different variables and periods for each weather station. Fig. 5.2 shows

the location of each weather station.

Table 5.3. Characteristics of the weather stations used in this work. Additionally, the
type of climate variable used, the climate variables (temperature (Temp) or/and
precipitation (Prec)), the period and the respective source are shown.

ID Station Temp Prec Period Source
1 As Pontes X 1961-2006 AEMET
2 Santiago X 1961-2006 AEMET
3 Sarria X 1961-2006 AEMET
4 Lourizdn X X 1950-2005 Meteogalicia
5 Vigo X 1961-2006 AEMET
Altitude (m)
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Figure 5.2. Location of each weather station. The ID numbers correspond to the ones in
Table 5.3.
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Climatic time series typically exhibit spurious (non-climatic)
jumps and/or gradual shifts due to changes in station location,
instrumentation, environment or observing practices (Aguilar et al.,
2003). In daily resolution climatic time series, there are often also some
observation days missing, making data quality control an important
consideration.

The weather station data presented here were checked in
advance, using quality control procedures. These procedures aimed to
identify errors in data processing, including errors in manual input data
such as the daily maximum temperature being lower than the daily
minimum temperature, non-existent dates and erroneous outliers.
Although the data series underwent routine quality control procedures
at the respective weather services (AEMET, Meteogalicia), another step
using the procedure in RClimDex gave greater assurance of the quality
of the data, where the main purpose was to identify errors in data
(http:/ /cccma.seos.uvic.ca/ETCCDMI/).  Outliers in  the daily
maximum, minimum and mean temperatures were identified if they fell
outside a given pre-defined range. In this case, the range was defined as
lying within three standard deviations (std) of the climatological mean
of the value for the day, i.e., mean * 3 std. Daily maximum and
minimum temperature values outside this range were checked

manually, and edited on a case-by-case basis when needed.

5.6. Trajectory Datasets

Backward trajectories were generated using the Lagrangian
dispersion model FLEXPART (Stohl et al., 2005). This model has been
applied in a variety of fields of study, including, among many others,

atmospheric transport (James et al., 2008; Stohl and Sodemann, 2010),
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convection and pollution (Palau et al., 2009), biomass burning studies
(Cammas et al., 2009) and source-receptor relationships (Paris et al.,
2010). In this study, 6-hourly ECMWF meteorological analysis data was
used as input data for the FLEXPART model, for the period from
1/11/1999 to 30/11/2004. The positions of each particle (latitude,
longitude and height) as well as their physical and thermal properties
(specific humidity, density and temperature) were recorded at each
time-step.

The atmosphere was divided into a set of homogeneous air
parcels (also referred to as particles). This simulation used a total of
1,398,800 particles homogeneously distributed over the entire globe.
Three-dimensional winds from ECMWEF were used to advect the
particles, and a set of parameterisations described the subgrid-scale
physical processes. For details on the parameterisation schemes see the
FLEXPART technical note (Stohl et al., 2005). At each time-step, the
particles within the target region (NW IP) - i.e., a subset of the 1,398,800
particles - were selected for more detailed study of their backward
trajectories.

The analysis period (1/12/1999 to 30/11/2004) can be
considered as a relatively neutral period with regard to climate
variability, given that no extremely active El Nifio Southern Oscillation
(ENSO) episode occurred within the period, according to the
multivariate ENSO Index as defined by Wolter and Timlin, (1998).
Simultaneously, the signal from the North Atlantic Oscillation (NAO),
which is of eminent importance for the climate variability of IP, was
weak, as derived from the NAO index of the Climate Diagnostics Centre
(Hurrel, 1995).
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5.7. Case studies

Because of its location, the NW Iberian Peninsula is affected by
different synoptic features (Gomez-Gesteira et al., 2011). Several case
studies (chapter 9.3) were analysed to validate the trajectory method
with different synoptic conceptual models, and to compare it with the
Lamb circulation weather types (CWT) for a given case. The events
retained here are known to affect the region, and were obtained from

different datasets. Table 5.4 summarizes the different case studies.

Table 5.4. Different case studies analyzed to validate the trajectory method.

Case Study Period Dataset
Cold front 12/11/2002 Trigo, 2006
Cut off low 10/10/2001 - 12/10/2001 Nieto et al., 2005
High precipitation 17/10/2001 - 21/10/2001 Lourizan weather station
Coldwave 15/12/2001 - 22/12/2001 Lourizédn weather station
Heatwave 01/08/2003 - 15/08/2003 Trigo et al., 2009
Blocking event 14/1/2000 - 29/1/2000 Barriopedro et al., 2006

Since the NW Iberian Peninsula is characterized by the passage
of cold fronts associated with the storm track in the North Atlantic
Ocean and the passage of cyclones that strike directly the region (Trigo,
2006), a cold front system was studied. The cold front studied
corresponded with the day on which the 'Prestige' vessel began to have
problems (12/11/2002); it sank later in the same week (Lechuga, 2006).
This case was retrieved from the cyclone database of Trigo, (2006).

Cut off low systems (COLSs) are very common in the
Mediterranean region of the Iberian Peninsula, but are not as common in
the NW Iberian Peninsula (Nieto et al., 2005). In any case, COLSs are an
important synoptic feature to be analysed, since most of the time they

bring instability to the region, and they do not have any signature in the
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SLP field. The 10/10/2001 to 12/10/2001 COLSs were selected from the
database of Nieto et al., (2005).

Given that the NW Iberian Peninsula is the region with the
highest annual precipitation in the IP (Herrera et al., 2010; SIAM, 2002),
the case study also focused on the highest precipitation period, averaged
over 5 days for the region (17/10/2001 to 21/10/2001).

A coldwave case was also analysed. The 15/12/2001-22/12/2001
period was chosen because it corresponded to the highest minimum
temperature anomalies found at the Lourizdn weather station.
According to the NOAA Climate Watch in December 2001, in this
period "heavy snowfalls have caused traffic chaos in Italy, southern
France and Spain (mainly Catalonia, in northern and north-east Spain).
In addition, the AEMET recorded the lowest temperature (-10.5°C) for
Barajas Madrid Airport on 16/12/2001.

The heatwave event of 2003 (01/08/2003 to 15/08/2003) that
struck not only central Europe (Garcia-Herrera et al., 2010), but also the
NW Iberian Peninsula (Trigo et al., 2009; deCastro et al., 2011), was also
selected as a case study.

Blocking events are characterised by a large-scale high pressure
system with an anticyclonic circulation dominating the troposphere
(Rex, 1950). In the target region, the blocking events located over the
North Atlantic Ocean are known to have more influence on the local
weather (Barriopedro et al., 2006). Taking this into account, an event was
selected from the 14/1/2000 to 29/1/2000 blocking database of
Barriopedro et al., (2010). The selected event was the most persistent
blocking that occurred in the 12/1999 to 11/2004 period in the North

Atlantic Ocean.
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6. Relationship between
surface climate variables
and circulation weather

types

6.1. Introduction

The study of surface climate variables (especially precipitation
and temperature) and their variability is one of the most important
fields of study in climate sciences, due to its social and economic impact
(e.g., Collier and Krysztofowicz, 2000; Garcia-Herrera et al., 2010 and
references therein).

The inter-annual variability of precipitation and temperature in
the NW Iberian Peninsula was studied in detail by Gomez-Gesteira et
al., (2011). It was shown that both the maximum and minimum land
temperature have increased annually since 1974, at a mean rate on the
order of 0.5°C dec!. This behavior is especially marked for the
maximum temperature in spring and summer, and for the minimum
temperature in spring, summer and autumn. For precipitation, the
results showed decreases in winter, and increases in autumn since 1974.

No clear annual trend was observed during the other seasons.
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The aim of this chapter is to study the relationships between
atmospheric circulation weather types (CWT) and precipitation,
temperature and lightning discharges in the NW Iberian Peninsula, and
the seasonal variability of these relationships. An automated version of
the Lamb circulation weather type classification scheme was used for
this purpose.

Studies quantifying the links between weather circulation types
(defined using different methodologies) and the observed surface
climatic variables can be found not only for the Iberian Peninsula (e.g.
Corte-Real et al., 1998; Trigo and DaCamara, 2000; Santos et al., 2005;
Paredes et al., 2006; Lorenzo et al., 2008; Casado et al., 2010; Bermejo and
Ancell, 2009; Ramos et al., 2011), but also for other regions of Europe
(e.g. Sepp and Jaagus, 2002; Tveito, 2010; Cahynova and Huth, 2009;
Hanssen-Bauer and Ferland, 2000; Chen, 2000). Several other studies
have considered other regions of the world (e.g. Cassano et al., 2011;
Frias et al., 2009; Cavazos, 1997; Sheridan, 2002).

The remainder of this chapter is organized as follows: In section
6.2, a comprehensive description of the methodology is given. In section
6.3, a description of the different CWTs is given. Sections 6.4, 6.5 and 6.6
show the relationship between CWTs and precipitation, temperature
and lightning discharges, respectively. Finally, section 6.7 presents the

conclusions.
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6.2. Methodology

In this work, adaptations of the Lamb CWT were used for the
NW Iberian Peninsula (Lorenzo et al., 2008). As mentioned in section
21.3., the CWTs were computed taking into account physical or
geometrical considerations such as the direction and strength of airflow
and the degree of cyclonicity. The indices used in this case —namely,
southerly flow (SF), westerly flow (WF), total flow (F), southerly shear
vorticity (ZS), westerly shear vorticity (ZW) and total shear vorticity
(Z) —were computed using SLP values obtained for the 16 grid points
(p1-p1s), shown in Fig. 6.1. These points were moved 5° to the north
compared with the study of Trigo and DaCamara, 2000, to centre the
study area in the grid. Reanalysis data for the SLP field were obtained
from the National Center for Atmospheric Research. The daily CWTs for
the 1948-2008 period were considered. The following expressions were

used to calculate the indices:

SF = 1.305[0.25(ps + 2po + p13) — 0.25(ps + 2ps + p1)];
WEF = [0.5(p12 + p13) = 0.5(ps + ps)[;
ZS = 0.85[0.25(ps + 2p1o0 + p14) — 0.25(ps + 2po + p13) —
= 0.25(ps + 2ps + p12) + 0.25(ps + 2p7 + pu)];
ZW =1.12[0.5(p15 + p1s) — 0.5(ps + po)] — 0.91[0.5(ps + po) — 0.5(p1 + p2)];
F = (SF2 + WF2)1/2,
Z=75+7W;

The conditions established to define the different CWTs were the
same as in Trigo and DaCamara, (2000), and the following set rules were
used:

(1) The direction of flow was given by tan-1(WF/SF), with 180°
being added if WF was positive. The appropriate direction was

computed using an eight-point compass, allowing 45° per sector.
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(2) If |Z]| <F, the flow is essentially straight and was considered
to be of a pure directional type (eight different cases, according to the
directions of the compass).

(3) If |Z| > 2F, the pattern was considered to be of a pure
cyclonic type if Z >0, or of a pure anticyclonic type if Z <0.

(4) It F < |Z]| < 2F, the flow was considered to be of a hybrid
type and was therefore characterized by both the direction and the
circulation (8 x 2 different types)

These rules allowed 26 different weather types; 10 pure types
(NE, E, SE, S, SW, W, NW, N, C, and A), and 16 hybrid types (8 for each
C or A hybrid).

Figure 6.1. Pressure grid points used to compute the Lamb weather types for the NW
Iberian Peninsula.
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To achieve a practical, statically reliable analysis, the 26 CWTs were re-
grouped into ten basic types. This was done using the same approach as
that used by Jones et al., (1993) and Trigo and DaCamara, (2000). Each of
the 16 hybrid types was categorized in the relevant purely directional or
cyclonic/anticyclonic-type group, with a weight of 0.5 (e.g., a day with
AN types was included as 0.5 in A type and 0.5 in N type). Therefore
only ten CWTs were retained (NE, E, SE, S, SW, W, NW, N, C and A).

The surface climate variables that were related with the CWTs
were precipitation and temperature. For precipitation, data from
Lourizan were used, and for temperature, data from As Pontes,
Santiago, Sarria and Vigo were used (Table 5.3 and section 5.5.). Large-
scale monthly mean precipitation data (for the period between
December 1979 and December of 2004) from the Global Precipitation
Climatology Project (GPCP) was also used (see section 5.1.).

6.3. Circulation weather types for the NW Iberian
Peninsula

The computation of CWTs for the NW Iberian Peninsula over the
1948-2008 period allowed us to create a comprehensive daily catalogue;
this catalogue will be used not only in this chapter, but also in the
chapters following. To obtain a better knowledge of the catalogue, the
annual composite of each CWT was computed. The relative seasonal
frequency of each CWT was also determined.

Fig. 6.2 shows the annual composites for the period January
1948-December 2008, for the 10 pure CWTs (NE, E, SE, S, SW, W, NW,
N, C and A). The main features of each CWT are:
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e NE (northeasterly) represents days characterized by an extended high
pressure settled over the west of Ireland and low pressure in the
Mediterranean Sea;

e E (easterly) represents synoptic situations characterized by high
pressure over the British Isles and low pressure dominating in North
Africa;

e SE (southeasterly) types are characterized by low pressure extending
towards Madeira and high pressure over Northern Europe;

e S (south) represents situations characterized by high pressure over the
British Isles and low pressure established in the North Atlantic (Azores
region);

e SW (southwesterly) represents days characterized by a low-pressure
system to the west of Ireland with a large anticyclone over the
Mediterranean region;

e W (west) represents synoptic situations characterized by a low-
pressure system over the North Atlantic, with a high-pressure system
over the Azores;

e NW (northwesterly) represents days characterized by a low-pressure
system over the British Islands and an anticyclone system located over
Azores;

e N (north) represents days characterized by the presence of the Azores
high pressure near the Azores Islands and a low pressure over southern
Europe and the Mediterranean basin;

e C (cyclonic) represents synoptic situations characterized by a low-
pressure centre over the NW Iberian Peninsula;

e A (anticyclonic) represents days characterized by an extended high-

pressure centre between the Iberian Peninsula and the Azores Islands.
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6. Relationship between surface climate variables and circulation weather types

Figure 6.2. Annual average composite SLP field of the 10 pure circulation weather
types, for the period 1948-2008.
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The relative seasonal frequency of each CWT is shown in Fig. 6.3,

for the period 1948-2008. The A types dominated in all seasons, with

frequencies ranging from 43.7% in summer to 31.0% in spring. This

result was with line with Fig. 3.10, which shows the mean state of the

atmosphere in terms of the SLP. It is also interesting to note the changes

in the direction of the flow between winter and summer.
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Figure 6.3. Mean frequency (%) of circulation weather types in winter (DJF), spring
(MAM), summer (JJA) and autumn (SON). These frequencies were computed using

the NCEP/NCAR reanalysis SLP fields for the period 1948-2008.
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6. Relationship between surface climate variables and circulation weather types

In winter, the flow comes mainly from the western quadrants
NW, W and SW, with a large proportion of type A (32%) and type C
(10%) circulation. The W and SW types, as shown in Fig. 6.2, are
associated with the high frequency of winter Atlantic lows travelling
north of the Iberian Peninsula (Trigo, 2006).

In contrast, in summer the flow comes mainly from the Northern
regions (NW, N and NE), but also from the W (8%), with a large
proportion of type A circulation (44%). Moreover, the NW, N and NE
types are associated with an anticyclone located west of the Iberian
Peninsula; the Azores anticyclone therefore dominates the circulation in
the summer.

Regarding the other seasons, in autumn the CWT frequencies
were very similar to the ones found in the winter months, whereas the
spring months appeared to be characterized by a mixture between the
CWT frequencies found in the summer and winter seasons.

In chapter 8, changes in the frequency of the CWTs will be
analyzed for the NW Iberian Peninsula, for the period under study.

6.4. Relationship between circulation weather types
and precipitation

The relationship between precipitation and the CWTs was
studied by calculating the mean precipitation for each CWT over the
period studied. Knowledge of the relationship with the CWTs can be
used to predict, for example, daily precipitation (e.g. Conway et al.,
1996) and monthly precipitation (e.g. Trigo and DaCamara, 2000). It can
also be used to downscale precipitation regimes from GCM simulations

(e.g. Goodess and Palutikof, 1998).
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6. Relationship between surface climate variables and circulation weather types

Data from the Lourizén climatological weather station was used
for the daily precipitation data (for the period between 1950 and 2005).
First, to determine whether the Lourizan could be assumed to be a
representative point for the precipitation in NW Iberian Peninsula, the
correlation between the monthly precipitation variability from this
station and the monthly precipitation from the GPCP between
December 1979 and December of 2004 was computed, and is shown in
Fig. 6.4. There was a very high correlation (above 0.8) between the two
datasets from the NW Iberian Peninsula. Therefore, it was assumed that
the precipitation data from the Lourizan station was representative of

the precipitation within the area under study.

15"y . 15 E

02 0 0.2 0.4 0.6 0.8

Figure 6.4. Values for the correlation between the monthly precipitation data of the
Lourizdn station in Galicia and the monthly precipitation data of the GPCP, during the
1979-2004 period.
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The average rainfall associated with each CWT on an annual and
seasonal basis (Fig. 6.5) for the 1950-2005 period was computed. The
same approach as that used for the frequency of the CWT was applied
here (section 6.2). That is, for a hybrid type, the precipitation for that day
was included with a weighting of 0.5 into the corresponding pure
directional and cyclonic/anticyclonic types.

An analysis of Fig. 6.5 showed clear evidence of the
correspondence between the synoptic characteristics of each CWT and
the average precipitation explained by each. The cyclonic type was the
synoptic situation that produced the highest average annual
precipitation (13.41 mm), followed by the W (11.80 mm) and SW (10.31
mm) types. In contrast, the NE (0.91 mm) and N (1.70 mm) types
produced less precipitation, while on A-type days there was virtually no
precipitation (0.21 mm). At a seasonal scale, weather types that produce
higher and lower precipitation were maintained. As shown in Fig. 3.7
(seasonal average precipitation in the NW Iberian Peninsula), there was
a high seasonal variability in the precipitation in the region. This
seasonal variability was also present here, since for winter there were
generally higher levels of precipitation associated with the CWT than
with other seasons. The C type, again, was the one that was associated
with more precipitation, especially in autumn and winter. This was in
agreement with recent results from Santos et al., (2005) that relate large-
scale atmospheric flow to wintertime precipitation. These authors show
that over northern Portugal the C regime is particularly expressive in

terms of precipitation.
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Figure 6.5. Average precipitation explained by each weather type, at annual and
seasonal scales. The seasonal division is the same as that used in Fig. 6.3.

The intensity of daily precipitation and its relationship with the
CWTs were also studied. To achieve this, five categories of precipitation
magnitude were constructed following a method adopted in previous
studies (Osborn et al., 2000; Osborn and Hulme, 2002; Gallego et al.,
2006); these were no rain, light rain, moderate rain, intense rain and very
intense rain. These categories were again computed for both annual and
seasonal scales. The definitions of each category are presented in Table
6.1.

Using this classification, the contribution of each CWT to the
different categories of precipitation was analyzed. As we can see from
Fig. 6.6, at an annual scale, C, W and SW types were responsible for the
vast majority of intense and very intense precipitation events, with

smaller contributions from the NW and S types. In addition, for nearly
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80% of the days when a C, W or SW type occurred, precipitation was
present in the region. In contrast, for more than 90% of A-type days
there was no precipitation. In general, the types responsible for
producing less daily mean precipitation (Fig. 6.5) were also the ones
(NE, E, SE and S) that had no precipitation, for more than 50% of the
times that these CWTs occurred.

Table 6.1 Definition of each category of precipitation (P) in mm for winter (D]JF),
spring (MAM), summer (JJA) and autumn (SON) seasons, and for annual cycles.

Season Light Moderate Intense Very intense
Winter 0<P<3 3<P<9 9<P<21 P>21
Spring 0<P<2 2<P<6 6<P<15 P>15
Summer 0<P<15 15<P<4 4 <P<10 P>10
Autumn 0<P<2 2<P<8 8<P <19 P>19
Annual 0<P<2 2<P<7 7<P <17 P>17

Considering the seasonal data shown in Fig. 6.7, the results were
very similar in autumn and winter, where the intense and very intense
episodes occurred frequently, and mainly for the C, W and SW types,
with a significant number of cases occurring in spring (but less
frequently). In summer, A-type situations were the predominant
weather type; these were again related to the days with no precipitation
(more than 90%). However, even in summer, more than 40% of the C
and W-type days had at least light precipitation, in contrast with the

results for winter (where this was true for more than 10% of the days).
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Figure 6.6. Contribution of the CWT to the different categories of annual precipitation.
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Figure 6.7. Same as Fig. 6.6, but showing seasonal data.
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6.5. Relationship between circulation weather types
and temperature

Few studies exist that relate CWTs and the temperature for the
Iberian Peninsula. However, examples of this can be found in studies by
Bermejo and Ancell, (2009) and Fernandez-Montes et al., (2010).

