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Resumen

Resumen

Las sociedades se encuentran en un estado de continua interrelacion con el medio ambiente
que las rodea y del que forman parte. En esa relacién multidireccional, el sistema climatico y, mas
concretamente, la temperatura del aire, juega un papel imprescindible a la hora de entender
multitud de procesos que nos afectan directa o indirectamente, tales como la disponibilidad de
recursos hidricos, los movimientos de poblacién, o la viabilidad de determinadas actividades
econémicas. En este sentido, las areas montafiosas son especialmente sensibles a los cambios
bruscos y rapidos que estan produciéndose en el medio ambiente, con el agravante de que, debido
a la mayor complejidad topografica y de procesos, la dificil accesibilidad y el menor poblamiento
de estas areas, son territorios en los que el conocimiento de la temperatura del aire es mucho mas
reducido que en otros entornos a mas baja altitud y de topografia mas sencilla. Sin embargo, a
pesar de ser areas menos pobladas y menos estudiadas, en las zonas montafiosas se generan
multitud de recursos, asi como riesgos naturales que nos afectan como sociedad. Por ello,
creemos que el estudio de una de las variables mas importantes del sistema climatico, como es la
temperatura del aire superficial, justifica la realizacién de este trabajo, que permitira conocer mejor
las condiciones ambientales que se observan en las zonas de montafia, asi como su efecto

consecuente en la totalidad del territotio.

En esta Tesis Doctoral se ha analizado la mediciéon y la dinamica espacio-temporal de la
temperatura del aire superficial (habitualmente medida a 1.25 - 2 metros sobre el nivel de suelo) en
las areas de montafia, con especial énfasis en su relacién con la altitud. Para ello se ha procedido a
realizar estudios a escalas de trabajo diferenciadas (regional y local) con el objetivo de analizar las
diferentes influencias de los factores explicativos de su variabilidad. El analisis ha sido realizado
combinando redes oficiales de observaciéon meteorologica con las mediciones tomadas por el
propio Grupo de Investigaciéon de Hidrologia Ambiental (IPE — CSIC) mediante temporadas de
trabajo de campo, lo cual otorga un interés afiadido a los resultados obtenidos. Ademas, se afiade
una propuesta metodoldgica para el disenio de redes de observaciéon a escalas de trabajo local
sobre areas de montafia, lo cual podra ayudar a la comparabilidad de nuestros resultados con otras

investigaciones.

La Tesis Doctoral es presentada como un compendio de articulos de investigaciéon publicados
en los que se da respuesta a una serie de objetivos especificos planteados. El primer manuscrito

consistié en analizar el comportamiento espacio-temporal de la temperatura del aire a escala
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Resumen

regional sobre la Espafia continental y sus areas montafiosas. El segundo estudio consistié en un
analisis regional sobre la region andina tropical de Ecuador y Perd. El tercer trabajo traté de
establecer una serie de criterios metodologicos que permitieran el disefio de redes de observacion
a escalas de trabajo local con unas condiciones de calidad y homogeneidad. La cuarta publicacion
analiz6 el comportamiento espacio-temporal de la temperatura del aire a escala local sobre un area
montafiosa del Pirineo Aragonés, focalizandose en el analisis de la topografia y el efecto que
produce sobre la insolacién. La quinta y ultima publicacion aplicd los conocimientos y analisis
anteriores en el estudio de la produccion de nieve artificial en una estaciéon de esqui del Pirineo

Aragonés.

Los resultados han demostrado la existencia de una variabilidad espacio-temporal muy
resefiable en los ambitos de montafa, siendo una variable extremadamente compleja de
modelizar. Ademas, los factores explicativos de su comportamiento son multiples y variados en
funcién de la escala de analisis. La gran variabilidad espacio-temporal de la temperatura del aire a
escala local obliga a una mayor monitorizaciéon de estos territorios y al abandono de los enfoques
regionales para el analisis de esta variable. Debido al efecto de la topografia, la estacionalidad, las
condiciones sinépticas o las coberturas forestales, cada territorio montafioso puede responder de
manera diferenciada y ni las escalas regionales ni las relaciones simplistas entre temperatura del

aire y altitud pueden detectar esta variabilidad.

Por todo ello, la presente Tesis Doctoral, titulada “Analisis del comportamiento altitudinal de
la Temperatura del Aire Superficial en areas de montafia” supone la puesta en marcha de una linea
de trabajo interesante y, sobre todo, util a la hora de aplicar sus avances en otras disciplinas
relacionadas como la Hidrologia o los estudios de viabilidad en el sector de los deportes de

montana.




Abstract

Abstract

Society is in a state of continuous interrelation with its surrounding environment. The climate
system, and more specifically, the air temperature, plays a key role in this multidirectional
relationship. The availability of water resources, the population movements, or the viability of
economic activities, is dependent (directly or indirectly) on air temperature. In this sense,
mountain areas are very sensitive to the sudden and rapid changes that are taking place in the
environment. Furthermore, due to the complex topography and natural process, in addition to the
poor accessibility, mountainous areas are less well-known territories than in more crowded areas,
especially in scientific terms. However, despite the lack of knowledge, mountainous areas are
essential in generating natural resources and risks that affect society. Therefore, the study of
surface air temperature justifies the completion of this Doctoral Thesis, since this knowledge will
allow us to better understand the mountain process, the consequences of which are further

propagated the whole territory.

This work has analyzed the monitoring and the spatiotemporal variability of surface air
temperature (generally measured at 1.25 — 2 meters above ground) in mountainous areas, and its
relationship with altitude. For this purpose, different analyzes have been carried out at different
spatial scales (regional and local). The analyses have combined official meteorological observation
data with measurements taken directly by the Research Group in field campaigns. Besides, a
methodological proposal is added for designing own networks for measuring surface air

temperature in mountainous and local areas. This will help the comparability of the results.

The Doctoral Thesis has been presented as a compilation of five research publications, in
which different specific objectives are answered. The first was to analyze the spatio-temporal
behavior of surface air temperature on a regional scale over continental Spain and its mountainous
areas. The second tried to analyze the spatiotemporal mechanisms at the regional scale too but in
the Andean region of Ecuador and Peru. The third attempted to establish methodological criteria
in the design of monitoring networks for surface air temperature in mountain areas. The fourth
publication analyzed the spatio-temporal behavior of surface air temperature on a local scale over
a mountainous area of the Aragonese Pyrenees, with a special interest in the effects of topography
and insolation. The fifth and last publication applied the previous knowledge and analysis in the
study of the effect of temperature lapse rates on snowmaking production in a ski resort of the

Aragonese Pyrenees.
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Abstract

The results have shown the existence of large spatiotemporal variability in surface air
temperature, being extremely complex the modeling of surface air temperature at the local scale.
Furthermore, the explanatory factors are multiple and varied depending on the scale of analysis.
Results highlight the need of more intense and well-designed monitoring of the mountain areas,
discarding direct extrapolation from large scale approaches. The effects of topography,
seasonality, synoptic conditions and vegetation cover, among others, can generate different
responses in each mountainous territory, making the local approach the most suitable for

detecting the variability.

For all these reasons, this Doctoral Thesis entitled “Analysis of the altitudinal behavior of
surface air temperature in mountainous areas”” means the launch of an interesting and useful work
line of interest for other disciplines, such as Hydrology, Ecology or viability studies in the winter

tourism industry.
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Introduccion

Capitulo 1

INTRODUCCION

Este capitulo actia de presentacion de la Memoria de Tesis Doctoral. En primer
lugar, se indica la funcién de los estudios realizados en el marco del Programa de
Doctorado en Ordenacion del Territorio y Medio Ambiente. En segundo lugar, se
describen algunos conceptos y contenidos basicos y genéricos de la ciencia
climatica, la temperatura del aire superficial, asi como su relacién con la sociedad.
En tercer lugar, se muestra la importancia de las areas montafiosas, asi como los
trabajos previos realizados en el estudio de la temperatura del aire superficial en
estos entornos. Por ultimo, se desarrolla la justificacion de la presente Tesis
Doctoral, indicando sus objetivos generales y especificos, asi como la estructura

seguida.
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1.1. La Geografia: Entre el territorio, el medio ambiente y la sociedad

Las primeras lineas de la presente memoria, para optar al grado de Doctor en el Programa de
Doctorado de Ordenacién del Territorio y Medio Ambiente, no podrian ser otras que las que

definen a las palabras que componen la nomenclatura del Programa de Doctorado.

En primer lugar, squé es el territorio? Segun la Real Academia Espanola (2014), el territorio es,
en su primera acepcion, “una porcion de la superficie terrestre perteneciente a una nacion, region
o provincia”. En segundo lugar, squé es ordenar? De la misma fuente puede obtenerse una
definicién bastante certera, siendo aquella acciéon de “encaminar y dirigir algo a un fin de acuerdo

a un plan o modo conveniente”.

En este punto podriamos afirmar que la Ordenacién del Territorio es, en su sentido mas literal,
la accién de encaminar y dirigir una porcién de la superficie terrestre a un fin, de acuerdo a un
plan establecido. De manera subyacente, la Ordenaciéon del Territorio ha estado presente en la
humanidad, al menos, desde el paso hacia las sociedades sedentarias. Es en ese momento cuando
el territorio comienza a ser clasificado en funciéon de sus usos y actividades, tales como los
primeros cultivos o explotaciones ganaderas, que debian ocupar espacios reservados y estar
adecuadamente gestionados. La Ordenacién del Territorio puede realizarse desde multitud de
enfoques y criterios, que establecen el plan o modo de actuar. Es en este punto cuando interviene

la dltima de las palabras clave: el medio ambiente.

Por tanto, ¢qué es el medio ambiente? Este interesante término es definido como “el conjunto

de componentes fisicos, quimicos, y biologicos externos con los que interactdan los seres vivos”.

Una vez presentadas, al menos de manera literal, las definiciones parciales de la nomenclatura
del Programa de Doctorado, es posible leerla de nuevo de manera integral: ordenaciéon del
territorio y medio ambiente. Este nombre nos evoca a una ordenacion territorial implicada con los
agentes ambientales y, mas concretamente, implicada con la interaccién entre estos elementos y
los seres humanos. Este enfoque insta a que el territorio sea estudiado mediante una vision
holistica, que permita no solo abarcar la continuidad del espacio, sino también la continuidad del
tiempo y su afecciéon cambiante sobre el territorio. S6lo mediante el entendimiento de las
actividades humanas, el conocimiento del territorio y el estudio de sus interrelaciones podremos
llegar a esta concepcidn integradora entre la ordenacion del territorio y el medio ambiente, la cual

abre las puertas a una vision poliédrica del planeta en el que vivimos.
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Aunque haya hecho falta toda una primera pagina para describir la interrelacion existente entre
las palabras “territorio”, “ordenar” y “medio ambiente”, estas podrfan haberse resumido
rapidamente con una sola palabra: Geograffa. Disciplina que recibié una de las mejores

valoraciones posibles, la realizada por El Principito alla en el sexto planeta de su magnifico viaje':

“La sixiéme planéte était une planéte dix fois plus vaste. Elle était habitée par un vienx Monsieur qui écrivait
d’énormes libres.

- Je suis géographe, dit le vieuxc Monsienr.

- Ca c'est bien intéressant, ¢a c'est en fin un véritable métier!
Et le petit prince jeta un coup d’wil antour de lui sur la planéte du géographe. I/ n’avait jamais vu encore une
Plancte anssi majestuense”

“El sexto planeta era un planeta diez veces mds grande. El planeta estaba habitado por un viejo seiior que escribia
enormes libros.

- Yo soy gedgrafo, dijo el viejo serior.
- 1Es0 es muny interesante! [Por fin un verdadero oficio!

Y el Principito mird a su alrededor hacia el planeta del Gedgrafo. Nunca habia visto un planeta tan majestnoso”

En este punto, y dada la ocasion, me permito el privilegio de interpretar a este respecto el texto
original, y afiadir que lo que realmente hacfa majestuoso al planeta del Gedgrafo no era el propio

planeta, sino la visiéon que el Gedgrafo tenia de éL.

Figura 1. El Principito, basado en las acuarelas originales, por Clara Maria Martin Brenes (2020).

! Este capitulo, perteneciente a la obra El Principito, de Antoine de Saint-Exupéry (1943), fue el primer texto que
leimos, hace mas de diez afios, en septiembre de 2009, en el primer dfa del Grado de Geografia y Gestion del
Territorio (Universidad de Sevilla) a instancias del Catedratico de Geograffa Fisica D. Fernando Diaz del Olmo.
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1.2. El Sistema Climatico, la temperatura del aire supetficial y la sociedad
1.2.1. El Sistema Climatico y la atmésfera

Tras la presentacion del epigrafe anterior, llega el momento de describir uno de los elementos
del medio ambiente que mas incide en el territorio y, por ende, en la sociedad: el sistema
climatico. El sistema climatico es un amplio sistema fisico, sumamente complejo y rico en
conexiones, cuyo funcionamiento estd dominado por los intercambios energéticos (Barry y
Chorley, 2003), especialmente de energia solar, tanto con el exterior del planeta Tierra, como
dentro del mismo. Tradicionalmente, la literatura de referencia (Barry y Chorley, 2003; Cuadrat
Prats y Pita Lopez, 2000) ha tratado a este sistema como la integracién de cinco heterogéneos y
complejos subsistemas (Figura 2): la atmosfera, la hidrosfera, la criosfera, la litosfera y la biosfera,
que se relacionan entre si mediante procesos dinamicos basados en las propiedades fisicas de sus
elementos y en el intercambio de energfa (Figura 3). Como parte de la biosfera, las sociedades

humanas estamos interrelacionadas con el resto de subsistemas en el dia a dfa.

Radiacién
Solar

CRIOSFERA

~ >  |Glaciares Nieve Masas de hielo  Banquisa

Figura 2. Subsistemas terrestres: atmdsfera, hidrosfera, criosfera, litosfera y biosfera. Tomada y traducida de Razik
(2014).

En este sentido, la atmdsfera es el subsistema principal del sistema climatico, ya que controla la
cantidad de radiacion que llega a la superficie terrestre, y la cantidad de radiacion terrestre liberada
hacia el exterior, siendo ademas el principal medio de transferencia de calor entre las regiones del
planeta mediante un sistema de balance energético entre areas con balance positivo y areas con

balance negativo (tropicales y polares, respectivamente).
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Figura 3. Balance energético anual de la atmésfera, procedente originalmente de la radiacion solar que llega a la parte
alta de la atmosfera (equivalente a 342 W m-2). Tomada de Kiehl y Trenbreth (1997).

La atmosfera esta formada por gases, aerosoles y particulas liquidas en suspensiéon que cubren
la totalidad del planeta gracias al efecto de la gravedad (Strahler y Strahler, 1997). Esta capa,
mayormente gaseosa, tiene un limite exterior poco claro, en el que dificilmente se distingue del
espacio exterior, estableciendo algunos autores ese limite en la capa magnética de la Tierra, a unos
15,000 km de la superficie terrestre. Sin embargo, la atmdsfera no es homogénea en su interior,
por lo que ha sido clasificada tradicionalmente mediante diversos criterios (Cuadrat Prats y Pita
Loépez, 2006). El mas habitual clasifica la estructura de la atmosfera en base al comportamiento de
la temperatura del aire con respecto a la altitud (Figura 4), estableciéndose una clasificaciéon que,
desde la capa superior a la inferior, esta constituida por: la atmdsfera superior (magnetosfera-

exosfera, termosfera, mesosfera), la estratosfera y, por dltimo, la troposfera.

La troposfera es la capa que se encuentra en contacto con la superficie terrestre, alcanzando un
espesor promedio de unos 12 km desde la superficie en las latitudes medias (aunque en las zonas
polares tiene 8 — 9 km, y en las ecuatoriales puede alcanzar los 18 km). Esta capa es, por tanto, la
de contacto mas directo con el territorio. La troposfera es la capa mas densa de todas debido al
efecto de la gravedad terrestre, que es mas intenso conforme nos acercamos a la superficie. Esto
provoca que aglutine un 75% de la masa molecular atmosférica y la practica totalidad del vapor de
agua, del diéxido de carbono y de los aerosoles (Barry y Chorley, 2003). Por todo ello, los
procesos y caracteristicas propios de la troposfera son los que afectan mas directamente al medio
que nos rodea y del que formamos parte en el dia a dia, tales como la nubosidad, las

precipitaciones, el viento o la temperatura del aire, esto es, las condiciones meteoroldgicas.
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Estas condiciones meteoroldgicas, y su plasmaciéon continua a lo largo del tiempo: el clima,
marcan a otros elementos como la vegetacion, las masas de agua o el relieve. Es decir, al territorio

y, por tanto, a las sociedades humanas.
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Figura 4. Distribucién vertical de la temperatura y presion del aire hasta una altura de 110 km. Se indican algunas
altitudes de referencia. Tomada de Barry y Chorley (2003).

1.2.2. La temperatura del aire superficial

La troposfera se ha presentado como una capa atmosférica en la que la temperatura del aire
aumenta conforme se desciende en altura. Esto se debe al incremento de la presiéon atmosférica,
que hace aumentar la densidad del aire y, por tanto, los impactos moleculares, liberando calor. Sin
embargo, la cercania y contacto de la troposfera con la superficie terrestre provoca la existencia de
continuos intercambios energéticos que pueden matizar y variar esa relacion, lo cual obliga a
subdividir la troposfera en funcién del efecto que la superficie terrestre tiene en ella (Figura 5),

obteniendo la troposfera libre y la capa limite planetaria que, a su vez, también puede subdividirse:




Capitulo 1

TROPOSFERA LIBRE
CAPA DE EKMAN
CAPA
LIMITE
PLANETARIA
CAPA TURBULENTA

CAPA LAMINAR MOLECULAR

Figura 5. Estructura de la troposfera, prestando especial atencion en la Capa Limite Planetaria. Modificada de Cuadrat
Prats y Pita Lopez (2006).

Troposfera libre: A veces también llamada atmosfera libre, tiene un aire mas limpio y
menos denso. En ella la temperatura del aire desciende con respecto a la altitud a un ritmo
promedio de -6.5° C km" (NOAA y NASA, 1976; Barry, 2008), el cual es un estandar
usado ampliamente en meteorologia y aviaciéon hasta un limite de 11.000 metros sobre el

nivel del mar, y denominado habitualmente como gradiente vertical ambiental.

Capa Limite Planetaria (Planetary Boundary-layer, en inglés): Influenciada por la rugosidad
del terreno, predominando la mezcla turbulenta del aire, generada por el roce permanente
con la superficie rugosa del suelo y por la elevacion convectiva de burbujas de aire al
calentarse. La topografia, la rugosidad de la superficie, la cubierta vegetal, la intensidad del
viento, el grado de enfriamiento y calentamiento del suelo, la advecciones de calor y
humedad, etc. pueden influir activamente en el espesor de esta capa (Barry y Chotley,
2003; Barry, 2008). En algunas ocasiones, y siguiendo la estructura propuesta por Cuadrat
Prats y Pita Lopez (2006), puede subdividirse en las siguientes partes:
= (Capa de Ekman: este nivel superior esta en transicién entre los efectos de la fuerza
de Cortiolis sobre el viento, y los efectos ya presentes de las turbulencias.
* C(Capa turbulenta: caracterizada por la intensa turbulencia del aire, pudiendo
alcanzar varias decenas de metros.
= (Capa laminar molecular: en contacto con la superficie, de s6lo milimetros de

espesor y dominada por los efectos de la viscosidad superficial.
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La gran mayoria de actividades humanas y procesos que nos afectan como parte de la biosfera
tienen lugar en esta Capa Limite Planetaria y, mas concretamente, en la Capa Turbulenta. Por ello,
es la temperatura del aire de esta capa la que ha venido interesando a la Climatologia y demas
ciencias ambientales, asi como a los organismos meteorolégicos desde hace siglos (Camuffo y
Bertolin, 2012) y la que se llamard, en esta memoria de Tesis Doctoral: Temperatura del aire

supetficial, en contraposicion a la temperatura de la troposfera libre.
1.2.3. Factores explicativos y medicion de la temperatura del aire superficial

Antes de mencionar los factores que explican la distribuciéon de la temperatura del aire
superficial en el territorio, es necesario recordar la importancia de la energfa. El almacenamiento
de la misma por parte del aire superficial provoca un incremento de su calor y, por tanto, de su
temperatura (Strahler y Strahler, 1997). Sin embargo, este proceso es multidireccional, ya que el
almacenamiento depende del balance resultante entre las salidas y entradas de calor con respecto a
los cuerpos circundantes (Barry y Chotley, 2003), basadas en las diferencias de temperatura. Por
todo ello decimos que el principal factor explicativo de la distribucién de la temperatura del aire
superficial es la propia distribucién de la energia. En ese sentido, existen factores que intervienen

directamente en la distribucion de la energfa:
1.2.3.a. Latitud

Debido a la inclinacién del eje de rotacion terrestre se producen dos efectos que varfan
latitudinalmente: la duraciéon de los dias a lo largo del afio y la perpendicularidad con la que los
rayos solares atraviesan la atmosfera (Strahler y Strahler, 1997). La conjuncién de ambos efectos
provoca que la cantidad de radiacion solar recibida venga determinada, en una buena medida, de

la latitud de dicho territorio (Figura 6).

g <+ Equinox
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Figura 6. Variacion de la radiacion solar con respecto a la latitud y la estacionalidad para todo el planeta, asumiendo
que no existe atmoésfera. Tomada de Barry y Chorley (2003).
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1.2.3.b. Transparencia atmosférica y nubosidad

La radiaciéon solar atraviesa las distintas capas de la atmosfera. En este proceso, los
componentes y aerosoles atmosféricos interactian absorbiendo, reflejando o transformando a
onda larga la radiacion, que llega mermada a la superficie terrestre. El espesor, la composicion y
cantidad de los componentes atmosféricos (Kaiser, 2002), tales como el vapor de agua o el
diéxido de carbono, afectara en el montante de radiacioén solar que alcanza la superficie terrestre.
Del mismo modo, la atmdsfera también actia en la direccidon inversa, como invernadero de la
radiaciéon de onda larga emitida por los cuerpos terrestres hacia el exterior, proceso en el cual de

nuevo la composicion y cantidad de los componentes atmosféricos influye directamente.

En cierta manera, la nubosidad forma parte de la transparencia atmosférica, ya que se
interpone en el recorrido directo de la radiacién solar entre las capas altas de la atmésfera y la
superficie terrestre. Segun la cobertura y tipologia de la nubosidad, las propiedades varfan, de tal
forma que las nubes con mayor espesor y contenido de agua (por ejemplo, los cumulonimbus)
dejan pasar una menor cantidad de radiacion solar que las nubes finas y delgadas, debido al albedo
de los cristales de hielo, asi como a la absorcion del vapor de agua. De igual modo, tienen efectos
sobre la radiacién de onda larga emitida hacia el exterior, dificultando el “escape” de la misma
desde la superficie terrestre, debido al elevado contenido de vapor de agua. Ademis, esta

nubosidad sirve de emisora de onda larga, que tiene especial importancia durante la noche.
1.2.3.c. Circulacion atmosférica y oceanica

Las circulaciones atmosférica y oceanica funcionan como agentes transmisores de calor
mediante advecciones horizontales entre distintos territorios, actuando como transportadoras de
las condiciones generadas en unos lugares del planeta hacia otros en los que estas no podrian
haberse dado de la misma manera. A nivel global, el fenémeno de El Nifio es un certero ejemplo
de cémo las diferentes corrientes oceanicas y atmosféricas pueden trasladar las masas de aire
originales a miles de kilémetros, transportando de igual forma sus propiedades de temperatura y
humedad (Dijkstra, 2006). En este mismo sentido, la corriente del Golfo permite el transporte de
aguas calidas desde latitudes tropicales del Atlantico Norte hacia las latitudes medias y altas de la
fachada atlantica europea, atemperando su clima y haciéndolo mas benigno que el de la costa
oriental americana (Barry y Chortley, 2003). Por ejemplo, una masa de aire fria generada en
latitudes altas por la escasa insolacion recibida puede ser desplazada por la circulacion atmosférica
hacia latitudes medias provocando un descenso en la temperatura del aire de estos lugares de

destino.
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1.2.3.d. Naturaleza de la superficie terrestre

Cada tipo de superficie completa, mediante sus propiedades fisicas, el balance energético de la
capa de aire superficial. Las superficies, tales como las de suelos desnudos, las marinas, las
forestales o las nevadas, imponen su impronta sobre la temperatura del aire superficial por su
comportamiento ante la radiacién solar (cuanta energia reflejan en onda corta, cuanta absorben y
cuanta emiten en onda larga). Por el dia, las superficies naturales suelen absorber mas energfa de la
que emiten, por lo que acumulan calor y suben de temperatura, que van transmitiendo a la capa de
aire superficial. Por la noche, tras el cese del flujo de energfa solar, las superficies por norma
general son energéticamente deficitarias, con lo que pierden calor y temperatura. Sin embargo,
estas afirmaciones son fluctuantes en funcién del calor especifico’ de cada superficie, por lo que

hay diferencias notables entre las mismas:

— El suelo desnudo tiene un calor especifico reducido, por lo que su inercia térmica es
pequena. Ademas, la mayor parte de la energia queda concentrada en la capa mas
superficial debido a que conduce mal el calor hacia las capas mas bajas, incrementando su
temperatura de la superficie de forma significativa. Esto provoca que emita gran cantidad
de energia hacia el aire superficial durante el dfa, calentandolo; habiendo un flujo inverso
desde la capa de aire superficial hacia el suelo durante la noche que hace que el aire se
enfrie. Sera la composicion del suelo la que determine los diferentes matices.

— Las superficies marinas tienen un elevado calor especifico, lo que las convierte en unos
cuerpos con fuerte inercia térmica. El agua absorbe una gran cantidad de energfa, que
redistribuye por las distintas profundidades sin apenas variar su propia temperatura.
Ademas, parte de esa energia es devuelta a la atmosfera en forma de calor latente mediante
la evaporacion. Este vapor producido durante el dia es el que, debido al descenso de la
temperatura del aire superficial durante la noche, llega al punto de condensacién. En ese
momento, el calor latente atrapado se libera compensando el descenso térmico nocturno e
impidiendo que el descenso de la temperatura del aire sea muy acusado.

— Los bosques son superficies terrestres que interrelacionan las propiedades de las dos
superficies anteriores debido al gran contenido en humedad. Por otro lado, existen otras
particularidades, como que las copas de los arboles pueden actuar como barrera frente a la
radiacion solar, disminuyendo la energfa disponible. Ademas, el propio funcionamiento de

la vegetacién (evapotranspiracion y fotosintesis) hace que gran parte de la insolacion

2 . . . . .
El calor especifico se define como la cantidad de calor requerido para incrementar la temperatura de esa sustancia en
una unidad (Barry y Chotley, 2003).
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recibida sea transformada en la propia planta, por lo que la emisién diurna de calor
sensible se reduce. Durante la tarde y la noche, el calor emitido por el suelo subyacente
queda retenido en la vegetacion, que dificulta su escape hacia las capas de aire superiores
acaparando esa energfa en la capa de aire superficial. A ello hay que afiadir la liberacion del
calor latente derivado de la evapotranspiracion.

