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Resumen

En este proyecto de investigacidén se ha estudiado la variabilidad espacio-temporal
de las temperaturas mensuales en la Espafia peninsular para el periodo 1951-2010. El
tema de trabajo es de gran interés por dos cuestiones fundamentales, la primera es
que la escala temporal de andlisis incluye el periodo en el que se produjo un fuerte y
rapido incremento de las temperaturas en época reciente, y el segundo punto
corresponde a las caracteristicas climaticas del area de estudio, la cual se define como
una de las regiones de mayor variabilidad climatica por su localizacién.

La tesis se presenta como un compendio de cinco articulos que sucesivamente
tratan los objetivos planteados. El primero de ellos fue la creacién de una base de
datos de temperatura media mensual de maximas y minimas de alta resoluciéon
espacial, mediante un proceso de control de calidad, reconstruccién y elaboracién de
una malla de 10 km?2. En segundo lugar se realizé una actualizacién de la climatologia
de las temperaturas mensuales del territorio mediante un método de interpolacion
local que tiene en cuenta los factores geograficos que influyen en las temperaturas. El
tercer objetivo se centrd en el estudio de la variacién temporal de las temperaturas
analizando sus tendencias en diferentes periodos y medidas termométricas (maximas,
minimas, promedios y amplitud). El cuarto lugar se realizé un analisis de la variabilidad
espacial de las temperaturas a partir de la estimacion de la distancia a la que se
mantiene un valor de varianza comun predeterminado. Por ultimo se investigaron las
relaciones entre las situaciones sindpticas clasificadas como tipos de tiempo y las
temperaturas, tanto desde el punto de vista espacial como sus variaciones temporales.

El estudio realizado en este proyecto de investigacién confirma que en el territorio
analizado existe una elevada variabilidad espacial y temporal de las temperaturas.
Desde el punto de vista temporal, la temperatura en Espafia Peninsular ha aumentado
en el periodo estudiado, especialmente entre 1970 y 1990. Este incremento térmico se
produce de manera significativa en verano, y en determinados meses segun la
temperatura maxima y minima. La amplitud térmica mensual divide el territorio en la
mitad norte con tendencia positiva, y mitad sur y costa mediterrdnea con tendencia
negativa. Por otra parte, se ha podido observar que las temperaturas minimas son mas
variables que las maximas lo que parece sugerir el peso que tienen los factores
atmosféricos y geograficos en cada una de las variables. Por ultimo, desde el punto de
vista espacial, la mayor variabilidad se observa en la costa mediterranea en donde ha
tenido lugar las mayores transformaciones en el paisaje debido a la accién antrépica.






Abstract

In this research Project the Spatio-temporal variability of monthly temperaturas in
the Spanish peninsula have been studied. This research topic is of relevance because of
two main elements: A) the temporal scale for the analysis includes a period during
which a sudden and strong increase in temperaturas during a recent epoch; and B) the
climatic features of the studied area are of interest given that the location of regién of
interest makes it especially variable in terms of climate.

This thesis is presented as a compendium of five articles the address the different
established objectives. The first article deals with the generation of a database with
monthly average maximum and minimum temperature data with high spatial
resolution. This high quality database was obtained after applying processes of quality
control, series reconstruction and generation of a 10 km2 grid. In the second article an
update of the climatology of monthly temperatures using a local interpolation method
is presented. The interpolation method takes into account the geographical factors
that impact on temperatures. The third study focuses on the characterization of the
temporal variability of temperatures by analysing their trends for different periods and
thermometric measures (maximum, minimum, average and amplitude). In the fourth
place, an analysis of the spatial variability of temperatures was carried out by
estimating the distances between points in space at which a certain predetermined
value of common variance is maintained. Finally, the last study investigates the
relationship between synoptic situations classified as weather types and temperatures,
both from the spatial and temporal perspectives.

The study carried out in this research project confirms that, in the analysed
territory, there exists a high spatial and temporal variability of temperatures. From the
temporal perspective, temperatures in the Spanish peninsula have increased during
the considered period of time, especially between 1970 and 1990. This increase is
especially marked during the summer, and in some other specific months of the year
depending on whether maximum or minimum temperatures are analysed. The
monthly temperature amplitude divides the territory into a northern area with a
positive trend in temperatures, and the southern half and Mediterranean coast, with a
negative trend. On the other hand, it has been observed that minimum temperatures
are more variable than maximum temperatures, with may suggest that athmospheric
and geographic factors impact on these data with different weights. Finally, from the
spatial point of view, the highest temperature variability is observed along the
Mediterranean coast, where the most relevant landscape changes have taken place
due to anthropic factors.






Parte |.

Introduccidn

Este texto se presenta como un proyecto de tesis en el
Programa de Doctorado “Ordenacion del Territorio y Medio
Ambiente” que ofrece el Departamento de Geografia de la
Universidad de Zaragoza. Se desea que el texto tenga un
enfoque geogrdfico de principio a fin, si bien la autora es muy
consciente de que por el avance y especializacion de la
climatologia, y de las demds ramas de nuestra ciencia comun,
puede llegar a parecer que se traspasa el limite propio
geogrdfico por los asuntos tratados, técnicas empleadas, etc.
Es por ello que siempre que ha sido posible los resultados y la
discusion se establecen mediante la cartografia de los mismos,
pues se considera dicha herramienta como la expresion mds
clara del hacer del gedgrafo.
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mensuales en la Espafia Peninsular

1. Introduccion

El clima es el estado medio de la atmdsfera en un periodo amplio, que la
Organizacion Mundial de Meteorologia (OMM) establece en 30 afios. El clima
determina en gran medida los paisajes naturales, los ecosistemas, los habitat, y de
algin modo también los paisajes de origen humano, los sistemas de produccién e
incluso hasta aspecto de la salud del hombre. Por todo ello, conocer el
comportamiento espacio-temporal del clima, su influencia en los diferentes elementos
de los sistemas naturales y sus procesos es una tarea de investigacion fundamental, y
una herramienta clave para una buena gestion y ordenacion del territorio.

El sistema climatico incluye el conjunto de todos los elementos de los paisajes
terrestres que lo forman (atmdsfera, hidrésfera, litdsfera, etc.) asi como sus
interacciones desde el punto de vista de la atmésfera. Este planteamiento, que se
refleja en los textos mas recientes (Aguado y Burt, 2004; Barry y Hall-McKim, 2014)
indica que la definicién del clima, ademads de referirse al estado medio atmosférico,
también debe considerar las relaciones entre las variables de la atmdsfera con los
demads elementos del medio.

Actualmente el clima es objeto de investigacién prioritaria ante la hipétesis del
Cambio Climatico en diversos centros de investigacién no solo de Geografia, con el
objetivo de tratar de explicar las causas de su evolucién mas reciente y, entre otros,
realizar prondsticos mediante la simulacién con modelos de posibles escenarios
futuros para mitigar sus eventuales efectos y sugerir estrategias de adaptacién. El
ultimo informe del IPCC (2013, AR5) ha sefialado como inequivoco el aumento de las
temperaturas desde la década de 1950, con una tasa de calentamiento de la
temperatura media global de 0,12 [+-0,08/0,14] °C por decenio durante el periodo
1951-2012. En el documento también se sefiala que las precipitaciones en las zonas
continentales de latitudes medias del hemisferio norte han aumentado desde 1901.
Ademads el IPCC indica que es sumamente probable que mas de la mitad del aumento
observado en la temperatura media global en superficie en el periodo 1951-2010 haya
sido causado por el incremento de la concentracion de gases de efecto invernadero y
otros forzamientos antropogénicos (originados como consecuencia del aumento
demografico, diversas actividades econdmicas, cambios de usos del suelo, etc).

En el Informe de Evaluacién del Cambio Climatico Regional (Red Tematica CLIVAR-
Espafia) se recoge el estado actual de los estudios sobre la evolucidon del clima del
pasado y presente en el territorio Espafiol (Bladé y Castro, 2010). En este documento
se destaca que el estudio del clima actual es importante porque permite ubicar los
cambios recientes observados en un contexto temporal y ello posibilita obtener
estimaciones del rango de variabilidad natural, detectar el efecto de las actividades
humanas, o validar las simulaciones hechas con modelos climaticos, entre otros
aspectos. El informe indica que, contra lo que cabria pensar, los trabajos sobre
temperaturas en Espaia son mucho menos frecuentes que por ejemplo los realizados
sobre las precipitaciones. Por ultimo sefiala que en el momento de su publicacién la
comparacion de los resultados publicados sobre el comportamiento, especialmente de
las temperaturas, no era tarea facil por contener distintas escala espaciales, diferentes
periodos y distintas variables analizadas.
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En este contexto, se enmarca la presente tesis que pretende analizar con la mayor
resolucidon espacial posible el comportamiento de las temperaturas durante las
décadas recientes en la Espaifia peninsular. Esta tesis forma parte del proyecto de
investigacion denominado “Impactos Hidroldgicos del Calentamiento Global en
Espafa-1” (HIDROCAES, Ministerio de Ciencia e Innovacién CGL2011-27574-C02-01)
desarrollado en el Departamento de Geografia de la Universidad de Zaragoza en
colaboracién con el IPE-CSIC (Instituto Pirenaico de Ecologia, Consejo Superior de
Investigacion), el cual tuvo entre sus objetivos principales la creacion de una base de
datos de temperaturas mensuales de Espafa peninsular a escala mensual y con la
mayor resolucion espacial posible y, con esta nueva herramienta, analizar las
variaciones espaciales de las temperaturas con especial énfasis en su tendencias; por
ultimo en el proyecto se abre una linea de investigacién enfocada al analisis de las
eventuales causas o factores de dichas variaciones en lo que se sigue trabajando.

En el citado proyecto, quien firma la presente Tesis de Doctorado se incorpord
como becaria del Programa FPI (Formacidon del Personal Investigador), pasando a
formar parte integrante del equipo que desarrolld la citada base de datos de
temperaturas y el estudio de la variabilidad de las temperaturas.
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2. Estado de la cuestidn y justificacion de la tesis

Los elementos del clima varian en el tiempo en sus valores medios producto de los
cambios en los factores que los condicionan. Por ejemplo, es conocido que el clima
estd afectado por la variabilidad de los patrones de la circulacion atmosférica u
ocednica que compensan los desequilibrios de energia calorifica en diferentes partes
del planeta. Ademas de estas modificaciones temporales también se reconocen
cambios en los valores medios de los elementos del clima que se conoce como
tendencia.

Por otra parte, los elementos del clima varian en el espacio en funcién de los
factores geograficos que lo condicionan, generales o locales, dando lugar a areas con
una alta variabilidad espacial y zonas mds homogéneas. Entre los principales factores
geograficos destacan la latitud, la topografia en funcién de su elevacién, la exposicion y
orientacién. Otro de los factores geogréaficos importante es la distancia a la costa, la
cual determina el grado de continentalidad de un territorio. Esta variabilidad propia
del clima conlleva una heterogeneidad espacial de las temperaturas cuya delimitaciéon
espacial depende de los factores condicionantes, asi como del volumen de la
informacién disponible.

2.1. Consideraciones previas

El estudio de la evolucién de temperaturas necesita de bases de datos lo mas
densas posibles en el espacio y prolongadas en el tiempo, y parece que ambas
caracteristicas terminan por ser excluyentes ante lo que diferentes centros de
investigacion han tratado de solucionar el problema de modos diversos.

En la actualidad existen numerosas bases de datos de temperaturas en diferentes
escalas espaciales. De ambito mundial destacan la Global History Climatology Network
(GHCN, Lawrimore et al.,, 2011), la llamada HadCRUTEM4 (procedente del Hadldey
Center y Climate Research Unite, Jones et al., 2012), la denominada GISS (Goddard
Institute for Space Studies, Hansen et al., 2010), y la mds reciente denominada BEST de
la Universidad de Berkeley (Rohde et al.,, 2013); en Europa destaca la llamada
European Climate Assesment & Dataset (ECA&D, Klein-Tank et al., 2002), y en ambitos
nacionales sin pretender dar un listado, podemos citar la denominada Spanish Daily
Adjusted Temperature Series (SDATS, Brunet et al., 2006) o de ambito mas local, la
llamada Northeastern Spain Adjusted Temperature (NESAT, Brunet et al., 2001). Estas
bases de datos que abarcan periodos distintos pueden tener una resolucion temporal
diaria, mensual, estacional y anual, y a su vez pueden contener la informacién de las
estaciones meteoroldgicas o una interpolacién de las mismas normalmente en mallas
disponiendo la informacién en el espacio ordenada de forma regular en un continuo.
Sin embargo, la revisién bibliografica que se presenta a continuacién puso de
manifiesto que no existia al iniciarse el presente proyecto una informacién
suficientemente detallada en el espacio capaz de permitir estudiar las posibles
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variaciones del comportamiento de las temperaturas con un detalle elevado en el
territorio peninsular espafol.

Para terminar, una breve nota para aclarar el significado de las abreviaturas que se
emplearan a lo largo del texto. En esta investigacion se analizan las series de
promedios mensuales de temperaturas diurnas y nocturnas. Tradicionalmente las
primeras vienen siendo denominadas como temperaturas maximas, y como minimas
las segundas. En el texto se utilizaran indistintamente dicha identificacién o sus
acronimos Tmax (maximas) y Tmin (minimas). Del mismo modo también se
presentaran estudios de los promedios mensuales cuyo acrénimo serd Tmedia;
finalmente la amplitud promedio mensual, o diferencia de Tmax y Tmin, se expresara
como DTR, por su acréonimo inglés.

2.2. Antecedentes

Como se ha indicado anteriormente, el informe CLIVAR (Bladé et al., 2010) sefialé la
menor frecuencia de estudios sobre temperaturas en Espana respecto a los realizados
sobre precipitaciones. Aun asi, la produccién cientifica es abundante y de calidad, con
resultados que incluso plantean algunos debates cientificos por sus distintas
conclusiones. En los parrafos siguientes se presentara una vision global de las
investigaciones sobre las temperaturas en Espaia que se han realizado durante las dos
o tres décadas mas recientes.

Los trabajos se pueden agrupar en dos bloques: aquellos estudios que analizan el
conjunto del territorio, bien analizando series de larga duracién o las décadas
recientes, en donde el nimero de observatorios aumenta, y un segundo grupo de
investigaciones que analizan unidades administrativas, o unidades naturales (cuencas),
en general con mayor densidad de informacién espacial.

En el primer caso, uno de los primeros estudios fue el presentado por Ofiate y Pou
(1996) quienes analizaron las tendencia de Tmax y Tmin en 11 estaciones, periodo
1901-1989, y concluyeron afirmando una variacion menor en el norte y noroeste
peninsular. También de ambito global, Rodriguez-Puebla et al. (2002) analizaron Tmax
y Tmin en 55 estaciones para el periodo 1949-2000; en sus conclusiones sefialaron que
la serie anual de anomalias de temperatura mostraba una disminucidon hasta los
setenta, y a partir de entonces se producia un aumento. Ademas, en el estudio se
indicaba el fuerte incremento de Tmax de invierno y de Tmin de verano. Afios mas
tarde, Prieto et al. (2004) estudiaron las temperaturas extremas de invierno de 45
observatorios durante el periodo 1955-1998, encontrando una disminucidon de la
frecuencia anual de eventos extremos, y un cambio en los valores medios de Tmin
diaria. El mismo tema de investigaciéon, en este caso de verano y primavera, se
presentd en el estudio de Fernandez-Montes et al. (2013), quienes utilizaron la base de
datos SDATS; en sus conclusiones destacaron que en el verano los dias y las noches son
cada vez mas cdlidos. También Esteban-Parra, et al (2003) analizaron Tmax y Tmin,
sefialando que Tmax habia aumentado mas que Tmin, lo que supone una DTR positiva.
Esta idea ha sido apoyada por algunos autores, como Abaurrea et al. (2001), Brunet et
al., (2005, 2006, 2007), Horcas et al. (2001), Galan et al. (2001), Morales et al. (2005).

10
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Sin duda alguna la primera base de datos de resolucion diaria, con un exhaustivo
control de calidad, es la presentada por Brunet et al. (2006). La base de datos
(acronimo SDATS), contiene los registros de Tmedia, Tmax y Tmin diarios de 22
estaciones, en diferentes periodos que abarcan al menos desde 1901 hasta 2005. En
Brunet et al. (2007) se indicé una tasa de Tmin durante el siglo XX de 0.102C/década, y
ligeramente superior en Tmax (0.122C/década). La comparacién de dos periodos
(1950-1972 y 1973-2005) sugirid a los autores que en el primer periodo las
temperaturas de verano y primavera disminuyeron, mientras que en el invierno
aumentaron; por su parte en el segundo periodo observaron un aumento generalizado
de las temperaturas.

Afos antes, Brunet et al. (2005) habian presentado un estudio de la variabilidad
espacial de las tendencias de las temperaturas, periodo 1894-2003, mediante
componentes principales, en el cual se identificaron los patrones espaciales norte, sur-
este y este, y suroeste de Espafia, todos con tendencias positivas significativas.
Finalmente los autores también mencionaban el abrupto y fuerte calentamiento de los
setenta en adelante. Por las mismas fechas, Staudt et al. (2007) analizaron Tmax en 48
estaciones, y diferentes periodos entre 1860 y 2000. Sus conclusiones indicaron que el
aumento térmico mas fuerte se habia producido en invierno.

De dmbito peninsular también pero acortando el periodo de analisis e incluyendo
una mayor cantidad espacial de informacion, Bermejo y Ancell (2009) compararon las
observaciones diarias de los datos del reanalisis ACMs y datos observados de los
archivos de la AEMet (1061 estaciones) en dos periodos de tiempo: 1957-1979 y 1980-
2002. De acuerdo con los resultados obtenidos con el test de Mann Kendall los autores
observaron un aumento generalizado de Tmax y Tmin desde 1980, siendo este
aumento superior en Tmax que en Tmin. Sin embargo, en el estudio se indica que la
DTR fue mayor en 1980-2002 que en 1957-1979 durante el invierno.

Del Rio et al. (2012) también han analizado abundante informaciéon cuando
estudiaron el comportamiento de 476 observatorios, periodo 1961 al 2006, para
conocer los cambios en Tmax y Tmin. En el trabajo los autores sefalaron que mas del
60% de los observatorios habian sufrido un aumento de Tmin en los meses de marzo,
mayo, junio y agosto, y las estaciones primavera y verano; mientras que en el caso de
Tmax el incremento tuvo lugar en los meses de marzo y junio, y las estaciones
primavera y verano. Segun estos autores, Tmax en general aumentd mas que Tmin,
coincidiendo con autores ya citados, y en principio contradiciendo los resultados
anteriormente mostrados por estudios globales como Karl et al. (1993), Easterling et
al. (1997), Folland et al. (2001), Vose et al (2005), o Zhou et al. (2009).

Por ultimo, De Castro et al. (2005), y entre otros muchos andlisis prospectivos,
presentaron los resultados de seis modelos globales del clima (AOGCM) y un modelo
regional para el conjunto de la Espafia Peninsular, estimando incrementos de la
temperatura uniformes a lo largo del siglo XXI, mas intensos en verano que en
invierno.

El segundo grupo de investigaciones sobre las evolucién de las temperaturas es de
ambito regional, cuyo reparto espacial no es homogéneo en su nimero.

En términos generales son numerosas las investigaciones realizadas en la vertiente
mediterranea. Asi por ejemplo en Cataluiia, Sigré et al. (2006) indicaron que las
temperaturas estivales en Cataluiia aumentaron en el litoral mas que en la zona
noroccidental. Brunet et al. (1999) sefialaron un incremento en la temperatura media

11



Parte I. Introduccion Variabilidad espacio temporal de las temperaturas
mensuales en la Espafia Peninsular

diaria (0.44 °C) durante 1910-1998 debido principalmente a los inviernos mas calidos,
mientras que el verano y el otoifio habrian contribuido en menor medida, y la
primavera habria ejercido aun menor influencia. Serra et al. (2001) estudiaron la
evolucién de Tmax y Tmin diarias extremas del observatorio de Fabra (Barcelona), en
donde la caracteristica mas llamativa de las temperaturas extremas fue el incremento
de Tmin. Martinez et al. (2010) observaron un incremento de la tendencia anual de
Tmax y Tmin en el periodo 1975-2004 en primavera y verano, también destaca el
invierno de Tmax, mientras que en el otoifio disminuia en Tmax por lo que se
encuentra una tendencia negativa en la DTR.

También en la vertiente mediterranea pero ya no solo en Catalufia, Quereda et al.
(2000), informaron de que una parte importante del calentamiento se debia al efecto
urbano. En su trabajo observaron que, excepto en las grandes dreas urbanas, no hubo
un cambio sistematico en las temperaturas en el periodo analizado. Otro de los
trabajos sobre la regién mediterranea es el presentado por Mird et al. (2006), en la
Comunidad Valenciana (periodo 1958-2003), que observan que Tmin aumenta mas
gue Tmax en las proximidades de la costa, contrario a lo que se observa en el interior
del territorio. Mas al sur, Horcas et al (2001) analizaron la tendencia de Tmax y Tmin
anual y estacional en el periodo 1940-1997 de 23 estaciones en la cuenca del rio
Segura. Los resultados indicaron un incremento significativo en ambas. La temperatura
maxima presenta un comportamiento diferente dependiendo de la estacidon y la regién
considerada. Los autores observaron un incremento de Tmax en dreas de montafa,
especialmente en el periodo 1970-1997. Este incremento resulté ser mas significativo
y fuerte en primavera, seguido por el de verano y el de invierno. En el periodo 1940-
1997 encontraron una apreciable disminucidn de Tmax, mientras que en el periodo
1970-1997 observaron un incremento solo significativo en primavera. El
comportamiento de Tmin, durante los cuarenta y los cincuenta, mostrd una tendencia
decreciente. A partir de los setenta detectaron un incremento de Tmin en las zonas de
planicie, mas intenso que el detectado en Tmax.

En el sur, Garcia-Barrén (2006) realizan un estudio sobre temperaturas diarias en el
periodo 1951-2001 de Andalucia. En el estudio se concluyé indicando que la evolucién
interanual de Tmin reflejaba un aumento superior que el observado en Tmax (véase
notas previas sobre evolucion de la DTR). Castro-Diez et al. (2007) analizaron Tmax
estacionales andaluzas y constataron un calentamiento importante en primavera, y en
menor medida en otofio e invierno. La evolucién de Tmin resulté ser similar a la de
Tmax, pero menos marcadas. Por ultimo, las temperaturas medias se caracterizaron
por un calentamiento de forma destacada a partir de los setenta.

En el interior, Cafada et al. (2001) analizaron la tendencia de los promedios anuales
de Tmaxy Tmin en la meseta meridional espafiola, periodo 1909-1996, y sefialaron
su aumento a partir de los afios setenta. Pefia et al. (2006) realizaron un estudio de las
temperaturas en alta montafia del Pirineo oriental, a través del analisis de la
temperatura minima invernal. Los resultados indicaron una posible disminucion de la
temperatura media y una oscilacién térmica negativa que relacionaron con la
evolucién de la NAO desde 1990 hasta 2006.

En la meseta norte, particularmente en Castilla y Ledn, Labajo y Piorno (1999)
analizaron el comportamiento del promedio anual de Tmin y determinaron el ano
1972 como el inicio de un cambio de comportamiento en las temperaturas minimas.
Morales et al. (2005) indicaron que solo existe tendencia creciente significativa en
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Tmax y Tmedia de invierno. Del Rio et al. (2005) observaron un aumento en Tmedia de
invierno y primavera, y una ligera disminucion en otofio y verano. Estos autores
sefialaron un hecho vital que es que los resultados obtenidos del estudio de las
tendencias dependen de la escala de tiempo y periodo considerado. En otro trabajo
Del Rio et al. (2007) estudiaron Tmax y Tmin, observando un patréon muy similar entre
ellas y un incremento en todos los meses y en la serie anual. En sus resultados también
se observa que el aumento en algunos meses de Tmax (sobre todo de diciembre y
marzo) superan al los de Tmin por lo que la DTR tiene un comportamiento positivo a
diferencia de lo comentado previamente en otros estudios en Espafia y confirman que
la comparacion entre estudios de tendencia es dificil cuando no se corresponden al
mismo periodo. Por ultimo, Ceballos et al. (2007) observaron en la misma zona un
aumento de Tmedia, especialmente a partir de 1973, debido fundamentalmente al
comportamiento de Tmax.

En el noreste espaiol (principalmente depresion del Ebro) El Kenawy et al. (2012)
analizaron las tendencias de Tmax, Tmin, Tmedia y DTR, periodo 1920-2006. Todas las
variables térmicas aumentaron significativamente, principalmente desde 1960. A una
escala estacional los autores observaron una tendencia débil en otofio, y fuerte en
verano y primavera, siendo el calentamiento mas fuerte en las dreas cercanas a la
costa que en el interior de la zona de estudio.

Cambiando de ambito, en el noroeste peninsular, Cruz y Lage (2006), y Alvarez et al.
(2012), han estudiado el comportamiento de las temperaturas en Galicia. Cruz y Lage
(2006) sefialaron el aumento de Tmedia anual durante el periodo 1973-2004, y sobre
todo en primavera, tanto Tmax como Tmin. Sin embargo, el incremento en invierno de
Tmedia parece estar relacionado con el aumento significativo de Tmax, mientras que el
aumento de las temperaturas estivales se deberia al aumento significativo de Tmin. El
otofio tiene un aumento significativo en la temperatura minima. Alvarez et al. (2012)
utilizaron un modelo del proyecto ENSEMBLES, y han sugerido que las temperaturas de
otofio e invierno no sufririan grandes cambios en los proximos afios, mientras que en
el verano y la primavera estos cambios seran mas acusados.

2.3. Justificacion

En el contexto de la hipdtesis del “Cambio del Clima” los estudios sobre la evolucidn
de las temperaturas pueden aumentar nuestro conocimiento de la dindmica del
sistema climatico, ayudar a incrementar la capacidad de evaluacion de sus eventuales
efectos, su mitigacion, y eventualmente contribuiria a mejorar su prediccion. Desde el
punto de vista espacial, es importante delimitar areas en las que las temperaturas se
comporten de modo similar de aquellas que no, lo que puede servir como instrumento
gue ayude a realizar una clasificacion espacial, util para la planificacion y encaminada a
incluir medidas de mitigacidén ante los distintos escenarios propuestos. En el inicio de
este texto se indicd que el clima, y las temperaturas por tanto, influyen en gran parte
de los procesos de los sistemas naturales y afectan a las actividades humanas. Un
cambio en los valores medios de las temperaturas podria suponer una modificacion en
los habitos de vida y la necesidad de adaptarse a las nuevas circunstancias; un
incremento de las situaciones térmicas extremas implicaria efectos sobre la salud

13



Parte I. Introduccion Variabilidad espacio temporal de las temperaturas
mensuales en la Espafia Peninsular

humana (un posible mayor nimero de fallecidos) asi como pérdidas econdmicas en la
agricultura, servicios, etc. Frente a este tipo de escenarios, la sociedad solo puede
prevenir los cambios futuros del clima, mediante un mayor conocimiento del pasado,
tratando de realizar una buena planificacion del futuro.

Las conclusiones generales que se pueden extraen de la revision previamente
comentadas sobre la evolucidn y reparto espacial de las temperaturas en Espaia son:

= Las temperaturas han aumentado en la Espafia peninsular a lo largo del siglo
XX. Esta evolucion no ha sido continua, sino que presenta tres periodos:
calentamiento hasta 1940, enfriamiento hasta 1970 y calentamiento desde
1970 hasta el presente.

= El mayor aumento de la temperatura se ha registrado a partir de 1970 hasta la
actualidad, y se localiza fundamentalmente durante la primavera y el verano.

= La comparacion de la tasa de la tendencia de las temperaturas entre diferentes
regiones sugiere que existe una fuerte variabilidad espacial.

= Existen discrepancias sobre el comportamiento de la DTR y los patrones
espacio-temporales de Tmax y Tmin en las décadas mds recientes.

Estas conclusiones generales sugieren la existencia de aspectos que pueden ser
campo de investigacién y andlisis, y convergen con los objetivos del proyecto en que se
enmarca esta tesis. Entre aquellos aspectos en los que entendemos que se podria
realizar nuevas aportaciones podemos citar:

= Aumentar los estudios sobre las temperaturas de la Espafia peninsular
mediante una base de datos con resolucidn espacial detallada que incluya las
décadas recientes y tenga longitud suficiente para realizar estudios de
tendencias.

= Una base de datos para todo el territorio permite poner en comun los
resultados encontrados en la DTR para las distintas regiones de la Espafia
peninsular.

= Debido al cambio general de los promedios de temperatura observados, es
interesante actualizar la climatologia de la temperatura en la Espana
peninsular. Esta nueva climatologia de alta resolucién puede convertirse es un
elemento de gran valor en la validacion de modelos, planificacién de
actividades en el medio, etc.

= El conjunto de los datos de temperatura de alta resolucion espacial permitird
conocer la variabilidad espacial de las temperaturas, y por tanto posibilitara
estudiar las relaciones entre las temperaturas y otros factores geograficos.

= Relacionado con lo anterior, el estudio con detalle espacial de la evolucion de
las temperaturas en el tiempo puede proporcionar informaciéon que permita
conocer los factores que las condicionan, y por tanto aumentar nuestra
capacidad de valorar futuras estimaciones (por ejemplo la validacién de
modelos) y tareas de planificacion.

Uno de los aspectos que consideramos de mayor interés en este estudio es el area
de trabajo, la Espafia peninsular, un territorio contrastado y diverso por su ubicacién y
topografia. Este entorno de estudio, desde el punto de vista geografico es un medio
interesante, peculiar y a veces dificil de estudiar en detalle por su extraordinaria
variabilidad geogréafica. Estas caracteristicas singulares hacen esperar una alta
variabilidad espacial y temporal de los elementos del clima, y entre ellos de las
temperaturas objeto del presente proyecto de doctorado.
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Los estudios climaticos han sefalando patrones de variabilidad espacial de las
temperaturas en la Espafia peninsular en los gradientes norte sur (por efecto de la
latitud), y costa interior, si bien en muchas ocasiones no se ha tenido en cuenta por
considerar que la temperatura es una de las variables climaticas mas constantes en el
espacio frente a otras, como la precipitacién, muy dependientes de factores mas
locales. Los cambios espaciales de las temperaturas en la peninsula se han atribuido a
la influencia de los factores geograficos mas locales sobre los factores mas generales,
como las condiciones atmosféricas, ya que se encuentra afectada por masas de aire
muy contrastadas, cuyos efectos espaciales son diversos debido a que presenta una
topografia muy accidentada (véase mas adelante).

2.4. Hipotesis y Objetivos

Los estudios mas recientes han sefialado que en los ultimos 60 afios (1951-2010) las
temperaturas han aumentado en el territorio peninsular pero existen discrepancias
sobre la época del afio (meses y estaciones), la medida térmica (Tmax y Tmin) y el
lugar (véase revision previa), y se desconoce realmente en detalle su heterogeneidad
espacial, por lo que el objetivo general de esta tesis es estudiar la variacién espacial y
temporal de las temperaturas en las décadas recientes.

Para lograr este objetivo principal, se han establecido una serie de objetivos
especificos, organizados del siguiente modo:

1) Crear una base de datos de temperaturas mensuales promedio en la Espafia
peninsular, tras efectuar un control de calidad de los fondos documentales de
AEMet. El objetivo final es lograr la mayor cantidad posible de observatorios
reconstruidos durante un periodo prefijado, y elaborar una malla con la
resolucién espacial mas elevada posible.

2) Actualizar la climatologia de las temperaturas mensuales a partir del estudio
comparativo de diferentes métodos de interpolacion. Este objetivo viene
impuesto por las variaciones de los promedios consecuencia del aumento de
temperaturas comentado, y por la utilidad reconocida a las climatologias de los
elementos del clima en numerosos aspectos de la ordenacidn y planificacién
del territorio.

3) Analizar la variacion temporal y espacial de las tendencias de las temperaturas
mensuales, incluyendo el empleo de ventanas méviles. Uno de los problemas
detectados en la revisidon previa es la dificultad de comparar los valores de
tendencias por la diferencia entre periodos empleados. El estudio de ventanas
maviles no solamente aportard informacién sobre cémo se han comportado las
temperaturas a lo largo del tiempo en periodos sucesivos, sino que sus
resultados permitirdn realizar la comparacién con todos los estudios previos.

4) Realizar un estudio de la variabilidad espacial de las temperaturas mensuales.
El comportamiento espacial de la temperaturas se ha sugerido que es muy
homogéneo, y esto afecta a numerosos andlisis como por ejemplo la
elaboracién de series de referencia, interpolacidn espacial, entre otros. Algunos
de los resultados que hemos senalado en los antecedentes y el estado de la
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cuestién ponen de manifiesto diferencias notables en la evolucién térmica lo
que refleja la heterogeneidad espacial de las temperaturas.

5) Por ultimo, este proyecto plantea como ultimo objetivo una investigacion que
comience a analizar con detalle en el espacio los factores que ayuden a
comprender y explicar la variabilidad de las temperaturas sefialadas en los
objetivos precedentes. Este objetivo se concreta en el estudio de la relacién de
los tipos de tiempo y las temperaturas.

2.5. Estructura

La tesis se presenta en un formato de compendio de publicaciones, lo que modifica
su estructura respecto a los textos tradicionales y sigue las especificaciones sefialadas
para esta opcion.

La tesis se divide en tres partes diferenciadas. En esta primera parte, se presentan el
estado de la cuestion, la justificacion de la investigacion y los objetivos planteados. A
continuacion se describe brevemente el drea de estudio y sus principales
caracteristicas, las fuentes documentales empleadas, y se ofrece al lector un
compendio de las técnicas y métodos estadisticos usados; para terminar se sintetizan
los diferentes estudios realizados. La segunda parte incluye los documentos
publicados, en donde se ofrece en detalle muchos de los aspectos solamente
esbozados anteriormente. Por ultimo, en la tercera parte se presenta la discusion y un
debate general de los distintos aspectos investigados, que dan pie a las conclusiones
generales.

Para facilitar al lector el seguimiento del texto, en la Tabla 1 se presenta Ia
secuencia de objetivos, las técnicas y métodos mas importantes empleados, y las
herramientas de software utilizadas, indicando la revista en que se publicaron los
principales resultados.

Objetivos especifico # 1 Técnicas y métodos estadisticos Software utilizado
Creacion de una base de | - Control de calidad: deteccién de - Anclim y Proclim
datos de alta resolucidn anémalos e inhomogeneidades (Stepanek, 2008, 2009)
espacial de los - Reconstruccidn de las series - Lenguaje y entorno de
promedios mensuales de | temporales programacion R
Tmax y Tmin - Interpolacién y validacion: creacion | - AcrGIS (Esri Espafia)

de malla de alta resolucidén espacial
(0,12x0,19)
Articulo publicado
José Carlos Gonzalez-Hidalgo, Dhais Pefia-Angulo, Michele Brunetti, Nicola Cortesi (2015):
MOTEDAS: a new monthly temperature database for mainland Spain and the trend in
temperature (1951-2010). International Journal of Climatology 35: 4444-4463.
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Objetivo especifico # 2

Técnicas y métodos estadisticos

Software utilizado

Actualizacion de la
climatologia mensual de
las temperaturas

- Comparacion de métodos de
interpolacion
- Validacidn de las interpolaciones

- Lenguaje y entorno de
programacion R
(libreria gstat)

- AcrGIS (ArcMap)

Articulo publicado

Dhais Pefia-Angulo, Michele Brunetti, Nicola Cortesi, José Carlos Gonzalez-Hidalgo (2016):
A new climatology of maximum and minimum temperature (1951-2010) in the Spanish
mainland: a comparison between three different interpolation methods. International
Journal of Geographical Information Science ISSN: 1365-8816 (Print) 1362-3087,
http://dx.doi.org/10.1080/13658816.2016.1155712

Objetivo especifico # 3

Técnicas y métodos estadisticos

Software utilizado

Variacion temporal de las
temperaturas mensuales

- Calculo de la tendencia a partir de
la significacion de Mann Kendall y el
calculo de la tasa de Sen

- Eliminacion de la autocorrelacion
mediante el prewhite

- Lenguaje y entorno de
programacion R
(libreria Kendall)

- AcrGIS (ArcMap)

Articulo publicado

José Carlos Gonzalez-Hidalgo, Dhais Pefia-Angulo, Michele Brunetti, Nicola Cortesi (2015):
MOTEDAS: a new monthly temperatura database for mainland Spain and the trend in
temperatura (1951-2010). International Journal of Climatology 35: 4444-4463.

José Carlos Gonzalez-Hidalgo, Dhais Pefia-Angulo, Michele Brunetti, Nicola Cortesi (2016):
Recent trend in temperatura evolution in Spanish mainland (1951-2010): from warming to
hiatus. International Journal of Climatology 36: 2505-2416.

Objetivo especifico # 4

Técnicas y métodos estadisticos

Software utilizado

Variabilidad espacial de
las temperaturas
mensuales

- indice de Distancia de la Caida de la
Correlacién (CDD)

- Lenguaje y entorno de
programacion R
- AcrGIS (ArcMap)

Articulo publicado

Dhais Pefia-Angulo, Nicola Cortesi, Michele Brunetti, José Carlos Gonzalez-Hidalgo (2015):
Spatial variability of maximum and minimum monthly temperature in Spain during 1981-
2010 evaluated by correlation decay distance (CDD). Theorical and Applied Climatology 122:

35-45.

Objetivo especifico # 5

Técnicas y métodos estadisticos

Software utilizado

Relacion espacio-
temporal de las
temperaturas con los
tipos de tiempo

- Modelo de regresidn lineal multiple
paso a paso con criterio RMSE

- Validacién del modelo

- Coeficiente de correlacion de
Pearson

- R-Studio

(otro interfaz de R)
- Sistema de
informacion libre y
abierto QGIS 2.14

Articulo publicado

Dhais Pefia-Angulo, Ricardo Trigo, Nicola Cortesi, José Carlos Gonzalez-Hidalgo (2016):
The influence of weather types on the monthly average maximum and minimum
temperatures in the Iberian Peninsula. Atmospheric Research 178-179: 217-230.

Tabla 1. Resumen de la estructura del proyecto de investigacion.
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3. Area de estudio

El presente proyecto de tesis se inserta dentro del doctorado en Ordenacion del
Territorio y Medio Ambiente que se desarrolla en el Departamento de Geografia y
Ordenacién del Territorio. Como ya se ha indicado, de manera genérica el objetivo
final del mismo es conocer las variaciones espaciales y temporales del
comportamiento de las temperaturas en el territorio de la Espaiia peninsular durante
las décadas mas recientes que eventualmente pudieran servir para conocer mejor sus
efectos en diferentes procesos del medio y sus componentes, como por ejemplo los
incendios, la agricultura, la erosién, la vegetacidn, el turismo, variaciones de la
diversidad faunistica, entre otros.

3.1. Caracteristicas generales

El territorio peninsular espafiol tiene una extension algo menor de 500.000 km?, se
sitia entre los 43247°24°N en la punta de Estaca de Bares (La Corufia) y los
36200°03'N de Tarifa (Cadiz), y en cuanto a la longitud se halla situado entre los
3219°E en el cabo de Creus (Girona) y los 9250°W en el Finisterre (La Coruia) (Figura 1).
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Figura 1. Localizacion, elevacion y principales unidades geomorfoldgicas del drea de estudio. Fuente: Datos de
elevacion del GTOPO30, USGS 1996. Elaboracion propia.

18



Parte I. Introduccion Variabilidad espacio temporal de las temperaturas
mensuales en la Espafia Peninsular

Es un territorio con un relieve complejo, en el que destaca la elevada altitud media
(660 m), y altamente accidentado producto de las orogenias ocurridas. En su conjunto
su nucleo central se organiza a partir de dos cuencas interiores (submeseta norte y sur)
separadas por el Sistema Central, rodeadas por sistemas montafiosos que en forma de
arco las rodean desde el norte hasta el sur en una sucesidn de alineaciones
montafiosas (Cordillera Cantdbrica, Sistema Ibérico y Sierra Morena), excepto por el
oeste. Dos unidades exteriores, depresiones periféricas del Guadalquivir y el Ebro, se
adosan por el noreste y sur al nucleo central a su vez enmarcadas por otras cadenas
montafiosas: Sistema Bético, los Pirineos y Costero Catalana respectivamente (Gil
Olcina y Olcina Cantos, 2001).

3.2. El medio humano

Es interesante conocer la distribucion espacial de la poblacién y las actividades
econdmicas en el territorio peninsular espanol, no ya tanto por el peso que tiene hoy
en dia los factores del clima sobre los asentamientos (si sobre las actividades
agricolas), como por el efecto que determinados impactos del hombre en el medio
puedan tener sobre los elementos del sistema natural.
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Figura 2. Densidad de poblacion de Espafia (2010). Fuente: Dpto. de Geografia y Ordenacion del Territorio,
Universidad de Zaragoza a partir de datos del INE y en colaboracion con el Atlas Nacional de Espaiia (IGN).
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En general, la poblacién de la Espafia peninsular se caracteriza por ser escasa si la
comparamos con el resto de Europa y por estar distribuida de manera desigual en el
espacio. La mayor parte de la poblacion se localiza en los centros industriales
tradicionales (Cataluia y Euskadi) y en las ciudades de mayor actividad turistica
(Madrid, Sevilla y Barcelona) con un acusado incremento en las décadas recientes.
Frente a ello, la Espafia interior sigue sufriendo una pérdida progresiva de poblacién
hacia las regiones mas ricas. Espafia ha sufrido un alto proceso de urbanizacién no
exento de problemas por falta de una buena planificacién y particularmente acusado
en décadas recientes, aunque las transformaciones de los paisajes no han sido
exclusivamente por el incremento del area urbanizada, sino también por el aumento
de la red de infraestructuras de alta capacidad con sus enormes servidumbres
espaciales, la proliferacién de incendios, el abandono de tierras por la PAC (Politica
Agraria Comun), o las transformaciones en regadio, todas ellas capaces de cambiar
localmente al menos los flujos de calor sensible y latente, y por ello alterar la evolucién
de las temperaturas y producir cambios en su variabilidad espacial.

La distribucion de la poblacién (Figura 2) muestra fuertes contrastes entre un
interior poco poblado y una periferia con mayor densidad. Ademas, este desequilibrio
se acentuUa en el tiempo, y actualmente se vive uno de los mayores contrastes interior-
costa conocidos hasta el momento, a excepcidn de alguna ciudad interior y Madrid, la
capital de Espafia que se localiza en el interior y ayuda a dinamizar las areas de
alrededor. Las provincias mas pobladas son Madrid, Barcelona, Valencia, Sevilla y
Alicante; mientras que las menos pobladas son Soria, Teruel, Segovia, Guadalajara y
Avila. Las principales causas de este desequilibrio son econémicas, reflejo de los
desequilibrios territoriales que tienen lugar.

Actualmente, Espaifia es un pais terciario ya que mas de la mitad del producto
interior bruto y casi la mitad de la poblacién activa corresponde a este sector. Este
ambito econdmico, en el que se incluye el transporte y el turismo, son las actividades
gue mas han transformado el paisaje. Las principales regiones en las que se localiza el
sector terciario se localiza cerca de la costa mediterranea y en la capital del pais.

Desde el punto de vista econdmico, el clima es un factor fundamental en el sector
primario y alguna de las actividades del sector terciario, pues sigue siendo el factor
determinante de los cultivos de secano porque influye en el ciclo vegetativo de las
plantas a partir de las temperaturas y precipitaciones. También, el clima es primordial
en el confort climatico que permite el desarrollo de dreas turisticas especializadas por
ejemplo en sol y playa, frente a otras caracterizadas por un turismo de nieve.

3.3. La variabilidad del clima

El area de estudio, la Espafia peninsular, se situa en la zona templada del Hemisferio
Norte, entre dos masas de agua claramente contrastadas: el océano Atlantico y el mar
Mediterrdneo. Ademads, se localiza entre dos masas continentales, Europa y Africa, con
un fuerte contraste que condicionan las masas de aire que llegan a la peninsula desde
ambos territorios. Por ultimo, el territorio peninsular espanol se situa en el limite de
accién de las masas de aire polares y las tropicales, lo cual promueve una fuerte
diferenciacion estacional.
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Por su localizacién, la Espafia peninsular recibe la influencia de la circulacidn general
del oeste, y por tanto recibe la influencia del océano atlantico, pero también se ve
afectada por la influjo de las dindmicas subtropicales y mediterranea, si bien las areas
de influencia de cada una, asi como las direcciones de sus efectos en el espacio
(gradientes) varian. Por todo ello, la Espafia peninsular es una de las areas del planeta
con mayor variabilidad de situaciones atmosféricas (Martin Vide y Olcina Cantos,
2001).

Los centros de accidon que mas afectan a la peninsula son las bajas presiones
atlanticas y los anticiclones subtropicales. El anticiclén de las Azores tiene mayor
incidencia, fundamentalmente en verano, pero también se relaciona con la entrada de
aire cdlido en otras estaciones. Los anticiclones que proceden del continente Europeo,
especialmente en invierno, suponen la penetracidon de aire frio. Entre las bajas se
encuentran la de Islandia y las borrascas de frente polar muy activas en los meses frios,
mientras que en las bajas térmicas originadas en el interior por recalentamiento estival
o en otoiio destaca las bajas del golfo de Génova con efectos menos generalizados.
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Figura 3. Temperatura media anual (°C) de la Espafia peninsular. Fuente: Datos procedentes de la AEMet.
Elaboracion propia.