Similarly as for precipitation, the relationship between the
maximum and minimum temperature and the CWTs was also studied.
This was achieved by computing the mean values for the maximum and
minimum temperature for the days where a particular CWT occurred.
The temperature data was taken from the As Pontes, Santiago, Sarria
and Vigo weather stations for the 1961-2006 period. In the case of the
temperature, only the ten pure types were retained (NE, E, SE, S, SW, W,
NW, N, C and A), since the procedure applied for precipitation could
not be applied here.

The computation of the average values was done individually
for each weather station, for annual and seasonal scales. At first sight,
the temperature variability for the different CWTs showed similar
results for all 4 weather stations. The main difference was in the
magnitude of the mean temperature values, which was closely related to
the spatial seasonal variability in the maximum and minimum
temperatures in the NW Iberian Peninsula (Fig. 3.5 and Fig. 3.6). The
correlation between the mean temperature series for the 10 CWTs
(annual and seasonal) was computed for the 4 weather stations. The
results showed that a higher level of correlation was found for the
maximum temperature than for the minimum temperature. In any case,
the correlations for the minimum temperature were also significant, at a

5% level. Therefore, to avoid repetition, the results presented in this
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section corresponded to the mean values (which was considered to be
representative of the NW Iberian Peninsula) for the 4 weather stations.
The variability of the annual and seasonal maximum and
minimum temperature is shown in Fig. 6.8 for each CWT. A clear
difference was observed in the temperatures for different CWTs; this
was especially true for the maximum temperature. For the maximum
temperature, the highest values were generally found for the SE, S and
SW types, while lowest values were found for the W, NW and N types.
In addition, for the maximum temperature, the largest differences
within types were found for the spring months (8.7°C), while the
smallest differences were found for the winter months (5.0°C). For the
minimum temperatures, the largest differences were found in the winter
months (4.2°C), with the smallest differences in the summer months

(1.9°C).
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Figure 6.8. Average annual and seasonal maximum and minimum temperature for
each pure circulation weather type.
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This temperature variability can be explained by taking into
account the climate variability in the Iberian Peninsula, and the
particular location of the NW Iberian Peninsula. In summer, a thermal
low develops over the Iberian Peninsula (Hoinka and de Castro, 2003),
so the high mean maximum temperature values associated with the E,
SE and S types were connected to the advection of hot air from the
interior regions of the Iberian Peninsula. The SW, W, NW, and N types
were associated with the more humid and colder air that comes from the
Atlantic Ocean, and therefore presented lower mean maximum
temperature values. In winter, the CWTs that usually account for the
lower levels of precipitation in this domain (E, SE, S, N and A) showed a
higher mean maximum temperature and a lower minimum
temperature. These types are usually associated with clear-skies days, in
which the daytime temperatures are enhanced by solar short waves,
while at night the strong clear-sky emission of long wave radiation cools
the lower troposphere.

Spring and autumn showed very similar behavior, especially for
the maximum temperature, with higher temperatures being found for
the E and SE, while lower temperatures were found for the NW, N and

C types.

6.6. Relationship between circulation weather types
and lightning activity

An analysis of lightning events per CWT for the period 2003-
2009 is shown for both annual (Table 6.1) and seasonal (Table 6.2) scales.
The first column (WT) represents the percentage of total days with each

specific WT; the second column represents the ratio of lightning days

(rLD) for each specific CWT frequency; the third column simply shows
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the total number of lightning days (LD) for each CWT; the last column
shows the contribution (CG) of each CWT to the total CG discharges (in
percentage). The last line of each table corresponds to the sum of all
CWT lines, except for the rLD column, where it corresponds to the
absolute lightning days ratio. Note that the rLD, LD and CG that
occurred during days characterized by an hybrid CWT (see section 6.2)
were redistributed with a weight of 0.5 into the corresponding pure
directional and cyclonic/anticyclonic types, following the same
approach adopted for the WT (see section 6.2).

The classification from columns rLD, LD and CG allowed us to
distinguish between CWTs frequently associated with lightning
episodes (regardless of whether these episodes were severe or not), and
CWTs favourable for severe lightning episodes (in which there were a
very high number of CG discharges per episode), whether these events
were rare or not. To be completely clear about the meaning of each
number, we can look in detail at the two CWTs dominated by either
anticyclonic (A) or cyclonic (C) vorticity, at the annual scale (Table 6.2).
The A type corresponded to 38% of all days, while the C type
represented only 10%; however, the vast majority of A days were not
related to CG discharges (with a ratio of only 7.5%), while most C type
days were indeed characterized by some level of CG activity (ratio of
53%). In any case, the large number of A-type days was responsible for
the total number of CG discharges (27.3%), while the percentage of C-
type days contributed to 15% of the total discharges. The NE and E also
showed high rLD values (near 34% for both types).
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Table 6.2. Circulation weather type frequency, lightning days ratio (rLD), total
lightning days (LD) and cloud-ground discharge (CG) frequency, on an annual basis.
(Bold values represent the three dominant situations).

CWT (%) | rLD (%) | LD (days) | CG (%)
NE 5,7 33,9 49 17,4
E 41 34,1 36 16,0
SE 2,6 16,5 11 42
S 42 13,6 15 12
SW 9,5 14,8 36 44
W 14,2 16,5 60 3,7
NW 6,6 16,6 28 1,9
N 48 31,1 38 8,9
C 10,3 53,1 140 15,0
A 38,2 7,5 74 27,3
Total 100,0 23,8 485 100,0

In a closer look at the seasonal data (Table 6.3), the C type was
evenly distributed over the four seasons, and was frequently associated
with lightning activity, although the ratios diminished in the summer.
Episodes associated with the NE type were rare in winter months, but
were the most important in other seasons. The relation between the NE
type and very active thunderstorms in warm months was evident. The C
and W types were responsible for the highest percentage of CGs in
winter (50% and 22%, respectively). As seen before (chapter 3), the
number of strikes in winter was much smaller than during the warmer
seasons. In winter, convection is essentially forced synoptically; it is not
forced by afternoon radiation-induced convection, so thunderstorms can
form in the Atlantic, and then advected towards the studied region.

In spring, the most important types were C, NE and E. The NE
type was related to the thunderstorms with the largest number of
discharges (21.7%), followed by the E type (20.5%). In addition, when a
C-type day occurred, the probability of lightning activity on these days

was near 60%.
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Table 6.3. Same as Table 6.2, but for seasonal data.

Winter Spring

CWT | rLD LD CG | CWT | rLD LD CG

(%) (%) | (days) | (%) (%) (%) | (days) | (%)

NE 4,2 24,5 7 5,5 6,7 33,7 15 21,7
E 44 0,0 0 0,1 5,0 52,3 17 20,6
SE 3,5 0,0 0 0,2 3,2 22,0 5 5,9
S 3,6 44 1 0,5 3,6 26,1 6 2,1
SW 9,5 8,3 5 7,7 9,8 15,9 10 2,9
W 179 | 12,4 14 22,0 13,6 13,1 12 1,9
NW | 6,0 17,1 7 8,0 7,0 13,3 6 3,7
N 3,6 26,1 6 5,2 4.8 30,6 10 12,9
C 7,9 46,0 23 49,9 14,1 56,9 52 14,2
A 39,5 0,4 1 0,9 32,3 7,5 16 14,1
Total | 100,0 | 13,9 63 100,0 | 100,0 | 27,1 146 | 100,0

Summer Autumn

CWT | rLD LD CG | CWT | rLD LD CG

(%) (%) | (days) | (%) (%) (%) | (days) | (%)

NE 5,8 45,7 16 16,2 59 33,3 13 15,3
E 2,5 9,0 9 13,4 44 33,9 10 17,3
SE 1,2 0,3 3 43 2,6 21,2 4 2,0
S 4,0 1,1 7 1,1 5,7 2,8 1 0,4
SW 8,4 1,6 10 3,1 10,4 174 12 9,4
W 11,2 2,9 8 1,8 14,3 29,7 27 8,3
NW | 7,0 1,3 7 0,7 6,4 22,2 9 1,0
N 6,5 7,6 12 8,1 41 34,6 9 49
C 9,2 23,6 27 7,3 9,8 60,8 38 29,7
A 44,3 7,1 44 440 | 36,6 5,2 12 11,7
Total | 100,0 | 10,0 140 | 100,0 | 100,0 | 26,1 133 | 100,0

We should once again stress that in summer, the NE type was by

far the most prominent pattern associated with thunderstorms over the

NW Iberian Peninsula, with high rLD values (45.7%). Other WTs such as

the A-type presented lower rLD values (7.1), but high CG discharge

values. A closer look at Fig. 6.2 indicated that the A-type days were

characterized by a NE/E flow in the Galicia region, which explained the
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higher CG discharge values. Although it was responsible for only 9
thunderstorm days, the E type was third in terms of CG percentages,
which meant that summer storms under this type of circulation were not
very frequent, but rather strong.

In contrast to the winter months, most of the CG discharges in
the other seasons developed inland (see chapter 3), far from inhibitive
sea breezes. Inland, solar radiation during the day promotes soil
heating, and makes energy available for convection. On the contrary,
close to coastal areas this heating cycle is damped considerably,
reducing the amount of energy available for thunderstorm
development. Even thunderstorms formed inland and advected to
coastal areas tend to be dissipated, as the sea breezes cut the energy
supply for convection and the organization of convective cells. This heat
source is very important for afternoon spring thunderstorms, but there
is another important factor in this season. Although at low levels we
may already have important heat content, frequently in early spring we
still find very cold air masses at higher levels producing large lapse rate
values that are favourable for deep convection (Pineda et al., 2010).
Furthermore, in summer, the small low-pressure system over Iberia,
frequently forced by long periods of very warm weather (thermal lows),
induces a cyclonic circulation over Iberia (Hoinka and De Castro, 2003),
increasing the probability of lightning.

The CWTs responsible for most lightning episodes in autumn
were somewhat similar to those found in summer (NE and E), with a
large contribution from C types; they were responsible for most
important events (30% of total autumn CG discharges, with a rLD of
61%). The CG values indicated that thunderstorm activity over the NW

Iberian Peninsula is almost guaranteed when these three synoptic
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conditions occur in autumn. In this season, the sea surface temperatures
(SSTs) are higher than in spring, a fact that compensates for the lack of
very cold air at altitude, enabling once again the steep lapse rates that
are favourable for deep convection.

In the context of the Iberian Peninsula, is must be stressed that
the total number of CGs over the NW Iberian Peninsula is relativity low
when compared with other areas (Pineda et al., 2010; Rivas Soriano et
al,, 2005). Rivas Soriano et al., (2005) concluded that the spatial
distribution pattern of CG discharges in central and east Iberia is clearly
related to the orography, and that the maximum lightning activity is
related not only to the Pyrenees and the Sistema Ibérico mountain range,
but also to the Mediterranean sea. In addition, Tomas et al., (2004),
studied the relationship between CWTs (centred in the Iberian
Peninsula) and CG discharges between 1992 and 1994, and found that
on an annual scale, the C type presented the greatest flash frequency,
and days with an easterly component (NE, E, SE) generated 30.7% of the
total CG discharges in that period. We must of course carefully bear in
mind that most of the CG discharges considered by Tomas et al., (2004)
were located in northern and eastern Spain.

Additionally, composites were computed for each WT, for two
separate situations; 1) days with more than five CG discharges, and 2)
days with no CG discharges. The maps of the two instability indices
CAPE and LI (not shown since they were very similar to the CAPE
maps) were analysed. The geopotentials near the surface (H1000) level
and at high levels (H500) are shown, to allow an evaluation of large-
scale circulation forcing; the mean relative humidity (RH) for the 925-

700 hPa layer is also shown in Fig. 6.9.
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Figure 6.9. Composites of days in winter with the NE circulation weather type, for a)
stable days and b) unstable days, for mean daily fields of CAPE (J/kg), H1000 (m), and

RH (%) and H500 (m).
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Since a large number of composites were computed, for both
stable and unstable situations, for all climatic seasons, for the sake of
simplicity only an example for the NE type in spring is discussed here.

As mentioned before for spring and summer, the inland solar
radiation during the day promotes soil heating, and increases the
amount of energy available for convection. This heat source is very
important for afternoon spring thunderstorms, but there is another
important factor in this season. Although at low levels we may already
have important heat content, frequently in early spring we still find very
cold air masses at higher levels producing large lapse rate values that
are favourable for deep convection (Pineda et al., 2010). Thus one can
say that in this season, synoptic scale patterns still play a major role,
particularly when allied with the triggering mechanism enabled by high
solar radiation. This description fits well with the NE types, which were
responsible for the highest CG values in this season. In Fig. 6.9
(composites for the NE type) we can see a cold air mass over the NW
Iberian Peninsula (in the form of a cut-off low or a pronounced trough)
when we analyze the 500hPa geopotential height composites.

Nieto et al.,, (2007a) found that more than half of the cut-off low
systems found in the European sector are associated with blocking
events, particularly in spring and winter, when these quasi stationary
anticyclonic patterns are more frequent. Comparing stable (Fig. 6.9a)
and unstable days (Fig. 6.9b) for the NE type in spring, the impact (on
the CAPE values and humidity) of the trough positioned over the NW
Iberian Peninsula—and a visible cut-off low system centered in western

Iberian Peninsula —is clear.
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6.7. Summary

In this chapter the relationships between the atmospheric
circulation (given by the CWT) and the precipitation, temperature and
lightning activity in the NW Iberian Peninsula were studied, as well as
the seasonal variability of these relationships. To achieve this, an
adaptation of the Lamb CWT was computed for the NW Iberian
Peninsula. In addition, meteorological weather station data (for both

temperature and precipitation) was used.

The most important results were as follows:

e The A weather type was the most frequent pattern throughout
the year. W and SW types were also frequent, especially in autumn and
winter;

e There was a clear difference between each CWT and the
corresponding average precipitation. The C, W and SW types were the
synoptic patterns that produced higher levels of precipitation, while on
A-type days there was virtually no precipitation;

e For the different CWTs there was a clear temperature
variability, especially for the maximum temperature. For the maximum
temperature, the highest values were generally found for the SE, S and
SW types, while lowest values were found for the W, NW and N types.

e The highest differences in the maximum temperature within
the types were found for the spring months, with the lowest differences
being found for the winter months. Regarding the minimum
temperature, the highest differences were found in the winter months,
with the lowest differences being found in the summer months.

e The relationship between the CWTs and CG discharges

(annually and seasonally) allowed us to distinguish which types were
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most frequently associated with lightning episodes, and also which ones
were favourable for severe lightning episodes (in which a very high
number of CG discharges per event occurred).

e The mechanisms associated with lightning activity are often
related to atmospheric features that do not have a clear signature at
lower atmospheric levels, (e.g. sea level pressure fields), so their
associated WT alone cannot fully explain mechanisms in all cases. In
that situation, additional upper level meteorological fields may be

needed for a deeper knowledge.
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7. Compatibility between
modes of low-frequency
and circulation weather

types

7.1. Introduction

Recent observations have highlighted the fact that significant
climate trends are evident at different time scales over the North
Atlantic European (NAE) sector (IPCC, 2007; Trigo et al., 2008). The
variability in atmospheric circulation is the most important issue in
terms of the changes in the spatial distribution, not only of temperature
or precipitation, but also of other climatological variables.

A distinctive characteristic of the interannual variability of large-
scale circulation patterns is the degree to which they are organized
spatially, as represented by their modes of low frequency variability.
These patterns, which are considered by many authors to be the
preferred modes of low frequency variability of atmospheric circulation,
consist of in-phase or out-of-phase variations of geopotential or sea level
pressure in areas normally termed ‘centres of action’. Modes of low

frequency variability are concepts for understanding the complex

93



7. Compatibility between modes of low-frequency and circulation weather types

relationship between planetary-scale circulation and regional climate,
including the occurrence of extreme events.

The first major studies to refer to modes of low frequency
variability were those of Wallace and Gutzler, (1981) for the winter
period and Barnston and Livezey, (1987) for all seasons. For the NAE
sector, the most prominent patterns according to Barnston and Livezey,
(1987) are the North Atlantic Oscillation (NAO), East Atlantic Pattern
(EA), Euroasian pattern 1 (also referred as East Atlantic/ Western Russia
pattern (EA/WR)) and Euroasian pattern 2 (also referred as the
Scandinavian pattern (SCA)). Over the last two decades, several studies
have assessed the impact of these modes on the European climate (in
particular on temperature and precipitation). The NAO is the main
modes of low frequency variability in the NAE sector and is correlated
with the surface climate in most of the European region (Hurrel and van
Loon, 1997; Lu and Greatbatch, 2002; Trigo et al., 2002; Jones et al., 2003;
Bojariu and Gimeno, 2003). For example, positive NAO index during
winters are associated with a northward shift in the Atlantic storm
activity, with enhanced activity from southern Greenland across Iceland
into northern Europe and a modest decrease in activity to the south,
which cause drier conditions to Southern Europe (Hurrell et al., 2003).

However, this relationship between the NAO and the climate in
Europe cannot be considered to be fully stable. Chen and Hellstrom,
(1999) pioneered the study of the non-stationarity of circulation-to-
weather links in Europe. A number of other studies also note the non-
stationary nature of this relationship, in terms of not only surface
temperature (Slonosky et al., 2001; Gimeno et al., 2003,) or sea surface
temperature (Walter and Graf, 2002), but also precipitation (Zveryaev,
2006; Beranova and Huth, 2007). Jung et al. in 2003 were the first to
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suggest that the reason for the non-stationarity of the relationship
between the variability modes and surface weather was in the changing
positions of the action centres of the NAO. In a recent study, Vicente-
Serrano and Lépez-Moreno, (2008) emphasized that the non-stationary
relationship between the NAO and precipitation is linked to inter-
decadal variability in the position of the NAO pressure centres.
Moreover, the spatial configuration of the NAO changes substantially
prior to the occurrence of clear shifts in the magnitude and spatial
distribution of its influence on precipitation patterns in Europe.

Although the NAO is known to be the main modes of low
frequency variability of the Northern Hemisphere that influences the
European Climate, some studies have also focused on the influence of
other modes of low frequency variability on the NAE sector. The reports
include those on precipitation (eg., Rodriguez-Puebla et al., 1998; Wibig,
1999; Blackburn and Hoskins, 2001), on the impact on river flow
(Lorenzo and Taboada, 2005) and on the upwelling intensity (deCastro
et al., 2008). Relationships between other modes of low frequency
variability over the NAE and temperature may also be found in Sédenz et
al., (2001) and Beranova and Huth, (2008).

Studies of the temporal variability of the effects of other modes
of low frequency variability also conclude that the relationship between
these other modes of low frequency variability (apart from the NAO)
and temperature and precipitation also varies in time and space
(Krichak and Alpert, 2005; Beranové and Huth, 2008).

At the same time, their significance also varies seasonally,
tending to be stronger during some seasons than others. For example,
the NAO is more pronounced during winter and less clear during the

summer months (Corte-Real et al., 1995; Trigo et al., 2001). In general,
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the impact of the major modes of low frequency variability (especially
those with zonal dipoles) on precipitation in Europe is higher and more
pronounced during the winter months (Glowienka-Henze, 1990;
Dunkeloh and Jacobeit, 2003), when the baroclinity is higher in the
extratropical latitudes than it is during the summer. Therefore the
results presented in this chapter are only focus in the winter months,
despite having performed analyses for other seasons as well.

One further method used for studying the effects of changes in
circulation patterns on regional climate is the estimation of changes in
these patterns. Circulation patterns are specific to a given region and
result from the examination of synoptic weather data, usually on a
regular grid, obtained using a wide variety of methodologies (Huth et
al., 2008; chapter 2). Circulation weather types (CWT) are usually
defined for each day and tend to reflect the local circulation that actually
occurs in a simple way. In contrast, the modes of variability are
estimated at a larger temporal and spatial scale than the CWT and are
characterized by a recurring and persistent, large-scale pattern of
pressure that covers vast geographical areas. Modes of low frequency
variability reflect large-scale changes in the atmospheric wave and jet
stream patterns and they are generally defined by means of principal
component analysis. Therefore the circulation field at each time can be
approximated by a linear combination of several modes of low
frequency variability. In this way, there is no reason to suppose that the
modes of low frequency variability resemble individual circulation
patterns.

The aim of this chapter is to assess the compatibility between the
modes of low-frequency variability in Europe (computed using a

principal component analysis (PCA)) and local circulation regimes
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(using an automated version of the Lamb CWT classification), thus to
observe how shifts in the positions of the modes of low-frequency
variability in Europe, could affect local circulation

The remainder of the paper is organized as follows. In section
7.2, we describe the methodologies used in their analysis. In section 7.3,
we describe the synoptic CWT briefly. In section 7.4, we introduce the
concept of modes of low frequency variability, computed using PCA for
sea level pressure and 500hPa geopotential height fields, and their
relationship to CWT. In section 7.5, the non-stationary nature of the
modes of low frequency variability and its influence on the frequency of

each CWT are discussed. Section 7.6 concludes.

7.2. Methodology

The main database that we used consists of daily Sea Level
Pressure (SLP) retrieved from NCEP/NCAR reanalysis data (Kalnay et
al., 1996, chapter 5). The daily winter, in this chapter refers to the
months of January, February and March (JFM), SLP fields from 1948-
2005 with a grid size of 2.5°. The spatial window covers the area 30°N -
76°N and 37°W - 56°E.