— Las superficies nevadas estan caracterizadas por su elevado albedo ante la radiacién de
onda corta, que impide su absorcién y posterior emision como calor sensible hacia la capa
de aire superficial. Esta situacién genera que sean ambientes en los que la superficie

terrestre no aporta apenas calor sensible a la capa de aire superficial.
1.2.3.e. Altitnd

Tal y como se present6é con anterioridad para el conjunto de la troposfera, a menor altitud
sobre el nivel del mar, mayor es la capacidad de aumentar la temperatura del aire superficial. Esto
se debe al incremento de la presién atmosférica, que hace mas denso al aire. A mayor densidad del
aire, también se incrementan los choques entre las moléculas que lo conforman, con lo que la
temperatura aumenta. Esta relacién marca el teérico Gradiente Adiabatico Seco (DALR, por sus
siglas en inglés), establecido en -9.8° C km™. La altitud es, junto al efecto de la latitud, el efecto
mas estable y cuantificado, lo cual le ha favorecido a la hora de tenerlo en cuenta en las

estimaciones de temperatura del aire.
1.2.3.f. Topografia

La topografia condiciona la temperatura del aire superficial desde diferentes frentes y en
distintos aspectos (Figura 7). Por un lado, la pendiente del terreno determina el angulo con el que
los rayos solares inciden sobre la superficie terrestre, marcando la cantidad de energfa recibida.
Por otro, influye directamente en la cantidad de horas de luz debido a las sombras topograficas,
originando importantes diferencias espaciales entre posiciones soleadas frente a otras que
permanecen en sombra (Daly etal, 2002; Whiteman et al., 2004). Ademis, la topografia es
generadora de movimientos verticales de las masas de aire (por ejemplo, el efecto Foehn basado
en la relacion entre los gradientes adiabaticos seco y humedo, o las brisas de valle derivadas de las
diferencias de presion atmosférica) y, por tanto, de la temperatura de la capa de aire superficial
(Barry, 2008). Del mismo modo, bajo condiciones de estabilidad atmosférica, el aire frio desciende
durante la noche hacia el fondo de los wvalles, acumulandose si la topografia lo permite, y

provocando las llamadas inversiones térmicas.
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Figura 7. Valle del rio Aragén, a la altura del niicleo de poblacién de Canfranc — Estacion (Aragén, Espafia). En este
valle, la topografia juega un papel crucial por el dia, debido a las sombras topograficas que se forman. Asimismo,
durante la noche, el fondo del valle sufre procesos de inversion térmica provocados por el descenso del aire frio desde
las laderas, que se acumula en el fondo. Fotografia tomada por Juan I. Lépez Moreno en mayo de 2017.

En cualquier caso, al ser un sistema interrelacionado, todos estos factores especificos influyen
de manera mas o menos directa en la cantidad de energia disponible (Figura 8). Los efectos de los
factores van relacionados con la escala espacial del analisis, de tal forma que los efectos de la
latitud no seran perceptibles entre ubicaciones separadas por escasos metros, mientras que las
diferencias topograficas si que pueden llegar a percibirse a esa escala. Si imaginamos un caso
hipotético de un territorio situado a una latitud 37.05° N, al mediodfa del 20 de septiembre, con
polvo en suspension, cielo cubierto 4/8 de cimulos, intenso flujo del suteste procedente del
Sahara, temperatura de la porciéon de mar mas cercana (35 km) a 28° C, a 3400 metros sobre el
nivel del mar, manto de nieve discontinuo en el suelo, en ladera sur con una pendiente de 15%, en
el fondo de una dolina; comprobaremos que la temperatura del aire superficial es resultado de la

influencia conjunta de todos estos condicionantes, aunque en magnitudes diferentes.

Por dltimo, y aunque diferente a los factores naturales, esta el factor de medicion. Este factor
no influye en la temperatura del aire superficial, que es la que es, pero influye en como se traslada
esa temperatura a un dato cuantificado. LLa medicién de esa temperatura debe hacerse siempre de
una forma comparable para no confundir la variabilidad espacio-temporal de la misma con los

efectos de la medicion (distancia al suelo, calidad del sensor, proteccion, etc.). Es esta temperatura
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del aire superficial la que la Organizacion Meteoroldgica Mundial recomienda medir a una altura
aproximada entre los 1.25 y 2 metros sobre el nivel de suelo y en unas condiciones determinadas
(WMO, 2014), precisamente con el objetivo de cuantificar de forma homogénea las condiciones
térmicas ambientales que afectan al ser humano y a la inmensa mayorfa de actividades realizadas

por el mismo.
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Figura 8. Media anual y distribucién latitudinal de la radiacién solar, en W m-2. De un 100% de radiacion entrante en la
parte superior de la atmoésfera, sobre un 20% es reflejado de nuevo hacia el espacio por la nubosidad, un 3% por el aire
(ademas de polvo en suspension y vapor de agua), y un 8% por la superficie terrestre. Alrededor del 3% es absorbido por
la nubosidad, el 18% por el aire, y un 48% por la superficie terrestre (donde se incluye también la vegetacion y masas de
agua). Las diferencias entre latitudes tienen en cuenta diferencias como la mayor extensién del casquete polar del polo
sur con respecto del polo norte, que provoca que la reflexion sea mayor en el sur. Tomada de Barry y Chorley (2003).

1.2.4. Relacién entre la temperatura del aire superficial y la sociedad

La incidencia y relacién de la temperatura del aire superficial en la sociedad es multiple y
heterogénea. En primer lugar, tiene una relaciéon directa con la habitabilidad térmica de los
territorios, la cual se puede ver fuertemente limitada por determinados rangos de temperatura del
aire, como es el caso de las zonas polares o los desiertos tropicales calidos. Ademas, influye
directamente sobre el desarrollo de los diferentes sectores econdémicos, donde los efectos mas
directos pueden observarse en el sector primario, especialmente en la agricultura y la silvicultura
debido a su efecto en la fenologia vegetal (Went, 1953; Hatfield y Prueger, 2015); pero también en
el sector terciario, donde actividades como el turismo son en gran medida dependientes de las
variables meteorologicas (Gémez Martin, 1999; Pons et al., 2012), entre ellas la temperatura del

aire superficial.

Aunque de manera indirecta, la temperatura del aire superficial afecta a la gestion de los

recursos hidricos, de la cual depende el buen uso y aprovechamiento para poder abastecer a la
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poblaciéon y a sus actividades. Procesos como la evaporacion, la fusiéon de la nieve o del hielo
(Figura 9), el tipo de precipitacion sobre un territorio (lluvia o nieve) vienen determinados, entre
otros factores, por la temperatura del aire (Martinec, 1975; Lépez-Moreno et al., 2009). Ademas,
su influencia en el resto de seres vivos es aun mayor si cabe, puesto que la capacidad de
adaptacion del resto de seres vivos es limitada. En este sentido, la habitabilidad térmica de los
territorios es un factor limitante y excluyente en la flora y fauna salvajes (Garcia et al., 2019),
actuando ademas directamente sobre la fenologia vegetal y animal, como es el caso de los

movimientos migratorios estacionales de la fauna.

Figura 9. Fase final del deshielo estival (septiembre de 2013) en Bachimafia (Aragén, Espaiia). Elaboracion propia.

Aunque podrian afadirse infinidad de procesos en los que la temperatura del aire superficial
influye en nuestro dfa a dia como sociedad, queremos terminar con el que nos atafie, en cierto
modo, como gedgrafos y analistas del medio ambiente. Y es que también es necesario analizar la
temperatura del aire superficial desde un sentido de ciencia basica, es decir, con el objetivo de
conocer los factores que influyen en ella, la distribucion espacial de la misma, su evolucién a lo
largo de tiempos pasados, o la posible evolucion futura. El contexto actual en el que se encuentra
la humanidad (el llamado cambio global), nos lleva como sociedad a enfrentarnos a cambios
rapidos en el medio que nos rodea. Los cambios en los usos del suelo, el posible aumento de las
temperaturas, la vulnerabilidad del sector agricola, el crecimiento demografico, la gestion de los
recursos disponibles (tanto renovables como no renovables) en los escenarios de aumento en la
intensidad y frecuencia de las sequias, asi como el aumento de consumo energético para
refrigeracion y calefaccién, son todos ellos grandes retos a los que nos enfrentamos como
sociedad. Es en ese contexto donde el conocimiento de la temperatura del aire superficial como

variable meteorologica que nos rodea, nos cubre y nos influye, es imprescindible.
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1.3. Las areas de montafia y la temperatura del aire superficial
1.3.1. Importancia y problematica

Las areas de montafia, que definimos como aquellas dominadas por diferencias altimétricas
resefiables, fuertes pendientes y topograffa abrupta, cubren un significativo porcentaje de la
superficie emergida del planeta. En ellas, aunque el poblamiento es disperso y la poblacién escasa,
tienen lugar multitud de procesos y actividades imprescindibles para la viabilidad de las sociedades
humanas, en los que la temperatura del aire superficial juega un importante papel. Es el caso de
los recursos hidricos, en cuya gestién el conocimiento de la temperatura del aire es fundamental
para conocer los regimenes y poder gestionar los recursos (Martinec, 1975; Garcia-Ruiz et al.,
2011). Estos recursos son esenciales en la produccién hidroeléctrica y en el embalsado de agua, lo
cual lo convierte en un asunto clave en la gestion del territorio. Usos como el abastecimiento
urbano, el regadio agricola, o los usos para la industria, convierten la gestion de los recursos
hidricos en un asunto estratégico. Por otro lado, en ciertas partes del planeta, las areas de montafia
son escenario de un activo aprovechamiento econémico en torno al turismo invernal, relacionado
habitualmente con el esqui (Pons et al., 2012; Gilaberte-Burdalo et al., 2014), el cual esta basado
fundamentalmente en las condiciones meteorologicas del emplazamiento, entre las que la
temperatura del aire tiene un papel clave, ademas evidentemente de las precipitaciones (Alonso-
Gonzalez et al., 2018). En otro orden de ideas, los riesgos naturales desencadenados en areas
montafiosas son variados (Bryant, 2005), y se ha comprobado en multitud de ocasiones que sus
efectos, en forma de riadas, avalanchas o aludes, entre otros, pueden llegar a areas alejadas del
punto de inicio (Figura 10), como muestran algunos trabajos en nuestro entorno mas cercano,
como el de Garcfa-Ruiz et al. (1996) sobre la riada del camping de Biescas, o el de Ollero Ojeda
(2000) sobre las crecidas del rfo Ebro. Un caso de especial vinculacién entre la temperatura del
aire superficial en dreas de montafa y los riesgos aguas abajo es el de los episodios de lluvia sobre
nieve que ocurren en las cabeceras (Pomeroy et al., 2016). En estos casos, unos pocos grados de
diferencia pueden llevar a multiplicar o dividir el pico de avenida de un evento de precipitacion,
por lo que la predictibilidad es muy complicada. Por todo ello, aunque sean areas poco pobladas,
las condiciones meteorolégicas que tienen lugar en estos entornos de montafia influyen en las

sociedades humanas mas de lo que aparentemente pudiera parecer.

Sin embargo, a pesar de ser un territorio tan importante para la sociedad, y de ocupar una gran
extension de la tierra emergida, la meteorologia de las areas montafiosas no se conoce con

excesivo detalle. Ello se debe a que, en areas montafosas, la topografia juega un papel vital a la
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hora de comprender la distribuciéon de las temperaturas, generandose grandes diferencias en
pequenas distancias (Barry, 2008). Ademas, el efecto conjunto de fuertes desniveles, cambios en la
cobertura del suelo, una topografia accidentada que genera diferencias en la insolacién, en los
vientos, o incluso en la nubosidad, grandes contrastes entre laderas por la circulacién general,
junto a otros procesos como los vientos de valle y las inversiones térmicas, hacen que su estudio

sea extremadamente complejo.

Figura 10. Crecida ordinaria del rio Ebro en Zaragoza (Aragoén, Espafia) en marzo de 2016. El caudal pico medido ese
dia fue de 1.357 m3 s, lejos del caudal de 2.448 m3 s registrado en marzo de 2015, que provocé que buena parte de la
ribera del rio fuera anegada por las aguas, o los 4.130 m3 s registrados en enero de 1961 (CHE, 2020). Elaboracion

propia.

Por todo ello, los puntos de observacion meteorolégica no son lo suficientemente
representativos de su entorno, lo que lleva a la necesidad de tener una mayor densidad de
observatorios que en otras areas mas homogéneas, algo ya indicado por Brooks (1947). Sin
embargo, las areas de montafna son las que menos estaciones meteorologicas tienen debido a la
dificultosa accesibilidad, lo que ha obligado histéricamente a medir tinicamente en los fondos de
valle (donde se ubican tradicionalmente los poblamientos humanos). Estas localizaciones
dificilmente representan las condiciones de las laderas y cumbres montafosas. Todo ello obliga a
la necesaria instalaciéon de redes de observaciéon mas densas, o bien a un cambio metodolégico
hacia otras técnicas como la teledeteccion (Vancutsem et al., 2010). En conclusion, las areas de
montafia son, ademas de muy complejas en el estudio de la distribuciéon espacio-temporal de la

temperatura del aire superficial, areas con un claro déficit de informacién meteoroldgica.
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1.3.2. Antecedentes bibliograficos

El estudio de la temperatura del aire superficial, los patrones espacio-temporales de su
distribucion y sus factores explicativos ha sido comun desde hace décadas, aunque este formaba
parte de trabajos destinados principalmente a las clasificaciones climaticas. Trabajos como los de
Ackerman (1941) en América del Norte, Geiger y Pohl (1953) para todo el planeta, Villmow
(1962) en Europa y Capel Molina (2000) en la Peninsula Ibérica son algunos ejemplos de esta
aproximacion. Esta problematica ha hecho que, en la mayoria de clasificaciones climaticas, las
areas montanosas hayan sido infrarrepresentadas, bien clasificindolas como “zonas elevadas” o
bien como “clima de montafa”, pero sin mayores detalles acerca de la heterogeneidad interna de
las mismas. Sin embargo, algunos autores coetaneos a esos trabajos (Greenland et al., 1985)
analizaron los climas a una escala local, concluyendo con que las clasificaciones climaticas que se

habian venido haciendo habitualmente tenfan una aplicabilidad reducida.

El estudio de la distribucién de la temperatura del aire implica una aproximacién diferente en
medios topograficamente complejos y de tamafio reducido como son las areas de montafia. De
este modo, los autores han estado de acuerdo en afirmar que la modelizacion de la temperatura
del aire en estos territorios es un reto y, a pesar de los nuevos avances en la modelizacion
numérica de alta resolucion (Karki et al., 2020) y en las técnicas de teledeteccion (Jiménez-Mufioz
y Sobrino, 2003; Khorchani et al., 2018), todavia queda un largo camino a la hora de mejorar la
resolucion espacial y temporal de estos productos. Por ello, la mayoria de esfuerzos de los ultimos
lustros se han dirigido a aumentar las redes de monitorizacién, y poder asi mejorar en el
conocimiento de estos territorios (Pepin et al., 2005; Buisan et al., 2017). Factores con especial
importancia en las areas montafiosas como la altitud o la topografia han sido acompafiados
ademas de otros condicionantes, como la circulaciéon atmosférica, el efecto de la continentalidad,

o las diferencias entre el dia y la noche, en funcién de la escala espacial analizada.

Trabajos como los de Rolland (2003) en los Alpes; Hubbart et al. (2007), Lundquist & Lott
(2008) o Minder et al. (Minder et al., 2010) en los Estados Unidos; Pepin et al. (2016) en Africa;
Kattel et al. (2015) en los Himalayas; Hanna et al. (2017) en los Andes; Braun & Hock (2004) en la
Antartida; asi como en la Peninsula Ibérica (Benavides et al., 2007, Mir6 et al., 2017; Pages et al,,
2017), muestran este interés creciente. Los ambitos y escalas espaciales de estos estudios han sido
muy variables, desde trabajos que cubtian todo el planeta (Pepin y Seidel, 2005; Pepin et al., 2015)
o grandes regiones como China (Fang y Yoda, 1988; Li et al., 2013), a otros que analizaban escalas

regionales mas reducidas, como los de Pepin y Losleben (2002), Lunquist y Cayan (Lundquist y
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Cayan, 2007), Blandford (2008) y Minder et al. (Minder et al., 2010) en sectores de las Montafias
Rocosas, Rolland (2003) en los Alpes, o Bennet et al. (2016) en la regién andina.

Ademas, también se han desarrollado trabajos con un enfoque subregional, que analizan el
comportamiento de la temperatura del aire superficial en determinados valles (Duane et al., 2008;
Heynen etal., 20106), algunos incluso en los Pirineos (Pages y Miro, 2010). Por dltimo, otra
corriente se ha dirigido hacia el estudio de la temperatura del aire superficial con un enfoque local,
sirviendo como estudios experimentales sobre los procesos mas locales como las piscinas de aire
frio (CAPs® en inglés), que se han venido desarrollando a partir principalmente de la tesis doctoral
de Whiteman (Whiteman, 1982; Whiteman y McKee, 1982), y que ha continuado con estudios
mas recientes (Lookingbill y Urban, 2003; Lareau et al., 2013; Lareau y Horel, 2014), con algunas
aplicaciones en las montafias espafolas (Mir6 et al., 2017; Pages et al., 2017; Espin-Sanchez et al.,

2018).

El desarrollo tecnoldgico de dispositivos de medicion de la temperatura del aire automaticos y
autbnomos, asi como un progresivo descenso en los costes, ha permitido la monitorizaciéon in situ

de la temperatura del aire, avanzando en el conocimiento de estos medios tan complejos.
1.4. Justificacion, objetivos y estructura
1.4.1. Justificacion

La presente Tesis Doctoral se presenta dentro del contexto geografico y su relacion con la
ordenacion territorial. Partiendo de la necesidad de comprender el medio que nos rodea como
sociedad con el objetivo de poder adelantarnos a los diferentes cambios y retos a los que nos
enfrentaremos en el futuro. Cambios que influiran en las actividades humanas y, por tanto, en la
gestion del territorio tal y como ha sido entendida durante las dltimas décadas, poniendo incluso
en duda actuaciones hechas en el pasado. Esta posible situacién futura exige que la sociedad se
adelante a la propia evolucién del medio que nos rodea y nos determina, analizando las posibles
consecuencias de la inaccién y el desconocimiento. El estudio y conocimiento del medio permitira
tener mas informacion a la hora de tomar decisiones en la ordenacion territorial y en la gestion de

los recursos, dirigiéndonos hacia un nuevo equilibrio adaptativo con el entorno.

? Las piscinas de aire frio son acumulaciones, principalmente nocturnas, de aire frio en cubetas topograficas, como
por ejemplo las dolinas, valles o poljes. Suelen estar asociadas a condiciones de estabilidad atmosférica, lo cual
propicia el descenso del aire frio, mas denso, acumulandose en estos recipientes topograficos y provocando intensas
inversiones térmicas. Estos fendmenos provocan cambios de temperatura muy intensos en pocos metros de distancia
vertical, generando condiciones muy diferenciadas a rafz de las diferencias topogtaficas, que pueden llegar a influir
incluso en la vegetacion si se producen con frecuencia.
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En este sentido, las areas de montafia son especialmente sensibles a los cambios que estan
produciéndose en el medio ambiente, con el agravante de que, debido a su dificil accesibilidad y el
reducido poblamiento, son menos conocidas que otros entornos mas cotidianos. Sin embargo, y a
pesar de ese menor conocimiento, las areas de montafia son generadoras de multitud de recursos,
pero también de riesgos naturales que nos afectan como sociedad. Por ello, el estudio de uno de
componentes mas importantes como es el sistema climatico y, mas concretamente, la temperatura
del aire superficial, justifica la realizacién de este trabajo, que permitira conocer mejor las
limitaciones, fortalezas y potencialidades de nuestro modelo como sociedad relacionada con las

areas de montana.

El comportamiento de la temperatura del aire superficial es resultado de diferentes factores
ambientales, tales como la latitud, la circulacion atmosférica y marina, o la altitud, entre otros, los
cuales se interrelacionan de forma compleja sobre el territorio y, mas especialmente, sobre las
areas de montafia. Sin embargo, la magnitud de la influencia de estos factores en la distribucion
espacio-temporal de la temperatura sobre el territorio es muy dependiente de la escala espacial de
los mismos, enfocandose la presente Tesis Doctoral en el estudio multi-escalar. Este es uno de los
aspectos que se consideramos de mayor interés, de tal manera que esta aproximacion permitira

determinar qué factores estan influyendo en la heterogeneidad térmica de los territorios.

Por otro lado, a menudo los trabajos que ahondan en otros aspectos del territorio, tales como
los estudios forestales, la distribucion y fenologia de plantas y animales o la modelizacion
hidrolégica, requieren de informacién sobre la temperatura del aire superficial en areas de
montafia. Sin embargo, la falta de informacién disponible o la dificultad de tener informacion
precisa, ha llevado al uso de criterios demasiado generales y homogéneos, e incluso erréneos
como el uso de gradientes estandares de troposfera libre para estimar la temperatura del aire
superficial. En este sentido, también es necesario demostrar los problemas de estas acciones y

presentar informacioén veraz que pueda ser utilizada por estas disciplinas.

Las areas de montana sufren de una baja densidad de observatorios meteorologicos, por lo que
el trabajo de campo es esencial para poder cubrir esas lagunas de informacioén y poder representar
mejor estas zonas topograficamente complejas. En este sentido, se ha producido un enorme
crecimiento de los trabajos realizados con instrumental de medicién propio, lo que ha hecho
aumentar la informaciéon disponible. Sin embargo, resultado de la falta de trabajos en areas de
montafia, faltan recomendaciones precisas de cémo tomar estas medidas, de forma que sean

comparables con las tomadas en otros puntos. Avanzar en la mejora del diseno de redes
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experimentales propias de observacién es vital para dar una salida adecuada a los préximos
trabajos, de tal forma que en esta investigacion aportamos algo de luz al respecto en la eleccion de
sensores, protecciones contra la radiacion solar, asi como elevacion de la medicién sobre el manto

nivoso.

Por estas razones, mejorar en el conocimiento de los patrones que determinan la distribucion
espacio-temporal de la temperatura del aire superficial en las regiones de montafia es esencial, ya
que ello condicionara los resultados de otras disciplinas que requieran de esta informacion
ambiental. En definitiva, la presente Tesis Doctoral trata de aportar en este conocimiento
cientifico, de tal forma que se mejora en la gestiéon y ordenacién territorial mediante el uso de

informacién mas precisa.
1.4.2. Objetivos

El objetivo principal de esta Tesis Doctoral es mejorar en el conocimiento de la temperatura
del aire superficial en las areas de montafia desde un enfoque multi-escalar, que permita conocer la
influencia de los diferentes factores explicativos de la temperatura del aire en funcion de la escala
de estudio, desde las regionales a las mas locales. La cumplimentacién de este objetivo principal

ha requerido dar respuesta a una serie de objetivos especificos, organizados de la siguiente forma:

— Analizar el comportamiento espacio-temporal de la temperatura del aire superficial a
escala regional sobre la Espafia Peninsular, prestando especial atencioén a las principales
regiones montafiosas y a factores como la circulacién atmosférica y la continentalidad.

— Analizar el comportamiento espacio-temporal de la temperatura del aire superficial a
escala regional sobre areas de montafia de latitudes tropicales y los posibles efectos de

factores de teleconexion como el fenémeno de El Nifio.

Sin embargo, estas escalas regionales no permiten la identificacién de patrones que ocurren a
escalas mas reducidas, por lo que los siguientes objetivos especificos trataron sobre el estudio de

la temperatura del aire superficial en ambitos locales:

— La falta de informacién espacial requiri6 de la instalacién de redes de observacion propias,
con lo que otro objetivo especifico fue establecer una serie de criterios metodologicos que
permitan el disefio de redes experimentales sobre ambitos de montafia en cuanto a la
eleccion de los sensores, protecciones contra la radiacién solar y elevacion sobre el manto

de nieve.
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Analizar el comportamiento espacio-temporal de la temperatura del aire superficial a
escala local sobre un area montafiosa topograficamente compleja del Pirineo Aragonés
con especial atencién a factores locales como la topografia o el efecto de las condiciones
meteorologicas.

Aplicar estos analisis en el estudio de la variabilidad espacial en la produccién potencial de

nieve artificial en una estacion de esqui del Pirineo Aragonés.

1.4.3. Estructura

La presente memoria de Tesis Doctoral es presentada en el formato de compendio de

publicaciones, lo cual modifica la estructura habitual y tradicional siguiendo las indicaciones

propias de la Escuela de Doctorado de la Universidad de Zaragoza. La Memoria se estructura de

la siguiente forma:

Introduccion (Capitulo 1) que presenta la relacion que tiene el presente trabajo con el
conjunto de estudios y enseflanzas del Programa de Doctorado en Ordenacién del
Territorio y Medio Ambiente. Ademas, se indican los contenidos basicos y esenciales para
comprender el funcionamiento de la temperatura del aire, y su especial dificultad de
analisis en areas de montafa, as{ como la Justificacién y Objetivos de la Tesis Doctoral.
Los diferentes Ambitos espaciales, Materiales y Métodos (Capitulo 2) se desarrollan en
este capitulo, que presenta los diferentes territorios analizados, ademas de la naturaleza de
los datos utilizados y los métodos y analisis con los que se ha llegado a los resultados
definitivos.

Al estructurarse como compendio de publicaciones, los objetivos especificos han sido
presentados y desarrollados a lo largo de los capitulos centrales de la Memoria, que
reproducen las aportaciones publicadas de las investigaciones realizadas por el doctorando
(Capitulos 3,4,5,6y7).

Por dltimo, se desarrollan las Conclusiones Generales y Especificas, as{ como las préximas

lineas de investigacion y trabajos futuros (Capitulo 8)

Los contenidos concretos, materiales, técnicas y objetivos especificos de cada capitulo son

presentados en la Tabla 1.

22



Introduccion

Tabla 1. Sintesis de los objetivos especificos, principales técnicas y métodos, asi como de las herramientas y
publicaciones de la Tesis Doctoral.

Objetivo especifico 1 | Principales Técnicas y Métodos | Software utilizado
- Control de Calidad de los datos

- Adaptacién espacio-temporal de los datos
- Célculo de gradientes de temperatura

- Clasificacion de Tipos de Tiempo

- Validacién de gradientes

- Otros estadisticos

- Generacién de Cartografia

Analizar el comportamiento
espacio-temporal de la
temperatura a escala regional
sobre la Espafia Peninsular

- Lenguaje y entorno
de programacién R
- ArcGIS 10.4

- Inkscape

Publicacién:

Navarro-Serrano, F., 1dpez-Moreno, J., Azorin-Molina, C., Alonso-Gonzdlez, E., Tomdis-Burguera, M., Sanmiguel-1 allelado,
A., Revuelto, ]., Vicente-Serrano, S.M. 2018. Estimation of near-surface air temperature lapse rates over continental Spain and its
monntain areas. International Journal of Climatology 38: 3233-3249. DOI: 10.1002/ joc.5497.

Objetivo especifico 2 | Principales Técnicas y Métodos | Software utilizado
- Control de Calidad de los datos

- Adaptacién espacio-temporal de los datos
- Célculo de gradientes de temperatura

- Validacién de gradientes

- Otros estadisticos

- Generacién de Cartografia

Analizar el comportamiento
espacio-temporal de la
temperatura a escala regional en
areas de montafia de latitudes
tropicales.

- Lenguaje y entorno
de programacion R
- ArcGIS 10.4

Publicacién:

Navarro-Serrano, F., Lipez-Moreno, ]I, Domingnez-Castro, F., Alonso-Gonzilez, E., Azorin-Molina, C., El-Kenawy, A.,
Vicente-Serrano, S.M. 2020. Mascimum and minimum air temperature lapse rates in the Andean region of Ecuador and Pern.
International Journal of Climatology. En Prensa. DOL: https:/ [ doi.org/ 10.1002/ joc.6574.

Objetivo especifico 3 | Principales Técnicas y Métodos | Software utilizado
Establecer una serie de criterios Trabajo de Carpp ° - Lenguaje y entormno
metodolégicos que permitan ¢l - Control de Calidad de los datos de programacion R
. g A - Adaptacién espacio-temporal de los datos - ArcGIS 10.4
disefio de redes experimentales . .
L ~ - Otros estadisticos - Tinytag Explorer
sobre ambitos de montafia. . , ’
- Generacién de Cartografia - 1Wire

Publicacién:

Navarro-Serrano, F., Ldpez-Moreno, |1, Azorin-Molina, C., Buisdin, S., Dominguez-Castro, F., Sanmignel-1 allelado, A.,
Alonso-Gonzilez, E., Khorchani, M. 2019. Air temperature measurements using autonomons self-recording dataloggers in mountainons
and snow covered areas. Atymospheric Research 224: 168-179. DOL: 10.1016/ j.atmosres.2019.03.034.