El relieve es otro de los factores geograficos que modifican el clima del area de
estudio. Las cadenas montafiosas presentan una orientacion oeste-este que posibilita
la entrada desde el Atlantico hasta el arco montanoso ya descrito. En la margen este
del territorio, las cadenas montafiosas se localizan cerca de la costa y cabe pensar que
los efectos mediterrdneos tendran dificultad para adentrarse en el interior.
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Por estar situado en la zona templada las temperaturas en la Espafia peninsular
tienen una marcada diferencia estacional. En el verano las temperaturas medias mas
elevadas se localizan en el Valle del Guadalquivir (en torno a los 282) y las mas suaves,
a excepcién de las zonas de montania, se dan en Norte y Noroeste (182C) (Figura 3). En
invierno la continentalidad vy la altitud explican los valores mas frios de los altiplanos
del Sistema lbérico y en la Submeseta Norte (medias menores a 52). Las mayores
amplitud entre el mes mas frio y el mas cdlido se dan en el interior del territorio,
donde superan los 152C.

En el territorio se pueden encontrar diferentes tipos climaticos y sus variantes en
funcidn de sus precipitaciones y temperaturas. El clima oceanico se localiza en la
fachada cantabrica (la mayor parte del territorio de Galicia, Asturias, Cantabria, Pais
Vasco y mitad norte de Navarra), y se caracteriza por precipitaciones abundantes, la
ausencia de estacidn seca, temperaturas suaves por el efecto regulador del mar, con
media de invierno entre 8 y 129C, en verano entre 18 y 229C, y una amplitud térmica
moderada entre 10 y 12°C. El clima mediterraneo de interior se localiza en la meseta,
el valle del Ebro y Andalucia interior (la mayor parte del territorio de las comunidades
autonomas de La rioja, Madrid, Castilla Leén, Extremadura, Aragén y Castilla La
Mancha). Este clima es producto de la continentalizacién que tiene lugar debido al
aislamiento de la influencia marina que sufren estas tierras, lo que favorece el frioy la
disminucion de las precipitaciones. En invierno las temperaturas medias estan entorno
a -10°C y 59C, el verano es seco y caluroso con medias entre 20 y 272C, la amplitud
térmica aumenta hasta los 209C, y como caracteriza al clima mediterrdneo tiene
estacion seca. En el clima mediterrdneo de costa (la mayor parte del territorio de las
comunidades auténomas de Cataluia, Valencia, Murcia y Andalucia) las
precipitaciones también son escasas, existe sequia estival, y las temperaturas medias
de invierno estan entre 82Cy 129C, y en verano entre 23 y 262C. A diferencia del clima
mediterraneo de interior, en el caso del clima mediterraneo de costa la amplitud
térmica es menor, entre 122C y 189C. Otra diferencia entre los climas de costa e
interior mediterrdneos es su régimen de precipitaciones bimodal, con maximo de
otofio en la costa este, y mayoritariamente primaveral en el centro, en transicién al
tipico maximo de invierno en la fachada atlantica. Por ultimo el clima de montafa, en
los sistemas montafiosos Ibérica, Central, Bético, Pirineos y Cantabria en el que existe
diferencias debido a su localizacidn, y se pueden diferenciar los climas de montafia,
maritimo, de interior y subtropical. En general, este clima de montaifa se caracteriza
por abundantes precipitaciones y bajas temperaturas.
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4. Datos, técnicas y métodos estadisticos

En este apartado se recoge los principales métodos utilizados para llevar a cabo los
objetivos planteados en apartados anteriores. Un comentario general a todos ellos se
refiere al empleo del concepto de significacion estadistica.

La significacion estadistica se ha utilizado para indicar que el resultado del test
estadistico aplicado en cada caso es muy poco probable que sea fruto del azar. En este
trabajo se ha empleado en general el umbral p-valor 0.05. Si el test estadistico indica
qgue p-valor es menor que 0.05 entonces se rechaza la Hipdtesis nula y se acepta la
Hipotesis alternativa, es decir se interpreta que existe relacion significativa entre las
dos variables, que existe tendencia el tiempo, etc. Ocasionalmente se indicardn otros
valores de significacién en momentos especificos.

4.1. Fuentes documentales

Las fuentes documentales empleadas para desarrollar los objetivos especificos 1-4
son los datos originales de la Agencia Estatal de Meteorologia (AEMet), cuyo analisis y
tratamiento especifico se presentan en detalle mas adelante, y que solamente se
esbozan en este apartado.

La AEMet facilitdé 4710 registros diarios de temperatura mdaxima y minima. Los
registros se encuentran codificados por identificador cuyo primer digito indica la
cuenca hidrografica en la que se encuentra. Este primer digito va de 0 a 9 y se refiere a
la cuenca interna de Catalufia, Norte, Duero, Tajo, Guadiana, Guadalquivir,
Mediterrdnea andaluza, Segura, Jucar y Ebro, respectivamente.

El volcado de los datos de promedios mensuales a partir de los registros diarios de
Tmax y Tmin fue sometido a un proceso de depuracion de datos sospechosos y
deteccion de inhomogeneidades, empleando series de referencia, tras lo cual las series
fueron reconstruidas y con el conjunto de series con mayor porcentaje de datos
originales y sus faltas reconstruidas con datos de vecinos mdas cercanos. A
continuacion, se elaboré una malla de alta resolucién para el periodo 1951-2010, con
la que se realizaron los diferentes andlisis. Posteriormente, se realizaron los estudios
de variabilidad espacial y temporal de la base de datos MOTEDAS. Estas tareas se
realizaron durante los dos primeros anos de investigaciéon en el Departamento de
Geografia y Ordenacion del Territorio de la Universidad de Zaragoza, bajo Ia
supervisiéon del Dr. José Carlos Gonzalez Hidalgo, director de esta tesis. La actualizaciéon
de la climatologia de las temperaturas a partir de la comparacion de métodos de
interpolacidn se desarrollé durante una estancia de investigacidon en el “Institute of
Atmospheric Science and Climate of Italian National Research Council” (ISAC-CNR) de
Bologna, bajo la tutoria del Dr. Brunetti, codirector de esta tesis.

La segunda fuente de datos empleada fue la malla de presiones del reandlisis ERA
con la que se calcularon los tipos de tiempo y los analisis sefialados en el objetivo 5.
Esta tarea se realizd durante una estancia en el Instituto “Dom Luiz” del Departamento
de Fisica de la Universidad de Lisboa, bajo la supervisién del Dr. Trigo.
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4.2. Anadlisis de series temporales: estacionalidad,
tendencia y residuos

Las series temporales son un conjunto de observaciones recogidas secuencialmente
en el tiempo. Estas series temporales pueden ser discretas o continuas, deterministicas
0 estocasticas, entre otras caracteristicas. Las observaciones en el tiempo son muy
utiles ya que permite describir que ha ocurrido, y eventualmente ayudan a predecir
escenarios de su posible comportamiento futuro.

Los principales componentes de una serie temporal se obtienen a partir de la
descomposicion de la variancia de una serie. Los componentes que normalmente se
consideran son la tendencia, que se define como cambio a largo plaza con respecto a la
media; el efecto estacional, es decir ciclos que se repiten en la serie; y el componente
aleatorio que son los valores que quedan una vez quitados los dos anteriores. Los dos
primeros componentes tienen un caracter determinista y el udltimo un cardacter
estocastico.

Cuando se quiere conocer uno de los componentes de la serie se debe eliminar el
otro posible, 0 ambos componentes (tendencia y estacionalidad) si se quiere conocer
la relacidn que se establece entre dos series distintas. Si no se elimina el efecto de los
componentes de la serie el resultado del analisis estadistico puede estar errado.

En este proyecto de tesis fue necesario eliminar alguno de los componentes de la serie
segun el objetivo de estudio, por ejemplo:

En el proceso de reconstruccion de las series se elimind el componente estacionario
anual, trabajando con los datos mensuales, y el componente de tendencia mediante la
serie de diferencia, es decir, cada afio se resta con su anterior.

En el estudio de las tendencias de las temperaturas se elimind el ciclo anual
analizando los datos mensuales. Ademas se estudid la posible dependencia serial, es
decir, si el valor en un afio de una variable estaba estrechamente relacionado con lo
ocurrido en anos anteriores. Las pocas series temporales que mostraron
autocorrelacién temporal fueron corregidas mediante el método propuesto por Yue et
al., (2002) (véase mas adelante).

En el analisis de la influencia de los tipos de tiempo en las temperaturas mensuales
se elimind la tendencia de las series en el modelo de regresion lineal, y se estudio la
relacion en el espacio de los residuos de ambas series.

4.3. Variabilidad espacial de las temperaturas

La variacion espacial de la correlacidon entre observatorios se ha estudiado por
medio del denominado CDD (Correlation Distance Decay, Distancia de Descenso o
Caida de la Correlacion). EI CDD se define a partir de la correlacién entre vecinos (r), y
la distancia (x) a la cual el valor r cae bajo un umbral definido (x,), que representaria la
distancia a la que la correlacién entre observatorios dejaria de ser significativa
(Pannekoucke et al. 2008) segun:
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r= e_(x_xo) (D

Valores elevados de CDD indican que la variabilidad espacial del elemento analizado
es baja y viceversa (Osborn y Hulme, 1997; Briffa y Jones, 1993). En cada serie la
relacién entre la variancia comun (r?) y la distancia entre observatorios es modelada
segun la funcién logaritmica:

log(r}) = b * \fdy; (2)

siendo (log(r%ij)) el logaritmo de la varianza comun entre cada observatorio (i) y las
series de vecinos (j), la distancia entre ellos (dij), y la pendiente del modelo de
regresion por minimos cuadrados (b). Este desarrollo es semejante a anteriores
estudios (Jones et al., 1997; Caesar et al., 2006). El umbral seleccionado para definir el
CDD fue de r=0.70, equivalente a una varianza comun del 50%.

4.4, Analisis de tendencias y de su intensidad

La prueba de Mann Kendall es un test no paramétrico (Mann, 1945) que se utiliza
para detectar el signo vy significacién de tendencia en las series temporales, siendo el
tiempo la variable independiente y el elemento de estudio la variable dependiente
analizada (temperaturas); esta prueba en los afios recientes ha sustituido al coeficiente
de rangos de Spearman que venia siendo empleado en el estudio de tendencias en
series sin control de su normalidad. La prueba se basa en medir el orden relativo de
todos los pares posibles de puntos. La hipdtesis nula es que no existe tendencia, vy la
hipdtesis alternativa que existe tendencia.

Un problema del test Mann Kendall es la deteccion de una falsa tendencia
significativa por causa de la autocorrelacion de la serie. En el estudio de la tendencia se
comprobd previamente en cada serie si existia autocorrelacién. La autocorrelacidon
surge cuando los residuos del modelo no son independientes entre si y la consecuencia
inmediata es que los estimadores de tendencia como Mann Kendall son poco fiables.
Para identificar la autocorrelacion en las series se aplicéd el método propuesto por Yue
et al. (2002) que basicamente elimina en primer lugar la tendencia de la serie
mediante un modelo polinomial de tercer grado que es el que mejor se ajusta a los
datos en nuestro caso. Por ultimo, en las series que se eliminaron la autocorrelacién se
anadié la tendencia quitada previamente para calcular el estadistico de Mann Kendall.

El test de Mann Kendall detecta si hay tendencia significativa y su signo positivo o
negativo, pero no informa de su intensidad o tasa. Para conocer las tasas de las
tendencias se utilizé prueba de Sen (Sen, 1968), otro estadistico no paramétrico que
comienza a ser empleado con frecuencia y sustituye el coeficiente de la recta de
regresion (la pendiente), procedimiento que es el adecuado si la tendencia se ha
calculado previamente mediante Mann Kendall, que no presupone normalidad de
datos. El estadistico de Sen asume una tendencia lineal y es la mediana de la diferencia
entre cada par de datos posibles.
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4.5. Las relaciones entre variables

En la investigacion en ocasiones se analiza las relaciones entre variables de un modo
cualitativo, empleando el coeficiente de correlacién de Pearson (r) como una medida
de la relacién entre dos variables. Este estadistico es el cociente entre la covarianza y
el producto de las desviaciones tipicas de ambas variables. El coeficiente de
correlacién lineal es un nimero real comprendido entre -1 y 1, que indican relacion
fuerte inversa o negativa y relacion fuerte directa o positiva, respetivamente. Un valor
de r igual a cero indica que no existe relacidn entre ambas variables. Ademas de la
magnitud y el signo de la relacion entre las variables, en cada caso se acompafia de su
significacion.

4.6. Las relaciones multivariadas

A lo largo de la investigacion por lo general se han relacionado variables dos a dos,
pero en el estudio de las relaciones entre los tipos de tiempo y las temperaturas se ha
aplicado un modelo de regresidon multiple que no deja de ser la expansién a diferentes
variables independientes del modelo simple de regresién bivariada entre dos variables.

La regresidn consiste en la creacidon de una férmula matematica que relacione
variables con la asuncién de causa y efecto. La ecuacidon matemadtica contiene una o
mas variables independientes (x), los parametros intercepto (a), pendiente (b), y los
residuos (e) los cuales permitirdn explicar parte de la varianza de la variable
dependiente (y). El intercepto representa el valor de y cuando x vale cero, mientras
gue la pendiente indica el cambio, aumento o disminucién, en la variable dependiente
por cada aumento unitario de la variable independiente.

El modelo de regresion es lineal porque la relacién que se establece entre variables
se estructura en forma de recta. La técnica de minimos cuadrados consiste en buscar la
recta que minimice las distancias cuadrado calculadas desde cada uno de los puntos
hasta la recta. En funcion del nimero de variables independientes, se distingue entre
regresion simple, solo una variable independiente, y regresién multiple, mas de una
variable independiente.

Ecuacién del modelo de regresion lineal simple:
y=a+bx+e 3)

Ecuacién del modelo de regresion lineal multiple:
y=a+bix;+--+bx,+e 4)

El contraste de hipdtesis en el modelo de regresién lineal se lleva a cabo mediante
el contraste de nulidad (pendiente b = 0) para los coeficientes mediante la distribucion
de t-Student y para el modelo conjunto mediante la distribucidn de Fisher. Si p-valor es
inferior a 0.05 podemos rechazar la nulidad de cada coeficiente y el conjunto del
modelo y es posible aceptar que la variable independiente explica parte de la varianza
de la variable dependiente. Ademads, para llevar a cabo el contraste de hipdtesis en el
modelo lineal de regresion, se debe cumplir que los residuos tengan una distribucién
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normal, homogeneidad de la varianza, y la independencia de los datos; asi como una
relacion lineal significativa entre las variables. En un modelo de regresion lineal el
coeficiente de determinacién (R?) es el cuadrado del coeficiente de correlaciéon de
Pearson (Steel y Torrie, 1960) e informa sobre la calidad del modelo, su capacidad de
predecir y la proporcién de variacion de los resultados que puede explicarse por el
modelo. Este coeficiente toma valores entre Oy 1, y cuanto mds proximo a 1 expresara
un mayor porcentaje de variancia explicada, considerando los grados de libertad
correspondientes.

4.7. Métodos de interpolacién espacial

En el inicio de este proyecto de tesis de doctorado se indicod el deseo de que la
investigacion fuera y quedase claramente indicada como un trabajo geogréfico. Y entre
otras caracteristicas la expresidn principal de todo trabajo geografico es la cartografia,
la manifestacidon espacial de los fendmenos analizados. Pero los problemas de la
representacion de los datos del presente proyecto no son solo llevar a unos limites
espaciales (los del mapa) los resultados, sino que veces ha habido que realizar
tratamientos de cierta complejidad, en donde se debe encontrar el método éptimo de
representacion.

La toma de datos de los observatorios de las variables climatica tienen un caracter
puntual, pero las variables naturales se comportan de manera continua en el espacio,
asi que la técnica de interpolacion espacial permite estimar valores en cualquier punto
del espacio. Para llevar a cabo esta transformacién es necesario aplicar una funcion
matematica, mediante la cual sea posible estimar el valor de una variable. La calidad
de la interpolacion depende del método de interpolacion elegido, de la calidad de los
datos, y la densidad de informacion, tanto espacial como temporal.

Existen diferentes métodos de interpolacién segun la selecciéon de estaciones que
intervienen en la estimacion del valor de la variable (locales o globales), y segun la
funcién matematica utilizada (media ponderada, modelo de regresion, geoestadistica),
entre otros criterios. Los mas utilizado en el dmbito de la climatologia son:

= Meétodos locales: Se basan en la utilizacién de los puntos cercanos al punto que
se desea estimar. Se debe decidir qué puntos mas cercanos van a formar parte
del conjunto de interpolacién en funcién del radio y del nimero de puntos
cercanos. Ejemplos de métodos locales es la media ponderada por el inverso de
la distancia (IDW), la media ponderada por el inverso a la distancia y el angulo
(ADW), la red de triangulos irregulares (TIN), la técnica de Splines, entre otros.

- El método de interpolacion local Distancia Angular Ponderada (ADW) es
una modificacion del IDW (inverso de la distancia) en el cual se
incorpora una componente angular a los pesos con el objetivo de evitar
asignar mas peso a las zonas con mayor densidad de observaciones. Los
pesos tiene un componente radial y otro angular (Brunetti et al., 2006).
Este método de interpolacion pondera en funcidn de la distancia de las
estaciones seleccionadas y el angulo, es decir si muchas estaciones se
agrupan en un sector tienen menos peso que una estacién que queda
aislada.
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Métodos geoestadisticos: Se basan en la teoria de las variables regionalizadas
(Matheron, 1970). La variabilidad espacial de una variable puede ser obtenida
mediante el valor medio constante, una componente estocastica, y el residuo.
A partir del variograma experimental, es una funcién estadistica que permite
determinar la variabilidad espacial a partir de puntos de muestreo. El
variograma se define como la media de los cuadrados de las diferencias entre
pares de puntos separados por una distancia (h). Esta funcion esta definida por
los parametros, meseta, rango y pepita. Si la variable es igual en todas las
direcciones se trata de un comportamiento isotrdpico, mientras que si cambia
en funcién de la direccion se trata de un comportamiento anisotrépico. Otro
elemento importante dentro de este método de interpolacidn es el variograma
tedrico. Este es un modelo paramétrico para ajustar los datos muestrales.
Existen diferentes modelos: esférico, exponencial, gausiano, etc. Entre los
métodos de interpolacién geoestadistica destacan el Kriging Ordinario y el
Regresion Kriging. Estos dos métodos se diferencian, que el caso del Kriging
Ordinario se asume que la variacion en los valores de la variable esta libre de
cualquier componente estructural o tendencia de variacion; mientras que el
Regresion Kringing asume lo contrario.

- El Regresién Kriging es una combinacion del Kriging y el modelo de
regresion (Hengl et al. 2007). A partir del método de Regresidn Kriging
se aplicd en este estudio una variacién del mismo con la inclusién en el
modelo de regresidon una seleccién paso a paso. El proceso consiste en
eliminar de la serie de temperatura la influencia que corresponde a los
factores geograficos como la elevacidn, pendiente, orientacidn,
distancia a la costa, latitud y altitud, en donde tiene una fuerte
impronta cada uno de ellos. Una vez que la serie de temperatura solo
responde a su variabilidad natural se realiza la interpolacion con los
pardmetros determinados por el variograma, y finalmente se vuelven a
anadir a la celda estimada los efectos geogréficos previamente
eliminados. La seleccidn de los factores geograficos que se deben tener
en cuenta en cada serie se realizd mediante el criterio de Akaike (AIC).

Modelos de Regresidn Lineal: se basa en el modelo de regresion lineal
previamente explicado. Este modelo puede ser simple o multiple en funcién del
nuimero de variables independientes.

- El modelo de regresion por peso local (Local Weithed Lineal Regresion,
LWLR) es un método de interpolacién local desarrollado por Brunetti et
al. (2014). Consiste en aplicar el modelo de regresién lineal entre la
temperatura y la elevacién en las estaciones seleccionadas, con un
minimo de 15 y un maximo de 35 estaciones, en un radio de 200 km. La
ponderacion de los registros esta en funcidn de las caracteristicas
geograficas (orientacion, pendiente, latitud, longitud, altitud y distancia
a la costa), en la que tendrdn un mayor peso las estaciones con
caracteristicas topograficas similares al pixel cuya temperatura estamos
estimando. Las variables geogréficas utilizadas se obtuvieron a partir del
Modelo Digital de Elevacion (MDE) con resoluciéon 0.00832 (GTOPO 30,
USGS, 1996). Todos los factores de ponderacion (posicidn, elevacién,
distancia a la costa, orientacidn, pendiente) estan basados en una
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funcidén gaussiana, de tal forma que las estaciones con caracteristicas
geograficas similares van a tener mucho mas peso que el resto de
estaciones. El método especifico de regresidon lineal es por pesos
(Taylor, 1997) con las estaciones vecinas para predecir el valor de
temperatura de una celda (A, ¢) como una funcién de la elevacién (h),
donde a(A,9) y b(A,¢) son los coeficientes de la regresion lineal:

T(A9) =a(A¢) +b(A0) *h(A¢) (5)

4.8. Validacion de los métodos de interpolaciéon vy
medidas de error

Como se indica en el apartado previo una cosa es llevar al plano los datos y tratarlos
para obtener informacidn, pero en muchas ocasiones ello no basta y cada vez mds se
necesita validar estos resultados sobre todo cuando se han realizado extrapolaciones
por interpolacion.

La validez de cualquier interpolacién espacial se realiza mediante la validacidn
cruzada y una medida de error asociada a este. Existen diferentes tipos de validacion
cruzada:

La validacion cruzada de K iteraciones (K-fold cross-validation) consiste en dividir los
datos en k subconjuntos, y uno de estos es clasificado como datos de prueba y el resto
como datos de entrenamiento. La validacién cruzada se repite durante k iteraciones
(normalmente 10), con cada uno de los subconjuntos. Por ultimo, se realiza una media
aritmética de los resultados de las iteraciones para tener un valor Unico. Este método
es mejor cuanto mayor son las iteraciones, sin embargo esto supone una carga
computacional que se convierte en una desventaja.

La validacion cruzada aleatoria consiste en dividir aleatoriamente el conjunto de
datos de entrenamiento y el conjunto de datos de prueba. Una vez aplicado el modelo,
se contrasta el resultado de los valores predichos con los observados del conjunto de
prueba. La ventaja de este método frente al anterior es que no depende del nimero
de iteraciones. Sin embargo, quedan muestras sin evaluar y otras que son
sobrevaluadas.

La validacién cruzada dejando uno fuera (LOOCV) es una técnica que se utiliza para
evaluar los resultados del modelo (bondad del ajuste). Consiste en eliminar un
elemento de la muestra cada vez y estimar su valor mediante el modelo especificado
(método de interpolacién), utilizando el resto de los elementos. Con este método la
estimacion del error no tiende a ser muy variable dependiendo de los datos para
validar, es decir, el error es més estable, a diferencia de la validacién reservando un
conjunto de datos como se ha hecho tradicionalmente.

A partir de los valores observados (O) y predichos por el modelo (P) se pueden
obtener diferentes medidas del error:

El error absoluto medio (MAE): se utiliza para medir la diferencia absoluta entre los
valores predichos por el modelo y los valores observados.

MAE = N7' TN, |P — O (6)
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El sesgo (BIAS), (Pielke, 1984): proporciona informacidon sobre la tendencia del
modelo a sobreestimar o subestimar una variable.

N
BIAS = N-1 Z(Pi ~0) 7)

La raiz del error medio cuadratico (RMSE): es la raiz cuadrada del promedio de la
suma de las diferencias cuadraticas entre los valores observados y predichos. Cuanto
mas se acercan estos estadisticos de error a cero, mejor es el modelo.

RMSE = [N"* 3L, (P — 0;)%]0.5 (8)

4.9. Clasificacion de los tipos de tiempo

En el presente proyecto se ha aplicado una clasificacion de tipos de tiempo
(Jenkinson y Collison, 1977) a los datos de presion diaria en una malla de 16 celdas
procedentes de la base de datos NCEP/NCAR Reanalysis (periodo 1951-2010) con
centro en la peninsula. La clasificacién calcula 6 indices geostréficos que tienen en
cuenta la direccion (D), la fuerza (F) y la vorticidad del viento (Z), y posteriormente se
aplican una serie de reglas que permiten obtener 26 tipos de tiempo, 8 direccionales:
Norte (N), Sur (S), Este (E), Oeste (W), Noreste (NE), Noroeste (NW), Sureste (SE), y
Suroeste (SW), 2 puros: Anticiclon (A) y Ciclénico (C) (Figura 4), y la combinacién de
ambos tipos en los llamados hibridos: AN, AS, AE, AW, ANE, ANW, ASE, ASW, CN, CS,
CE, CO, CNE, CNW, CSE, CSW.
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Figura 4. a.) Estaciones de temperatura en la Peninsula Ibérica. b.) Puntos de presion a nivel del mar (NCEP/NCAR).
c.) Principales tipos de tiempo de la clasificacion de Jenkinson y Collison (1977).
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Las ecuaciones de los seis indices son las siguientes:

Fs (flujo del sur) = 1.305[0.25(p5+2p9+p13)-0.25(p4+2p8+p12)]

Fw (flujo del oeste) = [0.50(p12+p13)-0.50(p4+p5)]

Zs (vorticidad del sur) = 0.85[0.25(p6+2p10+p14)-0.25(p5+2p9+p13)-
0.25(p4+2p8+p12)+0.25(p3+2p7+p11)]

Zw (vorticidad del oeste) = 1.12[0.5(p15+p16)-0.5(p8+p9)]-0.91[0.5(p8+p9)-
0.5(p1+p2)]

F (flujo total) = (Fs2+Fw2)1/2

Z (vorticidad total) = Zs+Zw

y los tipos de tiempo se establecen siguiendo las pautas definidas en Trigo y DaCamara
(2000) empleando las siguientes reglas:

La direccion del viento se calcula como tan-1(Fw/Fs), 1802, siendo afiadida si
Fw es positiva. La direccién apropiada se calcula utilizando las ocho direcciones
de la rosa de vientos, permitiendo 452 por sector.

Si |Z| < F, el flujo es direccional, y se define su direccién (N, NE, E, SE, S, SW, W,
NW).

Si |Z]| > 2F, el flujo se considera de tipo ciclonico puro (Z > 0) o anticiclonico
puro (Z< 0).

Si F < |Z]| > 2F, se considera un hibrido, se establece la direccién y si es ciclonico
(CN, CNE, CE, CSE, CS, CSW, CW, CNW) o anticiclénico (AN, ANE, AE, ASE, AS,
ASW, AW, ANW).

La clase sin catalogar indicada por Martin Vide (2002) fue diseminada en las otras 26
al igual que Trigo y DaCamara (2000).
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5. Metodologia y Resultados

En este capitulo se expondran los principales resultados obtenidos, resumiendo los
textos publicados en revistas de investigacion con breves indicaciones metodoldgicas.
La informacién detallada de las técnicas y métodos utilizados, asi como la discusién y
conclusiones con la bibliografia consultada se encuentra en los articulos publicados.

5.1. La base de datos de temperaturas: MOTEDAS

Este apartado corresponde a la primera parte del articulo “MOTEDAS: a new
monthly temperature dataset for mainland Spain and the trend in temperature (1951-
2010)” publicado en la revista “International Journal of Climatology”. En el articulo se
recoge todo el proceso de la creacidén de la base de datos MOTEDAS y se estudia la
tendencia de 60 afios (1951-2010). En el presente texto se explicard en lineas
generales el proceso llevado a cabo para la creacidn de la base de datos MOTEDAS.

En el marco del proyecto “Impactos Hidrolégicos del Calentamiento Global en
Espaia | (HIDROCAES)” la AEMet facilitd los registros historicos de los datos originales
de temperatura diaria de maximas y minimas para convertirlos a promedios
mensuales. Asi, la informacién con la que se trabaja a lo largo de este proyecto de
investigacion son los promedios mensuales de las temperaturas maximas (Tmax) y
minimas (Tmin), que dan origen a la temperatura media mensual (Tmedia) y a partir de
su diferencia a la amplitud térmica mensual (DTR).
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Figura 5. Numero de estaciones de temperatura por afio y distancia minima promedio entre observatorios.
Fuente: AEMet. Elaboracion propia.

Los datos mensuales de partida fueron 4710 estaciones originales con distinta
distribucién temporal (Figura 5), de las cuales se seleccionan los observatorios que
tenian mas de 84 meses con dato en el total del periodo que abarca cada estacidon
(Figura 6). El control de calidad consistid en un control de coherencia espacial e
interna, una deteccidon de datos andmalos, y una deteccidn de inhomogeneidades.
Posteriormente, se realizd una reconstruccién de las series para el maximo periodo
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posible en cada caso. Y por ultimo, se seleccionaron las estaciones con mayor
porcentaje de dato original para la interpolacién espacial y creacién de una malla.
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Figura 6. Longitud temporal de las estaciones de temperatura. Fuente: AEMet. Elaboracion propia.

5.1.1 Control de calidad: coherencia, datos andmalos e
inhomogeneidades

El control de calidad se realizd en tres pasos: la coherencia de los datos, la deteccion
de los datos andmalos y la correcciéon de series inhomogéneas, empleando en los
pasos segundo y tercero series de referencia y aplicando un proceso iterativo.

El control de coherencia espacial consistié6 en comprobar que las coordenadas vy
altitud indicadas en las estaciones eran correctas. Para llevar a cabo este estudio se
utilizé el Modelo Digital de Elevacion (MDE) de alta resolucién espacial a 30 m
(Hayakawa et al., 2008). Se establecid una serie de criterios para determinar las
estaciones sospechosas:

= Diferencia de altitud entre el valor de las estaciones y el MDE superior a 150m.

= La altitud de las estaciones que cumplen el criterio anterior, no se encuentra en
un radio de 2km?” en el MDE.

= La diferencia entre la temperatura media anual con respecto al valor predicho
por los métodos de interpolacion RKy LWLR es superior a 39C.

Se corrigieron aquellas estaciones en las que fue posible determinar una nueva
localizacién, teniendo en cuenta la informacién actualizada de la AEMet que ofrecen
en su pagina web y el recurso Google Earth. Se volvié a realizar el proceso de deteccion
de estaciones sospechosas y aquellas que cumplieron los criterio previamente
mencionados fueron descartadas (Tmax 54 estaciones y Tmin 45 estaciones).

Los criterios establecidos para la deteccién de datos que no cumplen el criterio de
coherencia interna son:

= El dato no esta presente en Tmax y Tmin
= La Tmax es inferior a la Tmin

= Las temperaturas son superiores a 502C

= Las temperaturas son inferiores a -502C

= La amplitud es superior a 402
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= Concatenacion del mismo valor tres meses seguidos
= Los meses de verano con temperaturas inferiores a cero
= Las temperaturas son superiores a 4 desviaciones tipicas.

Los datos anémalos y las series inhomogéneas se diferencian en que los primeros
son datos individuales, y los segundos un conjunto de datos consecutivos en el tiempo
afectados eventualmente por cambios en las condiciones de medida. Ambos son
ajenos a la variabilidad interna de la variable estudio, y pueden ser causados por
errores de digitalizacién, toma de datos, cambios de localizaciéon, cambios en el
entorno, entre otros. El control de calidad se hizo con los software AnClim y ProClim,
desarrollados por Petr Stepanek con series de referencia.

La serie de referencia es una serie de temperatura creada a partir de la media
ponderada de las estaciones vecinas (Figura 7). Los observatorios que forman parte de
la serie de referencia se seleccionaron por distancia y correlacion. El periodo minimo
comun requerido entre estacione vecinas fue de 7 afios, y el umbral minimo de
correlacién de la temperatura anual seleccionado fue 0.6, tras comprobar
correlaciones positivas en todos los meses. Los vecinos seleccionados fueron
ponderados por el inverso de la distancia, tras normalizar con la estacién candidata sus
datos para no introducir ruido al trabajar con estaciones en altitudes diferentes.
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Figura 7. Ejemplo de creacion de la serie de referencia.

Ademads, el coeficiente de correlacion de Pearson para seleccionar vecinos se
calcula sobre la serie de diferencia para evitar el efecto de la tendencia anual. El
nuimero de vecinos que forman parte de la serie de referencia varia segln autores, por
ejemplo Peterson y Easterling (1994) sugirieron un nimero en torno a cinco y nunca
inferior a dos, mientras que Keiser y Griffiths (1977) sugieren uno siempre y cuando
sea de calidad. En este proyecto de investigacién se utiliza todos los observatorios que
sean Optimos para la construccidn de series de referencia con los criterios descritos.

La deteccion de datos anémalos y series inhomogéneas se realizé con un proceso
iterativo eliminando de los datos originales la informacién errénea, y volviendo a
generar una serie de referencia con los datos depurados, hasta tres veces. De esta
manera, mediante el proceso iterativo de deteccion de datos se cred la serie de
referencia mas dptima posible con la que se realizé la deteccidon definitiva de datos
andmalos sobre los datos originales que fueron eliminados. Como criterio general se
consider6 que un dato era andmalo cuando superaba tres veces la distancia
intercuartilica en la serie de diferencias (candidata-referencia) (Figura 8).
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Figura 8. Ejemplo de dato anémalo en el 2001. Figura 9. Ejemplo de serie inhomogénea de 1973 a 1985.

Los resultados de este control de calidad indicaron que el porcentaje de datos
andmalos (sospechosos) de Tmax fue de 0,80% y de Tmin 0,77% lo que supone en
torno al 1% del conjunto de los datos (Tabla 2).

Ene Feb | Mar | Abr | May Jun Jul Ago | Sep Oct Nov Dic
« | Sosp | 578 | 637 | 725 | 763 | 776 716 660 | 646 | 718 | 674 | 650 | 520
E Total | 83670 | 84431 | 84219 | 84230 | 84378 | 84170 | 83335 | 82649 | 83411 | 83982 | 84169 | 83173
- % 0.69 | 0.75 | 0.86 | 091 | 0.92 | 0.85 | 0.79 | 0.78 | 0.86 | 0.80 | 0.77 | 0.63
< | Sosp | 520 | 480 | 593 | 609 | 745 798 786 | 726 | 814 | 664 | 596 | 506
£ | Total | 83684 | 84431 | 84220 | 84218 | 84364 | 84153 | 83320 | 82632 | 83400 | 83984 | 84189 | 83199
" % 0.62 | 0.57 | 0.70 | 0.72 | 0.88 | 0.95 | 0.94 | 0.88 | 0.98 | 0.79 | 0.71 | 0.61

Tabla 2. Numero total de datos (Total), datos sospechosos (Sosp) y porcentaje de datos sospechosos (%) de Tmax 'y
Tmin mensual.

En el siguiente paso, la deteccidn de inhomogeneidades se realizd partiendo de las
series de Tmax y Tmin libres de datos andmalos, con las que se calcularon de nuevo
series de referencia para identificar posibles series erroneas (Figura 9). Este paso
también se realizd mediante un proceso iterativo de dos repeticiones, como se ha
explicado previamente. Para la deteccién de series inhomogéneas se aplicd la
combinacidon de test de homogenizacién como en los trabajos de Wijngaard et al.
(2003), Klok y Klein-Tank (2009).

Los test de homogenizacion utilizados fueron el denominado SNHT (Alexandersson
1986; Alexandersson y Moberg, 1997), el test bivariado (Buishand, 1982), el test de
Pettit (Pettit,1979), y el test t de Student. Una vez detectadas las series inhomogéneas
se optd por establecer una serie de criterios para decidir la correccion del
observatorio, siempre realizada del afio de la deteccidn hacia atras. En cada afio y cada
prueba se puede llegar a tener 17 detecciones (12 mensuales, 4 estaciones y 1 anual) y
el total de posibles detecciones es de 68. Por ultimo, para aceptar una serie como
inhomogénea, los criterios aplicados fueron los siguientes: si en el mismo afio se
hallaron mds de 3 detecciones en la prueba de SNHT y Bivariado, vy si tiene lugar un 5%
de las posibles detecciones de un afio en el total de las 4 pruebas de homogeneidad

La correccidn final se realizé tras examinar graficamente el comportamiento de la
serie candidata y de referencia, y fue este el criterio que finalmente determind si la
serie se debia corregir o no. Las series inhomogéneas no muestran patrén espacial ni
temporal y suponen un 1/3 del total de los datos (1931). Este analisis identificé un
factor de correccion que diferia entre Tmax y Tmin a lo largo de los meses (Tabla 3).

Ene Feb Mar Abr May Jun Jul Agu Sep Oct Nov Dic

Tmax | -0.100 | -0.139 | -0.208 | -0.235 | -0.303 | -0.332 | -0.294 | -0.263 | -0.285 | -0.212 | -0.117 | -0.100

Tmin | 0.045| 0.051| 0.054 | 0.086| 0.086 | 0.119| 0.115| 0.147| 0.142 | 0.109| 0.060 | 0.046

Tabla 3. Promedios mensuales del factor de ajuste de inhomogeneidades de Tmax y Tmin.
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5.1.2 Reconstruccion de las series incompletas

Los registros de temperatura libres de datos andmalos e inhomogeneidades
presentan problema de segmentacion (series no continuas en el tiempo), lo que no
permite realizar estudios de tendencias. Para solucionar dicho problema se realizé la
reconstruccién de las series candidatas a partir de la serie de referencia, método
aplicado en el trabajo de Gonzalez-Hidalgo et al. (2011) con las precipitaciones
mensuales de la Espafia peninsular. Las series no solo presentan el problema de estar
segmentada sino que vecinos muy cercanos no se solapan en el tiempo. Para conseguir
poder unir esta informacidn, la reconstruccién se realizé a partir de la serie de
referencia con vecinos solapados extrapolada al maximo (Figura 10), estimando sobre
una reconstruccién provisional una nueva serie de referencia que incluyera ahora los
vecinos cercanos no solapados. La principal diferencia entre estas dos series de
referencias, es que la longitud de la serie de referencia extrapolada no se limita al
periodo de la serie candidata y sus vecinos solapados (Figura 10, R1), sino que incluye a
cualquier vecinos no solapado y cercanos (Figura 10, R2). En cada paso de la creacion
de la serie de referencia se utiliza la misma para rellenar los datos faltantes de la serie
original (Figura 10, C+R1) y volver a calcular la nueva serie de referencia prolongada en
el tiempo (Figura 10, R2). Finalmente, los datos finales contienen los datos originales y
los datos rellenados a partir de la serie de referencia con la mayor longitud temporal
posible (Figura 10, C*).
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Figura 10. Ejemplo de creacion de la serie de referencia extrapolada (C candidata, R1 serie de referencia con vecinos
solapados, R2 serie de referencia con vecinos no solapados).

La serie de referencia extrapolada se realizé a diferentes distancias (10, 25 y 50 km)
para rellenar los datos faltantes con las series de referencia a menor distancia.
Finalmente, la base de datos de temperaturas mensuales de la Espafia peninsular
(MOTEDAS) en formato puntual (estaciones) cuenta con 3012 series para la Tmax y
3021 series para Tmin y abarcan, segun la reconstruccién de cada serie, el periodo
1860 a 2010.
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5.1.3 Interpolacién y validacion

La informacién local de la base de datos MOTEDAS fue convertida a malla (Figura

11) para

poder disponer de informacién regular y continua en el territorio, pero antes

de convertir la informacion local en una malla mediante un método de interpolacion,
se procedid a seleccionar las estaciones que presentaban un mayor porcentaje de

datos ori

ginales y cubrian de manera homogénea el territorio para de esta manera

evitar la redundancia.
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Figura 11. Estaciones de la AEMet, estaciones seleccionadas y malla 10x10km de temperatura. Elaboracion propia.

El mayor porcentaje de datos originales se localiza en la época mas reciente al igual
que el periodo que abarca la mayor parte de los estudios de temperatura ya

comenta

dos, asi que se decidié seleccionar como rango temporal 1951-2010. La

distribucién en el tiempo de la informacidn (Tabla 4) sirvié de punto de partida para la
seleccion final de observatorios con los que se elaboré la malla.

Datos 1951-1960 | 1961-1970 | 1971-1980 | 1981-1990 | 1991-2000 | 2000-2010 | Total
originales 17,7 27,7 51,4 66,1 79,7 74,5 52,8
10 km. 63,6 56,0 37,3 25,0 15,5 19,9 36,2
25 km. 18,7 16,3 11,3 8,9 4,8 5,6 11,0

Tabla 4. Porcentaje de datos originales y reconstruidos a diferentes distancias (10 y 25 km) y periodos (1951-2010).
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Finalmente, del total de estaciones reconstruidas se eligieron aquellas que
presentan un alto porcentaje de dato original y reconstrucciones a menor distancia y
en donde se observan vacios espaciales como puede ser las zonas de montaia. El
mayor nimero de observatorios se localizan en las zonas Ilanas en donde se ubican la
mayor parte de la poblacidon (Tabla 5).

Altitud (m) <250 | 250-500 | 500-750 | 750-1000 | 1000-1500 | >1500 | Total
Porcentaje de territorio 13,0 20,7 23,6 23,6 15,6 3,5 100
Total observatorios 785 780 685 490 287 39 3066
Estaciones seleccionadas 278 354 334 247 125 20 1358
Densidad (observatorio/kmz) 229 287 346 468 612 858 361

Tabla 5. Numero de estaciones, porcentaje de territorio y densidad (observatorio/kmz) segun intervalos de altitud.

En las areas de mayor altitud el porcentaje de territorio es menor (Tabla 5), pero
también el nUmero de estaciones disponibles lo que supone un reto para la gestion de
las estaciones meteoroldgicas en el futuro.

Finalmente, de un total de 3012 series de Tmax y 3021 de Tmin se seleccionaron
1358 estaciones para ser interpoladas con un método local (ADW) descrito en el
apartado de técnicas estadisticas. La malla final de temperatura tiene una resolucion
espacial de 10*10km, y a esta resolucién el 25% de las celdas contienen al menos una
estacion. Tras la interpolacion de los datos se realizd la validaciéon de los mismos
mediante el método de validacién cruzada “LOOCV” explicado en el apartado técnicas
estadisticas. La validacion no fue incluida en el articulo publicado y se muestra por
primera vez en este trabajo.

En general el coeficiente de determinacion (R?) es elevado lo que indica que los
valores predichos por la interpolacidon son muy semejantes a los datos observados, aun
asi la interpolacién no es perfecta y una muestra del sesgo se observa con el error
cuadratico medio (RMSE) que alcanza valores entorno a 12C (Tabla 6).

Promedio Tmin mensual Promedio Tmax mensual
MBE RMSE R MBE RMSE R
Enero 0.194 1.061 0.867 0.199 1.125 0.863
Febrero 0.196 1.082 0.865 0.205 1.279 0.817
Marzo 0.198 1.086 0.854 0.211 1.364 0.780
Abril 0.200 1.092 0.846 0.215 1.407 0.787
Mayo 0.202 1.092 0.838 0.220 1.410 0.793
Junio 0.202 1.152 0.840 0.224 1.450 0.822
Julio 0.203 1.233 0.847 0.225 1.464 0.857
Agosto 0.201 1.248 0.855 0.221 1.425 0.851
Septiembre 0.201 1.184 0.862 0.216 1.352 0.817
Octubre 0.198 1.104 0.868 0.209 1.275 0.811
Noviembre 0.195 1.079 0.872 0.201 1.185 0.849
Diciembre 0.193 1.059 0.871 0.197 1.099 0.869

Tabla 6. Estadisticos de error (MBE y RMSE) y coeficiente de determinacion (RZ) de la validacion de la interpolacion
de Tmax y Tmin mensual.
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5.2. Climatologia de las temperaturas mensuales de la
Espafia peninsular

En este apartado se muestran los principales resultados del trabajo “A new
climatology of maximum and minimum temperature (1951-2010) in the Spanish
mainland: a comparison between three different interpolation methods” publicado en
la revista “International Journal of Geographical Information Science”. En el articulo se
presenta la climatologia actualizada de las temperaturas mensuales de la Espana
peninsular, obtenida a partir del método de regresién lineal con ponderacién local
(LWLR) explicado en el apartado de técnicas y métodos estadisticos.