In this study, four different sets of data are used, in which three
corresponding to different methods of quantifying atmospheric
circulation variability (sections (a)-(c)) and one corresponding to the
identification of the non-stationary modes of low frequency variability

in the NAE sector (section (d)).
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a) Daily circulation weather type classification

In this chapter, the same daily CWT database computed in
chapter 6 is used. Data were obtained only for the winter season (JFM)

for the years from 1948 to 2005.

b) Hemispheric modes of low frequency variability

The standard NAO, EA, EA/WR, and SCA modes of low
frequency variability indices were obtained from the Climate Prediction
Center (CPC) of the National Oceanic and Atmospheric Administration
(NOAA) for the years 1948-2005 (chapter 5). It is important to note that
hereafter the hemispheric modes of low-frequency variability ((NAO,
EA, EA/WR, and SCA) are referred as hemispheric modes.

c) Stationary modes of low frequency variability in the NAE sector

The PCA technique is one of the most commonly applied to the
detection of modes of low frequency variability and has been used in a
variety of climatological studies, e.g. Jollife, 1990; Corte-Real et al., 1999;
Wibig, 1999; Huth, 2006; Zveryaev, 2006.

In order to identify the modes of low frequency variability in the
NAE sector, a PCA technique was carried out. Here we use the same
methodology as Barnston and Livezey, (1987) but with two differences:
(1) we use daily fields and (2) we only take into account the NAE sector
(30°N - 76°N and 37°W - 56°E).

This technique was first applied to the daily winter (JFM) SLP
field for the whole period of analysis (1948-2005) and taking into
account the NAE sector (30°N - 76°N and 37°W - 56°E). The covariance

matrix was created using the time values at each grid point. This
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corresponds to a PCA in S-mode (using the terminology found in
Richman, (1986)), which means that the eigenvector describes the spatial
pattern of the modes of low frequency variability and the principal
components (PCs) describe the time variations (in our case the indices of
the low frequency variability modes in NAE sector). Due to the fact that
our grid covers an area between 30°N and 76°N, each grid cell in the
data is the same size, but each grid cell on the Earth is a different size,
according to its latitude. In order to ensure the equality in the grid areas,
the gridded data were weighted by the square root of the cosine of
latitude (Chung and Nigam, 1999). Finally, a Varimax orthogonal
rotation was also applied. The same methodology was also applied to

the daily 500-hPa geopotential height field (H500).

d) Identification of the non-stationary modes of low frequency

variability in the NAE sector

In order to identify changes in the modes over time for the
winter months (JFM) in the NAE sector, we computed a moving
window PCA (with a 30-year period) for JEM, which allowed us to
study not only the changes in the spatial patterns over time but also the
changes in position and intensity of the modes. The methodology and
spatial domain used to compute the 30-year period PCA was the same
as the one described in section 7.2 c). The first period used in the PCA
was 1948-1977 (using 1962 as the central year), the next period was 1949-
1978, and so on until the final period 1976-2005 (using 1990 as the central
year).

In the following sections, several correlation analyses are made.
In order to so, new time series are created. This time series are seasonal

(JEM) and they are averages from daily time series (in the case of the
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modes and frequency of the CWT) and from monthly time series (in the

case of the hemispheric modes).

7.3. Circulation weather types for NW Iberia Peninsula

The CWT for the NW Iberia Peninsula have been described
extensively in chapter 6. For these reason, in this chapter, only the
frequency of the CWT observed during the winter months (JEM) is
shown (Fig. 7.1). The most obvious result is that on winter days, the
CWT that has the greatest frequency of occurrence is anticyclonic
circulation, which occurs on about one third of the days analyzed. The
CWT driven by air flow from a westerly direction (i.e. NW, W and SW)
have higher frequency (6.2%, 17.2%, and 13.6% respectively) than the
eastern CWT (less than 5% each). Cyclonic CWT occur on about 10% of

the winter days that were analyzed.

Winter

W
Anticyclonic (A) . - . Cyclonic (C)
33,2% I 10,2%

Figure 7.1. Frequency (%) of circulation weather types in winter months (JFM).
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7.4. Stationary Variability

The Lamb classification of CWT is an important tool used for the
study of the daily synoptic variability of a given region. However, in
most cases, these daily local circulations are related to the modes of low
frequency variability. In order to investigate this influence, we
computed the PCA, not only for the winter (JEM) SLP field in the NAE
sector, but also for the 500 hPa geopotential height field in our area of
study (30°N - 76°N and 37°W - 56°E).

For both the SLP and H500 fields, the four main EOF patterns
and the respective variance explained by each, in winter, are shown in
Fig. 7.2 and Fig. 7.3, respectively. At first glance and on the basis of mere
visual comparison, the results for both fields seem very similar. For the
first two EOFs the same pattern appears for both fields, while those of
EOF 3 and EOF4 are switched between them, i.e., the pattern of EOF3 in
the SLP field corresponds to that of EOF4 in the H500 field and that of
EOF4 in the SLP corresponds to that of EOF3 in the H500 field.

Despite the strong resemblances in the two fields, correlations
between the time series of the SLP and H500 modes were computed to
provide a more thorough comparison (Table 7.1). The results support
the visual resemblances with high correlations (significant at a 99%
level) between the first two correspondent modes. Regardless of the
change in the positions of the patterns of EOF3 and EOF4 with respect to
explained variance in the SLP and H500, when analyzing the cross-
correlation between them, there were high correlations in both cases -
more than 0.92). In order to put these modes into context, we also
computed the correlations (Table 7.2 a) and b)) between the time series

of the modes and the hemispheric modes (NAO, EA, EA/WR and SCA).
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Figure 7.2. The first four leading EOF patterns for the winter months (JFM) for the
SLP field together with the respective variance (%) explained by each.
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Figure 7.3. The first four leading EOF patterns for the winter months (JFM) for the
H500 field together with the respective variance (%) explained by each.
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Table 7.1. Correlation between the times series of both EOFs fields (SLP vs H500)
computed for the region of study is shown (values in bold represent correlations that are
statistically significant at the 99% level).

H500
SLP PC1 PC2 PC3 PC4
PC1 0.91 0.450 0.14 -0.47
PC2 -0.18 0.87 0.16 0.03
PC3 -0.41 -0.31 -0.20 0.93
PC4 0.40 0.29 0.92 -0.24

Table 7.2. Correlation between the hemispheric modes time series and the time series of
the EOF computed a) for the SLP field and b) for the H500 field (values in bold
represent correlations that are statistically significant at the 99% level).

a) SLP NAO EA EA/WR SCA
PC1 0.77 0.29 0.20 -0.70
PC2 0.15 -0.41 0.08 -0.54
PC3 -0.83 0.08 -0.08 0.04
PC4 0.30 0.28 0.72 -0.40
b) H500 NAO EA EA/WR SCA
PC1 0.75 0.47 0.22 -0.55
PC2 0.23 -0.34 0.16 0.72
PC3 0.06 0.15 0.76 -0.21
PC4 -0.79 0.04 0.01 -0.06

For both climate modes (SLP and H500 field), the first PC has the
highest correlation (0.77 and 0.75) with the NAO. For the second PC, the
highest correlations are with SCA for both fields. In the case of the third
PC, for the SLP field it has the highest correlation with the NAO pattern
and for the H500 field it has the highest correlation with EA/WR. In
contrast, for the fourth PC, the SLP-PC is highly correlated with EA/WR
and for the H500 field it has the highest correlation with the NAO. For
the third and fourth PCs, this correlation structure was as expected, due

to the change in the position of EOF3 and EOF4 with respect to the
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explained variance in the SLP and H500 fields. These results show that,
in general, for our spatial window, there is a one-to-one correspondence
between the modes at SLP and H500. Given that the CWT that we
consider in this work are based on the surface fields, from now on, we
will only focus on the SLP field modes. We now describe briefly the four
leading modes in the NAE sector for the SLP field (Fig. 7.3) and provide
our own nomenclature for naming the modes.

The first EOF (EOF 1), a Continental Zonal Dipole (CZD),
explains about 30% of the total variance and is characterized by the
presence of strong centres in Scandinavia (negative) and in the Iberian
Peninsula (positive), these being separated by a strong north-south
gradient. This mode is similar in structure to the NAO pattern (it has a
0.77 correlation with it) but with some influence of the SCA pattern since
the correlation between the PC-CZD and SCA are also important (-0.69).

EOF 2 is a Continental Meridional Dipole (CMD), which is
characterized by two large-scale structures, with their main centres of
action over the Atlantic region and over Western Europe. It accounts for
22% of the explained variance. This mode may be associated with the
type 1 Eurasian pattern (EU1) described by Barnston and Livezy, (1987),
also known as the Scandinavian pattern (SCA). From Table 1a) we can
see that it presents higher correlation with the SCA (-0.54 and significant
ata 95% level).

EOF 3 is an Ocean Zonal Dipole (OZD), which resembles the
NAO pattern. The most important difference is that the OZD is
northward shifted when comparing with the NAO. Besides that, it also
extends more over Western Europe and therefore has a larger horizontal
scale. It accounts for 21% of the total variance. This mode has the

maximum and minimum values of the centres of action located over
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Greenland and the Azores region respectively, favouring a high
correlation value with the NAO (-0.83).

EOF 4 is an Ocean Meridional Dipole (OMD) and accounts for
12% of the total variance. This pattern has a main (positive) centre
located between the British Isles and Denmark. It has two other centres,
which are located to the northwest of the Azores Islands and over
Northern Russia. This pattern bears some resemblance to the type 2
Eurasian pattern (EU2) described by Barnston and Livezey, (1987),
which is also referred to as the East Atlantic/ West Russia (EA/WR)
pattern using the terminology of the Climate Prediction Centre of the
NOAA. In fact, this mode presents the highest correlations with the
EA/WR (0.72).

We provide strong evidence that the modes computed from the
SLP field or the H500 field are very alike in this spatial window. Despite
this, there is not an obvious one-to-one correspondence between the
SLP/H500 modes and the hemispheric modes. This lack of
correspondence can be explained by the different methodologies
(atmospheric levels, domain, time period, rotation) used when
computing the PCA and was also discussed in others studies, e.g.
Beranova and Huth, (2008); Jolliffe, (2002). In our particular case, the
most obvious result is that, EA is missing in the modes computed for
this spatial window. The most probable explanation for this is the
selection of the domain. EA is described by Barnston and Livezey, (1987)
as a center near 55°N, 20°-30°W with a strong north-west-southeast
gradient over western Europe and an oppositely signed anomaly band
over 25°-35N, 0°-10°W. Since our domain is limited to 30°N - 76°N we
believe that is why this mode is missing in our analysis. It is also

interesting to note that the absence of EA pattern is compensated by
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another NAO like pattern (OZD) maybe in part because of the EA
pattern is also structurally similar to the NAO pattern but with the
anomaly centers displaced southeastward.

Now that the characterization of the modes in our domain is
made, the next evaluation will be focus on the links between the
Galician CWT and the modes.

Firstly, the major hemispheric modes that affect the dominant
patterns of variability of atmospheric circulation in Galicia is studied
(Table 7.2). Secondly, the spatial domain will be reduced and the focus
will be on the modes in the NAE sector (Fig. 7.2 and Fig. 7.3). Given that
we have already demonstrated the relationship between hemispheric
modes and the modes in the NAE sector, the first issue will be
considered only briefly.

Table 7.2 shows the coefficients obtained from the correlation
between the four large-scale hemispheric modes and the frequency of
the 10 CWT during the winter months (JEM). As expected, the most
significant correlations are those obtained between the NAO and the
frequency of cyclonic and anticyclonic CWT. This inverse correlation
with the frequency of cyclonic type is in line with the decrease in the
occurrence of storm tracks in the region when the NAO is in its positive
phase (Trigo, 2006). The EA index also shows a high correlations with
the frequency of SW type, which the third most frequent type is
occurring in winter. The EA/WR index shows a fairly high correlation
with the frequency of W, NW, and SE CWT. Finally, the SCA index
exhibits a pattern of behavior that is the opposite of the NAO, showing a
high negative correlation with the frequency of anticyclonic type and a

high positive correlation with the frequency of cyclonic type.
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Table 7.3. Correlation between the hemispheric modes time series and the frequency of
the synoptic circulation weather types in winter (values in bold represent correlations
that are statistically significant at the 99% level). The cyclonic and anticyclonic
circulation weather types are referred to as C and A, respectively.

NE E SE S SW W | NW | N C A

NAO | -0.13 | -0.24 | -0.38 | -0.28 | -0.03 | 0.18 | -0.08 | -0.06 | -0.61 | 0.54

EA | -0.29 | -0.09 | -0.13 | 0.00 | 0.52 | 0.23 | -0.27 | -0.40 | -0.12 | -0.13

EA/
WR

SCA | 012 | 0.08 |-0.15| 0.02 | -0.01 | 0.17 | 0.31 | 0.23 | 042 | -0.50

-0.16 | 023 | 0.34 | 0.17 | 0.28 | -0.49 | -0.42 | -0.06 | -0.09 | 0.23

Finally, we discuss the relationship between the CWT and the
modes in the NAE sector, using the SLP four leading PC loading factors.
For each day, we carried out an objective comparison between the four
leading PC loading factors and the daily local CWT in the study area. By
combining the corresponding daily CWT with the four PCs we were
able to compute, for each CWT, the statistical distribution of the PCs.
The results are summarized in Fig. 7.4. Here, we call the four leading PC
loading factors PC-CZD, PC-CMD, PC-OZD, and PC-OMD,
respectively. The boxes in the figure show the lower, median, and upper
quartile values, respectively. The whisker lines are also shown and are
drawn to 1.5 times of the interquartile range. For the first PC (PC-CZD),
the most striking result is the difference between the cyclonic (negative
index for PC-CZD) and anticyclonic type (positive index for PC-CMD),
which are in line with the results for the storm track in Iberia (Trigo,
2006; Garcia-Herrera et al., 2007) and the ones presented in Table 7.3. It
is interesting to note that the CWT that are driven by the direction of
flow tend to occur with a negative PC-CZD index. Due to the nature of
the strong north-south gradient of the CZD pattern, the indices of the W

and E types are opposite in sign.
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The strong west-east gradient in the CMD pattern in the Iberian
Peninsula influences some of the directional CWT; especially those from
NE, E, SW and W, where an opposite distribution may clearly be seen
(cf. NE and E vs. SW and W). There is no apparent difference between
the cyclonic and anticyclonic types in the CMD pattern.

For PC-OZD, the only very clear point to note is, once again, the
difference in sign between the cyclonic (positive index for PC-CZD) and
anticyclonic type (negative index for PC-OZD). Given that the CZD and
OZD share some common characteristics but are opposite in sign (see

the description above) it is expected that their behaviors are similar.
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Figure 7.4. Distribution of the four corresponding PC indices for each circulation
weather type. The boxes represent the lower, median, and upper quartile values. The
whisker lines are drawn at a scale of 1.5 times the inter-quartile range.
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Finally, the results for PC-OMD show an interesting symmetrical
distribution between E, SE, S and W, NW, N, which is remarkably
consistent with the meridional dipole of this pattern shown in Fig. 7.4.
When the PC-OMD has a positive index the E, SE, S CWT are more
common, and when PC-OMD has a negative index the W, NW, N CWT

prevail.

7.5. Non-stationarity variability

In section 7.4, the four NAE sector leading modes that affect the
European climate in winter were identified. Some studies have
addressed the time variability of the effects of the modes. These works
show that there are important changes in the relationship between
atmospheric variables and these modes, in space as well as in time
(Krichak and Alpert, 2005; Beranova and Huth, 2008; Vicente-Serrano
and Loépez-Moreno, 2008).

In order to identify the temporal changes in position and
intensity of modes, over the whole NAE sector (30°N - 76°N and 37°W -
56°E), we used a moving window PCA technique with a 30-year period
for the winter months (JEM), thus yielding 29 sub periods with 30 years
long covering the years 1948-2005. Thus, the first period of analysis was
1948-1977 (centred on 1962) and the last period was 1976-2005 (centred
on 1990). From each period considered, we obtained the explained
variance for the four leading modes together with the EOF pattern and
its corresponding PC.

The basic configuration of these modes remained the same,
regardless of whether the analysis was stationary (section 7.4) or
nonstationary (section 7.5). The dipoles remained the same, changing

only in position or intensity (see below). We therefore use the same
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terminology for the EOF patterns and the corresponding loading factors
as in section 7.4.

The variance explained by each EOF over the period 1948-2004
for each 30-year window is represented in Fig. 7.5. The most striking
result is an increase in the explained variance of EOF1 (the CZD) from
27% in the first window to 32% in the last, this being consistently the
leading mode in each of the 30-year windows. This increase is most
obvious between 1952-1981 and 1962-1991. It is also very interesting to
note that at the beginning of the period of analysis the CMD represents
the second largest total variance, but over time this variance reduces
(accompanied by an increase in variance accounted for by the CZD).
After the 1956-1985 window, there are also some changes in order of the
second and third most explained variance between the CMD and the
OZD. It is worth stating that after the 1962-1991 window, for the most
part the OZD represents the second largest variance. The contribution of
the OMD shows no significant change over the period of analysis.

Fig. 7.6 shows the four leading modes in the region represented,
using six selected 30-year time windows (1951-1980, 1956-1985, 1961-
1990, 1966-1995, 1971-2000 and 1976-2005). Furthermore, we also analyze
changes in the intensity of these modes (Fig. 7.7). The intensity of the
modes is given by doing the seasonal average (JFM) of the daily PCs of
the modes. With this classical measure (time series of the PCA method)
we can evaluate changes in the intensity of the modes and also the sign
of the modes (Jolliffe, 2002). The most obvious result is the eastward
shift in the position of the CZD, with the positive (negative) action
centres being located in the Azores (Iceland) region at the beginning of
the first 30-year window (1948-1977) and in southern Iberia
(Scandinavia) in the last 30-year window (1976-2005).
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Figure 7.5. Variance explained by each EOF over time. The first analysis window is
1948-1977 (centred on 1962) and the last is 1976-2005 (centred on 1990). The CZD,
CMD, OZD, and OMD are represented by the blue, green, red, and black lines,
respectively.

These results are in line with those presented by Ulbrich and
Christoph, (1999) and Vicente-Serrano and Lépez-Moreno, (2008), who
stated that the location of the NAO pattern undergoes multi-decadal
changes. This change in the CZD is less pronounced prior to the 1966-
1995 window, but more pronounced thereafter. This result seems to
support the work done by Cassou et al., (2004) and Peterson et al.,
(2003), who stated that the NAO might experience a significant eastward
displacement towards Europe when it is in its positive phase and a
westward shift during its negative phase. Furthermore, alongside this
pronounced shift in the position of the CZD, there is also a step increase
(significant at a 95% level) in its intensity, which is pronounced in the

last 20 years (Fig. 7.7).
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Figure 7.6. The first four leading EOF patterns for the winter months (JEM) obtained
using a PCA on the SLP field using a 30-year moving window.

In the other modes (CMD, OZD, and OMD), there is no obvious
shift in the positions of the dipoles. In reality, the OMD has three centres
of action, with two negative centres to the west and east of central
Europe, and a positive centre in central Europe, but because our area of
interest is located in the western part of the region, we focus on the left
side of these centres of action. In this case, it seems there is a very slight
increase in the positive part of the tripole, pushing the left (negative)
part of the tripole further west.

Despite the absence of any obvious shifts in the position of these
modes (CMD, OZD and OMD), there are some interesting points to note
in terms of the changes in their intensities (Fig. 7.7). For the intensities,

we also determined whether changes described below are significant by
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performing a t-student test. For all period the analysis the PC- CZD
show an increase in their intensity significant at a 95% level. On the PC-
CMD, there is almost any change in the intensity and signal. On the
contrary, the PC-OZD shows an initial increment but in the final 3
decades there is a high decrease in the PC of this mode (significant at
95% level). Finally, the PC- OMD appears to have a very slight increase

in intensity (not significant at a 95% level).
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Figure 7.7. Intensity of the modes given by doing the seasonal average (JFM) of the
daily PCs of the modes represented in Fig. 7.2 30-year moving average is also
represented (black lines).

113



7. Compatibility between modes of low-frequency and circulation weather types

Having studied the changes in the position and intensity of the
four NAE sector leading modes that affect Europe and our study area in
particular, we wished to determine the effects of these changes on the
local circulation patterns. In order to achieve this, we computed the
correlation between the four leading principal components of the PCA
(using the 29 30-year time windows) and the respective seasonal
frequency of CWT (Fig. 7.8).

When we analyzed Fig. 7.1 the striking result was that there were
CWT that in winter had low frequency, especially the ones on the 1st and
2nd quadrants (NE, E, SE, S, and N). Each of these types represents, in
average, less than 5 days per winter, and so should be treated with
caution, despite some significant changes being apparent. Therefore, we
do not discuss them in this work. For the main changes in the
correlation coefficients (SW, NW, and A types) we also computed a
significance test (t-student for the linear trends and a Mann-Whitney test
when a step change occurs).