- Trabajo de Campo
- Control de Calidad de los datos

Analizar el comportamiento - Adaptacién espacio-temporal de los datos eneuaie v entorno
espacio-temporal de la - Calculo de gradientes de temperatura de f,u r;rrjacién R
temperatura a escala local sobre - Clasificacion de Tipos de Tiempo i A[r)c GgiS 104

un drea topograficamente - Calculo de la Insolacion estimada Tinvta EX. lorer
compleja del Pirineo Aragonés. - Analisis Cluaster yiag Bxp

- Otros estadisticos
- Generacién de Cartografia

Publicacion:

Navarro-Serrano, F., Lipez-Moreno, ].1., Azorin-Molina, C., Alonso-Gonzdlez, E., Azndrez-Balta, M., Buisan, S., Revuelto, ].
2020. Elevation effects on air temperatura in a topographically complex: mountain valley in the Spanish Pyrenees. Atmosphere 11(6):
656. DOI: https:/ / doi.org/ 10.3390/ atmos11060656.

23



Capitulo 1

Objetivo especifico 5 Principales Técnicas y Métodos Software utilizado

- Trabajo de Campo

- Control de Calidad de los datos

- Adaptacién espacio-temporal de los datos

- Calculo de temperatura humeda y de horas de
Produccién de nieve artificial

- Calculo de gradientes de temperatura seca, de

Aplicar estos analisis en el

estudio de la fragilidad de

- Lenguaje y entorno
de programacion R

determinadas actividades temperatura hiimeda v de horas de produccién de ni - ArcGIS 10.4

econdmicas de mbitos de emperatura humeda y de horas de produccion de ileve _ gpgg Windows V.26
N L , artificial. .

montafia del Pirineo Aragonés. - Tinytag Explorer

- Clasificacion de Tipos de Tiempo
- Modelos de Arboles de regresion
- Otros estadisticos

- Generacién de Cartografia

Publicacién:

Lipez-Moreno, |1, Navarro-Serrano, F., Azorin-Molina, C., Sanchez-INavarrete, P., Gonzdlez-Alonso, E., Rico, 1., Morin-
Tejeda, E., Buisin, S., Revuelto-Bened, J., Pons, M., Vicente-Serrano, S.M. 2019. Air and wet bulb temperature lapse rates and their
impact on snowmaking in a Pyrenean ski area. Theoretical and Applied Climatology 135(3-4): 1361-1373. DOI: 10.1007/500704-
018-2448.
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Capitulo 2

AMBITO ESPACIAL, MATERIALES Y METODOS

Tras situar la presente investigacion en el contexto de la Geografia y de los estudios
sobre procesos meteorolégicos y climaticos en areas de montafia, este capitulo
presenta los diferentes ambitos espaciales y escalas de trabajo, compuestos por tres
escalas bien diferencias (regional, local y experimental), asi como los materiales y
métodos empleados para la consecucién de los diferentes objetivos. La escala
regional ha sido representada por: 1) Espafia Peninsular y, 2) Andes de Ecuador y
Peru. La escala local por: 1) Valle del rio Aragén y, 2) Estacion de esqui Aramoén —
Formigal. Por dltimo, la escala experimental se ha desarrollado en: 1) Daroca, 2)
Canfranc, 3) Parcela Formigal — SPICE vy, 4) Valle de Panticosa. La seccion
Materiales muestra los datos utilizados, tomados tanto por organismos oficiales,
como por el propio trabajo de campo. Por ultimo, la seccion Métodos indica las

técnicas empleadas para la consecucion de los resultados.
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2.1. Ambito espacial y escalas de trabajo

Todo estudio cientifico que implique el analisis del territorio debe enfrentarse, en primer lugar,
a dos cuestiones imprescindibles como son la elecciéon del ambito y la escala de trabajo. Esto

ocurre en la Geografia, pero también en el resto de disciplinas con implantacion territorial.

La eleccion del ambito espacial es determinante, y de ella depende gran parte de una
investigacion. Esta decision marcara qué factores influyen, y de qué manera, sobre el fenémeno de
implantacién  territorial que se esté analizando, ya sea econémico, demografico, botanico,
geomorfoldgico, turistico o, en este caso, climatico. En el estudio de la temperatura del aire
supetficial, la eleccion del ambito espacial es basica y de una importancia capital, ya que todos los
factores explicativos (véase Seccion 1.2.3 Factores explicativos y medicion de la temperatura del
aire superficial) son dependientes del area en el que nos situemos. Factores como la latitud, la
transparencia atmosférica, la altitud o la exposicion a la circulaciéon atmosférica y oceanica basan
su influencia en la temperatura del aire en funcién de la localizaciéon de esa area analizada, de tal
modo que los factores no influyen de la misma manera si la investigacién se realiza en un punto
localizado en la selva amazénica que si se realiza en la tundra siberiana, por la conjuncién de todos
estos factores. Esta es la base del estudio espacial de la temperatura del aire superficial, pero
también de cualquier otro fenémeno ambiental. En la presente Tesis Doctoral, las elecciones de
los ambitos de estudio se han realizado en base a un objetivo fundamental, que ha sido la
necesidad cientifica de mejorar el conocimiento de las areas de montafa, especialmente en
espacios para nosotros cercanos y de aplicabilidad directa como son los Pirineos y las montafias
espanolas. Sin embargo, las dreas con déficit de informacién, y con aplicabilidad de estos
conocimientos, son amplias y numerosas a lo largo del planeta. Es por ello que, al presentarse la
oportunidad de realizar un estudio preliminar sobre los Andes, se decidiera acometer su analisis.
La eleccién concreta de cada punto de observacion para los diferentes trabajos presentados en el

Compendio de publicaciones, se ha detallado en los epigrafes siguientes.

Por otro lado se presenta la escala de trabajo. Este es un concepto también determinante en
toda disciplina de implantaciéon territorial, como son los estudios de fenémenos climaticos.
Habitualmente, la escala de trabajo se ha referido a la extensién geografica o espacial de los
fenémenos analizados, indicando también en este sentido cuestiones metodolégicas de la
investigacioén, especialmente en relaciéon a la toma de datos (Ruiz Rivera y Galicia, 2016). Las
propiedades de los fenémenos ambientales se dejan ver de manera mas o menos directa en

funcién de la escala desde la que se observa, por lo que habria que hacer un ejercicio de analisis en
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determinar cual es la escala en la que dicho fenémeno ambiental deja ver mejor su propia
variabilidad (McMaster y Sheppard, 2004), siendo esa su escala ideal de trabajo. Sin embargo, en
trabajos como el que aqui se muestra, la escala de trabajo viene determinada e impuesta por
restricciones logisticas (en este caso, la cantidad disponible de observatorios meteoroldgicos), por
lo que la comprension real de los fenémenos analizados puede resentirse al no analizar el
fenémeno a la escala ambientalmente exigida. Esta es la razén del déficit de informacion y, por
tanto, de conocimientos sobre los fenémenos meteorolégicos y climaticos en areas de montafia.
Ademas, en términos jerarquicos, puede darse la situacion de que los factores explicativos en unas
escalas no sean detectables en otras, y viceversa (Ruiz Rivera y Galicia, 2016), siendo, por tanto,
clave entender como se dejan ver los factores explicativos en funciéon de la escala de analisis. El
conocimiento de esta diferente visibilidad interescalar es parte fundamental de la comprension

final del comportamiento del fendmeno, en este caso la temperatura del aire superficial.

La presente Tesis Doctoral pretende analizar la relaciéon de la temperatura del aire superficial
con la altitud bajo diferentes condiciones de ambitos de estudio y escalas de trabajo (Figura 11), lo
cual ha permitido el analisis de este fendmeno con diferentes enfoques: desde el regional realizado
sobre la Espafia Peninsular y las regiones andinas de Ecuador y Pert, hasta los trabajos realizados
con un enfoque local en el valle del rfo Aragén y en la estacion de esqui de Aramén — Formigal.
Asimismo, se ha tratado también el analisis de la temperatura del aire superficial bajo un prisma
experimental en los observatorios meteorolégicos de Daroca, Canfranc, la parcela experimental

del proyecto SPICE en Formigal, y el valle de Panticosa.

Formigal

% |
Espafia . Valle

Peninsular £~ % W8 del rio Aragén

QOcéano Allantico i

1:175 000 000 [ Escala Regional [ Escala Local 1:5 000 000

Figura 11. Cartografia de las escalas de trabajo regional y local empleadas en la presente Tesis Doctoral. La escala
regional fue representada por la region andina de Ecuador y Pert, asi como por la Espafia Peninsular. La escala local se
representé mediante el valle del rio Aragén (entorno de Canfranc — Estacién) y la estacion de esqui de Aramén —
Formigal. La escala experimental se representa en la Figura 16. Elaboracion propia.
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2.1.1. Estudios regionales

2.1.1.a. Espania peninsular y regiones montanosas (aplicacion en Capitulo 3)

Espafia forma parte de la Peninsula Ibérica, que se sitaa al suroeste del continente europeo (36°
- 43.8° N; 9.3° O — 4.3° E, Figura 12), entre los continentes europeo y africano, as{ como entre el
océano Atlantico y el mar Mediterraneo, lo que la convierte en una regién de transiciéon entre
diversas realidades, tanto climaticas, como biogeograficas. Las dos principales razones que
justifican la eleccion de este ambito de trabajo para la escala regional son: 1) la disponibilidad de
una red operativa de informacién meteorologica, procedente de la Agencia Estatal de
Meteorologia (AEMET) para el conjunto del territorio espafol y, 2) la necesidad de ampliar y
profundizar en el conocimiento de la temperatura del aire superficial en las areas montafosas
espanolas que, como veremos, influyen en gran medida en las actividades humanas del resto del

territorio del Estado.

El relieve y la orograffa peninsular son tremendamente complejos, resultado de una dilatada
historia geoldgica que ha provocado que, hoy en dia, la litologfa superficial tenga muestras de
todas las eras geoldgicas terrestres (IGME, 1994). Los efectos de las diferentes orogenias, la
existencia de una gran meseta central y la disposiciéon general oeste — este de los principales
sistemas montafiosos ha hecho que se genere un espacio de gran heterogeneidad climatica
(Cuadrat Prats y Pita Lopez, 2006). Aunque el clima general es el propio de latitudes medias y
templadas, tanto las precipitaciones como las temperaturas varfan intensamente a lo largo del
territorio, teniendo por comun que el verano corresponde con una estacion calida y
eminentemente seca, mientras que el invierno es la estacion fria y humeda, aunque con matices
territoriales. Este clima es dependiente de la circulaciéon general atmosférica y de su
comportamiento a lo largo del afio, que puede verse interrumpido por irrupciones esporadicas
procedentes del continente africano (especialmente en verano) y del interior del europeo
(principalmente en invierno). A pesar de estar hablando de una regién peninsular, la significativa
altitud media de algunas cuencas hidrograficas, como las del rio Duero, Tajo y Guadiana, marcan

un alto grado de continentalidad en estos territorios.

Las regiones montafosas reciben habitualmente precipitaciones en forma de nieve durante el
invierno (Alonso-Gonzalez etal.,, 2020), y ocasionalmente durante el otofio y la primavera,

marcando los regimenes hidricos de los tributarios de los grandes rios espafioles, tales como el

Ebro o el Duero (Moran-Tejeda et al., 2014).
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La region analizada cuenta con una poblacion total de unos 44 millones de habitantes, en la
que un 83.8% es poblacién urbana, concentrada en un 16% del territorio INE, 2019b; Ministerio
de Agricultura Pesca y Alimentacion, 2019). Ese territorio densamente poblado es el de las areas
costeras y las circundantes a la Comunidad de Madrid, siendo las areas montafiosas y elevadas un
desierto demografico con densidades inferiores a los 10 hab. por kilémetro cuadrado (Goetlich y
Cantarino, 2013). El principal sector por Producto Interior Bruto y por empleabilidad es el de
Servicios (66% del PIB y 75% de los empleos), mientras que el sector primario apenas genera un

3% del PIB y un 4% de los empleos (INE, 2019a).

Estos datos podrian llevar a una falsa idea de que, en Espafia, existe una escasa vinculacion
entre el medio fisico, el clima y las actividades humanas. Sin embargo, Espafia es también un pais
agricola, principalmente en términos de superficie, con unos 170.000 km® de cultivos (~33% de la
superficie), aumentando hasta el 88% si incluimos prados y bosques. Buena muestra de ello son
las exportaciones de productos agricolas hacia el resto de la Uniéon Europea. Sin embargo, el clima
peninsular es variable e irregular, por lo que gran parte de esta produccién agroalimentaria
depende de la disponibilidad de recursos hidricos, que tienen lugar y son recogidos
fundamentalmente en las areas de montafia, donde se concentra un altisimo porcentaje de la
capacidad de embalsado del pafs. Es decir, las despobladas areas montafiosas abastecen de agua a
las ciudades litorales y a los grandes valles del interior, ademas de a las actividades industriales vy,
en una gran medida, al sector primario. Por todo ello, es una regién dependiente de las areas
montafiosas, aunque los datos econémicos y demograficos muestren una sociedad alejada del

mundo rural y de montafia.

Mas especificamente, existen algunas zonas en las que se dan precipitaciones muy escasas
(inferiores a los 350 mm anuales) pero que, sin embargo, cuentan con potentes industrias
agroalimentarias y ganaderas basadas en el uso del agua, como son los regadios e industrias
carnicas de los valles del Ebro, Cinca y Segre, asi como los de las cuencas litorales mediterraneas.
Al analizar las areas con precipitaciones inferiores a 450 mm, estas cuentan con areas extensas de
cultivo de frutales, olivar y vid que, en ocasiones, cuentan con aportaciones puntuales de riego por
goteo, lo cual incrementa la dependencia hacia los recursos hidricos en estas regiones sensibles.
En este sentido, se ha procedido también a analizar de manera diferenciada cada una de las
regiones montafiosas de la Espafia Peninsular, debido a sus especiales circunstancias climaticas,
diferenciado entre la Cordillera Cantabrica, Pirineos, Sistema Central, Sistemas Béticos y Sistema

Ibérico (Figura 12). Puede encontrarse mas informacion en el Capitulo 3.
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Figura 12. Cartografia de la Espafia Peninsular, prestando atencioén especial en las 5 subregiones seleccionadas en la
publicacién del Compendio, esto es: 1) Pirineos, 2) Cordillera Cantabrica, 3) Sistema Central, 4) Sistemas Béticos, y 5)
Sistema Ibérico. Elaboracion propia.

2.1.1.b. Region andina de Perii y Ecuador (aplicacion en Capitulo 4)

Pert y Ecuador estan localizados en la costa occidental de América del Sur (1.3° N — 18° §;
81.3° — 68.5° O, Figura 13), bafiados por el océano Pacifico y la corriente frfa de Humboldt. Estos
paises son atravesados latitudinalmente por la cordillera de los Andes, que determina grandes
diferencias climaticas entre la vertiente pacifica y la amazonica. Las principales razones que
hicieron elegir esta region como ambito de estudio fueron: 1) la posibilidad presentada de poder
analizar, de manera similar al caso espafiol, el comportamiento de la temperatura con una red
operativa en un ambito diferente como es el tropical, permitiendo asi la comparacion entre
territorios distantes y con casuisticas diferentes; y 2) cubrir un hueco en el conocimiento de la
temperatura del aire en estos territorios, que son de los menos analizados por la literatura
cientifica (Barry, 2008), a pesar de los recientes intentos mencionados en el Capitulo 4. A ello hay
que sumar la dependencia de la poblacion local a los extremos climaticos, como las
precipitaciones torrenciales (Rollenbeck y Bendix, 2011), que se dejan sentir con su peor cara y

demasiada frecuencia en estos puntos del planeta.
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Figura 13. Cartografia de la region andina de Ecuador y Pert. Se han delimitado las subregiones norte y sur por el
paralelo latitudinal 9° 30° S. Se ha representado, mediante lineas grises, dos secciones que marcan el perfil topografico
para las dos subregiones. Elaboracion propia.

Entender el relieve y la orografia de esta region es relativamente sencillo desde el punto de
vista estructural, distinguiéndose tres grandes areas como son la costera, la amazonica e,
intercalada entre ambas, la andina. La regién andina es estrecha y larga, y viene delimitada por sus
flancos por las estribaciones pacificas y amazonicas de las montafias. La disposicion norte — sur de
la regién y del area montafiosa hace que las condiciones climaticas sean muy diferentes entre las
areas mas septentrionales y meridionales de la regién andina, ademas de entre las regiones costera,
andina y amazonica, en funciéon del efecto de factores como la latitud y el efecto barrera de la

cordillera, respectivamente.
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Debido a la posicion de la region andina, hay tres elementos clave que afectan al clima de la
misma (Barry y Chorley, 2003): 1) la latitud, que oscila entre la linea del Ecuador y el Trépico de
Capricornio, con lo que el paso de la Zona de Convergencia Intertropical es determinante; 2) la
corriente oceanica frfa de Humboldt, que otorga unas caracteristicas concretas de escasas
precipitaciones y persistentes nieblas costeras estacionales en la vertiente del Pacifico; y 3) la
disposicion latitudinal de la cordillera de los Andes, que marca fuertemente los contrastes entre
vertientes. Todo ello hace que exista un gradiente climatico norte — sur, ademas de otro entre
costa — interior, que se ha plasmado tradicionalmente en la division de estos dos pafses entre
regiéon costera, andina (o sierra) y amazonica. En este trabajo, debido al especial interés por las
areas de montafna, se ha elegido como ambito espacial la regiéon andina de ambos paises,
descartando la region costera y la amazonica por no tener cambios altitudinales de entidad y por
no estar referidas a areas montafiosas. La region andina cuenta con una depresioén interna
localizada a mas de 3000 m sobre el nivel del mar, con amplias superficies por encima incluso de
este limite, lo que le otorga unas condiciones climaticas muy concretas (SENAMHI, 2020). En el
océano Pacifico tiene lugar el fenémeno de El Nifio (ENSO, por sus siglas en inglés) que,
esporadicamente, puede llegar a afectar intensamente sobre las condiciones meteoroldgicas de la
region. Este fenémeno viene provocado por cambios en la temperatura de la superficie marina, lo
cual provoca graves trastornos como sequias, inundaciones o cambios en la temperatura del aire,
en funcién de la fase del fendmeno y su intensidad (Dijkstra, 2006; Grimm et al., 2009; Vicente-
Serrano et al., 2017).

Los paises de Ecuador y Pert cuentan con una poblacién conjunta de, aproximadamente, 47
millones de habitantes, segin la proyecciones y datos oficiales para 2017 (INEC, 2012; INEI,
2017), localizados generalmente en la region costera y en la depresion interna de la region andina
(Garcfa y Santiago Ochoa, 2012). La economia de estos paises esta dedicada, fundamentalmente,
al sector servicios, pero también tiene una importancia significativa el sector extractivo e
industrial, volcado hacia las exportaciones (INEI, 2018; Pino Peralta et al., 2018), que en buena
medida son de productos agricolas, pero también de derivados del petréleo. Por otra parte, la
produccion hidroeléctrica tiene una importancia capital y un gran potencial de desarrollo futuro
(ARCE, 2018; MINEM, 2019), a pesar de disponer de reservas propias de gas y petroleo,
especialmente Ecuador. Esta fuente de produccion hidroeléctrica copa alrededor del 60% de la
produccion total, por lo que es capital en el desarrollo econémico. El origen de esta produccion
hidroeléctrica, y de la capacidad de embalsado, esta en la regién andina, que se presenta como la
fuente de recursos hidricos y eléctricos para las regiones costera, andina y amazonica. En areas

con un déficit tan marcado de precipitacion, especialmente las areas meridionales, son los recursos
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hidricos de la montafia (esencialmente provenientes del deshielo de la nieve y del hielo), los que
permiten la continuidad de las actividades humanas. Estos pafses, aunque con un rapido
desarrollo en las ultimas décadas, todavia son vulnerables y estin expuestos ante los riesgos
naturales (Vicente-Serrano et al., 2017).

Por todo ello, las condiciones ambientales que tienen lugar en la regién andina tienen gran
impacto en las actividades humanas, ya sea por cuestiones directas (inundaciones o sequias), o
indirectas (descenso en la produccion hidroeléctrica, aumento del precio de la electricidad, falta de
abastecimiento de agua, crisis econémicas o desestabilizacién social), tal y como han indicado
algunos autores (Davila y Olazaval, 2006; Paredes y De la Puente, 2014). Por tanto, en esta
situacion, la temperatura del aire superficial es de nuevo una variable vital en el control y gestion
de los recursos hidricos y, de manera indirecta, en la viabilidad de la actividad econémica de la
region. Por otra parte, con el objetivo de poder observar diferencias latitudinales en la distribucion
de la temperatura del aire, se ha subdividido la regién andina por el paralelo 9.5° S. Puede

encontrarse mas informacién en el Capitulo 4.
2.1.2. Estudios locales
2.1.2.a. Valle del rio Aragin — Canfranc Estacion (aplicacion en Capitulo 6)

Con el objetivo especifico de analizar el comportamiento espacio-temporal de la temperatura
del aire superficial a escala local sobre un area montafnosa y topograficamente compleja, se eligié
un ambito espacial cercano, y que cumplié con los requisitos topograficos, altitudinales y de
acceso para poder instalar una red de observacién propia. Este ambito fue un sector del tramo
alto del valle del rio Aragén (42.75° N, 0.52° O, Figura 14), cercano al nucleo poblacional de
Canfranc — Estacion. El rio Aragdn es uno de los principales afluentes del rio Ebro (se estima que
aporta anualmente unos 1000 hm?’), situsndose en su margen izquierda y drenando una superficie
de 8524 km®. Debido a su marcado régimen nivo-pluvial, especialmente en su sector de cabecera
(Garcfa-Ruiz etal., 2001; Lopez-Moreno etal., 2004), sufre avenidas estacionales debido al
deshielo (Lopez-Moreno et al., 2002). El sector fue escogido por sus caracteristicas topograficas y
climaticas, ya que cuenta con un rango altimétrico que cubre desde los 1100 m s.n.m. (nivel del
rfo) hasta los 2573 m s.n.m. (Pico de la Moleta). Ademas, el clima de este sector es frio y humedo
(Canfranc — Estacion: 9° C y alrededor de 1400 mm anuales), siendo las nevadas muy comunes
durante los meses de invierno (25 dias de nevada al afio en Canfranc — Estacion), lo que genera un
manto de nieve continuo a lo largo del invierno en el fondo del valle, y que se alarga hasta bien

entrado el verano en las cumbres (Lépez-Moreno, 2000).
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Figura 14. Cartografia que muestra la localizacion y caracteristicas principales del valle del rio Aragén, en el sector
analizado del entorno de Canfranc — Estacion. Se indica la situacion de las laderas de Estiviellas y Moleta, localizadas a
los lados del rio Aragon, que discurre por el centro del mapa de norte a sur. Elaboracién propia.

El tio cruza el ambito de estudio desde el norte hacia el sur, generando dos laderas enfrentadas
a los lados. Es en estas laderas en las que se ha procedido a realizar los diferentes analisis,
recibiendo la nomenclatura de ladera de Estiviellas y ladera de la Moleta, orientandose hacia el
SSE (solana) y hacia el NNO (umbria), respectivamente. Esto permite un estudio comparativo
entre laderas con caracteristicas opuestas, en las que la radiaciéon solar puede verse fuertemente
afectada por las sombras topograficas y sus efectos estacionales. Ademas, un bosque denso cubre
la mayor parte de las laderas hasta los 2000 m s.n.m., con dominancia de Pinus spp., asi como
algunas especies de hoja caduca en las areas mas himedas (Pueyo y Beguerfa, 2007; Nadal-
Romero et al., 2016). Por encima de 2000 m s.n.m. el bosque va dando paso progresivamente a

una vegetacion subalpina, e incluso periglacial en las cumbres.

La poblacion es escasa (INE, 2019b), y se encuentra concentrada en pequefios nucleos de
poblacién ubicados en el fondo del valle, tales como Canfranc — Estacion (463 habs.), Canfranc
(77 habs.), Villanta (398 habs.) o Castiello de Jaca (201 habs.), un poco aguas abajo. La influencia
de los condicionantes climaticos en las actividades humanas van mas alla del propio tramo alto del
rfo Aragon, aunque a veces los riesgos naturales se han dejado sentir también en las poblaciones
anteriormente citadas (Lépez-Moreno et al., 2002), como fue el caso de la crecida de Villanua en

el afio 2012 (Bayona, 2012), o de otras crecidas ordinarias (Villanueva, 2018) debidas al deshielo
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repentino provocado por una subida brusca de temperaturas y de lluvias intensas, mostrando que
los impactos e influencias del medio montafioso en la poblacién nunca deben dejarse de lado. Por
otro lado, debido a la importante cuenca hidrografica del rio Aragdn, y a su productividad en
forma de acumulacién de nieve (Alonso-Gonzalez et al., 2020), es un rio estratégico en la gestion
de los recursos hidricos de la Confederacion Hidrografica del Ebro, ya que drena una gran
superficie, y permite el abastecimiento de mas de 50.000 personas y 81.000 has. de regadio gracias
al embalse de Yesa y a la creaciéon del canal de Bardenas. Por todo ello, pese a la situacion del
enclave estudiado, en un lugar remoto de la montafia espafiola, este territorio influye activamente
en las actividades econémicas y humanas, por lo que un conocimiento preciso y certero de las
condiciones climaticas que se dan en ¢l ayudara en la gestion de los recursos y en la adaptacion del

hombre a los mismos. Puede encontrarse mas informacion en el Capitulo 6.
2.1.2.b. Estacion de esqui de Aramin — Fornigal (aplicacion en Capitulo 7)

Tras plantear el objetivo especifico de aplicar los analisis del comportamiento de la temperatura
del aire superficial a la fragilidad de determinadas actividades humanas, se decidié que este analisis
debfa ser a una escala de trabajo local con el objetivo de poder analizar los efectos sobre una
actividad en concreto. Es por ello que elegimos una actividad y ambito de estudio con
dependencia directa hacia las condiciones meteorolégicas como son las estaciones de esqui del
Pirineo aragonés. En esta region, al encontrarnos en un territorio de transicion entre los efectos
atlanticos y mediterraneos, las precipitaciones, tanto en forma de lluvia como de nieve, son
irregulares, y la insolacion elevada, por lo que el manto de nieve es irregular. Esto lleva a una
situacioén de vulnerabilidad a las actividades dependientes de la nieve, como son las estaciones de
esqui, sobre todo las que se encuentran a menor altitud (Lopez-Moreno et al., 2009; Pons et al.,
2015). Esta situacién provoca que, ocasionalmente, estos complejos se encuentren al borde del
colapso, teniendo que acortar la temporada a unas pocas semanas. Por ello, todas las estaciones de
esqui del entorno han ido ampliando la capacidad de producciéon de nieve artificial, lo cual les
permite mantener la actividad durante toda la temporada de esqui (generalmente, desde diciembre
hasta abril), salvaguardando los envites mas fuertes de la irregularidad meteorolégica. Sin
embargo, la produccion de nieve artificial no es ajena a las condiciones meteoroldgicas, ya que su
viabilidad depende, fundamentalmente, de la temperatura del aire superficial y de la humedad
relativa, por lo que el conocimiento espacio-temporal de estas variables es basico para conocer la
viabilidad de la actividad. Por estas cuestiones, tras una serie de contactos y colaboraciones
previas, se decidi6 elegir como ambito de estudio una estacion de esqui de amplio impacto sobre

toda la region como es la de Aramén — Formigal (en adelante, Formigal).
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Figura 15. Cartografia y localizacion de la estacion de esqui de Aramoén — Formigal. Tomada de Lopez-Moreno et al.
(2019).