. LWLR RK SRK
TMin TUBE | MAE | RMSE | R MBE | MAE | RMSE | R> | MBE | MAE | RMSE | R’
Ene [-0.007 | 0.796 | 1.020 | 0.882 | 0.000 | 0.936 | 1.193 | 0.841 |-0.001 | 0.864 | 1.089 | 0.865
Feb [-0.009| 0.801 | 1.020 | 0.883 |-0.001| 0.928 | 1.172 | 0.849 |-0.001| 0.864 | 1.085 | 0.868
Mar [-0.005| 0.808 | 1.024 | 0.873 |-0.001| 0.915 | 1.148 | 0.842 |-0.001 | 0.867 | 1.085 | 0.857
Abr | 0.003 | 0.765 | 0.968 | 0.880 |-0.002 | 0.831 | 1.048 | 0.861 | -0.004 | 0.802 | 1.013 | 0.869
May | 0.004 | 0.785 | 1.000 | 0.865 | 0.001 | 0.831 | 1.054 | 0.851 |-0.002 | 0.819 | 1.040 | 0.854
Jun [ 0.005 | 0.856 | 1.104 | 0.852 | 0.003 | 0.887 | 1.137 | 0.845 | 0.000 | 0.892 | 1.141 | 0.843
Jul 0.005 | 0.959 | 1.248 | 0.844 | 0.003 | 0.998 | 1.291 | 0.834 | 0.001 | 1.004 | 1.296 | 0.832
Aug | 0.001 | 0.966 | 1.256 | 0.854 | 0.001 | 1.025 | 1.320 | 0.840 | 0.000 | 1.018 | 1.311 | 0.841
Sep |-0.002| 0.917 | 1.178 | 0.864 | 0.000 | 1.011 | 1.285 | 0.840 |-0.001 | 0.984 | 1.249 | 0.848
Oct |-0.004| 0.838 | 1.064 | 0.879 |-0.001| 0.966 | 1.216 | 0.845 |-0.001 | 0.911 | 1.143 | 0.861
Nov [-0.009| 0.808 | 1.031 | 0.887 | 0.000 | 0.956 | 1.215 | 0.846 | 0.001 | 0.881 | 1.109 | 0.869
Dic  [-0.005| 0.791 | 1.018 | 0.885 |-0.001| 0.937 | 1.199 | 0.844 | 0.000 | 0.859 | 1.089 | 0.869
Anual | -0.002 | 0.797 | 1.011 | 0.877 |-0.001 | 0.899 | 1.130 | 0.849 | -0.002 | 0.860 | 1.078 | 0.861

Tabla 7. Estadisticos de error (MBE, MAE y RMSE) y coeficiente de determinacion (RZ) de la validacion de los tres
métodos de interpolacion (LWLR, RK, SRK) del promedio mensual de Tmin.

La climatologia se ha realizado con la base de datos de temperatura promedio
mensual (MOTEDAS) en versidn estaciones, con 3012 de Tmax y 3021 de Tmin. En cada
uno de los registros de ambas temperaturas mensuales se calculd su valor promedio y
se realizd la interpolacién con los métodos RK, SRK y LWLR. La comparacién de los
métodos de interpolaciéon se hizo con los indicadores de error (MBE, MAE, RMSE) vy el
coeficiente de determinacion (R%) explicado en el apartado técnicas y métodos. Como
principales resultados sefialamos que los valores mas altos de error se localizan en los
meses de verano en los tres métodos de interpolacién, y los mayores sesgos tienen
lugar en Tmin (Tabla 7) frente a Tmax (Tabla 8).

Debido a que una de los principales debilidades de la malla se origina en zonas de
altitud elevada por la ausencia de datos originales, para evaluar cada método en
altitud se agrupé el estadistico de error MBE por intervalos de elevacién y se pudo
comprobar que el método de interpolacion LWLR es el que mejores resultados ofrece
en las dreas mas elevadas (Figura 12). Los resultados permitieron conocer que en
general los valores de Tmax por encima de los 1000 metros son sobreestimadas,
mientras que Tmin es subestimada, lo contrario a lo que sucede en las dreas proximas
al nivel del mar. Estos errores en la interpolacidn son maximos en los meses de verano
(julio).
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LWLR RK SRK
Tmax 3 3 5
MBE | MAE | RMSE R MBE | MAE | RMSE R MBE | MAE | RMSE R

Ene -0.006 | 0.608 | 0.823 | 0.927 | 0.001 | 0.605 | 0.823 | 0.926 | 0.002 | 0.612 | 0.832 | 0.924
Feb -0.012 | 0.606 | 0.814 | 0.922 | 0.002 | 0.608 | 0.815 | 0.922 | 0.002 | 0.621 | 0.832 | 0.919
Mar |-0.020| 0.644 | 0.860 | 0.907 | 0.001 | 0.667 | 0.890 | 0.900 | 0.002 | 0.668 | 0.890 | 0.900
Abr -0.024| 0.680 | 0.913 | 0.907 | 0.001 | 0.706 | 0.947 | 0.900 | 0.001 | 0.698 | 0.937 | 0.902
May |-0.031| 0.736 | 0.978 | 0.898 | 0.002 | 0.775 | 1.036 | 0.886 | 0.000 | 0.752 | 1.002 | 0.893
Jun -0.038| 0.829 | 1.100 | 0.897 | 0.004| 0.876 | 1.179 | 0.882 | 0.000 | 0.839 | 1.115 | 0.894
Jul -0.037| 0.880 | 1.163 | 0.911 | 0.002 | 0.946 | 1.272 | 0.892 (-0.002| 0.895 | 1.188 | 0.906
Aug -0.040| 0.856 | 1.133 | 0.906 | 0.002 | 0.912 | 1.223 | 0.890 | -0.001| 0.869 | 1.157 | 0.902
Sep -0.033| 0.747 | 0.993 | 0.899 | 0.000 | 0.782 | 1.047 | 0.887 (-0.001| 0.763 | 1.014 | 0.894
Oct -0.020| 0.642 | 0.863 | 0.910 | 0.001 | 0.657 | 0.884 | 0.905 | 0.003 | 0.659 | 0.888 | 0.904
Nov |-0.009| 0.608 | 0.823 | 0.925 | 0.001 | 0.604 | 0.820 | 0.925 | 0.000 | 0.615 | 0.832 | 0.923
Dic -0.006 | 0.620 | 0.839 | 0.924 | 0.001 | 0.620 | 0.844 | 0.923 | 0.002 | 0.621 | 0.845 | 0.923
Anual [-0.023 | 0.612 | 0.813 | 0.919 | 0.001 | 0.633 | 0.848 | 0.912 | 0.001 | 0.633 | 0.844 | 0.913

Tabla 8. Estadisticos de error (MBE, MAE y RMSE) y coeficiente de determinacion (RZ) de la validacion de los tres
métodos de interpolacion (LWLR, RK, SRK) del promedio mensual de Tmax.

Finalmente, el método dptimo para realizar la interpolacién de la climatologia de las
temperaturas mensuales fue el que ofrecia valores de error mas bajos, el denominado

LWLR.
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Los mapas climatoldgicos mensuales de Tmax, Tmin (Figura 13), Tmedia y DTR
(Figura 14) se presentan con una leyenda en comun para facilitar la comparacién entre
los diferentes registros termométricos. Estas cartografias permiten ver en detalle los
contrastes térmicos que tienen lugar en la Espaifia peninsular debido a la latitud,
orografia, entre otros factores.
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Figura 13. Climatologia mensual de Tmax y Tmin de la Espafia peninsular.
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Los meses con temperatura mas elevada se localizan en la estacién de verano y en
la regidn sur del territorio, fundamentalmente en el valle del Guadalquivir. Aunque
también es posible encontrar valores elevados en la depresién del Ebro al norte. Por el
contrario, los meses frios tienen lugar en invierno y se localizan en el norte de la
Espafia peninsular y en las dreas de montafa, seguido de la meseta norte. Gradientes
costa-interior, sus variaciones en el tiempo, etc., fueron discutidos con detalle en el
texto original.

5.3. Variacion temporal de las temperaturas en la
Espafia peninsular

Este apartado corresponde al articulo “Recent trend in temperature evolution in
Spanish mainland (1951-2010): from warming to hiatus” publicado en la revista
“International Journal of Climatology”, en el que se estudia la tendencia estacional de
las temperaturas en diferente ventanas moviles (de 60 a 20 afos). Pero también
corresponde a la segunda parte del articulo “MOTEDAS: a new monthly temperature
dataset for mainland Spain and the trend in temperature (1951-2010)” publicado en la
revista “International Journal of Climatology”, en donde se estudia la tendencia
mensual las temperaturas en 60 afios y su distribucidn espacial. Se ha decidido unificar
ambos articulos en este apartado ya que en ambos se estudia la variacion temporal de
las temperaturas de la Espafia peninsular a partir del calculo de la tendencia en
diferentes periodos.

El estudio de la significacion e intensidad de las tendencias se realizd con la prueba
de Mann Kendall y su intensidad con el estadistico de Sen (°/década). En primer lugar
se presenta las principales caracteristicas de la serie regional de la Espafia peninsular y
los resultados obtenidos de analisis de las tendencias de las temperaturas estacionales
y anuales. En la segunda parte se muestra el estudio de las tendencias de las
temperaturas mensuales.

5.3.1. Tendencia de las temperaturas estacionales y
anuales

La serie regional de la temperaturas promedio anuales y estacionales de Tmax vy
Tmin se obtiene en cada caso a partir del promedio de los valores de todas las celdas
de la malla. Esta serie regional permite conocer la seial climatica para el conjunto de
Espafia, cuyas variaciones espaciales se presentaran mas adelante. En este estudio se
analiza la serie regional anual y estacional. También se presentaran estas series como
anomalias obtenidas a partir de la diferencia de cada valor respecto a la media de un
periodo, en este caso 1951-2010. Trabajar con las anomalia facilita la comparacién
entre casos distintos.

Las series regionales anuales de Tmax (Figura 16) y Tmin (Figura 17) muestran una
tendencia decreciente desde los afios 50 hasta los afos 70, y a partir de aqui un
aumento hasta 2010. La época de mayor cambio en las temperaturas anuales
corresponde con las décadas de los afios 70 a 90.
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Figura 15. Serie regional del promedio anual de Tmax de la Espafia peninsular y su intervalo de confianza
(1 =*1.96s/v n) a partir del nimero de estaciones disponibles en cada afio. Fuente: MOTEDAS. Elaboracién propia.
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Figura 16. Serie regional del promedio anual de Tmin de la Espafia peninsular y su intervalo de confianza
(1 =*1.96s/v n) a partir del nimero de estaciones disponibles en cada afio. Fuente: MOTEDAS. Elaboracién propia.

Para comparar los resultados obtenidos con otras bases de datos se ha utilizado la
temperatura media de enero y agosto de la base de datos MOTEDAS con los valores
de la serie regional de las bases de datos SPAINO2 (Herrera et al., 2012) y
HadCRUTEM4 (Jones et al., 2012) (Figura 17). En general las series regionales de las
dos base de datos comparadas muestran una evolucion temporal similar a la serie
regional de MOTEDAS, aunque se aprecian pequeias diferencias. La HadCRUTEM a
partir de los 80 presenta valores un poco mas altos que las otras dos, y en agosto es
SPAINO2 la que muestra valores mas bajos de las tres.

C)

3
HadCRUTEM (1961-1990) ——MOTEDAS (1961-1990) ~ — -SPAINO2 (1961-1990) HadCRUTEM (1961-1990)

——MOTEDAS (1961-1990) = =SPAIN02 (1961-1990)
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Figura 17. Serie regional de temperatura media de enero (izquierda) y agosto (derecha) de la Espafia peninsular con
las bases de datos: MOTEDAS, SPAINO2, CRU. Fuente: MOTEDAS, CRU y SPAINO2. Elaboracidn propia.

En el andlisis estacional de la serie regional permite observar que el invierno es muy
variable, especialmente en Tmin (Figura 18). Por otra parte, las estaciones de
primavera y verano muestran una tendencia mucho mas clara. En los primeros afios en
ambos casos se observa un descenso de las temperaturas, posteriormente un
incremento de las mismas. Por ultimo la estacion de otofio es la mas irregular, hay
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momentos de aumento y descenso de temperatura pero sin una tendencia
visualmente clara.
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Figura 18. Serie regional de invierno, primavera, verano y otofio de Tmax y Tmin. Fuente: MOTEDAS.
Elaboracion propia.

Desde el punto de vista espacial (Figura 19) las tendencia estacionales en un
periodo de 60 afos (1951-2010) permiten apreciar que hay un aumento térmico en la
mayor parte del territorio y en especial en la estacién de verano. En el invierno la
tendencia de Tmax es significativa en gran parte del area de estudio. Mientras que en
primavera hay aumento de Tmax y Tmin en un elevado porcentaje del espacio. Por
ultimo, en otofio se aprecia una tendencia significativa positiva de Tmin en algunas
areas, pero no en Tmax. Estos resultados fueron objeto de una presentacién al
congreso celebrado en Almeria por la Asociacion Espafiola de Climatologia, AEC
(Gonzalez-Hidalgo et al., 2014).

Invierno Primavera Verano Otofio

Temperatura
maxima mensual

Temperatura
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———— km T
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Figura 19. Distribucion espacial de la significacién de tendencias (test de Mann Kendall) de invierno, primavera,
verano y otofio de Tmax y Tmin. Fuente: MOTEDAS. Elaboracion propia.

Un segundo enfoque es el estudio de la tendencia estacional en ventanas mdviles ya
gue permite observar la evolucidon de la tendencia en el tiempo (Figura 20). En este
caso se ha analizado las tendencias de las series promedio anuales y estacionales de
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Tmax y Tmin en ventanas mdviles de 60 a 20 afios, desde 1951 al 2010. El analisis de
ventanas mdviles indicd que el maximo calentamiento se produjo durante las décadas
de 1971-1980 y 1981-1990, no siendo significativas las tendencias en los ultimos 20
anos segun la estaciéon y medida termométrica
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Figura 20. Ventana movil de 60 a 20 afios de la tendencia estacional de Tmax (arriba) y Tmin (abajo) a partir de la
serie regional. Fuente: MOTEDAS. Elaboracion propia.
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5.3.2. Tendencia de las temperaturas mensuales

En este apartado se presenta los principales resultados del andlisis espacial de las
tendencias de Tmax y Tmin mensuales, asi como de sus promedios mensuales y su
DTR. Como el andlisis se realiza sobre las series de la malla de MOTEDAS en formato
malla, los resultados ademas pueden incluir el calculo del porcentaje de territorio
afectado. En la mayor parte del territorio (Tabla 9) hay una tendencia positiva, sin
embargo esta tendencia no es significativa en la totalidad del area, sino que se
observan diferencias espaciales. Los meses que presentan un mayor porcentaje de
territorio con tendencia positiva significativa son los de verano tanto en Tmax como
Tmin, que se refleja en Tmedia. El resto de los meses muestran mayores diferencias
tanto en la intensidad del cambio como la significacion del mismo (Tabla 10).

p-valor| Ene | Feb | Mar | Abr | May | Jun Jul Ago | Sep | Oct | Nov | Dic

<0,01 | 09 | 243 | 286 | 36 | 0.8 [ 87.1|294|345| 00 | 0.8 | 0.0 | 0.0

+| <0.05 | 16.3 | 60.8 | 814 | 115 | 0.8 | 99.5]59.3 | 703 | 15 6.1 0.3 1.1

= n.s 100 | 100 | 100 | 100 | 91,4 | 100 | 100 | 100 | 45.8 | 85.5 | 99.5 | 90.2

IE n.s - - - - 8.6 - - - 542 | 145 0.5 9.8
- | <0,05 - - - - - - - - - - - -
<0,01 - - - - - - - - - - - -
<0,01 | 0.2 0.6 7.8 [ 109 49 (919|491 | 833 | 3.3 | 236 - -

+| <0.05 | 64 5.1 279 (352 (243 |995|745(93.1| 16.5| 60.8 | 0.8 0.0

£ n.s 99.9 | 100.0 | 95.5 | 100 | 100 | 100 | 100 | 100 | 72.9 | 100 | 99.7 | 95.6

E n.s 0.1 - 5.0 - - - - - 27.1 - 0.3 4.4
- | <0,05 - - - - - - - - - - - -
<0,01 - - - - - - - - - - - -
<0,01 - 0.2 29 - - 149 | 2.0 4.0 - - - -
+| <0.05 - 9.1 256 | 0.3 - 35.7 | 6.2 6.9 3.1 - - -

e n.s 74.8 | 909 | 93.9 | 78.8 | 15.6 | 84.0 | 50.7 | 39.3 [ 39.0 | 14.3 | 23.0 | 52.7

e n.s 25.2 9.1 6.1 | 21.2 (844 | 16.0| 49.3 | 60.7 | 61.0 | 85.7 | 77.0 | 47.3
- | <0,05 - 0.8 0.8 0.2 7.5 3.0 (136 (| 30.1 | 299 | 1.6 - -
<0,01 - 0.2 - - 3.3 2.3 81 | 228186 | 0.1 - -

<0,01 | 2.8 19 | 436 | 94 | 0.0 | 99.6| 527|784 | 00 | 36 | 0.0 | 0.0

+| <0.05 | 7.8 42.1 | 87.4 | 27.8 | 1.8 100 | 751 (940 | 0.0 | 206 | 0.0 0.2

'-% n.s 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 79.0 | 100 | 99.8 | 91.3

S n.s - - - - - - - - 210 02 | 87
- | <0,05 - - - - - - - - - - - -
<0,01 - - - - - - - - - - - -

Tabla 9. Porcentaje de territorio segun el nivel de la significacion de la tendencia (test de Mann Kendall) de Tmax,
Tmin, DTR y Tmedia mensual.

Desde el punto de vista de la representacién espacial (Figura 21). Algunos aspectos
mensuales destacables son que en diciembre ambas variables muestra una tendencia
positiva, pero no significativa, y llama la atencién en areas de la cuenca del Ebro una
tendencia negativa no significativa. De igual forma, enero presenta tendencia positiva
no significativa en la mayor parte del territorio. Por el contrario, febrero muestra una
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tendencia positiva significativa en Tmax en la franja oeste del territorio, mientras que
en Tmin no muestra tendencia significativa. Lo mismo ocurre con marzo, en donde
Tmax tiene tendencia positiva significativa, pero en este caso Tmin muestra tendencia

positiva significativa al sur del territorio.

Temperatura maxima mensual Temperatura minima mensual

Diciembre

Octubre Noviembre

Noviembre

Figura 21. Significacidn de la tendencia mensual (Mann Kendall) de Tmax (izquierda) y Tmin (derecha). Fuente:
MOTEDAS. Elaboracion propia.

Temperatura media mensual Amplitud térmica mensual

Febrero

Febrero

Noviembre Septiembre g Octubre Noviembre

Septiembre ” Octubre

S P Oa S
o S FS <§‘\~A°\§.A°\ o Elevacion (m)
STLEELF 8 58 O
@"’@'(ﬁ"é’aé\&@o@&o@&&\ F?
§°°i$o° P PR §°Qi§oq PSS
O S o8& ¢ . Y
P IS LS 5 PSP S
T e N Te m T
- %5 5 =5 =2 B 50 100 200 N

Figura 22. Significacidn de la tendencia (Mann Kendall) de Tmedia (izquierda) y DTR mensual (derecha). Fuente:
MOTEDAS. Elaboracion propia.

47



Parte I. Introduccion Variabilidad espacio temporal de las temperaturas
mensuales en la Espafia Peninsular

En abril y mayo solo hay tendencia positiva significativa en la franja sureste de la
Espafia peninsular. En los meses de verano la tendencia es positiva significativa en la
mayor parte del territorio, especialmente en junio. En septiembre es donde se
observan las mayores diferencias, y solo se aprecia tendencia positiva significativa al
sur del territorio en Tmin. En octubre solo Tmin muestra tendencia positiva
significativa en un porcentaje elevado del territorio. Por ultimo, noviembre se
comporta de manera semejante para ambas variables sin tendencia significativa
positiva.

Debido a los comportamientos de Tmax y Tmin la tendencia de Tmedia presenta
tendencia positiva significativa en gran parte del territorio en verano, febrero y marzo,
y en menor medida en la costa mediterranea en abril y octubre (Figura 22). Por su
parte, la amplitud térmica mensual muestra tendencia significativa de mayo a
septiembre. En estos meses pasan dos cosas curiosas, por una parte el norte muestra
tendencia positiva significativa, mientras que el sur muestra tendencia significativa
negativa; y por otra parte las tendencias significativa se agrupan en la franja este
proxima al mar Mediterraneo. Esto viene a indicar que durante estos meses de mayo a
septiembre la tendencia de la Tmin es superior a Tmax.

p-valor Ene Feb Mar Abr [ May | Jun Jul Ago Sep Oct Nov Dic

, [ <005 | 0.236 | 0.364 | 0.406 | 0.27 | 0.29 | 0.46 | 0.27 | 0.31 | 0.26 | 0.27 | 0.20 | 0.21

" n.s 0.183 | 0.311 | 0.374 | 0.20 [ 0.10 | 0.46 | 0.23 | 0.28 | 0.09 | 0.14 | 0.10 | 0.10
E Global 0.183 | 0.311 | 0.374 | 0.20 | 0.08 | 0.46 | 0.23 | 0.28 | -0.01 | 0.12 | 0.10 | 0.09
|_ns - - - - |-003| - - - | -0.08|-0.02 | -0.01 | -0.03
<0,05 - - - - - - - - - - - -

, [<0.05 | 0.269 | 0.256 | 0.222 | 0.21 | 0.23 | 0.34 | 0.26 | 0.33 | 0.25 | 0.26 | 0.23 -
n.s 0.16 | 0.173 | 0.15 | 0.15|0.17 | 0.34 | 0.23 | 0.32 | 0.14 | 0.22 | 0.13 | 0.12

'E Global 0.16 | 0.173 | 0.142 | 0.15[0.17 | 034 | 0.23 | 0.32 | 0.09 | 0.22 | 0.13 | 0.11
|_ns 0.00 - -0.027 | - - - - - |-004| - |-001]-002
<0,05 - - - - - - - - - - - -

, [L<0.05 - 0.318 | 0311 | 017 | - | 0.24 | 0.16 | 0.16 | 0.19 - | 015 -

© n.s 0.067 | 0.164 | 0.229 | 0.07 [ 0.04 | 0.16 | 0.07 | 0.08 | 0.10 | 0.04 | 0.03 | 0.04
E Global 0.042 | 0.141 | 0.209 | 0.05 |-0.09 | 0.12 | -0.01 | -0.05 | -0.08 | -0.11 | -0.05 | -0.01
" | ns |-0033]|-0093|-0.087 |-0.04|-0.11| -0.08 | -0.10 | -0.14 | -0.20 | -0.13 | -0.07 | -0.06
<0,05 | -0.138 | -0.188 | -0.157 |-0.15(-0.24 | -0.18 | -0.19 [ -0.21 | -0.30 | -0.22 | - | -0.16

,| <005 | 0.261 | 0274 | 0.289 | 0.23 | 023 | 040 | 0.26 | 031 - | 024022020
n.s 0.17 | 0.244 | 0.276 | 0.17 | 0.13 | 0.40 | 0.23 | 0.30 | 0.06 | 0.16 | 0.09 | 0.11

= | Global 0.17 | 0.244 | 0.276 | 0.17 | 0.13 | 0.40 | 0.23 | 0.30 | 0.04 | 0.16 | 0.09 | 0.10
|_ns - - - - |-002| - - - | -0.02|-0.01|-0.01]-0.02
<0,05 - - - - - - - - - - - -

Tabla 10. Tasa de Sen (°C*10) de acuerdo con el nivel de significacion (p-valor 0.05, no significativo y global) de
MOTEDAS: Tmax, Tmin, Tmedia y DTR mensual.

El analisis de la intensidad mensual de las tendencias muestra que en los meses de
verano tanto Tmax como Tmin se produjeron las tasas mas elevadas (Tabla 10). Por el
contrario, septiembre muestra los valores de la tasa de Sen mads bajos tanto en Tmax
como Tmin. Semejante comportamiento se observa en la Tmedia, los valores mas altos
de la tasa de Sen se localizan en verano y los mads bajos en septiembre.
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La amplitud muestra una tasa negativa y significativa en todos los meses, menos en
noviembre, y los valores mas altos se localizan en mayo, septiembre y octubre. La tasa
de Sen es significativa positiva solo en los meses de febrero, marzo, abril, septiembre,
noviembre y el verano, y los valores mas elevados se observan en febrero y marzo.
Finalmente, se destaca que la tasa de Sen positiva es superior en Tmax frente a Tmin
de febrero a junio, y esta situacién se estabiliza de julio a enero, en donde la tasa de
Sen en algunos meses es superior en Tmin frente a Tmax.

En resumen, se ha detectado un aumento de las temperaturas muy localizado entre
los anos 1970-1990, y el estudio de la distribucién espacial del mismo sefala
variaciones entre meses muy importantes con diferencias notables entre Tmax y Tmin.

5.4. Variabilidad espacial de las temperaturas anuales y
mensuales en la Espafa peninsular

El siguiente texto corresponde al articulo “Spatial variability of maximum and
minimum monthly temperature in Spain during 1981-2010 evaluated by correlation
decay distance (CDD)” publicado en la revista “Theoretical and Applied Climatology”.
En el articulo se estudia la variabilidad espacial de las temperaturas a través del indice
CDD. En el presente apartado se estudia a escala anual y mensual, y en diferentes
niveles de altitud la variabilidad espacial de las temperaturas en el territorio peninsular
espaiiol.

Los datos especializados como es el caso de las temperaturas se caracteriza por
tener dependencia o autocorrelacion espacial. Como indica Tobler (1970): “Todas las
cosas estan relacionadas entre si, pero las cosas mas préximas en el espacio tienen una
relacion mayor que las distantes”. Este es uno de los principios fundamentales de la
geoestadistica o estadistica espacial, la cual se encarga de analizar distribuciones,
patrones, procesos y relaciones espaciales. Desde este punto de vista, en este
apartado se estudia la variabilidad espacial de las temperaturas, es decir, nos interesa
conocer la distancia a la cual las estaciones de temperatura se comportan de manera
similar y a su vez delimitar areas heterogéneas entre si.

El estudio del comportamiento espacial de cualquier variable es posible gracias a
técnicas de la geoestadistica, y a los principios espaciales que en ella se define. En este
proyecto de investigacion se utilizd el indice de Caida de la Correlacion (CDD) para
estudiar la variabilidad espacial, pero es posible conocer la dependencia espacial
mediante otras técnicas como son los correlogramas, semivariogramas,
covariogramas, entre otros. Todo dato espacial, a diferencia de otro tipo de registro,
llevan implicitos los efectos de otros factores superpuestos y la distancia a la que se
encuentra del resto de elementos del espacio. Este afiadido de la informacién espacial
permite establecer relaciones entre los diferentes elementos, detectar patrones
espaciales, delimitar dreas homogéneas, etc. Ademas en un espacio, las unidades del
relieve condicionany delimitan el comportamiento de las variables analizadas.

El analisis de la variabilidad espacial de las temperaturas se realizd mediante el
denominado CDD, calculando la distancia a la cual los observatorios presentan un 50%
de variabilidad en comun, es decir una estimacidon de que se comportan de manera
semejante. Los valores bajos de CDD suponen menor distancia y por tanto mayor
variabilidad espacial, y viceversa. El indice CDD se aplico a las series de MOTEDAS sin
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rellenar con mas del 90% de datos originales, por lo que se eligié el periodo 1981-2010,
para evitar el efecto del “suavizado” que produce el relleno. Las series finalmente
analizadas fueron 459 y 454 en Tmax y Tmin, respectivamente. En cada observatorio se
el calculd el valor de CDD a sus valores de Tmax y Tmin mensual, estacional y promedio
anual, aplicando a los resultados del modelo una interpolacion geoestadistica por
medio de un Kriging Ordinario.

Temperatura Temperatura
maxima anual S A S - minima anual

U T

Figura 23. Valores de CDD (km) de los promedios anuales de Tmax (izquierda) y Tmin (derecha).

Los valores de CDD de los promedios anuales (Figura 23) son mas bajos en Tmin
gue en Tmax, es decir el promedio anual de la temperatura nocturna es mas variable
en el espacio que el de la diurna. Los valores de CDD anual de Tmax presentan una
orientacién noroeste-sureste, donde los valores mas altos se localizan al noroeste y
van disminuyendo en direccidn sureste, hasta alcanza su minimo valor en el sur de
Espana con CDD inferiores a 100 km. En el caso de la Tmin, se observa una distribucién
en bandas norte-sur, con los valores altos de CDD al norte de la peninsula, y los mas
bajos al sur y sureste.

Los valores absolutos mas bajos de CDD se localizan en ambos casos en la franja
costera mediterrdnea y en el sureste espafiol, donde se disponen de manera paralela a
las cadenas montafiosas, mientras que los valores mas altos de CDD se localizan en
areas del interior y en Tmax en la costa suroeste de Espafia, a donde pueden acceder
facilmente las masas de aire oceanicas (valle del Guadalquivir).

El andlisis mensual (Figura 24) indica que los valores de CDD de Tmax, excepto en
diciembre, enero, julio y agosto, repiten el patrén anual con un gradiente noroeste-
sureste, de maximos a minimos valores, respectivamente. En los meses de diciembre,
enero, julio y agosto los valores de CDD de las maximas son muy bajos y se distribuyen
de manera homogénea, a excepciéon del valle del Ebro donde los valores son
ligeramente mas altos.

En el caso de Tmin, los valores de CDD de los meses de noviembre a febrero
presentan el mismo gradiente que la temperatura maxima, los valores absolutos mas
bajos se encuentran al sureste (menos de 100 km) y van aumentando hacia el noroeste
(mds que 400 km). De marzo a octubre la temperatura minima presenta los valores
mas bajos de CDD, repartidos de una forma mds o menos homogénea a lo largo del
territorio. Uno de los mas importantes resultados encontrados en este trabajo es la
clara diferencia entre la variabilidad espacial de la temperatura en la costa y en el
interior de la peninsula ibérica.
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Figura 24. Valores de CDD (km) de los promedios mensuales de Tmax (izquierda) y Tmin (derecha).

Para analizar estas diferencias se debe tener en cuenta que el drea de estudio es un
terreno especialmente montafioso con una elevada meseta en el interior (> 500 m)
rodeada de cadenas montafiosas (1000-2000 m), mientras que las zonas bajas (< 500
m) se localizan en la costa en el norte, sur y este, y en el valle del Ebro (noreste
espanol) y del Guadalquivir (suroeste espafiol). En la figura 25 se muestra la elevacion
de las estaciones utilizadas para el célculo del CDD. Estas estaciones fueron agrupadas
en intervalos de altitud para estudiar las diferencias del indice de CDD en los niveles de
elevacidén y comprobar la variabilidad espacial en los diferentes rangos.

Si analizamos la variabilidad en diferentes niveles de altitud (Figura 26) se puede
observar que el promedio de Tmin es mas variable que el de Tmax a excepcién de los
meses de noviembre, diciembre y enero, cuando la radiacién es menor. La Tmin
presenta un comportamiento muy homogéneo en toda el perfil altitudinal a excepcién
de los meses de noviembre, diciembre, enero y febrero, donde a partir de los 800 m
hay una disminucidn de la variabilidad que caracteriza a Tmin.

La variabilidad en altura de Tmax, aunque en general es inferior a Tmin, presenta
mayores diferencias en altura a excepcidon de los meses de noviembre, diciembre y
enero, donde tiene un comportamiento muy similar en las diferentes altitudes. A partir
de febrero hasta octubre, a medida que ascendemos en altura aumentan los valores
de CDD y por tanto disminuye la variabilidad espacial de Tmax.

En general, se observa que Tmin en todos los intervalos de elevacién es mas
variable que Tmax en todos los meses excepto en la época fria que corresponde a
noviembre, enero y febrero.
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5.5. Las relaciones entre las temperaturas y los tipos de
tiempo en la Peninsula Ibérica

El apartado final de este capitulo corresponde con el texto del articulo “The
influence of weather types on the monthly average maximum and minimum
temperatures in the Iberian Peninsular” publicado en la revista “Atmospheric
Research”. En el articulo se estudia la variabilidad espacial de las temperaturas
mensuales de la Peninsula Ibérica a través de los tipos de tiempo comenzando una
linea de investigacion que trate de dar explicaciones a la variabilidad mostrada en los
trabajos anteriores. En este estudio a diferencia de los anteriores se incluyen las
temperaturas de Portugal debido a la colaboracién conjunta con el Departamento de
Fisica de la Universidad de Lisboa. Los datos de temperatura de Portugal permiten
contrastar nuestra base de datos, ademds de aportar continuidad a los analisis que se
realizan en el espacio. Estos registros de las temperaturas portuguesas provienen del
Instituto Portugués del Mar y de la Atmosfera (IPMA).

A continuacidn se resumen las aportaciones principales del trabajo publicado, las
cuales se dividen en tres apartados: el modelo utilizado, las diferencias espaciales de
las temperaturas mensuales frente a cada tipo de tiempo, y el efecto Foehn a gran
escala que se observa fundamentalmente con los tipos de tiempo Oeste y Este.

5.5.1. Modelizacidon de las temperaturas mensuales a
partir de los tipos de tiempo

En la Peninsula Ibérica, por la compleja dindamica atmosférica, no existe una
clasificacidn de las situaciones sindpticas comunmente aceptada (Martin-Vide 2002), si
bien los trabajos mas recientes (Spellman 2000; Trigo y DaCamara 2000; Martin-Vide
2002; Cortesi et al. 2013b; Santurtun et al. 2015) han aplicado la modificacién de Trigo
y DaCamara (2000) de la clasificaciéon de Jenkinson y Collison (1977). Los tipos de
tiempo se analizaron utilizando la base de datos de presiones en superficie procedente
de NCAR/NCEP cuya resolucion espacial es 2° (Kistler et al., 2001), que tiene la ventaja
de empezar en 1948 respecto a las mas recientes Era-Interim, Era-40, y MERRA.

El modelo se aplicd a las series mensuales de Tmax y Tmin como variables
dependientes, tomando la frecuencia mensual de los 26 tipos de tiempo como
variables independientes siguiendo la propuesta de Cortesi et al. (2013a) que supone
una adaptacion del modelo original de Trigo y DaCamara (2000). Basicamente el
modelo es una regresién multiple por pasos, para evitar que el sobreajuste por el
elevado numero de posibles predictores origine pérdida de su capacidad predictiva
(Storch y Zwiers 2000), y asegurarnos de este modo que solo incluye los predictores
relevantes (Wilks 2006). La seleccidon de variables en el modelo comienza identificando
el tipo de tiempo que presenta un menor RMSE de los 26 potenciales y, en pasos
sucesivos, se van incorporando aquellos tipos de tiempo que reducen el RMSE. Con
cada nuevo predictor el valor de R* aumenta sistematicamente, mientras que el RMSE
llega un momento en que en lugar de descender aumenta, lo que indica que el modelo
empeora por efecto del sobreajuste. En consecuencia el desarrollo del modelo y la
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seleccién de variables en cada pixel se ha realizado con dicha medida de error (RMSE)
y no por la variancia explicada (R?) (Figura 27).
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Figura 27. Evolucion del RMSE y el coeficiente de determinacion (RZ) con cada predictor seleccionado por el modelo
de regresion paso a paso (hacia adelante) para verano e invierno de Tmaxy Tmin.

El umbral para incluir nuevas variables fue 0.032C tras comprobar que valores
inferiores seleccionaba muchos predictores, generando problemas de sobreajuste, y
que valores superiores el modelo apenas seleccionaba predictores produciendo
mayores sesgos. El cdlculo se aplicd mes a mes en cada pixel del territorio espafol, y
en los observatorios del territorio portugués, segun:

RMSE(p,mK) = [N ZX, (Ppmiy — Opmio) |05 (9)

siendo (p) cada pixel, (m) el mes, (k) el paso del modelo, (P) los valores predichos y (O)
los valores originales. En el proceso de calculo sobre las series mensuales se
detectaron algunos casos de autocorrelacidn superior a 0,5, que afectaban a los meses
de julio (N y W), noviembre (N y NE), y diciembre (N y NW), aspecto a considerar pues
la incertidumbre de los coeficientes de la regresion asociados a estos tipos de tiempos
(N, NE, NW, W) es la mas alta del conjunto de WT.

La validacion cruzada se realizd como se explica en el apartado técnicas estadisticas.
En la distribucidn espacial del estadistico de error MAE se observa que el mayor sesgo
se localiza en verano, en el interior del territorio y en Tmax frente a Tmin (Figura 28).
En Tmax el nimero de predictores (tipos de tiempo) seleccionados por el modelo es
mayor que en Tmin lo que indica una mayor relaciéon (Figura 29) entre Tmax y los tipos
de tiempo.
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Figura 28. Estadistico de error (MAE) de Tmax (izquierda) y Tmin (derecha) mensual.

El modelo empleado selecciona en cada mes y celda los tipos de tiempo que mejor
explican el comportamiento de la temperatura, y se convierte en un indicador de la
relacion que existe entre las temperaturas y las condiciones generales de la atmosfera
explicada por los tipos de tiempo.

Temperatura maxima mensual Temperatura minima mensual
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Figura 29. Numero de predictores seleccionados por el modelo en Tmax (izquierda) y Tmin (derecha) mensual.

El apartado previo, el estudio de la variabilidad espacial a partir del indice CDD,
permitié observar que los meses con mayor variabilidad espacial eran diciembre,
enero, julio y agosto en las maximas, mientras que en Tmin lo eran todos los meses
menos el periodo de noviembre a febrero y mayo. Estas caracteristicas también se
observan en la seleccién de predictores del modelo empleado. En general los meses
con mayor variabilidad espacial (es decir bajo CDD) son los que selecciona menos
predictores (Figura 30) y viceversa.
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Figura 30. Numero de predictores y CDD en Tmax (izquierda) y Tmin (derecha) mensual.

5.5.2. La influencia de los tipos de tiempo en las
temperaturas mensuales

El analisis espacial de la variabilidad de la relacién entre temperaturas y tipos de
tiempo se realizé6 por medio de la distribucién de los valores de r de Pearson, que
indica el signo e intensidad de la relacidon entre los principales tipos de tiempo (8
direccionales y 2 puros) en los 12 meses y los valores de Tmax y Tmin (Tabla 11).

Correlacidn positiva Correlacién negativa
NE N NWC A SW S SE W E NE N NW C ASW S SE W E
Ene 67 2 1 8 33 36 5838 512 46
Feb 100 6 7 2 7199 57 100 4 9 49
Mar 2 99 28 | 36 7 4 91 5 100 2 3,70 5
Abr 92 1 1 75 2 17 6 2 80 47 53
May 95 90 74 17 100 65 37 20
& Jun 59 16 59 44 96 | 55 25
|§ Jul 2 9 1,17 9 7 17 2816 9 16 10
Ago 5 6 14 79 1 41 39 54 35 32 8 3
Sep 92 97 | 65 23 9 99 45 62 50
Oct 99 /11 3 30 6 76 81 76|96 75
Nov 8538 84|11 23 64 99 32|52 10
Dic 18 97 36 76 30 67 63 45 6 54
NE N NWC A SW S SE W E NE N NW C ASW S SE W E
Ene 77 100 100 100 77 1 3 97
Feb 93 /100 100 100/100 2 37 15 100
Mar 9586 90 70 72 | 83 25 37 96
Abr 2325 7 |60 4 31 6 6 15
May 88 57 3 70 95 4 4
L Jun 33 2 17 100 19 1
|§ Jul |5 36 7 111 17 25 9 50 15 6
Ago 29 19 74 30 1 25 5 12/ 1
Sep 17 62 34 8 4191 38 36
Oct 11 812530 100 89 | 22 2
Nov 100/100, 5 100 100100 1 79
Dic 17 100 87 100 57 10 1 79 7 100

Tabla 11. Porcentaje de territorio con correlacion positiva o negativa entre cada tipo de tiempo y
Tmax y Tmin mensual.
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En general se puede observar que los tipos de tiempo con un alto porcentaje de
territorio con correlacién positiva son Anticiclonico, Sur, Sureste y Suroeste. Por otra
parte, los tipos de tiempo que muestran un alto porcentaje de territorio con
correlacién negativa corresponden al Ciclonico, Norte, Noroeste y Noreste. Llama la
atencidén los tipos de tiempo Este y Oeste los cuales muestran una correlacion tanto
significativa como positiva.
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Figura 31. Nivel de significacion del coeficiente de Pearson (r) entre el tipo de tiempo del Norte y Tmax y Tmin.
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Figura 32. Nivel de significacion del coeficiente de Pearson (r) entre el tipo de tiempo del Sury Tmaxy Tmin.

Los mapas realizados muestran la delimitacién espacial de las areas previamente
identificadas con correlacién positiva y negativa, segun la significacion (no significativo,
significativo al 0.01 y significativo al 0.05). En el analisis general se puede apreciar una
alta heterogeneidad entre meses, tipos de tiempo y variables. El tipo tiempo del norte
(Figura 31) a grandes rasgos produce un enfriamiento en todo el territorio; mientras
qgue el tipo de tiempo del sur (Figura 32) con una menor frecuencia mensual un
aumento de las temperaturas.

57



Parte I. Introduccion Variabilidad espacio temporal de las temperaturas
mensuales en la Espafia Peninsular

Temperatura maxima mensual (A) | Temperatura minima mensual (A)

Diciembre Enero Febrero Diciembre Enero Febrero

Nivel de
significacion
del coeficiente
de Pearson (r)

b
o

Marzo

® Significativo 0.01
(signo negativo)

e

o Significativo 0.05
(signo negativo)
No significativo
(signo negativo)
No significativo
(signo positivo)
Significativo 0.05
(signo positivo)
Significativo 0.01
Septiembre Octubre Noviembre (signo positivo)

¥
Ef : A oo
0 300km.

Figura 33. Nivel de significacion del coeficiente de Pearson (r) entre el tipo de tiempo Anticiclon y Tmax y Tmin.
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Figura 34. Nivel de significacion del coeficiente de Pearson (r) entre el tipo de tiempo Cicldnico y Tmax y Tmin.

%

El anticiclonico en la mayoria de los meses supone un aumento de las temperaturas
a excepcion de julio y agosto cuando la sefial no es tan clara (Figura 33). También es
significativo la diferencia entre la influencia del Anticiclon en Tmax y Tmin en
diciembre y enero ya que durante el dia aumenta las temperaturas y durante la noche
disminuye debido a la presencia de cielos despejado y una pérdida rapida del calor por
irradiacion nocturna. Sin embargo, no hay un aumento de la temperatura diurna en
presencia del anticiclon en enero y diciembre en las cuencas del Duero y el Ebro
debido quizas a la presencia de nieblas.

El tipo de tiempo cicldnico hace disminuir las temperaturas (Figura 34), en especial
durante el dia, y en menor medida en verano. Es interesante el comportamiento de las
temperaturas durante la noche en los meses de diciembre, enero, julio y agosto
cuando las temperaturas son mas extremas; asi como en el Anticiclén se aprecia un
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aumento de estas temperaturas nocturnas, en el caso del Cicldnico hay un aumento de
las mismas.
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Figura 35. Nivel de significacion del coeficiente de Pearson (r) entre el tipo de tiempo del Suroeste y Tmax y Tmin.

Temperatura maxima mensual (SE) Temperatura minima mensual (SE)

Diciembre Enero Febrero Diciembre Enero Febrero
significacion
Marzo Abril Marzo Abril Mayo del coeficiente
. T i de Pearson (r)
s

/ { ® Significativo 0.01

(signo negativo)
, ® Significativo 0.05

7 (signo negativo)

Junio Julio Junio Julio Agosto No significativo
~ (signo negativo)

No significativo
(signo positivo)

<
<

Significativo 0.05
(signo positivo)
e Significativo 0.01
Septiembre Octubre Noviembre Septiembre Octubre Noviembre (signo positivo)
A
0 300km.

Figura 36. Nivel de significacion del coeficiente de Pearson (r) entre el tipo de tiempo del Sureste y Tmax y Tmin.

El Suroeste (Figura 35) y Sureste (Figura 36) tienen en comuln que suponen un
aumento de las temperaturas, al contrario de lo que ocurre con el Noroeste (Figura 37)
y Noreste (Figura 38) en donde tiene lugar una disminucién de las mismas. Con estos
tipos de tiempo se puede observar que tienen lugar una disimetria de las temperaturas
en ambas fachadas del territorio. En las dreas a barlovento de un flujo las
temperaturas se correlacionan negativamente en la zona costera y viceversa. Este
ultimo punto se observa con mayor claridad en el Este y Oeste que se aborda en el
siguiente apartado.
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Figura 37. Nivel de significacion del coeficiente de Pearson (r) entre el tipo de tiempo del Noroeste y la Tmax y Tmin.
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Figura 38. Nivel de significacion del coeficiente de Pearson (r) entre el tipo de tiempo del Noreste y la Tmax y Tmin.

5.5.3. El “Efecto Foehn” a gran escala a partir de la
influencia de los tipos de tiempo Este y Oeste en las
temperaturas mensuales de la Peninsula Ibérica

El estudio de la relacién entre los tipos de tiempo y las temperaturas durante la

segunda mitad del siglo XX en la Peninsula Ibérica ha permitido catalogar las
direcciones dominantes desde 1950 hasta el presente y analizar su relacién con las
temperaturas en una escala mensual.

Los resultados generales muestran la existencia de un asimetria en el
comportamiento de las temperaturas mdaximas entre las fachadas mediterrdneas y
atlanticas, es decir una relacidon negativa/positiva en las fachadas oeste/este en
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condiciones de flujo del atlantico (Oeste) (Figura 39), y viceversa en condiciones de
flujo del Este (Figura 40). Este hecho sugiere que las temperaturas de las dos fachadas
maritimas de la Peninsula Ibérica, expuestas a flujos zonales procedentes del Atlantico
o del Mediterrdneo, pudieran reflejar en una escala regional el proceso adiabatico,
cuyo origen estaria en la disposicion transversal del Sistema Ibérico casi paralelo a la
fachada mediterranea.
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Figura 39. Nivel de significacion del coeficiente de Pearson (r) entre el tipo de tiempo Oeste y Tmax y Tmin.