The most frequent anticyclonic type (which produces virtually
no rain in Galicia) and the next four most frequent CWT (SW, W, NW,
and cyclonic) (which together explain almost all of the precipitation in
Galicia (Lorenzo et al., 2008)), require further discussion. For the SW
type, it may be seen that the correlation between the PC-OZD and the
frequency of this circulation type is always positive, but starts to
decrease linearly after 1970, changing over time from being significant to
no significant. This change in the correlation coefficient is significant at a
95% level. Since there is no change in the position of this mode (OZD),
this phenomenon may be attributed to changes in the intensity of its
associated dipole. In fact, there is an increase in the intensity of this

mode up to 1980 followed by a step decrease (Fig. 7.7). The OZD mode
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in the Iberia Peninsula is characterized by a SW/NW flow (Fig. 7.6),
depending of the signal of the intensity (positive/negative) of the mode.
Therefore, it is expectable that the correlation between PC-OZD and the
frequency of SW type decreases when the intensity of the OZD mode
tends to negative values. For the other modes (CZD, CMD, and OMD),

there are no obvious changes in the correlation.
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Figure 7.8. Correlation between the four principal loading factors and the winter
frequency of the circulation weather types. The significance at the 95% level is also
shown (dotted lines). The first analysis window is set as 1948-1977 (centred on 1962)
and the last window is 1976-2005 (centred on 1990). Cyclonic and anticyclonic are
denoted by C and A, respectively. The CZD, CMD, OZD, and OMD are represented
by blue, green, red, and black lines respectively.
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It may be seen that for the W type, there are no particular
changes in the correlation with the EOF loading factors. The only
exception to this is the decrease in the correlation with PC-OMD, with a
minimum (non-significant correlation) at 1967. Over time, however, this
correlation increases and is statistically significant for almost the entire
period of analysis. In fact, it seems that changes in the intensity (towards
positive values) of the OMD are correlated negatively with changes in
the frequency of the W type.

For the NW type, there is a striking change in behaviour
concerning PC-CZD (PC-OZD) where a positive (negative) correlation
may be seen prior to 1976, with a negative (positive) correlation after
1976. Furthermore, the correlation in the final window seems to be more
significant, with values greater than 95%. By comparing the NW type
(Fig. 6.2) and the CZD in the first few time windows (Fig. 7.6), it may be
seen that they are very similar. This could help to explain the significant
positive correlation with the frequency of this CWT. Over time, the shift
of the CZD towards Europe has a negative influence on the frequency
with which this CWT occurs. In the case of the OZD, it seems that there
is an increase in the intensity of this mode up to the 1965 alongside with
a decrease in the correlation between PC-OZD and the frequency of the
NW type. By the time there is a change in the intensity of the OZD
(towards more negative values), the correlation between the frequency
of the NW type and PC-OZD changes from negative values to positive
values. In addition, these (trend) changes in the correlation coefficient
are also significant at a 95% level. As we explained for the SW type (but
with an opposite behavior in the NW type) it is expectable that, the
correlation between PC-OZD and the frequency of NW type increases

when the intensity of the OZD mode tends to negative values.
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For the cyclonic type, an increase of the anti-correlation
(significant in all periods of analysis) with PC-CZD may be observed for
the last 15 time windows. This is most probably derived from the
eastward shift (especially at that time) of the position of the first mode
(Fig. 7.6), blocking the storm track in the region. Furthermore, there is a
slight increase in the correlation (always significant) with PC-OZD after
1967. The (significant) anti-correlation between the cyclonic type and
PC-OMD shows a slight decrease over the whole period.

Focusing on the correlation between the frequency of
anticlyclonic type and the EOF loadings, there is a strong resemblance
between the correlation for this circulation type and PC-CZD and PC-
OZD (but with the opposite sign). With the eastward shift of the CZD
centre of action close to the region, its influence increases, not only on
the cyclonic type but also on the anticyclonic type, as the results seem to
indicate. There is also an interesting result for the CMD mode, with a
decreasing correlation with the anticyclonic type (an important decrease
in the correlation coefficient significant at a 95% level). It is interesting to
note that the curve of correlation between the PC-CMD and the
frequency of anticlyclonic circulation are alike to the curve of the CMD

intensity.

7.6. Summary

The compatibility between hemispheric modes and modes in
NAE sector has been described, by using the local circulation regimes of
a specific study area, namely those found in the North West Iberian
Peninsula for winter months (JFM). Evidence was provided that the
modes computed using the SLP field or the H500 field are very alike in
this spatial window. The results show that there is a high degree of
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coherence between the modes derived from a statistical approach (using
PCA) and the real physical circulations (as represented by the CWT).
This coherence was obtained not only when we used stationary modes,
but also with nonstationary ones. The use of a PCA approach using
continuous time windows has enabled us to assess whether changes in
the intensity or position of these modes could influence the local
circulation. The results confirm that changes in both the position and the
intensity of the modes tend to favour the occurrence of some CWT in
preference to others. Again, these changes are coherent and consistent.
The most important results are as follows:

* Correlation coefficients obtained between hemispheric modes
and the frequencies of 10 CWT during winter show that the NAO
pattern yields the greatest correlation with the cyclonic and anticyclonic
type, these types being responsible for higher and lower precipitation in
the Iberian Peninsula, respectively. The EA pattern has a significantly
high correlation with the SW circulation type. The EA/WR pattern
shows a significant correlation with the W and the NW types. Finally,
the SCA pattern exhibits the opposite behaviour from the NAO, with a
negative correlation with the anticyclonic type and a positive correlation
with the cyclonic. It is interesting to note that these types occur at a high
frequency during winter (more than 60% of the total frequency).

* By studying the compatibility between local circulation type
classification and modes in NAE sector, we found that, for the winter
months (JMF), the zonal dipoles (Continental and Ocean) have a major
influence, not only on the occurrence of the cyclonic and anticyclonic
type, but also on the zonal types. As expected, the meridional dipoles
influence the CWT that are related to meridional circulations, such as

the E and W CWT.
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* Changes in the position and intensity of modes over the last 50
years have influenced the local circulation in our study area. There is an
increase in the explained variance of the continental zonal dipole from
27% in the first time window to 32% in the final one. There is also an
eastward shift in the position of this mode, which is in agreement with
the findings of Ulbrich and Christoph, (1999) and Vicente-Serrano and
Lopez-Moreno, (2008), along with an increase in its intensity. For the
other modes, namely the ocean zonal dipole and the two meridional
ones, no obvious shifts in their positions were found.

In summary, relationships between the real physical local
circulations (as represented by CWT) and the modes obtained from
statistical analysis have been identified. Changes in the positions and
intensities of these modes have an impact on the local circulation (here
assessed by the CWT) for our target area. The increase in explained
variance of the continental zonal dipole and the increasing negative
(positive) correlation between this mode and the cyclonic (antyciclonic)
type can help to explain the overall decrease of precipitation in winter

(Paredes et al., 2006; Trigo et al., 2008) in the study region.
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8. Trends in present and
future circulation weather
type frequency in the
northwest Iberian
Peninsula

8.1. Introduction

The findings of recent studies have shown that the North
Atlantic-European (NAE) sector is characterized by significant climate
trends that occur over different timescales (IPCC, 2007; Trigo et al., 2008;
Gomez-Gesteira et al., 2011).

As mentioned in the previous chapters, circulation weather types
(CWTs) reflect the atmospheric circulation that is specific to a given
region. Moreover, changes in the frequency of occurrence of CWTs often
result in changes in climatic variables at the earth’s surface; variables
such as precipitation (e.g., Goodness and Jones, 2002; Hope et al., 2006;
Fowler and Kilsby, 2002) or temperature (e.g., Cahynova and Huth,
2009). Furthermore, as studied in chapter 7, the frequency of CWTs is

sensitive to the low-frequency variability modes, and vice versa. In this
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way, changes in intensity or shifts in the position of the low-frequency
variability modes are related to changes in the local circulation, (i.e., the
circulation or CWT) (Ramos et al., 2010).

The use of CWTs can also be a useful tool in validating the
control simulations of coupled general circulation models (CGCMs), in
assessing the accuracy of the CGCMs, and in analyzing changes in
CWTs under future climate change scenarios. Despite this, very few
studies have compared the ability of GCMs to replicate historical
circulation patterns. Hulme et al., (1993) analyzed two CGCM control
simulations to evaluate if they were able to reproduce the Lamb, (1972)
CWT in the UK. Demuzere et al., (2008a) carried out a similar study to
analyze present and future ECHAMS pressure fields using the Lamb
(Lamb, 1972) CWT for Belgium. Using a different approach, Schoof and
Pryor, (2006) used the Kirchhofer correlation-based map method to
evaluate the ability of two GCMs in reproducing 500-hPa map pattern
frequencies over the Midwestern US, for the 1990-2001 period. A similar
study was conducted by Anagnostopoulou et al. (2008), in which they
evaluated the capability of the HadAMB3P to reproduce the mean CWT
pattern and frequency over Europe and the Mediterranean region, in
terms of the 500 hPa geopotential height fields and the 1000-500 hPa
thickness fields. Huth, (2000) tried a different approach, using a
modification of the T-mode principal component analysis as a
classification method; this classification procedure was applied to
reanalyze (Kalnay et al., 1996) daily 500 hPa geopotential height pattern
data, and data simulated by the control ECHAM3 GCM runs.

The main purpose of the study described herein was to
investigate changes in the frequency of the Lamb circulation weather

affecting the northwest (NW) Iberian Peninsula, not only in the present
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climate but also in future climate change scenarios; this was achieved
using the output from several of the CGCMs used throughout the IPCC
Fourth Assessment Report (4AR).

The remainder of this chapter is organized as follows: In section
8.2, a comprehensive description of the methodology is given. In section
8.3, the trends in CWTs over the last 60 years will be studied. In section
8.4 an evaluation of the GCMs for the present climate is made, while in
section 8.5 the changes in the frequency of the CWTs in the 21st century

are studied. Finally, section 8.6 presents the conclusions.

8.2. Methodology

As mentioned previously, the CWTs used in this work were
computed using the procedure specified by Lamb (Lamb, 1972; Jones et
al., 1993), in which the method was applied to the NW Iberian Peninsula
(Galician area). In this chapter, two different SLP datasets were used to
compute the CWT:

a) The National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis data
(Kalnay, 1996; chapter 5) (2.5° x 2.5° longitude-latitude) of the daily
mean SLP for the period January 1948 - December 2008. The use of this
period of time not only allowed the study of recent trends in CWTs, but
also allowed a comparison with the output of the CGCMs models for the
present climate (1961-1999 period); in performing this comparison, we
evaluated these models.

b) The data used were taken from three models that were
studied in the IPCC 4AR; these were the IPSL climate system model
(IPSL-CM4), the 5th generation of the ECHAM general circulation
model (ECHAMS5/MPI-OM) and the CCSM3, NCAR Community
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Climate System Model 3.0 from the USA (chapter 5). The choice of these
models was determined mainly by the availability of daily data, but the
use of more than one GCM simulation also conferred greater reliability
when the uncertainties were quantified. Daily sea level pressure (SLP)
data from the three climate models, and from three different forcing
simulations B1, A1B and A2, were obtained from the WCRP CMIP3
multi-model database (https:/ /esg.llnl.gov).

The climatological normal period used in the 20th century was
the period 1961-1999. For the 21st century, the coincidental temporal
resolution availability of daily data for the 3 models allowed us to
analyze two periods, the first between 2046 and 2065 and the second
between 2081 and 2100.

To compute the CWTs, daily SLP data from a 2.5° x 2.5°
longitude-latitude regular grid was required. The points under
consideration were located between 35-55°N and 25°W-5°E (chapter 6).
Since the daily SLP data from the CGCMs were on different spatial
scales, the SLP fields for the different CGCMs simulations were
interpolated (using a bicubic interpolation) to obtain a set of regular 2.5°
x 2.5° grids, which were then used to compute the CWTs for the
different CGCMs and the different time periods.

The method used in the work described in this chapter was
applied as follows:

1) Computation of the CWTs for the NW Iberian Peninsula for
the 1948-2008 period, using the NCEP/NCAR reanalysis;

2) Evaluation of the GCMs mean seasonal SLP fields, achieved
by comparing them with the NCEP/NCAR reanalysis SLP fields for the
present climate (1961-1999 period);
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3) Objective comparison of the ability of the GCMs simulations
to reproduce the mean frequency of the CWTs for the present climate
with the results obtained when using the NCEP/NCAR reanalysis.

4) Removal of the systematic seasonal errors that were observed
in the SLP mean fields of each model. For this purpose, for each grid
point, the seasonal mean bias—i.e., the difference between the mean
seasonal SLP values obtained from the CGCMs and those obtained from
the NCEP/NCAR data—was computed. The new daily fields of the
CGCMs were then computed by removing the corresponding grid point
seasonal bias for each model in the daily fields.

5) Computation of the mean CWT frequency using the new
CGCM daily adjusted SLP fields for the present climate, and comparison
of these results with those obtained using the NCEP/NCAR reanalysis;
this comparison showed if there was any improvement in the quality of
the GCM SLP fields.

6) Computation of the mean frequency of the CWTs for future
CGCM scenarios (in the 2046-2065 and 2081-2100 periods), and
comparison with the mean CWT frequency obtained using present

CGCM simulations.

The Mann-Kendall trend test (Mann, 1945; Kendall, 1975; Santos
and Leite, 2009) was applied to analyze the significance of the trends.
This non-parametric test uses a correlation between the ranks of a time
series and their time order, and it has been widely applied to the time

series of environmental data (Hipel, 2005).
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8.3. Trends in circulation weather types in the 20th
century

The Jones et al. (1993) procedure was adopted, thereby
maintaining the 10 main CWTs (NE, E, SE, S, SW, W, NW, N,
anticyclonic (A) and cyclonic (C)) for the NW Iberian Peninsula, relative
to the 1948-2008 period, using the NCEP/NCAR reanalysis dataset. The
relative frequency of each synoptic CWT for each season is shown in Fig.
6.3.

The mean CWT frequency was computed for each season, for the
period 1948-2008. Linear trends were obtained, taking into account not
only the entire period of analysis, but also the two sub-periods 1948-
1975 and 1976-2008. The year 1975 coincides approximately with a
general change in circulation in the Northern Hemisphere (Trenberth,
1990; Karl et al., 2000). The Mann-Kendall test was applied to analyze
the significance of the trends.

Only those results that were significant to at least a 95% level are
shown in Table 8.1. One can see that for the entire 1948-2008 period,
significant trends were only observed in winter and summer. Winter
was characterized by a decrease in the frequency of the NW type,
whereas in summer there was an increase in the frequency of the SW
and C types.

When treated separately, the significant trends in each period
were more frequent, particularly in the second period. In summer and
autumn, an increase in the N type was observed in the first period (1948-

1975), but this trend did not continue into the second period (after 1975).
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Table 8.1. Linear trends (percentage/year) for the different circulation weather types
computed using the NCEP/NCAR reanalysis SLP field for the three periods studied;
only results that were significant (Mann-Kendall rank test) at the **99% or *95% level
are shown.

1948-2008 1948-1975 1976-2008
C *-0.187
Winter NW *-0.059
A *0.361
Spri SW *0.113
rin
PEISE N*-0.154
SW ** 0.060
Summer N *0.144
C *0.083
Autumn N **0.114 NE *0.1633

In the first period (1948-1975), no trends were observed for types
C and A, but in the second period (1976-2008) there was a clear increase
in type A and decrease in type C for the winter months. Analysis of the
second period revealed an increase in the frequency of the SW and a
decrease in the frequency of the N types in spring. This could be related
to the observed upward trend in the maximum and minimum
temperatures in this period, especially in spring, where the maximum
temperature values increased at an average rate of approximately 1.0°C
per decade (Gomez-Gesteira et al., 2011). Finally, an increase in the
frequency of the NE type was again observed in autumn in the second

period.

8.4. Evaluation of the CGCM models

8.4.1 Evaluation using SLP fields

Before analyzing the changes in the frequency of the CWTs for
the 21st century, the mean SLP fields of the three models were evaluated
for each season, using the NCEP/NCAR reanalysis data obtained
between 1961 and 1999 (DJF, MAM, JJA and SON). Fig. 8.1 shows the

seasonal mean SLP fields obtained from the reanalysis data, as well as
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the differences between the mean seasonal SLP from the two datasets
(reanalysis data and GCMs). It was generally the case that the CCSM3
model produced the highest discrepancy, in all four seasons. This model
reproduced SLP values that were too low at high latitudes and too high
at mid latitudes, which led to strong modeled westerlies over the North
Atlantic. The IPSL reproduced SLP values that were too high in the
Mediterranean in winter, spring and autumn, while in the summer there
was a high SLP anomaly in the Iceland region. The ECHAMS model
reproduced SLP patterns that were closest to the reanalysed data.

Reanalysis NCEP/NCAR IPSL ECHAMS5 CCSM3
“o fi

DJF

MAM

JJA

SON

990 1000 1010 1020 1030 -10 5250255 10
hPa hPa

Figure 8.1. Mean seasonal SLP differences for the 1961-1999 period. The first column
shows the seasonal mean SLP during the 1961-1999 period, using the NCEP/NCAR
reanalysis data. The next columns show the difference between the mean SLP from the
three models (IPSL, ECHAMb, CCSM3 respectively) and the mean SLP from the
NCEP/NCAR reanalysis during the period 1961-1999.
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8.4.2 Evaluation using circulation weather types

After evaluating the mean SLP fields produced by the three
models (that used the NCEP/NCAR reanalysis data), the CWTs for the
control simulations for the late 20th century and the 21st century were
computed, using the three CGCMSs, and applying the same methodology
as that described in section 6.2.

The frequency of the CWTs in the CGCMs was then compared
objectively with the ones obtained previously using the NCEP/NCAR
reanalysis data for the 1961-1999 period. As mentioned before, the SLP
fields of the CGCMs were interpolated to obtain a set of regular 2.5° x
2.5° grids, which were then used to compute the CWTs. Tables 8.2 to 8.5
(original SLP data columns) show the percentage frequency differences
between the results obtained from the CGCMs and those obtained from
the NCEP/NCAR reanalysis data, for the different seasons; winter
(Table 8.2), spring (Table 8.3), summer (Table 8.4) and autumn (Table
8.5). The differences that were significant at a 5% level —as determined
using a Wilcoxon rank sum test—are shown in bold. The results showed
that the ECHAMS model provided the best agreement when compared
with the reanalysis data; it showed differences of less than 5% in
frequency per type, except in summer, where the model showed a
frequency that was higher than the actual one for type A by 10%. This
result was not unexpected, because the ECHAMS5 model was the one
that offered the lowest differences in the mean field (Fig. 8.1).

On the other hand, the CCSM3 model produced the highest
frequency bias in the majority of cases, with differences of up to 20% in
the frequency of the W type. This disagreement could be explained by
the fact that this model overestimates the magnitude of the westerlies at

mid-latitudes (vanUlden and van Oldenborgh, 2006 and Fig. 8.2).
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The IPSL model showed the greatest differences in summer,
when the high positive anomalies in the SLP values at high latitudes led
to a decrease in the frequency of type A and an increase in the frequency
of type NE over the NW of the Iberian Peninsula. For winter, this model
showed a decrease in the frequency of type A, but an increase in the
frequency of types SW and W; the reason for this was connected to the
SLP anomalies illustrated in Fig. 8.2, in which it is possible to observe an

eastward displacement of high and low pressures at high latitudes.

Table 8.2. Differences (%) in the mean frequency of the circulation weather types for
each season between the output of the IPSL, ECHAMS and CCSM3 and the
NCEP/NCAR reanalysis data, for the 1961-1999 period, when using the original SLP
data and the corrected SLP data. The differences that were significant at a 95% level
(Wilcoxon rank sum test) are shown in bold.

Winter ORIGINAL SLP DATA CORRECTED SLP DATA
WT IPSL | ECHAM5 | CCSM3 IPSL | ECHAMS5 | CCSM3
NE -2.71 -1.32 -2.74 -1.38 -0.14 -0.77

E -2.36 -1.35 -3.32 -0.69 -0.76 -0.83
SE -2.58 -1.28 -3.17 -1.41 -0.24 -1.68
S -1.84 -0.88 -3.53 -0.08 0.21 -1.00
SW 13.25 2.83 3.95 0.94 -0.54 -1.88
w 10.83 5.92 22.10 0.70 -0.27 0.76
NW -1.20 2.06 1.78 141 1.44 3.72
N -1.63 0.32 -1.47 0.74 1.03 0.91
C -2.65 3.19 -4.81 0.52 1.90 -1.13
A -9.12 -9.50 -8.79 -0.75 -2.63 1.90

Table 8.3. The same as Table 8.2, but for spring.

Spring ORIGINAL SLP DATA CORRECTED SLP DATA
WT IPSL | ECHAM5 | CCSM3 IPSL | ECHAMS5 | CCSM3
NE -3.53 -4.63 -6.97 0.44 -1.39 -1.56

E -1.63 -2.32 -4.54 0.37 1.05 -0.08
SE -0.13 0.01 -1.74 0.43 0.67 -0.18
S -1.37 -1.58 -4.26 -1.17 0.62 -0.80
SW 3.38 5.37 411 0.12 1.17 -0.01
W 5.93 8.36 21.15 0.48 -1.49 3.33
NW -1.07 1.21 1.97 -1.03 -0.62 1.80
N -0.71 -1.89 -3.88 0.88 -0.97 -1.04
C -2.13 0.41 -7.76 -1.23 0.56 -0.69
A 1.26 -4.94 1.93 0.70 0.40 -0.77
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Table 8.4. The same as Table 8.2, but for summer.