La estacion de esqui de Formigal se encuentra situada en la cabecera del rio Gallego (42.5° N,
0.25° O, Figura 15), en los Pirineos centrales y a escasa distancia de la frontera entre Espafia y
Francia, y contando con un rango altimétrico desde los 1550 hasta los 2300 m s.n.m., cubriendo
una superficie de unas 2500 hectareas, generalmente en la vertiente norte del macizo montafioso
en el que se encuentra. El clima del entorno (medido en una ubicaciéon préxima, a 2056 m s.n.m.)
es frio y himedo, mostrando una temperatura media anual de 3° C y unas precipitaciones de,
aproximadamente, 2000 mm anuales, de los cuales mas de un 50% son en forma de nieve (Lopez-
Moreno et al., 2013). Ademas, se dan una media de 130 dfas anuales en los que no se supera la
barrera de los 0° C en ningun momento del dia (Revuelto et al, 2017). Aunque la media de
temperatura durante el invierno es inferior a 0° C, el ambito de estudio estd sujeto a episodios
esporadicos de lluvia durante el invierno, que pueden acelerar la fusién de la nieve y la
transformaciéon del manto a lo largo de la temporada de esqui. Estamos por tanto ante un
territorio de marcado caracter montafioso, en el que la nieve hace acto de apariciéon con frecuencia

y las temperaturas pasan buena parte del afio por debajo del umbral de la helada.
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Formigal es una de las estaciones de esqui mas importantes del Pirineo y, por tanto, del pais.
En la actualidad cuenta con 137 km esquiables, distribuidos en mas de 115 pistas, teniendo los
telesillas una capacidad maxima de 35.920 esquiadores por hora, que se incrementan hasta los
50.000 anadiendo las vecinas instalaciones del valle de Panticosa, conformando el complejo
invernal de Aramén Formigal — Panticosa. La importancia econémica de Formigal en la comarca
es incalculable, tanto desde el punto de vista econémico como demografico, ya que permite la
fijacion de parte de la poblacion joven del entorno. Sin embargo, a pesar de su importancia y
potencial, su situaciéon no escapa a la vulnerabilidad que cubre a la practica totalidad de estaciones
de esqui espanolas en relacion a las temperaturas y la irregularidad de las precipitaciones en forma
de nieve (Gilaberte-Burdalo et al., 2017). En un contexto de cambio global, en el que parece que
las zonas elevadas sufriran antes los efectos de una subida de la temperatura del aire, estos
entornos situados en el limite altimétrico de las precipitaciones en forma de nieve, se encuentran
en una posicion delicada, especialmente los kilometros esquiables situados a menor altitud. Es por
ello que Formigal, al igual que otras estaciones de esqui, ha desarrollado un amplio dispositivo de
cafones de produccién de nieve artificial que permite el sostenimiento de la actividad a pesar de
las irregulares precipitaciones. Por todo ello, es imprescindible un mayor conocimiento sobre el
comportamiento de la temperatura del aire superficial en estos entornos, ya que de ella depende la

viabilidad de estas actividades. Puede encontrarse mas informacion en el Capitulo 7.

2.1.3. Estudios experimentales: Daroca, Canfranc, Formigal — SPICE vy valle de Panticosa

(aplicacion en Capitulo 5)

La necesidad de trabajar sobre el objetivo especifico de establecer una serie de criterios
metodologicos que permitan el diseno de redes experimentales sobre ambitos de montafa
requiri6 de la disposicion de observatorios meteorolégicos de referencia, accesibles y controlados,
en los que se pudieran llevar a cabo los analisis especificos contando con mediciones de referencia
homologadas. Para ello, contamos con la inestimable ayuda y colaboraciéon de la Delegacion
Territorial en Aragén de la Agencia Estatal de Meteorologia (AEMET), que propuso algunos
observatorios de referencia en su red que cumplian con los requisitos de nuestra investigacion:
ambientes frios, con precipitaciones en forma de nieve y, a poder ser, de ambitos de alta montafia.
Ademas, se requeria que, a ser posible, fueran unos observatorios automaticos, que permitieran
almacenar la informacion a elevada resolucion temporal. Se requeria también la disponibilidad de

informacién de velocidad de viento y radiacion, ademas de temperatura del aire y precipitacion.
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La seleccion final de ambitos de trabajo a esta escala experimental fueron los observatorios de:
Daroca, Canfranc y Formigal — SPICE (Figura 16). Ademas, otro de los experimentos se

desarroll6 en parcelas experimentales propias del Grupo de Investigacion en el valle de Panticosa.

a. Daroca (Exp. 1)

b. Canfranc-Estacion

Elevacién (m s.n.m.)

(Exp. 1; Ex . 2) B -0
c. Formigal-Spice [ ] 400-800
(Exp. 3) [ ] 8o0-1200
[ 1200- 1600
d. Valle de Panticosa [ 7600.- 2000
(Exp. 4) 100 Ko [ 20

Figura 16. Localizaciones de las parcelas experimentales en el contexto de Aragéon (Espafia). Daroca (a), Canfranc (b),
Formigal-SPICE (c), y Valle de Panticosa (d). Elaboracién propia.

El observatorio de Daroca (identificador “9390°) esta ubicado en el area montafiosa del Sistema
Ibérico (779 m s.n.m., 41.11° N, 1.41° O, Figura 16.a). Es un entorno que cuenta con un clima de
caracter continental dentro del contexto peninsular, en el que las temperaturas tienen grandes
oscilaciones térmicas (media de las maximas de 30.8° C en julio, y media de temperaturas minimas
de -0.6° C en enero). Las precipitaciones son escasas (393 mm anuales), aunque durante el
invierno pueden ser, ocasionalmente, en forma de nieve (12 dias de nieve al aflo). La eleccion de
esta localizaciéon se debid a la conjuncién entre clima muy frio, con nevadas ocasionales, pero en
un contexto de sequedad, aridez y fuerte insolacién diurna, lo que permitiria contrastar con las

condiciones de los observatorios de alta montafa.

El observatorio de Canfranc (identificador “9198X’) esta ubicado en la poblacién de Canfranc
— Estacion (1170 m s.n.m., 42.75° N, 0.52° O, Figura 16.b), ya desarrollada en el punto anterior.

Su clima es frio y humedo, siendo las nevadas muy comunes durante el invierno (25 dias de nieve
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al afio), y teniendo una cobertura de nieve generalmente continua a lo largo del invierno. Esta
condiciéon permitié analizar diferentes modelos de proteccién contra la radiacion solar sobre suelo

nevado, contando con las medidas de referencia del observatorio de AEMET.

El tercer estudio a escala experimental se desarrollé en la parcela (1820 m s.n.m., 42.76° N,
0.39° O, Figura 16.c) que AEMET dispone en la estacién de esqui de Aramén — Formigal, en el
contexto del Proyecto SPICE (WMO Solid Precipitation Intercomparison Experiment). Ademas del
espiritu original del Proyecto SPICE, es deseco de AEMET que esta parcela sea un campo de
prueba y de experimentacion de diferentes proyectos meteorologicos, por lo que contamos con su
plena disposicion a colaborar. En esta parcela se toman mediciones de una gran cantidad de
variables meteoroldgicas, entre las que esta la toma automatica de espesor de nieve. Esta
localizacion esta expuesta a los flujos de aire frios y humedos del norte, siendo las nevadas muy
comunes y regulares, pudiendo alcanzar la nieve espesores de hasta 200 — 300 cm. en afios
propicios (Buisan et al., 2017). Las condiciones climaticas resultan en una cobertura de nieve
continua desde finales de otofo hasta primeros de verano. La parcela de Formigal — SPICE fue
elegida como ubicacién para este experimento debido a que el principal objetivo fue analizar la
distribucion vertical de la temperatura del aire sobre areas cubiertas de nieve. En esta localizacion
la cubierta de nieve es continua, y la disposicion de datos automaticos sobre espesor de nieve

permiti6 analizar la temperatura continuamente a varias alturas sobre la superficie nevada.

Por dltimo, el cuarto ambito de estudio de la escala de trabajo experimental fueron cuatro
parcelas experimentales propias en el valle de Panticosa (42.76° N, 0.23° O, Figura 16.d), instalada
con motivo de otras investigaciones del Grupo de Investigacion de Hidrologia Ambiental (IPE —
CSIC), que se han plasmado en algunas publicaciones recientes (Sanmiguel-Vallelado et al., 2020).
Es un valle elevado del Pirineo, perteneciente a la cuenca del rio Gallego. El valle esta cubierto
por un bosque denso perenne de Pinus mugo subsp. uncinata. Las cuatro parcelas experimentales se
establecieron en varias combinaciones en cara norte y sur a dos bandas altimétricas, conformando:
Norte-Arriba (2195 — 2213 m s.n.m.), Norte abajo (1742 — 1757 m s.n.m.), Sur Arriba (2039 —
2053 m s.n.m.) y Sur Abajo (1854 — 1882 m s.n.m.). El valle de Panticosa fue elegido debido a su
bosque perenne y la presencia continua de nieve durante varios meses al afio, que permitirfa
encontrar unas condiciones homogéneas dentro de cada parcela. En esta zona se pudo comparar
la variabilidad térmica mostrada por grupos de termémetros ubicados a una altura muy similar en
cuatro zonas situadas a una orientacion y altitud contrastadas. Puede encontrarse mas informacion

en el Capitulo 5.
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2.2. Materiales

En este punto es necesaria al menos una concisa introduccién al método cientifico. Una vez
establecidos los diferentes objetivos especificos de la Tesis Doctoral, asi como los ambitos
espaciales y escalas de trabajo, todo trabajo cientifico debe regirse por este método. El método
cientifico es una forma de trabajar en la que la disciplina, el orden y la sistematizacion de los
procesos garantiza la aceptabilidad de los resultados, asi como la reproducibilidad y validez de los
mismos, permitiendo asi establecer teorfas (Jensen, 1992). El método cientifico tiene una base
solida, que son los datos empiricos, esto es, basados en la observacion directa de la realidad, que
permiten la cuantificaciéon y documentacion de la misma, permitiendo ademas la comprobacién de
las diferentes hipétesis. En los siguientes epigrafes describimos brevemente las caracteristicas
principales de los materiales empleados en la consecucién de los distintos objetivos especificos de
la Tesis Doctoral. Los materiales han sido clasificados en funcién de su origen (redes oficiales de
observacién meteoroldgica, trabajo de campo realizado por el doctorando, y otras fuentes), y

resumidos en la Tabla 2:

Tabla 2. Sintesis de los Materiales Empleados, clasificados por los Capitulos y Publicaciones.

Capitulo y Publicacion | Materiales Empleados
Capitulo 3
Navatro-Serrano, F., Lipez-Moreno, | * Temperaturas maximas y minimas diarias del aire superficial (Red
¢ ] s S

Agzorin-Molina, C., Alonso-Gonzilez, E. Aemet) y garitas de tipo Stevenson (Buisan et al., 2015)
Tomds-Burguera, M., j‘ﬂﬂmégm/_'yd/}g/adg) ®  Presién atmosférica a nivel del mar procedente de NCEP-NCAR

A., Revuelto, J., Vicente-Serrano, S.M. 2018. Reanalisis (Basnett y Parker, 1997).

Estimation of near-surface air temperature " Modelo Digital de Elevaciones (MDT200), de IGN (2020).
lapse rates over continental Spain and its "  Red Hidrografica derivada del World Map Vector (VMap0), de
mountain  areas. International ~ Journal — of USDMA (2000).

Climatology 38: 3233-3249.

Capitulo y Publicacién | Materiales Empleados

Capitulo 4 * Temperaturas maximas y minimas diarias del aire superficial (Red
INAMHI y SENAMHI). Observaciones manuales y garitas

Navarro-Serrano, F., Iipez-Moreno, ]I,
Stevenson.

Domingnez-Castro, F., Alonso-Gonzilez, E., ; ]
Asorin-Molina, C., El-Kenawy, A., Vicente- " Humedad especifica a la altura geopotencial 500 hPa procedente de

Servano, S.M.  2020.  Masximum — and ERA-Interim Reanalisis (Berrisford et al., 2011).
minimum air temperature lapse rates in the Modelo Digital de Elevaciones (GTOPO30), de Gesch et al. (1999).
Andean  region  of Ecuador and  Pern. " Indices Fenémeno El Nifio: ONI e ICEN (Takahashi et al., 2014;

International  Journal of  Climatology (En Huang et al., 2017).
Prensa). = Imagenes MODIS (USGS, 2020).
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Tabla 2. Sintesis de los Materiales Empleados, clasificados por los Capitulos y Publicaciones (continuacion).

Capitulo y Publicacién Materiales Empleados

®  Trabajo de Campo: Temperatura del aire superficial. Sensores
Tinytag-Plus-2 (modelo TGP4017) e iButton (modelos DS-1922 y

DS-1921G).
’ ®  Garitas Stevenson (Buisan et al., 2015), Datamate (basada en Gill,
Capitulo 5 1983), de Tubo (Pepin y Kidd, 2006) y de Embudos (Hubbart, 2011).

Navarro-Setrano, F.,, Lipez-Moreno, J.I, " Radiacién incidente, medida por piranémetro Kipp&Zonen (modelo

Agzorin-Molina, C., Buisin, S., Dominguez- de piranémetro CM11).
Castro, F., Sanmignel-V allelads, A., Alonso- =  HEspesor de nieve, medida por un sensor acustico de espesor

Gonzdlez, E., Khorchani, M. 2019. Air Campbell Scientific (modelo SR50A).

temperature measnrements using antonomons " Precipitacién, medida por pluviémetro totalizados automatico OTT
self-recording dataloggers in mountainons and (modelo Pluvio2, de 1500 mm de capacidad), e instalado dentro de
snow covered areas. Atmospheric Research 224 un DFIR (Buisan et al., 2017).

168-179. = Intensidad del viento (Red Aemet), medido por anemémetro Thies

Clima, a una altura estandar de 10 m.

=  Existencia y espesor de nieve en suelo (Red Aemet), por pértigas y
observacion de colaboradores de AEMET en Canfranc y Daroca
(Aragoén, Espafia).

Capitulo y Publicacion | Materiales Empleados

= Trabajo de Campo: Temperatura del aire superficial. Sensor Tinytag-
Plus-2 (TGP4017)

Capitulo 6 ®  Temperaturas y Humedad Relativa a escala diezminutal del aire
Navarro-Serrano, F., Lipez-Moreno, J.L superficial (Red Aemet), por termistor Thies Clima (modelo PT100),
Asorin-Molina C.’ 14)/07[&0—6071{52,/6%’ E.) y gatitas de tipo Stevenson (Buisan et al., 2015)

Agzmarez-Balta, M., Buisan, S. Revuelts, . * Intensidad del viento (Red Aemet), medido por anemoémetro Thies
2020. Elevation effects on air temperature in a Clima, 2 una altura estindar de 10 m.

topographically complex mountain valley in the " Presion atmosférica (Red Aemet), medida por barémetro Vaisala
Spanish Pyrences. Atmosphere 11(6): 656. (modelo PMT)

DOI: ®  Presién atmosférica a nivel del mar procedente de NCEP-NCAR
bttps:/ | doi.org/ 10.3390/ atmos11060656. Reanalisis (Basnett y Parker, 1997).

®  Modelo Digital de Elevaciones (MDT05), de IGN (2020)
®  Imagen Sentinel (Sinergise Ltd, 2020)

Capitulo y Publicaciéon Materiales Empleados

Capitulo 7 =  Trabajo de Campo: Temperatura del aire superficial. Sensor Tinytag-
Plus-2 (TGP4500) y garitas Datamate

Ldpez-Moreno, ]I, Navarro-Settano, F., w  Trabajo de Campo: Humedad relativa del aire superficial. Sensor

Azorin-Molina, C., Sanchez-Navarrete, P., Tinytag-Plus-2 (TGP4500) y garitas Datamate

Alonso-Gonzilez, E., Rico, 1., Mordn-Tejeda, — u Temperatura del aite, velocidad del viento, humedad relativa y

E. et al. 2019. Air and wet bul temperature presion atmosférica tomada por estaciéon completa del Grupo de

lapse rates and their impact on snowmaking in Investigacion de Hidrologia Ambiental, situada en la Cuenca de Izas.

a Pyrencan ski resort. Theoretical and Applied w  Pregion atmosférica a nivel del mar procedente de NCEP-NCAR

Climatology 135: 1361-1373. Reanalisis (Basnett y Parker, 1997).
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2.2.1. Redes oficiales de observaciéon meteorologica

2.2.1.a. Agencia Estatal de Meteorologia (AEMET — Esparia)

Gracias a la disposicién y colaboraciéon plena de AEMET, el acceso a la informacion
meteorolégica ha sido posible siempre que se necesitara, tanto dentro del marco de colaboracion
del proyecto DESEMON (Ref. CGL2014-52135-C3-1-R, del Ministerio de Economia y
Competitividad. Investigador Principal, Dr. S.M. Vicente Serrano), como por las investigaciones
conjuntas realizadas con la Delegacion Territorial en Aragon en la presente Tesis Doctoral. En
este punto, nos referimos fundamentalmente a los datos de temperatura del aire superficial
disponibles, tanto de maximas como de minimas diarias, de los observatorios y estaciones
meteorologicas del conjunto de la Espafia Peninsular (un total de 3950 series) desde el afio 1951

hasta la actualidad.

Las fechas operativas varfan entre observatorios, pero es la década de los afos noventa la de
mayor cantidad simultanea de observatorios en funcionamiento, periodo en el cual se empezaron
a sustituir parte de los observatorios manuales originales por las estaciones meteorologicas
automaticas, lo cual permite la generacion de una mayor cantidad de informacién. Ademas de las
mediciones de temperatura del aire superficial, AEMET también ha facilitado datos de otras
variables en los observatorios en los que se han requerido (Canfranc — “9198X’, Daroca — ‘9390’ y
Aragiiés del Puerto — ‘“9208E’), como humedad relativa, presiéon atmosférica, velocidad y direccion

del viento, espesores de nieve, asi como precipitaciones.

Todas las mediciones realizadas por el instrumental de AEMET siguen las recomendaciones
fijadas por la Organizacion Meteorolégica Mundial (WMO, 2014) en materia de inter-
comparabilidad y homogeneidad de los datos. La homologacién y calibracién de sensores de
medicién y garitas de protecciéon ante la radiacién, ademds del mantenimiento de los
observatorios, son una de las tareas fundamentales del departamento de Servicios Basicos de

AEMET. Los distintos modelos de sensores empleados han sido recopilados en la Tabla 2.

La distribucion de los observatorios es homogénea a lo largo de la Espafia Peninsular, aunque
la mayoria se encuentran localizados en puntos poblados, lo que sesga los puntos de muestreo
hacia ubicaciones de escasa altitud y de facil acceso. Para mas informacién sobre la ubicacion,
periodicidad de los datos, procesado y aplicabilidad de los mismos, pueden consultarse los

capitulos especificos de los articulos de investigaciéon publicados en los que se han empleado

(Capitulos 3,5y 6).
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2.2.1.b. Instituto Nacional de Meteorologia e Hidrologia (INAMHI — Ecnador) y Servicio Nacional de
Meteorologia e Hidrologia (SENAMHI — Pervi)

Gracias a la disposicién y colaboracion plena de los servicios meteorologicos de INAMHI y
SENAMHI, el acceso a la informaciéon meteorolégica de Ecuador y Pera ha sido posible. Esta
colaboracién se plasmé en los datos historicos completos de temperaturas maximas y minimas
diarias de 694 observatorios manuales, entre los aportados por los dos servicios meteorolégicos
para la region andina de ambos paises. Los datos fueron tomados en su mayorfa de forma manual
por observadores especializados y siguiendo las recomendaciones de la WMO (2014). El

instrumental especifico empleado ha sido recopilado en la Tabla 2.

La distribucién de los observatorios es dependiente, al igual que la red de AEMET, de la
ubicacién de los puntos poblados, lo que ha provocado una mayor densidad de observatorios en
las areas de la depresion intra andina y en las zonas bajas cercanas a la costa. Ademas, pudo
observarse una mayor densidad de observatorios en la red de observacion procedente del
INAMHI (Ecuador), aunque derivada de un impulso demasiado reciente como para poder ser
aprovechada en un estudio de gran amplitud temporal como el realizado. Para mas informacion
sobre la ubicacién, periodicidad de los datos, procesado y aplicabilidad de los mismos, puede

consultarse el capitulo especifico de la publicacién en la que se han empleado (Capitulo 4).
2.2.1.c. WMO Solid Precipitation Intercomparison Experiment (Proyecto SPICE)

El Proyecto SPICE es un trabajo internacional coordinado por la WMO y por la Comisiéon de
Instrumentacién y Métodos de Observacion (CIMO), que tiene el objetivo de analizar el
rendimiento de los sensores de medicién de la precipitaciéon en forma de nieve bajo diferentes
condiciones, tanto geograficas como ambientales (Nitu et al.,, 2018). Un total de veinte parcelas
experimentales fueron instaladas en todo el mundo, estando una de ellas localizada en la estacién
de esqui de Aramoén — Formigal (Figura 17), bajo la gestién y supervision de AEMET (Buisan
etal., 2017). Estas parcelas experimentales tienen el objetivo también de servir como punto de
referencia en otros trabajos sobre rendimiento y calibraciéon de sensores. Esto provoca que se
midan, de forma simultanea, multitud de variables meteorolégicas con diferente instrumental. De
ellas, se han podido aprovechar en la presente Tesis Doctoral datos sobre precipitacion
acumulada, espesor del manto de nieve, velocidad del viento y radiacién incidente (Tabla 2). Para
mas informacién sobre la ubicacién, sensores, periodicidad de los datos, procesado y aplicabilidad
de los mismos, puede consultarse el capitulo especifico de la publicaciéon en la que se han

empleado (Capitulo 5).
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Figura 17. Parcela experimental de Formigal — SPICE. La fotografia superior izquierda fue tomada por el equipo de
monitorizacion de AEMET (abril de 2018). En la fotografia inferior (elaboracion propia) se muestra parte del
instrumental anexo.

2.2.2. Trabajo de campo

En aquellos analisis realizados a escala local (Capitulos 6 y 7) y experimental (Capitulo 5) en los
que las redes oficiales de observaciéon no permitian tener la suficiente informacién sobre
temperatura del aire superficial, se tomaron datos mediante instrumental propio. Los sensores
empleados fueron los Tinytag-Plus-2 (modelos TGP-4017 y TGP-4500, Figura 18.a). El modelo
TGP-4500 permite, ademas, la medicion de la humedad relativa. Estos sensores son auténomos,
auto-grabables e impermeables, lo que permite su uso y exposicion al aire libre. Ademas, también
se emplearon datos tomados por sensores iButton (modelos DS-1922 y DS-1921G). Los
dispositivos de mediciéon fueron introducidos dentro de garitas Datamate (modelo ACS-5050,
Figura 18.b), basadas en los modelos de platos de Gill (1983) e instalados a diferentes alturas
sobre el nivel de suelo, en funcién de los objetivos de cada uno de los analisis. Este instrumental,
ademas de otras alternativas no comerciales para proteger de la radiaciéon solar, fue validado

mediante dos de los experimentos de la publicacion que conforma el Capitulo 5.

Ademas de estos dispositivos, también se han utilizado los datos de temperatura del aire
provenientes de la estacibn meteorolégica automatica de Izas, instalada por el Grupo de
Investigaciéon de Hidrologia Ambiental (IPE — CSIC) para la realizaciéon de otras investigaciones
(Revuelto et al., 2017), pero que permitié disponer de datos para la presente Tesis Doctoral. Estos
datos fueron tomados por un sensor Vaisala (modelo HMP155), conectado a un datalogger

Campbell Scientific gestionado por el Instituto Pirenaico de Ecologfa.
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Las especificaciones de estos sensores y protectores de radiacion pueden encontrarse en la
Tabla 2. Para mas informacién sobre la ubicacion, periodicidad y procesado de los datos, pueden
consultarse los capitulos especificos de las publicaciones en las que se han empleado (Capitulos 5,

6y7).

Figura 18. Tinytag-Plus-2 (a), y (b) garita de proteccion Datamate modelo ACS-5050.

2.2.3. Otras fuentes
2.2.3.a. Modelos Digitales de Elevaciones

Los Modelos Digitales de Elevaciones (MDE) son representaciones visuales del relieve del
territorio que muestran la altitud sobre el nivel del mar, permitiendo caracterizar la topografia. La
caracteristica mas importante de los MDE es la resolucion espacial, que marca la capacidad de
representar fielmente el territorio. Sin embargo, las limitaciones computacionales son,
habitualmente, el mayor impedimento en el uso de MDE de gran detalle. Los MDE tienen
diversas aplicaciones en la presente Tesis Doctoral, desde las puramente cartograficas en el disefio
de mapas, hasta las mas técnicas, como el calculo de las horas de sol sobre un punto. Se han
empleado diferentes MDE en funcién de los objetivos especificos de cada investigacion. En el
ambito espafiol, estos han sido tomados del Instituto Geografico Nacional (IGN, 2020) bajo
diferentes resoluciones espaciales desde los 200 m (MDT200) hasta los 5 m (MDT05/MDTO05-
LIDAR) de lado de pixel, mientras que en el caso de los Andes peruanos y ecuatorianos, se han
utilizado los MDT globales ‘GTOPO30’ (Gesch et al., 1999) y ‘SRTM’ (Farr et al., 2007), de 1 km
y 30 m de resolucion espacial, respectivamente. Ambos son distribuidos por el portal web Earth

Explorer (USGS, 2020).
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2.2.3.b. Indices para la medicion del fendmeno de I Nijio

El fenémeno del ENSO es, como hemos indicado anteriormente, un fenémeno natural que se
da a causa del calentamiento y enfriamiento de la superficie marina del océano Pacifico. Para su
cuantificacién se han desarrollado indices que comparan esta temperatura con respecto a los
valores normales o habituales. Ademas, es necesario determinar qué region del océano se escoge
para la mediciéon (Figura 19). En este trabajo se han comparado las regiones 3.4 y 1+2
(Rasmusson y Carpenter, 1982) mediante los indices Oceanic Nifio Index (ONI) e Indice-
Costero-El-Nifilo (ICEN), respectivamente. Los datos ONI han sido proporcionados por el
NOAA - Climate Prediction Center, dependiente del Gobierno de Estados Unidos
(https:/ /origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ ONI_v5.php, ultimo
acceso el 2 de junio de 2020) a una resoluciéon de media mévil de 3 meses, basandose en los datos

de Extended Reconstructed Sea Surface Temperature v.5 (Huang et al., 2017).

Los datos ICEN fueron proporcionados a escala mensual por el Gobierno Peruano
(http:/ /www.met.igp.gob.pe/variabclim/indices.html, ultimo acceso el 2 de junio de 2020),
basandose en ENFEN (2012) y la actualizacién posterior de Takahashi et al. (2014). Siguiendo el
criterio de cada metodologia original, las fases positivas de El Nifio fueron identificadas tal y
como sigue: (ONI): 5 meses (construidos con la media mévil de 3 meses) con valores por encima
de +0.5 (por debajo de -0.5 se identifican como fases negativas de La Nifia); (ICEN): 3 meses
(construidos con la media mévil de 3 meses) con valores por encima de +0.4 (por debajo de -1.0

son identificadas como fases negativas de La Nina).
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Figura 19. Regiones de referencia para el calculo de los diferentes indices ENSO. Elaboracién propia.
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2.2.3.c. Datos procedentes de reandlisis

Los reanalisis son una técnica que permite, tras el procesado de datos observados, la
reconstruccion y modelizacion de las condiciones meteorologicas en un area determinada. Todas
las variables meteoroldgicas pueden ser objeto de un reanalisis, aunque la exactitud y precision del
mismo dependera de la variable en cuestién y la escala de trabajo. En este sentido, los datos de
reanalisis permiten obtener informacién sobre areas en las que no existen datos empiricos, aunque
siempre con cierta cautela, sobre todo a nivel superficial (Bumke, 2016). Sus limitaciones son
evidentes, puesto que son productos modelizados, pero en funcién del ambito de estudio, la
escala espacial y temporal de trabajo, pueden llegar a ser bastante precisos (Zou et al., 2014; Gao

etal., 2017).