Por otra parte, esta hipdtesis sugeriria ademas que en las zonas interiores hasta las
vertientes occidentales del Sistema Ibérico el efecto de los flujos zonales seguiria el
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Figura 40. Nivel de significacion del coeficiente de Pearson (r) entre el tipo de tiempo Este y la Tmax y Tmin.

El definitiva, el analisis de la relacion entre los tipos de tiempo Este y Oeste
muestran una respuesta asimétrica entre las costas este y oeste peninsular en
presencia de advecciones atlanticas o mediterrdneas. Asi, los flujos del Oeste
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favorecen el descenso de temperaturas en la fachada atlantica del territorio, mientras
que en la costa mediterrdnea se observa un aumento de las mismas. Sin embargo,
cuando tiene lugar los flujos del Este ocurre lo contrario, descenso de temperatura en
la costa mediterranea y aumento térmico en la fachada atlantica.

La variabilidad espacial de las temperaturas frente a los tipos de tiempo Este y
Oeste y la distribucidn de las principales cadenas montanosas sugiere un efecto
“Foehn” a escala peninsular. En el ascenso de una masa de aire esta reduce su
temperatura adiabaticamente por efecto de la disminucién de presién. Este fenédmeno
fisico tiene amplio reconocimiento en climatologia e identifica vientos caracteristicos
generadores de sombras pluviométricas a sotavento de cadenas montafiosas
transversales a las direcciones dominantes de los flujos, que reciben diferentes
nombres, como Fohen, Chinook, Santa Ana, Zona, Der-velt, o Zagliefio en Aragon. El
calentamiento adiabatico por descenso de la masa de aire describe en términos fisicos
el fendmeno, pero su distribucién espacial, intensidad y frecuencia dependen de las
caracteristicas topograficas y de las condiciones de circulaciéon atmosférica (Seluchi et
al., 2003), lo que concuerda con los resultados indicados.
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Los articulos publicados en revistas de investigacion que se
incluyen en esta tesis forman una unidad y en su conjunto
aportan nuevos conocimientos del comportamiento espacio-
temporal de las temperaturas en la Espafia peninsular.

La informacion original de las distintas cartografias realizadas
esta disponible para la comunidad cientifica previa peticion a
la autora.
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ABSTRACT: We have developed a new monthly temperature database for mainland Spain by using the complete holding
of maximum and minimum monthly mean values stored at the Spanish National Meteorological Agency (AEMet). After an
exhaustive quality control exercise, the data set includes 1358 complete series, and a high-resolution grid (0.1° X 0.1°) was
calculated to analyse monthly trends. There has been an uneven increase in the mean values of maximum and minimum
temperatures in the Spanish mainland from 1951 to 2010. The maximum monthly mean temperature values have risen mostly
in late winter/early spring and the summer, while the minimum monthly mean temperature values have increased in summer,
spring and autumn in southern areas. The spatial pattern of the diurnal temperature range shows a clear north—south gradient
in summer, with positive trends in the north and negative trends in the south; furthermore, a negative pattern has been detected
in the south in spring and autumn. These areas, particularly the Mediterranean coastland, have been subject to dramatic
urbanization and land use changes during the past 30 years that may have affected nocturnal temperatures, in particular. Thus,
warming processes in the Iberian Peninsula appear to be influenced both by global factors and more local ones, and their

effects should be differentiated spatially.
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1. Introduction

Over the past few decades, considerable attention has
been paid to analysing long-term trends in air temperature
and a great deal of work has been directed towards devel-
oping high-quality data sets with the aim of obtaining
information at the highest spatial resolution and for the
longest possible periods. At present, three main data sets
are available on a global scale (Jones and Wigley, 2010):
the Global Historical Climatology Network (GHCN,
updated by Lawrimore et al., 2011), the Goddard Institute
of Space Studies (GISS; updated by Hansen ez al., 2010)
and the UK Meteorological Office Hadley Center/Climate
Research Unit (HadCRUTEM4, updated by Jones et al.,
2012). These data sets mostly share the same raw data
(Pielke er al., 2007), and differ in the way in which quality
control is applied and stations are combined (see Jones
and Wigley, 2010; Strangeways, 2010). Also a great deal
of effort has been spent on setting up high-resolution
climate data sets on a continental scale (Klein-Tank ez al.,
2002; Wijngaard et al., 2003; Klok and Klein-Tank, 2009),
and regional, subregional and national scales in Europe
(Auer et al., 2005, 2007; Begert et al., 2005; Brunet
etal., 2006; Brunetti eral., 2006; Tietavainen et al.,

* Correspondence to: J. C. Gonzilez-Hidalgo, Department of Geography,
Zaragoza University, 50009 Zaragoza, Spain. E-mail: jegh@unizar.es

© 2015 Royal Meteorological Society

2010; van der Schrier eral., 2011), China (Feng et al.,
2004; Li et al., 2009; Zhen and Zhong-Wei, 2009), North
America (Turner and Gyakum, 2010; Fall et al., 2011;
Vincent et al., 2012; Williams ez al., 2012), and so on.

The recently published IPCC-2013 fifth assessment
report summarizes the warming processes observed on
a global scale from 1880 to 2011 using the updated
global data sets mentioned above, and which confirms the
results of previous research done over the past 20 years
(Hansen and Lebedeff, 1987; Jones and Moberg, 2003;
Dery and Wood, 2005; Broham et al., 2006). It concludes
that uncertainties from the choice of data set do not have
an impact on the general conclusion that land surface
temperature has increased, and suggests that the varying
reference periods of each research group and their dif-
ferent approaches are indications of the robustness of the
results.

However, there is much evidence that there is signifi-
cant spatial variability in temperature trends. Among the
areas affected by a higher temperature increase than the
global mean is the Mediterranean region (Brunetti et al.,
2006; Brunet et al., 2007; del Rio eral., 2011, 2012).
Finally, there is an interesting debate about the behaviour
of the maximum temperature (7',,,) and minimum tem-
perature (7;,) trends, and the subsequent diurnal tem-
perature range (DTR) trends, in which geographical and
local factors may be involved (Dai et al., 1999; de Laat and
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Figure 1. The Iberian Peninsula and the main features of relief.

Maurellis, 2006; Christy et al., 2009; Zveryaev and Gulev,
2009; McNider er al., 2010).

In this paper, we present a new monthly temperature data
base for mainland Spain (1951-2010). The data set was set
up after exhaustive quality control of the total amount of
data digitalized and stored at the Spanish National Meteo-
rological Agency (AEMet), with the aim of analysing (1)
the warming processes in the Spanish mainland in the high-
est possible spatial detail, (2) to determine its spatial homo-
geneity/heterogeneity and (3) to identify whether warming
is a generalized process or confined to specific periods dur-
ing the year.

2. Area of study

Spain is located in the Iberian Peninsula (IP) in the
west of the Mediterranean basin and spreads over about
500 000 km? (36° and 44° latitude north; 10°W and 3°E).
Its position makes it particularly interesting from a cli-
matic point of view, because (1) it is located in the climate
transition from subtropical to mid latitude areas, (2) it is
surrounded by two completely different water masses and
last but not least (3) because its mountain ranges are dis-
tributed from west to east, joined in the east by the Sistema
Ibérico running roughly from north to south (Figure 1).
The inland IP has a mountainous landscape with a high
inland plateau (>500 m above sea level, asl) surrounded by
the aforementioned mountain chain at about 1000-3000 m
asl. Meanwhile, lowland areas <500 m are located on the
coastland to the north, east and south, and also in the
Ebro basin (north—east inland) and the Guadalquivir basin

© 2015 Royal Meteorological Society

(south—west, see Figure 1). As a result, previous tempera-
ture climatologies have shown large gradients from north
to south and from coastal to inland areas.

3. Previous research on temperature in mainland
Spain

The recent MedCLIVAR report from Spain (Bladé and
Castro-Diez, 2010) has surprisingly pointed out that
research on temperature evolution in Spain is much lower
than for other climate variables such as precipitation and
‘there are few papers in which global warming has been
tested on a regional scale [in Spain], trying to detect
whether warming has affected the various thermometric
measurements and seasons in the same way’. The report
also highlights the extreme difficulties in comparing the
different studies because of the spatial heterogeneity
of station density and differences in length and period
selected.

To our knowledge, the first analyses of long-temperature
series can be found in Onate and Pou (1996), who
described three spatial patterns (1901-1989), simi-
lar to those found by Brunet eral. (2007, see below)
and different from those described by Esteban-Parra
etal. (2003) during 1900-1997. A high-quality long
database was developed by Brunet er al. (2006), named
the Spanish Daily Adjusted Temperature Series (SDATS,
22 stations, 1901-2005), in which significant positive
trends higher for 7, than T were detected (0.12
and 0.10 °C decade™", respectively). In a previous paper,
Brunet er al. (2005) described three spatial patterns of

Int. J. Climatol. (2015)

68



Parte Il. Contribuciones de los estudios realizados

Variabilidad espacio temporal de las temperaturas
mensuales en la Espafia Peninsular

MOTEDAS: A NEW MONTHLY TEMPERATURE DATABASE FOR SPAIN

temperature variations (1894-2003) characterized by dif-
ferent seasonal warming, but they found a strong, highly
significant increase in temperature from 1973 in all of
them. Also Brunet er al. (2007) observed an increase in
T ean Of 0.10°C decade™ (1905-2005), mostly relating
to the effect of winter 7, (0.17°C decade™"). However,
from the 1970s they found that the annual mean depends
more on summer and spring 7' .., suggesting that DTR
has increased in Spain over the past few decades. Similar
results were found by Sigré ef al. (2008) in the summer
temperature series. Another exhaustive quality control
of long series was presented by Staudt eral. (2007),
including an urban effect correction applied to 7, in 48
station series. In previous research, Staudt er al. (2005)
presented a trend analysis highlighting a higher rate of
change for T';, than for T, .. Finally, Luna et al. (2008)
produced a daily high-resolution grid (25km?) for the
1931-2006 period, which detected a spatial pattern of
inhomogeneities.

These analyses generally used low-spatial station den-
sity, although they were spread over a long time; another
set of papers used denser data sets but for a shorter
period. Bermejo and Ancell (2009) analysed 888 homo-
geneous stations (1957-2002) and found a general but not
homogeneous rise in 7', and 7', from 1980 (0.27 and
0.17 °Cdecade™!, respectively), with high rates observed
in the north-eastern area. Del Rio eral. (2011) studied
monthly, seasonal and annual mean temperatures for 473
stations (1961-2006 period), and observed the strongest
trends during spring and summer. In a second paper,
del Rio eral. (2012) found that T, and T, signifi-
cantly increased in over 60% of the country in spring and
summer, with 7' stronger than T . Similar seasonal
behaviour was found by Rios e al. (2012) in annual and
seasonal T, (period 1961-2010), highlighting that the
rise in temperature in Spain halted from 1994 to 2010. The
past 30 years (1981-2010) have recently been studied by
Llorente (2012) at 52 stations, finding that the strongest
rises in Tpeans Tmax and Ty (>0.4°C decade™) were
located in south-western, eastern and central areas and the
Mediterranean coastland during winter, spring and sum-
mer, while negative trends in autumn (<—0.4 °C decade™")
were found in south-eastern areas. Guijarro (2013) carried
out quality control on 2856 original series (1951-2012)
and produced a regional series for annual 7', and 7' ;, for
Hydrological Divisions. He found that high rates of change
were located in the eastern areas, with the 7, trend gen-
erally higher than 7' ; . The strongest trends for 7', were
found in spring and summer, while the highest rates of
change for 7' ;, occurred in summer. Finally, Herrera ez al.
(2012) developed a high daily temperature resolution grid
(237 stations, period 19512003, resolution 0.2°) but no
trend have been published up to the present time.

In addition to these country-wide analyses, numer-
ous studies have focused on limited sub-regions. In
north-eastern Spain, Brunet er al. (1999a, 2001a) identi-
fied a strong rise in temperature in winter and spring at the
end of the 20th century, and seasonal analyses highlighted
a higher 7, than T, trend during the past 30 years of
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the 20th century (Brunet er al., 1999b, 2001b). Slightly
different results for the same area were found by Martinez
etal. (2010; 37 stations, 1975-2004) and Ramos et al.
(2012; 5 observatories, 1950-2010) in comparison with
T in» Which only increased significantly in the coastal
observatories. Several conclusions were presented by
Sigré er al. (2006; 22 stations from SDATS) for summer
(1950-1998), suggesting that sea surface temperature
(SST) effects on T,,, were restricted to coastlands,
whereas SST effects on 7';, were more generalized.

Further to the south in the Valencia Region, Quereda
et al. (2000, 2008) found that urbanization affected tem-
perature increases (1950—1996), but these were not seen
in rural stations. Miro et al. (2006) detected a rising trend
in 7', in coastland areas, caused by urbanization, but
not in 7', while both 7' .. and T, increased further
inland during 1948-2010. Horcas et al. (2001) found a
high-spatial diversity in the Murcia Region, while T,
increased in coastal areas at higher rates than 7',,.

In the Pyrenees, Peia er al. (2006) suggested that tem-
perature rises halted from the mid 1990s, and Espejo
etal. (2008) found that between 920 and 2215m asl
(period 1982-2007) temperature trends were highly vari-
able because of inversion.

In the north—east inland area (Ebro catchment), Abaur-
rea et al. (2001) found higher rates of change in T, than
in T, (15 stations, 1971-1997). El Kenawy et al. (2011,
2012, 2013) developed a daily data set for the entire region
(128 stations, 1960-2006) finding that from the 1960s
T ean> Tmax and T, increased significantly, the strongest
trends being found in summer and spring, and the high-
est warming rates in coastland areas. In the northern areas,
Séenz et al. (2001) found varying trends in winter temper-
atures between coastal and inland areas (1951-1996). In
the north—west, Cruz and Lage (2006) found the strongest
signal of warming in spring and summer (6 stations,
1973-2004), with T, being higher than T, in winter
and spring, but not in summer and autumn; in general, large
temperature increases were found in coastal areas. In Por-
tugal, Ramos et al. (2011), found a temperature rise from
1976 in spring and summer (23 stations, 1941-2006), with
the annual 7', trend stronger than 7',..

On the northern inland plateau, Esteban-Parra er al.
(1995) only found changes in T'.,, and T ;. (five series,
1880-1991). Labajo and Piorno (1999) analysed annual
T o (nine observatories, 1945-1994) finding significant
positive trends from 1972; del Rio ez al. (2005) calculated
the regional series from 171 stations (1961-1997) and did
not find any significant trends in annual or seasonal 7',
except in winter. After further seasonal analyses, (del Rio
et al.,2007), discovered a significant positive trend in 7'
and 7';, during winter and on the annual scale. Ceballos
et al. (2007) found a positive signal in 7', mostly due
to T, the strongest signal occurred in March and June
(ten first order stations, 1961-2006). Similar results were
found by Morales er al. (2005) in a regional series averag-
ing 38 stations (1972-1995).

On the southern plateau, Galan er al. (2001) analysed

the annual mean evolution of 7, and 7,;, from the
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Figure 2. Number of stations and minimum distance average between stations in km.

regional series (24 stations, 1972-1996) and found a sig-
nificant positive trend only in 7. A similar conclu-
sion was reached by Canada et al. (2001) with seven first
order stations. In Andalusia in the south, Castro-Diez
et al. (2007) studied ten long stations and identified urban
effects on T, that they corrected using the popula-
tion density criteria suggested by Karl er al. (1988). The
strongest positive trends were observed in spring and
summer, particularly from 1970 onward. Garcia-Barrén
and Pita (2004) detected stronger trends in 7', than in
T e (1897-1997) in three first order stations; and in
the south—west, Garcia-Barrén er al. (2006) found strong
warming during spring and summer with 7 ; increasing
much more than 7', (1951-2001).

Several overall conclusions and questions emerge from
these findings:

e Temperature has increased in mainland Spain during the
20th century. The trend is not constant and presents three
periods (warming until 1940, cooling until 1970 and
final warming from the 1970s onward).

e From the 1970s, the temperature increase is more evi-
dent during spring and summer.

e The areas affected by the strongest warming are located
in the east, particularly the Mediterranean coastland.

e Trends are very variable, a comparison among regional
series and stations suggests that there is high spatial
variability.

e There are discrepancies in the behaviour of DTR and the
relative behaviour of 7', and T';, after 1970.

Within this framework, we present the new Monthly
Temperature Dataset of Spain (MOTEDAS), developed
from the total amount of data digitalized by the Spanish
Meteorological Agency (Agencia Estatal de Meteorologia,
AEMet).

4. Development of MOTEDAS

From the beginning of meteorological services in about
1850, temperature has been recorded in Spain from at
least 4710 stations. The number of stations was really low
until the beginning of the 20th century (see Brunet er al.
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2006), and then slowly rose until the beginning of the
Civil War (1936-1939). After that, the number of stations
increased again reaching the maximum at the beginning of
the 1990s. During the past few decades, the total number of
stations recording temperature in mainland Spain remains
at approximately 1700.

From the middle of the 20th century, the spatial density
has been high, and variability in the number of stations
does not change the mean distance to the nearest neigh-
bouring stations (Figure 2). However, many stations oper-
ated only for a short period and careful analyses must be
carried out to combine data from different observatories
before analysing any trend.

Original data series differ in length and quality. From
these we have discarded those less than 7years old
(84 months, 1644 series), so the final database consists of
3066 original series. These series differ in length, amount
of data, gaps and overall quality. In general, no metadata
information exists. Figure 3 shows the frequency distri-
bution of stations as a function of total available months
for the 3066 stations analysed. The spatial distribution of
these series is shown in Figure 4. Information included in
Figures 2—4 suggests that that neighbouring series could
be combined to maximize the available information and
increase the spatial density of series with the appropriate
length.

This idea lay behind the creation of MOTEDAS, which
includes quality control of data and the reconstruction of
series from neighbouring stations. The reference series
are a key component in all the processes, thus a brief
description is provided.

In MOTEDAS processes, the reference series have
been calculated using a combination of criteria following
the general approach applied in the development of the
monthly precipitation data set of Spain (Gonzalez-Hidalgo
et al., 2011). For each candidate series, up to a maximum
of 100 neighbouring stations, less than 200km apart,
were selected, as suggested by Pena-Angulo et al. (2014).
The stations were chosen from the best-correlated series
with a minimum of 7years’ overlap; correlations were
calculated over first difference series for both candidate
and neighbouring stations. Only series with monthly
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Figure 4. Spatial distribution of termometric stations with more than 120 months of data.

positive correlations and monthly mean correlations
greater than 0.60, were selected. The algorithm applied to
combine neighbouring stations was based on an inverse
distance approach (with weights 1/d?), after having nor-
malized the mean and variability of each neighbouring
station with the candidate series over the common period
to prevent the effects of different altitudes. Proclim
(Stepanek, 2008b) software was used.
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4.1.

Temporal series of meteorological observations are
affected by non-climatic signals that can produce sys-
tematic error and false trends, leading to erroneous
conclusions (see Williams et al., 2012); thus, a great deal
of effort has been put into testing the quality of climate
data and to ensure the highest possible confidence in
the database and post-analyses (see Aguilar et al., 2003;

Quality control
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Table 1. MOTEDAS monthly total amount of suspicious data for T ,, and T’

min*

January February March April May June July August September October November December Total
A 578 637 725 763 776 716 660 646 718 674 650 520 8063
520 480 593 609 745 798 786 726 814 664 596 506 7837

min

Mahmood et al., 2010). The quality control in MOTEDAS
has been developed in different steps.

4.1.1.  Suspicious data

An initial check was done on the original monthly series
looking for suspicious and inconsistent data by applying
the following criteria:

e Tmax < Tmin
e Absolute values above 50 °C and below —50 °C
e Monthly maximum range of variability >50 °C

A second set of suspicious data was detected by using
iterative comparisons with reference series. Given that
no information exists a priori about the quality of data,
the starting point is the equal and unknown quality of
the series, so we applied the same approach as in the
precipitation monthly data set of Spain (Gonzélez-Hidalgo
et al., 2011), which consists of two steps:

e Once we had calculated the reference series for each sta-
tion series, the data that exceeded three times the thresh-
old of the interquartile-distance from the series relating
to the differences between the original and reference
series were discarded from each original series.

With the new set of original series, we recalculated a
second set of reference series, and proceed as in the first
step.

We subsequently repeated the identification scheme
until no new suspicious data were detected. After three
iterations, we found that no more suspicious data were
included in the monthly series.

In the second step, we produced the final identification
of suspicious data as follows:

e We calculated the highest quality reference series using
the final data produced in the previous steps (data free
of suspicious values).

e These reference series were compared with the original
data series (with suspicious data not yet eliminated).

e Finally, the data that exceeded three times the threshold
of the interquartile-distance from the series relating to
the differences between the original and reference series
were discarded from each original series.

Table 1 shows the overall results of suspicious data
detection for 7', and T,;,. The percentage of suspicious
data discarded is 0.80 and 0.77%, respectively, for T’
and 7',

The suspicious data are uniformly distributed over the
domain, so there are no biased areas. In general, higher

max
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numbers of suspicious data were detected in summer
bothin 7', and 7' ; ; the number is higher for 7' ;, than
for T, in summer, while in winter the opposite is true
(Table 1).

Generally, T, suspicious data usually relate to origi-
nal data lower than the corresponding data in the reference
series, while in 7 ;. the opposite is true between May
and October (except July). Finally, the percentage of sus-
picious data has fallen over the past 30 years.

4.1.2.  Homogeneity analyses

Homogeneity analyses were the second step in the quality
control of MOTEDAS. A large number of statistical
tests to detect inhomogeneity in climate series have been
developed recently (see Peterson eral., 1998; Aguilar
et al., 2003), but there is no consensus among researchers
on which is the best method and continuous work is in
progress (Ducré-Robitaille er al., 2003; Domonkos et al.,
2012; Venema et al., 2012). In the present case, following
recent researchers (Wijngaard eral,, 2003; Klok and
Klein-Tank, 2009), we decided to use a combination of
four different tests. Those selected were Single Normal
Homogeneity Test (SNHT; Alexandersson, 1986; Alexan-
dersson and Moberg, 1997), Bivariate and r-Student
(Buishand, 1982) and Pettit test (Pettit, 1979). The tests
were applied on a monthly, seasonal and annual scale,
with the maximum number of detections per year being 17
(12 months + 4 seasons + 1 annual detection). All the tests
were applied using a new set of reference series calculated
with data free of suspicious data. Anclim (Stepanek,
2008a) software was used. The final detection was carried
out following the criteria below:

e Three or more total detections in the SNHT and Bivari-
ate tests in the same year.

e Series for which the total amount of inhomogeneities in
the four tests was between 3 and 4 detections (5% of
total possible detections per year) were deemed inho-
mogeneous.

e Detected inhomogeneities were checked by visual
inspection before being accepted.

The analyses show that no spatial bias exists either
for T« or T;,, and from 1931 the annual number of
inhomogeneous stations presents a similar behaviour both
for T, and T, (Figure 5). Each year, between 0.5 and
2% of the stations have been found to be inhomogeneous,
and the final number of series deemed inhomogeneous was
one third of the total.

In order to facilitate future updating of the data set,
the correction of series was done leaving the most recent
period unchanged. A statistic of monthly correction factors
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Figure 5. Annual inhomogeneity station index 1931-2010.

Table 2. MOTEDAS monthly mean and Standard Error (SE) of inhomogeneities adjusting factor.

January February March April May June July August September October November December
T, Mean -0.10 -0.14 -0.21 -0.23 -0.30 -0.33 -0.29 -0.26 -0.29 -0.21 -0.12 -0.10
SE 0.07 0.08 0.08 0.08 0.08 0.09 0.09 0.09 0.09 0.08 0.08 0.07
T iMean 0.05 0.05 0.05 009 0.09 0.12 0.11 0.15 0.14 0.11 0.06 0.05
SE 0.08 0.08 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
(Table 2) indicates a negative value for 7, ., while for the recently developed monthly precipitation data set of

T in the correction factors were positive; this means that
there was an apparent under-estimation in 7', original
records and vice versa for T,,. For all months, higher
absolute correction factors were obtained for 7', than for
T .in- Moreover, summer presents the highest corrections
for both 7', and T ;. There is a similar annual cycle in
the corrections for both 7', and 7' ;,, even though T’
has the opposite sign and higher amplitude (Figure 6).

max

4.2. Gap filling

Finally, to produce a data set with the highest possible spa-
tial density, we replicated the procedure used in creating
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Figure 6. Monthly mean correction factor of inhomogeneities and confi-
dence interval (95%) for T, and T,
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Spain (MOPREDAS; Gonzilez-Hidalgo et al., 2011). It
consisted in maximizing the information from data series
and producing a combination of neighbouring series with
no overlapping periods. The approach consists of the fol-
lowing steps:

e From the quality-checked and homogenized data set, a
new set of reference series was calculated exploiting
overlapping neighbouring stations as far as possible.

e This set of reference series was used to produce a
first-guess gap-filling of each candidate series in order
to have overlapping between neighbouring series with
no common period.

e Next, a new set of reference series was calculated
using the previous first-guess stations with the aim of
including the neighbouring stations that originally had
no overlapping periods with the candidate series.

e Finally this new set of reference series was used to pro-
duce more reliable gap-filling of each original candidate
series.

An example of this procedure is given in Figure 7 in
which three neighbouring stations are close together, but
two of them (the oldest and the most recent) do not
overlap. First, the three reference series were calculated
only from the overlapping neighbouring series available in
each case, and were used for a first-guess reconstruction
of the candidate series over the longest period possible.
Second, the new reference series was calculated based on
the first-guess reconstruction, also adding neighbouring
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stations that originally had no overlap with the candidate
series (and were not used in the previous step). Finally
reconstruction was performed blending these reference
series with candidates.

In this paper, we analysed the 1951-2010 periods using
a selection of stations according to the percentage of orig-
inal data and with gaps filled only from reference series
that have been reconstructed with information coming
from neighbouring stations that are no more than 25 km
apart (remember that to avoid differences in altitude neigh-
bour series were prior standardized). The number of series
finally selected was 1358. Table 3 shows the percentage of
original data for each decade, and the percentage of gaps
filled with reference series reconstructed with information
coming from neighbouring stations. It can be seen that
the highest amount of selected series are currently opera-
tive and started around 1980s, while the largest amount of
reconstructed data comes from stations very close to each
other (<10 km).

Between one third and one quarter of original stations
reconstructed in various altitude intervals were accepted
for analysis. The altitude distribution for the set of stations
finally selected had a spatial density of approximately

1 observation station per 200-300km? between 0 and
750m asl, and lower values at higher altitudes until
1500 m (approximately 1 observation station per 500 km?,
Table 4). Series at elevations higher than 2000 m asl are
not available because there is no original data. The overall
mean density value is 1 observation station per 361km?,
which is one of the highest achieved so far in Spain, as far
as we know.

43.

To facilitate the spatial analysis of temperature and to make
our data set more suitable for comparing model output,
we interpolated the station data set onto a regular grid
(0.1 x0.1 degree), the same as used in the MOPREDAS
data set (see Gonzdlez-Hidalgo et al., 2011). Prior to inter-
polating the station data onto the grid cells, each of the
station series were converted into difference anomalies,
by subtracting from each monthly value its average value
(1951-2010).

The grid was developed following an improved version
of the interpolation technique described by Brunetti ef al.
(2006). This improvement combines a radial weight with a
Gaussian shape with an angular weight. The radial weight

Interpolation on a regular grid

Table 3. MOTEDAS 1951-2010, percentages of original data and reconstructed by distances (km) in the selected 1358 series (see

Table 4).

1951-1960 1961-1970 1971-1980 1981-1990 1991-2000 2000-2010 Total
Original data 17.7 27, 514 66.1 79.7 74.5 52.8
10 km 63.6 56.0 37.3 25.0 15.5 19.9 36.2
25km 18.7 16.3 11.3 8.9 4.8 5.6 11.0
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table 4. Altitude distribution of MOTEDAS database and selected stations (1951-2010).

Altitude (m) <250 250-500 500-750 750-1000 1000-1500 >1500 Total
Percentage of land (%) 13.0 20.7 23.6 23.6 15.6 35 100
MOTEDAS 785 780 685 490 287 39 3066
Selected stations 278 354 334 247 125 20 1358
Density (stationkm™2) 229 287 346 468 612 858 361
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of the ‘ith’ station for the evaluation of the ‘(x, y)’ grid cell
is as follows:

a2, )

wix, y)=e <

(6]

with .

__d
~ In(0.5)

where ‘i’ runs along the stations and ‘d;’ (x, y) is the dis-
tance between station ‘i’ and point ‘(x, y)’ for which the
local record is being estimated. From this choice of param-
eter ‘c’, we obtained weights of 0.5 for station distances
equal to ‘d’ from the point (x, y), where ‘d’ is defined as the
mean distance of one grid point from the next, obtained by
increasing both longitude and latitude by one grid step. ‘d’
depends on the grid resolution, so weights decrease more
rapidly with distance to provide a higher resolution. The
calculation was performed by taking all stations within a
distance of ‘2d’. This choice, together with the high reso-
lution of the grid, prevents undesired exchange of informa-
tion between different climatic regions and, in particular,
between either sides of the largest mountain chains that
may modify temperature trends.

In addition to the radial weight, an angular weight that
accounts for the geographical separation among sites with
available station data, was also included as follows:

2

n

srad _ .
i Wi [1 = cos 6, (i, D)
n
I=1

ang e
wr(Ly) =1+ e T ry)
where ‘9(‘.‘ (i, D) is the angular separation of stations ‘i’
and ‘" with the vertex of the angle defined at grid point
(x, y), and ‘w{“d (x, y)* is the radial weight as defined
in Equation (1). The introduction of this angular weight
prevents undesired overweighting of the areas with the
highest station density in the evaluation of the grid cell.
The final weight is the product of the radial weight and
the angular term. The mean number of stations involved
in the estimation of each grid point is approximately 4,
while there is always at least one series available within a
distance of 2d. The final gridded data set consists of 5236
cells covering the whole territory of Spain; prior to making
any analyses, we proved its correct internal coherence (i.e.
Tmax > Tmin)'

4.4. Trend analyses

To detect trends, the Mann—Kendall test (Mann, 1945)
was applied for check significance, and the magnitudes
of trends were calculated by the Sen method (Sen,
1968). The debate about the effect of autocorrelation
on Mann—Kendall test is well known, and different
approaches have been suggested to avoid it (see Bayazit
and Onoz, 2007). In our case, to prevent generalized and
undesired autocorrelation effects, we ensure previously
the independence of each monthly series following the
approach suggested by Yue et al. (2002) called trend-free
pre-whitening (TFPW). Briefly the method consist on
de-trend the series before calculating and eliminating the
autocorrelation. Then the Mann—Kendall test is applied to
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blended series of residual and the original trend to assess
the final significance of the trend. In the aforementioned
paper, a complete explanation and examples are presented
under the basic assumption that the residual series after
pre-whitening blended with the identified trend preserve
the true trend. In this paper, linear and polynomial fitting
(third order) were analysed achieving better results for
polynomial fitting in the detrending step.

The spatial distribution of trends is shown on maps; a
set of tables shows the percentage of land affected by
trend signals and levels of probability (calculated by pix-
els). Thus, magnitudes of trends were calculated for the
whole country for areas with positive/negative signals and,
when available, for positive/negative areas under signifi-
cant trends (p <0.05).

5. Results

The analyses of independence of monthly series of data
indicated that autocorrelation affected particularly sum-
mer months but not the overall monthly grid series. Fur-
thermore, spatial distribution of significant autocorrelated
series overall does not coincide with the areas of signifi-
cant trend and then the pre-whitening approach finally was
applied to only those series of 7', and 7' affected by
significant trend (p < 0.05).

max min

5.1

General results of monthly trends are shown in Table 5.
Spatial distribution is shown in Figure 8. The overall signal
in 7', veers towards a positive trend (>75% of land),
except in September. Significant trends (p <0.05) affect
more than 50% of total land in February to March and June
to August, also at p level <0.01 there is a greater portion of
the area affected by a significant positive signal (more than
20% of territory). The strong signal detected in June (87%
of land p <0.01) is particularly noticeable. Except in small
areas, no significant trends in 7, (p <0.05) have been
detected between the months of September to January and
April to May.

The areas affected by significant trends differ from
month to month. In February and March, they are mostly
located in central and western areas of the IP, the Atlantic
sector and the Pyrenean mountains (see Figure 8). In July
and August, they are located in the central and eastern
areas of the IP (mostly the Mediterranean area). The month
of June is a special case because the significant signal
affects the whole of Spain. In the other months, significant
trends are observed in areas mostly located on the Mediter-
ranean coast (January, April and October).

The monthly trend average for the whole of Spain varies
between the highest value in June (0.46°C decade™)
and lowest in September (—0.005°Cdecade™!, see
Table 6). If we consider only the areas with significant
trends (p <0.05), the rates vary substantially (Table 6),
with February and March trends rising to 0.36 °C and
0.40°C decade™", respectively, and becoming higher than
those of July and August (0.22°C and 0.27 °C decade™',
respectively).

T ax monthly trends
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Table 5. MOTEDAS monthly trend analyses (Mann—Kendall test) for T

maxs Tmin» DPTR and T ... Percentage of Spanish mainland

(grid points) as different p levels; positive and negative percentages accumulated by trend signal.

p  January February March April May June July August September October November December
Toax + <0.01 0.9 24.3 28.6 36 08 87.1 294 345 0.0 0.8 0.0 0.0
+ <0.05 16.3 60.8 81.4 I1.5 08 995 593 703 1.5 6.1 0.3 1.1
+ ns 100.0 100.0  100.0 100.0 91.4 100.0 100.0 100.0 45.8 85.5 99.5 90.2
- ns. - - - - 8.6 - - 54.2 14.5 0.5 9.8
- <0.05 - - - - - - - - - - -
- <0.01 - - - - - - - - - - - -
T, + <001 0.2 0.6 78 109 49 919 49.1 833 33 23.6 - -
+ <0.05 6.4 5:1 279 352 243 995 745 931 16.5 60.8 0.8 0.0
+ ns. 99.9 100.0 95.0 100.0 100.0 100.0 100.0 100.0 72.9 100.0 99.7 95.6
- ns. 0.1 - 50 - - - - 27.1 - 0.3 44
- <0.05 - - - - - - - - - - -
- <0.01 - - - - - - - - - - - -
DTR + <0.01 - 0.2 29 - - 149 20 4.0 - - - -
+ <0.05 - 9.1 25.6 03 - 357 6.2 6.9 3.1 - - -
+ ns. 74.8 90.9 939 788 156 84.0 507 393 39.0 14.3 23.0 52.7
- ns 25.2 9.1 6.1 21.2 844 160 493 60.7 61.0 85.7 77.0 473
- <0.05 - 0.8 0.8 02 75 3.0 136 30.1 29.9 1.6 - -
- <0.01 - 0.2 - - 33 23 81 228 18.6 0.1 - -
Tiean + <0.01 2.8 1.9 43.6 94 00 996 527 784 0.0 3.6 0.0 0.0
+ <0.05 7.8 42.1 87.4 278 1.8 1000 75.1 94.0 0.0 20.6 0.0 0.2
+ ns. 100.0 100.0  100.0 100.0 100.0 100.0 100.0 100.0 79.0 100.0 99.8 913
- ns. - - - - - - - 21.0 - 0.2 8.7
- <0.05 - - - - - - - - - - -
- <0.01 - - - - - - - - - - -

5.2. T, monthly trends

An overall positive signal has been detected in all months
(<75% of total land; Table 5) with the exception of
September. Significant trends (p <0.05) affecting more
than 25% of the land have been detected during March
to October, except September; the signal is strong during
June, July and August, when the area affected by positive
significant trends (p < 0.05) extends to more than 75% of
the land; and particularly during June and August (80%
of land p < 0.01). During November to February, the areas
affected by significant positive trends are very small.

The spatial distribution of significant trends (p < 0.05)
in T, differs from 7, and they are located in the
Mediterranean area (central-southern areas and eastern
coastland) in March, April, May, September and October;
while in June, July and August significant positive trends
extend over the whole IP, except in the north—west north-
ern plateau (Figure 9).

The monthly trend average for the whole of Spain varies
between the highest value in June (0.33 °C decade™") and
lowest in September (0.08 °C decade™"). If only the areas
with significant trends (p <0.05) are taken into account,
the highest values are found in June (0.34 °C decade™),
July (0.26°Cdecade™") and August (0.33°Cdecade™),
while in November to February trends are lower (Table 6).

5.3. Monthly DTR

Table 5 shows the percentage of total land affected by
positive and negative trends in DTR. Positive DTR trends
over more than 50% of the land were found in December
to April, and June to July, while a negative signal (>50%
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of land) was detected in May and August to November.
Positive trends (p < 0.05) across more than 25% of the land
were detected only in March and June, while significant
negative trends were observed in August and September
(Table 5); in July, a significant negative signal was detected
across 13.6% of the land.

Taking only the months in which significant trends
(p<0.05) affected more than 5% of the total into
account (Table 6) and averaging all areas with signif-
icant trends (p<0.05), February and March returned
high positive rates (0.31°Cdecade™, respectively); in
June, the mean rate of positive DTR trend (p <0.05) was
0.23°Cdecade™"; in July and August, the mean trend
in the areas with significant negative trends (—0.18 and
—0.21 °C decade™") were higher than those with positive
trends (0.16°Cdecade™" for both months); finally, the
mean trend values of areas with significant negative rates
in September and May were —0.29 and —0.24 °C decade™',
respectively.

Spatial distribution of the DTR signal exhibited strong
gradients, and is shown in Figure 10. In March, the sig-
nificant positive values occurred in western parts of the
IP and extreme north-eastern areas, while in June the
areas with significant trends were located in northern
and north-eastern areas. The negative significant trends
in August and September occurred mostly in southern
areas; in August, positive signals (7% of the land) were
found in the extreme north-eastern areas. A wide area
with negative trends in DTR was also found in July in
the south-eastern areas. Finally, continuous areas with sig-
nificant DTR trends were found with positive values in
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Figure 8. Spatial distribution of monthly T, trend. Positive/negative signal are expressed by colours (red/blue); significance of Mann—Kendall test
is denoted by three colour variations, not significant, significant at p level <0.05 and significant p level at <0.01.
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Table 6. MOTEDAS monthly rates of trend (Sen slope ) for T’

max?

I

DTR and T,

mean Of Spanish mainland accordingly different p

min?

levels areas (see Table 5).

p  January February March April May June July August September October November December
Thax + <005 0236 0364 0406 0.266 0.290 0.462 0273 0.306 0.263 0.269 0.195 0.205
+ ns. 0.183 0311 0374 0.202 0.095 0461 0.227 0.278 0.085 0.139 0.099 0.103
Global 0.183 0311 0.374 0202 0.084 0461 0.227 0.278 -0.005 0.115 0.098 0.091
- ns. - - - - =0.026 - - —-0.081 -0.024 -0.011 —-0.026
- <0.05 - - - - - - - - - - - -
Thin + <005 0269 0256 0.222 0.206 0.234 0.339 0264 0.331 0.245 0.257 0.232 -
+ ns. 0.160  0.173  0.150 0.148 0.174 0.338 0.227 0.319 0.135 0.221 0.131 0.117
Global 0.160 0.173 0.142 0.148 0.174 0.338 0.227 0.319 0.087 0.221 0.131 0.111
- ns. =0.002 - -0.027 - - - - -0.041 - -0.006 -0.020
- <0.05 - - - - - - - - - - - -
DTR + <0.05 - 0318 0311 0.168 - 0.236  0.159 0.163 0.193 - 0.154 -
+ ns. 0.067 0.164 0.229 0.070 0.037 0.158 0.068 0.076 0.100 0.035 0.033 0.042
Global 0.042  0.141  0.209 0.046 —0.089 0.120 —0.014 —0.052 —0.080 —0.105 —0.047 —-0.005
ns. -0.033 -0.093 -0.087 —-0.041 —-0.112 -0.077 —0.098 —0.135 -0.195 -0.129 -0.071 -0.057
- <0.05 -0.138 -0.188 -0.157 —0.151 —0.240 -0.178 —0.186 —0.210 —0.299 -0.223 - —-0.161
Thean + <005 0261 0274 0.289 0226 0.228 0.395 0.257 0.305 - 0.238 0.218 0.203
+ ns. 0.170  0.244 0.276 0.172 0.130 0.395 0.228 0.299 0.058 0.163 0.088 0.112
Global 0.170 0.244 0.276 0.172 0.130 0.395 0.228 0.299 0.041 0.163 0.088 0.100
- ns. - - - - =0.018 - - -0.022 -0.010 -0.012 -0.022
- <0.05 - - - - - - - - - - -

February in the north, and negative in May and June in
the south—east (Figure 10).

5.4. Mean monthly temperatures

The overall mean monthly temperature signal was posi-
tive. Significant trends (p < 0.05) affecting extensive areas
(>75% of total land) were found in March, June to August;
in February, April and October, more than 20% of land was
affected by significant trends (Table 5). Taking the aver-
age over the whole of Spain, the highest monthly T ..,
increases occurred in June (0.39 °C decade™") and August
(0.29°C decade™"), while the lowest occurred in Decem-
ber (Table 6). The spatial distribution of trends is presented
in Figure 11; during the late winter and early spring (Febru-
ary and March) the significant trends are located in the
west, in summer (June to August) they are widespread
and, particularly in July, a south—east/north—west gradient
with no significant trends was evident in the north—west,
and the only significant trends in April and October
were located along the Mediterranean coast in the east.
In conclusion, the areas in which maximum warming
was observed were usually found inland and on the
south-eastern coastland, with the exception of February
and March, where the highest temperature increases were
observed in the south—west.

6. Discussion

6.1. The new Spanish mainland monthly temperature
data set MOTEDAS

National and regional climate studies have revealed spatial
differences in warming trends, and considerable attention
has been paid to the quality of data and its effects on tem-
perature trends (see Misra and Michael, 2013; Rohde er al.,
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2013). The problem appears to be a never-ending story
because homogenization still cannot guarantee absolute
quality of a database, even if it certainly improves data
quality and trend estimation (Venema et al., 2012).

In this research, we have tried to explore temperature
trends in Spanish conterminous land by developing the
new Monthly Temperature Dataset of Spain (MOTEDAS).
The new database grid exhibits strong internal coherence
(T jpax > T'in)» @ high degree of coherence in the spatial dis-
tribution of trends, and the high-spatial density of stations
used for the grid ensures a close approximation to the spa-
tial continuum of real temperature evolution. Therefore,
we are reasonably confident about the reliability of the data
and the absence of spurious non-climatic long-term sig-
nals. We are aware that this new data set is not free from
errors, but we believe that it represents the most up-to-date,
high quality and spatially detailed database for the temper-
ature of mainland Spain on a monthly scale.

The monthly 7', and 7,;, in mainland Spain show dif-
ferent rates of increase, along with high spatial and tempo-
ral monthly variability. Positive and significant increases
in T, were observed in February to March and June
to August, while T, increased significantly from March
to October (except September) with maximum rates in
summer, both for 7, and for T, ;. Thus, in agreement
with Esteban-Parra er al. (2003) and Brunet ez al. (2005), a
westward increase in the significance of the 7', warming
is clear in February and March, while the signal intensi-
fied eastward in April, June to August and October, both
for T, and for T ;..

The highly significant trend in summer (June to August)
observed both for 7', and T,;, was reflected in 7' .,,.
which showed its highest significant increase at this time,
together with March (mostly due to 7', ). This dominant
summer contribution to annual trends has been observed
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Figure 9. Spatial distribution of monthly T;, trends. Positive/negative signal are expressed by colours (red/blue); significance of Mann—-Kendall
test is denoted by three colour variations, not significant, significant at p level <0.05 and significant p level at <0.01.
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Figure 10. Spatial distribution of monthly DTR trends. Positive/negative signal are expressed by colours (red/blue); significance of Mann—Kendall
test is denoted by three colour variations, not significant, significant at p level <0.05 and significant p level at <0.01.
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Figure 11. Spatial distribution of monthly 7', .., trends. Positive/negative signal are expressed by colours (red/blue); significance of Mann-Kendall
test is denoted by three colour variations, not significant, significant at p level <0.05 and significant p level at <0.01.
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by other authors in Spain (del Rio e al., 2011; Rios et al.,
2012; Guijarro, 2013) and in other parts of the Mediter-
ranean such as Italy (Brunetti et al., 2006) particularly on
the peninsula, and Greece (Feidas et al., 2004), but also
in several European and non-European regions (Rebetez
and Reinhard, 2008; Corobov et al., 2010; Turner and
Gyakum, 2010; Kabas et al., 2011).

A detailed review on the effects of various factors on
monthly temperature trends in the IP was presented by
del Rio eral. (2011, 2012). From an overall perspective,
the spatial distribution of significant trends in MOTEDAS
suggests that factors controlling the spatial distribution of
temperature trends vary from month to month and, as a
general hypothesis, it can be stated that Atlantic influ-
ences could be put forward as arguments for temperature
rises in the cold season (particularly for 7., ), while more
Mediterranean influences could be suggested as a general
mechanism for 7' ;,, as well as for 7' ,, during warm sea-
sons. These hypotheses initially agree with NAO telecon-
nection effects on winter temperature (del Rio er al., 2012,
and references therein) and to the summer trends on the
Mediterranean coast (Miro et al., 2006), and will be issues
for future research.