Summer ORIGINAL SLP DATA CORRECTED SLP DATA
WT IPSL | ECHAMS5 | CCSM3 IPSL | ECHAMS5 | CCSM3
NE 13.32 -6.14 -3.68 1.94 -1.38 -1.92

E -2.52 -1.69 -1.31 -2.52 -0.18 -0.05
SE -0.47 0.76 0.00 -0.31 1.15 0.53
S -1.40 -0.44 -1.04 -1.24 0.27 -0.19
SW -2.79 0.13 -2.74 -0.87 -0.52 -1.78
W -5.29 3.02 0.02 -2.41 -0.46 0.81
NW -0.27 1.06 1.09 0.45 1.33 1.93
N 11.83 -3.89 -1.69 5.16 -1.63 -0.66
C 3.44 -3.59 -3.36 -0.87 -1.19 0.08
A -15.86 10.78 12.72 0.68 2.61 1.25

Table 8.5. The same as Table 8.2, but for autumn.

Autumn ORIGINAL SLP DATA CORRECTED SLP DATA
WT IPSL | ECHAMS5 | CCSM3 IPSL | ECHAMS5 | CCSM3
NE 1.25 -1.39 -2.85 5.21 0.90 0.34

E -1.22 -1.36 -3.16 0.35 -0.21 -0.04
SE -2.39 -1.67 -2.98 -2.13 -0.83 -1.04
S -1.95 -0.86 -3.22 -0.70 0.35 0.26
SW 4.99 2.34 2.65 1.23 0.67 1.00
W 7.24 3.09 14.33 0.41 -0.15 -0.81
NW -0.10 2.05 3.54 -1.54 2.32 1.09
N 0.25 -0.23 -1.50 0.19 0.27 -0.48
C -1.03 -1.54 -5.82 -3.16 1.78 -1.61
A -7.04 -0.44 -1.01 0.15 -5.10 1.30

The CWT classification obtained herein, which made use of the
Lamb CWT (Jones and Hulme, 1993), was applied to the SLP field. For
this purpose, the CWTs—this time without the corresponding
systematic seasonal errors that were observed in the SLP field for each
model —were computed for each model, following the procedure of
Demuzere et al., (2008a), as described in the Methodology section
(section 8.2.)

The results obtained using this correction illustrated the
improvement that can be achieved using this method. Tables 8.2 to 8.5

(corrected SLP data columns) show the differences in the mean
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frequency of the CWTs between the three models and the NCEP/NCAR
reanalysis data (for the 1961-1999 period), for each season; the corrected
CGCM SLP data used is also shown. A comparison of the results
presented in Tables 8.2 to 8.5—that is, the original SLP data vs the
corrected SLP data columns—showed that the differences between the
CWT frequency obtained for the CGCMs and the reanalysis data were
rather lower when the correction was applied, the differences being less
than 95% in the majority of cases. The differences that were significant at
a 95% level (evaluated using a Wilcoxon rank sum test) are shown in
bold. It was therefore possible to conclude that the differences between
the CWT frequencies from the models and the NCEP/NCAR reanalysis

were mainly due to the seasonal mean bias.

8.5. Changes in the frequency of circulation weather
types in the 21st century

The changes in the frequency of the CWTs were computed for
each of the three scenarios A1B, B1 and A2, and the differences between
the respective control runs and the two periods 2046-2065 and 2081-2100
were determined, using all three models.

For all of the models, the major differences were observed to be
between the control run (1961-1999) and the 2081-2100 period.
Regarding the 2046-2065 period, there were no differences in the
frequency greater than 6%. Because of this, only the second period was
analyzed. The differences in the second period (2081-2100) were greater,
particularly in scenarios A1B and A2. Figs. 8.2 to 8.4 show the changes in
the frequency of the CWTs during the 2081-2100 period compared with
those for the 1961-1999 period, for the three different SRES scenarios.
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Only those changes that were significant at a 95% level or greater are
discussed.

Scenario A1B (Fig. 8.2) led to significant changes in all seasons; in
winter, the frequency of type C decreased in the ECHAMS5 and CCSM3
models. This would result in a decrease in precipitation in the region,
because type C is one of the types most responsible for winter rainfall
over the NW of the Iberian Peninsula (Lorenzo et al., 2008; chapter 6). In
spring, there was an increase in the frequency of type A in the ECHAMS5
and CCSM3 models.
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Figure 8.2. Projected seasonal mean frequency of the circulation weather types changes
(%) for the late 21st century (2081-2100), in the scenario A1B. The mean frequency of
the circulation weather types are shown relative to the 1961-1999 period (IPSL, black
circle, ECHAMSD, red triangle and CCSM3, blue square). The filled symbols show the
differences that were significant at a level of 0.05, as determined using a Wilcoxon rank
sum test. The seasons were defined as follows; winter (DJF), spring (MAM), summer
(JJA) and autumn (SON).
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In summer, all models showed an increase in the frequency of
type NE, and a decrease in the frequency of types SW and W.
Furthermore, in two out of the three models, an increase in the
frequency of type E was observed, along with a decrease in the
frequency of the NW types. The picture as a whole showed a general
intensification of the easterlies, compared with the westerlies. Finally,
under this scenario, the autumn results showed a significant decrease in
the frequency of types SW, W and C, and a significant increase in type
A; this would result in a decrease in precipitation, because all of these

types are linked with precipitation in the region (Gomez-Gesteira et al.,

2011).
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Figure 8.3. The same as Fig. 8.2, but for the SRES B1 scenario.
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Under scenario Bl (Fig. 8.3), in general, no significant changes
were seen relative to the 1961-1999 period. It was only in summer that
we observed a significant change for the three models (a=0.05), with an
increase in the frequency of the NE types and a decrease in the
frequency of the SW types, in both ECHAMS5 and CCSM3.

As expected, scenario A2 (Fig. 8.4) was associated with the
greatest set of changes. In this case, the models (IPSL in particular)
seemed to show different behavior in winter and spring. The CCSM3
and ECHAMSb5 models showed an increase in the frequency of type A
and a decrease in the frequency of type C. The three models were in
agreement regarding the projected decrease in type C in spring. In
summer, all three models also projected an intensification of the
easterlies, with a general increase in the frequency of the NE types and a
decrease in the frequency of the SW, W and NW types. Finally, in
autumn there was a decrease in the frequency of types W and C and an
increase in the frequency of type A, as projected by at least two of the
models.

The general trend described a decrease in the C and SE types in
spring, summer and autumn. For the autumn, a significant increase in
the A type was observed. Furthermore, in summer, the changes in the
frequency of different CWTs showed an intensification of the easterlies
compared with the westerlies. In winter, the frequency of type C

decreased and the frequency of type A increased.
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Figure 8.4. The same as Fig. 8.2, but for the SRES A2 scenario.

8.6. Summary

In recent years, few studies have investigated the ability of
CGCMs to reproduce circulation weather patterns. In this chapter,
CWTs are used to evaluate the ability of CGCMs to reproduce the
present mean frequency of the CWT over the NW Iberian Peninsula, and
to study projection scenarios to find changes in the CWT variability in
the 21st century. The procedure of Demuzere et al., (2008a) was used to
compute the CWTs for each of the GCMs; that is, the corresponding
systematic seasonal errors observed in the SLP field of each model for
the present climate were omitted. The results obtained showed
significant improvement when the systematic errors were removed from

the SLP fields; the differences between the CWT frequencies from the
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models and the reanalysis data were smaller than those in the results
with no SLP corrections applied. It was therefore found that, in most
cases, the discrepancies between the CWTs from the models and the
reanalysis could be explained by the seasonal mean bias. On the other
hand, the frequency of different CWTs in a given area gives information
valuable for the assessment of climate change.

The most important results were as follows:

e Trends in CWTs in the NW Iberian Peninsula were analyzed
for the 20th Century. In the second period (1976-2008) of the analysis,
there was a clear increase in type A and decrease in type C for the
winter months, suggesting a relationship between the positive phase of
the NAO (Lorenzo et al., 2008), and its eastward displacement towards
Europe that has taken place over the last 20 years (Ramos et al., 2010;
Cassou et al., 2004).

e The CWTs were computed for each model without the
corresponding systematic seasonal errors that were observed in the SLP
field of each model. The results obtained using this correction showed
some improvement, in that the differences between the mean CWT
frequencies from the models and the reanalysis data were smaller than
in the results in which no SLP correction had been applied.

® The changes in the mean CWT frequency for the 21st century
were analyzed. Small changes (most of them less than 6% significant) in
the frequency of the types were found for the 2046-2065 period, while
the differences in the second period (2081-2100) were greater,
particularly in scenarios A1B and A2. In summary, for the second
period, results for all scenarios seemed to show a decrease for types
Cyclonic, W and SW, in spring and summer. This change was larger for

scenario A2. Based on the relationship between the different CWTs and
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the precipitation in the Galicia region for the present climate (Gomez-
Gesteira et al., 2011; Lorenzo et al., 2008), one can make the assumption
that there will be dry conditions in these seasons. These results were in
agreement with previous studies of precipitation in future scenarios
(Lopez-Moreno et al., 2009; Giorgi and Lionello, 2008). For autumn, we
may also assume dryer conditions, based on the expected decrease in
types W and Cyclonic, and an increase in the Anticyclonic type. This
behavior was in agreement with the expected increase in the NAO index
toward the end of the 21st century for those scenarios (Stephenson et al.,

2006).
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9. A new circulation
weather type classification
based upon Lagrangian air

trajectories

9.1. Introduction

The relationship between circulation weather types (CWT) and
surface climate gained a lot of interest in the last decades as mention
several times during this work and also studied here for the target
region.

Traditionally, CWT are specific to a certain region and result
from the examination of gridded synoptic weather data - typically based
on SLP or geopotential height (usually at 500hPa). Since these types are
based on one time instance of SLP or H500, they are called Eulerian
classifications.

The analysis of trajectories approaching a target region provides
an alternative possibility of studying CWT (e.g., Stohl and Scheifinger,
1994; Jorba et al., 2004; Nyanganyura et al., 2008). For such applications,
Lagrangian models are used to divide the atmosphere into a set of air

parcels moving according to the three-dimensional winds (Stohl, 1998;
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Stohl et al., 2001). The path followed by the air parcels, i.e. the trajectory,
accurately characterizes the history of the air streams arriving at a
specific site. Trajectory analyses are commonly used in air quality
studies and are typically based on cluster analysis for large sets of
trajectories (e.g., Dorling et al., 1992a; Riccio et al., 2007). Most of these
studies only rely on the position (latitude, longitude and height) of the
air parcels. If, in addition considering specific humidity along the
trajectories, they can also be used to study atmospheric moisture
transport by tracking air parcels moving into a given area (James et al.,
2004; Nieto et al., 2006; Gimeno et al., 2010) or to identify moisture
sources for precipitation events (Sodemann et al.,, 2008). Trajectory
analysis has also been very fruitful for the examination of
meteorological phenomena like warm conveyor belts and tropical
moisture export (e.g., Wernli and Davies, 1997; Stohl, 2001; Eckhardt et
al., 2004; Knippertz and Wernli, 2010).

In this chapter, a new classification method of the synoptic-scale
circulation is presented. It is based on the analysis of backward
trajectories (see section 5.6) and determines for each day at 12 UTC the
representative flow for the target region (Northwest Iberian Peninsula).
The new method is then compared to an automated version of the
Eulerian Lamb classification (Lamb, 1972; Jones et al., 1993).
Additionally, the relationship between CWT and precipitation is
analysed in order to investigate if the new method is able to distinguish
different precipitation characteristics. Several case studies (see section
5.7) will be presented in order to illustrate and validate the method. The
case studies embrace different synoptic patterns that typically affect the
Northwest Iberia Peninsula such as: cold front, cut off low, high

precipitation event, coldwave, heatwave and blocking event.

140



9. A new circulation weather type classification based upon Lagrangian air trajectories

The remainder of this chapter is organized as follows: section 9.2,
the new CWT classification based on Lagrangian backward trajectories
is described. The wusefulness of the proposed methodology is
investigated with several case studies in section 9.3 and compared with
the Lamb circulation in section 9.4. A climatological assessment of the
trajectory types is discussed in section 9.5. Finally, section 9.6

summarises the main results.

9.2. New classification based upon Lagrangian
Backward Trajectories

From the global dataset, the particles that arrive in the NW Iberia
Peninsula (41°N - 44.5°N and 10°W - 6°W) on a particular day are
selected so that the classification will be based on the properties of those
selected air particles. In this case, the number of daily trajectories ranges
approximately from 50 to 400. The amount of air particles has a seasonal
cycle with higher values in winter and lower values in summer.

In a first step we apply a non-hierarchical clustering to normalize
the data set, i.e., we make sure that an equal number of representative
trajectories characterize the general flow at NW Iberia Peninsula in all
seasons. Based on the normalized back-trajectories, the CWT catalogue
is built by further classification. Note that stratospheric air parcels are
neglected through the exclusion of the clusters whose centroids have a
height larger than 14 km. In the following sections the method is

described in greater detail.

9.2.1. Clustering of trajectories

Trajectories of air parcels that are in the target domain at the

chosen time step were selected and the respective 90-hour backward
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trajectories were retrieved from the global dataset (Fig. 9.1). The
atmospheric circulation, for each day at 12 UTC, is assumed to be
characterized by at most five distinct air streams (trajectory clusters). In
a first step, a non-hierarchical clustering algorithm is applied, using the
squared Euclidean distance as a similarity measure between the
members of the initial set. The aim is to horizontally separate different
air streams. It is based on the first part of the method proposed by
Dorling et al., (1992a). For a detailed description of the method please
refer to sections 2a) to 2c) of Dorling et al., (1992a).

Clusters with less than 10 trajectories are not included in the next
clustering step. This is done to only keep the most representative air
streams for a given day. The intensity of the remaining air streams can
be measured by the number of trajectories in each cluster. An example
for a particular day (11/11/1999) is provided in Fig. 9.1 with the color
lines showing the trajectories of different clusters and the thick black
lines representing the centroid trajectory of each cluster, which is
defined at each time as the average of the latitude-longitude coordinates
and the meteorological variables (see section 5.6) of the trajectories in
that cluster.

In the Dorling method, if less than five centroid trajectories are
found, the assumption is made that they are meteorologically different
enough from each other. Then, no additional action is required and they
remain as separate clusters.

On the other hand, if the number of clusters from the first
(horizontal) clustering exceeds five, a further reduction is necessary.
This is accomplished with a second (hierarchical) clustering based on the
height of the centroid trajectory (H), the distance to the target area (D),
specific humidity (Q) and latitude (LAT).
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Figure 9.1. Backward trajectories (90h) arriving to the northwest Iberia Peninsula
(41°N - 44.5°N and 10°W - 6°W) on a particular day (11/11/1999 - 12 UTC) in color
lines and the respective clusters position (blue dots) computed by the Dorling method
(dark lines).

Hierarchical clustering constructs a hierarchy of sets of groups,
each of which is formed by merging one pair from the collection of
previously defined groups. In order to choose which clusters should be
combined, a measure of dissimilarity between the different trajectories is
used. This is achieved by use of an appropriate metric (a measure of
distance between pairs of observations).

In this case, the standardized Euclidean distance is used to
compute the pairwise distance between centroid trajectories.
Furthermore a linkage criterion which specifies the dissimilarity of the
trajectories as a function of the pairwise distances of observations is also
used (Wilks, 2006). Here, the dissimilarity of the trajectories is the
weighted average distance (Hastie et al., 2009). This process is iterated
until the maximum number of clusters in the hierarchical clustering

becomes five. The centroids of the hierarchical clustering are computed
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with the centroids trajectories taken from the previous clustering
(Dorling method) as shown in Fig. 9.2.

At this stage, a maximum of five distinct air stream represent the
flow on a particular day, each being characterized by their temporal
evolution of latitude, longitude, height, specify humidity and distance to
the target region. This was achieved by using the two-step clustering
methodology explained above

As an example, the hierarchical clustering for the day shown in
Fig. 9.1 is provided in Fig. 9.2 where time evolution of the backtrajectory
properties (which correspond to the centroids found in the previous
clustering (Dorling method) for each variable used in the clustering is

shown.

9.2.2. New characteristics and dynamical classification

For each day, each representative air stream is characterized by
four distinct Lagrangian flow properties. This classification enables to
attribute to each air stream an 'index' for each of the four studied
features. A description of the respective variables and criteria is given

now.

Moisture Uptake (MU)

MU describes the moisture uptake of the air stream. It represents
the integrated change in specific humidity (AQ) of an individual air
stream from the initial point (i) to the arrival in the target region (f),

computed as:

(1) AQ:Qf -0,

144



9. A new circulation weather type classification based upon Lagrangian air trajectories

x 10
a) 12000 — b)7f
10000f T N 6
8000f \/ o~ _ °
—_ m4,
E 6000 5
: 4000 o2
2
2000 4
0 oL ———————
90 -78 86 -54 -42 -30 -18 -6 0 90 -78 66 -54 -42 -30 -18 -6 0
Hour Hour
c) 80 d) 7000
6000+
70
5000
g 0 T 4000
= 3
2000}
40
1000
L P —— ol
90 -78 66 -54 -42 -30 -18 -6 0 90 -78 66 -54 -42 -30 -18 -6 0
Hour Hour

40°W

Figure 9.2. Time evolution of the back-trajectory properties for a) height of trajectory
(H), b) specific humidity (Q), c) latitude and d) distance to the center (D) shown in Fig.
9.1. The colored thin line corresponds to the centroid trajectories (previous computed
with the Dorling method) while the colored thick lines correspond to the final five air
streams characterizing the day (see text for details). In e) the final air streams are
shown. The color code is the same as in a) to d).
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The histogram of AQ (Fig. 9.3a) for all air streams resembles a
normal distribution and the division is made into 3 classes:

* (Q-) AQ in the lower tercile of the distribution; it corresponds
to a decrease in humidity along the path;

* (Q+) AQ in the upper tercile of the distribution; it corresponds
to an increase in humidity along the path.

* (QO) if AQ falls between the two classes mentioned above; it
corresponds to small changes (positive or negative) of the humidity

along path.

Zonality Index (ZI)

ZI describes the curvature of the path of the air streams (curved
or straight). It is computed by integrating the absolute value of the

radius of curvature (R) for each sub-section of the air stream:
=f
@ Z1=2(R)
=i

It can be seen as a Lagrangian based zonality index - the term
‘zonality” used in a generalized way where it refers to a weakly-curved
flow compared to a strongly undulating flow. The histogram of ZI (Fig.
3d) shows a positively skewed distribution. It is divided into two
classes:

* (Z-) ZI below the 50th percentile; it corresponds to a weakly-
curved air stream;

* (Z+) ZI above the 50th percentile corresponds to a strongly

curved air stream.
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Figure 9.3. Histograms distribution for: a) integrated changes in specific humidity
(AQ), b) distance “travelled” by the particle (D), c) integrated value of the curvature
(Rnet) and d) integrated absolute value of the curvature (ZI). For AQ and D the tercile
values are indicated with a dotted black line and for ZI the 50th percentile.

Cyclonicity Index (CI)

This index determines whether the flow is cyclonic or
anticyclonic, and to which degree this applies. It is based on the radius
of curvature (R) of the air stream and combines three flow features:

(1) RC, the percentage of the air stream with a relatively small
cyclonic radius of curvature between 0 km and 1000 km: RC = %(0 km <
R <1000 km); as an example, if RC is greater than 25%, at least 25% of
the air stream has a small cyclonic radius of curvature.

(2) RA, the corresponding percentage with an anticyclonic radius

of curvature between 0 km and 1000 km: RA = %(-1000 km < R < 0 km);
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(3) Rnet, the net curvature of the flow (negative for anticyclonic
and positive for cyclonic) computed by integrating the value of the
curvature along the air stream (the histogram for Rnet is presented in

Fig. 9.3¢):
=f
@) R =2 (R)

The Cyclonicity Index Cl is divided into five classes:

* (Cs) RC > 25% and RA < 25%, the air stream has small cyclonic
curvatures during at least 25% of the path; it is strongly affected by
meso- and synoptic-scale cyclonic systems (e.g. extra-tropical cyclones)

* (As) RA > 25% and RC < 25%, the air stream has small
anticyclonic curvatures during at least 25% of the path;

* (CsAs) RC > 25%, and RA > 25%, during the path the air
stream has both small cyclonic and anticyclonic curvatures;

* (Cnet) if the three classes above do not apply, Rnet, is used:
Rnet > 0, i.e., on average cyclonic path;

* (Anet) as (Cnet), but for an average anticyclonic path, i.e., Rnet
<0.