En la presente Tesis Doctoral nos servimos de la base de datos del reanalisis del NCEP-NCAR
(Basnett y Parker, 1997) para obtener datos de presiéon atmosférica a nivel del mar sobre la
Peninsula Ibérica (https://climatedataguide.ucar.edu/climate-data/ncar-sea-level-pressure, altimo
acceso 2 de junio de 2020). Ademas, accedimos a la base de datos del reanalisis del ERA-Interim
(Berrisford et al., 2011) para obtener datos de humedad especifica a la altura geopotencial de 500
hPa sobre la regiéon andina de Ecuador y Pert, con objetivos desarrollados en el Capitulo 4
(https:/ /www.ecmwf.int/en/forecassts/datasets/reanalysis-datasets/era-interim, ultimo acceso 2

de junio de 2020).
2.2.3.d. Otros materiales

Ademas de los datos anteriormente mencionados, a lo largo de la Tesis Doctoral se han
empleado diferentes fuentes para casos y analisis concretos, como capas de informacién vectorial
sobre redes hidrograficas (USDMA, 2000), imagenes del sensor Terra del satélite MODIS para
detectar las nieblas de la costa peruana y ecuatoriana (USGS, 2020), asi como Sentinel-2B para
establecer las coberturas de suelo en la cabecera del valle del rio Aragén (Sinergise Ltd, 2020).
Estas fuentes son desarrolladas en los capitulos especificos de las publicaciones que componen el

Compendio (Capitulos 3, 4, 5, 6y 7).
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2.3. Procedimientos metodolégicos

Esta secciéon de procedimientos metodolégicos trata de indicar los principales procesos y
técnicas empleados en la Tesis Doctoral, los cuales no tienen por qué haber sido empleados en la
totalidad de articulos de investigaciéon que forman el Compendio. Se trata de contextualizar su
uso, asi como las principales referencias bibliograficas que los soportan. Para mas informacion,
pueden consultar los capitulos referidos a las contribuciones del doctorando (Capitulos 3, 4, 5, 6 y

7), asi como la bibliografia referenciada.
2.3.1. Pre-procesamiento de los datos

Los materiales adquiridos no empiezan a generar resultados desde el primer momento, sino
que son procesados previamente. Hsta fase previa trata, en primer lugar, de la comprobacion de la
fiabilidad y veracidad de los datos y, en segundo lugar, de la adaptacién de los mismos a los
requerimientos de nuestra investigacion, especialmente en materia del ambito de estudio y de la

resolucion temporal.
2.3.1.a. Control de calidad

Los datos meteorologicos deben seguir unos criterios técnicos objetivos que permitan la
comparabilidad entre ellos en materia de instrumental y forma de medicion. Por ello, la
Organizacion Meteorologica Mundial (WMO, 2014) ha desarrollado una guia de recomendaciones
fundamentales en este sentido. Entre otros aspectos, se indican los requisitos de precision y
exactitud de las mediciones, asi como la altura de las mismas sobre el nivel de suelo. Los
organismos oficiales de observaciéon meteoroldgica, tales como AEMET, INAMHI y SENAMHI,
que han colaborado aportando datos a esta presente Tesis Doctoral, son miembros permanentes
de la Organizaciéon Meteorolégica Mundial (WMO, 2020), lo que indica que estan sujetos a sus
condiciones y requisitos. Es por ello que damos por valida la calidad del instrumental y la
homogeneidad en la toma de los datos. Sin embargo, un instrumental homologado no impide la
existencia de errores puntuales en las mediciones, provocados por un mantenimiento deficiente o
por problemas en la transcripcion digital de los datos manuales, entre otras causas (Tomas-
Burguera et al., 2016). Por ello, el control de calidad de los datos meteorolégicos es imprescindible
antes de cualquier analisis. En este punto desarrollaremos los aspectos mas importantes de los
controles de calidad realizados en las diferentes publicaciones que componen la Tesis Doctoral,
que se profundizan convenientemente en los capitulos especificos de las publicaciones en las que

se han ejecutado:
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Los datos procedentes de los organismos oficiales de observaciéon meteorolégica han pasado
un control de calidad para asegurar la precision de los mismos y la eliminacién de valores
erroneos, como valores fuera de rango, o procedentes de errores de transcripcion. Este proceso se
realiza siguiendo la metodologia propuesta por Tomas-Burgera et al. (2016), basada en el trabajo
de Durre et al. (2010). En la misma, se descartan valores tomados en fechas erréneas, valores
repetidos, escritura como 0° C en dias sin dato, unidades de medicién erréneas, temperaturas
maximas inferiores a las temperaturas minimas, oscilaciones térmicas diarias mayores a 35° C, asi
como valores fuera de rango (-35 a 50° C). Ademas, en funcién del tipo de analisis, se han
descartado también las estaciones meteoroldgicas con un porcentaje de dato valido inferior al
20% de dfas del periodo de analisis. Si llegada esta fase, los valores presentaran algun tipo de duda,

se procedi6 a su total descarte en pos de la calidad de la base de datos.

Los datos procedentes del trabajo de campo tuvieron un profundo control de calidad y
validacion con la cumplimentacioén del objetivo especifico n® 3 de la Tesis Doctoral “establecer una
serie de criterios metodoldgicos que permitan el diseiio de redes experimentales sobre ambitos de montaia” en
cuanto a la eleccion de los sensores, protecciones contra la radiacién y elevacion sobre el manto
de nieve (desarrollado integramente en el Capitulo 5), que traté de analizar el rendimiento y
precision de diferentes sensores y protectores de radiacion. Ademas, se analiz6 la altura sobre el
suelo nevado a la que debian instalarse estos dispositivos con el objetivo de lograr la
comparabilidad de las mediciones. Con todo ello, se consiguieron establecer unos criterios que se
emplearon en los analisis posteriores (Capitulos 6 y 7). De esta forma lograriamos la
comparabilidad de sensores e instalaciones, aunque esto es insuficiente para dar validez a los datos
finales. Al tratarse de datos automaticos, pueden aparecer problemas derivados de la falta de
mantenimiento, tales como enterramientos bajo la nieve, fallos electrénicos por saturacion, o el
agotamiento de baterfas. Se establecieron criterios objetivos para la deteccion de estos problemas

con el fin de eliminar los registros dudosos y poder mantener una base de datos de calidad.
2.3.1.b. Adaptacién a dmbitos de estudio y escalas temporales

El otro paso obligado antes de empezar a analizar aspectos propios de la investigacion es la
adaptacion de las bases de datos al ambito de estudio y escalas temporales en los que estamos
trabajando. La adaptacién al ambito de estudio es una fase que se basa en la seleccion de los
observatorios meteorolégicos que nos interesen de las redes oficiales de observacion
meteoroldgica, o bien en el disefio de la red experimental de nuestros propios sensores instalados

mediante trabajo de campo.
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Por otro lado, la adaptaciéon de las escalas temporales es necesaria para poder cruzar e
interrelacionar informacién de distintas variables y adaptarnos a la disponibilidad de los datos
originales y al fenémeno observado (Figura 20). Los ‘saltos’ de escala siempre se realizan hacia
arriba (esto es, de datos horarios a diarios, de diarios a mensuales, etc.), generalmente mediante
promedios o medianas, aunque depende del objetivo especifico de cada andlisis pueden interesar
otras variables como las maximas o las minimas de cada escala temporal, por ejemplo. La escala
estacional sobre la Peninsula Ibérica se ha realizado mediante la agrupacion de meses: invierno
(diciembre a febrero), primavera (marzo a mayo), verano (junio a agosto) y otofio (septiembre a
noviembre). En el caso de las estaciones sobre la regiéon andina de Perd y Ecuador, esta se ha

adaptado a las estaciones seca (junio a septiembre) y himeda (octubre a mayo).

A * Anual |
4 * Listacional @
12 * Mensual @
365 * Diaria @
8.760 * Horaria @
525.600 * Minutos 9
31.536.000 . Segundos 5

Figura 20. Esquema conceptual del nimero de muestras posibles bajo diferentes escalas temporales. La aplicacion
estacional se ha realizado tomando el ejemplo de los trabajos sobre la Peninsula Ibérica, donde generalmente se usan
cuatro estaciones de referencia. Elaboracién propia.

2.3.2. Gradientes de temperatura del aire

En los ambitos de montafia, el procedimiento mas habitual para estimar y modelizar la
temperatura del aire superficial por el territorio es el uso de los gradientes altimétricos, que son
definidos como el ratio de cambio en la temperatura del aire por cada unidad de elevacion,
generalmente medido en grados descendidos por 1000 m ascendidos (°C km™) (Fang y Yoda,
1988). Su uso viene derivado del conocido comportamiento de la temperatura del aire en base a la
presion atmosférica del mismo, comentado anteriormente (véase Secciéon 1.2.3 Factores
explicativos y medicion de la temperatura del aire superficial), y por el cual la temperatura del aire
en troposfera libre incrementa con el aumento de presion y, por tanto, con la disminuciéon de
altitud sobre el nivel del mar. Estos cambios de temperatura en los que no existen cambios

energéticos con otro cuerpo se denominan adiabaticos (Barry y Chorley, 2003).
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Cuando el ascenso de aire y el consiguiente enfriamiento del mismo no llega a la temperatura
de condensacién del vapor de agua contenido, se marca una relaciéon de -9.8° C km™, denominado
gradiente adiabatico seco (DALR, por sus siglas en inglés). Sin embargo, si el enfriamiento
provoca la condensaciéon del vapor de agua, esta provoca la liberacion del calor latente del mismo,
compensando en cierta medida el descenso de temperatura, alcanzando el denominado gradiente
adiabatico humedo (SALR, por sus siglas en inglés), de unos -6.5° C km™. Sin embargo, mientras
que el DALR es constante, el SALR puede variar con la temperatura, debido que esta influye en la
capacidad de almacenar vapor de agua. Por ello, con altas temperaturas el contenido de vapor de
agua es mayor, por lo que la liberacién de calor latente durante la condensacién también lo es,
pudiendo debilitar al SALR hasta una relaciéon de -4° C km" con temperaturas elevadas, e
intensificarlo hasta los -9° C km™' con temperaturas extremadamente frias (-40° C) en las que

apenas existe capacidad de almacenamiento (Barry y Chortley, 2003).

Sin embargo, estos conceptos tedricos son relativos a la distribucion vertical de la temperatura
del aire en troposfera libre, fuera de la compleja y multifactorial capa de aire superficial en la que
la insolacion, la topografia, la orientacién o el tipo de superficie afectan de manera crucial. Por
ello, en la capa de aire superficial, la mayor parte de los cambios de temperatura no son
adiabaticos (consigo mismos), sino diabaticos (procedentes de los intercambios energéticos con
los cuerpos circundantes), debido a la constante transferencia energética con la superficie terrestre
y a la capacidad del aire para mezclarse y modificar sus caracteristicas mediante movimientos
laterales y turbulentos. La conjuncién de todos estos factores genera el llamado gradiente
ambiental (ELR, por sus siglas en inglés), que es dinamico espacio-temporalmente, tal y como han
mostrado diversos trabajos (Lundquist y Cayan, 2007; Blandford et al., 2008; Pages et al., 2017),
pudiendo ser mas intenso que el DALR y mas débil que el SALR, ya que no es resultado

unicamente de la relacién presion atmosférica-altitud, sino de multiples procesos ambientales.

Debido al enorme dinamismo y complejidad del ELR, habitualmente se ha procedido a
estandarizarlo mediante valores de gradientes fijos y constantes que sirvieran de referencia para el
comportamiento vertical de la temperatura en la troposfera libre. De esta forma, y con fines
relacionados con la aviacién, nace el llamado gradiente ambiental medio (MELR, por sus siglas en
ingles), al que asignan un valor de -6.5° C km™ (NOAA y NASA, 1976). Sin embargo, y a pesar de
que fue disefiado con fines de aplicacion en tropostera libre, la falta de informacién sobre el
comportamiento del aire superficial, y su complejidad, hicieron que sirviera muy a menudo como
valor de referencia también para aplicaciones superficiales. Esto genera un grave problema

espacio-temporal, ya que la relaciéon entre la temperatura del aire superficial y la altitud varia a lo
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largo del tiempo y del espacio en funcién de los factores anteriormente mencionados, por lo que
el uso de estos gradientes fijos asume que no existen cambios de ningun tipo y que la relacioén es
constante, pudiendo ser un problema critico en aplicaciones que requieran gran precision, como la
busqueda de refugios climaticos o aquellos trabajos que estén basados en reducidas escalas de

estudio.

Debido a los problemas generados por el uso de gradientes altitudinales fijos, multitud de
trabajos han tratado de encontrar sus propios valores en diversos ambitos de trabajo como las
montafias Rocosas (Hubbart et al., 2007), los Himalayas (Kattel et al., 2015) o los Andes (Hanna
etal., 2017), entre otros. Debido a la influencia de maltiples factores, es necesario aislarlos en la
medida de lo posible de la variable altitud para conocer su verdadera relacion. De esta forma,
posteriormente se ha podido analizar esta relacién entre altitud y temperatura del aire superficial
para intentar detectar qué factores no aislados estan provocando que los gradientes oscilen. Es
decir, si consiguiéramos aislar completamente la variable altitud, y tuviéramos una masa de aire no
saturada, el gradiente deberia ser el propio del DALR (-9.8° C km™), spor qué esto no suele
suceder? La respuesta estd en que en esta relacion también interfieren otros factores, como la
inestabilidad atmosférica, la diferente insolacion de los puntos de muestreo, la topografia, etc.

(Lookingbill y Urban, 2003).

En la presente Tesis Doctoral los gradientes altitudinales han sido calculados mediante un
método comunmente aplicado con estos objetivos como es el analisis de regresion (Regniere y
Bolstad, 1994; Bolstad et al., 1998; Rolland, 2003; Pepin y Kidd, 2006; Marshall et al., 2007;
Blandford et al., 2008; Gardner et al., 2009; Du et al., 2010; Bonnardot et al., 2012; Li et al., 2013;
Dumas, 2013; Immerzeel et al., 2014; Kattel et al., 2015, 2018; Joshi y Sambhav, 2018). De este
modo se trata de buscar la relacion existe entre las variables explicativas y la variable explicada (la
temperatura del aire superficial) de una forma rapida y facilmente aplicable. En la ecuacién
resultante de los modelos de regresion, cada variable explicativa tendra un coeficiente que
determinara su relacion con la variable explicada, por lo que el gradiente altitudinal se corresponde

con el coeficiente de la variable altitud (Ecuacién 1):
(Ec. )T ' =ay + a;Alt + a,Var, + ... + a,Var, + e

La introduccién de unas variables explicativas o de otras dependera, principalmente, de la
disponibilidad de datos y de la escala de estudio de cada trabajo, de tal forma que la introduccion
de variables como la latitud o la distancia al mar tiene sentido en estudios a escala regional, pero

no tanto a escala local, donde las distancias entre observatorios son de escasos metros.
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Del mismo modo, la introduccién de variables micro-topograficas en estudios regionales
también podria distorsionar los resultados finales. Ia variabilidad del gradiente altitudinal
resultante implica la existencia de cambios en la relacion entre la temperatura del aire superficial y
la altitud, que provendran del efecto distorsionador de otros factores no incorporados en la
formulacién del modelo. Estos factores distorsionadores son los analizados en esta Tesis
Doctoral. El uso de esta metodologia es sencillo y facilmente aplicable, aunque es posible que su
linealidad impida en algunos casos representar correctamente la variable (Lundquist et al., 2008).
Sin embargo, permite una gran agilidad logfstica a la hora de calcular los valores, aspecto que hace
que sea replicable en cualquier sitio con pocos medios técnicos y avanzar en el conocimiento de
una variable muy poco tratada sobre las montafias del planeta. El propio desarrollo y avance en la
disciplina tratara de ir complejizando estos métodos en pos de una mejor estimacion de la

temperatura del aire superficial y un mejor conocimiento de los fenémenos que la determinan.

Durante la Tesis Doctoral, estos calculos se han realizado con diferentes poblaciones de
observatorios meteorolégicos, desde las redes operativas de AEMET en Espana y el INAMHI-
SENAMHI en la region andina, hasta los gradientes calculados a partir de nuestros propios
registradores en las laderas del valle del rio Aragon en Canfranc. En todos los casos, se han
introducido la mayor cantidad de observatorios de calidad disponibles tras el control de calidad,
puesto que hemos pretendido representar la mayor variabilidad posible. Estos calculos se realizan
a diferentes escalas temporales mediante la aplicacion de la misma ecuacion, y en funcién de los
diferentes objetivos especificos. Cada escala temporal visibiliza una serie de procesos que son
interesantes a la hora de profundizar en el conocimiento de la distribucién espacio-temporal de la
temperatura del aire superficial, por lo que todas las escalas tienen su interés, desde la horaria para

las diferencias noche-dia, a las diarias, las mensuales o las estacionales.
2.3.3. Clasificacion de tipos de tiempo

Uno de los factores que inciden directamente en la distribuciéon de la temperatura del aire
superficial es el movimiento horizontal y vertical de las masas de aire, que viene determinado por
la situaciéon atmosférica y las diferentes corrientes (Cuadrat Prats y Pita Lopez, 2000). La
circulacion general desplaza masas de aire con caracteristicas propias de los lugares de origen hacia
otros territorios (Barry y Chorley, 2003), alterando las condiciones meteorolégicas a su paso
(temperatura del aire, precipitaciones, contenido de humedad o la presion atmosférica, entre
otras). Estos procesos son dinamicos y no responden a un comportamiento fijo y establecido, por

lo que existe una variabilidad que se refleja en las condiciones meteorolégicas.
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Por ello, a menudo se han tratado de clasificar los diferentes estados atmosféricos (o tipos de
tiempo) que afectan a un territorio, con el objetivo de describirlos y analizar sus causas y
consecuencia. Uno de los primeros intentos de clasificacion fue el desarrollado por Lamb (1972)
para las Islas Britanicas. El método de Lamb estd basado en la distribuciéon de la presion
atmosférica superficial, la cual marca la direccion e intensidad de los flujos atmosféricos,
derivando en una sintética clasificacién de siete tipos, adaptados a las Islas Britanicas (cclinico,
anticiclonico, del norte, del noroeste, del oeste, del este y del sur). Sin embargo, aunque esta metodologia
estaba basada en la observacion diaria de los mapas de presion, era subjetiva y dependia del
criterio del experto. Posteriormente, con el objetivo de cuantificar estas direcciones e intensidades
de flujo, y respondiendo a la demanda de una clasificacion objetiva y replicable en otras areas, se
desarrolla la propuesta de Jenkinson y Collison (1977), finalmente escogida en la presente Tesis

Doctoral.

Este método parte de una malla de 16 puntos de presiéon atmosférica a nivel del mar (Figura
21) sobre la region estudiada para generar una clasificacion precisa de 27 tipos de tiempo
diferentes, entre los que hay 10 tipos de tiempo basicos (C-ciclonico, A-anticiclénico, N-norte,
NE-noreste, E-este, SE-sureste, S-sur, SW-suroeste, W-oeste y NW-noroeste), 16 tipos de tiempo
hibridos (CN, CNE, CE, CSE, CS, CSW, CW, CNW, AN, ANE, AE, ASE, AS, ASW, AW y
ANW), y 1 para los dias que no se ajustan a ninguna categoria (U-inclasificable). El proceso se
basa en el calculo de 4 variables basicas (W, S, ZW'y ZS, Ecuaciones 2, 3, 4 y 5), relacionadas con
la direccién e intensidad de los flujos atmostéricos, y 2 variables derivadas (F'y Z, Ecuaciones 6 y
7), siendo P el valor de presion atmosférica a nivel del mar de esa posicién dentro de la malla de

16 puntos:
(Ec.2) W = (0.5(P12 + P13)) — (0.5(P4 + P5))

(Ec.3)S = ( (0.25(P5 + 2P9 + P13)) — (0.25(P4 + 2P8 + P12)))

cos(latPS)) % (

in(l in(l
(Ec.4) ZW = <<%> x ((0.5(P15 +P16)) — (0.5(P8 + P9)))> - ((%) x (((0.5(P8 +P9)) — (0.5(P1 + P2))))>

Ee5)ZS=(—0 -
(Ec.5) 25 = (ZX((cos(latPS))z))

((0.25(P6 +2P10 + P14)) — (0.25(P5 + 2P9 + P13)) — (0.25(P4 + 2P8 + P12)) + (0.25(P3 + 2P7 + P11)))

(Ec.6) F = W2 52

(Ec.7)Z = ZW + ZS
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En estas férmulas, la latitud debe ser incorporada en radianes. Posteriormente, estas variables
permiten la obtencién de los tipos de tiempo en base a una serie de reglas, que pueden consultarse
en los trabajos de Jenkinson y Collison (1977) y de Jones et al. (1993). Aunque este método fue
desarrollado originalmente para la regién de Gales, pronto fue replicado en diferentes regiones del
hemisferio norte (Jones et al., 1993; Buishand y Brandsma, 1997), e incluso fue modificado para
podetlo replicar en el hemisferio sur (Sarricolea et al., 2018), debido a su facilidad de calculo y
precision en los resultados. El método de Jenkinson y Collison también ha sido replicado sobre la
Peninsula Ibérica en trabajos previos con el objetivo de caracterizar los diferentes regimenes de
precipitacion y de temperatura del aire (Spellman, 2000; Trigo y DaCamara, 2000; Cortesi et al.,
2014; Pefia-Angulo et al., 2016). En algunos casos, y con objetivo de sintetizar los 27 tipos de
tiempo originales, se ha procedido a agruparlos en base a diferentes criterios (Jones et al., 1993;

Trigo y DaCamara, 2000; Rasilla Alvarez et al., 2002; Sarricolea et al., 2018).
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Figura 21. Malla de puntos de presiéon atmosférica a nivel del mar usada para calcular los tipos de tiempo centrados
sobre la Espafia Peninsular. Tomada de Lopez-Moreno y Vicente-Serrano (2007).

La presente Tesis Doctoral ha aplicado esta metodologia desarrollada por Jenkinson y Collison
para calcular la clasificacion original de 27 tipos de tiempo a escala diaria, procediendo
posteriormente a realizar algunas agrupaciones y modificaciones puntuales en base a los diferentes
objetivos especificos de la investigacion. Para ello, se ha desarrollado un cédigo en lenguaje de
programacién R con el objetivo de automatizar y facilitar el proceso de calculo para latitudes
medias del hemisferio norte (30 — 70° N), tanto para el doctorando como para los diferentes

usuarios, disponible en https://github.com/fconavser/TesisCWTs.
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2.3.4. Calculo de la temperatura humeda y de las horas de produccién de nieve

La temperatura himeda (TWB) es la temperatura de un volumen de aire llevado a la saturacion
y evaporacién, siendo por tanto siempre igual o inferior a la temperatura seca (7). El cambio de
estado a vapor de agua provoca una transformacién de la energfa como calor latente, causando la
pérdida de temperatura en la masa de aire (Cuadrat Prats y Pita Lopez, 2006). Esta variable esta
interrelacionada directamente con la humedad relativa del aire (HK), ya que es esta humedad la
que determina el ritmo de evaporacion vy, por tanto, de enfriado del termémetro humedo, de tal
forma que con una atmoésfera saturada, el ritmo de evaporacion del termémetro humedo es muy
bajo, con lo que apenas se enfriard con respecto al termémetro seco. La temperatura humeda fue
obtenida para los distintos puntos de muestreo mediante los datos de temperatura del aire y
humedad relativa, mediante la relaciéon de la formulacién (Ecuacion 8) de Stull (2011), que mostro

un MAE inferior a 0.3° C:

(Ec.8) TWB = T atan[0.151977(HR + 8.313659)/2] + atan(T + HR) — atan(HR — 1.676331)

+ (O.OO391838(HR)3/2 atan(0.023101(HR))) — 4.686035

Para una produccion exitosa y eficiente de nieve artificial se necesitan unas condiciones
particulares de temperatura del aire y de humedad relativa, generalmente sintetizadas por un
umbral de temperatura humeda. Estas condiciones permiten que, por encima de ese umbral la
posibilidad de generar nieve sea descartada, debido a la incapacidad de poder congelar las micro-
particulas de agua. Por debajo de ese umbral, al existir menos calor latente en la masa de aire, y
estar mas cercanos a la temperatura de congelacién del agua, la generaciéon de nieve artificial es
posible. Este umbral limitante no es fijo, oscilando comunmente entre una temperatura himeda
de -4 y -1° C, segin la tecnologia empleada en los cafiones de produccién. En la presente Tesis
Doctoral se ha calculado el nimero potencial de horas diarias de produccién de nieve artificial
(SM, por sus siglas en inglés) en base a un umbral de temperatura humeda de -2° C, obtenido a
partir de las especificaciones técnicas de los 440 cafiones de produccion de la estacion de esqui de

Aramén — Formigal (Technoalpin TL6 y M18).
2.3.5. Calculo de la insolacién estimada

El montante de radiacién solar recibida por el terreno (Lookingbill y Urban, 2003; Barry, 2008)
en funcién de las sombras topograficas y la orientacion del terreno es crucial para entender mejor
la distribucién espacio-temporal de la temperatura del aire, especialmente durante las horas

diurnas (Florinsky etal.,, 1994). Debido a la complejidad logistica de instalar medidores de
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insolacién en campo, estimamos esta informaciéon a escala horaria mediante modelizacién. Para

ello, usamos un modelo digital de elevaciones de alta resolucion espacial (MDTO05-LIDAR).

Esta estimacion se hizo bajo condiciones de cielo despejado, aplicando la funcion “insolation”
del paquete R “insol” (Corripio, 2019), desarrollado en lenguaje R (R-Core-Team, 2013). La
funcién parte de diferentes variables, tanto meteorologicas (temperatura del aire y humedad
relativa), como temporales (fecha del afio) o geograficas (ubicacién, altitud, topografia del entorno
y albedo) para hacer un cémputo total de insolacién (en W m™? s™), teniendo en cuenta también la
radiacion indirecta (Figura 22). De este modo, la insolacién fue estimada a escala horaria en cada

una de las diez localizaciones del estudio a escala local del rio Aragon.

Figura 22. Modelo Digital de Elevaciones del entorno del valle del rio Aragén. E1 MDE es imprescindible en el calculo
de la insolacion por parte del paquete “insol”, determinando las sombras topograficas y otros condicionantes como la
orientacion. Elaboracion propia.

2.3.6. Analisis claster

Con el objetivo de clasificar distintos comportamientos de gradientes diarios de temperatura
del aire superficial en unos patrones principales, se llevd a cabo un analisis cluster. El analisis
claster es una técnica estadistica multivariante, esto es, que analiza el comportamiento de tres o
mas variables simultineamente, teniendo como finalidad la creacién de clisters o grupos que
tengan gran homogeneidad interna y maxima diferencia con respecto al resto de grupos. Este
proceso se realiza de forma automatica, basandose en el estudio de los casos individuales y en la
creacion de clisters en base a las distancias existentes entre los individuos. De esta forma, los
individuos similares (cercanos) son clasificados en un mismo claster, mientras que los individuos

dispares (distantes) se clasifican en clusters diferentes.
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Esta técnica fue aplicada unicamente en el estudio a escala local del valle del rio Aragén. De
esta forma conseguimos clasificar cada dia del perfodo de analisis dentro de un claster
determinado de comportamiento del gradiente. Para ello, y con objeto de estandarizar las
unidades, se calcularon las diferencias de temperatura de cada sensor con respecto a un sensor de
referencia, en este caso la posicion mas elevada de cada ladera (Figura 14), convirtiéndose cada

una de estas anomalias en una variable, y cada dfa se convirtié en un caso.

Es necesario indicar que la selecciéon del nimero de clusters es un motivo de explicacion en si
mismo, ya que existen diferentes métodos y aproximaciones. Es por ello que, previamente al
desarrollo de esta Tesis Doctoral, fue publicada la funciéon “NbClusf’, dentro del paquete del
mismo nombre (Charrad et al., 2014), desarrollada en lenguaje R (R-Core-Team, 2013) y usada en
este punto del analisis. Esta funcién analiza 30 indices diferentes para determinar el nimero mas
apropiado de clusters, ofreciendo el de mayor consenso, siendo este el empleado. Para la creacion
y clasificacion de los clasters se emple6 la misma funciéon, mediante el método jerarquico
Ward.D2 (Murtagh y Legendre, 2014), que minimiza la varianza total dentro del claster, y usando
la distancia euclidiana entre los casos (Figura 23). Este proceso clasificarfa, por tanto, cada
comportamiento diario de distribucién de la temperatura del aire superficial a lo largo de las dos
laderas en base al centroide del clister mas proximo. Esto permite la caracterizacién posterior de
esos dfas mediante el cruce con otras variables de interés, como el viento, la presiéon atmosférica, o

los tipos de tiempo, entre otras.

o

o
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O

Figura 23. Método de Ward, que minimiza la varianza interna de cada cluster, mientras que maximiza la existente con
los otros clasters. Elaboraciéon propia.
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2.3.7. Modelos de arboles de regresion

Teniendo el objetivo de establecer una serie de criterios claros de gestion para la estaciéon de
esqui de Aramoén — Formigal en la produccion de nieve artificial, se decidié construir modelos de
arboles de regresion, que permiten estimar una variable con pasos poco complejos y facilmente
interpretables. Estos modelos estain basados en métodos no paramétricos (Breiman et al., 1984),
esto es, que no requieren la distribucién normal de sus poblaciones, y tienen el objetivo de crear
un modelo predictivo en funcién de diversas variables explicativas y en funcién de la suma de los
cuadrados de los residuos obtenidos en cada agrupaciéon (o ramificacién). Estos arboles de
regresion van estableciendo valores predichos mediante ramificaciones jerarquicas de las variables
explicativas, siendo asi mas practicos a la hora de establecer unos valores predichos concretos.
Esta técnica fue aplicada en la estimacion de los gradientes altitudinales de horas de temperatura
himeda y de produccion de nieve artificial, a partir de las variables explicativas de velocidad de

viento, humedad relativa y temperatura del aire.