6.2. The spatial distribution of T
mainland Spain

max and Tmin n

Many papers have reported a higher increase in 7, than
T ax» With the consequence of a negative trend in DTR
during the 20th century (Karl ez al., 1993; Easterling er al.,
1997; Kalnay and Cai, 2003; Caesar et al., 2006; Liu
etal., 2006). This has been attributed to an increase in
cloud cover from 1950 (Karl ez al., 1993; Dai et al., 1999;
Durre and Wallace, 2001). From 1980 onward, no trend
or positive trend in DTR has been reported (Vose et al.,
2005; Alexander et al., 2006; Makowsky et al., 2008; Fall
et al., 2011; Rohde et al., 2013). However, some regional
studies have found negative trends in DTR during the last
decades of the 20th century and the beginning of 21st
century (Cohen et al., 2013). These analyses refer to East
Africa (Christy et al., 2009), United States (Christy er al.,
2006; Cordero et al., 2011; Fall et al., 2011; Misra and
Michael, 2013; Tang and Arnone, 2013), Canada (Vincent
et al., 2012), Moldavia (Corobov et al., 2010), China (see
Wu and Yang, 2013, for a complete review of DTR in
China), and so on.

In Spanish mainland there are controversial results relat-
ing to DTR trends. Positive values were reported through-
out the 20th century and, in particular, from the 1970s
on a national scale (Brunet eral., 2007; Bermejo and
Ancell, 2009; del Rio etal., 2012; Rios et al., 2012;
Guijarro, 2013) and sub-regional scale in the north—east
inland Ebro basin (Abaurrea er al., 2001), north—east
coastland (Brunet et al., 2001b), northern inland plateau
(Morales et al., 2005; del Rio etal., 2007) and south-
ern inland plateau (Galdn et al., 2001). On the other
hand, negative trends in DTR have been reported on
the annual scale (Staudt et al., 2005), and regional scale
in the Ebro basin (El Kenawy er al., 2012), Mediter-
ranean coastal in the north—east (Martinez et al., 2010;
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Ramos er al., 2012), central Valencia region (Miro et al.,
2006), in the south—east (Horcas er al., 2001) and also in
the Guadalquivir basin in the south (Esteban-Parra et al.,
2003; Garcia-Barréon and Pita, 2004).

These results are difficult to compare because of the
different areas covered, data sets and periods, but the
MOTEDAS DTR trends appear to shed light on the appar-
ent disagreement among the results above. In fact, the
studies referring to the northern areas mainly suggested
a positive trend in DTR; those relating to southern and
Mediterranean regions suggested negative trends, while
those referring to the whole IP were strongly influenced
by the uneven distribution of available stations and varying
periods.

We must highlight the fact that that there is good agree-
ment among the DTR trends and hours of sunshine all
over Spain (Sdnchez-Lorenzo er al., 2008); the significant
decrease in DTR in southern Spain from July to Septem-
ber and the general decrease in May all over Spain, were
consistent with a significant fall in the hours of sunshine
in these areas. The same is true for March, when almost
all Spain showed an increase in DTR and this was associ-
ated with a highly significant increase in hours of sunshine
(+3% decade™", 1951-2004). Also, from January to April
and June, which show positive trends over more than 75%
of Spain, there were generally higher amounts of sunshine.

This strong agreement between amounts of sunshine and
DTR is also very interesting from the data quality point
of view. Setting up and homogenizing the two databases
were done in complete independence of each other, and
this is a positive sign for quality standards reached by the
homogenization procedures in MOTEDAS.

6.3

An important question to consider is the different
behaviour of day and night-time temperature mea-
surements (respectively expressed by 7', and 7;,) and
the different effects of local factors on measurements of
T nax and T, (Mahmood et al., 2010).

T nax 18 mostly driven by surface solar radiation and is
a good indicator of constant vertical redistribution of heat
via adiabatic processes through the air column. Among the
source of variability in incoming solar radiation, clouds
have an important role that also contributes to the reduc-
tion of radiation loss from the surface at night, causing
higher T,;, values and reducing the DTR (see previous
comments). Several pieces of research have suggested that
the atmospheric boundary layer (ABL) controls surface
temperatures at night; therefore, 7, ;, should be more rep-
resentative of a very thin atmospheric layer and changes
only represent a thin layer near to the ground and not the
entire air column (Christy ez al., 2006; Pielke et al., 2007).
Klotzbach er al. (2009) support this hypothesis to justify
the discrepancies between surface and satellite data in tem-
perature trends. Thus, 7';, would be affected by local fac-
tors and represent only very local conditions. This result
agrees with those reported by Pefa-Angulo er al. (2014)
who found lower spatial coherence in 7;, than 7',..

Final considerations
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In Spain, important changes in land-use started in the
mid-1970s. In 2009, around 3 500000 ha were irrigated,
mostly located in central-SE areas (Ministerio de Agri-
cultura, Pesca y Alimentacién, 2009); during 1987-2000
urbanized areas increased from 579000 to 660 000 ha,
highly concentrated along the Mediterranean coast (Molini
and Salgado, 2010) as a consequence of dramatic changes
in spatial distribution of population, particularly during
the past 30 years (Calvo and Pueyo, 2008; Calvo et al.,
2008; Zuaniga et al., 2012), and during 1981-2010, wild
land fires affected >50 000 km?, (Enriquez and del Moral,
2012), occurring most often on the Mediterranean coast.
These results agree with the increase in 7, detected
from the north—east to south—east Mediterranean fringe,
found by different studies (Horcas er al., 2001; Miro et al.,
2006; Martinez et al., 2010; Ramos et al. 2012) and gener-
ally in line with those presented in MOTEDAS suggesting
the hypothesis that in Spain mainland the 7', are being
affected in some areas by local factors, a key climatic issue
at present under research by the authors.

7. Conclusions

MOTEDAS is an up-to-date data set of monthly temper-
atures in the Spanish mainland, in which a great deal
of effort has been made to maximize all the information
stored at the AEMet, in order to analyse warming pro-
cesses in the IP.

Temperatures increased in mainland Spain during the
1951-2010 periods, shown by both maximum and mini-
mum records; the analyses reveal that their trends are not
evenly distributed spatially, neither do they synchronize
with the months.

Diurnal temperature, indicated by T, increased
mostly in late winter/early spring and summer months,
while nocturnal temperature, represented by T,
increased in summer, spring (except in north-western
inland areas) and during autumn in the south.

The spatial pattern of the DTR shows a clear north—south
gradient in summer, with positive trends in the north and
negative trends in the south; also in spring and autumn
a negative pattern has been detected in the south. These
areas, particularly the Mediterranean coastland, have been
subject to dramatic urbanization and land use changes dur-
ing the past 30 years that could affect nocturnal tempera-
tures in particular. Thus, warming processes in the IP may
have been affected both by large-scale factors and more
local ones, and effects from the two types should be differ-
entiated spatially.
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ABSTRACT ARTICLE HISTORY
This study presents a new climatology of monthly temperature for ~ Received 27 September 2015
mainland Spain (1951-2010), performed with the highest quality ~ Accepted 11 February 2016
and spatially dense, up-to-date monthly temperature dataset KEYWORDS
available in the study area (MOTEDAS) Climatology; interpolation;
Three different interpolation techniques were evaluated: the maximum temperature;
Local Weighted Linear Regression (LWLR), the Regression-Kriging minimum temperature;
(RK) and the Regression-Kriging with stepwise selection (RKS), a Spain
modification of RK. The performances of the different models were
evaluated by the leave-one-out validation procedure, comparing
the results from the models with the original data and calculating
different error measurements.
The three techniques performed better for Tna, than for Tpin,
and for the cold, rather than warmer months, also at lower altitude
than highland areas. The best results were achieved with LWLR
applied for the first time on temperatures in the Spanish mainland.
This method improved the accuracy of the temperature recon-
struction with respect to RK and RKS.
We present a collection of T, and Ty monthly charts, using
the same temperature legend to prevent any visual bias in the
interpretation of the results. The dataset is available upon request.

1. Introduction

Climatology maps express mean values of climate variables and are used as a working
tool in several fields, such as agriculture, engineering, hydrology, ecology and natural
resource management among others (Daly et al. 2008). Moreover, climatology maps are
a required element in searching for climate change signals, to evaluate climatic models
and to understand how the climate interacts with other natural elements (Hofstra et al.
2008). According to the World Meteorological Organization, climatology maps should be
developed using databases with recordings covering over 30 years. On the other hand,
many research projects have pointed out that the reliability of climate analysis results

CONTACT D. Pena-Angulo @ dhaispa@gmail.com
© 2016 Taylor & Francis
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increases when a high-quality, high spatial density dataset is used (Madden et al. 1993,
Jones et al. 1999, Hofstra et al. 2008, Cowtan and Way 2014).

Traditionally, climatology maps are produced from the spatial interpolation from the
scant weather station series to obtain regularly distributed climatic information over a
defined area. This is because of the necessity of organising the climatic information into
continuous spatial fields of data to reduce the lack of information in some areas due to
the irregular spatial distribution of the weather stations (Jones and Hulme 1996, Dai
et al. 1997, New et al. 2000). Until now, there has been no uniform consensus regarding
what the most adequate interpolation method for climatic variables might be, and the
best ones vary as a function of the area where they are applied and the interpolated
variable (Vicente-Serrano et al. 2003). On the other hand, various methods for evaluating
their performance have been proposed during the last few decades (Kurtzman and
Kadmon 1999, Goovaerts 2000, Vicente-Serrano et al. 2003, Ninyerola et al. 2007, Hofstra
et al. 2008, Li and Heap 2011, Herrera et al. 2012).

Generally speaking, interpolation methods can be subdivided into four main groups:
global, local, geostatistical and hybrid (Vicente-Serrano et al. 2003). Global methods (e.g.
trend surface analysis and the regression models) use all the available spatial informa-
tion to estimate the climatic values of the grid generated. These methods relate climate
information with geographic data (elevation, latitude, slope, etc.) to generate the inter-
polated maps (Pons 1996, Ninyerola et al. 2000). On the contrary, local methods (such as
Inverse Distance Weighting, Nearest Neighbours, Delauny Thiessen and Minimum-cur-
vature-splines) only make use of the information obtained from subsets from neighbour-
ing stations; they usually assign weights to individual stations according to a function
that combines distance from the point to be estimated and other characteristics or
properties of neighbouring stations, such as the Angular Distance Weighted method and
Correlation Decay Distance index (New et al. 2000, Mitchell and Jones 2005, Caesar et al.
2006, Hofstra et al. 2008).The geostatistical methods, like the Simple Kriging (Hengl et al.
2004), Ordinary Kriging (Goovaerts 2000), Co-Kriging (Nalder and Wein 1998), Universal
Kriging (Hosseini et al. 1993) or Regression Kriging (Hengl 2007, Hengl et al. 2007),
assume that the spatial variability of a continuous variable (or at least part of it) is too
irregular to be modelled by a mathematical function, and could be better predicted by a
probabilistic surface (Vicente-Serrano et al. 2003). Lastly, hybrid methods combine
elements from the above techniques to enhance the interpolation results (Ninyerola
et al. 2007).

In this article, we developed a new high-resolution climatology for monthly mean
values of maximum (Tha) and minimum (T, temperature in the western
Mediterranean basin (mainland Spain) by using a recent high-quality, high-density
dataset (acronym MOTEDAS, Monthly Temperature Dataset of Spain; Gonzalez-Hidalgo
et al. 2015a). The new climatology emerges after comparing some of the best perform-
ing interpolation techniques, and the global results are shown in a complete collection
of monthly maps of monthly mean maximum (T,ax), monthly mean minimum (T ;) and
monthly mean amplitude (Diurnal Temperature Range, DTR). The article is organized as
follows: in Sections 2 and 3, we briefly describe the study area (Iberian Peninsula) and
the dataset used in the new climatology; in Section 4 we present the three interpolation
methods and the error measurements used to estimate the performance of each one.
Section 5 contains the accuracy of the models and their spatial differences by comparing
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various error measurements in several elevation bands, and concludes with the pre-
sentation of the new climatology and the collection of charts obtained from the best
performing method. In Section 6, we discuss the main findings and present the main
conclusion.

2. Study area

The Spanish mainland (Iberian Peninsula, western Mediterranean basin) seems to be an
appropriate area for evaluating the differences between interpolating approaches to
temperature for several reasons. Firstly, its latitudinal position in the subtropical band
suggests highly contrasting seasonal temperature regimes, while the north-south exten-
sion (c. 1000 km) introduces a reasonable gradient in the amounts of incoming solar
radiation; on the other hand, the Iberian Peninsula has sharply contrasting landscapes,
well-defined by altitude combined with orography: the coastland areas (<200 m above sea
level, asl), the inland plateau (200-1000 m asl) and the high mountain areas (>1000 m asl);
finally the Iberian Peninsula is located between two heavily contrasting water masses
(Atlantic Ocean and Mediterranean Sea). As a consequence, large areas in the inland
plateau regions (meseta norte and meseta sur in Spanish) are only open to Atlantic
influences from the west, due to the alignment of the mountain systems, which are
arranged in a west—east direction, bound on the eastern side by a north-south-oriented
chain, the Sistema Iberico (see Figure 1). These reasons, among others, result in a marked
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Figure 1. Study area. The map shows the topography of Iberian Peninsula, and the names of the
most important spatial units quoted in the text.
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complexity in spatial distribution of temperature across the Iberian Peninsula, as indicated
in classic publications (Font Tullot 1983, Capel Molina 1998, Sanchez and Sanchez 1999).
As a consequence, the local multivariate regression models can be expected to be much
more suitable than global methods to estimate the spatial gradients of temperatures in
the Spanish mainland, and also to provide easier interpretation of factors that contribute
to spatial distribution of temperatures. Such local methods have been applied with
optimal results in territories characterized by complex orography (Daly et al. 2008, Frei
2013, Brunetti et al. 2014) but not yet, to our knowledge, in the Spanish mainland.

3. Data

We have developed the new climatology of temperatures following the global approach
of Mitchell and Jones (2005) and using the most recently updated database of monthly
temperatures, the MOTEDAS dataset (Gonzalez-Hidalgo et al. 2015a). MOTEDAS was
developed after exhaustive analyses of the complete information stored at the
National Meteorological Agency of Spain (AEMet). Quality control included detection
of suspicious data and correction of inhomogeneities on a monthly scale (details in
Gonzalez-Hidalgo et al. 2015a). The MOTEDAS high-resolution grid (10 x 10 km) had
previously been used to analyse the spatial variability of monthly temperatures and their
trends at high resolution (Pefa-Angulo et al. 2015, Gonzalez-Hidalgo et al. 2015b). In this
research, we used the complete information included in the MOTEDAS dataset, in an
attempt to maximize the information from the 3066 original series from AEMet, which
contains at least 84 months of original data. These series were also checked by com-
plementary quality control on their location (checks that were not included in the
original development of MOTEDAS). In short, the locations of the 3066 stations were
compared with a Digital Elevation Model (DEM) obtained from the ASTER-based Global
Digital Elevation Model at a resolution of 30 m (Hayakawa et al. 2008). These one-by-
one-degree files can be downloaded from NASA’s EOS data archive and/or Japan’s
Ground Data System (http://gdem.ersdac.jspacesystems.or.jp/). The stations were even-
tually discarded from the final data set for climatology reconstruction if the following
three criteria were satisfied: (1) difference in altitude >150 m between official coordi-
nates and DEM, (2) the altitude of the station did not correspond with any point of the
DEM in the surrounding 2 km? and (3) the difference in the annual temperature mean
value with respect to neighbouring stations was higher than 3°C, taking into account the
lapse rate by altitudes. In the end, a small percentage of the original series from
MOTEDAS was discarded from the original 3066 stations (54 for T,ax and 45 for Tyin).

The final series (in terms of data availability) from MOTEDAS used in the development
of temperature climatology were characterized as follows:

e Series with original complete information between 1951 and 2010 (11 stations).

e Series in which complete reconstruction was achieved between 1951 and 2010
with reference series from neighbouring stations no further away than 100 km
(2865 stations in Tmax and 2869 in Tyin).

e Finally, in order to maximize the spatial information, the series in which MOTEDAS
made an incomplete reconstruction but contained more than 7 years of original
information between 1951 and 2010, were reconstructed following the approach
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suggested by Brunetti et al. (2014). A total of 136 stations for Tyax and 141 of T,
stations were saved using this procedure.

The final dataset includes 40% of original and 60% of reconstructed data from stations
no further than 25 km apart. Obviously individual station data varies, depending on the
area and decade, with original data showing an increase in the 1981-2010 period.

Consequently, the version of MOTEDAS used to develop the new temperature clima-
tology of the Spanish mainland includes a total number of 3012 for T,,ax and 3021 for Tin
of complete, homogeneous and free from suspicious data monthly series (1951-2010; see
Figure 2), and offers a significantly higher station density than those used in several
previous climatologies for the Spanish mainland (1068 stations used by Ninyerola et al.
2005), and for the complete Iberian Peninsula (1440 stations used by Ninyerola et al. 2007;
237 stations used by Herrera et al. 2012). This procedure ensures that there is a reduced
error bias in the series since a strong trend is displayed over the 1951-2010 period (see
Gonzalez-Hidalgo et al. 20153, b), and if station climate normals are calculated only from
available data, the final result will be biased point by point, depending on the bias for the
period covered by data from the stations surrounding each grid point.

4. Interpolation methods

Three different interpolation methods were compared: (1) Locally Weighted Linear
Regression (LWLR), (2) Regression-Kriging (RK) and (3) Regression-Kriging with
Stepwise selection (RKS). The resulting monthly T, and T, maps have a resolution
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Figure 2. Spatial distribution of the meteorological stations by altitudinal intervals.
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of 0.0083° (~1 km at Iberian Peninsula latitude), which matches the spatial resolution of
the GTOPO30 (USGS 1996) DEM on which the climatologies were reconstructed.

The DEM was used to assign geographic information to the stations, in addition to
the elevation already available from station metadata together with latitude and long-
itude. For each cell of the DEM, we estimated the slope orientation, slope steepness and
crossed distance from the sea (obtained by minimizing the sum of the cell-sea horizontal
distance plus all vertical gradients crossed by the cell-sea segment) using the method
described by Brunetti et al. (2014), and we assigned the geographical parameters of the
closest grid cell to each station.

4.1. Local Weighted Linear Regression

The LWLR estimates locally the relationship between temperature and elevation
(Brunetti et al. 2014), which represents an improvement on the geographically weighted
regression approach (Brunsdon et al. 1996) A weighted linear regression (Taylor 1997),
with neighbouring stations to predict the temperature (7T) value of a cell (A, () as a
function of the elevation, was estimated as follows:

T(A,0) = a(A, 0) + b(A,0) = h(A, 0) (1)

wherea(A, () and b(A, () are the linear regression coefficients, and h(A, ) the elevation.

The basic idea of the approach is to evaluate the relationship between temperature
and elevation separately for each grid cell of the DEM, giving more importance to any
nearby stations with topographical characteristics similar to those of the grid cell itself.
Specifically, a number of neighbouring stations (at least 15 and no more than 35, 35
being the number that minimizes the error) with the highest weights were used in the
estimation of the regression for each grid point (A,()). The minimum and maximum
number of neighbouring stations considered was determined by an analysis of inter-
polation accuracy by Root Mean Squared Error (RMSE). For each station, the weight was
calculated as the product of the following weighting factors:

wi(,0) = wi(A,0) x wh (A, 0) x w2, 0) x Wi (2, 0) x wP*(2, 0) 2

]

These weighting factors (position, height, distance from the sea, slope steepness and
slope orientation) are based on Gaussian functions of the form:

W0) = e (%) 3)

where A/*" is the absolute value of the difference between the value of the specific
variable in cell (A,()) and in the i-th station, and ¢, is a coefficient that expresses the
decrease of the weighting function with increasing A/®". The c,,, coefficients can also be
expressed in terms of the value A‘%’a’ which represent the value of A/®" for which the

2
=

weighting factor is equal to 0.5.

Cvar =
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To select the most appropriate AY®" values to be used in the weighting factors, we
2
followed an iterative process, and the AY*" producing the lowest possible error at station
2

locations was estimated for each month.

The most relevant weight is the radial, which is the optimization of the A} factor
producing the largest improvement in interpolation performance. Its optimal values vary
from month to month, with lower values in summer (24 km in July) and higher in winter
(58 km in February) for T,,ax on the contrary, for Ty, lower values were found in winter
(18 km from November to February), and higher values in spring and summer (24 km

from April to July).
dsea Aslope Aaspect

The other halving factors (A?/z, AY)5 8y, A7), ) were set as in Brunetti et al. (2014).

4.2. Regression-Kriging

The RK method combines a regression model with a Kriging (Hengl et al. 2007) of the
regression residuals (Tveito et al. 2008, Di Piazza et al. 2011, Brunetti et al. 2014).

In this case, we first estimated the temperature versus elevation (h) linear regression
model as in Equation (1), but with a global approach, i.e. with a and b coefficients
identical for each grid cell and dependent only on the month in question. A Kriging
interpolation was then applied to the residuals from this model. This technique can be
used to obtain a variogram providing information on the spatial correlation of the
analysed residuals. In this study, we took into account all pairs of stations in the range
of 250 km, and grouped them according to distance intervals of 10 km. The exponential
variogram was selected to model the dependency between the semivariance and the
distance, as this provided the lowest error.

The theoretical variogram was used to obtain the covariance (C) versus distance, and
the covariance matrix, expressing the covariance of any pair of stations. The array with
the Kriging weights (k) for each cell(A, ()) was obtained as follows:

k(2,0) =C' x ¢(A,0) (5

where ¢q is the array representing the covariance of the cell (A, () with all the station
positions. The temperature of each cell was thus estimated as follows:

T=a+bxh)0) +k'(A0) x ¢ (6)

wherea and b are parameters defined by the global regression model, h is the elevation,
k" is the vector of the Kriging weights and e is the vector of station residuals.

4.3. Regression Kriging with stepwise selection

The third interpolation method used in this study was a variation of the previously
described RK. In this case, the Kriging is used to interpolate the residuals from a multi-
linear regression model (slope steepness, slope orientation, distance from the sea,
altitude, longitude and latitude) with stepwise selection. The stepwise selection method
allows us to choose the optimum independent variables that will be used in the multi-
linear regression model for each month. This method integrates the variables in an
iterative way: in each step, it evaluates which set of variables should be included in the
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model. The algorithm stops when the model does not make any further improvements,
either by introducing or by removing variables. The relative quality of the model is
evaluated with Akaike’s information criterion (AIC). The AIC is a measure of the relative
quality of a fitting model. The lower the AIC value, the better the model.

As in the previous method, a Kriging interpolation was applied to the residuals from
the multi-linear regression. To this end, all pairs of stations in the range of 250 km were
taken and grouped according to distance intervals of 10 km. Finally, we selected the
exponential variogram to model the dependency between the semivariance and the
distance.

In this way, the temperature in each cell was estimated by the following equation:

T=a+bxhA0)+cxA+dx0+exslope(A, D)

7)

+f x aspect(A, 0) + g * dsea(,0) + + k" (A, 0) x €
where coefficients g, b ..., g not excluded by the stepwise selection iterative procedure
were determined with the regression model.

4.4. Validation procedure and error measurements

The performances of the three interpolation models were evaluated by using a leave-
one-out validation procedure; the monthly value from each station was excluded from
the dataset and reconstructed by the three models, using all the other stations; finally,
the estimated value was compared with the observed value. This procedure ensured a
higher level of accuracy with respect to the classic approach of leaving a fixed percen-
tage of original data for the validation procedure, because in the leave-one-out, all the
original data involved in the model are checked individually with their specific model.

Four error measures were computed to compare the performances of the interpola-
tion methods: the Mean Bias Error (MBE), the Mean Absolute Error (MAE), the RMSE and
the Index of Agreement (D) developed by Willmott (1982).The MBE provides information
on the tendency of the model to systematically overestimate or underestimate a variable
(Pielke 1984). The MAE is the average of the differences (in terms of absolute value)
between that observed and that predicted by the model. The RMSE estimates the
average difference between estimated and observed values in each station. The RMSE
and MAE summarize the average difference between the estimated and real values with
the same units (Vicente-Serrano et al. 2003); Willmott (1982) suggested that RMSE was
more appropriate than MAE in order to validate spatial interpolation models, although
Vicente-Serrano et al. (2003) indicated that MAE is less sensitive than RMSE when dealing
with extreme values. In this respect, RMSE is stricter than MAE. The Index of Agreement
(D) is a standardized measure of the model prediction error and varies between 0 and 1.
A value of 1 indicates a perfect match, and 0 indicates no agreement at all (Willmott
1982). Index D can detect proportional differences in the observed and estimated means
and variances; however, it is too sensitive to extreme values, due to the squared
differences (Legates and McCabe 1999).

Finally, the global quality of the model was also evaluated by the coefficient of
determination (R? as a square of the multiple Pearson correlation coefficient. This
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coefficient not only gives information on the quality of a model, but also on its capacity
for prediction under the assumption of explained variance.

5. Results
5.1. Global accuracy of models

The global results of interpolation methods evaluated by various error measurements
(MBE, MAE, RMSE, R? and D) are shown in Tables 1 and 2 for T,,.x and Tryin ON an annual
and monthly scale. The performances are better for T,ax than for T, on both a
monthly and annual scale, with MAE and RMSE being lower for T,ax than for T, and
the reverse being true for D and R? (Tables 1 and 2).

Errors are always maximum in summer, for both T,ax and Tpin, and the lowest errors
are in winter for T and in spring for Ty,in. In particular, the highest values of RSME
range from 1.16°C to 1.27°C in July for Tray and from 1.26°C to 1.32°C in August for Tin,
while its lowest values range from 0.81°C to 0.83°C in February for Tyax and from 0.97°C
to 1.05°C in April for Tp,. The lowest RMSE values of these ranges are those from the
LWLR method. The same annual cycle in RMSE, but with higher values, was presented in
the previous climatology of the Spanish mainland by Ninyerola et al. (2005), in which the
lowest RMSE values were 1.6°C in July for T,ax and 1.5°C in August for T, and its
highest values were 1.1°C in February for Trax and 1.1 in April for Ti,. These results can
also be deduced from the MAE, R and D. These findings coincide with the spatial
variability of temperatures evaluated by the Correlation Distance Decay by Pefia-Angulo
et al. (2015), with the lowest RMSE values relating to the months characterized by
highest spatial coherence.

In the Spanish mainland, the best performing model is always the LWLR, and the
worst is the RK. Differences among models are much more evident for Ty, than for Ty
Looking at RMSE, there is a maximum range between best and worst performing
method of about 0.1°C in summer for T,ax and about 0.2°C in autumn for T,;,. The
MAE (°C) also shows that the lowest error is returned by the LWLR method, where values
between 0.61 and 0.88 are achieved according to the month; in second place is the RKS,
with values between 0.60 and 0.89; and finally the RK between 0.61 and 0.94.

5.2. Performance of the models versus elevation

These global results must be taken with caution, since they refer to a very complex
terrain in which the effects of distance from water bodies, altitude and latitude are
combined. In particular, we verified whether the accuracy of the models for T, and
Tmin changes with altitude. Figure 3 shows the mean annual values of MBE for different
elevation bands, together with January and July. This estimator allows us to identify
systematic over/under estimations. In general, the three models produce lower MBE at
low altitude, but MBE values increase in the highlands, particularly above 1000 m asl,
where there is a systematic overestimation of Tr,ax and a systematic underestimation of
Tmin- This phenomenon is important for RK and RKS, where bias can reach several tenths
of a degree for the highest elevation bands (with T,/ Tmin biases of +0.58/-0.93°C and
+0.49/-0.63°C above 1200 m for RK and RKS respectively), but much lower for the LWLR
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Figure 3. Trax and Ty, Mean Bias Error (MBE) for different elevation bands annual values are shown
together for January and July.

method (Figure 3). The same pattern was observed in the other error measurements
(figure not shown).

The analyses of monthly model performance versus altitude show differences between
cold and warm months and the systematic errors in the various elevation bands are much
more evident. In Figure 3, the January and July (as representative of cold and warm
periods) monthly values of MBE for LWLR, RK and RKS at different altitude intervals are
shown, which roughly correspond to coastland areas (<200 m asl), inland plateaus and
inland catchments (200-1000 m asl), and mountain landscapes (>1000 m asl).

The negative systematic biases at high elevation bands for T,,;, range between —0.61°C
and —1.20°C in the RK model, in summer and winter respectively. On the contrary, LWLR
presents lower biases in winter than in summer, with values ranging from —0.11°C in
winter to —0.19°C in summer. RKS has minimum biases in spring (—0.43°C) and maximum
in autumn (-0.83°C). As for T,,ax, Mmonthly biases above 1200 m asl are negative in winter
and positive from March to November (not shown in the figure) for RK (ranging from
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—0.33°C in December to +1.28°C in July), and always positive for RKS (ranging from +0.08°
C in December to +0.73 in July). No relevant biases are observed for T,y in the LWLR
model.

In low elevation bands, systematic errors are smaller or absent, depending on the
model and the season. LWLR presents no systematic errors below 1000 m in any month,
either for T« or for Tmin, and biases are always lower than 0.1°C (negative or positive).
RK, on the contrary, has positive (negative) systematic biases, up to +0.2°C (-0.2°C) in
winter (summer) months for Trmin (Tmax). The same is true for RKS, with errors up to
+0.17°C in autumn T, and up to —0.15 in summer Tin.

5.3. Climatology maps of maximum and minimum temperature and DTR

The classic analyses of spatial distribution of T,,ax and Tin in the Spanish mainland (Font
Tullot 1983, Capel Molina 1998), and the most recent climatologies (Ninyerola et al. 2007,
AEMet 2011), have shown that the spatial distribution of the isotherms in the Iberian
Peninsula varies according to the latitude, distance from the sea and elevation, with
large spatial variations throughout the year, i.e. temperatures increase from north to
south, in coastal areas the gradients are smoothed, and the orography is the principal
factor driving the spatial distribution of T,,.x and Ty, values. Furthermore, due to the
west-east orientation of the mountain systems and the fact that the inland plateaus are
open to the west (see Figure 1), the influence of the Atlantic Ocean on temperatures
spreads over a large area of inland Spain to the east, while the influence of the
Mediterranean is limited to a small area, due to the vicinity of the mountain systems
in the southern and eastern coastal areas; this leads to a second main gradient from
west to east being identified in the classic maps.

The above results suggest that the global methods (such as RK and RKS) are not the
most suitable for capturing the complex interrelation of these factors affecting the
temperature spatial gradients in the Spanish mainland and causing the near-surface
temperature to change significantly from region to region. Our results indicate that the
most adequate approach is a local estimate of the temperature lapse rate, made by
using the information from the most representative stations in that location, as the
LWLR method does. In the following paragraphs, we will take the climatologies pro-
duced with the LWLR approach as the base of reference for the Spanish mainland, and
describe their main features.

5.3.1. The Tqx climatology
Tmax climatology maps are shown in Figure 4 (see also Figure 1 for spatial identification).
During winter (December to February), most of the Spanish mainland has T, values
below 15°C, except for small areas in the extreme coastland to the south-west and east.
The inland Tax Spatial distribution is characterized by the contrast between inland
catchments and their mountain borders with the Mediterranean and south-west coast-
land areas, with the isotherm of 15°C as a limit. The T,,.x mean value in the northern
plateau (Duero basin) is lower (<10°C) than in the southern inland catchments of Tagus,
Guadiana and Guadalquivir, and the Ebro inland in the north-east (>10°C). Finally, in the
southern plateau (but not in the northern inland Duero catchment), a clear west-east
gradient is identified, accentuated during the month of February. Month by month, the
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Figure 4. Monthly mean climatology for Tpax.

areas below 10°C are restricted to the mountain regions and eastern part of the northern
Duero basin.

Between March and May, the north-south gradient remains between inland catch-
ments; in southern ones, Tmax Values above 20°C are found in March in the southern-
most areas (Guadalquivir basin) and extend to the rest of the southern catchment and
Ebro basin to the north-east during April and May; the Duero catchment, in the northern
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plateau, reaches an isothermal value of 20°C only in May in its western area, one month
later than the other inland areas. The T,,.x value in the north-eastern Ebro basin is quite
similar to the southern catchment, i.e. the latitude (quite similar to the Duero basin) does
not seem to be a determining factor for T, during these months. In April and May,
Tmax Values below 15°C are found only in mountain areas and the eastern Duero
catchment in the northern inland plateau. The coastland areas behave in a different
way, depending on their position (Atlantic versus Mediterranean water bodies). In the
Mediterranean coastland to the east and in the south, T, is above 20°C, while in the
northern coastland it is >15°C. Month by month, T, values above 25°C increase along
the axis of the main rivers (Tagus, Guadiana, Guadalquivir and Segura catchment). In
May, the value of T, in the Spanish mainland is above 20°C, except in mountain areas
and the northern coast.

The warm season lasts from June to September, and a clear north-south gradient is
detected in Ty With mountain areas isolated from the surrounding landscapes by the
isothermal value of 20°C. The maximum values of T,,.x are found in the southern plateau
and central area of the Ebro basin to the north-east (>30°C). The coastal areas differ
again between Atlantic and Mediterranean, with the Mediterranean coastland present-
ing Tmax Values similar to inland southern catchments.

June and September show a similar spatial distribution of T,,ax values. In both cases,
the north-south separation is defined by the 25°C isotherm and, in extended areas of
the southern Spanish mainland, T,y is above 25°C. On the other hand, the spatial
distribution of T,ax in July and August is quite similar, showing the same north-south
gradient, with the threshold between north and south being the 30°C isotherm. In the
southern inland areas, Tax Values are >35°C.

October and November seem to be transitional months. During October the T
spatial distribution resembles that of the warmest months (north-south gradient, differ-
ences between coastal areas, isolated mountain areas) with lower mean values. The
coastland-inland and north-south gradients are clearly separated by the 20°C isotherm
in October and 15°C in November. In the highland inland areas, Tax Values are below
15°C. Globally, the spatial distribution of T..x in October is similar to May, and
November to March. Finally, in November, the inland northern Duero basin Tax is
similar to the surrounding mountain areas where, in the highest places, it falls below
5°C. Only in the Mediterranean coastal and south-western areas are T, values above
15°C.

In brief, Trax spatial monthly distribution shows a north-south gradient in the inland
catchments, accentuated during the warmest months by a higher increase in southern
Tmax vValues. Mountain areas in the warmest months are cold and isolated from the
surrounding areas, i.e. altitude affects spatial variability of T.y, particularly when solar
radiation is at maximum. In addition to a north to south gradient, there is also a west-
east gradient. This combination of latitudinal gradient and relative position (oriented to
sea influences from the west or east) seems to explain the differences between catch-
ments located at the same latitude, such as the Duero and Ebro: a combination of the
sheltering effect of mountain systems, prevalent westerly wind circulation and different
effects from the Atlantic and Mediterranean water bodies emerge as a plausible expla-
nation of T,.x differences between the Duero and Ebro basins located at the same
latitude.
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5.3.2. Tpi, climatology
Tmin climatology maps are shown in Figure 5 (see also Figure 1 for spatial identification).

In general, the spatial differences of T, values are lower than for T, and this is
particularly true during the warmest months producing a monthly amplitude (T ax—Tmin)
spatially variable throughout the year (see later).

From November to April, the spatial distribution of T, is similar and most of the Spanish
conterminous land is below 5°C, except in small areas in the eastern and southern coastland.
The lowest values can be found in December, January and February in mountain areas and
the Duero basin in the northern plateau (T, below 0°C), with a clear north to south
gradient, while the southern inland catchments and Ebro basin to the north-east are
above 0°C. In the southern catchments of the Tagus, Guadiana and Guadalquivir, a west-
east gradient in T,,;, is detected. The differences between coastal and inland areas are lower
than for Trmayx. In November, March and April, the area between 5°C and 10°C in Ty, extends
to the south-west. The <0°C value of Ty, is restricted to mountain areas in March and April.

In May, the spatial distribution of T, along the north-south gradient between
catchments (10°C as a limit between north and south) is more complex; the Ebro
basin exhibits similar values to southern basins (>10°C) and in the southern part of
the Spanish mainland there is a west to east gradient. During May, the 10°C isotherm
moves inland from the SW of the southern catchments and Mediterranean coastal areas,
while northern coastland T, values are <10°C.

The warmest period from June to September shows a clear north-south gradient with
the 15°C isotherm separating the north from the south in July-August, and 10°C in June
and September. T, values of <5°C are restricted to mountain areas and the 15°C
isotherm also seems to be the boundary between inland and coastal to the east and
south. Except for July and August, T, values in the Ebro basin are similar to the Duero
basin at the same latitude.

In brief, the spatial differences of Ty, values seem lower than T,,ax. In addition, north-
to-south, west-to-east or east-to-west gradients according to latitudinal position and
proximity of different water bodies are simplified.

5.3.3. The DTR climatology

Lastly, Figure 6 shows the DTR monthly collection charts. Generally speaking, during the
warmest months (June-September) there is a clear inland-coastland gradient in the DTR
values, which are higher inland. Along the Mediterranean fringe and northern coastland,
the DTR values vary between 6-8°C, while inland they vary between 10°C and 12°C (see
Figure 6), with maximum values above 18°C.

The coastland-inland pattern during October-February disappears, when the lowest
DTR values of 6-8°C are found in the northern coastal areas, and increase toward the
central inland and southern areas, where the monthly DTR is 10-12°C. From March to May,
the Atlantic coastland to the north and west differs from the Mediterranean southern
coastland, with DTR values lower in the Atlantic coastal area (6-8°C) than the
Mediterranean eastern coast (10-12°C). The inland areas show DTR between 6°C and 12°
C. In May, the DTR values inland are over 14°C.

In brief, the DTR monthly spatial distribution indicates that the maximum values are
reached inland during the summer months when there is a clear difference between
coastal and inland areas. During the coldest months, this pattern disappears, and a
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Figure 5. Monthly mean climatology for Tpn.

north-south gradient predominates in the DTR monthly values, increasing toward the
south. The maximum spatial differences in DTR values have been found in July and
August (coastland 6-8°C, inland >18°C); meanwhile during the coldest months, the
maximum spatial differences vary between 4°C and 6°C in coastal areas and 8-10°C
inland. A plausible explanation is that T, in the coldest months is strongly affected by
factors such as air humidity or cloud to a higher degree than those factors that can
promote spatial variability in Tin.
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Figure 6. Monthly mean climatology for DTR.

6. Discussion and conclusions
6.1. Global comments

We applied different interpolation approaches to the recent high-quality and up-to-date
monthly temperatures dataset of Spain (MOTEDAS), with the aim of producing a new
high-resolution climatology for Tyax and Tin in the Spanish mainland. The poorest
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results were observed in summer for both T, and T,in data, while better results were
found in winter for T and in spring for T... The comparison between models
indicates that the estimation errors vary as a function of the altitude and a generalized
underestimation/overestimation of Tin/Tmax Was detected particularly at >1000 m
where the LWLR method performed best.

The quality of dataset used and the high spatial density of stations in this research is
probably the most relevant reason for the general improvement of the RMSE with
respect to previous climatologies (Ninyerola et al. 2005), or when comparing the R?
coefficients of annual mean values obtained from 1350 stations (Ninyerola et al. 2007),
with those obtained in this research (see Tables 1 and 2). Therefore, all the three
methods applied are an improvement on previous results.

The global difference between the performance of the models for Tyax and Tin can
be attributed to the various factors affecting these, because T,,.x depends more on
global factors, such as radiation defined by latitudinal position, while T, could be more
heavily affected by local factors, such as land use associated with the albedo, latent heat
fluxes, etc. (Christy et al. 2009, Klotzbach et al. 2009, McNider et al. 2010), which are more
difficult to implement in the models and not always captured by the available station
data. Within this context, it would be interesting to verify whether the three methods
produce systematic errors at a local level, when selected station clusters are included.

All three models produced the worst results in highland areas, particularly for T, in
summer. Again, the LWLR returned the best results, in particular above 1000 m asl for
both Tmax and Tpin (Figure 3). The worst model is RK and it is interesting to note the
improvements provided by the introduction of the stepwise selection method in the RKS
model, which means that the introduction of additional variables to estimate tempera-
ture fields in the different months gives better results, in Ty, during summer and in
Tmin, in particular, during winter. The relevance of the variables differs from month to
month, also between T,ax and Tin. The slope orientation was considered only for Tp,ax
in the cold months (January, December and in October) and September. In February, the
distance from the sea was not included in the model, while in November the longitude
was excluded. With T, all the geographic variables were relevant in the model except
for the longitude in April.

The analyses of the coefficients of the multi-linear regression allowed us to compare
the role of the different independent variables (predictors) on Tax and Tmin. The
elevation effect (representing the global lapse rate) is stronger in spring and autumn
for Tmax and in summer for Ty, The latitude coefficients show a higher effect on
temperature in summer (both for T.x and for Tin) and more for Tax than Toin,
according to a strict relationship with incoming solar radiation. The effect of slope
steepness is positive in Ty in all months, and negative in T, between March and
October. In Tray the maximum effect of slope was found during summer, while in T,
the strongest effect was found in cold months. Slope orientation is positive in all months
and more important in winter in Ty, While it seems to be less relevant for Tpa also
distance from the sea is more significant during summer than winter.

The overall spatial variability of temperatures and the relevance of different geogra-
phical variables, in addition to the elevation, in driving this variability have been well
identified by several models for the Spanish mainland. Ninyerola et al. (2005), 2007)
applied a combination of a multiple regression with residuals correction by means of
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local and geostatistical techniques, while the Spanish Meteorological Agency (AEMet
2011) applied a multivariate regression interpolation method with a residuals correction,
performed with either a local (Inverse Distance Weighted) or a geostatistical method
(Simple Kriging).

However, as well as the different role of these variables throughout the year, there is
an important spatial variability in their effect on temperature. This is demonstrated by
the fact that the local approach of the LWLR model (which includes all the variables in
the station weighting procedure) allows for the spatial variability of the temperature
lapse rate (linked to the geographical aspects) to be better captured in the different
months of the year, providing lower errors at each elevation band, even without any
further interpolation of the residuals.

6.2. Final remarks

The new approach proposed in the present paper by using LWLR seems to be an
improvement on the previous ones, at the present level of development of interpolation
techniques, due to the decrease in the global error values (at high altitude in particular)
and, even more important, because of the elimination of systematic biases at different
elevation bands.

In conclusion, the analyses of error measurements and their spatial and temporal
distribution indicated that the approach proposed in this article, the LWLR method, as
compared to the generalized RK and the RKS, improves the previous climatologies in the
Spanish mainland, and should be suggested for future research.

Nevertheless, even though in our case LWLR turned out to be the most appropriate
approach, this result cannot be generalized. In particular, the LWLR method is more
dependent on the availability of station data than RK and RKS and any global approach
in general. For other datasets, RK and RKS may be more suitable, either because they are
simpler to use or because station density is not sufficient to apply LWLR.

As well as better performance in terms of station errors, LWLR has the additional
advantage of estimating a prediction interval for any grid point in the terrain studied.
Since LWLR uses weighted linear regression to estimate temperature as a function of
elevation, standard methods for calculating prediction intervals for the dependent
variable can be used as in Daly et al. (2008). The procedure consists in estimating the
variance of the temperature (T) of a grid-point at elevation h as

s {Tp} = s*{Th} + MSE 8)

where MSE is the mean square error of the observed station temperatures compared to
those obtained with the regression model.

This estimation takes into account both the variation in the possible location of the
expected temperature for a given elevation (52{7A'h}) linked to the regression coefficient
errors and the variation of the individual station temperatures around the regression
line (MSE).

Expressing s2{Tp} in terms of MSE, station weights (w;, as defined in Equation 2) and
station elevations (h;), the following is obtained:
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where i ranges over the stations involved in the grid point reconstruction.
The prediction interval at significance level a can be estimated as

Th £ tiagf - s{Th} (10

where t is the value of a Student distribution with df degrees of freedom corresponding
to cumulative probability (1-a)/2.

In Figure 7, the 68% confidence interval (we chose 68% in order to find prediction
intervals easily comparable with the station leave-one-out RMSE) for January and July is
presented as an example. The confidence interval is higher in summer than in winter
and for Ty, than for T,y i.e. when the spatial coherence is lower. These maps allow us
to understand where station density should be enhanced to improve confidence in the
reconstruction.

The most critical areas are mountains in summer for T,y While T, Seems to be
more sensitive to station density, showing higher confidence intervals where station
density is lower.

I January (Tmax) | July (Tmax)
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Figure 7. Confidence interval (68%) estimated for the LWLR T, and T, reconstructions for
January and July.
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These are the areas where the new climatology should be taken with more caution,
not only because of the scarcity of stations to validate any model, but also as a
consequence of the larger confidence interval of the model algorithms in these areas.

We offer a collection of monthly charts for the Spanish mainland for the period
between 1951 and 2010. The climatology is available upon request.
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ABSTRACT: The most recent debate on global warming focuses on the hiatus in global temperature, for which several
explanations have been proposed. On the other hand, spatial variability and nonlinearity in temperature evolution has been

recognized as a key point in global change analyses.