Distance and Origin (DO)

This characteristic classifies each air stream both in terms of
integrated distance D along the air stream (short (S), medium (M) and
long (L) range transport) and its initial position. A four-point compass is
centered in the domain allowing 90° per sector (see Fig. 9.4 for details)
and the variable O (origin quadrant) therefore can take on four discrete
values (NE, SE, SW, and NW). O is determined by the position of the

initial point of the air stream.
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Figure 9.4. Definition for the Distance and Origin (DO) characteristic for the air
streams. The circles separate the different distance (D) classes: short range (S), medium
range (M) and long range (L). The origin of the air streams is split into the four regions
SW, NW, SE and NE. In total, 12 classes result for DO.

The histogram of D is shown in Fig. 9.3b for all air streams, and it
is divided into three classes:

* (S) D in the lower tercile of the distribution (less than 3076 km).
It corresponds to short range transport;

* (M) D in the middle tercile of the distribution (greater than
3076 km and less than 5391 km), corresponding to medium range
transport;

* (L) D in the upper tercile of the distribution (greater than 5391
km) corresponding to long range transport.

As an example, if an air stream is classified as L-SW in terms of
DO it means that it experienced long range transport and its initial point

was in the 3rd quadrant (SW).
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Final Catalogue

A sample of the catalogue from 01/12/1999 to 18/02/2000 is
provided in Fig. 9.5. In synthesis, the final catalogue has for each day a
maximum of five air streams (clusters) and each air stream is
characterized by the four parameters (MU, ZI, CI and DO) described
above. Additionally, one day or multiple days can be characterized by a
single string of labels indicating the most frequent classes encountered
for each characteristic. For example, if one day or multiple days are
classified as [Q-, Z+, Anet, L-SW] - this case corresponds to the first air
stream of the first day (01/12/1999) and it is shown in Fig. 9.5. Then the
majority of the air streams had respectively: a decrease in humidity
during the path, a significantly curved trajectory, a mean anticyclonic

path, and a long-distance pathway from the SW quadrant.

9.3. Trajectories types for selected case studies synoptic
patterns

The NW Iberia Peninsula is affected by different synoptic
weather systems (Gomez-Gesteira et al., 2011). Several case studies will
now be analysed in order to validate the Lagrangian classification for
different synoptic conditions and to compare it with the Eulerian Lamb
CWT for a given case (chapter 6). The corresponding CWT for the NW
Iberia Peninsula (Lorenzo et al., 2008; chapter 6) will be given for each
case study. Furthermore, the case studies also illustrate different ways
how the information in the final catalogue can be presented. It is also
important to notice that every trajectory that is represented in the case
studies corresponds to the final cluster results and therefore

representing the different air streams for each day.
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Figure 9.5. Representation of the final catalog for 80 first days (from 01/12/1999 to
18/02/2000). Each day is characterized by at most five air streams and each air stream
can be described by four flow properties (MU, ZI, CI and DO), as discussed in section
9.2. The legend should be interpreted like this: for different categories the colors
indicates a different class. For example, the first air stream of the first day (01/12/1999)
is classified has [Q-, Z+, Anet, L-SW]. The * in the legend indicates that there is no
correspondent class.
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9.3.1. Cold front - 12/11/2002

The NW Iberia Peninsula is often affected by the passage of cold
fronts associated with the storm track in the North Atlantic Ocean and
the passage of cyclones that strike directly the region (Trigo, 2006).
Therefore, the study of a cold front system is first presented. On the 12th
November 2002, a typical cold front associated to a low pressure system
located west of the British Isles affected the NW Iberia Peninsula (Fig.
9.6). The corresponding Lamb CWT for that day was a 'W' type.
Additional information can be obtained from the Lagrangian-based
classification. For this day there are five main airstreams arriving to the
region, their characterization given in Fig. 9.6. For example, besides the
long range transport, some short range and medium range transport
features are also found. All the air streams present on average a cyclonic
path (CI), while the majority is only weakly curved (ZI): they are not
strongly affected by meso- and synoptic-scale cyclones on their way to
NW Iberia Peninsula. With respect to the integrated changes in the
specific humidity (MU) the signal is not so clear. There is one air stream
with a decrease in humidity, two air streams with an increase in
humidity, and two with small humidity changes. In summary, this day
can be characterized by the string [Q+/Q0, Z-, Cnet, L-SW], as

determined from the predominant characteristics.
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[QO, Z+, Cnet, L-SW]
[Q-, Z-, Cnet, L-SW]
[Q+, Z+, Cnet, S-NW]
[Q+, Z+, Cnet, M-NW)]
——[Q0, Z-, Cnet, L-SW]

60°W

40" W
Figure 9.6. Air streams for the cold front case study (12/11/2002). Each color
represents a different air stream - see legend.

9.3.2. Cut off low system - 10/10/2001 to 12/10/2001

Cut off low systems (COLS) are very common in the
Mediterranean region of the Iberia Peninsula, but not as common in the
NW Iberia Peninsula (Nieto et al., 2005). In any case COLS are a very
important synoptic weather system to be analyzed since most of the
time they are associated with reduced thermodynamic stability beneath,
hence enhancing the convection in the region, and they do not
necessarily have any signature in the SLP field (Nieto et al., 2005; Nieto
et al., 2007a; Ramos et al., 2011). This particular COL became stationary
for three days in the Iberia Peninsula between 10/10/2001 and
12/10/2001 (Nieto et al, 2008) and it did not have any particular
signature at the surface level. The Lamb CWT for the three days are A, A
and S, respectively. These CWT are often associated with low rainfall in
the region (Lorenzo et al., 2008), which is not the case for the present
case, since a total of 32 mm of precipitation was registered at the

Lourizan station.
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The total number of air streams for these three days are 15 which
makes the pure listing of the characterising strings no longer a
reasonable option and therefore a more graphical presentation needed.
Fig. 9.7a) presents the air streams for this case while in Fig. 9.7b) the
catalogue of the Lagrangian types for these 3 days. This catalogue (Fig.
9.7b) must be carefully read from bottom to top. The air streams are
identified and characterized independently for each day: e.g. air stream
2 at day 2 might be the ‘natural continuation’ of air stream 1 at day 1.
Therefore, an abrupt change in the air stream characteristics from one
day to the next is not necessarily physical relevant.

The new method is able to capture the cyclonic circulation at
high levels of the atmosphere. This is clear in CI where the cyclonic
classes (Cs and Cnet) dominate. The air streams on these three days are
typically strongly curved (Z+). With respect to humidity (MU) the most
frequent class corresponds to small changes (positive or negative)
followed by the class that corresponds to a decrease in humidity. These

three days have the following characterization: [Q0, Z+, Cs, L-SW].

a)
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w 40 W z
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Figure 9.7. a) Air streams and b) final characteristics catalogue of the trajectory types
classification for the cut-off low system case study (10/10/2001 - 12/10/2001).

9.3.3. 5-day averaged highest precipitation period - 17/10/2001 to
21/10/2001

Given that the NW Iberia Peninsula is the region with highest
annual precipitation in the Iberia Peninsula (Herrera et al., 2010; SIAM,
2002), the next case study focuses on the most intense precipitation
period averaged during five days for the region (17/10/2001 to
21/10/2001) with an average amount of 41.9 mm. During these days the
NW Iberia Peninsula was under the influence of a stationary extra-

tropical cyclone located in the NW Iberia Peninsula with pressure centre
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values below 1000 hPa (not shown). The correspondent Lamb CWT for
the five days respectively were CSW, SW, C, C, CSW, corresponding to
types that often produce precipitation in NW Iberia Peninsula.

Focusing on the Lagrangian types (Fig. 9.8), results confirm a
high cyclonic circulation in the region (Cs and Cnet) with more of 80%
of the air streams presenting strong curvature (Z+), which is perfect
visible when looking at the trajectories of the air masses. Most of the air
streams correspond to short or medium range transport. In addition, the
string [Q-, Z+, Cs / Cnet, M-NW] summarizes the features for this

period.

60°W

40°wW
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Figure 9.8. a) Air streams for the precipitation period case study (17/10/2001 to
21/10/2001). b) Scatter plot with frequencies of air streams characterized by MU and
CL

9.3.4. Coldwave - 15/12/2001 to 22/12/2001

The December 2001 cold wave stroke not only the NW Iberia
Peninsula, with the highest anomalies for minimum temperature in the
Lourizan weather station, but also other countries in Europe. In this
particular days (15/12/2001 to 22/12/2001), there was an anticyclone
located over the British Isles and two low-pressures systems located on
the left and right of the anticyclone, usually known as the omega
blocking pattern (not shown). In fact, according to the blocking database
by Barriopedro et al., (2010), there was a blocking episode in the Atlantic
during those days. The Lamb CWT for this period varies from SE, AS
and A types.
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When looking at the trajectories types (Fig. 9.9) a clear omega
pattern emerges with cold air being advected from the North and SE of
central Europe to the NW Iberia Peninsula. On the contrary of Catalonia
region (where heavy snow occurs), the precipitation in NW Iberia
Peninsula (Lorizan Station) in those days was zero. This seems to be
confirmed by the analysis of MU, where most of the trajectories present
no significant changes in the specific humidity while the circulation is
mainly anticyclonic (As and Anet). The distance and origin is
distributed approximately to 1/3 in each class. This cold-wave event, in

the trajectory types, is categorized as [Q0, Z+, Anet, L-NW].

60"y,

40" W
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Figure 9.9. a) Air streams (each color represent a different day) and b) characteristics of

the trajectory types classification for the coldwave case study (15/12/2001 to
22/12/2001).

9.3.5. Heatwave - 01/08/2003 to 15/08/2003

The heatwave event of 2003 (01/08/2003 to 15/08/2003) stroke
not only Central Europe (Garcia-Herrera et al., 2010) but also the NW
Iberia Peninsula (Trigo et al., 2009; deCastro et al., 2011). The northward
displacement of the North Atlantic Subtropical High is recognized to be
the most probable mechanism responsible for the August 2003 heatwave
(e.g., Black et al., 2004; deCastro et al., 2011). The correspondent daily
Lamb CWT for this period is shown in Table 9.1). Most of the days are
A-related types followed by C type. This C type is probably due to the
thermal low that frequently develops over the Iberia Peninsula in

summer (Hoinka and De Castro, 2003).
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Table 9.1. Lamb Circulation weather types for each day of the heatwave (1/8/2003 -
15/8/2003) case study.

Date
1/8/2003
2/8/2003
3/8/2003
4/8/2003
5/8/2003
6,/8/2003
7/8/2003
8/8/2003
9/8/2003
10/8/2003
11/8/2003
12/8/2003
13/8/2003
14/8/2003
15/8/2003

nlol>|>|>z|2 > > [>|2]|0]w|>|>|3F

Additional information can be retrieved when analysing the
Lagrangian types (Fig. 9.10). Short range transport dominates (almost
2/3 of the air streams). In addition, there is advection of African air to
the Iberia Peninsula. Concerning MU, Q+ (increase in specific humidity)
is the most frequent class. Regarding CI, the most frequent classes are
As (small anticyclonic curvatures) and Cnet (air streams with averaged
cyclonic path). This is very interesting because the Lagrangian method is
able not only to capture the thermal low, responsible for the re-
circulations in the Iberia Peninsula with short range transport, but also
the anticyclonic circulation associated with medium and long range
transport. This heatwave event, according to the Lagrangian

classification, is categorized as [Q+, Z+, As, S-SW].
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Figure 9.10. a) Air streams (each color represent a different day) and b) characteristics

of the trajectory types classification for the heatwave case study (01/08/2003 to
15/08/2003).
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9.3.6. Blocking episode - 14/01/2000 to 29/01/2000

Blocking events are characterised by a large-scale high pressure
system with an anticyclonic circulation dominating the troposphere
(Rex, 1950). In the target region the blocking events located over the
North Atlantic are known to influence the local weather (Barriopedro et
al., 2006). The selected event from 14/1/2000 to 29/1/2000 was the most
persistent blocking that occurred in the 12/1999 to 11/2004 period in the
North Atlantic. Blocking is associated with anomalous weather
conditions over long periods of time and large areas of the mid and high
latitudes (Barriopedro et al., 2010; Garcia-Herrera et al., 2007; Trigo et
al., 2004a). The correspondent daily Lamb circulation circulation type for
this period is shown in Table 9.2). Most common for this period are the
A and S related types.

A closer look at the Lagrangian classification catalogue (Fig. 9.11)
reveals that most of the air streams present an anticyclonic path (As and
Anet). In addition more than 3/4 of the air streams are strongly curved
(Z1+), while the air streams with no change in humidity are the most
common ones (Q0). In terms of integrated length (D), medium and long
range transport dominates. This blocking event can be summarized as

[QO, Z+, As, M-NW].
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Table 9.2. Lamb Circulation weather types for each day of the blocking (14/1/2000 -

29/1/2000) case study.

Date WT
14/1/2000 CNE
15/1/2000 E
16/1/2000 S
17/1/2000 S
18/1,/2000 AS
19/1/2000 S
20/1/2000 AS
21/1/2000 AE
22/1/2000 ANE
23/1/2000 ANE
24/1/2000 ANE
25/1/2000 S
26/1/2000 SE
27/1/2000 SE
28/1/2000 A
29/1/2000 AW

40" W
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Figure 9.11. a) Air streams and b) final characteristics catalogue of the trajectory types
classification for the for the blocking event case study (14/01/2000 to 29/01/2000).

9.4. Comparison between Lamb circulation weather
types and trajectory types

In this section the relationship between the Lamb CWT and each
characteristic of the new Lagrangian classification is studied, in order to
check for coherence and consistence. The frequency of each Lamb CWT
is shown in Table 9.3. Circulation type A is the most frequent one with
almost 25% of the days followed by the SW and W type. Since the HC
and HA circulation types are a mixture of all the hybrid directional

types, the following discussion is only focused on the pure types.
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Table 9.3. Frequency (%) of occurrence of Lamb circulation weather types during the

1/12/1999 - 30/11/2004 period.

Circulation type | Number of days (%)
NE 4.3
E 25
SE 1.8
S 2.4
SW 10.2
4 10.5
NW 5.7
N 2.6
C 7.2
A 25.9
HC 7.6
HA 194

For each day with a certain Lamb CWT the frequency of the

Lagrangian classes is analysed. For MU (Fig. 9.12), there is a clear

difference between the frequency of Q- when comparing the easterly

with the westerly types. In general, easterly types are characterized by

small changes in humidity along the path, while the westerlies are

characterized by a decrease in the humidity. The difference between the

C and A type is also prominent, higher frequencies are found for Q+ in

the case of C type and QO in the case of the A type.
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Figure 9.12. Relationship between Lamb circulation weather types and the Lagrangian
flow property MU. For each circulation weather type the frequency of each MU class is
presented.

For the zonal index (ZI) (Fig. 9.13), a marked difference between
easterly and westerly types is observed. The easterlies are characterised
by more frequently curved trajectories (Z+) while the opposite occurs
for the westerlies (less curved trajectories). The difference between the C
type and the A types is also noticeable with the trajectories being
frequently more curved in the C type than in the A type.

Results for the cyclonicity index (CI) (Fig. 9.14) show a good
differentiation between the frequencies of the five classes when
comparing different CWT. For example, in the C types the frequency of
the air streams which have Cs (small cyclonic curvatures) and Cnet

(averaged cyclonic trajectory) is very high, 40% and 37.5%, respectively.
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On the contrary, the A type presents higher frequencies for class As
(small anticyclonic curvatures) and Anet (averaged anticyclonic
curvatures). For the NW and W types also the Anet class is more

frequent while for the SW types the Cnet class is more frequent.
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Figure 9.13. Relationship between Lamb circulation weather types and the Lagrangian
flow property ZI. For each circulation weather type the frequency of each ZI class is
presented.
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Figure 9.14. Relationship between Lamb circulation weather types and the Lagrangian
flow property CI. For each circulation weather type the frequency of each CI class is
presented.

Regarding the distance characteristic (D) (Fig. 9.15), the
frequencies of the different classes are expected to differ between the
Lamb CWT. For the NE, E, SE and S types nearly 45% of the air streams
show short range transport, while the SW, W and NW types are
typically characterized by medium and long transport.

The origin characteristic (O) (Fig. 9.16), is going to be analysed.
As expected, when an S/SW/W/NW CWT occurs, the air streams for
these days have their origin points mainly in the SW/NW quadrants.
Concerning the NE/E/SE CWT days, results show that despite an
increase in the air streams coming from the NE and SE quadrants

(regarding the O characteristic) the majority of the air streams are
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classified as coming from the SW and NW. This can be explained
because the Lamb CWT are based on the surface level, while the
trajectory types are taking into account the 3-D structure of the
atmospheric motion. For this reason the signature of the jet stream (air
streams where its initial point is in the NW and SW quadrant) is present

in the majority of the analysed days.
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Figure 9.15. Relationship between Lamb circulation weather types and the Lagrangian
flow property D. For each circulation weather type the frequency of each D class is
presented.
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Figure 9.16. Relationship between Lamb circulation weather types and the Lagrangian
flow property O. For each circulation weather type the frequency of each O class is
presented.

9.5. Climatological assessment of Lagrangian
circulation type classification

9.5.1. Intra-seasonal variability of individual characteristics

In this section we analyse if the new method presented in section
9.2 is able to distinguish the intra-seasonal circulation variability in the
region (Lorenzo et al., 2008; Gomez-Gesteira et al., 2011), and to this end
the mean frequency of the different characteristics of air streams is
examined for all seasons: winter (DJF), spring (MAM), summer (JJA)

and autumn (SON). In addition the respective seasonal standard
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deviation was also computed in order to have an insight of the inter-
annual variability.

The analysis first focuses on the DO characteristic (Distance and
Origin) (Table 9.4). Results show that the western quadrants (5-SW, S-
NW, M-SW, M-NW, L-SW, L-NW) are found more frequently than the
eastern ones (S-SE, S-NE, M-SE, M-NE, L-SE, L-NE) for all seasons,
which reflects the fact that most of the time the domain is under the
influence of the westerlies (Peixoto and Oort, 1992). A remarkable
difference between winter and summer occurs for the transport
distance. Short transport classes are more frequent in summer (almost
43%) while the frequency of long range transport is larger in winter
(nearly 45%). This is in line with the intensification of the Northern
Hemisphere jet stream in winter compared to summer. In addition,
there is a shift of about 10° latitude in the belt of the westerlies towards
the pole in summer (Peixoto and Oort, 1992). The atmospheric
circulation in summer in the Iberia Peninsula is most of the time, under
the influence of a thermal low (Hoinka and De Castro, 2003). This
thermal low is responsible for local range transport and re-circulations
in the region. Finally, differences between spring and autumn are small.
The highest standard deviation are in general found for spring and
autumn season which are transition seasons and therefore have higher

variability than the other seasons.
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Table 9.4. Mean frequencies (%) of occurrence of the different classes for category
Distance and Origin (DO) and the respective standard deviation (%) in brackets. They
are shown during winter (DJF), spring (MAM), summer (JJA) and autumn (SON)
seasons in the 1/12/1999 - 30/11/2004 period and disaggregated by (a) short, (b)
medium and (c) long range transport.

a)

Short (S) NE SE SW NW Total
Winter 4.0 (1.4) 2.1 (1.6) 10.4 (3.3) 7.6 (1.7) 241
Spring 7.0 (3.5) 2.9(0.9) 12.2 (4.6) 11.2 (1.0 33.4
Summer 3.6 (1.8) 2.3 (1.8) 19.1 (2.0) 17.9 (1.7) 429
Autumn 3.6 (24) 2.5 (1.3) 14.1 (3.4) 12.8 (2.4) 33.1
b)

Medium (M) NE SE SW NW Total
Winter 1.7 (0.9) 0.2 (0.2) 15.5 (1.7) 13.2 (2.8) 30.6
Spring 1.2 (0.6) 0.3 (0.2) 14.7 (3.5) 17.3 (2.0) 33.4
Summer 0.5 (0.3) 0.0 (0.0) 16.8 (2.1) 17.3 (1.1) 34.7
Autumn 1.4 (0.8) 0.1(0.2) 13.4 (1.9) 18.0 (1.5) 32.9
<)

Long (L) NE SE SW NW Total
Winter 0.4 (0.3) 0.0 (0.0) 309 (4.3) 14.0 (1.7) 45.3
Spring 0.2 (0.2) 0.0 (0.1) 20.7 (5.1) 12.2 (2.0) 33.2
Summer 0.0 (0.1) 0.0 (0.0) 8.9 (1.3) 13.4 (1.7) 22.4
Autumn 0.0 (0.1) 0.0 (0.1) 18.1 (2.9) 15.8 (1.6) 34.0

Focusing on the MU parameter (Moisture Uptake), Fig. 9.17
shows that Q0 dominates in winter and spring, i.e. only small changes
(positive or negative) of the humidity are found along the air streams. In
contrast, Q+ is the most frequent class in summer corresponding to an
increase of humidity along the path. This fact can be associated with
high values of sea level temperature (SST) of the Atlantic Ocean and
Mediterranean Sea, favouring evaporation in summer. In autumn, Q- is
the most frequent class, associated with a loss of humidity due to
precipitation along the air stream. The seasonal variability (standard

deviation) is relatively low for the MU parameter.
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Figure 9.17. Frequencies (%) of occurrence of the Moisture Uptake (MU) during
winter (DJE), spring (MAM), summer (JJA) and autumn (SON) seasons in the
1/12/1999 - 30/11/2004 period. The respective seasonal standard deviation is also
shown (red lines).