Para ello, se empled el método de division CHAID (Kass, 1980), mediante el software IBM-
SPSS Statistics (v.26), indicando una maxima profundidad de arbol de 5 niveles, indicando un
numero minimo de 20 casos por nodo (20 dfas). La complejidad del arbol y sus ramificaciones
finales estan generalmente basadas en el tamafio del arbol, que minimiza la desviacién del modelo
a partir de un método interno de validacion cruzada, maximizando el coeficiente de determinacion
del modelo (Molotch et al., 2005). Paralelamente, el tamafio del arbol fue ajustado basandonos en
un limite de 1% entre las relaciones de varianza. De este modo, la gestion de Aramén — Formigal
cuenta con unos criterios concretos y unos umbrales de decisiéon para conocer los dias de mayor o

menor productividad de nieve artificial.
2.3.8. Otros estadisticos
2.3.8.a. Error Medio Absoluto

El Error Medio Absoluto (MAE, por sus siglas en inglés) es una medida de la distancia o
diferencia entre dos variables, de las cuales una funciona como variable de referencia, frente a otra
que esta siendo testeada, siempre referidas a un mismo fenémeno. A lo largo de la Tesis Doctoral,
los céilculos de MAE han estado referidos a diferentes variables, como la evaluacién del
rendimiento de diferentes tipos de termémetro o de garitas de proteccion frente a la radiacién, o
la comparaciéon entre temperatura del aire observada y estimada mediante la aplicaciéon de un

gradiente estimado de temperatura del aire, entre otros.
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2.3.8.b. Intervalos de confianza

Con el objetivo de ver la incertidumbre en la estimacién de los gradientes de temperatura del
aire de la Peninsula Ibérica, se calcularon los intervalos de confianza (a un 95%) para las
combinaciones entre tipos de tiempo y mes para cada una de las regiones montafiosas. Este
intervalo viene determinado a partir de la bondad del ajuste del modelo de regresion y del nimero

de observatorios que formaron parte del calculo.
2.3.8.c. Validacion de gradientes

En el Capitulo 3, referido al estudio a escala regional sobre la Espafia Peninsular, se proponen
una serie de valores de referencia para los gradientes de temperatura del aire superficial en base a
diferentes criterios (teniendo en cuenta unicamente el mes, mes y tipo de tiempo, sélo el tipo de
tiempo, etc.). Estos valores de referencia son testeados para analizar su rendimiento. Para ello, se
analizaron las diferencias entre las temperaturas observadas y las estimadas por cada uno de estos
valores de referencia. En primer lugar se calculd, para un 20% de observatorios meteorologicos y
cada dia del periodo de analisis, la temperatura potencial a nivel del mar, aplicando el modelo de
regresion obtenido del 80% restante de ese dia. En segundo lugar, se aplicaron a esta temperatura
potencial diferentes valores de referencia de gradientes de temperatura del aire para estimar la
temperatura a la elevacion original del observatorio. Entre ellos, se encontraron el MELR (-6.5° C
km™), pero también valores obtenidos mediante nuestros céalculos, como el valor medio de la zona
de estudio, el de ese mes del afio, el del tipo de tiempo de ese dfa, o combinaciones de los
mismos. En tercer lugar, se calculé el MAE entre este valor estimado y el valor observado original

para determinar cudl de estos gradientes de referencia aplicados tuvo mejor rendimiento.

En el Capitulo 4, referido al estudio a escala regional sobre la regiéon andina de Ecuador y Peru,
se llevo a cabo un proceso de validaciéon cruzada sobre un 10% de los observatorios mediante la
comparacion entre la temperatura del aire observada en ellos y la estimada mediante el modelo

calculado con el 90% restante.
2.3.8.d. Comparacion de muestras

Con el objetivo de analizar la heterogeneidad entre dos muestras, se llevé a cabo la prueba no
paramétrica de Mann-Whitney (Wilcoxon, 1945). De esta forma se identificaron las diferencias
estadisticamente significativas existentes entre muestras independientes. El método esta basado en
la comparacion de las muestras, teniendo en cuenta también la poblacién incorporada y la

variabilidad de los muestreos. Las diferencias se analizaron con un nivel de significancia de 0.05.
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1 | INTRODUCTION

Although the mean environmental lapse rate (MELR) value (a linear decrease of
—6.5 °C/km) is the most widely used, near-surface (i.e., non-free atmosphere) air
temperature lapse rates (NSLRs; measured at ~1.5 m height) are variable in space
and time because of their dependence on topography and meteorological conditions.
In this study we conducted the first analysis of the spatial and temporal variability
of NSLRs for continental Spain and their relationship to synoptic atmospheric
circulation (circulation weather types [CWTs]), focusing on major mountain areas
including the Pyrenees, Cantabrian, Central, Baetic, and Iberian ranges.

The results showed that the NSLR varied markedly at spatial and seasonal scales
and depended on the dominant atmospheric conditions. The median NSLR values
were weaker (less negative) than the MELR for the mountain areas (Pyrenees
—5.17 °C/km; Cantabrian range —5.22 °C/km; Central range —5.78 °C/km; Baetic
range —4.83 °C/km; Iberian range —5.79 °C/km) and for the entire continental
Spain (—5.28 °C/km). For the entire continental Spain the steepest NSLR values
were found in April (—5.80 °C/km), May (—5.58 °C/km), and October (—5.54 °C/
km) because of the dominance of northerly and westerly advections of cold air.
The weakest NSLR values were found in July (—4.67 °C/km) and August
(—4.78 °C/km) because of the inland heating, and in winter because of the occur-
rence of thermal inversions. As the use of the MELR involves the assumption of
large errors, we propose 1 zonal, 12 monthly, 11 CWTs, and 132 hybrid
monthly—-CWTs NSLRs for each of the mountain ranges and for the entire conti-
nental Spain. More regional studies are urgently needed to accurately assess the
NSLR as a function of atmospheric circulation conditions.

KEYWORDS

air temperature, complex terrain, lapse rate, mountain climate, weather types

as the ratio of air temperature change per elevation unit,
generally measured in °C/km (Fang and Yoda, 1988). The

Although near-surface (i.e., ~1.5 m elevation above the
ground) air temperature is not a challenging climate variable
to extrapolate spatially, modelling in mountain areas can be
associated with substantial uncertainties because of the
complex topography (Barry, 1992; Whiteman et al., 1999;
Minder et al., 2010). In mountain areas the most common
procedure for modelling near-surface air temperature
involves using air temperature lapse rate, which is defined

most widely used spatio-temporal fixed air temperature
lapse rate is the mean environmental lapse rate (MELR:
—6.5 °C/km); this parameter was presented by Barry and
Chorley (1987) as a global lapse rate calculated for the free
atmosphere air temperature, and not for near-surface air
temperature. However, caution is required in use of the
MELR because of the spatio-temporal variability of near-
surface air temperature lapse rates (Pepin et al., 1999; 2011;

Int J Climatol. 2018;38:3233-3249.

wileyonlinelibrary.com/journal/joc

© 2018 Royal Meteorological Society [ 3233

67



Capitulo 3

3234 International Journal

NAVARRO-SERRANO ET AL.

of Climatology E)RMers
Rolland, 2003; Lundquist and Cayan, 2007; Blandford
et al., 2008; Minder et al, 2010; Dumas, 2013; Kattel
et al., 2013; Mir6 et al., 2018), especially in areas covered
by ice or snow (Braun and Hock, 2004). This is because the
fixed MELR assumes no changes among seasons, synoptic
conditions, or topographic complexity (Barry, 1992).

Near-surface temperature lapse rates (NSLRs) are linear
observed ratios between temperature and elevation, and they
can be calculated for a specific or aggregated time and space.
They are readily calculated, but this requires fine temporal
and spatial data resolution to enable most of the variability to
be represented. NSLR have been widely used in scientific
fields including Glaciology, Hydrology, Forestry, Agricul-
tural Sciences, and Ecology (Martinec et al., 1983; Running
et al., 1987; Barringer, 1989; Pepin, 2001; Rolland, 2003;
Hanna et al.,, 2005; Blandford et al., 2008; Minder et al.,
2010; Immerzeel et al., 2014). NSLRs can be calculated
from maximum (NSLR,,,,), minimum (NSLR,,;,), or mean
(NSLRjean) air temperatures, in line with Harlow
et al. (2004) and Minder et al. (2010). Many scientists only
used elevation to calculate NSLR (e.g., Immerzeel ez al.,
2014; Heynen et al., 2016), but air temperature changes are
not only due to elevation. Therefore, more complex
approaches including regional multiple regression analyses
are needed to isolate the effect of elevation on air tempera-
ture from other geographical and topographical variables
(e.g., latitude, longitude, slope, and continentality), which
strongly affect the spatial variability of near-surface air tem-
peratures (Bolstad et al., 1998). In doing so, it may become
possible to determine the specific elevation effect on the dis-
tribution of temperatures. Observed NSLRs and fixed
MELRs can differ because the distribution of air tempera-
tures are strongly dependent on the topography (Barry,
2001; Pepin, 2001; Marshall et al., 2007) and other atmo-
spheric parameters such as air humidity, wind speed and
wind direction, cloud cover, and radiative conditions (Kattel
et al., 2013). Moreover, NSLRs vary between day and night
because of the heat flux exchanges between the atmosphere
and the ground surface (Gardner ez al., 2009). In most situa-
tions near-surface air temperatures drop with increasing ele-
vation. However, stable atmospheric conditions can reverse
this effect forming valley cold pools (i.e., thermal inversions
with warm air above, and cold air near the valley floor),
especially during the winter months (e.g., Barry, 1992;
Whiteman et al., 1999; Pages and Mir6, 2010). Cold-air
pools are formed as a result of both cooling of the ground
due to long-wave radiation and nocturnal downslope winds,
but more complex mechanisms help/avoid in their formation
(Whiteman et al., 1999).

Several studies have reported significant temporal vari-
ability in NSLR at daily and seasonal scales in various
mountain regions including the Rocky (Kunkel, 1989; Pepin
and Losleben, 2002; Blandford et al, 2008) and Appala-
chian (Bolstad et al., 1998) mountains in the United States,

in China (Fang and Yoda, 1988; Tang and Fang, 2006; Du
et al., 2010), the Himalayan mountains (Kattel et al., 2013;
Immerzeel et al., 2014), the Alps (Rolland, 2003; Dumas,
2013; Kirchner et al., 2013; Nigrelli et al., 2017), and polar
areas (Marshall ez al., 2007). These studies have reported
steeper NSLRs under unstable atmospheric conditions, and
marked differences in NSLR have been found as a function
of synoptic conditions (Pepin et al., 1999; 2011; Pepin,
2001; Blandford et al, 2008; Holden and Rose, 2011;
Kirchner et al., 2013; Mir6 et al., 2018). These findings
indicate that these effects need to be taken into account
when analysing the temporal and spatial evolution of
the NSLR.

Continental Spain (CS) and its mountain areas is a topo-
graphically complex region, and several studies have investi-
gated the effect of changes in the frequency of weather types
on various climate parameters (Trigo and Dacamara, 2000;
Tomas et al, 2004; Garcia-Herrera et al, 2007; Loépez-
Moreno and Vicente-Serrano, 2007; Buisan et al., 2015a).
However, the spatio-temporal variability of NSLRs in the
region has only been investigated in a limited number of local
studies in the Pyrenees (Puigdefabregas, 1969; Pepin and
Kidd, 2006; Pages and Mir6, 2010). These few previous stud-
ies have analysed the effects of regional topography on
NSLRs comparing atmospheric model results with observed
data, but none of them have investigated how different circu-
lation weather types (CWTs) affect seasonal patterns of
NSLR in the main mountain areas of CS. In addition, previ-
ous investigations analysed daily maximum temperature lapse
rates (NSLR/myax), daily minimum temperature lapse rates
(NSLRypin), and daily mean temperature lapse rates
(NSLR jmean) Separately, following Harlow er al. (2004) and
Minder et al. (2010). It is important to clarify the sign of lapse
rates. A steeper lapse rate indicates a more negative and rapid
decrease in air temperature with elevation, while a weaker
rate indicates less negative or even positive changes in air
temperature with elevation. To assess the similarity of NSLRs
among the months, weather types, and regions considered in
the present work, Wilcoxon-Mann—Whitney test (Wilcoxon,
1945) was used.

This study is the first attempt to investigate NSLR across
CS with focus on assessing the seasonal and synoptic vari-
ability of this parameter over the major mountain ranges.
The spatio-temporal analysis of NSLRs is strongly needed in
Spain because the complex terrain makes air temperature
challenging to predict. In addition, this approach helps to
improve hydrologic models and snow simulations what is
particular useful in areas subject to water scarcity and desert-
ification, as is the case of Spain (Vicente-Serrano, 2007;
Garcia-Ruiz et al., 2011). The aims of the study are (a) to
define annual and seasonal NSLR reference values; (b) to
quantify the effect of seasonality and different weather types
on NSLR at a regional scale; and (c) to assess the uncer-
tainty associated with the use of different reference NSLR,
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including the MELR (—6.5 °C/km) and other NSLR defined  identified four main precipitation regions across Spain:
in this study, based on seasonality and weather types. northwest, south—southwest, the Mediterranean coast, and
the Cantabrian coast. Total annual precipitation ranges from
more than 2,000 mm in the northern slopes of the Cantab-
rian range, the Pyrenees and the Central range to less than
400 mm in the driest areas of the Baetic and the Iberian
2.1 | Study area ranges (Agencia Estatal de Meteorologia, 2011). In this
CS is characterized by its complex topography, with many study we analysed the NSLR for the entire CS, with focus
mountain ranges located within the area (Figure 1). The  on its five major mountain ranges (Figure 1): (a) the Pyre-
average elevation of the entire CS is 688 m above sea level ~ nees, in the northeast; (b) the Cantabrian range, in the north-
(m a.s.1; standard deviation = 399 m), and the highest ele-  West; (c) the Central range, in the middle west; (d) the
vation point is the Mulhacén peak (Baetic range) at 3,479 m  Baetic range, in the southeast; and (e) the Iberian range, in
a.s.1. The climate of CS is mainly influenced by the Atlantic ~ the middle east. The elevation ranges and distributions, and
Ocean, the Mediterranean Sea, and its proximity to both the size of the study area for the five mountain ranges are
subtropical and temperate air mass. The climatic conditions summarized in Table 1.

are mainly humid and temperate in the North Atlantic area
(defined as Cf in the Koppen classification), and dry and
warm in the remainder (Cs in the Koppen classification).
Different climates occur depending on exposure to the  Complete records of daily maximum and minimum near-
Atlantic Ocean or the Mediterranean Sea, the continentality, surface (i.e., ~1.5 m height) air temperature were obtained
and the complex topography of the region. Based on the from the Spanish State Meteorological Agency (AEMET)
variability of annual rainfall, Rodriguez-Puebla et al. (1998) database. A total of 3,950 air temperature series were

2 | DATA

2.2 | Air temperature data and digital elevation model
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FIGURE 1  Terrain map of CS showing the location of weather stations (black dots) used in this study; red boxes and numbers show to the mountain areas
analysed: (1) Pyrenees; (2) Cantabrian range; (3) Central range; (4) Baetic range; and (5) Iberian range [Colour figure can be viewed at
wileyonlinelibrary.com]
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TABLE 1 Elevations and dimensions of the study areas

Elevation distribution (m a.s.l., in %)

Study area Dimensions Elevation ranges (m a.s.l.) <500 500-1,000 1,000-1,500 1,500-2000 2000-2,500 >2,500

Pyrenees 412 x 80 km (75,000 km?) Coastline (0), Aneto peak (3404) 43.62 29.97 13.02 7.54 4.85 1.00

Cantabrian range 300 X 216 km (x65,000 km?)  Coastline (0), Torre Cerredo peak 13.96 57.75 22.28 ST 0.24 In.
(2648)

Central range 320 x 200 km (65,000 kmz) Tagus river (190), Almanzor peak 1471 65.55 16.28 3.13 0.33 In.
(2592)

Baetic range 320 x 290 km (+93,000 km®)  Coastline (0), Mulhacén peak (3479) 2328 56.73 16.00 320 0.55 0.24

Iberian range 160 x 90 and 240 x 200 km Coastline (0), Moncayo peak (2314) 14.16 38.73 4272 437 0.02 0

(~65,000 km?)

available for the entire CS (the distribution of weather sta-
tions is shown in Figure 1). Among them, 664 are located in
the Pyrenees, 455 in the Cantabrian range, 376 in the Central
range, 650 in the Baetic range, and 390 in the Iberian range.
This is the densest network of weather stations available for
calculating NSLR across CS. The majority of weather sta-
tions are located in the lower parts of valleys (<1,500 m a.s.
1), with <5% being located in high-mountain areas (see the
distribution in Figure 1 and elevation ranges in Figure 2).

Near-surface air temperature data were obtained based on
recommendations of the World Meteorological Organization
(World Meteorological Organization, 2008) in relation to radi-
ation shields and height above the ground. Two types of high-
quality thermometer that meet the World Meteorological
Organization (WMO) requirements for a measurement range
of —30 to 50 °C were used in the station network (Buisan
et al., 2015b) and were protected from solar radiation by Ste-
venson radiation shields. Geographic variables (i.e., latitude,
longitude, and elevation) were derived from metadata supplied
by the AEMET, and validated using geographical information
systems (GISs). With the aim of maximizing long-term analy-
sis and a good station density, we analysed the period from
December 1979 to August 2015. The start and end dates for
data acquisition from each station, and the number of data
gaps varied over time, with the largest number of daily obser-
vations available since the 1990s (Figure 2). A digital eleva-
tion model (DEM) having a pixel size of 900 m?, derived
from the Shuttle Radar Topography Mission (SRTM) (Farr
et al., 2007), was used to calculate the distance of each
weather station to the coast. The hydrographic network was
obtained from the IECA website (https://www.juntadeandalu-
cia.es/institutodeestadisticaycartografia/DER A/index.htm),
which is derived from the World Map Vector (VMap0) devel-
oped by United States Defense Mapping Agency (United
States Defense Mapping Agency, 2000).

3 | METHODS

3.1 | Quality control and pre-processing

Daily maximum and minimum near-surface air temperature
data were subject to quality control to ensure data accuracy.
Large weather station networks can contain data outliers

introduced by errors during the conversion of manual
records. Therefore, we applied the robust quality control
procedure described by Tomdas-Burguera et al. (2016),
involving the removal of questionable records according to
Durre et al. (2010). Following the quality control process a
total of 21.21 x 10° daily maximum and 21.19 x 10° daily
minimum records were available covering the entire CS and
its mountain areas for the December 1979 to August 2015
period.

3.2 | CWT classification

Daily weather types over CS were determined using the Jen-
kinson and Collison (1977) classification, which is based on
the Lamb’s weather type scheme (Lamb, 1972). This
method is based on daily sea level pressure (SLP) data from
16 grid points covering the entire Iberian Peninsula
(Figure 3). The SLP data were obtained from the NCEP-
NCAR reanalysis (5 X 5° longitude-latitude) data set
(Basnett and Parker, 1997) (https://climatedataguide.ucar.
edu/climate-data/ncar-sea-level-pressure). Equations and
rules applied for 40°N are:

SF (southerly flow) =1.305[0.25(p5+2Xxp9+p13)

—-0.25(p4+2xp8+pl2)],

WEF (westerly flow)=[0.5(p12+p13)-0.5(p4+p5)],

ZS (meridional vorticity) =0.85x[0.25(p6+2xp10+p14)
—0.25(pS+2xp9+p13)—0.25(p4+2xp8+p12)
+0.25(p3+2xp7+pl1)],

ZW (zonal vorticity) =1.12x[0.5(p15+4p16) —0.5(p8+p9)]

~0.91x[0.5(p8+p9) - 0.5(p1+p2)],
F (total flow) =0.5 (SF> + WF*),
Z (total vorticity) =ZS+ZW,

where p is the sea level atmospheric pressure value (in hPa)
at grid-point number position.

70



Gradientes de Temperatura sobre la Espana Peninsular y sus Areas montafiosas

NAVARRO-SERRANO ET AL.

International Journal

., 3237
RMetS
of Climatology EJRMe

200 I 1000
% 150 - 900
©
E
o 100 + 800
3
|
© 50 + 700
0 + 600
250 + 750
@ 200 + 700
©
E 150 1 - 650
=3
o
‘I' 100 + 600
=3
2 50 + 550
0t A I 500
100 + 180
% 80 + 160
©
E S 60 F140 %
=3
2
‘I' 40 120
5 o R ol s
3 i = O, AP EFSs |
20 b d / 100
r - P A i .
0 F80  :
E 20 Lao 2
= 15
@
©
E 104
o
s
w
<
A 5
0
400 -
300 + 1800
£ 200- + 1600
L
FIGURE 2 Number of weather stations
" garem g - 1400
having daily air temperature data as a 100
function of elevation range. Mountain
04 k1200

ranges were represented on the left y axis.
Total amount of CS was represented on
the right y axis [Colour figure can be
viewed at wileyonlinelibrary.com]

Rules:

—

. If 1Z is less than F, flow is essentially straight, corre-
sponding to a Lamb directional type, for example, W.

2. If 1Z] is greater than 2F, then the pattern is strongly
cyclonic or anticyclonic, corresponding to Lamb’s C
(cyclonic) and A (anticyclonic) types.

3. If |1ZI lies between F and 2F, then the flow in moder-
ately cyclonic or anticyclonic, corresponding to a Lamb
hybrid type, with the direction specified, for example,
CNW (cyclonic—northwest).

4. If F is less than 6, there is light indeterminate flow, cor-

responding to Lamb’s U type (unclassified).

The Jenkinson and Collison’s weather type classification
has been widely used and successfully applied to the Iberian
Peninsula (e.g., Goodess and Palutikof, 1998; Spellman,

1979 1982 1985

Pyrenees
Cantabrian

1988 1991 1994 1997 2000 2003 2006 2009 2012 2015

Year
Central — Iberian
Baetic e Continental Spain

2000; Trigo and Dacamara, 2000; Lépez-Moreno and
Vicente-Serrano, 2007, to name but a few). The classifica-
tion includes 27 CWTs including: unclassified (U); anticy-
clonic (A); cyclonic (C); 8 directional CWTs (N, NE, E,
SE, S, SW, W and NW); and 16 hybrid cyclonic or anticy-
clonic and directional CWTs (CN, CNE, CE, CSE, CS,
CSW, CW, CNW, AN, ANE, AE, ASE, AS, ASW, AW,
and ANW). To assess the relationships between CWTs and
NSLR, the 16 hybrid CWTs were classified according to
their directional flow following Trigo and Dacamara (2000),
that is, simplifying the interpretation of the results to two
pure (A and C) and eight directional (N, NE, E, SE, S,
SW, W, and NW) CWTs. We also defined a severe anticy-
clonic type (A+) as a third pure CWT in order to identify
days having strong stability. A day was classified as severe
anticyclonic (A+) if: (a) the day was classified as pure anti-
cyclonic (A) and (b) SLP in p8 was >1,030 mb.
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FIGURE 3  Grid of SLP points used to classify the CWTs over the Iberian
Peninsula

In addition, unclassified (U) days were reclassified by
three rules based on SLP values of p8 grid point, following
the procedure adopted by Rasilla Alvarez et al. (2002):
(a) if p8 < 1,020 mb, the day was reclassified as pure
cyclonic (C); (b) if p8 is between 1,020 and 1,030 mb, the
day was reclassified as pure anticyclonic (A); (c) if
p8 > 1,030 mb, the day was reclassified as severe anticy-
clonic (A+).

3.3 | Daily NSLR

The daily maximum near-surface air temperature lapse rate
(NSLR jmax) and the daily minimum near-surface air temper-
ature lapse rate (NSLR 4,;,,) were calculated for each moun-
tain range and for the entire CS. NSLRmnax and NSLR jmin
were computed using all available simultaneous data
(Figure 2). The daily average number of weather stations
used in the regression was 279 in the Pyrenees, 179 in the
Cantabrian range, 150 in the Central range, 275 in the Bae-
tic range, 167 in the Iberian range, and 1,623 for the entire
CS. The daily average equated to one weather station every
266 km? in the Pyrenees, 362 km? in the Cantabrian range,
426 km? in the Central range, 337 km? in the Baetic range,
373 km? in the Iberian range, and 301 km? throughout the
entire CS. Figure 2 shows that lower elevation ranges
(i.e., 0-500 and 500-1,000 m a.s.l.) were well represented,
which contrast with the low density of weather stations at
higher elevations for all mountain ranges.

Following the procedure proposed by Rolland (2003),
multiple regressions were used to compute daily maximum
and minimum NSLRs from maximum and minimum air
temperatures (T, and T, respectively) of stations. Thus,
it can be quantified the effect of elevation on air tempera-
ture without including other topographic and geographic

variables (Bolstad et al., 1998; Blandford et al., 2008; Gard-
ner et al., 2009). For calculating NSLR 4,0« and NSLR yin,
the elevation of each station along with other geographic
variables including latitude, longitude, and distance to the
sea were taken into account. The distance of each station to
the nearest river (until order 4 according to Gravelius classic
system, being order 1 the largest stream) was also recorded
as a proxy in order to account for the influence of relative
micro-topographic features, such as thermal inversions and
cold-air pools (Lookingbill and Urban, 2003; Whiteman
et al., 2004). Equation (1) summarizes this methodology:

Ty and T, =ag+a,Elev+a,Lat+a;Lon+asSea
+asRiv+e, (1)

where T, and T, are the maximum and minimum near-
surface air temperatures, respectively (in °C); Elev, Lat,
Lon, Sea, and Riv are the elevation above sea level (in m a.
s.l.), latitude (in UTM), longitude (in UTM), distance to the
sea (in km), and distance to the nearest river (in km),
respectively; e is a regression error; and a,, a, as, a4, and
as are the regression coefficients, with a; corresponding to
the daily maximum (NSLRy,,) or minimum (NSLR;min)
lapse rate, following the procedure of Rolland (2003). Con-
fidence intervals (95%) for each NSLR p.x and NSLR jpin
were calculated. The mean daily average near-surface air
temperature lapse rate (NSLR jmean) Was obtained by averag-
ing NSLR;max and NSLR . The NSLRyean Was com-
puted on a daily basis and then grouped by months and
CWTs, with the aim of developing reference NSLR values
(ie., 1 zonal, 12 monthly, 11 CWTs, and 132 monthly—
CWTs) from median values. The Wilcoxon—-Mann—Whitney
is a nonparametric statistic test that allows the comparison
between two independent series to know the similarity
between their distributions. In this work, we compare the
total amount of daily NSLR, distributed by (a) months in
the same study area (396 combinations); (b) study areas in
the same month (180 combinations); (c) CWTs in the same
study area (396 combinations); and (d) study areas in the
same CWTs (180 combinations).

3.4 | Near-surface lapse rate validation

To quantify the accuracy of the proposed NSLR reference
values, a validation process was applied. This was based on
the use of potential temperature, that is, the air temperature
at a common sea level reference applying lapse rates (Marsh,
2009). The following steps were applied: (a) the daily ran-
dom selection of 20% of weather stations available for a sub-
set of the study period (1981-2010). This subset period was
chosen to adapt the analysis to a normalized climate period
of 30 years; (b) the sea level potential daily maximum and
minimum air temperature was estimated for each of the ran-
domly selected weather stations using a daily multiple
regression model (Equation (1)), based on the other 80% of
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stations; (c) sea level potential mean air temperature was cal-
culated averaging sea level potential daily maximum and
minimum air temperature data calculated (see step b); and
(d) real elevation estimated air temperature was calculated to
each station from the sea level potential mean air tempera-
ture by applying different NSLR proposed reference values
(zonal, monthly, CWTs, and hybrid monthly-CWTs NSLRs;
explained in section 3.3), and the widely used MELR.