In this study, we analyse the evolution of the warming rate in the Spanish mainland using the MOTEDAS data set for the last
60 years (1951-2010). Our special emphasis is on the last decades to detect and identify a possible hiatus, and to determine the

effects of daytime (7'

max

) and night-time (7 ;,) records at annual and seasonal scale on the hiatus. Moving windows running

trend analyses were applied to calculate temperature trend and significance for any temporal window from the beginning to
the end of the series, ranging from 20 years to the whole series length (60 years)
The results suggest that the warming rate in the Spanish mainland reached a maximum between 1970 and 1990, followed

and T'

by a decrease in intensity in both '

been higher than in T

min

min

until the present. Furthermore, the decrease in the warming rate in 7, has
for the last three decades; therefore, recent annual warming rates appears to depend more on 7' ;.

than on 7. Significant trends disappear from the middle of the 1980s at any temporal window length in both 7, and 7' ;,

at annual and seasonal scales except in spring T .

Some differences among seasons are evident and, during the last few decades, the highest rates of warming are found in
spring and summer, with 7, and 7', behaving in different ways. This study highlights how the warming rate is highly

dependent on the length of the period analysed.

KEY WORDS temperature; trend; hiatus; Spain
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1. Introduction

Global temperature evolution during the 20th century has
been described and summarized in the IPCC-2013 ARS
Report (Stocker et al., 2013) from databases compiled in
different institutions by Hansen er al. (2010), Lawrimore
etal. (2011), Jones et al. (2012), and Rohde et al. (2013).
The first warming phase was followed by a cooling period
during 1940-1970, and then rapid warming occurred
until the end of the century. During the most recent
years, warming appears to have stopped or decreased in
intensity, with this period being called a hiatus (Easterling
and Wehner, 2009; Fyfe eral., 2013; Kosaka and Xie,
2013). The hiatus, as defined by the lack of a statistically
significant warming trend line (Meehl, 2015), is receiving
increasing attention because it was not correctly predicted
in model outputs (Soon et al., 2004; Rahmstorf et al.,
2007; Stockwell, 2009; Liidecke et al., 2011; Cohen et al.,
2013; Fyfe et al., 2013).

* Correspondence to: J. C. Gonzalez-Hidalgo, Department of Geography,
Zaragoza University, Campus San Francisco, S. N. 50009 Zaragoza,
Spain. E-mail: jegh@unizar.es

Several interpretations of recent temperature evolution
and hiatus in the warming rate have been proposed. Among
the different explanations that have been proposed, the
widely accepted are: as the decrease in stratospheric water
vapour concentration (Solomon et al., 2010), the heat
redistribution between upper and lower oceanic layers,
particularly in the Pacific (Meehl et al., 2011; Chen and
Tung, 2014), and the combination of internal climate
variability and radiative forcing, including anthropogenic
factors (Kaufmann et al., 2011) between others. All of
these arguments can be summarized, with the effects
of high frequency of ocean-atmospheric coupled events
(particularly El Nifio—La Nifa events) and a heat content
transfer to the deep ocean suggested as the most reliable
explanations (Kosaka and Xie, 2013; Watanabe et al.,
2013; Tollefson, 2014; Trenberth et al., 2014; Douville
et al.,2015). The hiatus sometimes has been only accepted
during winter (Cohen er al., 2013), and finally no con-
sensus exists, and Foster and Rahmstorf (2011) and more
recently Karl ef al. (2015) have neglected the hiatus and
suggested that the warming rate has remained almost
constant until the present.

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

115



Parte Il. Contribuciones de los estudios realizados

2406

157 w

A Volcanic eruption

0.5

—— Tmean_Year

Variabilidad espacio temporal de las temperaturas
mensuales en la Espafia Peninsular

J. C. GONZALEZ-HIDALGO et al.

X

i

L AM AL
vkl

----- Smoothing
\ A

Al

A
1

Annual mean temperature (K)

)
Ty
L

W

| \

" U

-1.5

B

A A

1950 1960 1970

A A
1980 1990 2000 2010

Figure 1. Annual mean temperature value (1951-2010). Anomalies to base line period 1951-2010. Smoothing by low-pass filter (11-years lag).
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At the same time, temperature evolution has been exten-
sively analysed not only as a consequence of the detection
of hiatus (Foster and Rahmstorf, 2011; Hunt, 2011;
Kaufmann et al., 2011; Parker, 2011; Cohen er al., 2013;
England eral., 2014), but also because satellite obser-
vations from 1979 are currently being compared with
surface observations (Douglas er al., 2004; Klotzbach
et al., 2009), and because regional analyses have detected
negative temperature trends, particularly in the United
States and China, offering a new and controversial problem
in which the quality of data and local factors must be taken
into account (Lebassi et al., 2009; Quirk 2012; Capparelli
et al., 2013; Misra and Michael, 2013; Peng ez al., 2014).

In this study, our goal is to verify whether the hia-
tus can be detected at subregional scale in the western
Mediterranean basin, where climate models currently indi-
cate it to be one of the areas much more prone to warming
(Stocker et al., 2013). Thus, we analyzed the temperature
trend evolution in the Spanish mainland (Iberian Penin-
sula) over the last 60 years (1951-2010), with special
emphasis on the last few decades, and studied the trends
of both daytime (7,,,) and night-time (7,;,) records on
annual and seasonal scales. To this end, we analysed a new
high-resolution monthly gridded temperature series from
mainland Spain using the recently developed MOTEDAS
data set (Gonzalez-Hidalgo et al., 2015).

2. Data and Method

The study analyzed the temperature evolution of Spanish
coterminous land from the new MOTEDAS database.
This data set was developed after quality control of the
original monthly mean of maximum (7,,,) and mini-
mum (7,;,) temperature series stored in the archives of
the Spanish National Meteorological Agency (AEMet).
The database consists of a 0.1x0.1° resolution grid
of temperature series expressed as anomalies from

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd

on behalf of the Royal Meteorological Society.

/smoothing; triangles: volcanic eruption.

the 1951-2010 mean. It was obtained from 1358 sta-
tion series, free of suspicious values, homogenized,
and completed (no gaps over the 1951-2010 period)
(Gonzalez-Hidalgo et al., 2015).

Gonzalez-Hidalgo et al. (2015) highlighted a uniform
trend signal (for 7\, Tneans and T ) Over the whole
Spain during 1951-2010. For this reason, the signal can
be summarized by a single mean national series, and in
this paper, the analysis was performed on the mean Span-
ish temperature series. The use of only one mean national
series also improves the signal-to-noise ratio, leading to
more robust results. The national Spanish monthly mean
series of 7' .vs Tiean. @nd T, were calculated by averag-
ing all grid boxes across the Spanish mainland.

The trend analyses were performed on annual and sea-
sonal scales by using the Mann—Kendal test for signif-
icance. The rate of change (in Kdecade™', hereinafter
Kd™"), or intensity of warming, was evaluated by Sen’s
slope estimator (Sen, 1968) to avoid anomalies in the series
biasing the results. We applied a running trend analysis
to highlight whether the trend signal was persistent in
MOTEDAS, which entailed estimating trends over time
windows of variable width, ranging from 20 years up to
the length of the entire series (60 years), running from the
beginning to the end of the MOTEDAS series.

3. Results

Annual mean temperature anomalies relative to
1951-2010 are presented in Figure 1. The figure not
only shows the well-documented (Brunet et al., 2006,
2007) cooling from 1960s to early 1970s and the fol-
lowing warming, but it also suggests a recent hiatus
from the mid-1990s to the present. Three major volcanic
eruptions are also indicated, with associated short-term
cooling (Mt Agung in 1963, El Chichén in 1982, and
Pinatubo in 1991). Figure 2 shows the annual mean value

Int. J. Climatol. 36: 2405-2416 (2016)

116



Parte Il. Contribuciones de los estudios realizados

TEMPERATURE TREND OVER SPAIN

Variabilidad espacio temporal de las temperaturas
mensuales en la Espafia Peninsular

2407

15
A
H A ‘ .
1 —— A Volcanic eruption === Tmax_year ——Tmin_year H 1 1 4
o HEN A A "
< I ] | y
= ] /] i/
£ R :A' A ! )
5 05 R 1 7 7 1
: . AL
= 1 ]
g ; \ g
E o : i
b= ' "I 1
@ ' 4 1
e N
E I HA®|
3 IV :
2 . ! v
c ' '
< 1
-1 H
1
1
'
-1.5 A A A
1950 1960 1980 1990 2000 2010

Figure 2. Annual mean of T, and T' ;|

value (1951-2010). Anomalies to base line period 1951-2010. Red line: 7', : blue line: T’ ; : triangles:

volcanic eruptions.

o 40 o 40
g @ €
g 30 l g 30
2 20 \ 2 20
s - ' [
2 10 %Ml Al 1"1 ‘A ’l' 2 10
g ! FAD) E
S ol A A AV AL S
§ ol 7 WMWY VYRS VY Y g
g -1.0 1 A | ¥ N 2 1.0

ry il v “ V E
§ 20 y | g 20
@ 30 T Ll R
g = Tmin g
? .40 . . ; . : ? 40 : ‘ :

1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010
~ 4.0 o 40
3 € (d)
@ 3.0 2 3.0
e e i |
2 20 2 201 v Iy
§. i 455 " :". G
g 10 E WA NS AN BN A
2 00N 2 o0 ,”\,/\l(' e—a \ Wi
€ H VYT N ‘A VY A Y ["‘
2 -1.0 2 1.0 4 A——1t AL v '
£ £ \ v I'l Y l"l
T -20 § 2.0 AR W
5 ¥ = === Tmax s V' ==== Tmax
@ -3.0 : ) @ 3.0 )
3 ' —— Tmin 3 — Tmin
-4.0 - : -4.0 : - -

1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010
Figure 3. Seasonal mean T, and T value (1951-2010). (a) Winter, (b) spring, (c) summer, and (d) autumn. Anomalies to base line period
1951-2010.
of T, and T ;.. expressed as anomalies, and shows a last 25 years, there is no significant annual 7', trend in

similar behaviour as annual T, the seasonal evolu- any temporal windows.
tion of mean values of 7, and T, are presented in On a seasonal scale, only the spring 7 .., trend has

Figure 3, indicating different evolution of daytime and
nigh-time temperatures; particularly spring temperature
resembles annual values, and apparent constant positive
trend is detected by visual inspection in summer. In any
case, these figures are useful to reader to better under-
stand the trend analyses results presented in Figures 4, 6
and 7.

The overall analyses of T, are shown in Figure 4. The
annual 7., trend rose to its maximum between ~1970
and 1990 at a rate of >0.5Kd~! (Figure 4). From 1980,
the trend rate of annual 7' is reduced, and during the

mean

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd

on behalf of the Royal Meteorological Society.

been mainly significant and positive from 1951, although
this has not been the case for the last 25 years from
the mid-1980s (Figure 4). In fact, the spring 7., trend
changed from a negative to a positive significant signal
from 1951 to 2010, with its contribution to annual val-
ues being highest over the last few decades. Positive sum-
mer contribution to the annual rate intensified from the
mid-1960s, but decreased during the last three decades and
has not been statistically significant from the mid-1980s.
The winter trends have not been significant for the last
40 years. Consequently, seasonal 7',,.,, contribution to the

mean

Int. J. Climatol. 36: 2405-2416 (2016)
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symbol size (small: p < 0.05; large: p < 0.01) following Mann—Kendal test results. Only trends with significance level p <0.05 are represented.

annual 7' ., rate has been controlled mostly by spring
and summer behaviour for the last 60 years, and for
the last three decades, the annual 7,,.,, has been mainly
dependent on spring trends. It is interesting to note that
autumn has only contributed during the maximum rise of
T wean (1970-1990), not before or after (see Figure 4).
These results are evident in Figure 5, where we show
the evolution of seasonal 7., with decreasing length of
temporal windows (from 1951-2010 to 1991-2010, i.e.
60-20 years); in Figure 4, these results from Figure 5
should be located along the hypotenuse in winter, spring,
summer, and autumn pictures.

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd

on behalf of the Royal Meteorological Society.

The evolution of T, and T ;, between 1951 and 2010
gives us further information about the change of tempera-
ture in the Spanish mainland (Figures 6 and 7). Generally,
the maximum rise of the annual mean of 7 is identi-
fied around ~1970-1993. From the late 1970s, the trend
of annual T, is not significant for any sub-period longer
than 20 years (Figure 6).

Furthermore, the period with the highest rise in annual
Tin Was found between ~1970 and 1990. From the
mid-1980s, the trend of annual 7, is not significant
(Figure 7), and T';, trend has not been statistically sig-
nificant for the last 25 years.
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The evolution of annual 7', trends has been condi-
tioned by the spring trends until the 1980s, with those of
winter and summer being irregular and lower in intensity.
Since 1985, the T, spring trend has not been significant,
while the summer and winter 7, trends have not been
significant since the 1970s (Figure 6).

The annual 7, trend evolution, particularly during
the temporal windows ~1970—-1990, is almost entirely
because of the significant positive trend in spring, summer,
and autumn (Figure 7) (p <0.05), with the autumn 7,
rates during this period higher than spring and summer;
however, the highest spring rates were reached in 1985.
From the mid-1980s, the statistical significance of trends
decreases strongly in summer, and less in spring; the 7' ;,
trends were not significant in either seasons during the last
two decades. The winter 7';, contribution to the annual
T\,in trend has been negligible. In brief, in the Spanish
mainland, the highest temperature rise occurred decades
ago (1970-1990), was different between T, and T';,
and seasons, and warming rates have been decreasing since
the 1990s; consequently, the hiatus is not an event that
started in the 21st century, but prior to it. The previous
analyses stated that the length of the temporal window
and the year when the period analysed started affect the
significance and intensity of a trend.

Finally, Figure 8 shows the 30-year running windows
analyses for the annual mean of 7, and T, rates as
an example of running windows approach (we suggest the
reader to identify the sequence of these trends in Figures 6
and 7, horizontal lines at y-axis value of 30). In both
series, rates increase until reaching their maximum values
between 1971 and 2000. The most recent 30-year warming
rates in T, are 0.17 Kd™! (p <0.05),0.28 Kd~! for T,
(p <0.05) and not significant for T',,, (0.098 Kd™").

A second approach reinforces the previous results.
Figure 9 shows the trends for the annual mean of 7' ,, and
T\,in in consecutive decreasing temporal windows (from

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd

on behalf of the Royal Meteorological Society.

60 to 20 years, i.e. from 1951-2010 to 1991-2010). The
figure (following the hypotenuse of Figures 6 and 7) shows
that annual 7';, trends have been higher than annual 7',
rates, the intensity of rates decreased particularly from
the mid-1970s, and from 1983 no temporal windows until
2010 have significant a trend in 7' ;,, while non-significant
trends for 7., were observed from 1977.

The Figures 8 and 9 show that two different periods,
characterized by an increase and decrease in the intensity
of the warming rate, respectively, are evident in both 7',
and T, records, even if there are some differences. From
the first decade, the rate of warming in 7', was higher
than T;,. and vice versa from 1971 to 2000 and subse-
quently. This means that the annual mean of 7', increased
faster than T, during the first decade and vice versa in
recent ones. Furthermore, the trend of annual mean 7',
values have not been significant for decades, i.e. during
the last few decades, the annual mean temperature trend
in mainland Spain was mostly related to night-time rather
than daytime. However, the positive values of trends in

T nax @and T’ during the last period indicate that warming
persists in the Spanish mainland but has decreased in
intensity.

4. Discussion

4.1. The evolution of temperature trends in the Spanish
mainland

The recent debate on global warming has focused on
the fact that, during the last decade, the rise in tem-
perature appears to have stopped, while CO, concentra-
tion has continuously increased. Several explanations have
been proposed including natural variability, solar forc-
ing, aerosols, and land—sea interaction particularly by the
El Nifio Southern Oscillation (ENSO) effect (see refer-
ences in Section 1 and recent paper of Meehl, 2015).
Furthermore, at present, the hiatus has not been clearly
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running trend analyses. (a) Annual, (b) winter, (c) spring, (d) summer, and (e) autumn. x-axis indicates the starting year of any temporal

window and y-axis represents the length of the window. The trend value is indicated by the colour. Statistical significance is indicated by symbol
size (small: p <0.05; large: p <0.01) following Mann—Kendal test results. Only trends with significance level p < 0.05 are represented.

identified in numerous model simulations (Fyfe et al.,
2013; Stocker et al., 2013), revealing the difficulties met in
replicating the recent temperature variability. Within this
global framework, we analysed the evolution of temper-
ature trends in an attempt to detect hiatus on a regional
scale in the western Mediterranean basin (Spanish con-
terminous land) from 1951 to 2010 and were successful
in finding; we also highlighted some differences between
seasons and series of T, . and 7T ;. In general, the
annual and seasonal mean temperature rates remain pos-
itive, but have not been significant over the last few
decades.

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd

on behalf of the Royal Meteorological Society.

The onset of hiatus has been dated around 2000
and duration differs according to the length of series
from 10-15years (1999-2012, Trenberth et al., 2014;
1997-2013, Schmidt et al., 2014; 1998-2008, Kaufmann
etal., 2011; 1998-2009, Loehle, 2009; 2000-2009,
Meehl et al., 2011; 2000-2012, Kosaka and Xie, 2013;
2000-2012, Tremberth and Fasulo, 2013; 2001-2012,
England et al., 2014; also see Swanson and Tsonis, 2009;
Liebmann er al., 2010), to less than 10years (Easterling
and Wehner, 2009; Solomon et al., 2010; Quirk, 2012).
Meanwhile few papers indicated early onset, Fyfe er al.
(2013) who reported hiatus to early 1990s (1993-2012,
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Figure 7. T';, running trend analyses. (a) Annual, (b) winter, (c) spring, (d) summer, and (e) autumn. x-axis indicates the starting year of any temporal
window and y-axis represents the length of the window. The trend value is indicated by the colour. Statistical significance is indicated by symbol
size (small: p < 0.05; large: p < 0.01) following Mann Kendal test results. Only trends with significance level p <0.05 are represented.

i.e. >20 years) or Allard ez al. (1995) who found a starting
cooling phase in Hudson Bay from 1985. Our results
show that slowing temperature trend in Spanish mainland
started around the middle of the 1980s, beginning of
1990s, depending on temperature measurement analysed
(T ax> Tmin- @nd 7', ,.) and time scale (annual or seasonal).
Then, following the global reasoning of researches that
have been focused on explaining hiatus, the slowing of
temperature trends in Spanish mainland could be affected
by some local factors superimposed to global hiatus.
Temperature trend is not homogeneous and presents
high spatial and temporal variability. This makes it dif-
ficult to compare trends from different sources, as they
depend heavily on the data used, methods, and selected

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd
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periods (Soon et al., 2004; Bladé and Castro-Diez, 2010;
Liebmann et al., 2010; Liidecke er al., 2011). The Span-
ish mainland temperature rates we identified during the
temporal windows 1976—1999 are higher than rates cal-
culated by Klein-Tank et al. (2002) for the whole Europe;
these results agree with previous research in Spanish main-
land and similar period (Brunet ef al., 2006, 2007; del
Rio et al., 2011, 2012) that reported that warming rates in
the western Mediterranean basin area and particularly in
Spanish mainland were among the highest warming rates
across the world. However, the most recent years were not
included in their analyses, as in the present paper, and
therefore, little information about hiatus has been pub-
lished (Rios eral., 2012), unlike the present research,
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which uses up-to-date monthly data set until 2010 for
the Spanish mainland, and suggests that the hiatus started
years ago and warming rates have decreased in intensity
during the last 30 years.

Previous analyses for the Spanish mainland suggested
that the effect of winter on rising temperature was domi-
nant during the 20th century and warming was controlled
mostly by 7., rates (Brunet et al., 2007). However, dur-
ing the 1971-2000 period, Brunet er al. (2007) found that
the annual mean temperature trend depended more on sum-
mer and spring T, rates; similar results for the whole
Spanish mainland were found in different temporal win-
dows in the second part of the 20th century by del Rio
etal. (2011, 2012) between 1961 and 2006, Rios et al.
(2012) between 1961 and 2010, Llorente (2012) between
1981 and 2012, and Guijarro (2013) during 1951-2012,
and also in Portugal by Ramos et al. (2011) between 1976
and 2005. Our results referring to the last few decades
partially agree with this conclusion (the highest seasonal
warming rates are in summer and spring), but there are
some discrepancies. In this study, we found in the Spanish
mainland that the 7';, trend rate has been higher than that

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd
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1

of T’ for at least the last 30 years, so warming processes
appear to be much more controlled by night-time tempera-
tures (i.e. T',;,) than diurnal ones (i.e. 7', ). These overall
results also highlight the extreme effect of temporal win-
dows and the starting year on signal and intensity of trends.
The running trend analyses indicate that in the Spanish
mainland maximum warming was concentrated during the
years 1970-1990, and afterwards the warming rate began
to decrease, except for the spring 7';,. At present, except
for autumn, trends are positive, but for more than the last
30 years, the trends have not been significant on annual
and seasonal scales. To our knowledge, these findings for
the Spanish mainland are new and offer a challenge for
regional model projections in the western Mediterranean
basin.

4.2.  The different behaviour of 7', and T';,

Regional climate studies have shown spatial differences
in warming processes that have been attributed to various
controls acting on T, and T';,: suggestions for why
this occurs include atmospheric radiation, cloudiness,

Int. J. Climatol. 36: 2405-2416 (2016)
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and aerosols, including water vapour (Dai et al., 1999;
Philipona et al., 2005; Makowsky et al., 2008; Lauritsen
and Rogers, 2012; Wu and Yang, 2013), relief and altitude
(Gallo, 2005; Liidecke et al., 2011), and land use changes
(Karl et al., 1988, 1993; Easterling er al., 1997: Kalnay
and Cai, 2003; Christy et al., 2006; de Laat and Maurellis,
2006; Jones et al., 2008; Ren et al., 2008).

Generally, T, and T, reflect the daytime and
night-time temperature measurements and the effect
of different factors on both measurements (Mahmood
et al., 2010). It is generally accepted that diurnal surface
temperature, i.e. 7. is mostly driven by surface solar
radiation modulated by cloud cover, and the amount of
heat released by latent heat from soil moisture evaporation
(Dai et al., 1999; Lauritsen and Rogers, 2012). Not so
clear is the night-time temperature behaviour (i.e. T;,)
because the atmospheric boundary layer controls surface
temperatures at night and temperature records refer to a
very thin atmospheric layer near to the ground (Christy
et al., 2006, 2009; Pielke et al., 2007), where the latent
heat fluxes can be modified by the effect of more localized
factors (Pielke et al., 2007; Klotzbach et al., 2009).

A negative trend for the diurnal temperature range or
DTR during the 20th century has been detected on a global
scale (i.e. Ty, rates higher than 7., ); from the 1980s, the
results published differ from non-significant or positive to
negative trend values (Vose et al., 2005; Alexander et al.,
2006; Makowsky et al., 2008; Fall et al., 2011; Rohde
etal., 2013). This dichotomy has also been noticed in
Spain (see different conclusions for the entire Spanish
mainland in Brunet ez al., 2007 and Staudt ef al., 2007,
and revision of subregional studies in Gonzalez-Hidalgo
et al., 2015). The annual and seasonal trends of DTR in
the Spanish mainland vary from 1951 to 2010, depending
on the temporal windows selected, with trends becoming
more negative over the last few decades, particularly from
the 1980s to 2010 but not significant at seasonal scale (data
not shown).

Several reasons have been attributed to the negative trend
of DTR. Some of these are related to the data set analysed,
as low-density data sets usually present higher DTR trends
than high density ones (Janis et al., 2004; McNider et al.,
2010), and low quality stations usually exaggerate T';,
trends caused by local effects, while trends in 7, may
be reduced (Fall eral., 2011). This does not appear to
be the case with MOTEDAS, as high quality controls
are applied and the great spatial density of information
ensures that any single errors remaining in the data set are
not generalized. A more plausible explanation should be
coupled with the effects of different factors on 7', and
T, variability (see the previous paragraph), which will be
discussed briefly using the information at present available
for the Spanish mainland.

Recent studies on mainland Spain have analysed sun-
shine/cloudiness (Sanchez-Lorenzo eral., 2007, 2008,
2009, 2012), air humidity and potential evapotranspiration
(Vicente-Serrano et al., 2014a, 2014b), and precipitation
(de Luis et al., 2010), all of which show spatial variability
at seasonal scale on their trend maps, although some

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd
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global conclusions can be identified. Sanchez-Lorenzo
et al. (2007) found a decrease in sunshine from 1950 up to
the early 1980s followed by a positive signal (not analysed
in the paper), coinciding with the dimming and brighten-
ing phenomena. A second paper (Sanchez-Lorenzo et al.,
2012) studied the trend of cloud cover, finding negative
values on annual and seasonal scales (1961-2010). Glob-
ally, these negative cloud cover trends agree on at seasonal
scales with the generalized negative (non-significant)
trends of precipitation in mainland Spain (de Luis er al.,
2010) except in autumn, when the trend in cloud cover is
not significant. Meanwhile, atmospheric specific humidity
does not present any relevant changes between 1961
and 2011, except in spring when a significant increase
was detected (Vicente-Serrano er al., 2014a). Finally,
Sanchez-Lorenzo et al. (2008) found higher correlation
values in 7' . than in 7 ; with sunshine/cloudiness.
For T, significant correlation (positive/negative) with
sunshine/cloudiness was identified in spring, summer, and
autumn, when it was noticed that maximum correlation
in spring agrees with the results of the evolution of the
T max trend presented in previous paragraphs, and that the
non-significant 7', winter correlation also agrees with the
non-significant trend of winter 7', over the last decades.
Different results were found for 7;,, which returned only
positive and significant correlation with sunshine in winter
and spring, and positive and significant with cloudiness in
winter. Finally, significant positive/negative correlations
were found with sunshine/cloudiness on annual and sea-
sonal scales with DTR being higher for cloudiness than
sunshine.

In a pan-European study, Philipona er al. (2005) noticed
a cooling process in temperature (7,.,,) in the Iberian
Peninsula (except the southeastern areas) between 1995
and 2004. Meanwhile, a strong decreasing gradient was
observed in specific humidity from west to east of Europe
agreeing with the main argument of the authors, who
consider that the absence of atmospheric vapour acting
as Green House Gasses (GHG) could be one of the
most reliable reasons for cooling the Iberian Peninsula.
Coinciding results were found by Vicente-Serrano er al.
(2014a, 2014b), suggesting that the increase in poten-
tial evapotranspiration and the increase in the water
holding capacity of the atmosphere as a consequence
of warming have not been accompanied by an increase
in the atmospheric water vapour content. They argued
that the water vapour from ocean has probably been
constrained by atmospheric circulation or sea surface
temperature, a similar argument proposed by Simmons
etal. (2010). This lack of available water vapour could
be one of the consequences of the increase in hours of
sunshine over the last few decades in the Spanish main-
land (attributed to changes in atmospheric circulation
by Sanchez-Lorenzo et al., 2009), and the decrease in
cloudiness (Sanchez-Lorenzo et al., 2012). These findings
coincide with the annual negative (but non-significant)
signal of precipitation in the Spanish mainland between
1946 and 2005, and in particular the strong negative
trend in spring (de Luis et al., 2010), despite the increase
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in specific humidity in this season (Vicente-Serrano
etal., 2014a).

The previous comments suggest that, as a consequence
of a generalized signal towards an increase in sunshine,
reduced cloudiness, an increase in potential evapotranspi-
ration, a reduction in relative humidity, no changes in spe-
cific humidity, and no changes in precipitation, there has
not been the ‘normal’ transference of water vapour from
ocean as suggested by Philipona er al. (2005), Simmons
etal. (2010), and Vicente-Serrano er al. (2014a) among
others. Therefore, the low atmospheric water vapour over
the Spanish mainland could be one of the reasons for
slowing the positive trend of T, over the last few
decades; these results would agree with the effect of
water vapour on 7', suggested by Dai et al. (1999) and
Philipona et al. (2005).

The evolution of 7' ;, does not appear to be supported
by the same argument, because the increase of 7', has
usually been associated with higher values of atmospheric
humidity (Philipona er al., 2005) that only occurred in
spring, in which case the possible water vapour feed-
back would have been cut off because of the water not
being supplied from the ocean, coinciding with the neg-
ative trend of spring precipitation, particularly in March
(Gonzalez-Hidalgo et al., 2010).

Finally, we complete the discussion by presenting the
eventual effects of local factors linked to the evolution
of Spanish landscapes during the most recent decades,
given as a hypothesis. In the Spanish mainland, dramatic
changes in land use related to irrigation (Stellmes et al.,
2013; Hill ez al., 2008; Ministry of Agriculture, Fisheries
and Food, 2009; Grindlay er al., 2011), infrastructures and
urbanization (Zuniga er al., 2012), and wildfires (Enriquez
and Del Moral, 2012) occurred from the mid-1970s up
to the present. Globally, massive changes in land use
on the Spanish mainland during the last 30 years are
consistent with factors that can cause the increase in 7',
considering that irrigation areas represent 7% of the total
area and increased ~50% between 1961 and 2011, a fact
that is highly important because two thirds of warming has
been attributed to the effect of 7';,. These changes have
been previously detected as locally intense in irrigation
areas where soil water via evaporation can modify the
latent heat fluxes, and release slows down the rise of
T\ax in warm and dry seasons, while increasing local
Tin (Karl et al., 1993; Dai et al., 1999; Christy et al.,
2006), and are globally similar on the Spanish mainland
to those presented in this research. A second dramatic
change in landscapes has been related to urbanization,
which is under specific debate (see Jones er al., 2008).
Karl eral. (1988) suggested that urbanization in the
United States decreased the 7, in all seasons except in
winter, and the DRT in all the seasons, while increasing
the T, in all seasons; Kalnay and Cai (2003) related
a significant portion of surface temperature increase in
the southeast of the United States to surface processes
linked to development, and suggested that 50% of total
warming is due to urbanization. Urbanization and
infrastructure building during the last two decades in
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the Spanish mainland have been dramatic, particularly in
the eastern and coastland areas, and also inland around any
city or small village where the temperature measurements
come from, and these generally correspond to the highest
rate of increase in T ;, with respectto T, .

The recent slowdown in rates of warming in both 7',
and T, in the Spanish mainland appears to be far from
being completely understood and many unresolved ques-
tions remain. At present, we are not able to be more pre-
cise, and we are researching into the effect of global land
use changes on temperature and its spatial and temporal
variability.

5. Conclusion

The analyses of temperature trend evolution in the Spanish
mainland during the second part of the 20th century iden-
tify that the maximum warming occurred in two decades
(from about 1970 to 1990), but over the last 25-30 years,
most of the annual and seasonal temperature trends are
not significant. These findings allowed us to detect the
so-called hiatus period and its starting date, which was
ascertained to be the 1990s, so the hiatus in the Spanish
mainland does not only affect the 21st century. Several
relationships should be investigated to find the cause of the
different timing of the hiatus in Spain with respect to the
global mean, which would include changes in cloud cover,
land use, and soil moisture. More analyses are necessary to
identify the role of the various sources and to completely
understand the observed temperature behaviour.

The annual mean of 7', and T, trends are not statis-
tically significant from the mid-1970s for 7', and from
the mid-1980s for T';, until the present for any temporal
window, with 7 trends higher than 7' .. As a conse-
quence, recent warming appears to be more dependent on
night-time temperatures than daytime.

The seasonal contributions to annual warming are mostly
dependent on spring and summer, which show the high-
est warming rates. Despite this, the seasonal analyses have
detected a different behaviour between seasons in both
Tax and 7' The annual 7, trend has been mostly con-
trolled by spring, while 7' ;, trends have been controlled
by spring and summer.

Finally, this research demonstrated that trends are
extremely affected by the start or end of the year selected
and period length.
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Abstract The spatial variability of monthly diurnal and
nocturnal mean values of temperature in Spain has been
analysed to evaluate the optimal threshold distance between
neighbouring stations that make a meteorological network (in
terms of stations’ density) well representative of the conter-
minous land of Spain. To this end, the correlation decay
distance has been calculated using the highest quality monthly
available temperature series (1981-2010) from AEMet
(National Spanish Meteorological Agency). In the contermi-
nous land of Spain, the distance at which couples of stations
have a common variance above the selected threshold (50 %, r
Pearson ~0.70) for both maximum and minimum temperature
on average does not exceed 400 km, with relevant spatial and
temporal differences, and in extended areas of Spain, this
value is lower than 200 km. The spatial variability for mini-
mum temperature is higher than for maximum, except in cold
months when the reverse is true. Spatially, highest values are
located in both diurnal and nocturnal temperatures to the
southeastern coastland and lower spatial variability is found
to the inland areas, and thus the spatial variability shows a
clear coastland-to-inland gradient at annual and monthly
scale. Monthly analyses show that the highest spatial variabil-
ity in maximum and minimum temperatures occur in July and
August, when radiation is maximum, and in lowland areas,
(<200 m o.s.1.), which coincide with the mostly transformed
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landscapes, particularly by irrigation and urbanization. These
results highlight local factors could play a major role on spatial
variability of temperature. Being maximum and minimum
temperature interstation correlation values highly variable in
Spanish land, an average of threshold distance of about
200 km as a limit value for a well representative network
should be recommended for climate analyses,.

1 Introduction

The research on climate change suggests that the most appro-
priate analyses for detecting any signal should be done using
as dense as possible high-quality datasets (Hansen and
Lebedeff 1987; Madden et al. 1993; Osborn and Hulme
1997; New et al. 2000; Jones and Moberg 2003; Caesar
et al. 2006). High-quality dense dataset are also demanded
for climate models validation to detect possible effects of
climate forcing, because “how well a model reproduces reality
in a region with little data must be an open question” (Jones
etal. 1997). Finally, high-density databases have proved to be
increasingly important in the recent past, and they are likely to
become even more important in the future, as decision support
tools in a wide spectrum of fields, such as, just to cite a few,
energy, agriculture, engineering, hydrology, ecology and nat-
ural resource conservation (New et al. 2000).

The spatial coherence of meteorological variables is a well-
known problem, particularly relevant when we are dealing
with interpolation tasks (see Gandin 1988; Eischeid et al.
1995; Jones and Moberg 2003; Shen et al. 2001; Raynaud
et al. 2008). Gunst (1995) presented a review of spatial vari-
ability detection in climate elements and its application, from
which emerged the correlation distance analyses as one of the
most commonly used practice, generically named correlation
decay distance (CDD), correlation decay lengths (CDL) or
decorrelation length.
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The CDD (recently revised by Pannekoucke et al. 2008) is
defined as the distance at which the selected common variance
between couple of stations decrease below certain threshold
and calculated as follows:

where r is the correlation between neighbouring stations, x the
distance between stations and x the distance where the cor-
relation  values fall below a defined threshold. In general, this
threshold is assumed to be (1/e) for large sample size data
(Madden et al. 1993; Briffa and Jones 1993; Jones and Briffa
1996; Osborn and Hulme 1997; New et al. 2000; Caesar et al.
2006; Hofstra and New 2009), and represents the distance at
which interstation correlation is no longer significant at the
95 % level (i.e. r ~0.36 for N>30). Greater values of CDD
indicate that more distant stations retain a significant correla-
tion, and the spatial variability of the analysed variable is low,
and vice versa (Hofstra and New 2009; Osborn and Hulme
1997; Briffa and Jones 1993). This spatial variability of cor-
relation could be affected by geographical factors, such as
mountain barriers, urbanization, land-use changes, and land-
ocean contact (Jones et al. 1997), which may drive some
geographical variability.

In general, precipitation presents a stronger decrease of
interstation correlation with distance (i.e. has a high spatial
variability) than temperatures (New et al. 2000); however,
new observation tools, such as meteorological radars,
provided an important step forward into the improve-
ment of precipitation monitoring at the adequate spatial
resolution. This is not true for temperatures, for which station
networks still represent the most reliable source of informa-
tion. Notwithstanding, Hansen and Lebedeff (1987) have
suggested that “before analyze a large-area temperature
change from stations measurements, it is important to have a
quantitative measure of the size of the surrounding area for
which a given station’s data may provide a significant infor-
mation of temperature change”. This preliminary step would
help to avoid any bias when the irregular distribution of the
available original stations was converted in a continuous field,
such as a grid, (Jones and Moberg 2003; Mitchell and Jones
2005; Caesar et al. 2006; Hofstra and New 2009), or when
spatial variability in the original data is unknown.

The overall values of CDD for monthly temperatures usu-
ally exceed hundreds of kilometers, and high differences have
been highlighted in different latitudinal bands. At global scale,
Hansen and Lebedeft (1987) found that Pearson’s correlation
coefficient fell below 0.5 (i.e. 2<0.25) at station distance of
about 1.200 km on average, being this distance lower at low
latitudes than at high latitudes, “probably as a consequence of
the dominance of mixing by large-scales eddies at high lati-
tudes”. Different results were reported by Jones et al. (1997)
who found higher values of CDD in tropical areas than in
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mean latitudes; they suggest a global mean value around
1500 km at which #<0.5, similar to those reported by Mann
and Park (1993), Madden et al. (1993), Caesar et al. (2006),
Kim and North (1991) and Osborn and Hulme (1997). A
global mean value of 1200 km was used by Mitchell and
Jones (2005), following the study of New et al. (2000), for
global database preparation.

We have found few studies analyzing CDD for temperature
data at regional scales, and they came from very sparse
regions. In Europe, Agusti et al. (2000) reported for 50 % of
common variance (i.e.  ~0.7), a general value of 400 km for
annual mean temperature values; in the Alpine areas, Auer
etal. (2005) reported decreasing distance from 900 to 700 km
for annual and seasonal-monthly values respectively for the
same value (*=0.5), and in Italy, Brunetti et al. (2006) sug-
gested for monthly values distances of 400 km, suggesting
that the decrease in common variance was higher for maxi-
mum and minimum temperature than for the mean one.
Different values have been reported in Canada (Hopkinson
etal. 2012), where Shen et al. (2001) found a threshold value
0f200 km for the same critical value as before. In Spain, Frias
etal. (2002) discussed regional temperature spatial anomalies
pattern in winter but no data was given, and Staudt et al.
(2007) quoted that the cross-correlation between anomalies
usually exceed 0.5 even at distances of the order of 500 km,
but no analyses was presented.

It is accepted that annual CDD values are generally higher
than seasonal or monthly (Briffa and Jones 1993; Jones et al.
1997; New et al. 2000; Auer et al. 2005; Caesar et al. 2006;
Hofstra and New 2009). Also, seasonal differences have been
reported by Briffa and Jones (1993), New et al. (2000), Caesar
et al. (2006) and Hofstra and New (2009), who suggested
that summer spatial variability was higher than winter
variability in mid-latitudes, while Jones et al (1997) sug-
gested higher spatial variability in spring, and similar values
of CDD for summer and winter; Srivastava et al. (2009) found
in India for monthly maximum temperature the lowest
CDD (450 km) in February-March and June and the
highest (1100 km) in August and autumn months, while
Hopkinson et al. (2012) have recently found in Canada the
highest values of CDD for maximum temperature in spring
and autumn.

In this study, we present an analysis of the spatial variabil-
ity of maximum and minimum temperature in the contermi-
nous land of Spain using CDD defined as the distance at
which the common variance between stations decrease below
50 % (i.e. Pearson r ~0.7). The aim is to quantify, at subre-
gional level, their spatial variability to identify the optimal
threshold distance between neighbouring stations that should
characterize an ideal network suitable to support climate stud-
ies. The results also highlight the leading factors in driving the
spatial variability of temperatures at subregional scale in the
Iberian Peninsula.

130



Parte Il. Contribuciones de los estudios realizados

Spatial variability of maximum and minimum monthly temperature

Variabilidad espacio temporal de las temperaturas
mensuales en la Espafia Peninsular

37

2 Data and methods

In the present study, we have used the monthly mean values of
maximum (7;,,) and minimum (7,,;,) temperature from the
original data archived at Spanish Meteorological Agency
(AEMet). These archives hold information of tempera-
ture from more than 4000 stations. Original series in-
clude numerous gaps and cover different periods, so to
avoid this problem biases in the results, CDD values
were calculated using only the most complete series
during the period 1981-2010; selected series had no
more than 10 % of monthly missing data, and quality
control was applied to discard suspicious data and de-
tect inhomogeneities in the frame of the HIDROCAES
project. Thus, we finally analysed 459 and 454 series for
Tmax and T, respectively. In Fig. 1, we show the spatial
distribution of stations.

The CDD analysis for 7}, and 7, was performed by
calculating a correlation matrix at monthly scale using month-
ly anomalies data (difference between each monthly data and
mean monthly 1981-2010) to prevent the dominant effect of
annual cycle in the CDD annual estimation. For each
station, and time scale, the common variance 1 (using
the square of Pearson’s correlation coefficient) was cal-
culated between all neighbouring temperature series and

Portugal

the relation between > and distance was modelled accord-
ing to the following Eq. 1:

log (ri) = b\/d; (1)

being [og(r!-,") the logarithm of the common variance between
target (/) and neighbouring series (), d;; the distance in
kilometer between them and b the slope of the ordinary
least-square linear regression model applied, taking into ac-
count only the surrounding stations within a starting radius of
50 km and with a minimum of five stations required.

Such approach is similar to that of many other authors
(Briffa and Jones 1993; Jones and Briffa 1996; Jones et al.
1997; Caesar et al. 2006; Srivastava et al. 2009), differing only
in the introduction of the square of r in the first term of Eq. 1
and of the square root in the second term, which were found to
slightly improve the performance of the model for Spanish
data. The high station density allows to increase the widely
used threshold of »=0.50, and to define the CDD as the
distance at which the common variance between target and
neighbouring series is equal to 50 %, i.e. *>0.50 (r Pearson
~0.70) using Eq. 1.

Jones et al. (1997) stressed that a positive bias in the
estimated CDD is introduced if all points with negative r are

-A < Altitude (m)

0 110 220 '\"Q’ ‘b?’b ’é? & ,.;:90

1) Q \,,,6 h‘p é?' @'V
Marocco h

Fig. 1 The Iberian Peninsula main orographic features and the spatial distribution of 7, and 7}, series (1981-2010)
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discarded before calculating the logarithm and corrected the
problem adopting an iterative least-square fit of its non-linear
exponential model including all the negative  values. We
choose a different solution that minimize the bias without
changing the linear model: to avoid extrapolating the estimat-
ed CDD outside the upper bond of the regression interval
(initially fixed at 50 km), if the estimated CDD is greater than
50 km, the starting radius was increased by 50 km and the
CDD was recalculated, until the estimated CDD was found to
be lower than the radius within the model search for the
stations (see Cortesi et al. 2013b). In this way, points with
negative r value are rarely included in the model, because they
are usually found at high distances (>400 km), while the
majority of the regression models with variable distance stop
before such length.

Monthly and mean annual CDD values were interpolated
using the ordinary kriging with a spherical variogram over
conterminous land of Spain and converted ona regular 10 km?
grid (resolution is similar to the mean distance between sta-
tions) to map the results.

Finally, we would like to stress that our goal has been to
study the spatial variability of temperature over Spain to
provide crucial information about the spatial coherence in
the signal, very useful when the stations’ data are used to
construct regularly spaced data sets (gridded datasets). Then,
the aim of the manuscript was not to identify coherent spatial
patterns or typical mode of temperature variability over Spain,
for which a principal component analysis seems to be much
more indicated. In few words, the CDD provides for each
observatory the distance at which common variance is main-
tained within a selected threshold, while on the contrary PCA
provides information about spatial or temporal (if applied
in S- or T-mode) co-variability pattern, very useful to study
mode of variability or for clustering analyses, but not the most
appropriated for our purpose.

3 Results
3.1 Annual mean values of CDD in T, and Tyyin

The spatial pattern of mean annual CDD of 7}, and T}y, is
shown in Fig. 2. Globally, CDD values are lower for 7;;, than
for Tax and the lowest values of CDD are found along
coastland, while inland CDD values are higher. As a conse-
quence Ty, is more variable than T}, even if it behaves
more homogeneously because CDD presents stronger spatial
gradients from coastland to inland in 7}, than in 7.

Tax CDD annual values are about constant along the
northeast to southwest oriented bands (Fig. 2), with lowest
CDD values located at the southeastern coastland sectors,
where the values of CDD are lower than 100 km. The highest
Tmax CDD values are found in extended areas of inland, with
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CDD >300 km, coinciding with the inland plateau areas and
Ebro river catchments. In these areas, it is not uncommon to
find values of common variance >50 % at distance over
300 km. Also, for T, the lowest CDD values are found
in the coastland areas, with minimum values in the
extreme coastland areas of the southeast, but the area
with CDD values lower than 100 km is more extended
than for T}, and affect roughly half of the study area;
moreover, the distribution of CDD values presents a latitu-
dinal gradient from low CDD in the southern areas to high
CDD to the north.

3.2 Monthly mean values of CDD in T}, and Tiyin

The monthly analyses of 7, and Tiy,;, CDD show important
differences (Fig. 3). In general, the lowest values of CDD,
both for 7}, and Ty, are found along the eastermn coastland
of the Mediterranean fringe, while the highest CDD values are
found in the inland areas and in the extreme southwestern
coast. This fact is especially interesting because the south-
western coastland areas are open to the ocean air mass effects,
while mountain barriers are parallel to the northern and south-
eastern coastlands.