With respect to ZI (Zonality Index) (Fig. 9.18), Z+ is the most
frequent class during the transition seasons spring and autumn, i.e.
strongly curved air streams predominate. The frequencies of the classes
differ clearly in winter and summer. In summer, Z- is more frequent
than Z+, while in winter both classes have similar frequencies. In
summer, as shown before, short transport classes are more frequent
(almost 43%) when compared with winter. This is in line with the
intensification of the Northern Hemisphere jet stream in winter
compared to summer, which produces strongly curved air stream in

winter, and weakly curved air streams in summer.
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Again, the highest standard deviations are found for spring and
autumn. In summer and winter, the standard deviations are relatively

low, despite being higher for winter than for summer.
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Figure 9.18. Frequencies (%) of occurrence of the Zonality Index (ZI) during winter
(DJF), spring (MAM), summer (JJA) and autumn (SON) seasons in the 1/12/1999 -
30/11/2004 period. The respective seasonal standard deviation is also shown (red lines).

The frequency distribution for CI (Cyclonicity Index) (Fig. 9.19)
is again similar for the different classes during spring and autumn, with
Anet being the most frequent class. In winter the most frequent class is
Anet with 45% of the cases followed by the averaged cyclonic class
(Cnet) with a frequency near 25%. For summer the averaged
anticyclonic and cyclonic classes (Anet and Cnet) have similar
frequencies (near 32%) and also the classes with small anticyclonic (As)

and cyclonic curvature (Cs) exhibit similar frequencies (near 14%). In
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winter, as discussed above, most of the transport is long range and from
the western quadrants. In the selected domain, these quadrants
correspond to the North Atlantic domain frequently associated with a
high frequency of the anticyclonic CI. As mentioned before, in summer,
it is interesting to note that most of the time the Iberia Peninsula is
under the influence of a thermal low (Hoinka and De Castro, 2003) and
the method is able to identify this cyclonic feature in the region by an
increase of the frequency of the cyclonic CI class. In this case, the
standard deviations are relativity high compared to the other
characteristics (MU, ZI and DO). In any case these standard deviations
are less than 6% in the cases of spring, summer and autumn. In winter,

the intra-types variability is high specially in the As and Cnet classes.
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Figure 9.19. Frequencies (%) of occurrence of the Cyclonicity Index (CI) during winter
(DJF), spring (MAM), summer (JJA) and autumn (SON) seasons in the 1/12/1999 -
30/11/2004 period. The respective seasonal standard deviation is also shown (red lines).
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9.5.2. Combined characteristics

In this section, the combination of the different characteristics is
considered, separately for summer and winter. The characteristics MU,
Z1, CI and DO span a 4d phase space, with in total 3x2x5x12 discrete
“boxes” according to the number of classes for each characteristic - 3 for
MU; 2 for ZI; 3 for CI and 12 for DO (which in this section is divided into
3 (D) x 4(O) characteristics. But due to physical constraints some
combinations are evidently rather unlikely. For instance, air streams that
are classified as long-range transport for the east quadrants are very rare
due to the typical westerlies in the target region.

In order to look to this phase space a multi panel plot is shown in
Fig. 9.20 with a total of 5x5 panels for each characteristic for both
summer and winter. Each panel consists of a small matrix with the
frequency of occurrence between the correspondent characteristic, e.g.
the panel in row 1 and column 2 (MU vs ZI) is a 2x3 matrix according to
the classes Z- and Z+ and Q-, Q+, Q0. For instance, in the MU vs ZI
panel for summer and winter, it is shown that the most common
combination for the Q- class is the Z- class. In each panel the circles of
different sizes indicate the frequency with which a specific combination
is found, i.e. the radius of the circles is proportional to this frequency. In
addition, for each panel, the combination with highest frequency is
marked with a red dot.

For summer the most frequent air stream is [Q-, Z-, Anet, M-SW],
while for winter it is [Q-, Z-, Anet, L-SW]. It is interesting to note that
the most frequent air streams for summer and winter are almost the
same; the only change is found for the DO characteristic (M-SW vs L-
SW). This air streams corresponds to a decrease in humidity along the

path within a mainly zonal and anticyclonically curved flow. This
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means that some of the humidity that is advected, e.g. from the Gulf of
Mexico, across the North Atlantic is lost during the transport.

Since an exhaustive description of Fig. 9.20 is neither practical
nor simple, the most common combinations are marked (red dot) and
will be further discussed for summer and winter. For MU, the most
frequent classes (of the other characteristics) that occur in an air stream
classified as Q- are: Z-, Anet and M-SW in summer and L-SW in winter,
respectively. The latter is the most frequent combination in the entire
catalogue as mentioned before. For Q+ the most frequent combination is
Z-, Cnet (for winter and summer) and S-NW in summer and L-NW in
winter, respectively. This corresponds to air streams that have a mean
cyclonic trajectory and an increase of humidity along their path. Gimeno
et al., (2010) found that during wintertime the tropic-subtropical North
Atlantic corridor is the main supply of moisture to the NW Iberia
Peninsula, consistent with the above finding.

Regarding the Z- of the ZI characteristic the most frequent
combination is Q-, Cnet and M-SW in summer, and Q+, Anet and L-SW
in winter. For Z+, results show that the preferred combination is Q+, Cs
and S-SW in summer and QO0, Anet and L-SW in winter. In summer this
most frequent combination is associated with air streams that come from
the SW, experience short range transport and an increase in humidity
along their path. In winter, the more meridional circulation (Z+) is often
related with mean anticyclonic circulation that can be associated to

blocking events (see section 9.3).
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Figure 9.20. Multi-dimensional catalogue frequencies for (a) summer and (b) winter.
Each panel correspond the frequency of one characteristics compared with other. For
each panel the combination with highest frequency is marked with a red dot.
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The last characteristic discussed here is CI. There are no
particular differences in the three classes that corresponds to small-
radius circulation (Cs, As and CsAs), we therefore focus on the Cnet and
Anet classes. The most probable combination with Cnet in summer is
QO0, Z- and M-NW and in winter Q+, Z- and L-SW, respectively. It is
interesting to note that for summer Cnet is associated with Q0 while in
winter it is more frequently associated with Q+. Regarding Anet, results
for ZI, D and O are very similar to the ones found for Cnet. The main
difference occurs for MU with the most frequent class being Q- in
summer and Q0 in winter.

With this multi panel plot it is possible to see the combinations
shift from summer to winter, especially for the CI, D and O

characteristics.

9.5.3. Precipitation associated with trajectory weather types

CWT are often reflected in several surface climate variables
(Goodess and Jones, 2002; Hope et al., 2006; Lorenzo et al., 2008). In the
Iberia Peninsula, the relationship is particularly strong for precipitation,
therefore many studies investigated the impact of CWT on precipitation
(Trigo and DaCamara, 2000; Lorenzo et al., 2008; Gomez-Gesteira et al.,
2011). The most prominent differences occur between summer and
winter (see section 9.5.1) and therefore results are only shown for these
two seasons.

For each season, the average rainfall associated with each class
and its inter-annual variability has been computed. To do so, only the
days with at least two air streams with the same class were chosen. This
is done in order to choose only the days where a dominant class occur.

For instance, when computing the average rainfall related to the class Q-
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of the characteristic MU, only days with at least two air streams
classified as a Q- were chosen.

First of all, as expected, the average rainfall is higher in winter
than in summer (Fig. 9.21). For MU, there is no difference in the average
rainfall for the different classes during summer, while in winter a
considerably higher average rainfall is found for Q+ than for the other
classes. Moreover as mentioned before, there is long range transport
mainly from the western quadrants for this season. On the contrary the
lowest average rainfall is found for the QO (small changes in humidity).

For the ZI characteristic, again there is no particular difference in
precipitation for summer, while during winter higher values of average
rainfall are found for the less curved trajectories (Z-). In the NW Iberia
Peninsula, most of the precipitation in winter is associated with the
extra-tropical cyclones within the storm track (Trigo, 2006), mainly via
frontal systems passing over the region (Lorenzo et al., 2008). These
frontal systems, as shown in section 9.3, are typically characterized by
rather straight air streams. The case study for a blocking event (section
9.3), which typically is not associated to high values of precipitation in
the domain (Barriopedro et al., 2006 was characterized by rather curved
trajectories.

The CI characteristic is particularly interesting in terms of the
associated average rainfall. The cyclonic classes (Cs and Cnet) present
the highest values of average rainfall and the anticyclonic classes (As
and Anet) the lowest values. This result confirms the findings by
Lorenzo et al., (2008) who showed that the cyclonic types are most

prominent in situations with rainfall in the NW Iberia Peninsula.
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Figure 9.21. Seasonal average precipitation (mm) and the corresponding inter-annual
variability (ved lines) attributed to the Lagrangian.

Finally the DO characteristic presents high variability of average
rainfall for each class. In winter, it is found that the air streams that
come mainly from the western quadrant (S-SW, S-NW, M-SW, M-NW,
L-SW, L-NW) are associated with the highest values of average rainfall.
For these air streams from the western quadrants, the highest
precipitation values occur for the medium and long range transport, in
agreement with the results by Gimeno et al., (2010).

As a final investigation, five classes of rainfall magnitude are
defined: no rain, light rain, moderate, intense and very intense following

the method adopted in previous studies (Osborn et al., 2000; Lorenzo et
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al., 2008). The definition of the rainfall magnitude classes for summer

and winter can be found in Table 9.5 and results are shown in Fig. 9.22.

Table 9.5. Definition of each category of precipitation for winter (DJF) and summer
(JJA) seasons. Values are given in mm.

Period Light Moderate Intense Very intense
Winter 0<DP<3 3<DP<9 9<DP<21 DP > 21
Summer | 0<DP<15 | 1.5<DP<4 4 <DP<10 DP >10

In general, the highest values of average rainfall (Fig. 9.21)
correspond to the highest values of days with intense and very intense
rainfall (Fig. 9.22). The most interesting case is perhaps related to CI
where the cyclonic class (Cnet) has almost 50% of the cases considered
as intense or very intense precipitation days. Conversely, for the anti-
cyclonic class (As and Anet) most of the days (almost 80% and 70%,

respectively) correspond to no precipitation or light precipitation class.
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Figure 9.22. Contribution of each Lagrangian type (in %) to five different categories of
precipitation. The definitions of each category of precipitation are shown for summer
(winter) in the legend and are summarized in Table 9.5.
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9.6. Summary

A new classification method of CWT, based on the analysis of
backward trajectories, is presented in this work. A representative air
stream was determined for each day (at 12 UTC) for the target region in
the Northwest Iberian Peninsula.

Air parcels that are in the target domain (NW Iberia Peninsula)
at the chosen time steps were selected and the corresponding 90-hour
backward trajectories were then retrieved. The inherent time scale of 90
hours was chosen in order to focus the study not only the local
circulation but also to include the main synoptic features that often
affect the target area. In a first step, a clustering algorithm was applied
allowing a horizontally separation of the different air streams. Secondly,
if the number of clusters from the first (horizontal) clustering exceeded
five, a further reduction was accomplished with a secondary clustering
based on the height of the trajectory (H), the distance to the target area
(D), specific humidity (Q) and latitude (LAT). When the main
representative air streams are finally found, each air stream is
characterized by four distinct flow properties: 1) Moisture Uptake (MU)
represents the integrated change in specific humidity; 2) Zonality Index
(Z1) represents the curvature of the path; 3) Cyclonicity Index (CI)
represents the cyclonicity of the flow; and 4) Distance and Origin (DO)
classifies the air stream in terms of distance and initial position. The
final catalogue has for each time step a maximum of five air streams,
each being characterized by the four characteristics described above.
This method is able in reducing the large amount of information in a
comprehensive trajectory data set into a small number of distinct air
streams, which capture the essential dynamics of the meso- and

synoptic-scale flow situation.
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The method describes the three-dimensional complexity of the
atmospheric circulation. Moreover it provides time-integrated physical
information on the development of the systems (Lagrangian
perspective), which goes beyond the traditional description of the
instantaneous synoptic situation (Eulerian perspective). For example,
the Lagrangian classification allows capturing changes in moisture
along the flow due to evaporation and precipitation.

The climatological assessment of this new classification indicates
that the method is able to capture with good accuracy the main features
of the seasonality of regional climate. It allows for a proper distinction of
processes between seasons and helps determining aspects of the intra-
seasonal variability. For example, the short transport classes are most
frequent in summer (43%) while the frequency of long range transport is
largest in winter (45%).

Besides characterizing aspects of the annual cycle, the method is
able to identify distinct dynamical structures. The case studies illustrate
the Lagrangian categorization of intense precipitation events, heat
waves, cold fronts, blocking systems, cut off lows and extra-tropical
cyclones. For example, for the 2003 heatwave in the Iberia Peninsula, the
method captures the short range transport associated with the thermal
low, advection of African air streams, and the medium and long range
transport associated with the anticyclonic circulation. As a further
example, the cut-off low systems with its high-altitude depression is
picked up by the new method, whereas the Eulerian Lamb classification
is only able to pick up surface characteristics of the flow. In this sense,
the method goes a step further in adding valuable information to the
classification of a particular atmospheric flow situation. Indeed, a

comparison between this method and an automated version of the Lamb
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CWT classification for the Iberia Peninsula is shown in section 9.4 and
illustrates the general agreement while providing important additional
information.

In summary, the key advantages of the new method are:

1) it is able to summarize the complexity of the atmospheric
circulation by a string of five labels denoting, for each of the considered
flow characteristics, the class populated by the largest number of air
streams;

2) in contrast to the Eulerian CWT classification it takes into
account the history of the flow reaching a certain area. It better captures
both local and large-scale characteristics of the meteorological situation
and incorporates important information about the dynamic and
thermodynamic processes associated with the flow situation;

3) it captures aspects of the three-dimensional structure of the
atmosphere since the backward trajectories entering the flow
classification scheme are calculated on several tropospheric levels.

4) it is able to pinpoint synoptic situations, like cut-off low
pressure systems, that may not have a clear signature at lower
atmospheric levels and would be missed by classification based upon
the SLP field only.

Some disadvantages of using the new trajectory-based method
can also be found. First, the novel classification method is
computationally more demanding than traditional Eulerian ones. In
addition, if the target domain is increased, the number of trajectory
whiting a day also increases and therefore computation takes longer.
Furthermore, the novel method characterizes the complexity of the

atmospheric circulation by a set of five parameters. Clearly, this multi-
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dimensional approach results in a more challenging daily catalogue
compared to the classical CWT classifications.

The novel approach, developed here for the region of the Iberian
Peninsula, should be general enough to be suitable for the classification

of air streams over other regions on the globe.
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10. Summary, concluding
remarks and future work

This PhD thesis presented an assessment of the use of circulation
weather types in different climatological contexts. A pure
methodological essay was also presented, in which a new circulation
weather type’s classification is based on Lagrangian air trajectories. This
thesis focused on the northwestern Iberia Peninsula, but all of the
procedures and methodologies studied here could be easily applied to
other regions of the world.

As mentioned before, the objectives of this work were divided
into three parts:

1) In part one, the relationship between surface climate variables
and circulation weather types was studied (chapter 6);

2) In part two, the relationship between circulation weather types
and climate variability was examined (chapter 7 and chapter 8).

3) In part three, a new circulation weather type classification
scheme based on Lagrangian air trajectories was presented (chapter 9).

A brief summary of each part is presented below.

In the first part, the relationships between the circulation

weather types and the precipitation, temperature and lightning activity
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(cloud-ground discharges) in the northwestern Iberian Peninsula were
studied, as was the seasonal variability of these relationships (chapter 6).
The results showed a clear difference between the occurrence of a
particular circulation weather type and the average precipitation and
temperature produced by it.

The relationship between the circulation weather types and
lightning activity also allowed us to distinguish which types were
frequently associated with lightning episodes, and which types were
favourable for severe lightning episodes (in which a very high number
of cloud-ground discharges occurred per event). For the summer
months (which showed the highest lightning discharge frequency), the
northeasterly type showed by far the most prominent association with
thunderstorms over the northwestern Iberian Peninsula, with a high
lightning days ratio (45.7). Other circulation weather types such as the
anticyclonic type presented lower lightning days ratios (7.1) but high

cloud-ground discharge values.

In the second part, the compatibility between hemispheric modes
and low frequency variability modes in the North Atlantic European
sector was analyzed (chapter 7), using the circulation weather types for
the winter months in the northwestern Iberian Peninsula (January,
February and March). Evidence was provided that the low frequency
variability modes computed using the sea level pressure field and those
computed using the geopotential height at 500hPa fields were very alike
in this spatial window. The results showed that there was a high degree
of coherence between the frequency variability modes derived using a
statistical approach (using principal component analysis) and the real

physical circulations (as represented by the circulation weather types).
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This coherence was obtained not only for stationary modes, but also for
non-stationary ones. The use of a principal component analysis
approach that used continuous time windows enabled us to assess
whether changes in the intensity or position of these modes could
influence the local circulation.

The circulation weather types were used to evaluate the ability of
the coupled general circulation models to reproduce the present mean
frequency of the circulation weather types over the northwestern Iberian
Peninsula, and to study projection scenarios to find changes in the
circulation weather type variability in the 21st century (chapter 8). For
the present climate, a significant improvement was observed when the
systematic errors were removed from the sea level pressure fields, since
the differences between the circulation weather type frequencies from
the models and the reanalysis data were smaller than those found in the
results obtained without any sea level pressure corrections. It was
therefore found that in most cases, the discrepancies in the circulation
weather types between the models and the reanalysis data could be
explained by the seasonal mean bias.

The changes in the mean circulation type frequency were also
analyzed for the 21st century. Small changes (most of them less than 6%
significant) were found in the frequency of the types for the 2046-2065
period, while the differences in the second period (2081-2100) were
larger. The results showed that for the second period, there was a
decrease in the cyclonic, western, and southwestern types in spring and
summer, in all scenarios. This change was larger for the A2 scenario. For
autumn, there was a projected decrease in the western and cyclonic

types, and an increase in the anticyclonic type.
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The last part of this work presented a new method for the
classification of circulation weather types, which was based on the
analysis of backward trajectories (chapter 9). A two-step clustering
algorithm was applied to the backward trajectories arriving at the
northwestern Iberia Peninsula; this algorithm assumed that the
grouping of trajectories was established by taking into account not only
a horizontal separation of the different air particles, but also the
meteorological properties of each air particle. The final catalogue has,
for each time step, a maximum of five air streams, each being
characterized by the four characteristics described in chapter 9. This new
method was able to reduce the large amount of information in a
comprehensive trajectory dataset into a small number of distinct air
streams that captured the essential dynamics of the meso- and synoptic-

scale flow.

In the first part of this chapter, a small summary describing the
main results of the PhD thesis has been presented; in the following
section, the main conclusions of this PhD thesis are listed:

1) The cyclonic, western and southwestern types were the
synoptic patterns that produced the highest levels of
precipitation, while on anticyclonic-type days there was
virtually no precipitation in the northwestern Iberian
Peninsula. Regarding the maximum temperature, the highest
values were generally found for the southeast, south and
southwestern types, while the lowest values were found for
the western, northwestern and northern types.

2) It was observed that for different seasons, there were

different mechanisms associated with the triggering of
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3)

lightning activity in the northwestern Iberian Peninsula.
These mechanisms were often related to atmospheric features
that did not have a clear signature at lower atmospheric
levels, (e.g. sea level pressure fields); the circulation weather
types alone could not fully explain the mechanisms in all
cases.

Changes in the position and the intensity of the low
frequency variability modes in the North Atlantic European
sector tended to favour the occurrence of some circulation
weather types, in preference to others. The increase in the
explained variance of the continental zonal dipole, and the
increasing negative (positive) correlation between this mode
and the cyclonic (anticyclonic) type, helped to explain the
overall decrease in winter precipitation in the region studied.
The study of atmospheric local circulation using circulation
weather types can give valuable information when assessing
future climate change scenarios. Moreover, they are easy to
compute, which is an advantage over other methods (e.g.,
downscaling methods)

Based on the relationship between different circulation
weather types and the precipitation in the northwestern
Iberian Peninsula for present climate, one can make the
assumption that there will be dry conditions in summer and
spring. For autumn we may also assume dryer conditions,
based on the expected decrease in the western and cyclonic
types, and an increase in the anticyclonic type. This behavior
is in accordance with the increase in the NAO index that is

expected to occur toward the end of the 21st century.
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6) The novel trajectory-type method developed in this PhD
thesis is able to describe the three-dimensional complexity of
atmospheric circulation. Moreover, it provides time-
integrated physical information on the development of the
systems (from a Lagrangian perspective); this goes beyond
the traditional description of the instantaneous synoptic
situation (Eulerian perspective).

7) The new trajectory types capture aspects of the three-
dimensional structure of the atmosphere that allow synoptic
situations to be pinpointed—for example, cut-off low
pressure systems—that may not have a clear signature at
lower atmospheric levels, and would be missed by

classification methods based only on the sea level pressure

field.