Mean absolute error (MAE) statistics were calculated from
the difference between real observed air temperature and esti-
mated (see step d above) and was summarized for winter
(December—February: DJF), spring (March-May: MAM), sum-
mer (June-August: JJA), and autumn (September-November:
SON).

4 | RESULTS

4.1 | Climatology of the NSLR jmean

Figure 4 shows the daily mean air temperature lapse rate
(NSLRean) across the CS and its mountain areas for
December 1979 to August 2015. We found a marked variabil-
ity in daily values (measured as the standard deviation), and
large differences between each of the five mountain areas and
the CS. This variability ranged from 2.06 °C/km for the Cen-
tral range to 1.40 °C/km for the Pyrenees, being 1.15 °C/km
for the entire CS. For the majority of days the daily
NSLR jinean Was weaker than the MELR, especially in the Pyr-
enees and the Iberian range. The median daily zonal values
(Table 2) were —5.17 °C/km for the Pyrenees, —5.22 °C/km
for the Cantabrian range, —5.78 °C/km for the Central range,
—4.83 °C/km for the Baetic range, —5.79 °C/km for the Ibe-
rian range, and —5.28 °C/km for the CS. The NSLR ;,.x and
NSLR jmin Values (see Figures S1 and S2, Supporting informa-
tion) showed larger daily variability than the NSLRumeans
while the median daily zonal values (see Tables S1 and S2)
showed steepest lapse rates for the NSLR /.« in the Pyrenees
and the Central and the Iberian ranges, and for the NSLR ;i
in the Cantabrian and the Baetic ranges.

Figure 5 shows box-and-whisker plots of NSLR jyean for
each month and for the various mountain areas, revealing
clear differences among them. The Wilcoxon—-Mann—Whitney
test showed that there were significant differences (p < .05)
among monthly NSLR jean Values for most of the combina-
tions between months in each mountain area (351 of 396 com-
binations). Except for the summer months in the Central
range, where the NSLR ,can Values were very similar to the
MELR, the other months showed lapse rates noticeably
weaker than —6.5 °C/km. In the Pyrenees and the Central and
the Iberian ranges, the steepest monthly NSLRcan Values
occurred in summer and spring (May—September), weakening
in autumn and winter. In contrast, the steepest monthly
NSLRmean values for the Cantabrian and the Baetic ranges
were recorded in the coldest months (i.e., November—

of Climatology

February), while decreased in spring and summer. The CS
showed the steep NSLR value during each equinoctial seasons
(i.e., April-May and October—November), being of lesser
magnitude in winter and summer (i.e., December—January and
July—August). The Iberian range recorded the least seasonal
variability, and the Central range the greatest. The winter
months were typically more variable than those in summer.
The median monthly NSLR values (Table 2) showed that the
two most extreme months for each mountain range were April
(—=5.71 °C/km) and December (—4.16 °C/km) for the Pyre-
nees; February (—6.03 °C/km), and July (—4.02 °C/km) for
the Cantabrian range; June (—6.71 °C/km) and December
(—3.92 °C/km) for the Central range; November (—5.59 °C/
km) and July (-3.03 °C/km) for the Baetic range; and April
(—6.28 °C/km) and December (—5.28 °C/km) for the Iberian
range. CS had the steepest median monthly NSLR jcan in
April (=5.80 °C/km) and the weakest in July (—4.67 °C/km).
A separate analysis of NSLR . and NSLR i, revealed that
the seasonality was less marked for NSLR ymin, especially for
the Cantabrian range and the CS (see Figures S3 and S4).
Median monthly values of NSLR . and NSLR ., were
also calculated and can be found in Tables S1 and S2.

4.2 | Synoptic NSLRcan analysis

The weather type classification revealed that the most frequent
CWTs (Figure 6) were the A (23.4%, 85.8 day/year) and C
(17.4%, 63.8 dayl/year) aggregated types, followed by the N
type (11.1%, 40.6 day/year). The less frequent CWTs were the
S (3.3%, 12 dayl/year) and the A+ (3.8%, 13.8 day/year) types.
Summer months were influenced by the N, NE, A, and C
types, whereas in winter the occurrence of CWTs varied, with
the A+ and the W advections being the most frequent ones.

The Wilcoxon—-Mann—Whitney test identified significant
differences (p < .05) in NSLR ean among the CWTs for
the majority of combinations between CWTs in each moun-
tain area (347 of 396 combinations). Figure 7 shows that
the steepest NSLR jean Occurred with the N, NE, and NW
weather types for the majority of mountain ranges and the
CS. In contrast, the weakest NSLR jmean took place under
the A+ and A types, and southerly advections (S and SE).
An exception to this pattern occurred in the Cantabrian
range, where the steepest NSLR jyeqn corresponded to the
SW and W advections. In the case of the Baetic range the A
and A+ types did not reduce the NSLR mean, as occurred
for the rest of mountain areas.

The NSLR jmean for each CWTs and regions are shown
in Table 2, being the extreme values as follows: the Pyre-
nees (N -5.75 °C/km, A+ —3.55 °C/km); the Cantabrian
range (SW -7.07 °C/km, SE -3.65 °C/km); the Central
range (N —6.70 °C/km, A+ —2.29 °C/km); the Baetic range
(NW -5.69 °C/km, A —4.32 °C/km); and the Iberian range
(NE -6.83 °C/km, S —4.57 °C/km). CS had the steepest
NSLR jmean With the NW type (—6.10 °C/km) and the weakest
with the A+ type (—4.30 °C/km). The variability of
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1979 1982 1985 1988 1991 1994 1997 2000 2003

Year

NSLR jimean Was similar for all CWTs, except for A and A+
situations showing large standard deviations values. The
behaviour of the NSLR.x and NSLR i, (see Figures S5
and S6) was similar, with less variability for the NSLR jmin
values. Median values for NSLR j,ax and NSLR i, under the
different CWTs were also calculated (see Tables S1 and S2).

4.3 | Combined monthly synoptic analysis

Figure 8 shows the differences in NSLR jean Values for all pos-
sible combinations of CWTs and months. These values can be
considered to be reference values for NSLR, and 132 monthly—
CWTs combinations are being proposed here as reference
values for each study area. In the vast majority of cases

2006 2009 2012 2015 SD: standard deviation [Colour figure can

be viewed at wileyonlinelibrary.com]

NSLRgnean Values were weaker than the MELR value
(=6.5 °C/km). In addition, it was observed that steepest
NSLR mean Values tended to occur in spring and early summer
months (i.e., April-June), and in autumn (i.e., September—
November), associated with northerly CWTs (principally N and
NW) and atmospheric instability across CS. On the contrary,
the weakest NSLR . Values occurred in summer (i.e., June—
August) and winter (i.e., December-January), associated with
southerly (S) and anticyclonic (A and A+) CWTs, respectively,
with stable atmospheric conditions dominating across the
CS. In particular, the Cantabrian and the Baetic ranges also
exhibited very weak NSLRjyean values under all possible
CWTs in summer months. Figure 8 shows the accuracy of the
proposed values (at the 95% confidence interval), which was
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TABLE 2 Proposed monthly and CWTs NSLR (°C/km) reference values

Zonal reference near-surface air temperature lapse rate (NSLRjmean)

Pyrenees Cantabrian range Central range Baetic range Iberian range cs
Zonal =5.17 =5.22 -5.78 —4.83 =5.79 -5.28
Monthly reference near-surface air temperature lapse rate (NSLR/mean)
Month Pyrenees Cantabrian range Central range Baetic range Iberian range cs
Jan —4.33 —6.02 —4.10 -5.28 -5.49 -5.16
Feb —4.97 —6.03 —4.98 —5.58 —5.88 —=5.50
Mar =5.22 —-5.80 —5.48 =517 —6.00 —5.47
Apr -5.71 —5.60 —6.28 —5.36 —6.28 —5.80
May —5.66 =5.12 —6.51 —4.83 -6.19 —5.58
Jun —5.45 -4.25 —6.71 -3.94 =599 -5.09
Jul -5.21 —4.02 —6.36 -3.03 —5.44 —4.67
Aug -5.19 —4.28 —6.01 —3.58 —5.45 —4.78
Sep —5.34 —4.74 -5.82 -4.79 -5.80 -5.39
Oct —5.21 —5.57 -5.29 —5.31 —5.79 —5.54
Nov —4.72 -5.82 —4.78 -5.59 -5.78 —5.47
Dec —4.16 =593 -3.92 —542 —5.28 =55
Synoptical reference (by CWT) near-surface air temperature lapse rate (NSLR smean)
CWT Pyrenees Cantabrian range Central range Baetic range Iberian range cs
N =5.75 -5.82 —6.70 -5.29 —6.81 =591
NE —5.52 -5.04 —6.43 —4.62 —6.83 =5.63
E -5.16 -4.20 -5.85 —4.86 —6.25 —5.49
SE —4.55 -3.65 —4.85 —5.31 —5.34 -5.02
N —4.63 —5.58 —4.98 —5.08 —4.57 -4.98
SW -5.00 -1.07 -5.39 —4.65 =5.09 =537
w —5.58 -6.92 -5.97 -5.23 —6.06 —5.88
NwW =5.71 —6.45 —6.52 -5.69 —6.63 —-6.10
C -5.20 —4.81 —6.13 —4.84 —5.63 -5.15
A —-4.79 —4.62 —-4.92 —4.32 =525 —4.79
A+ -3.55 —4.87 -2.29 —4.58 —4.97 —4.30

determined from goodness of fit to the model regression and
the number of stations involved in the calculation (bolded
values in Figure 8 imply <+1.0 °C/km). The Central range was
the most difficult region for defining a NSLR pean Vvalue
(~+1.6 °C/km), with the Baetic range being the easiest one
(~+0.9 °C/km). The CS showed a low absolute error
(~+0.4 °C/km) as a result of the large number of stations and
the robustness of the regression models. In terms of uncertainty,
the southerly (S, SE) and anticyclones (A, A+) CWTs dis-
played the largest values while the northerly (N, NW) CWTs
showed the lowest ones. Finally, the median NSLR;,.x and
NSLR min values for all possible combinations of CWTs and
months were calculated and are provided in Figures S7 and S8.

4.4 | Proposed reference NSLRcan Values and
validation

Table 2 shows our proposal of zonal, monthly, and CWTs
reference NSLR jean Values (Table 2) for CS and the major
mountain ranges.

The accuracy of the proposed NSLRumean Vvalues is
shown in Table 3 for each study area and season. The fixed

MELR and zonal NSLR displayed the largest errors in all
study areas, while the hybrid monthly-CWTs showed the
smallest errors. For the Cantabrian and the Iberian ranges
the proposed monthly values were associated with larger
errors than the proposed CWTs values, which contrasts to
the findings for the Central and the Baetic ranges. Both
monthly and CWTs values were similar for the Pyrenees,
which showed the smallest errors, whereas the largest errors
were found for the Central and the Iberian ranges. Season-
ally, the MAE values revealed marked differences, which
were largest for the fixed lapse rates (MELR and zonal).

5 | DISCUSSION

Near-surface air temperature lapse rates based on records of
daily averages (NSLRumean) Were analysed for the major
mountain ranges in CS. Our results found spatial changes in
NSLR jpmean @s a function of the month of the year and syn-
optic conditions (i.e., CWTs). The weather station network
used in this study included a large number of weather sta-
tions at elevation ranges from 0 to 1,500 m a.s.l, but with
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areas have to be interpreted with caution. For instance, low

few number of stations above 1,500 m a.s.l. The lack of

humidity and katabatic winds could markedly affect the

is a common problem in many previ-

ous studies (e.g., Bloschl, 1991; Rolland, 2003; Benavides
et al., 2007; Du et al,, 2017). Thus, our results are robust
for interpolating air temperatures at low and medium eleva-

high-elevation stations

slope of NSLRs (Heynen et al., 2016) in areas of complex

topography at high elevations. Therefore, the increase in the

density of high-elevation stations would help to overcome

this limitation over mountainous areas.

tions, whereas lapse rate values for high-elevation mountain
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J F M

Previous studies have reported a strong inverse relation-
ship between elevation and mean annual air temperature
(Barry and Chorley, 1987), highlighting the strength of our
methodological approach to calculate NSLR based on
changes in elevation. Overall, we found that the NSLR ymean
(—5.28 °C/km) was weaker than the standard MELR value
(—6.5 °C/km), which is widely used in the scientific litera-
ture; this suggests that the use of the MELR to interpolate
near-surface air temperatures may lead to large inaccuracies,
particularly over high-elevation mountain ranges. Addition-
ally, we found large differences in NSLR;pea, Vvalues
among the studied mountain ranges (the Pyrenees:
—5.17 °C/km; the Cantabrian range: —5.22 °C/km; the Cen-
tral range: —5.78 °C/km; the Baetic range: —4.83 °C/km;
and the Iberian range: —5.79 °C/km), and also in the accu-
racy (standard deviation) of the estimated averages (the Pyr-
enees: 1.40 °C/km; the Cantabrian range: 1.73 °C/km; the
Central range: 2.06 °C/km; the Baetic range: 1.53 °C/km;
the Iberian range: 1.64 °C/km; and CS: 1.15 °C/km). Dif-
ferences in the slope of NSLR jmean and its variability might
be due to the degree of continentality and its effect on pre-
vailing atmospheric conditions for each mountain region.
This phenomenon has been previously reported for polar
(Marshall et al., 2007) and Chinese (Fang and Yoda, 1988;
Li et al., 2013) areas; in the latter case especially for moun-
tain ranges receiving less radiation in the northern slopes
(Lookingbill and Urban, 2003), as quantified by McCutchan
and Fox (1986). Thus, dry continental conditions (e.g., in
the Central and the Iberian ranges) resulted in the highest
zonal NSLR mean values, whereas the increased moisture
and exposure to oceanic winds and cloudiness in lowland
areas might lead to a reduced zonal NSLR jean, as occurred
for the Baetic and the Cantabrian ranges (Capel Molina,
2000). The Pyrenees may present an intermediate pattern,

23 | 26 | 35 18 | 1.7 | 1.9 | 1.5 | 30.6
3.6 26 | 2 | 24 | 25 | 406
AM J J A S O N D yr

with oceanic/sea influences in the westernmost and eastern-
most areas, and continental influences (albeit prone to
severe winter thermal inversions) in the central area.
Regional topography is a key element in understanding the
behaviour of near-surface air temperature lapse rates.
Beyond the mean annual NSLR jean Values, it is imperative
to consider their temporal variability (Bolstad ez al., 1998,
Minder et al., 2010). Our results showed a marked seasonal-
ity for the entire CS, and also for each of the five mountain
areas analysed. The results for CS showed that the steepest
NSLR jmean occurred in the equinoctial seasons (autumn and
spring), and decreased in winter and summer. The cold sea-
son is typically found to be associated with weak
NSLRymean Values, because of the prevalence of stable
atmospheric conditions and the development of thermal
inversions (Bloschl, 1991; Bolstad et al., 1998; Tang and
Fang, 2006; Marshall et al., 2007; Blandford et al., 2008;
Gardner et al., 2009; Kattel er al., 2013). Our results for
thermal inversions are consistent with the findings at local
scales reported for the Pyrenees by Pageés and Mir6 (2010)
and Puigdefabregas (1969), who identified a marked weak-
ening of NSLRs under anticyclonic conditions. In the
majority of the analysed mountain areas the steepest
NSLR jmean Values were found in spring, which is consistent
with previous studies in the Alps (Dumas, 2013; Kirchner
et al.,, 2013), the Pennines (Pepin, 2001), and the Rocky
mountains (Blandford et al., 2008; Pepin and Seidel, 2011).
This behaviour might be due to the persistence of snow
cover at highest stations in winter and, occasionally, in
spring due to heat exchange and albedo as previously pro-
posed by Rolland (2003), Pepin and Kidd (2006), or Pages
et al. (2017). In the mountain area nearest to the ocean (the
Cantabrian range), the weakest NSLR jpean Occurred in sum-
mer. This might be associated with the local synoptic effects
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mountain ranges because the occurrence of both stable and

unstable atmospheric circulations.

in summer months, in which northerly flows result in low

This also

occurred for the Baetic range, but over this mountain are

stratiform clouds along the coastal fringe.

We also found that weather types have a significant
impact on the NSLR jean. This finding, particularly for the

this could be related to the heat in the warm inland valleys,

Pyrenees and the Central range, is consistent with previous

beyond the coastal and temperate locations. Generally, the

studies showing that the most stable weather types

variability of NSLR jmean Values was great in winter for all
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TABLE 3 MAE:s (°C) derived for the proposed NSLRs by season, based on 20% of the stations

MAE (in °C) derived of proposed NSLR application by seasons (test: 20% of stations)

Pyrenees Cantabrian range
NSLR D-J-F M-A-M J-J-A S-O-N Mean D-J-F M-A-M J-J-A S-O-N Mean
MELR 1.90 1.33 1.42 1.49 1.54 1.68 1.62 2.06 1.64 1.75
Zonal 1.62 1.25 1.27 1.30 1.36 1.68 1.49 1.64 1.51 1.58
Monthly 1.58 1.23 1.26 1.29 1.34 1.64 1.49 1.52 1.49 1.54
CWT 1.57 1.23 1.27 1.28 1.34 1.60 1.41 1.55 1.42 1.50
Monthly-CWT 1.53 1.21 1.26 1.26 1.32 1.55 1.39 1.46 1.40 1.45

Central range Baetic range
NSLR D-J-F M-A-M J-J-A S-O-N Mean D-J-F M-A-M J-J-A S-O-N Mean
MELR 2.55 1.56 1.50 1.87 1.87 1.61 1.66 2.18 1.54 1.75
Zonal 221 1.58 1.59 1.69 1577 1152 1.51 1.70 1.42 1.54
Monthly 2.02 1.51 1.49 1.65 1.67 1.50 1.51 1.58 1.40 1.50
CWT 2.02 1.51 1.54 1.63 1.68 1.50 1.49 1.71 1.42 1.53
Monthly-CWT 1.82 1.45 1.48 1.56 1.58 1.47 1.48 1.56 1.39 1.48

Iberian range cS
NSLR D-J-F M-A-M J-J-A S-O-N Mean D-J-F M-A-M J-J-A S-O-N Mean
MELR 2.08 1.59 1.67 1.66 1.75 172 153 1.81 1.52 1.65
Zonal 1.95 1:59 1.58 1.59 1.68 1.60 1.47 1.63 1.43 1553
Monthly 1.92 1.57 1.57 1.59 1.66 1.60 1.46 1.61 1.43 1.53
CWT 1.82 1.51 1.59 1552 1.61 1557 1.44 1.63 1.42 1.52
Monthly-CWT 1.78 1.48 1.54 1.50 1.58 1.56 1.43 1.60 1.41 1.50

(i.e., anticyclonic situations) are associated with the lowest
NSLR jmean Values, mainly because of the high occurrence
of thermal inversions (Pepin and Kidd, 2006; Marshall
et al.,, 2007), whereas the highest NSLR jycan Values occur
under unstable synoptic conditions (Kirchner et al., 2013)
with cold air in the mid- to high layers of the troposphere.
We also found extreme high pressures (A+) were associated
with very weak NSLRyean Vvalues. In contrast, northerly
weather types showed the steepest NSLR yean Values, con-
sistent with previous studies in Europe (Pepin, 2001;
Holden and Rose, 2011), and Antarctica (Southern Hemi-
sphere) (Braun and Hock, 2004). Northerly situations bring
cold-air masses over the CS, in particular at high mountain
elevations, resulting in increased NSLR pean Values. As an
exception, the steepest NSLR jmean Values occur under SW
flows in the Cantabrian range, where the Foehn effect
causes an overheating along the coast. Other atmospheric
parameters such as wind, humidity, and atmospheric pres-
sure can also affect the NSLR . (Blandford ef al., 2008;
Dumas, 2013; Li et al., 2013; Immerzeel et al., 2014) and
are directly related to the prevailing synoptic conditions.
Future studies will be directed towards improving our
understanding of the effect of these atmospheric parameters
on the NSLR jean. However, the complexity of CS suggests
that the relative impact of each atmospheric parameter may
vary spatially.

Here we also proposed reference NSLR jean Values as a
function of the time of the year, CWTs, and study area. For
instance, the combinations of months and CWTs revealed
that the effects of the northwest CWT are not the same in

January and August. In addition, the analysis of confidence
intervals enabled the estimation of uncertainty. In some
study areas the seasonality tended to have a large effect
(e.g., the Baetic range), while in others the NSLR mean
values were more influenced by synoptic conditions
(e.g., the Cantabrian range). The results and reference
values obtained in this study are not necessarily representa-
tive for other regions, as there was large spatial, seasonal,
and synoptic variability, and local factors can play a key
role (Nunez and Calhoun, 1986; Pepin and Seidel, 2005;
Marshall et al., 2007). However, the approach presented can
serve as guide to improving estimates of NSLR mean in
other regions.

Validation of the reference NSLR results showed that
the MAE decreased for monthly, CWTs, and hybrid
monthly-CWTs. In this context, Marshall et al. (2007) and
Minder er al. (2010) not recommended the use of fixed
lapse rates. The study areas showing large variability in
NSLR jpmean, corresponded to regions with high MAE. In
this regard seasonal differences were marked, especially
between winter (i.e., December—February) and equinoctial
seasons (i.e., March—June; September—-November). This is
because synoptic conditions can usually change from 1 day
to the other in winter, while atmospheric instability tends to
dominate in spring and autumn. There were no large differ-
ences between the proposed monthly and CWTs NSLRs in
the validation process. The best approach was the proposed
hybrid monthly-CWTs NSLRs. In cases where the pro-
posed reference CWTs values had lower MAEs than
monthly values, synoptic conditions better explained the

80



Gradientes de Temperatura sobre la Espafia Peninsular y sus Areas montafiosas

NAVARRO-SERRANO ET AL.

International Journal I RMets 3247

near-surface air temperature lapse rates than seasonal ones,
and vice versa.

In any case, MAE values were large (until ~1.8 °C), which
indicates that although the estimates of air temperature took
account of latitude, longitude, distance to the sea, and topo-
graphic position, others factors could also influence the spatial
distribution of near-surface air temperatures (Lookingbill and
Urban, 2003). Mountainous areas represent unique environ-
ments for detecting climate change and its impacts. Modelling
plays a key role in the prediction and amelioration of future cli-
mate scenarios, facilitating response actions and preparing the
society for change. Improvements in determining NSLRs will
help reduce uncertainties in any modelling involving the use
of climatic variables, such as hydrological models and mass
balance snow and glacier simulations.

6 | CONCLUSION

The major findings of the spatio-temporal analysis of near-
surface air temperature lapse rates for CS and its five most
important mountain regions for December 1979 to August
2015 are:

e Near-surface air temperature lapse rates based on daily
mean air temperatures (NSLRyean) Were weaker than
the standard MELR value of —6.5 °C/km, which is com-
monly used for interpolating and extrapolating air tem-
peratures. Moreover, the NSLR jean Varied spatially and
seasonally, and depended on the prevailing synoptic
conditions. All median NSLR ., wWere weaker than
—6.5 °C/km, and ranged from —4.83 °C/km for the Bae-
tic range to —5.79 °C/km for the Iberian range. The
median NSLR jcan Was —5.28 °C/km for CS. The stee-
pest NSLR jean Values occurred in spring and autumn
for CS, in spring and early summer for the Pyrenees and
the Central and Iberian ranges, and in autumn and early
winter for the Cantabrian and the Baetic ranges.

e Anticyclonic and southerly CWTs favoured thermal
inversions and the weakening of the NSLR jcqn. North-
erly weather types enhanced steep NSLRs. The same
response of NSLR jmean Values to CWTs was found for
all study areas, except for the weakening effect of high-
pressure circulations on NSLR mean values which was
less pronounced in the mountain areas close to oceanic
air masses (e.g., the Baetic and the Cantabrian ranges).

o Fixed lapse rates such as the MELR and zonal lapse rates
are not recommended because of the large residuals found.
Therefore, we strongly encourage the use of well-defined
monthly-CWTs lapse rates for future applications.
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Figure S1. Daily maximum near-surface air temperature lapse rate (NSLRdmax °C/km). Dark colored

lines show the 30-day running average. Dashed red lines show the standard and fixed moist adiabatic lapse
rate (MALR) of —6.5 °C/km. SD: standard deviation.
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85



Capitulo 3

S RN
o smodfin
-
) =
2 g s
£ g @
: g z
s - £
' o o
S 3]
siene kbl 2=l]
SECTNL LI
wpoi S
-4
m bt L g 5
a = @
o oot -0 --4 S 2
||
bl
pupapre ooillll IIIIA_
-
1
T I T T T T T T T
oL 0 G- oL- oL oL 0 G- oL-

(,-w 20) ¥ISN

(,-w 20) ¥ISN

(,-w 20) ¥ISN

S O N D

A

FM A M

M A M A S OND J

F

Month

Month

Figure S3. Monthly box-and-whisker plots of near-surface maximum air temperature lapse rate

(NSLRdmax: °C/km) for the five mountain ranges and the entire CS. Dashed red lines show the standard

and fixed moist adiabatic lapse rate (MALR) of —6.5 °C/km. The median (black line), 25th and 75th

percentile ranges (boxes), 75th + 1.5IQR (upper whisker), 25th — 1.5IQR (bottom whisker), and the
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Figure S4. Monthly box-and-whisker plots of near-surface minimum air temperature lapse rate

(NSLRdmin: °C/km) for the five mountain ranges and the entire CS. Dashed red lines show the

standard and fixed moist adiabatic lapse rate (MALR) of —6.5 °C/km. The median (black line), 25th

and 75th percentile ranges (boxes), 75th + 1.5IQR (upper whisker), 25th — 1.5IQR (bottom whisker),

and the extreme values (>75th + 1.5IQR and <25th — 1.5IQR) are represented.
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interval) is represented by bold values.
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Figure S8. Monthly median near-surface minimum air temperature lapse rate (NSLRdmin: °C/km) for
different months and synthetized circulation weather types (CWTs). Accuracy £1 °C (95% confidence
interval) is represented by bold values.
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Table S1. Proposed monthly and synoptic near-sutrface maximum air temperature lapse rate
(NSLR: °C/km) reference values.

ZONAL REFERENCE Near-surface air temperature lapse rate (NSLRgmax)

Pyrenees Caé];f:]t;réan Central Range Baetic Range Iberian Range Corsltpi‘gier:]tal

Zonal -6.31 —4.89 —7.24 —4.39 —6.25 -5.21

MONTHLY REFERENCE Near—surface air temperature lapse rate (NSLRgmax)

Month Pyrenees Ca;;f:]t;r;an Central Range Baetic Range Iberian Range Corslt;gﬁ?tal
Jan -5.44 —6.39 -5.02 -5.48 —6.34 -5.57
Feb -6.39 -6.32 -6.38 -5.66 -6.81 -5.91
Mar -6.62 -5.87 741 -5.08 -6.81 -5.79
Apr -7.01 -5.59 -7.95 -5.11 -7.10 -6.03
May —6.88 —4.89 -8.28 —4.24 —6.82 -5.62
Jun —6.57 -3.05 -8.45 —2.85 —6.35 —4.69
Jul —6.19 —2.43 —7.86 -1.69 -5.29 -3.91
Aug -6.11 -2.85 -7.32 -2.20 -5.36 —4.02
Sep —-6.38 -3.78 -7.20 -3.87 -5.91 -4.90
Oct —6.34 -5.63 —6.56 —4.93 —6.45 -5.57
Nov -5.85 —6.22 -5.86 -5.59 —6.61 -5.72
Dec -5.15 —6.28 —4.61 -5.57 —6.00 -5.39

SYNOPTICAL REFERENCE (by Circulation Weather Types CWT) Near—surface air temperature lapse rate (NSLRgmax)

CWT Pyrenees Cag;a:}bgréi}an Central Range Baetic Range Iberian Range Cor;t;g;er?tal

N -6.63 -5.63 -8.37 -5.07 -7.58 -6.12
NE -6.37 -4.19 -8.09 -3.93 -7.25 -5.53
E -6.29 —2.72 -7.31 ~4.09 -6.20 -5.04
SE —5.86 —2.59 —6.69 -4.92 -5.42 -4.70
S -5.85 —6.79 —6.43 —4.69 -4.93 -4.90
SW -6.30 -8.92 -6.37 -4.23 -6.08 -5.67
W -7.12 -8.05 —-6.40 -5.24 —7.48 -6.52
NW —-6.90 -6.45 -7.72 -6.04 -7.93 -6.63
c —6.26 -4.28 —7.48 -4.06 —6.01 -4.87
—-6.09 —4.03 —6.66 -3.79 -5.62 —4.61

A+ -5.14 —4.45 -3.75 -4.50 —6.00 -4.48

92




Gradientes de Temperatura sobre la Espafia Peninsular y sus Areas montafiosas

Table S2. Proposed monthly and synoptic near-surface minimum air temperature lapse rate

(NSLR: °C/km) reference values.