The CDD values are lower for T,,,;, than for 7, between
the months of March and October, i.e. nocturnal temperature
has a higher spatial variability than diumal one when solar
radiation is at maximum. When radiation is at minimum, i.e.
in November, December and January, the CDD values are
lower for 7}, than for 7,;,, 1.e. diurnal temperature is more
variable than nocturnal. Finally, being the lowest CDD values
in July and August both in 7, and in 7,y;,, maximum spatial
variability in temperatures is found when radiation reaches
annual maximum.

The spatial pattern of CDD from February to October
(except July-August) is similar in 7;,,, to the annual scale:
minimum CDD values are located in the southeast coastland
areas, while maximum ones are found to the inland and
southwestern coastland; it means that diurnal temperature
spatial variability is higher in the coastland areas than in the
inland if the coastland areas are surrounded by mountain
chains. In the southeast, the common variance of 50 % usually
is not retained far than 150 km, while in the inland areas, it is
found also for distances higher than 300 km, values
similar to those found in the southwestern coastland areas
of Guadalquivir catchment (see Figs. 1 and 3), where no
mountain barrier exists near the coastline.

On the contrary, 7;,,x during November, December and
January and during July and August shows the highest spatial
variability. In July and August, the lowest CDD values of 7},
are found in the coastland areas of northwest and southeast,
with common variance of 50 % at distances lower than
100 km; also, in the inland areas, the common variance of
50 % is usually not achieved far than 200 km, being the
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without clear spatial pattern. As a consequence, differences
along the year in spatial variability of 7, can be high,
particularly to the inland areas.

Monthly analyses of Ty, reveal in general lower values
than 7},,,, along the year, less inter-monthly differences, and a
more homogeneous spatial behaviour. The lowest CDD
values are usually located in the southeastern coastland areas,
and the spatial distribution of CDD generally presents a zonal
shape except November, December, January and February
when the northwest-southeast gradient is detected. It is note-
worthy to highlight the high CDD values for 7}y,;, during these
months coinciding with low 7, values. These findings re-
veal that spatial variability from November to January is
higher for diumal temperature than for nocturnal one, and
reversals behaviour with respect to solar radiation is evident
along the year (compare December—January and February
with July and August).

3.3 The CDD in altitude

One of the most prominent results in the analyses of spatial
variability of Ty, and T, in the Iberian Peninsula is the clear
differentiation between coastland and inland. We have tried to
analyze these differences, taking into account that the Iberian
Peninsula is a mountainous landscape with highly inland
plateau (>500 m in altitude o.s.1.) surrounded by mountain
chain of about 1000-3000 m. Meanwhile, lowland areas are
located in the coastland in the north, east and south, and also in
the Ebro basin (northeast inland) and Guadalquivir basin (in

the southwest), with altitudes lower than <500 m (see Fig. 1).

In Fig. 4, we show the mean monthly interstations 7, and
Tinin CDD values versus altitude. As a general rule, the spatial
variability is lower for 7, than T,;, at any elevation except
in November, December and January (Fig. 4). The T},
spatial variability decreases with altitude and increases in
lowland areas (mostly coastland) when solar radiation is at
minimum (December-January) and at maximum (July—
August). Meanwhile, T,,;, spatial variability is higher but
more homogeneous than T, at any altitude, except during
cold months. Maximum CDD values are achieved
around 1000 m particularly in the months of February,
May and June (>600 km) and lower CDD values were
found at <200 m altitude. Differences between lowland
(<500 m 0.s.1.) and upland areas (>500 m o.s..) in 7;,,x CDD
can be higher than 300 km (February, May, June). Minor
differences have been found in July and August and
December and January, when similar CDD values were found
in different altitudes. Generally speaking, altitudinal profiles
of Tiyin CDD are more homogeneous month by month be-
tween lowlands and uplands, and lower than 7, except for
the months of November, December and January when CDD
values increase.
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These findings suggest that highest/lowest spatial variabil-
ity of T}, coincides with lowland/upland landscape areas, i.e.
with the highest/lowest modified landscapes in Spanish land,
and suggest that local factors could have contributed to control
Tmax spatial variability. On the other hand, the generalized
high spatial variability of 7}, also suggests local conditions
as the main drivers of its high spatial variability.

4 Discussion
4.1 Global considerations

Numerous papers have stated that 7, and 7T, reflect dif-
ferent conditions of the air column in which they have been
measured, as a consequence of complete changes in boundary
layer dynamics (Dai et al 1999; Durre and Wallace 2001;
McNider et al. 2010; Christy et al. 2009a; Klotzbach et al.
2009). Following them, during daytime, the air column of the
atmosphere connects the surface with upper layers via adia-
batic mixing processes, and then T}, is representative of
temperatures aloft. On the other hand, during the night and
early morning, the 7,,;, represents the temperature of a much
smaller mass of air because of nocturnal boundary layer are
often only few hundred meters thick (McNider et al. 2010;
Christy et al. 2009a; Klotzbach et al. 2009). As a consequence,
T in depends more on local factors than 7, (Mahmood et al.
2010) and higher spatial variability would be expected in
nocturnal temperatures.

Our analyses of spatial variability evaluated by CDD in
Spanish continental land (1981-2010) support this hypothesis
because diurnal spatial variability is lower than nocturnal one,
and then following Betts et al. (2013), it is suggested that
nocturnal temperature (and its spatial variability) is related to
the net long wave cooling processes that can be affected
highly by local factors, while diurnal temperature spatial
variability is more related to the net radiation. During night
(i.e. Tmin), we found CDD values lower than 100 km in more
than one third of the Iberian Peninsula, and lower than 200 in
three fourth of the total area, while the CDD for T, are
higher than 200 km except in the southeast. Furthermore, the
spatial distribution of CDD values differs between 7;,,, and
Timin and this fact suggests that different factors contribute to
the behaviour of the two measurements. In both cases, the
highest spatial variability was found in the eastern, southeast-
ern and southern coastlands, and the lowest variability was
found in the inland plateaus, but the 7}, spatial distribution
of CDD shows a northwest to southeast gradient, while 7,,;;,
shows a more latitudinal variations. Finally, monthly differ-
ences are higher in 7, than in T, suggesting that the
factors that can promote spatial variability of temperature
probably vary in time.
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Fig. 4 Monthly variations of 7,,,, and 7,,;, mean CDD (in km) by altitude

4.2 General and local factors

At a global scale, higher differences in CDD temperature
values have been observed to be more pronounced along a
meridional than zonal direction. In the Iberian Peninsula,
generally speaking, the spatial variability increases toward
the south and in a higher magnitude in Ty, than T,y.
Notwithstanding, latitude does not seem the only factor driv-
ing spatial distribution of temperature variability, because we
found high spatial variability in 7}, values in the north
coastland, similar than those found in the southeast coastland
around 1000 km far.

Different researchers have attributed spatial variability of
temperatures to different geographical factors, such as orog-
raphy (Irvine et al. 2011), the ocean—land contact (Hopkinson
et al. 2012), and the atmospheric mechanism that governs
climate along the seasons (Hansen and Lebedeff 1987).
Another set of geographical factor have been related to mod-
ification of local surface energy balance including aerosols,
change in land use, albedo and soil moisture (Tang and Leng
2009; Betts et al. 2013; Peng et al. 2014), all of them able to
affect T}, and T, in different ways (Dai et al. 1999; Durre
and Wallace 2001; Kalnay and Cai 2003; Peng et al. 2014).
There exists an agreement about how diurnal temperature
depends more on solar heating (Betts et al. 2013), and then
the spatial variation of T}, could be understood accordingly

clouds and latent heat flux between other factors that can be
modified by land-use change, while the spatial variation on
Tonin could be promoted by the disruption of boundary layer
originated by surface thermal forcing from land-use changes
(Christy etal. 2006), acrosols and greenhouse gases, including
water vapour (Christy et al. 2006) and wind (Pielke and
Matsui 2005) (see previous comments).

Generally speaking, in Spain, 7}, spatial variability in-
creases in the coastland areas sheltered by mountain barriers,
i.e. in the north along the northern coastland, and in the east
and southeast Mediterranean coastlands. On the contrary, in
coastland areas where no mountain barrier exists, as in the
southwestern coastland of Guadalquivir valley, the CDD
values are similar to those found inland.

It could be argued that given the relief is one of the main
spatial distribution factors of precipitation (Gonzélez-Hidalgo
etal. 2011) and its spatial variability (Martin-Vide 2004); if we
consider precipitation as subrogate of clouds, then a plausible
explanation of high spatial variability of 7}, in northern
Spanish coastland could be the relationship between relief,
precipitation and clouds, because this area is the wettest in the
whole Iberian Peninsula. In Spain, the relationship between
clouds and temperature have been studied by Sanchez-
Lorenzo et al. (2008) who reported that, except in winter,
Tinax Were better and positively correlated with radiation and
negatively with clouds than T,;,; meanwhile, in winter,
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negative (positive) correlations were found between radiation
and T, and between clouds and 7, but not significant
correlations were found with 7},,,,. This hypothesis is support-
ed by global mean values of insolation which in the Iberian
Peninsula divide three different areas: northern coastland and
Pyrenees, with less than 2000 annual hours; mid-northern
inland areas (except inland Ebro basin to the northeast), with
annual values between 2000 and 2600 h; and finally extended
areas with more than 2600 h per year, corresponding the
highest values to the southeast (>3000 h) (Capel 1981). By
the same reasons, the high spatial variability of 7}, in the
eastern and southeastern Mediterranean coastlands should be
promoted by other factors, and the same is true for 7,
because 7, CDD follows north-south latitudinal gradient,
nor the general precipitation distribution (from the northwest
to southeast, Martin-Vide 2004), neither solar radiation (Capel
1981). Consequently, the high spatial variability in eastern
Spanish land in 7}, and T};, seems to be produced by more
local conditions.

In Spain, many papers currently report modification of
latent heat fluxes under irrigation in areas where the potential
evapotranspiration is at maximum; meanwhile, sensible heat
fluxes after water consumption predominate in the vicinity of
nonirrigated landscapes (Balbontin et al. 2011; Baeza et al.
2010; Campra and Millstein 2013; Moratiel and Martinez-
Cob 2013). The high spatial variability in diurnal and noctur-
nal temperatures in the southeast and along the Mediterranean
coastland when the potential evapotranspiration is maximum
(April-September, see Fig. 4) suggests that land-use changes,
and particularly irrigation, could have been played a major
role in the spatial distribution of temperature variability across
the Iberian Peninsula.

During the last decades, the conterminous land of Spain has
suffered dramatic changes in land use, particularly by irriga-
tion, urbanization, afforestation and fire, being these processes
recognized as able to modify latent and sensible local heat flux
and affect the spatial variability of diurnal and nocturnal
temperature records (see previous references). The most dra-
matic landscape changes are located mostly in Mediterranean
coastland and southeastern and southern Spanish lands lower
than 500 m a o.s.l, where the highest spatial variability on
both 7. and T, have been found. At present, in Spain,
there are more than 34.000 km? under irrigation (Ministerio de
Agricultura, Pesca y Alimentacion 2009); they represent 7 %
of total land and they are located primarily in the southern
inland plateau (La Mancha 14.3 % of total irrigated area),
south (Andalucia 28.6 %, idem) and eastern coastland
(Valencia 9.6 % and Cataluiia 7 %, idem). It means that more
than 20.000 km’irrigated are located along the easter, south-
eastern and southern coastlands of Spain. Particularly in the
autonomous community of the eastern and southern Spanish
lands, the irrigated area represents a substantial percentage of
the total surface of different communities. These are, from the
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north to south, Cataluiia (8.2 %), Valencia (14.3 %) and
Andalucia (11.1 %), reaching the maximum value in Murcia
where 16.5 % of total region is under irrigation. At more
detailed scale (provinces), these values can be also higher.

These areas coincide with the highest spatial variability of
Tnax and Ty, and agree with previous research in which was
suggested that the agricultural practices enhanced nighttime
sensible heat flux from the surface due to increased heat
capacity of vegetation and moist soil, and change latent heat
flux by evaporation (Christy et al. 2006), particularly in sum-
mer. Then, changes in land use seems to be one of the factors
that can promote high spatial variability in both 7}, and T,
in Spanish land.

Also, urbanization has increased noticeably in Spain, and
between 1987 and 2000, a total of 700 km? were urbanized.
The urbanized areas in 2000 were over 6000 km?, including
disperse habitat that increased to more than 13,000 km?
(Molini and Salgado 2010). Mostly of the areas affected are
located particularly in the eastern coastland and southern of
Spain. Finally, forest fire affected >50,000 km’ during the
1981-2010, in many cases with repeated fires in the same
area; a gross evaluation of total area burned can be evaluated
at least in 20,000 km? (Enriquez and del Moral 2012), being
eastern Spanish land highly affected too.

4.3 Temporal variations of CDD

Monthly analyses reveal high spatial variation of diurnal and
nocturnal temperatures variability in Spanish land and suggest
that factors that can affect 7, and T, vary along the year
(see Fig. 4). From March to October (i.e. spring, summer and
autumn months) the CDD for 7,;, is lower than 7},,,,, and then
the spatial variability of nighttime temperatures is higher than
diurnal ones during the high radiation period. These results are
in agreement with Hopkinson et al. (2012) in Canada, Brunetti
et al. (2006) in Italy and also with New et al. (2000) and
Caesar et al. (2006) at global scale for mid-latitudes.
Following Betts et al. (2013), during the winter period,
both 7iyx and Ty, are more related with cloud, as longwave
cooling dominates over the net shortwave flux, which is
reduced by the high solar zenith angle. During November,
December and January, higher spatial variability in 7, than
Thnin Was detected in Spanish mainland, and no clear differ-
ences emerged between coastland and inland in diurnal tem-
peratures. In the Iberian Peninsula, cold months correspond to
the wettest period in the north and western areas and then the
high spatial variability of 7}, in the northern coastland areas
could be related to cloud cover; this fact apparently disagree
with global results from Sanchez-Lorenzo et al. (2008), but we
must considered that these authors reported a seasonal global
correlation and not spatial differences in the relationship be-
tween cloud cover and temperature. These arguments do not
seem to be applicable to the inland areas where high spatial
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variability of 7,,,« was found in cold months. In these areas,
frequent foggy conditions enhanced by local topographical
depressions promoted by inversion processes could be sug-
gested as one of the main reasons of spatial variability in
diumnal temperatures, enhanced by the persistence of winter
anticyclonic atmospheric condition which is the most frequent
weather type in winter (Cortesi et al. 2013a). It means that in
extended areas of the inland Iberian Peninsula, high winter
Tnax Spatial variability is the consequence of a combination of
global factors (low radiation) and more local ones as relief
and clouds, and the results is that diurnal temperatures
suffer higher spatial variability than nighttime in be-
tween November, December and January. Under this condi-
tions, the dynamic of diurnal mixing layer in extended areas
could be reduced by temperature inversion as it usually occur
in nighttime; this diurnal inversion then could promote higher
diumal spatial variability and remain at night. This fact does
not extend during February when CDD 7., values are higher
than 200 km. We have no answer at present for that question,
except the reduction of anticyclonic conditions between
January to February around 20 % during 1981-2010
(Cortesi et al. 2013a) and the fact that is a transition period
between cold and warm conditions.

5 Final remarks and conclusions

Global analyses have suggested that CDD (using r=0.50
as threshold) for temperature usually are >1000 km.
Notwithstanding, regional studies reduces substantially
the threshold distance of CDD to a few hundreds of kilometers
in agreement with our results in the Iberian Peninsula both for
Tinax and T, In Spain, we have use a more exigent threshold
value (#=0.70) and found that interstation common variance
decreases to values lower than 50 % at distances almost
always lower than 200 km. To our knowledge, such spatial
variability of 7Tyax and Tpnin has not been previously taken into
account in past climate change studies in the Iberian Peninsula
where the analysis is usually concerned only with differences
in temperature trend (Brunet et al. 2006; del Rio et al. 2011,
2012; Bladé and Castor-Diez 2010); as a result, the high
spatial variability detected in this study in 7y, and Ty
suggests that monthly temperature trends in the Iberian
Peninsula could be better expressed by using different region-
al temperature series of both 7, and T, Further analyses
in progress, using high-density database of temperatures, per-
haps would be able to elucidate if spatial differences in tem-
perature trends can be due or related to spatial variability of
temperatures described by CDD, considering that trends in
Tinax @nd Ty, could differ substantially.

These findings suggest that spatial variability of T}, and
Tinin in the Iberian Peninsula is high and variable through the

different months in which general factors, coupled with more
local ones related to land-use changes, seems can play a major
role particularly in 7};,. Then, a reasonable threshold distance
for the selection of neighborhood stations in climate analyses
should be evaluated according to the examined area and the
period of the year. In any case, an average value of threshold
distance of about 200 km should be considered as a limit,
lower than what previously accepted in the literature. This
variability also suggests that temperature trend in Spanish
conterminous land should be evaluated separately for different
subregional areas. Research in progress is focused on such
objective.

To conclude, to our knowledge, these results offer for the
first time new information about the behaviour of diurnal and
nocturnal temperature spatial variability that could be valuable
for many objectives and climate research tasks, as regional
climate series construction, reference series selection, grid
interpolation, etc., in the Iberian Peninsula. Also, these results
offer information either to extrapolate the information down to
a site location, or to upscale it to a model grid box.
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1. Introduction

The use of atmospheric circulation patterns, commonly named
Weather Types (WTs), has become standard procedure in the last
decades for different purposes because of its advantages to resume
the spatial distribution of the continuum of the atmospheric pressure
fields into a set of specific patterns. Following this argument, WTs
have been associated with numerous processes such as soil erosion
(Nadal-Romero et al., 2014), forest fires (Montserrat, 2000), rainfall
and floods droughts (Vicente-Serrano and Lopez-Moreno, 2006),
extreme temperatures (Garcia-Herrera et al., 2005; Fernandez-Montes
et al, 2013), and pollution affecting human health (Santurttn et al,,
2015), among others. In addition, considering the generalized consen-
sus regarding the reliability with which climate models are able to
capture the distribution of pressure fields, studying the relation
between WTs and climatic elements (i.e., temperature, rainfall, etc.)
can provide relevant information in downscaling processes and in the
analysis of the climate change (Ramos et al., 2014).

The classifying processes to obtain the Weather Types (WTs) can be
of two types (Philipp etal, 2010): subjective classifications are based on
expert's opinions (e.g. Lamb, 1972), while the objective ones are based
on techniques such as Principal Component Analysis and clustering
strategies (Romero et al,, 1999; Esteban et al., 2006), Synoptic Processes
Objectives (PSO), iterative algorithms (Ferndndez et al., 2003), or
atmospheric circulation indices. Sometimes, the difference between
classification approaches is less obvious, e.g. the subjective classification
proposed by Lamb (1972) was adapted to an objective algorithm by
Jenkinson and Collison (1977) and improved later by Jones et al.
(1993) is of special relevance for its direct physical interpretation and
has been widely used in Iberia (Trigo and DaCamara, 2000; Cortesi
et al., 2013a; Ramos et al,, 2014).

Several previous studies have analyzed the relationships between
WTs and the Iberian Peninsula (IP) climate, but most of them have
dealt with rainfall data (Azorin Molina and Lopez Bustins, 2004;
Paredes et al., 2006; Casado et al., 2010; Garau and Garau, 2012;
Fernandez-Gonzélez et al., 2012; Ramos et al., 2014), while studies on
temperature data are less frequent (Prieto et al.,, 2004; Bermejo and
Ancell, 2009; Ferndndez-Montes et al., 2012, 2013). However, these
studies have used datasets with low spatial density. Those works
that employed higher density datasets have focused at a regional level
and with different methodologies, such as studies in the eastern
Mediterranean coast (Romero et al., 1999; Mir6 et al., 2015), in
Catalonia (Albentosa Sanchez, 1973), in the Northern Plateau
(Calonge Cano, 1984), in the Iberian System (Ortega, 1992), or in
the central Pyrenees (Creus Novau, 1983). Up to now, no study has
provided a detailed and spatially precise description of the interactions
between WTs and temperatures for the IP as a whole using high-density
datasets.

This study analyzes the relationship between WTs and monthly
average maximum (Tmax) and minimum (Tmin) temperatures in
the IP for the period 1951-2010. Using a stepwise regression model,
the WTs that best explain the behavior of Tmax and Tmin are selected.
In addition, this study analysis as the spatial behavior of temperatures
(i.e., how they increase or decrease in different regions of the IP) is
influenced by the different WTs. The study was performed using a
high-resolution grid (10 « 10 km) of monthly averages of Tmax
and Tmin obtained from the MOTEDAS database (Gonzdlez-Hidalgo
et al,, 2015), which provides an unprecedented high spatial detail for
temperatures in the IP.

2. Databases and methods
2.1. Study area

The climate in the IP is influenced by its position in the area of sub-
tropical transition in the European western facade (Lionello, 2012).

IP's climate is also affected by its position between the Atlantic Ocean
and the Mediterranean Sea, with contrasting characteristics, and by
the distribution its main mountain systems, with east-west orienta-
tions, dividing the space into three major climatic areas: i) the north
coast; ii) the mid-west regions spanning down to the south coast; and
iii) the Mediterranean coast (Font Tullot, 1983; Martin and Olcina,
2001) The large interior space is divided into two large units (the
North and South Plateaus) with high elevations (values above 600 m
over the sea level in the Northern Plateau and around 400 m over the
sea level in the Southern Plateau). The relief distribution is a critical
element determining the distribution of climate elements, such as
rainfalls and its different gradients, as well as spatial differences along
the year according as pressure systems evolve with the solar zenith.

Studies of synoptic climatology in the IP indicate that, throughout
the year, a sequence of different types of air masses is observed, imply-
ing different WTs (Martin and Olcina, 2001). These WTs impact on the
temperature distribution, so that the temperature climatology typically
exhibits variations in the directions north-south, inland-coast and alti-
tude effects caused by: (1) the north-south distance (circa 1000 km),
(2) the position between two contrasting masses of water, and (3) the
altitude and distribution of the most relevant mountain ranges. On the
other hand, it has been generally accepted that the spatial temperature
distribution is less variable than rainfall, although recent studies have
shown that the spatial variability can be very high even at distances
less than 100 km as has been suggested by Pefia-Angulo et al. (2015)
and Miré et al. (2015) using different approaches, decorrelation
distance decay function (CDD) and statistical downscaling of high
spatial resolution respectively.

2.2. Databases

This study uses the high-resolution grid version (10 x 10 km) of the
MOTEDAS database published recently (Gonzalez-Hidalgo et al., 2015).
MOTEDAS has been developed after exhaustive quality control and
homogenization procedure of the c. 4000 original stations stored at
Meteorological Agency from Spain (AEMet) archives. All 4000 series
went through a reconstruction step to fill in the gaps and missing
data. This process required the use of reference series calculated from
selected neighbors not far than 50 km and highly correlated, and finally
weighted by inverse distance. From the total amount of reconstructed
series, a set of 1358 stations were chosen favoring those with higher
percentage of original data and reconstructed by distances was selected
to perform a high resolution grid (10 km x 10 km). Then, MOTEDAS grid
version consists of 5236 pixels of complete monthly Tmax and Tmin
series from 1951 to 201 (Fig. 1a). The grid was complemented with
data from 28 stations from the IPMA (Portuguese Institute of Sea and
Atmosphere) to which we applied the same quality control process
and reconstruction. Given the lower density of information in the
Portuguese territory, this data is used in its original location (coordinates
of observatories) without including it in the Spanish grid, and it is used to
test the spatial coherence between the results in the two countries.

Here, WTs are analyzed using the daily database of surface pressures
from NCAR/NCEP, with a spatial resolution of 2° (Kistler et al., 2001). It
was chosen because it provides information from 1948 onwards (unlike
other reanalyzes datasets often used, but that start later in time, such as
ERA-Interim, ERA-40, or MERRA).

The authors are aware that using monthly data instead of daily data
presents both advantages and disadvantages. Beyond the first and more
intuitive advantage of the higher density available with the monthly
precipitation networks, monthly data also reduces the existing uncer-
tainties of the temperature records, given the difficulty of having
reliable and homogeneous daily temperature datasets. In our case,
each monthly series is complete during all the study period, so station
density is constant in time, and homogeneously distributed all over
the IP, while for daily series this is often a problematic issue. However,
using monthly data has the important disadvantage of masking the
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Fig. 1. a) Spatial distribution of stations and elevation of the IP. Portugal points have a larger size than the points in Spain for better viewing. b) Points of SLP fields. ¢) Mean SLP field

configuration of the 10 WTs (directional and pure). The contour interval is 2 hPa.

spatial and temporal uncertainty associated to extreme events and very
specific atmospheric configurations (e.g. Vicente-Serrano et al., 2009).
Moreover, with a daily dataset it is not necessary to introduce a regres-
sion model to calculate the regression coefficients associated to the
WTs, from which all the predicted temperature values are derived:
they can be directly obtained from the observed daily data, without in-
troducing all the uncertainties typical of a regression model (due to au-
tocorrelation, multicollinearity, heteroscedasticity, non-Gaussian
residuals, etc.).

2.3. Weather type classification

To analyze the relationship between temperatures and WTs,
it is necessary to define the set of observable WTs in the studied
region. Due to the aforementioned complexity in the atmospheric
dynamics in the IP, there is no consensus on which is the most
suitable method to classify the WTs in this territory (Martin-Vide,
2002; Philipp et al., 2010). Some of the most recent studies in this
field (Spellman, 2000; Trigo and DaCamara, 2000; Cortesi et al.,
2013a; Santurtdn et al., 2015) have used the classification method
proposed by Lamb (1972) and automatized by Jenkinson and Collison
(1977), which was further developed by Jones et al. (1993) and adapted
to the Iberian Peninsula by Trigo and DaCamara (2000). A recent
discussion of the method's strengths and caveats can be read in Jones
etal. (2014).

Here, this classification method is applied to daily pressure data at
16 grid points p1...p16 centered on the IP (Fig. 1b), spaced 5° in the
longitudinal sense and 2.5° in the latitudinal sense. These data were
obtained averaging the 6-hourly data from the NCEP/NCAR Reanalysis
database (period 1951-2010). Six geostrophic indices were computed
taking into account the wind direction (D), force (F) and vorticity (Z).
The equations to get the six geostrophic indices are:

= Southerly flow: Fs = 1.305[0.25(p5 + 2p9 + pi13) —
0.25(p4 + 2p8 + p12)]

= Westerly flow: Fw = [0.50(p12 + p13) — 0.50(p4 + p5)]

= Southerly shear vorticity: Zs = 0.85[0.25(p6 + 2p10 + p14) —
0.25(p5 + 2p9 + p13) — 0.25(p4 + 2p8 + pl12) +
0.25(p3 + 2p7 + p11)]

= Westerly shear vorticity: Zw = 1.12[0.5(p15 + p16) —
0.5(p8 + p9)] — 0.91[0.5(p8 + p9) — 0.5(p1 + p2)]

= Total flow: F = (Fs2 + Fw2)0.5
= Total shear vorticity: Z = Zs + Zw

The numerical coefficients in the above formulas depend only on the
latitude of the central grid point. Using these six geostrophic indices,
daily WTs were obtained following these rules:

= The wind direction is calculated as: D = tan-1 (Fw / Fs); 180° being
added if Fw is positive. D is subsequently classified using the eight
directions of the compass rose, allowing 45° per sector.

u [f| Z| <F,the flow is directional, and the WTs are defined, depending
on the compass rose, as: ‘N', ‘NE', ‘E', ‘SE', ‘S, ‘SW', ‘W', ‘NW",

= [f| Z|>2F, the WT is considered the pure cyclonic type ‘C’ (if Z>0) or
the pure anticyclonic type ‘A’ (if Z < 0).

s [fF<|Z|<2F, the WT is considered an hybrid type, cyclonic if Z> 0:
‘CN', ‘CNE’, ‘CE', ‘CSE', ‘CS’, ‘CSW", ‘CW", ‘CNW’ or anticyclonic if Z < 0:
‘AN', ‘ANE', ‘AE', ‘ASE', ‘AS', ‘ASW', ‘AW’, ‘ANW",

In summary, a total of 26 WTs was obtained, divided into i) 8 direc-
tional WTs (North ‘N, South ‘S’, East ‘E’, West ‘W', Northeast ‘NE’,
Northwest ‘NW', Southeast ‘SE’, and Southwest ‘SW'); ii) 2 pure WTs
(anticyclonic ‘A" and cyclonic ‘C’); and iii) the combination of both to
conform 16 hybrid WTs (‘AN’, ‘AS', ‘AE’, ‘AW’, ‘ANE’, ‘ANW', ‘ASE’,
‘ASW’, ‘CN', ‘CS', ‘CE’, ‘CO', ‘CNE, ‘CNW', ‘CSE’ and ‘CSW"). Like in Trigo
and DaCamara (2000), an unclassified type was not defined, opting
to disseminate the fairly few cases (<2%) with possibly unclassified
situations among the retained 26 types. This was done in order to
solve the problem of the sudden increase in the unclassified type during
summer for IP with Jenkinson and Collison's method detected by
Martin-Vide (2002) and caused by the dominant low-pressure summer
gradient over IP.

The main drawback of Lamb's classification is that WTs have not
been defined to maximize the explained variance of the target variable
(Tmax and Tmin in this study). Thus, many WTs are not influential on
the target variable. Another limitation is that even for WTs that behave
as climate drivers of the target variable, that variable usually has a high
variability within that WT, making the classification useless for many
practical applications (i.e.: downscaling). In particular, classifications
with few WTs are those with the highest intra-WT variability. However,
using a higher number of WTs (usually 27 or 41) has the disadvantage
of reducing the WT frequency, which for some WTs can lead to very
few days associated, especially if the study period is short and/or the
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analysis is done at monthly or seasonal scale. WTs with a low frequency
of occurrence don't allow to perform robust statistical analysis; for
example, they are bad predictors in regression models such as the one
used in the present study. Finally Jenkinson and Collison's method is
related to the absence of pressure data at other levels besides SLP,
which can artificially increase the frequency of cyclonic days (both
pure and hybrid) during the summer months in some IP areas, as a con-
sequence of frequent low pressures at surface level during this season.
Nevertheless, we found that this problem does not affect the IP when
studied as a whole: summer frequencies for the combined 9 cyclonic
WTs are always below 3 days/months. Fig. 2 shows the monthly
frequency of all WTs. The most frequent WTs throughout the year are
A, C and the eight directional types. NE, E and N types have a high
frequency in the summer, which decreases in the rest of the seasons.
Conversely, SE, S, W and SW types are more common in winter. The
cyclonic type is most frequent during the spring. The NW type does
not present a clear seasonality, although it shows a higher frequency
during November, December and May. In general, winter shows a
greater variety of WTs than the summer. Fig. 1c shows the patterns
the most frequently (directional and pure).

3. The model

A forward stepwise multiple regression was applied to estimate the
monthly series of Tmax and Tmin at each grid point of the MOTEDAS
dataset and at each Portuguese point independently. The predictors
were the 26 series of the monthly occurrences (counts) of each daily
WTs. This model corresponds to an adaptation of the model proposed
by Cortesi et al. (2013a) for reconstructing monthly rainfall data in
the IP.

The model first selects the WTs that best explain temperatures, thus
avoiding possible over fitting problems caused by the use of a high
number of predictors (Storch and Zwiers, 2000) and allowing easier
interpretations of the results obtained with the model. In this study,
the predictor selection at each grid point is carried out based on the
measured error (RMSE) and not by the explained variance (R?). Thus,
the process of selecting the model predictors begins by choosing the
WT (from the full set of 26 WTs) with smallest RMSE and, in successive
steps, the WT that mostly reduces the RMSE is added, one at time.
A minimum reduction of 0.03 °C - empirically selected - of the
RMSE is imposed for each new WT added. Such a critical temperature
parameter was found to be the optimal threshold, which minimize
model over fitting. To justify the use of RMSE instead of R? as criterion
to select the predictors, Fig. 3 shows the variation of these two error
indices as a result of increasing the number of selected predictors in
the regional series in winter and summer. The figure shows that,
while R? systematically increases with each new predictor added in
the model (Martinez, 2005), the RMSE value shows an optimal number
of predictors above which the model performance (in terms of the
error) gets worse by the effect of the over fitting.
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The computation of the RMSE was performed for each month and
pixel of the IP territory using the equation:

pm)) ]0.5

where p, m and k refer to the grid point, month and predictor combina-
tion (i.e. WT monthly frequency) respectively; n the total amount of
years, and P and O refer to the predicted and observed values. For each
month and point, it was verified that the regression residuals followed
a Gaussian distribution.

The correlation of the 26 WTs was computed and a few values over
0.5 were detected during July (between N and W), in November
(between N and NE), and in December (between N and NW). This
aspect is of relevance as for these combinations of WTs and months;
their associated regression coefficients have a high uncertainty because
of the high correlations between their WTs.

The regression coefficient's error can be high even in the absence of
autocorrelations. For this reason, to evaluate the impact of each WT on
the average monthly temperatures, we analyzed the spatial distribution
of the significance of the correlations between the monthly occurrence
of the WTs and the monthly temperatures, instead of analyzing the
spatial distribution of the regression coefficient associated to each WT.

The model calibration-validation procedure was performed using a
“leave-one-out” procedure (Wilks, 2006) i.e., to estimate the tempera-
ture for each year - in a specific month and location - only the data of
the rest of the years was used to generate the model (Cortesi et al.,
2013a). The predicted temperature was compared to the one observed
each year to obtain an estimation of the model error. The Mean Absolute
Error (MAE) was used in this case.

In addition to the leave-one out validation, a complementary
procedure was carried out to evaluate the suitability of the proposed
model to predict temperatures in the long term (instead of predicting
yearly temperature using information from immediately preceding
and subsequent years). Thus, the temperature data of the last 10 years
registered (2001-2010) in a representative location (Madrid's cell,
approximately the IP center) were estimated using a model trained
with information from all previous years (1950-1999). Results were
obtained only for the two months in which the best estimations
(November for Tmin) and worst ones (May for Tmax) had been
obtained with the leave-one-out procedure.

RMSE(p, m, k) = [ Sy Py

4. Results
4.1. Model validation

Fig. 4 shows the overall results of the spatial distribution of the MAE.
The observed MAE for Tmax is greater than that for Tmin in all months,
except for December. The highest values of MAE for Tmax (0.9-1.5 °C)
are located in the inner regions of the IP and during the warmest

Fig. 2. Monthly cumulative frequency of the 10 directional and pure WTs, and 16 hybrid WTs.
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Fig. 3. Evolution of the RMSE and the determination coefficient (R2) as the number of predictors selected with the stepwise regression model increases. Results for Tmax (up) and Tmin

(down) data in the IP during winter (left) and summer (right).

months (May to October). The spatial behavior of the MAE in November
and February is homogeneous, with values lower than 0.9 °C; the
same occurs in January, except for the Ebro valley and the Duero
basin, where the MAE increases. The lowest MAE values (<0.7 °C) are
measured in December in the south of IP. The Tmin MAE values are

very homogeneous in space and time (0.7-0.9 °C), and only in specific
cases the MAE values decrease below this range (November) or increase
above it (in the North of IP in January and September).

Fig. 5 illustrates the results of the generated model using the second
validation procedure in the cell corresponding to Madrid during the

Fig. 4. MAE results with the leave-one-out validation of the multivariate regression model using WTs to estimate Tmax (left) and Tmin (right) data.
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Fig. 5. Observed (blue) and estimated (red) temperatures with a model trained with data from the period 1950-1999 and validated with data in the period 2000-2010. Results shown are

for Madrid's cell for Tmax in May (left) and Tmin in November (right).

months of May (for Tmax) and November (for Tmin). In this case, the
model was trained during the period 1950-1999 to estimate the
temperatures in the period 2000-2010. The figure shows that better
estimations are obtained for the initial years of the estimated period,
that is, years, which are closer to the final part of the calibration period.
It also shows that the WTs are, in general, capable of explaining a large
part of the temporal inter-annual variability of the temperature.

4.2, Spatial variability of temperatures

Fig. 6 shows the spatial distribution of the number of predictors
selected by the model. Results vary with the month and grid points
analyzed and are different for Tmax and Tmin. For Tmin more than
five WTs are selected between November and February, while in the
remaining months it is less than five. For Tmax, the number of predic-
tors tends to be higher than for Tmin (>5, most of the times) except
for December, January, July, August, and, to a lesser extent, April.

The months with fewer predictors for Tmax are the coldest ones
(January and December) and warmest ones (July and August). For
Tmin, the months with fewer predictors are observed between March
and October. The distribution of the number of predictors along the
annual cycle shows a pattern, which is similar to the monthly behavior
of the “correlation decay distance” (CDD) for Tmax and Tmin in the IP,
as presented in Pefia-Angulo et al. (2015). Fig. 7 shows the average
monthly CDD values and the number of predictors of regional series of

the peninsular region of Spain. It means that the higher the number of
predictor WTs, the less spatially variable is the temperature. The lowest
values of CDD (corresponding to a higher spatial variability of tempera-
tures) are located, for Tmax, in January, December, July and August; for
Tmin, the lowest CDDs are found in March and between July and August.
Spatially, the lowest number of predictors considered is located in
regions where lowest CDD values are observed (southeast peninsula).
In summary, the highest spatial variability of temperatures matches
the areas in which the number of WTs selected is lower.

4.3. Contribution of weather types to monthly temperature

Table 1 shows the percentage of grid points (in the Spanish
territory) and stations (in Portugal) with a significant (p < 0.05)
positive or negative correlation, between the most frequent WTs
(i.e., directional and pure) and Tmax/Tmin data for all months. In
addition, Figs. 8-17 show a set of maps with the spatial patterns of
correlations (significant and non-significant) between WT and both
Tmax (left) and Tmin (right). The correlation was computed be-
tween the detrended temperature series and the WTs frequency
series. The detrended series were obtained subtracting their respective
linear trends for each grid point.

We will discuss the results accordingly the most prominent effect
of each WT, thus WT are classified as positive/negative considering
the number of months in which the significant positive/negative

Jan

Number of
predictors (WTs)

1-4

® 5-10

Fig. 6. Spatial distribution of the number of predictors used for Tmax (left) and Tmin (right).
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Fig. 7. Number of predictors (dashed lines) and CDD (in km, solid lines) for the IP along the year and for Tmax (left) and Tmin (right) data.

percentage of pixels was larger than 50%; WTs with mainly positive con-
tribution were S, SE, SW and A; WTs with mainly negative contribution
were N, NW, NE and C, and finally the zonal advections E and W.
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a SE-NW/E-W gradient with negative/positive; this spatial gradient
is not observed in Tmin, and sometimes S-N gradient can be identi-
fied (November, December, January) or E-W (April, May, August)

(Fig. 9).

4.3.1. WT with mostly positive contributions

The SW advection correlates positive and significantly with Tmin
over 75% of total land between October and March. The monthly
frequency of this WT is higher (>1 day/month) during these months
when correlation is at higher values. Its relationship with Tmax is clearly
lower and only significantand positive in December (>75% of total land)
and during November along the Mediterranean coast to the east.
Between March and September the correlation with Tmax is mostly
negative (except in July) but mostly not significant, reaching 37% of
total land in May in central-western (Table 1). There is not a clear spatial
distribution of correlations between SW and Tmin, while in Tmax

Both southerly advect

ion SE and SW present a spatial distribution of

correlation signal with positive temperature values to the N-NE-E under
SW flow, and to the N-NW under the SE type. In both cases the coastland
areas under the influence of flows correlate negatively.

The third positive flow is the S, which monthly frequency is low
(<1 day/montbh, Fig. 2). Under this, WT Tmax is correlated positively
and significantly across IP (>50%) in September and November, and

with Tmin in September,
The spatial correlation di

, November-December and March (Table 1).

stribution does not show any spatial contrast

between opposite regions of Iberia (Fig. 10).
Finally, positive correlation has been identified between the A type

(discarding the significance) we detect a SW-NE/W-E gradient with
negative/positive (Fig. 8).

The SE advection also presents a high monthly frequency
(>1 day/month) except June (Fig. 2). The correlation is positive
and significant for Tmax in more than 50% of total land between
April-June and August-September and, to a lesser extent, in March
and October (>30%). The highest and significant correlation values
obtained with Tmin are observed in April-May and August (>50%
of total land) and, to a lesser extent, September and October (>30%,
Table 1). The spatial distribution of correlation with Tmax presents

and temperature. This WT is the most frequent along the year
(>5 day/month) and at highest frequency between September-March
(>7 day/month, Fig. 2) and is correlated significantly and spatially
generalized (>50%) with Tmax except in December, July and August
(Table 1). The positive correlation with Tmin is limited to February,
March and May (>75%), while negative correlation has been identified
in January and December (in >75% of total land) and in July (>50%).
In Tmin a N-S gradient with negative correlation and significant is
detected in the southern areas in December and January, while in
July the negative signal is located to the north (Fig. 11).

Table 1
Percentage of land (by pixels) with significant Pearson's correlation coefficients (p-value <0.05) estimated between temperatures (Tmax and Tmin) and WTs (directional and pure).
Positive Negative
NE N NW C A W S SE W E NE N NwW o C A N SE W E

Tmax  Jan 67 2 1 8 33 36 58 38 12 46
Feb 100 6 7 2 n 9 57 100 4 9 49
Mar 2 99 28 36 7 4 91 5 100 2 37 5
Apr 92 1 1 75 2 17 6 2 80 47 53 6
May 95 90 74 17 100 65 37 20
Jun 59 16 59 44 96 55 25
Jul 2 9 1 17 9 7 17 28 1 6 9 16 10
Aug 5 6 14 79 1 4 39 54 35 3 2 8 3
Sep 92 97 65 23 9 99 45 62 50
Oct 99 11 330 6 76 81 76 96 75
Nov 85 38 84 1 23 64 99 32 52 10
Dec 18 97 36 76 30 67 63 45 6 54

Tmin  Jan 77 100 100 100 77 3 97
Feb 93 100 100 100 100 2 37 15 100
Mar 95 86 90 70 72 83 25 37 96
Apr 23 25 7 60 4 31 6 6 15
May 88 57 3 70 95 4 4
Jun 33 2 17 100 19 1
Jul 5 36 7 11 1 17 25 9 50 15 6
Aug 29 19 74 30 1 25 5 12 1
Sep 17 62 34 8 41 91 38 36
Oct 11 81 25 30 100 89 22 2
Nov 100 100 5 100 100 100 1 79
Dec 17 100 87 100 57 10 1 79 & 100
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Fig. 8. Pearson's coefficients (r) between the SW advection and Tmax (left) and Tmin (right).

4.3.2. WT with monthly negative contribution

The NE type affects Tmin during the cold months between October-
March (>50% of total land), and to a lesser extent in September and
April (>30% of total land). The signal of correlation is negative and
significant Tmax in more than 50% of total area in February, October
and November (Table 1). The spatial distribution of correlation for
Tmin shows a well-contrasted months: in December the negative-
significant correlation is located to the extreme southwest, while in
September it is mostly in the Northwest. The spatial distribution of
correlation with Tmax shows a NE-SW/E-W with negative/positive
values (Fig. 12). It is interesting to notice that monthly frequency of
this WT is high (>1 day/month) between July and August (Fig. 2)
when no significant correlations are detected with temperatures.

The NW advection presents the highest percentage of land (>75%)
with significant and negative correlation respect to the other directional
WT in May and June for Tmin (Table 1), when it is at the highest
frequency (Fig. 2). The spatial distribution of correlation with Tmax
shows a NW-SE orientation with negative/positive values, not observed
in Tmin (Fig. 13). Except March, July, August, September and November,
the spatial correlation is significant in >50% of land.

The NE and NW advections resemble the SW and SE advection
pattern changing the areas under positive and negative correlations,
and suggest that the spatial gradient emerges as a consequence of the
impact of Iberian relief in the air masses implying negative correlation
values in coastland areas where flows from northern latitudes arrive,
and positive correlation to the southern coastland.
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Fig. 9. Pearson's coefficients (r) between the SE advection and Tmax (left) and Tmin (right).
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Fig. 10. Pearson's coefficients (r) between the S advection and Tmax (left) and Tmin (right).

Finally, N advection, characterized by high monthly frequency
particularly in July and August (>3 day/month, Fig. 2) correlates
negative and significantly (>50%) with Tmax particularly in
February-March and August-December, and in February-March
and September-November in Tmin (Table 1). No spatial contrast
pattern has been observed (Fig. 14).

The C type is the last WT with generalized negative correlation values
with both temperatures; this WT has a high frequency >2 days/month,
except in July and August (Fig. 2). Its correlation with Tmax is mostly
negative (Table 1), the reverse than observed for A type, and highest
correlation values tend to be observed the southern areas under a
strong S-N gradient (Fig. 15). The correlation pattern obtained
with Tmin varies considerably between months and seems to be of

lower relevance, with positive areas in northern IP (July-August)
or southern ones (January).