The findings of this PhD thesis provide some insights for future
research. The use of circulation weather types to study surface climate
variability can be extended to other meteorological variables (e.g.,
relative humidity or wind speed). The use of wind speed at different
heights and different spatial locations and its relationship with
circulation weather types can be used by wind power generation
companies to decide on a first-guess location for their wind farms
(Carro-Calvo et al., 2011).

Regarding numerical weather prediction models, much could be
accomplished in the future. The implementation of a forecast system
based on circulation weather types could be easily applied for different
operational forecast models (e.g. MM5, WRF, ALADIN, GFS or
ECMWEF), since the methodology used in this work (Lamb circulation
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weather types) requires only the forecast sea level pressure field; in
addition, the computation is extremely fast, and uses very few
computing resources. This tool could help forecasters to improve the
prediction of weather, because of the prior knowledge of the
relationship between circulation weather types and the surface climate.

As mentioned before in section 9.6, there are some disadvantages
associated with this novel trajectory-based method. First, the novel
classification method is more computationally demanding than
traditional Eulerian ones. In addition, if the target domain is increased, it
is expected that the number of trajectory per day also increases, and
computation therefore takes longer. Furthermore, this novel method
characterizes the complexity of the atmospheric circulation using a set of
five parameters. Clearly, this multi-dimensional approach results in a
more challenging daily catalogue, compared with classical circulation
weather type classifications.

Taking into account these disadvantages, some improvements
are planned as future work:

1) Adapt the subroutine for the new trajectory types (which was
initially developed for Matlab) for the C++ language, so that the
subroutine can be used in a computational cluster, reducing the
time needed for the calculation of the trajectory types. This will
allow the method to be applied not only for larger areas, but also
for longer time periods, as seen below. This software, when
finished, will be available for free on the webpage of the
Ephyslab research group.

2) Use a 20 year (1980-2000) global Flexpart experimental run
(using ECMWEF reanalysis data) that was simulated in the

computational cluster of the Ephyslab group. In addition, with
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10. Summary, concluding remarks and future work

this 20-year data, new comparisons could be made between the
trajectory types and other circulation weather type methods. This
was not possible in this work, since the COST 733 circulation
weather type catalogue uses ERA40 data as an input, which only
spams to 2001. As proven before, there is a high degree of
coherence between the low frequency variability modes and the
circulation weather types. The use of 20 years of data would also
allow the detailed study of the relationship between the low

frequency variability modes and the trajectory types.

This method can also be applied in other regions of the world. It was
shown that this method described the three-dimensional complexity of
the atmospheric circulation, capturing the dynamics of the meso- and
synoptic-scale flow. This method can therefore be applied in cases
where one would like to study the atmospheric weather circulation. A
modified version of the trajectory types method is currently being
applied to study the summer transport of air masses in the North
American monsoon (Duran-Quesada et al., 2012).

The novel trajectory type method could also be applied in the
evaluation of extra-tropical cyclones in mid-latitude climates, improving
the knowledge of their structure and their role in moisture transport.

The method could also be applied in studies focusing on the
transport of pollutants (or dust intrusions), or even sources of local
atmospheric contamination; this would help to increase knowledge of
this topic, since most of these studies are currently based on the analysis

of the latitude, longitude and height of the trajectories.
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List of Acronyms

List of Acronyms

A: anticyclonic

AEMET: Agencia Estatal de Meteorologia

C: cyclonic

CAPE: convective available potential energy
CG: cloud-ground

CGCMs: coupled general circulation models
CMD: continental meridional dipole

COLs: Cut off lows

GPCP: global precipitation climatology project
CWT: circulation weather types

CZD: continental zonal dipole

DJF: December, January, February months

E: easterly

EA: East Atlantic Pattern

EA/WR: East Atlantic / Western Russia Pattern
ENSO: El Nifio-Southern Oscillation

EOF: empirical orthogonal function (EOF)

F: total flow

G: Xures/Geres
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List of Acronyms

e H1000 / H 950 / H500: geopotential height at level 1000hPa /
950hPa / 500hPa

e IM: Instituto de Meteorologia

e JFM: January, February, March months

e JJA:June, July, August months

e LD: total lightning days

e LI lifted index

e M: Mardo

¢ MA: Manzaneda

e  MAM: March, April, May months

e  MDF: magnetic direction finding

e N:north

e NAE: North Atlantic European

e NAO: North Atlantic Oscillation

¢ NE: northeasterly

e NW: northwesterly

e  OMD: ocean meridional dipole

e OZD: ocean zonal dipole

e PC: principal components

e PCA: principal component Analysis

e PDF: probability density function

e PW: precipitable water

e rLD: lightning days ratio

e RPCA: rotated principal component analysis

e S:south

e SCA: Scandinavian Pattern

e  SE:southeasterly

e  SET: Serra Estrela
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SLP: sea level pressure

SF: southerly flow

SON: September, October, November months
SSTs: sea surface temperatures
SW: southwesterly

Tmax: maximum temperature
Tmin: minimum temperature
TOA: time of arrival

U: zonal wind component

V: meridional wind component
W: west

WE: westerly flow

Z: total shear vorticity

ZS: southerly shear vorticity

ZW: westerly shear vorticity

List of Acronyms
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List of Figures
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Figure 1.1. Schematic view of the components of the climate system,
and their processes and interactions. Source: IPCC, 2007.

Figure 1.2. Estimate of the Earth’s annual and global mean energy
balance. Source: Kiehl and Trenberth, 1997.

Figure 1.3. Spatial patterns of the main teleconnections over the
Atlantic Northern Hemisphere. The figures represent the temporal
correlation between monthly standardized height anomalies at each
grid point, and the monthly teleconnection pattern time series from
1950-2005. (Adapted from Lorenzo et al., 2008).

Figure 2.1. Example of the objectivized Hess and Brezowsky (GWLs).
Climatological composites of GWLs 1-15 (out of 29) for the winter
half-year, showing H500 (color-filled field) and SLP (black contours)
(source: James, 2007).

Figure 2.2. An example of circulation weather types generated using
T-mode PCA. Mean H500 patterns of circulation weather types over
Europe, found for the observed data (left column), and their projections
onto the UKHI global climate model (right column). Each type is
represented by its number, and its frequency of occurrence (adapted
from: Huth, 2008).

Figure 2.3. An example of circulation weather types in Central and
Western Europe, generated using CKMEANS (source: Enke and
Spekat, 1997). Composite images of 1000 hPa geopotential height
charts for summer (JJA) in Central and Western Europe are shown.
The percentage values at the top right of each graph indicate the
frequency of the respective circulation weather type.
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Figure 2.4. Results of a trajectory cluster analysis showing nine
clusters that were identified with their trajectory members (originally
presented by Dorling et al., 1992a). The work is based on trajectories
arriving at Eskdalemuir (south Scotland) in the period February-July,
1981-1984.

Figure 3.1. Location of the area studied, enclosed by the red rectangle.

Figure 3.2. Orography of the Iberian Peninsula. The topologic names
mentioned throughout the chapter are also included in the figure.

Figure 3.3. Spatial distribution of (a) the mean annual maximum air
temperature (b) the mean annual minimum air temperature in the
Iberian Peninsula, during the 1951-1999 period (source: Ninyerola et
al., 2005).

Figure 3.4. Spatial distribution of the mean annual accumulated
precipitation, during the 1951-1999 period (source: Ninyerola et al.,
2005).

Figure 3.5. Seasonal spatial distribution of the mean maximum air
temperature (°C) for the 1961-2006 period, in winter (DJF), spring
(MAM), summer (JJA) and autumn (SON) (source: Gomez-Gesteira
etal., 2011).

Figure 3.6. Seasonal spatial distribution of the mean minimum air
temperature (°C) for the 1961-2006 period, in winter (DJF), spring
(MAM), summer (JJA) and autumn (SON) (source: Gomez-Gesteira
etal., 2011).

Figure 3.7. Seasonal spatial distribution of the mean accumulated
precipitation (mm) for the 1961-2006 period, in winter (DJF), spring
(MAM), summer (JJA) and autumn (SON) (source: Gomez-Gesteira
etal., 2011).

Figure 3.8. Annual spatial density distribution of CG discharges
(colored contours). Values are given as number of discharges/km? per
year, over a regular 0.2° x 0.2° grid. All CG discharges for each year
are represented by grey dots. The percentage of CGs per year is also
shown.
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Figure 3.9. Seasonal spatial density distribution of CG discharges
(colored contours). Values are given as the number of discharges/km?
per season, over a reqular 0.2° x 0.2° grid. All CG discharges for each
season are represented by grey dots. The percentage of CGs per season
is also shown.

Figure 3.10. Seasonal a) mean sea level pressure (hPa) and b)
geopotential height (m), during the 1961-1999 period, using the
NCEP/NCAR reanalysis data.

Figure 3.11. Seasonal spatial distribution of the positions where lows
reach their minimum central pressure, using the 6-hourly database of
the ERA-40 reanalysis and the cyclone tracking method of Trigo et al.,
1999. The values correspond to the average number of events detected
per 1.125° x 1.125° grid box (source: adapted from Gomez-Gesteira et
al., 2011).

Figure 3.12. Total seasonal frequency of blocking centre positions for
the 55-yr period 1948-2002; (a) spring, (b) summer, (c) autumn and
(d) winter. Blocking centre positions were calculated using the
NCEP/NCAR reanalysis dataset (source: adapted from Barriopedro et
al., 2006).

Figure 3.13. Spatial annual distribution of the cut off low systems,
created using NCEP/NCAR reanalysis. The values correspond to the
average number of events detected per 2.5° x 2.5° grid box (source:
adapted from Nieto et al., 2008).

Figure 3.14. Values showing correlation between monthly European
precipitation (CRU data set) and the corresponding monthly NAO
index, for the 1960-2000 period (source: adapted from Trigo et al.,
2008).

Figure 5.1. The locations of the nine (four in Portugal and five in
Spain) Lightning Location System detectors are indicated with capital
letters. The Portuguese regions referred to in the text are also
identified in the figure.

Figure 5.2. Location of each weather station. The ID numbers
correspond to the ones in Table 5.3.
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Figure 6.1. Pressure grid points used to compute the Lamb weather
types for the NW Iberian Peninsula.

Figure 6.2. Annual average composite SLP field of the 10 pure
circulation weather types, for the period 1948-2008.

Figure 6.3. Mean frequency (%) of circulation weather types in
winter (DJF), spring (MAM), summer (JJA) and autumn (SON).
These frequencies were computed using the NCEP/NCAR reanalysis
SLP fields for the period 1948-2008.

Figure 6.4. Values for the correlation between the monthly
precipitation data of the Lourizdn station in Galicia and the monthly
precipitation data of the GPCP, during the 1979-2004 period.

Figure 6.5. Average precipitation explained by each weather type, at
annual and seasonal scales. The seasonal division is the same as that
used in Fig. 6.3.

Figure 6.6. Contribution of the CWT to the different categories of
annual precipitation.

Figure 6.7. Same as Fig.6.6, but showing seasonal data.

Figure 6.8. Average annual and seasonal maximum and minimum
temperature for each pure circulation weather type.

Figure 6.9. Composites of days in winter with the NE circulation
weather type, for a) stable days and b) unstable days, for mean daily
fields of CAPE (J/kg), H1000 (m), and RH (%) and H500 (m).

Figure 7.1. Frequency (%) of circulation weather types in winter
months (JFM).

Figure 7.2. The first four leading EOF patterns for the winter months
(JEM) for the SLP field together with the respective variance (%)
explained by each.

Figure 7.3. The first four leading EOF patterns for the winter months

(JEM) for the H500 field together with the respective variance (%)
explained by each.
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Figure 7.4. Distribution of the four corresponding PC indices for each
circulation weather type. The boxes represent the lower, median, and
upper quartile values. The whisker lines are drawn at a scale of 1.5
times the inter-quartile range.

Figure 7.5. Variance explained by each EOF over time. The first
analysis window is 1948-1977 (centred on 1962) and the last is 1976-
2005 (centred on 1990). The CZD, CMD, OZD, and OMD are
represented by the blue, green, red, and black lines, respectively.

Figure 7.6. The first four leading EOF patterns for the winter months
(JEM) obtained using a PCA on the SLP field using a 30-year moving
window.

Figure 7.7. Intensity of the modes given by doing the seasonal average
(JEM) of the daily PCs of the modes represented in Fig. 7.2 30-year
moving average is also represented (black lines).

Figure 7.8. Correlation between the four principal loading factors and
the winter frequency of the circulation weather types. The significance
at the 95% level is also shown (dotted lines). The first analysis
window is set as 1948-1977 (centred on 1962) and the last window is
1976-2005 (centred on 1990). Cyclonic and anticyclonic are denoted
by C and A, respectively. The CZD, CMD, OZD, and OMD are
represented by blue, green, red, and black lines respectively.

Figure 8.1. Mean seasonal SLP differences for the 1961-1999 period.
The first column shows the seasonal mean SLP during the 1961-1999
period, using the NCEP/NCAR reanalysis data. The next columns
show the difference between the mean SLP from the three models
(IPSL, ECHAMSb, CCSM3 respectively) and the mean SLP from the
NCEP/NCAR reanalysis during the period 1961-1999.

Figure 8.2. Projected seasonal mean frequency of the circulation
weather types changes (%) for the late 21st century (2081-2100), in
the scenario A1B. The mean frequency of the circulation weather types
are shown relative to the 1961-1999 period (IPSL, black circle,
ECHAMS, red triangle and CCSM3, blue square). The filled symbols
show the differences that were significant at a level of 0.05, as
determined using a Wilcoxon rank sum test. The seasons were defined
as follows; winter (DJF), spring (MAM), summer (JJA) and autumn
(SON).
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Figure 8.3. The same as Fig. 8.2, but for the SRES B1 scenario.

Figure 8.4. The same as Fig. 8.2, but for the SRES A2 scenario.

Figure 9.1. Backward trajectories (90h) arriving to the northwest
Iberia Peninsula (41°N - 44.5°N and 10°W - 6°W) on a particular day
(11/11/1999 - 12 UTC) in color lines and the respective clusters
position (blue dots) computed by the Dorling method (dark lines).

Figure 9.2. Time evolution of the back-trajectory properties for a)
height of trajectory (H), b) specific humidity (Q), c) latitude and d)
distance to the center (D) shown in Fig.9.1. The colored thin line
corresponds to the centroid trajectories (previous computed with the
Dorling method) while the colored thick lines correspond to the final
five air streams characterizing the day (see text for details). In e) the
final air streams are shown. The color code is the same as in a) to d).

Figure 9.3. Histograms distribution for: a) integrated changes in
specific humidity (AQ), b) distance “travelled” by the particle (D); c)
integrated value of the curvature (Rnet) and d) integrated absolute
value of the curvature (ZI). For AQ and D the tercile values are
indicated with a dotted black line and for ZI the 50th percentile.

Figure 9.4. Definition for the Distance and Origin (DO)
characteristic for the air streams. The circles separate the different
distance (D) classes: short range (S), medium range (M) and long

range (L). The origin of the air streams is split into the four regions
SW, NW, SE and NE. In total, 12 classes result for DO.

Figure 9.5. Representation of the final catalog for 80 first days (from
01/12/1999 to 18/02/2000). Each day is characterized by at most five
air streams and each air stream can be described by four flow
properties (MU, ZI, CI and DO), as discussed in section 9.2. The
legend should be interpreted like this: for different categories the colors
indicates a different class. For example, the first air stream of the first
day (01/12/1999) is classified has [Q-, Z+, Anet, L-SW]. The * in the
legend indicates that there is no correspondent class.

Figure 9.6. Air streams for the cold front case study (12/11/2002).
Each color represents a different air stream — see legend.
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Figure 9.7. a) Air streams and b) final characteristics catalogue of the
trajectory types classification for the cut-off low system case study
(10/10/2001 - 12/10/2001).

Figure 9.8. a) Air streams for the precipitation period case study
(17/10/2001 to 21/10/2001). b) Scatter plot with frequencies of air
streams characterized by MU and CL.

Figure 9.9. a) Air streams (each color represent a different day) and b)
characteristics of the trajectory types classification for the coldwave
case study (15/12/2001 to 22/12/2001).

Figure 9.10. a) Air streams (each color represent a different day) and
b) characteristics of the trajectory types classification for the heatwave
case study (01/08/2003 to 15/08/2003).

Figure 9.11. a) Air streams and b) final characteristics catalogue of
the trajectory types classification for the for the blocking event case
study (14/01/2000 to 29/01/2000).

Figure 9.12. Relationship between Lamb circulation weather types
and the Lagrangian flow property MU. For each circulation weather
type the frequency of each MU class is presented.

Figure 9.13. Relationship between Lamb circulation weather types
and the Lagrangian flow property ZI. For each circulation weather
type the frequency of each ZI class is presented.

Figure 9.14. Relationship between Lamb circulation weather types
and the Lagrangian flow property CI. For each circulation weather
type the frequency of each CI class is presented.

Figure 9.15. Relationship between Lamb circulation weather types
and the Lagrangian flow property D. For each circulation weather type
the frequency of each D class is presented.

Figure 9.16. Relationship between Lamb circulation weather types
and the Lagrangian flow property O. For each circulation weather type
the frequency of each O class is presented.
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Figure 9.17. Frequencies (%) of occurrence of the Moisture Uptake
(MU) during winter (DJF), spring (MAM), summer (JJA) and
autumn (SON) seasons in the 1/12/1999 - 30/11/2004 period. The
respective seasonal standard deviation is also shown (red lines).

Figure 9.18. Frequencies (%) of occurrence of the Zonality Index (ZI)
during winter (DJF), spring (MAM), summer (JJA) and autumn
(SON) seasons in the 1/12/1999 - 30/11/2004 period. The respective
seasonal standard deviation is also shown (red lines).

Figure 9.19. Frequencies (%) of occurrence of the Cyclonicity Index
(CI) during winter (DJF), spring (MAM), summer (JJA) and autumn
(SON) seasons in the 1/12/1999 - 30/11/2004 period. The respective
seasonal standard deviation is also shown (red lines).

Figure 9.20. Multi-dimensional catalogue frequencies for (a) summer
and (b) winter. Each panel correspond the frequency of one
characteristics compared with other. For each panel the combination
with highest frequency is marked with a red dot.

Figure 9.21. Seasonal average precipitation (mm) and the
corresponding inter-annual variability (red lines) attributed to the
Lagrangian.

Figure 9.22. Contribution of each Lagrangian type (in %) to five
different categories of precipitation. The definitions of each category of
precipitation are shown for summer (winter) in the legend and are
summarized in Table 9.5.
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Table 2.1. Overview of the different circulation weather type
classification methods. The Lamb circulation weather type is highlighted
in bold. The abbreviations are defined as follows: variables used for
classification (SLP: sea level pressure; H: geopotential height; U/V: zonal
and meridional wind; PW: precipitable water).

Table 2.2. Example of studies of the Iberian Peninsula that use
classification methods other than the Lamb circulation weather type.

Table 5.1. Variables for the NCEP/NCAR reanalysis data used in this
work.

Table 5.2. Variables for the NCEP Final Analyses of the Global
Tropospheric Analyses reanalysis data used in this work.

Table 5.3. Characteristics of the weather stations used in this work.
Additionally, the type of climate variable used, the climate variables
(temperature (Temp) or/and precipitation (Prec)), the period and the
respective source are shown.

Table 5.4. Different case studies analyzed to wvalidate the trajectory
method.

Table 6.1 Definition of each category of precipitation (P) in mm for
winter (DJF), spring (MAM), summer (JJA) and autumn (SON)
seasons, and for annual cycles.
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Table 6.2. Circulation weather type frequency, lightning days ratio
(rLD), total lightning days (LD) and cloud-ground discharge (CG)
frequency, on an annual basis. (Bold values represent the three dominant
situations).

Table 6.3. Same as Table 6.2, but for seasonal data.

Table 7.1. Correlation between the times series of both EOFs fields (SLP
vs H500) computed for the region of study is shown (values in bold
represent correlations that are statistically significant at the 99% level).

Table 7.2. Correlation between the hemispheric modes time series and
the time series of the EOF computed a) for the SLP field and b) for the
H500 field (values in bold represent correlations that are statistically
significant at the 99% level).

Table 7.3. Correlation between the hemispheric modes time series and
the frequency of the synoptic circulation weather types in winter (values
in bold represent correlations that are statistically significant at the 99%
level). The cyclonic and anticyclonic circulation weather types are
referred to as C and A, respectively.

Table 8.1. Linear trends (percentage/year) for the different circulation
weather types computed using the NCEP/NCAR reanalysis SLP field for
the three periods studied; only results that were significant (Mann-
Kendall rank test) at the **99% or *95% level are shown.
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weather types for each season between the output of the IPSL, ECHAMS
and CCSM3 and the NCEP/NCAR reanalysis data, for the 1961-1999
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differences that were significant at a 95% level (Wilcoxon rank sum test)
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Table 8.3. The same as Table 8.2, but for spring.

Table 8.4. The same as Table 8.2, but for summer.

Table 8.5. The same as Table 8.2, but for autumn.
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