4.3.3. Zonal advections contribution

The E advection (Fig. 16) presents a significantly negative correla-
tion with Tmin from November to March in over 75% of the territory
(Table 1). This negative contribution of E is also seen in the same
months for Tmax (except in March), but in a much smaller area, located
in the northern facade, the inner Northeast, and the Mediterranean
fringe. The negative influence observed in the rest of the months for
Tmax and Tmin is limited to the Southeast coast of the territory
(Fig. 16). On the contrary, the significantly positive correlation is
observed in larger areas for Tmax than for Tmin, and it is located in
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Fig. 11. Pearson's coefficients (r) between the A advection and Tmax (left) and Tmin (right).
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Fig. 12. Pearson’s coefficients (r) between the NE advection and Tmax (left) and Tmin (right).

both cases in the western parts of the IP. These areas with positive
correlation vary in size between March and October for Tmax, and
from May to September for Tmin. In summary, with the exception
of cold months, the E flow shows an east-west gradient, shifting from
negative to positive effects.

The opposite is observed with the flow from W (Fig. 17). The corre-
lation between this WT and Tmin is significantly positive in most of the
territory (>50%) from November until March (Table 1). In the rest of the
months, this flow has very little influence on temperatures except for
regions in the southwest (where the correlation is negative). Negative
non-significant correlations are observed in large areas between May
and October. As for Tmax, the effect of W is markedly different in time
and space. In general this WT causes a drop of temperatures in the
western facade between January and November, with the months

with the highest incidence (>50% of the territory) being March, April,
September and October. Therefore, W flows tend to lower Tmax and
to increase, especially in winter, Tmin values.

5. Discussion and conclusions
5.1. General consideration of model approach to WT effects on temperature

The study of the relationship between WTs and temperatures
confirms that atmospheric patterns provide meaningful information to
understand the spatial and temporal variations of Tmax and Tmin in
the IP. Particularly, the high spatial density of temperature data used
in this analysis allows the comprehensive identification of regions
with different behavior, most of which influenced by the relief as a
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Pearson’s
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® Significant 0.01
(negative signal)

o Significant 0.05
(negative signal)

Jul Not Signifi

(negative signal)
Not Significant
(positive signal)
o Significant0.05
(positive signal)
o Significant 0.01

<

Oct (positive signal)

£
N

Fig. 13. Pearson's coefficients (r) between the NW advection and Tmax (left) and Tmin (right).
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Jan

Dec

Pearson’s

coefficients (r)
* Significant 0.01
(negative signal)

* Significant 0.05
(negative signal)

Not

(negative signal)
Not Significant
(positive signal)
» Significant0.05
(positive signal)
o Significant0.01

(positive signal)

Fig. 14. Pearson's coefficients (r) between the N advection and Tmax (left) and Tmin (right).

critical element that delimits different areas. In the Portuguese territory,
although the scarcity of spatial information does not allow such a dense
analysis of WTs-temperature interrelationships as in the Spanish
territory, the model shows results that are consistent with those
attained for the Spanish territory, and give an idea of the space-time
continuum from the peninsular center to the Atlantic coast.

The model validation based on the MAE indicates that nightly tem-
peratures are better modeled than daily ones. Additionally, MAE results
are more robust in coastal than in the inner regions, and they are, on the
average, more reliable in winter as compared to the summer period. The
lower number of predictors (WTs) that Tmin models uses (as compared
to Tmax) suggests that night temperatures are less sensitive to pressure
variations that take place in the general circulation of the atmosphere.

Results are consistent with the general conclusions formulated in
the study conducted on precipitation in the IP using the same spatial
resolution (Cortesi et al., 2013b): the lowest number of predictors is lo-
cated in the southeastern fringe of the territory, near the Mediterranean
Sea. It is however noteworthy that clear differences are observed
between temperatures and rainfall due to the very nature of these two
climate variables. On the one hand, rainfall data correspond to cumula-
tive precipitation for each month, and so they are influenced by isolated
events directly associated with a specific WT. Temperature data, on the
other hand, correspond to the monthly averaging of daily records.

The spatial distribution indicates that the lower number of predic-
tors associated with Tmax and Tmin matches the areas in which
the spatial variability of temperatures (CDD) is higher, that is, in the

Feb

May Pearson’s

1%
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® Significant 0.01
(negative signal)
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3
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(positive signal)
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Fig. 15. Pearson's coefficients (r) between the C advection and Tmax (left) and Tmin (right).
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Fig. 16. Pearson'’s coefficients (r) between the E advection and Tmax (left) and Tmin (right).

southeast and east (Pefia-Angulo et al., 2015). This indicates that
local factors may cancel the effect of some WTs representing the
atmospheric overlying conditions in the IP. Recent results in eastern [P
demonstrated that relief effect on inversion layers could be one of
the most relevant factor to understand spatial variability of Tmin
particularly (Miro et al., 2015).

Future analyses, comparing NCAR/NCEP with other long daily SLP
database, such as the EMSLP (Ansell et al., 2006) or the 20th Century
Project (Compo et al., 2011), could help improving reconstruction
accuracy. Other possible improvement of the method could be
achieved expanding daily SLP field to include also information
given by geopotential heights, or including the geostrophic indexes

as potential predictors (the ones that can be defined also at monthly
time scale).

5.2. The different effects of WT on temperature

Day-time (Tmax) and nigh-time (Tmin) measurements are usu-
ally influenced by a combination of slightly different mechanisms.
Thus, Tmax is mostly driven by the solar radiation cycle, and modu-
lating effect of cloud cover, water vapor, aerosols and the latent heat
from evaporation (Dai et al., 1999; Philipona et al., 2005; Makowsky
et al,, 2008; Lauritsen and Rogers, 2012). On the other hand, Tmin is
also conditioned by cloud cover and the latent heat fluxes from soils

Jan Feb Jan
Apr May Apr Pearson’s
coefficients (r)
! o Significant 0.01
(negative signal)
* Significant 0.05
(negative signal)
Jul Aug Jul Not Significant
(negative signal)
y Not Significant
i (positive signal)
S » Significant0.05
(positive signal)
o Significant 0.01
Sep Oct Nov. Oct (positive signal)
g )
o N
Tmax t 0 300km

Fig. 17. Pearson’s coefficients (r) between the W advection and Tmax (left) and Tmin (right).
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during nigh-time, that can vary by more localized factors such as
land-use changes (Kalnay and Cai, 2003; Christy et al., 2006, 2009;
Jones et al., 2008; Ren et al., 2008; Klotzbach et al., 2009), and the
relief that can promote inversion layers (Mird et al., 2015). These un-
derlying factors must be taken into account in the spatial and tempo-
ral analyses of correlation maps obtained between WT and both
Tmax and Tmin as we have presented here. In this context, the WT
approach is useful to provide the synoptic forcing, but its role to
understand the monthly spatial variations of temperature should
be evaluated considering the other factors mentioned above that
control the radiation component.

The present analyses confirm that, in general, WTs related to northern
advections (N, NE, NW) cause a decrease in temperatures in the IP, while
WTs related to southerly ones (SW, S, SE) cause an increase of tempera-
tures. These results match previous works using much less dense datasets
(Rasilla, 2003; Ferndndez-Montes et al., 2012; Martin and Olcina, 2001),
but we find that they differ significantly at spatial and temporal levels
(months), and sometimes the effect varies between Tmax and Tmin. Fur-
thermore, the spatial analyses of correlations suggest that in the IP, the
Tmax values under directional WT suffer a generalized adiabatic process-
es with observed Tmax gradients presenting an overall shape in accor-
dance with the air mass origin. Therefore, it is understandable that in
this processes the spatial distribution of main mountain chains plays a
key role. We suggest that the unclear spatial distribution in Tmin under
these WTs could be related to the effect of more local factors as was
referred previously. Research in progress about land use changes
and temperature in the Spanish mainland perhaps would be able to
elucidate in future such important question.

Zonal advections represented by WTs W and E are likely the
most useful ones to reveal the effect of the relief on temperature
spatial patterns (Fig. 1). Regardless of its origin, both advections
(W and E) cause inflows of sea air that in turn lead to a lower than
usual temperatures in the affected coastal areas. As soon as these air
masses enter into the IP from Mediterranean Sea (under E type), they
ascend mountain ranges and when descending on the other side of
the relief causes an effect of adiabatic heating, and thus, the relationship
sign is inverted (increase of temperatures) in the central-western areas,
which are further from the flow direction. Therefore, E flows reduce the
temperatures in the Mediterranean coast but their effect changes and it
ends up causing an increase of temperatures in the central-western
regions. This effect is especially visible during summer months. On
the contrary, under W flow, a negative contribution is observed in
the western-central regions of Iberia, leading to an increase of the tem-
peratures in the Mediterranean coast, a result that had been observed
before in the analyses of extreme temperature (Fernindez-Montes
etal, 2012).

Finally, the two pure WTs (A and C) have quite different
impacts. Under the A type we detected a positive/negative effect
on Tmax/Tmin, particularly in winter months. The positive contri-
bution of A on Tmax is likely related with the increase in sunshine
duration detected in the IP (Sanchez-Lorenzo et al., 2007; Trigo
et al., 2002), except for inner regions where large fogbanks can
be developed (Martin and Olcina, 2001). The negative effect of A
type in Tmin could be related with the decrease in cloudiness in the IP
(Sanchez-Lorenzo et al,, 2007, 2012) and its effect on irradiation losses
(Fernandez-Montes et al., 2012, Trigo et al., 2002). Water vapor, as a
major GHG, seems to play a minor role because specific humidity in
the IP has not changed significantly (Vicente-Serrano et al., 2014a,
2014b); these results agree with the effect of water vapor and cloudi-
ness on Tmax suggested by Dai et al. (1999), Trigo et al. (2002) and
Philipona et al. (2005) between others. In the remaining months,
A causes a generalized increase of temperatures, except for July and
August, when A type frequency is lower and sunshine has decreased
(Sanchez-Lorenzo et al., 2007).

The mechanism that controls the relationship between C-type and
temperatures does not appear to be so clear, and C type mainly causes

at
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emperature drop for Tmax (except for July and August), while its

influence on Tmin is minimal.

5.3. Final remarks

The statistical relationships established between WTs and monthly

temperature for present climate by the regression model can also be
employed to estimate temperature changes in future by assessing the
change in WTs frequency on the base of simulated SLP data from global
circulation models (Demuzere et al., 2009; Lorenzo et al,, 2011) or from
regional climate models (Astrom et al., 2015). However, such an

ap
‘ro
rel

proach is based on the so-called ‘stationarity hypothesis’ or
bustness assumption’ (Gutiérrez et al., 2013), that considers the
ationships to be constant in time, in order to remain valid under

climate change conditions. This hypothesis is difficult to verify and
is an ongoing research field (Hertig and Jacobeit, 2013). For this
reason, even in case the frequency of one or more WTs might not
change in the near future, the contribution of each WT to Tmax or
Tmin might change in an unpredictable way.

The WT classification could be improved taking into account other

predictors. A recent preliminary assessment of 46 statistical downscal-
ing methods (of which 4 relying on the weather type approach) for
the European region done in the framework of the COST Action VALUE

ES
in

1102 (2015), has demonstrated that the better performing methods
predicting local daily temperature and precipitation are those who

takes into account, beyond SLP, also other large-scale variables well
simulated by climate models such as the geopotential height and
the humidity. In this work, a relatively simple WT classification was
preferred because the main objective was understanding the physical

lin

ks between WTs and temperature in the IP, not validating a

state-of-the-art method for predicting temperatures.
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Parte lll.

Discusion y Conclusiones

El apartado final de la tesis se dedica a realizar una reflexion
global de la investigacion realizada, tomando en muchos
casos informacion relevante procedente de investigaciones
realizadas por otros autores, que sirven para afianzar algunas
de nuestras conclusiones o, en su caso, para plantear temas
de trabajos futuros. La autora muestra su reconocimiento a
dichos investigadores con esta introduccion.
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11. Discusidn

Los trabajos publicados, los no incluidos en la presente memoria y las diversas
contribuciones a congresos nacionales e internacionales, forman parte de una linea de
investigacion enfocada a analizar la variabilidad espacio temporal del comportamiento
de las temperaturas maximas y minimas en el territorio peninsular espafiol.

Antecedentes: Justificacion:

Las bases de datos mundiales y espafiolas de Es necesario conocer en detalle el comportamiento
temperatura son de baja resolucién espacial. espacio-temporal de las temperaturas.

Hipotesis:

Existen discrepancias sobre la época del afio, la medida térmica y el lugar en el que se ha producido el aumento
térmico en la Espafia peninsular, y se desconoce realmente en detalle su heterogeneidad espacial y temporal.
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Conclusiones:

En la Espafia peninsular la Tmax presenta una menor variabilidad espacial frente a la Tmin. El mayor aumento de las temperaturas ha
tenido lugar en las areas de la costa mediterrdnea en donde se han producido los mayores cambios en los usos del suelo. Las
variaciones temporales de Tmax se atribuye a cambios globales, mientras que en Tmin tiene un mayor peso los factores locales.

Figura 41. Esquema del proceso metodoldgicos y sus resultados realizado en el proyecto de investigacion.

En la Figura 41 se muestra un esquema global en el que se incluyen el desarrollo de
los principales objetivos y los métodos empleados que han venido exponiéndose en los
capitulos previos, y los resultados obtenidos, antes de realizar una breve discusiéon
global de los mismos. La discusidon se centrard en los aspectos fundamentales
obtenidos: la variabilidad espacial y temporal de las temperaturas y sus posibles
causas.

11.1. La variabilidad espacial y temporal de las
temperaturas en el territorio peninsular espafiol

La variabilidad espacial de las temperaturas en el territorio peninsular espafiol se ha
manifestado en esta investigacion de diversas maneras, como por ejemplo en la nueva
climatologia, en el andlisis de las distancias entre observatorios con variancia comun y
en el estudio de tendencias.

La nueva climatologia realizada con los promedios mensuales actualizados de
maximas y minimas demostrd, en el proceso de validacion del método de
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interpolacion, que las peores estimaciones se logran en verano tanto en temperaturas
diurnas como nocturnas, y las mejores predicciones en el invierno en Tmax y en
primavera en Tmin. En ambos casos, desde el punto de vista espacial, las areas de
mayor elevacion son las que presentaron peores predicciones, entre otras razones por
un menor numero de estaciones.

La naturaleza del método que ofrecié mejores resultados, el denominado LWLR,
parece ser la causa de que haya ofrecido los mejores resultados en comparacién con
los restantes analizados. EI LWLR se corresponde a un modelo de regresion lineal entre
la temperatura y la altitud que pondera los observatorios en funciéon de diversos
factores geograficos como la orientacién, latitud, longitud, pendiente y distancia a la
costa, todos ellos reconocidos como capaces de modificar la temperatura de un lugar.
Por tales razones se entiende que el método utilizado ha podido captar con detalle y
coherencia espacial la variacion mensual de maximas y minimas. No obstante, la
ausencia de observaciones en altitud impone cautelas, si bien en las areas elevadas el
LWLR fue el que mejores resultados obtuvo cuando se ha podido disponer de datos
originales.

Dada la variabilidad espacial de la temperatura mostrada en otros apartados de la
presente tesis, y la coherencia de los resultados de la nueva climatologia, los
resultados sugieren que el método empleado ha capturado razonablemente bien su
distribucién espacial, por lo que se sugiere que en futuras climatologias se utilice
siempre métodos que incluyan factores geograficos a escala local como los empleados
en el presente estudio.

Una segunda manifestacion de la variabilidad espacial de las temperaturas en el
territorio analizado surge del anadlisis de distancias y variancias comunes entre
observatorios a partir del denominado CDD. Los resultados generales de este andlisis
muestran que la temperatura nocturna es mas variable espacialmente que la diurna,
gue existe un gradiente latitudinal general NW-SE, que la mayor variabilidad espacial
se localiza en la franja mediterrdnea y la mas baja en el interior, norte y oeste, y en
cuya explicacion el relieve parece cobrar relevancia. Esta variabilidad también difiere
en el tiempo, aumentando en las minimas entre los meses de marzo a octubre y
disminuyendo de noviembre a febrero, que pudiera tener relacién directa con la
radiacion solar; sin embargo en las maximas el comportamiento es contrario.

Uno de los resultados mas novedosos de este analisis ha sido identificar umbrales
de distancias de variancia comun entre observatorios que resultan ser muy inferiores a
los sefialados en estudios precedentes. De hecho el estudio presentado es el primero
gue se realiza en el territorio analizado. Por ejemplo, en el sureste se constata que
solamente se supera un 50 % de varianza comun en observatorios a distancias no
superiores a 150 km, e incluso hay dreas en que apenas se llega a los 50 km (provincia
de Almeria). En dreas del interior y oeste del territorio el umbral estimado se localiza
en torno a 300 km. Por ello, se recomienda que en el territorio de la Espafia peninsular
los estudios espaciales de temperatura (interpolaciones, series de referencia, etc.)
utilicen como distancia maxima 200 km.

Por ultimo, el analisis de la variancia comun en diferentes intervalos de altitud
revela que la variabilidad espacial es mayor en Tmin que en Tmax en cualquiera de los
intervalos, excepto en los meses frios de noviembre, diciembre y enero. En general la
variabilidad espacial de Tmax disminuye con la elevacion y se incrementa en baja cota,
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mientras que en Tmin es mds homogénea en cualquiera de los intervalos de altitud,
excepto en los meses frios.

La sefal general de la evolucidn de las temperaturas en las décadas recientes
(1951-2010) en el territorio espafiol peninsular es positiva. La serie regional muestra
tres fases ampliamente reconocidas: una disminucién desde los afos 50 hasta los 70;
un maximo entre 1970 y 1990, y una etapa final caracterizada por la disminucion de la
intensidad de calentamiento que no es significativa, a excepcidén de la primavera en
Tmin. Este ultimo periodo, denominado “hiato”, ha sido recogido en otros trabajos a
escala global (Easterling y Wehner 2009; Fyfe et al. 2013; Kosaka y Xie 2013), y se
define por la falta de significacion estadistica en la tendencia del calentamiento (Meehl
etal., 2011).

Las explicaciones del hiato son variadas, e incluyen la disminucién en la
concentracion de vapor de agua de la estratosfera (Solomon et al.,, 2010), la
redistribucion del calor entre las capas altas y bajas del océano, particularmente en el
pacifico (Meehl et al.,, 2011; Chen y Tung, 2014), la combinacion de la variabilidad
interna del clima y forzamientos radiativos, incluyendo factores antrépicos (Kaufmann
et al., 2011), el efecto de alta frecuencia del acoplamiento mar vy tierra, como los
eventos El niflo — La nifia, y una transferencia de calor de las profundidades del océano
(Kosaka y Xie, 2013; Tollefson 2014; Trenberth et al., 2014; Douville et al., 2015).

El inicio del hiato normalmente se sefiala en torno al ano 2000 por lo que su
duracion estaria en torno a 10-15 afos, y en el momento actual hay un debate muy
intenso sobre si ha terminado o no (Trenberth et al., 2014; Schmidt et al., 2014;
Kaufmann et al., 2011; Loehle, 2009; Meehl et al., 2011; Kosaka y Xie 2013; England et
al., 2014; Swanson y Tsonis 2009; Liebmann et al., 2010; Quirk, 2012; Fyfe et al., 2013).
En este proyecto de investigacidn, el inicio del hiato se ha identificado en el inicio de la
década anterior, de modo que durante los ultimos 20 afios las tendencias de
temperatura no han son significativas en la escala anual, si bien el comportamiento
estacional es diverso entre maximas y minimas.

El aumento global de la temperatura durante el siglo XX en Espana se ha atribuido
fundamentalmente al invierno (Brunet et al., 2007), y en las décadas recientes
(periodo 1971-2000) al verano y la primavera (Brunet et al., 2007). Similares resultados
fueron encontrados por del Rio et al. (2011, 2012), Rios et al. (2012), Llorente (2012),
Guijarro (2013), Ramos et al., (2011), y concuerdan con los resultados presentados en
esta tesis. No obstante, los resultados en este proyecto de investigacidon difieren de los
anteriores en tanto que en las décadas recientes la tasa de las minimas supera la de las
maximas en algunos meses.

El maximo aumento térmico se ha detectado en el periodo 1970-1990 por medio
del analisis de ventanas moviles; este método ademads ha permitido confirmar que en
los 20 afios recientes (hasta final de MOTEDAS, 2010) las tendencias no han sido
significativas en los promedios anuales y estacionales, lo que sugiere que el hiato en el
territorio analizado ha sido un fendmeno evidente, cuyo inicio ha sido previo a la
fecha indicada en otros lugares del mundo, y que necesita ser analizado vy
comprendido en sus causas.

Los andlisis de evolucién de temperaturas maximas y minimas a escala estacional
permiten ademas detectar variaciones entre mediciones y periodos del afio. En el caso
de Tmin las mayores tasas de calentamiento significativo se produjeron en primavera,
verano y otofio entorno a los 70, mientras la evolucién de Tmax no ha sido significativa

161



Parte lll. Discusion y Conclusiones Variabilidad espacio temporal de las temperaturas
mensuales en la Espafia Peninsular

en las décadas recientes. Por ultimo queremos sefalar que el estudio estacional
esconde un hecho importante, pues el valor de su tendencia muchas veces oculta el
comportamiento diferenciado de los meses incluidos.

Las tendencias de Tmax y Tmin no solo varian de mes a mes, sino también en el
espacio. Durante el periodo de estudio (1951-2010) la evolucién de las maximas
mensuales ha sido positiva y significativa en febrero y marzo al Oeste del territorio, y
en junio y agosto practicamente en su totalidad. Por su parte Tmin presenta una
tendencia positiva y significativa, en el drea este del territorio, en marzo, abril, mayo,
septiembre y octubre, y ocupa todo el drea en los meses de verano. Si a ello sumamos
gue la tasa en las décadas recientes ha sido superior en algunas dreas y meses en las
temperaturas nocturnas que diurnas, ello implica que la tendencia de la amplitud
térmica puede haber sido positiva o negativa segun areas y meses. Futuros analisis de
las tendencias mensuales con ventanas mdviles podrdn quizas aportar nueva
informacidén para precisar con detalle estos aspectos.

En términos generales se ha sefialado durante décadas que la tendencia de DTR
presentaba una senal positiva hasta 1980 y que habria cambiado a negativa en fechas
recientes. Anteriormente ya hemos comentado este hecho, que en el caso del area de
estudio estd sometido a debate dado que las investigaciones mas recientes muestran
resultados con tendencias positivas bien en el conjunto del territorio (Brunet et al.,
2007; Bermejo y Ancell 2009; del Rio et al., 2012; Rios et al., 2012; Guijarro, 2013), o
algunas areas especificas (Abaurrea et al., 2001; Brunet et al., 2001; Morales et al.,
2005; del Rio et al., 2007; Galan et al., 2001), mientras que también se han sefalado
tendencias negativas en ambos casos (Staudt et al., 2005; El Kenawy et al., 2012;
Martinez et al., 2010; Ramos et al., 2011; Miro et al., 2006; Horcas et al., 2001; Esteba-
Parra et al., 2003; Garcia-Barrdén y Pita, 2004).

Los resultados de la presente investigacion nos permiten sugerir que, pese a la
dificultad de comparar investigaciones de distintos periodos y densidad de
observaciones, la nueva base de datos MOTEDAS permite encontrar cierta coherencia
entre todos ellos. Entendemos que la razdén estriba en la elevada densidad de
informacién que incluye MOTEDAS, en cuyos analisis hemos podido observar una sefial
positiva en la mitad norte, salvo en octubre, noviembre y mayo, mientras en la mitad
sur del territorio y costa mediterranea la seiial es preferentemente negativa, a
excepcion de enero, febrero, marzo, abril y junio, que concuerda con los resultados de
la mayoria de los estudios regionales que normalmente incluyen mayor densidad de
informacion.

11.2. La variabilidad térmica: El diferente
comportamiento de las temperaturas maximas y
minimas y sus posibles causas

La variabilidad espacial de las temperaturas en el planeta se ha atribuido a diversos
factores, entre los que podemos citar la orografia (Irvine et al., 2011), el contacto
Tierra-Océano (Hopkinson et al., 2012), los mecanismos atmosféricos que gobiernan el
clima y las estaciones (Hansen y Lebedeff 1987), etc. En otras ocasiones la citada
variabilidad térmica se han relacionado con la modificacién del balance de energia,
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incluyendo entre las posibles causas los aerosoles, los cambio en los usos del suelo, el
albedo, o la humedad del suelo (Tang y Leng 2009; Peng et al., 2014).

El diferente comportamiento observado en el espacio y en el tiempo entre Tmin y
Tmax, especialmente en los estudios de variancia comun o tendencias, pero no solo,
nos lleva a considerar qué factores son los que controlan las temperaturas diurnas y
nocturnas (Mahmood et al., 2010), y sino también considerar cdmo han podido actuar
en el drea de estudio.

Es generalmente aceptado que la temperatura diurna, expresada por Tmakx,
representa la temperatura de la columna de aire y los cambios que ocurren en ella por
procesos adiabdticos y depende de factores mds generales como la radiacién solar
modulada por la cobertura de nubes, y el calor latente de la evaporacién de la
humedad del suelo (Dai et al., 1999; Lauritsen y Rogers 2012). Sin embargo son menos
claros los factores que influyen en las temperaturas nocturnas, expresadas por Tmin,
porque sus valores registran la temperatura de un volumen de aire mas pequeno al
disminuir el espesor de la capa limite durante la noche por el balance de energia
negativo (McNider et al., 2010; Christy et al., 2009 a; Klotzbach et al., 2009). Como
consecuencia, cabria esperar una mayor variabilidad espacial de las medidas nocturnas
que diurnas, tal como se ha detectado en general en el presente estudio, y
especialmente en las dreas en donde los factores modificadores de las mismas hayan
sufrido mayores cambios.

En el drea de estudio algunas investigaciones han sefalado una correlacidon
significativa positiva/negativa entre Tmax y la insolacion/nubosidad en primavera,
verano y otofio, pero no en invierno (Sanchez-Lorenzo et al., 2008). Estas correlaciones
se enmarcan en la evolucidn negativa (dimming) de la insolacién desde 1950 hasta los
afios 80, periodo al que ha seguido una sefal positiva (brightening) en consonancia con
el descenso de la nubosidad en las décadas recientes (Sanchez-Lorenzo et al., 2007,
2012). Los resultados son coherentes con la sefial negativa (no significativa) de las
precipitaciones (de Luis et al.,, 2010), y la ausencia de tendencia generalizada en la
humedad especifica (Vicente-Serrano et al., 2014a), que concuerda con el estudio de
Philipona et al. (2005) quien ha detectado una evolucién negativa del vapor de agua
sobre la Peninsula Ibérica en dicho periodo, causa para estos autores de su
enfriamiento térmico en la década 1995-2004. De lo anterior se podria deducir que el
periodo mas reciente en la Peninsula Ibérica ha estado caracterizado por un aumento
de la insolaciéon y reducciéon de la nubosidad, ligado a un incremento de la
evapotranspiracion potencial causada por el aumento térmico global que redujo la
humedad relativa, pero sin experimentar cambios significativos en la humedad
especifica ni en la precipitacién.

En las décadas mas recientes la evolucion de los promedios estacionales, anuales y
gran parte de los mensuales de Tmax ha resultado ser no significativa, y una posible
explicacion pudiera ser que no ha habido la transferencia “normal” del vapor de agua
desde los océanos, como han sugerido Philipona et al. (2005), Simmons et al. (2010), y
Vicente-Serrano et al. (2014a), en consonancia con el comportamiento de la insolacién,
nubosidad, precipitaciones, y humedad relativa y especifica ya citados. De este modo,
al disminuir la cantidad de vapor de agua sobre el drea de estudio se podria considerar
gue su ausencia pudiera ser una de las razones de que el aumento de Tmax en las
ultimas décadas se hubiera detenido; estos resultados son acordes con los efectos del
vapor de agua sobre Tmax sugerido por Dai et al. (1999) y Philipona et al. (2005), pues
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recordemos que el vapor de agua es el gas con mayor poder de efecto invernadero, y
abren un camino de futuras investigaciones. Pero la evolucion de los valores de Tmin
en el tiempo no parece poderse explicar por el mismo argumento, porque el
incremento de Tmin normalmente se ha asociado precisamente con altos valores de
humedad (Philipona et al., 2005), y por otro lado se reconoce que factores locales
pueden tener gran influencia en sus registros.

En este sentido, si entendemos la circulacién atmosférica como un factor de escala
general o global, los resultados de algunos de los analisis presentados ofrecen nueva
informacidén sobre las posibles causas de la variabilidad espacial de las temperaturas,
especialmente diurnas.

El estudio de la circulacién atmosférica y su relacion con los tipos de tiempo ha
permitido observar que durante los meses frios el nimero de situaciones es mayor en
Tmin que en Tmax y a su vez que los meses con menor numero de predictores de Tmax
son diciembre, enero, julio y agosto, mientras que en Tmin abarcan desde marzo a
octubre. Durante los meses frios el menor nimero de predictores de las minimas se
localiza al sureste y algunas regiones del norte, mientras los meses con menos
predictores de las maximas son diciembre, enero, julio y agosto y no muestran un
patrdén espacial claro.

Los resultados coinciden con los comentarios previos de variancia comun y distancia
entre observatorios, y permiten deducir que en las areas con mayor variabilidad
espacial el niumero de tipos de tiempo que explican la variabilidad de las temperaturas
es menor. Por ello cabe pensar que en las areas, meses y medida termométrica donde
se observa una mayor variabilidad espacial y un menor nimero de predictores, los
factores que condicionan el comportamiento de las temperaturas estan relacionados
no con cuestiones de la circulacién general de la atmosfera expresado a partir de los
tipos de tiempo, sino con factores locales.

Los tipos de tiempo de manera individual suponen un aumento o disminucién de las
temperaturas mensuales, sobre todo si estos presentan una alta frecuencia mensual.
Como es logico pensar, las advecciones meridionales tienden a aumentar la
temperatura junto con las situaciones anticicldnicas, y a la inversa las advecciones
septentrionales y las situaciones ciclénicas. En este contexto un caso especial y
particular son las advecciones zonales del Este y Oeste que tienen contribuciones
positivas y negativas simultdneamente en el territorio. Estos resultados coinciden con
algunos estudios previos (Rasilla 2003; Fernandez-Montes et al., 2012; Martin-Vide y
Olcina, 2001), si bien en esta ocasién la densidad de informacién permite precisar con
mucha nitidez los limites espaciales de la influencia de cada tipo de tiempo. Muestra
de ello es el caso de las advecciones del mediterrdneas del Este y las atlanticas del
Oeste y su relacion con las temperaturas maximas. En condiciones de advecciones
mediterraneas del Este se produce un descenso de las temperaturas diurnas a lo largo
de la costa mediterranea mientras al otro lado de la barrera montafiosa la correlacion
positiva sugiere un calentamiento adiabatico a lo largo de todo el centro de la Espana
peninsular hasta las costas portuguesas; y lo contrario con el tipo de tiempo QOeste,
dando lugar a un efecto foehn a escala peninsular.

En conclusion, la interaccion de los tipos de tiempo (considerados como un factor
global) con un factor de cardcter mas local como el relieve, aporta informacion
relevante para comprender al menos en determinadas condiciones la variabilidad
espacial de las temperaturas diurnas.
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Las observaciones previas sobre los posibles efectos de factores globales en las
temperaturas (humedad, insolacion, circulacion atmosférica etc.) no son aplicables a
las temperaturas nocturnas, con las que las relaciones estudiadas han arrojado
resultados muy poco concluyentes. Por ello parece poder sugerirse que las
temperaturas minimas han estado y estan siendo influenciadas en mayor medida por
factores locales.

Desde mediados de los afios setenta en diversas regiones espafiolas ha habido
importantes modificaciones de los paisajes que han afectado a extensas areas. Estos
cambios de usos del suelo incluyen nuevos regadios (Stellmes et al., 2013; Hill et al.,
2008; Grindlay et al., 2011), infraestructuras y urbanizacién (Zuniga et al., 2012), e
incendios (Enriquez y Del Moral, 2012), y han tenido especial incidencia en la mitad sur
y vertiente mediterranea.

En el presente estudio se ha detectado la mayor variabilidad espacial de las
temperaturas nocturnas donde los cambios de uso del suelo han sido mas intensos.
Por ello, la posibilidad de que los cambios de usos del suelo hayan podido tener, y en
este momento tengan, un control sobre la evolucidn reciente de las temperaturas, es
un posibilidad que no se deberia desechar.

11.3. Consideraciones finales

La presente tesis de doctorado se ha desarrollado empleando la nueva base de
datos MOTEDAS cuya alta resolucidn espacial nos ha permitido definir en el espacio los
fendmenos analizados con un detalle no logrado hasta el momento, que en parte son
la causa para sugerir algunos posibles factores de la propia variabilidad térmica en el
area de estudio. MOTEDAS no es algo terminado, y en estos parrafos finales se quiere
destacar la necesidad de seguir completando sus registros mediante la digitalizacién de
la informacion disponible en los libros de resumenes mensuales y aumentar la
resolucidon temporal y espacial de sus observaciones que permitan mejorar los andlisis
futuros.

Esta labor podria cubrir algunos de los vacios espaciales detectados en los mapas de
distribucién espacial de las estaciones meteoroldgicas, no solo en las dareas de
montafia donde se encuentra el mayor déficit de estaciones, sino también en algunas
areas del interior como Albacete, Badajoz y Toledo. Una alta densidad de estaciones
mejoraria los futuros estudios y quizd ampliaria el periodo temporal en areas en las
que la informacién hoy dia es muy escasa.

Por ultimo, se destaca que la base de datos MOTEDAS no estd libre de errores. A
pesar del control de calidad realizado (1/3 de las estaciones fueron corregidas por
inhomogéneas) es muy posible que persistan series con problemas de
inhomogeneidad o datos andmalos no detectados. Ello nos sugiere que mantener el
control de calidad a los datos actuales, aplicar nuevos controles a los que se puedan
rescatar de los libros mensuales, y continuar en futuras actualizaciones aplicando
nuevos controles es una tarea imprescindible, aceptando que todo control de calidad
no es algo definitivo.
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12. Conclusiones

La conclusién general que se obtiene de las investigaciones realizadas en la presente
tesis de doctorado es que las temperaturas mensuales en las décadas recientes (1951-
2010) en el territorio peninsular de Espafia muestran una alta heterogeneidad
temporal y espacial, que diferencia claramente el comportamiento de maximas vy
minimas. Esta heterogeneidad de las temperaturas se manifiesta en la distribucién
espacial de los promedios mensuales de la nueva climatologia, en las variaciones
espaciales de la variancia comun, en el diferente comportamiento de las tendencias
mensuales, estacionales y anuales de sus valores diurnos y nocturnos y su distribucién
espacial, y, por ultimo, en el reparto diferenciado en el espacio de las relaciones con
los tipos de tiempo.

Las principales conclusiones que se extraen de este proyecto de tesis son:

Las temperaturas han aumentado en el territorio peninsular espafol en el
periodo 1951-2010. El aumento se produce fundamentalmente en primavera y
verano. El incremento de las temperaturas no ha sido constante, y se puede
datar el maximo calentamiento entre 1970-1990.

El periodo final, cuyo inicio se data en torno a 1990, presenta una tendencia no
significativa de las temperaturas. Este patrén se le conoce como hiato cuyo
inicio se anticipa una década a la fecha generalmente sefialada. La deteccidn
del hiato varia estacionalmente. En las ultimas dos décadas solamente la
tendencia positiva es significativa en las minimas de primavera.

En el periodo analizado se detecta un comportamiento distinto en mdaximas y
minimas en la escala mensual, estacional y anual. Se detectan diferencias
espaciales en las tendencias de maximas y minimas que se entienden como
una manifestacion de la heterogeneidad espacial de las temperaturas. Los
valores estacionales en muchos casos ocultan la heterogeneidad del
comportamiento de los meses incluidos.

La amplitud térmica mensual divide el territorio estacionalmente en los meses
mas cdlidos, con tendencias positivas no significativas en la mitad norte, vy
negativas y significativas en la mitad sur y costa mediterranea. El
comportamiento de la amplitud es un reflejo de la variabilidad espacial de las
temperaturas maximas y minimas, lo que sugiere que son diferentes los
factores de control en las temperaturas diurnas y nocturnas.

La nueva climatologia actualizada de alta resolucidn se ha realizado mediante
un modelo de interpolacion (LWLR) que incluye diferentes factores geograficos
de escala local, lo que permite obtener resultados dptimos en las areas mas
elevadas del territorio.

En general las minimas son mds variables en el espacio que las mdaximas. Los
estudios de variancia comun en el espacio sugieren diferencias entre maximas vy
minimas segun el momento del afio: las maximas son mas variables en los
meses extremos de invierno y verano (minima y maxima radiacion), y las
minimas en el periodo marzo-octubre. La variabilidad espacial de las
temperaturas es superior en las cotas bajas y zonas de costa.
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= El distinto comportamiento observado en maximas y minimas en sus
tendencias, las relaciones con los tipos de tiempo, los promedios climaticos y
sus variancias comunes, sugieren aceptar que las temperaturas diurnas vy
nocturnas representan diferentes condiciones de la atmdsfera, y pueden estar
afectados por diversos factores.

= Los resultados de la presente investigacion son coherentes con las conclusiones
generales ofrecidas por estudios previos sobre las relaciones entre maximas y
minimas con insolacién y nubosidad, precipitaciones, humedad, y sugieren que
la evolucidn mas reciente de las temperaturas diurnas puede haber estado
controlada entre otros factores globales por la ausencia de transferencias de
vapor de agua desde los océanos; mientras que en la temperatura nocturna
podrian tener un fuerte peso los factores locales como los cambios en los usos
del suelo.

= Espacialmente, factores globales como la circulacidon atmosférica representada
por los tipos de tiempo, se combinan con factores de caracter mas local como
el relieve. Es el caso de las dreas afectadas por advecciones Este y Oeste que
principalmente se manifiestan en las temperaturas diurnas (no tanto las
nocturnas), dando lugar a un efecto fohen a escala peninsular.

= la variabilidad espacial y temporal de las minimas es superior en la mitad sur
de la peninsula, costa mediterranea y meses cdlidos. Esta situacion coincide
espacialmente con las areas donde los paisajes han sido modificados con mayor
intensidad en las décadas recientes por la actividad del hombre.
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13. Conclusions

The overall conclusion is that monthly temperatures during the recent decades (1951-
2010) and in mainland Spain present high spatial and temporal heterogeneity, which
clearly differentiates the patterns observed in maximum and minimum temperatures.
The heterogeneity in temperatures is manifested in i) the spatial distribution of
monthly averages of the new climatology; ii) in the spatial variations of the common
variance; iii) in the different behaviour of monthly, seasonal and yearly trends in daily
and nightly data and their spatial distribution; and finally iv) in the differential
distribution over the space of the relationships between temperatures and weather
types.
The main conclusions derived from this project are:
= Temperatures have increased in mainland Spain between 1951 and 2010. The
increase is especially marked in Spring and Summer, it has not been constant
along the time, and the highest warming is observed during the period 1970-
1990.
= The most recent period, which starts around 1990, presents a non-significant
trend in temperatures. This pattern is known as hiato is detected in the studied
area, which starts with 10 years of anticipation with respect to the generaly
estimated starting date for this phenomenon according to other studies. The
detection of this hiatus changes within seasons. During the last two decades, a
significant positive trend in temperatures is only observed for minimum
temperatures in Spring.
= During the analysed period, a different behaviour is observed for maximum and
minimum temperatures for the monthly, seasonal and yearly scales. Spatial
differences are encountered between maximum and minimum temperatures,
which is interpreted as a manifestation of the spatial heterogeneity of
temperatures. In many cases, he seasonally averaged values hide this
heterogeneity, which is observable in a monthly scale.
= The DTR distinguishes two scenarios: a.) during the warm months, positive non-
significant trends are observed in the northern half of the territory, and b.)
negative significant trends are observed in the South and along the
Mediterranean coast. The behaviour of the DTR reflects the spatial variability of
maximum and minimum temperatures, which indicates that the climatic factors
affect daily and nightly registres differently.
= The new updated high-resolution climatology has been generated using an
interpolation method (LWLR) that includes geographic factors at a local scale.
This allows the achievement of optimal results in the most elevated areas of
the territory.
= |n general, minimum temperatures are more spatially variable. The common
variance studies reflect differences between maximum and minimum
temperatures that depend on the period of the year: maximum temperatures
are more variable in Summer and Winter months (maximum and minimum
radiation), and, in turn, minimum temperatures are more variable during the
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period March-October. The spatial variability of temperatures is higher in
coastal regions and in lowlands.

= The different behaviour observed in the trends of maximum and minimum
temperatures, the relationship between temperatures and weather types, the
climatology and their common variances indicate that daily and nightly
temperatures represent different athmospheric conditions, and they may be
affected by different factors.

= The results presented here are in agreement with previous studies about the
relationship between maximum and minimum temperatures and sunshine,
cloudiness, precipitation and moisture. These results suggest that the most
recent evolution of daily temperatures may have been affected (among other
global factors) by the absence of water vapour transfer from the oceans. On
the other hand, local factors such as land uses appear to have a higher
relevance on nigthly temperatures.

= Spatially, global factors such as the athmospheric circulation represented by
the weather types are combined with more local factors (e.g., the relieve). This
occurs in areas affected by East and West advections, which are mainly
manifested in daily temperatures, leading to a so-called Fohen’s effect at the
peninsular scale.

= The spatial and temporal variability of minimum temperatures is higher in the
southern half of the peninsula, the Mediterranean coast and during the warm
months of the year. This situation matches spatially with regions in which the
landscapes have been especially altered during the recent decades by human
activities.
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14. Trabajos futuros

A raiz de los trabajos previamente presentados surgen lineas de investigacion en las
gue se debe continuar trabajando. A continuacién se muestra brevemente el conjunto
de trabajos en curso:

Ampliacion de los registros de temperatura mediante la digitalizacién de los
datos incluidos en los informes anuales publicados por los diferentes servicios
meteoroldgicos hasta 1950, lo que supone un aumento de la informacidn
espacial y temporal. Ademas, como parte del proyecto DESEMON (Desarrollo
de indices de sequia sectoriales: mejora de la monitorizacion y alerta temprana
de las sequias en Espafia, CGL2014-52135-C3-1-R), se estd trabajando en la
confeccidon de una base de datos de temperatura de mayor resolucién temporal
lo que incrementara las posibilidad de estudios.

El método de interpolacion LWLR ofrecid muy buenos resultados para las
temperaturas frente a otras técnicas de interpolacion, por lo que es interesante
realizar la climatologia con este método de interpolacion en otras variables
climaticas como es la precipitacion. Esto supone una actualizacion de la base de
datos de precipitacion MOPREDAS (Gonzalez-Hidalgo et al., 2011) y su posterior
conversiéon a malla.

La variacion temporal de las temperaturas a partir de las tendencias se
continua estudiando en ventanas moviles mensuales, asi como los efectos en la
significaciéon de Mann Kendall frente a la longitud de la serie temporal. Una vez
realizado el estudio de la tendencia en ventanas méviles de las temperaturas
estacionales, y comprobado en el estudio de la tendencia de 60 afios las
grandes diferencias que existen entre meses de una misma estacién, es
interesante obtener las ventanas moviles de tendencia para cada mes de las
variables térmicas.

El efecto Foehn a gran escala encontrado en el estudio de la influencia de los
tipos de tiempo en las temperaturas abre una nueva linea de investigacion en
la cual interesa conocer la relacién de la temperatura y los tipos de tiempo, con
otros elementos climaticos (por ejemplo la humedad). En este proyecto de
investigacion se ha indicado que frente a determinados tipos de tiempo la
temperatura aumenta o disminuye segun el momento del dia, la época del afio
y la region. Esto demuestra que en la relacidn entre los tipos de tiempo y las
temperaturas hay otros elementos como el relieve que determinan esta
dependencia. De igual forma se piensa que otros elementos climaticos como es
la humedad interviene en esta relacidn entre las temperaturas y los tipos de
tiempo.

También, se considera de interés realizar un estudio en el que se analice la
relacion entre las temperaturas mensuales de la Espana peninsuar y los
patrones de teleconexion que mds afectan al area trabajo (NAO, EA, SCAN
WEMOI, etc), asi como con la temperatura de las dos masas de agua que
rodean a Espafia, la radiacién solar y la cobertura de nubes.

Comparacion de la base de datos MOTEDAS con datos de los reanalisis (JRA-55,
ERA-Interim y NCEP/NCAR), que permite validar dichos modelos y conocer
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desde el punto de vista espacial dénde se producen las mayores diferencias.
Algunos estudio (Kalnay y Cai, 2003; Mooney et al., 2011) mencionan las
diferencias apreciables entre los valores de temperatura de los modelos
climaticos y los datos observados. En estos trabajos se sugiere que las
diferencias entre los datos observados y los modelos, se deben a que los
segundos tienen en cuenta las condiciones generales de la atmosfera, pero no
los efectos locales como pueden ser la influencia de los distintos usos del suelo.

= Durante la estancia en el centro de investigacion ICARUS del Departamento de
Geografia de la Universidad de Maynooth de Irlanda se comenzé el estudio de
la relacidon entre las temperaturas y los usos del suelo. En esta estancia se
realizé la clasificacion de los usos del suelo de la ciudad de Zaragoza mediante
imagenes satélites Landsat y la obtencion de indices a partir de la combinacién
de las bandas de la imagen.
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