ZONAL REFERENCE Near—surface air temperature lapse rate (NSLRgmin)

Pyrenees Cagtaf:]t;r;an Central Range Baetic Range Iberian Range Cogt;gie:tal

Zonal -4.01 -5.49 -4.31 -5.28 -5.25 -5.31

MONTHLY REFERENCE Near—surface air temperature lapse rate (NSLRgmin)

Month Pyrenees Cagtaf:]l;r;an Central Range Baetic Range Iberian Range Cogt;g;s:tal
Jan -3.05 -5.63 -3.12 -5.12 —4.58 —4.78
Feb -3.64 -5.55 -3.45 -5.27 -4.95 -5.05
Mar -3.81 -5.40 -3.66 -5.24 -5.11 -5.13
Apr —4.40 -5.60 —4.66 -5.51 -5.46 -5.47
May —4.42 -5.38 —4.85 -5.43 -5.46 -5.46
Jun —4.45 -5.34 -5.08 -5.02 -5.6 -5.45
Jul —4.22 -5.53 -5.06 —4.39 -5.57 -5.37
Aug —4.32 -5.66 —-4.88 -4.96 -5.63 -5.51
Sep —4.26 -5.53 —4.49 -5.70 -5.69 -5.76
Oct —-4.02 -5.38 -4.11 -5.65 -5.24 -5.47
Nov -3.50 -5.31 -3.54 -5.57 —4.94 -5.15
Dec -3.03 -5.54 -2.91 -5.27 —4.49 —4.82

SYNOPTICAL REFERENCE (by Circulation Weather Types CWT) Near—surface air temperature lapse rate (NSLR gmin)

CWT Pyrenees Cag;e:%r;an Central Range Baetic Range Iberian Range Cogt;g;e:tal

N -4.85 -6.01 -5.09 -5.39 -6.11 -5.68
NE —4.69 -5.73 —4.87 -5.36 -6.39 -5.72
E -4.04 —5.61 -4.30 557 -6.21 581
SE -3.19 -451 -3.18 —5.69 -5.09 -5.22
S -3.27 —-4.38 -3.20 -5.43 —4.4 -5.01
SW -3.72 -5.16 -4.48 -5.09 -4.11 -5.05
W -4.03 -5.67 -5.49 -5.13 —-4.69 -5.27
NW —4.47 -6.30 -5.32 -5.51 -5.48 -5.61
(© -4.18 -5.31 -4.91 -5.50 -5.2 -5.39
-3.50 -5.17 -3.15 —-4.89 -4.78 —4.94

A+ -2.09 -5.26 -0.81 -4.58 —4.29 -4.19
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Abstract

To know the vertical distribution of air temperature is complex, and this is
necessary for different applications. The main explanatory variable of air tem-
perature is elevation above sea level, whose relationship with air temperature
is measured by air temperature lapse rates (LRs). LRs can vary considerably
spatiotemporally due to a wide spectrum of geographical, environmental, and
other atmospheric factors. Our study presents the first comprehensive assess-
ment of spatiotemporal changes of LRs over the Tropical Andes. Our study is
focused on the Peruvian and Ecuadorian Andes, divided in two subregions by
the parallel 9.5° (i.e., north and south). Maximum and minimum air tempera-
tures were employed from 115 quality checked weather stations, for the period
1994-2011. Maximum (LR,,x) and minimum (LR,;,) air temperature lapse
rates have been calculated for the whole study period. The effects of seasonal-
ity, humidity content and ENSO on the variability of LRs have been analysed.
Results show that LRs have large spatiotemporal variability, since references
values of LR, range from —3.57 (South, dry season) to —4.77 (North, wet sea-
son), and LRy, range from —3.78 (North, dry season) to —4.93°C-km™*
(South, dry season), in function of season and subregion. Results indicate that
the ENSO phases contribute significantly to the variability of southern subre-
gion LRs. This study also presents that minimum air temperatures were more
unpredictable than maximum air temperatures in terms of error and uncer-
tainty, as a consequence of the larger spatial variability of nocturnal air tem-
peratures, mainly influenced by local topography. In conclusion, this work
goes deeper into the need to obtain precise LRs adapted to the study region,
and shows that the use of standard LR values can cause significant failures in
modelling air temperature in regions of complex terrain, such as the Andes.
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1 | INTRODUCTION

Surface air temperature (measured at ~1.5-2.0 m height
above ground) is a key climatic variable for a wide range
of ecological (Hatfield and Prueger, 2015), environmental
and economic applications (Moore and Diaz, 2015), among
others. In regions of complex topography, air temperature
varies considerably over space and time, even for short dis-
tances, which makes it necessary to use a dense network
of meteorological information. Unfortunately, meteorolog-
ical networks in mountainous regions are mostly charac-
terized by uneven distribution of weather stations,
especially in remote, elevated and less-populated sites
(Barry, 2008). This is typical in the Andean region in
Ecuador and Peru. To address this lack of information,
some authors have installed their own weather station net-
works on the territory, mainly in reduced study areas
(Lewkowicz and Bonnaventure, 2011; Bonnardot et al.,
2012; Appelhans et al., 2016; Wang et al., 2017). Alterna-
tively, many investigations of air temperature in complex
terrain regions deployed either reanalysis datasets
(Alonso-Gonzalez et al., 2018) or interpolation techniques
(Lussana et al., 2018; Sadoti et al., 2018). This has been
evident for the Rocky Mountains (Whiteman et al., 1999;
Minder et al., 2010), the Alps (Rolland, 2003), the Subarc-
tic Scandinavia (Pike et al., 2013) and the Ecuadorian
Andes (Moran-Tejeda et al., 2016), among others.

The elevational lapse rate (LR forward) is simply
defined as the change in air temperature per elevation
unit, measured in °C-km™" (Fang and Yoda, 1988). In
hydroclimatic research, it is common to apply elevation-
dependent LRs to interpolate air temperature. As such,
they have been widely applied in various disciplines, such
as glaciology, hydrology and ecology (Immerzeel
et al., 2014, Hanna et al., 2017; Kulshrestha and
Ramsankaran, 2018). Among them, the most used LR is
the fixed Mean Environmental Lapse Rate (hereafter
MELR: —6.5°C-km™), which assumes free atmospheric
conditions (Barry and Chorley, 2003). Nonetheless, the
application of the fixed MELR has a degree of uncer-
tainty, as it fails to adequately reveal the high variability
of air temperature both vertically or horizontally (Kattel
et al., 2013; Mir6 et al., 2017) and, accordingly, it does not
represent the synoptic behaviours of temperature profiles
(Pepin and Losleben, 2002; Du et al., 2010). While the
calculation of LRs can easily be accomplished, it requires
high-resolution air temperature data over space and time,
which allows for a more reliable diagnosis of air tempera-
ture variability at different scales.

Even under stable atmospheric conditions, LRs can
vary considerably from one season to another for maxi-
mum and minimum air temperature (Pepin, 2001; Mar-
shall et al., 2007; Kattel et al., 2013). This notion has been

confirmed across the global mountain systems, including
the Rocky Mountains (Kunkel, 1989; Pepin and
Losleben, 2002), the Himalayas (Immerzeel et al., 2014;
Romshoo et al, 2018; Ojha, 2019) and the Alps
(Dumas, 2013; Nigrelli et al., 2017), along with other
regions (e.g., the Iberian Peninsula; (Navarro-Serrano
et al., 2018), as well as in the Antarctic Peninsula
(Ambrozova et al., 2019). In each region, the vertical dis-
tribution of air temperature varies between nighttime
and daytime due to variations in heat fluxes between the
atmosphere and the surface (Duane et al., 2008; Gardner
et al., 2009). These diurnal variations demonstrated that
MELR does not represent the regional annual average of
LRs. Large errors may be introduced applying MELR on
modelling temperature with diverse aims. Unfortunately,
except for work at the local scale of Cordova et al. (2016)
in a specific Ecuadorian valley over 12 months, the
dependency between elevation and air temperature is still
unexplored in this Andean region, which could have dif-
ferent implications in the countries of this region.

In Ecuador and Peru, the hydrological resources are
needed for more than 40 million people, being originate
mainly from the Andean mountains due to the strong
lack of precipitation in the coastal regions (Mortensen
et al., 2018). Water-dependent economic sectors in these
countries (e.g., agriculture, energy production) are
mainly based on the seasonal melting of glaciers (Bradley
et al., 2006; Mark et al., 2017) which have undergone a
marked retreat (Kaser, 1999; Lopez-Moreno et al., 2014).
This makes the mountainous areas of the tropics among
the regions most vulnerable to global warming (Vuille
et al., 2008; Bradley et al., 2009). In the Tropical Andes,
warming signals are stronger in the most elevated sites
compared to low-elevationed locations (Moran-Tejeda
et al., 2016; Vicente-Serrano et al., 2018), although there
are also some world regions where this elevation-
dependent warming has not been detected, due to diverse
factors (Rangwala and Miller, 2012; Pepin et al., 2015) in
their global studies. Thus, a proper understanding of the
spatial and temporal variability of air temperature LRs is
needed to improve the understanding of air temperature
distribution over complex terrain in the Tropical Andes.

The Ecuadorian and Peruvian climate is influenced
by the complex phenomenon of El-Nifio-Southern-
Oscillation (ENSO). In particular, changes in sea-surface
temperatures (SSTs) of the Pacific Ocean can alter meteo-
rological patterns of the South American coast. This phe-
nomenon implies that, during the positive phase, the
habitual and dominant trade winds from the east are
weakened, allowing overheating of the sea surface and its
larger influence on the continental zones from the west
(inverse pattern in the negative phase), as Dijkstra (2006)
explains. The impacts of the ENSO on the Andean region
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are assessed, including precipitation (Barros et al., 2008;
Grimm et al, 2009), air temperature (Vuille and
Bradley, 2000; Francou et al., 2004; Vuille et al., 2015),
drought severity (Vicente-Serrano et al., 2017), but with
no investigation of their links to LRs. This investigation
is highly desired in the tropical Ecuadorian and Peruvian
Andean regions, given the strong seasonality of their cli-
mate due to the shift of the Inter Tropical Convergence
Zone (ITCZ) during the year.

Within this background, this study endeavoured to
assess the spatiotemporal characteristics of air tempera-
ture elevation LR in the Ecuadorian and Peruvian Andes,
and their links to specific humidity and the ENSO during
the period 1994-2011. The overriding objectives of this
work are to (a) define annual, seasonal and monthly air
temperature LR reference values; (b) analyse the effects
of seasonality, specific humidity, ENSO and topography
on LRs; and (c) identify subregional representative pair-
stations, which allows for estimating air temperature LR
in data-scarce areas.

2 | STUDY AREA

The Andean Mountains are located parallel to the Pacific
coast of South America, extending for more than
7,000 km to the southern foothills of Cape Horn
(Figure 1). The study area includes the Andean areas of
Ecuador and Peru, disregarding Amazonian and coastal
territories due to our special interest in mountainous
regions, the uneven distribution of their weather stations,
and their relatively low altitudes (Marengo et al., 2016),
affected by the usual coastal fogs. The study domain has
a total area of almost 400,000 km? mostly above
3,000 m a.s.l., with its highest peaks in Huascardn Peak
(Peru) at 6,768 ma.s.l. and Chimborazo volcano
(Ecuador) at 6,267 m a.s.l. This steep slope represents
almost a barrier for the Pacific and the Amazonian air
masses. Here, the study area was divided into two subre-
gions, separated by the latitude 9°30'S: namely the north
and south domains. The northern territory (1°N-9°30'S)
has a coastal plain that extends inland to the foothills,
with widths varying from 10 to 150 km. Next, the land
rises to the highlands (~3,000 m a.s.l.), where a large part
of the population is located (Garcia and Santiago
Ochoa, 2012). The southern territory (9°30'-18°S) has a
narrow coastal plain, which runs 15 km inland at most,
generating a sudden rise in elevation from the sea to the
highlands. The topographical gradient is very strong, par-
ticularly in the Peruvian Altiplano (~4,000 m a.s.l.),
where elevation exceeds 5,500 m within only 85 km from
the coast. While the climate of the northern and southern
subregions of the study domain is generally tropical,
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some considerable differences exist due to the impact of
latitude. Specifically, the northern subregion is typically
equatorial (i.e., warm and rainy climate most of the year,
especially on the coastal plain). Once the effect of eleva-
tion is removed, annual precipitation clearly decreases
from North to South in the whole Tropical Andes, mainly
driven by the ITCZ passage, shorter as it approaches the
Tropic of Capricorn (Gruber, 1972). In the northern sub-
region, rainfall mainly occurs during March-April and
October-November. The southern subregion is dryer,
especially when approaching the Atacama desert in the
extreme south (Cardenas Gaudry et al., 2017). The south-
ern highlands show larger daily thermal amplitude due
to a combined impact of aerial extension and elevation,
which enhance continental conditions (Vicente-Serrano
et al., 2018).

Coastal fogs occur in both the northern and southern
subregions. This phenomenon has been studied in depth
(Pinche Laurre, 1986; Schemenauer and Cereceda, 1993)
and is persistent from June to September, occasionally
from April to November and, exceptionally, it can appear
in the rest of the year. Fogs are important due to their
impact modulating coastal air temperature. This phe-
nomenon is generally affected by the existence of the cold
Humboldt Current which laps the coasts, especially the
Peruvian coasts, but also those of Ecuador, although it
can be generated by other diverse factors. The frequency
of coastal fogs increases gradually to the south, causing a
marked diurnal cooling in the affected areas.

3 | RAWDATASET DESCRIPTION

3.1 | Observed air temperature data

A daily raw maximum and minimum air temperature
database of 694 manually observed weather stations
across Ecuador and Peru was provided by the govern-
mental meteorological services of Ecuador (INAMHI)
and Peru (SENAMHI). Analysis was restricted to stations
located along the highlands, western slopes and those sit-
uated along the continental coastlines. First, our analysis
selected 363 stations in the northern subregion and
164 stations in the southern subregion. Air temperature
data have been measured following World Meteorological
Organization guidelines (WMO, 2014), that is, at
~1.5-2.0 m height above the ground and protected with
naturally-ventilated Stevenson screens against solar
radiation and weather (van der Meulen and
Brandsma, 2008). Air temperature data were subjected to
a robust quality-control and homogenization protocol
detailed in Section 4. Analysis was restricted to the period
October 1994-September 2011, given that this study
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FIGURE 1 Topography of the study domain. The northern and southern subregions are delimited by the 9930’S parallel. The available,
selected, fog rejected, and rejected (denoted with x symbol) weather stations are shown. Two cross-sectional elevation profiles for the

northern and southern subregion are also included (solid grey lines)

period guarantees the highest density of climate records.
In contrast, the 1970s and 1980s show a relatively lower
data density, especially in the northern subregion.
Finally, following the quality control and homogeneity

testing, data from 76 and 93 weather stations in the
northern and southern subregion, respectively (see
Table S1 and Figure S1) were retained. The final dataset
includes high quality, quasi-complete, and homogenous
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time series, which were used for the subsequent analysis.
Weather stations have been classified depending on their
relative position in relation to elevation within 25 km in
the surroundings: Bottom (0-33.3%), Slope (33.3-66.6%)
and Summit (66.6-100%).

3.2 | El Niio southern
oscillation (ENSO)

In order to analyse the influence of the ENSO phenome-
non from different locations, it has been analysed by two
different indexes: El Nifio 3.4 and El Nifio 1 + 2 (i.e., ONI
and ICEN, respectively). The widely known Oceanic Nifio
Index (ONI) has been used to synthesize the behavior of
sea surface temperature in the 3.4 Pacific region, defined
by Rasmusson and Carpenter (1982) and showed in
Figure S2. Data has been provided by the NOAA - Cli-
mate Prediction Center (https://origin.cpc.ncep.noaa.gov/
products/analysis_monitoring/ensostuff/ ONI_v5.php, last
accessed on 19th January 2020) at 3 months moving aver-
age resolution (Huang et al., 2017), based on ERSSTv5
data. To synthesize the behavior of sea surface tempera-
ture in the 1 + 2 coastal Pacific region the Indice-Costero-
El-Nifio (ICEN) was chosen on a monthly basis, used
previously in the Ecuadorian territory (Moran-Tejeda
et al., 2016). ICEN has been provided by the Peruvian
Government (http://www.met.igp.gob.pe/variabclim/
indices.html, last accessed on 19th January 2020), based
on ENFEN (2012) and updated by Takahashi et al. (2014).
Following the different criteria of the original authors,
the El Nifio positive phases are identified as follows:
(ONI): five consecutive 3 months moving average above
+0.5 (below —0.5 are identified as La Nifa negative
phases); (ICEN): three consecutive 3 months moving
average above +0.4 (below —1.0 are identified as La Nifia
negative phases).

Following the methodology outlined in ENFEN (2012)
and Huang et al. (2017), the monthly ONI and ICEN
values were computed to determine the positive
(El Nifio), neutral (Neutral) and negative (La Nifa)
phases of the ENSO phenomenon, as well as intensity.
The ICEN and ONI phases showed some common fea-
tures. However, some differences due to the use of two
different thermal anomalies in the Pacific sector were
found. This refers to weak differences in the transition
from the neutral phases to the positive and negative
phases, as well as delays in the start of significant anoma-
lies, which could slightly alter the results. In any case,
the two indices identified similar strong and very strong
El Nifio events (>1.5 ONI; >1.7 ICEN), such as 1972,
1982-1983, 1987, 1992 and 1997-1998). Likewise, strong
La Nifia events (< —1.5 ONI; < —1.4 ICEN) were also
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identified by the ICEN and ONI indices, but with weak
differences, in which La Nifia events were less frequent
using the ICEN index. Nonetheless, strong and very
strong La Nifia events were detected by both indices
(e.g., 1973-1976, 1988-1989, 1998-2001, 2007 and 2010).

3.3 | Specific atmospheric humidity
Specific atmospheric humidity (g-kg™) was analysed to
delimitate wet and dry seasons. It has been extracted
from the ERA-Interim reanalysis (Berrisford et al., 2011)
at 500 hPa geopotential height at 6-hourly intervals
(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-
datasets/era-interim, last accessed on 19th January 2020)
from the start of available data (January 1979). The spa-
tial horizontal resolution is about 0.7°. The 500 hPa geo-
potential height (i.e., ~5,500 m a.s.l.) is above the
average elevation of the region but affects surface condi-
tions, while at higher geopotential heights
(e.g., 100-300 hPa), the effects of specific humidity on
surface air temperature would not be so obvious and
direct due to its approximate correspondence with
>9,000 m a.s.l.

Raw 6-hourly (UTC + 0) 500 hPa specific humidity
data were aggregated to daily scale. Later, two subre-
gional series were created for the northern and southern
subregions using an arithmetic average of daily specific
humidity for all pixels belonging to each subregion. In
this process, raw 6-hourly (UTC + 0) specific humidity
data were adapted to local time zone (UTC-5), at the
same time as air maximum and minimum daily tempera-
ture measurements.

4 | METHODS

4.1 | Quality control and
homogenization protocol

The raw dataset (694 weather stations) was subjected to a
robust quality control (QC) and homogenization (Hom.)
process, which consisted of six defined steps (Figure 2):

» Step 1: (QC) consisted of discarding weather stations
without metadata (i.e., latitude, longitude, elevation
and recognized identifier), in addition to those located
in the Amazon and insular territories, out of the
analysed study areas.

Step 2: (QC) consisted of data screening using the pro-
tocol proposed by Tomés-Burguera et al. (2016), which
removes questionable samples according to Durre
et al. (2010). This step aims to detect codification errors
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FIGURE 2 The total number of the selected meteorological
observatories following the different steps of quality control and
homogenization testing for both northern (left bar) and southern
(right bar) subregion. Raw database has not subregion distinction
due to the location lags

and extreme outliers to ensure data accuracy. The
codification errors were: samples recorded on erro-
neous dates; seven or more consecutive days with
identical value; write '0°C' when NA corresponds;
invalid data units; Tmin = Tmax; and diurnal varia-
tion larger than 35°C. The outliers were identified by
comparing with the extremes of the study area to
maintain reliable values (i.e., between —35 and
50°C). Step 2 does not imply a reduction in the num-
ber of weather stations but a reduction in the
amount of daily records.

Step 3: (QC) consisted of discarding stations with less

than 20% daily samples, referred to original tempera-

ture raw database period (January 1, 1971-December

31, 2012), which means 3,068 days (> 8 complete

years).

Step 4: (QC) consisted of discarding weather stations

affected by continuous and recurrent gaps, despite

achieving Step 3, due to doubts about the quality of
the data.

» Step 5: (QC) consisted of removing daily records above
percentile 99 (Pgo, extreme warming) and below per-
centile 1 (Py,, extreme cooling) of change in relation to
the previous day, along complete weather stations that
experienced these repeated problems. During the QC
process, it was preferred to remove weather stations of
uncertain quality and keep only the truly reliable ones.

« Step 6: (Hom.) consisted of homogenizing air tempera-
ture by applying relative homogeneity statistics, follow-
ing the procedure described by Dominguez-Castro

et al. (2018) at a daily scale. Daily missing data were
not filled using available data from neighbouring sta-
tions, due to large variability of temperature even over
short distances. Also, this reconstruction process may
introduce new inhomogeneities into the series from
the candidate closing series, which can add further
challenges to LR calculation.

Finally, weather stations without any data in the
definitive study period, October 1, 1994-September
30, 2011, and those weather stations located in the coastal
areas, where coastal fog exists were discarded. Low-
stratiform clouds and coastal fogs have large influences
on near-surface air temperatures, leading to noticeable
thermal inversion at coastal areas. The inclusion of these
coastal areas generates serious noise problems in LR cal-
culations outside the fog layer. Therefore, aiming to
know the air temperature distribution in the mountain-
ous area (where air temperature modelling is mainly
needed), makes its elimination appropriate. As such,
to determine the definition of coastal areas, the
elevation threshold based on Pulgar-Vidal (1987)
(i.e., 500-600 m a.s.l). and the height of the thermal
inversion layer based on cloudiness were analysed.
Therefore, August MODIS-Terra satellite daily imagery
from 2000 to 2012 was analysed to detect coastal foggy
days for the northern and southern subregions (e.g., in
the Figure 3). August was chosen due to its central posi-
tion in the dry and coastal foggy season. The corrected
reflectance (True Colour) product was analysed (https://
earthdata.nasa.gov/fag#ed-CRvsSR, last accessed on 19th
January 2020) in addition to air temperature values of the
weather station network to determinate the thermal
inversion thresholds. Although there is certain variability
in the daily thermal inversion high, 400 m (northern sub-
region) and 600 m (southern subregion) were defined as
the best and conservative thresholds to determine the
height of the thermal inversion layer. After applying the
coastal fog-elevation threshold filter, a total of 115 stations
were used in this study (37 in the northern subregion and
78 in the southern subregion). The vertical distribution of
the final dataset is shown in Figure 4. A quick inspection
of Figures 1 and 4 reveals that the elevation range
between 1,000 and 2,000 m a.s.l is poorly represented in
the final dataset. This lack of observations is due to the
location of the main cities either below (coastal plain) or
above (highlands) these elevation bands.

4.2 | Daily air temperature LR

Maximum (LRay) and minimum (LRy,,) daily air tem-
perature LR were calculated separately for the northern
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FIGURE 3 Example of MODIS-Terra satellite images in two situations of (i) coastal fog-covered, and (ii) cloud-free days for both (a, b)
northerh, and (d, e) southern subregions. The vertical distribution of air temperature is represented in lower panels. Coastal fog-free stations
of the northern (> 400 m a.s.l.) and southern subregion (>600 m a.s.1.) are represented in red, while weather stations located below the
coastal fog elevation threshold were represented in blue. Lines represent the best linear fitted model between elevation and air temperature
using all available weather stations (blue lines) and using only fog-free weather stations (red lines)

and southern subregions for the period October 1994-
September 2011 with all selected series. Since the number
of available series varies daily, the mean number of
weather stations used in the regressions was 31 for the
northern subregion and 65 for the southern
subregion. Following Rolland (2003) and Navarro-
Serrano et al. (2018) procedures, multiple daily regres-
sions were used to compute daily air temperature
LR. This was conducted by removing the effect of other
topographic and geographic variables (i.e., latitude and
sea distance), formulated as:

Tax OF Tryin=00+a; Elev+a;Lat+asSea+e.

where T’ . and T, are the daily maximum and mini-
mum air temperatures (in °C), respectively; Elev, Lat and
Sea are elevation above sea level (in m a.s.l.), latitude
(in decimal degrees), and distance to the sea (in km),
respectively; e is the regression error; and a;, a, and a;

are the regression coefficients, a, corresponding to the
daily maximum (LR,a,) or minimum (LR,;,) lapse rate.
These daily LRs were aggregated to months and seasons,
and by ENSO phases, in order to develop reference LRs
for the northern and southern subregions. LRs at daily,
monthly and seasonal scales have been compared by the
Wilcox-Mann-Whitney test to identify statistically signif-
icant differences among groups (i.e., ENSO phases, sea-
sons, subregions and maximum-minimum). The
Wilcoxon-Mann-Whitney (Wilcoxon, 1945) is a nonpara-
metric statistical test that allows for testing the similar-
ity/differences between two independent samples.
Differences were tested at 0.05 level of significance.

A validation process was implemented to assess the
accuracy of the computed monthly LRs. Herein, 90% of
weather stations was randomly selected and the
remaining 10% was used for validation purposes. Daily
and monthly MAE statistics were computed from the
residuals between maximum and minimum air
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FIGURE 4 Vertical distribution of the selected station
network. Coastal and fog-free stations of the northern

(threshold 400 m a.s.1.) and southern subregion (threshold 600 m a.
s.l.) are represented

temperature observed and the estimated by the regression
model derived from 90% of weather stations, and were
summarized at monthly basis (in absolute °C).

4.3 | Local versus subregional LRs

The possibility of estimating subregional air temperature
LR using data from only two representative weather sta-
tions at large elevational ranges (difference, in meters,
between the elevation above sea level of the two weather
stations) was also tested. Then, the LR obtained from
those pairs was compared with the LR obtained from all
stations. For this purpose, the same equation
(Section 4.2) was used to calculate daily air temperature
LR for all combinations between pairs of weather sta-
tions, regardless of elevation range. Next, these daily
“pair lapse rates” were aggregated at a seasonal scale,
compared with those calculated from all stations. A simi-
lar procedure for LR calculation from two weather sta-
tions was adopted by Holden and Rose (2011) in England
and Nigrelli et al. (2017) in the Alps, in addition to other
old works, due to the absence of a wide observational
network or long-term air temperature series. The abso-
lute residuals were summarized by seasons. The Mean
Absolute Error (MAE) statistics were computed and cor-
relations between the two LRs were analysed. MAE was
tabulated in relation to the elevation range between each

pair using different categories of this range, that is, less
than 500 m, 500-999 m, 1,000-1,499 m, 1,500-1,999 m,
and higher than 2,000 m. In addition, the effect of hori-
zontal distance between pairs was analysed.

44 | Wet/dry season definition

Two seasons were identified as a function of the 500 hPa
specific atmospheric humidity and frequency of coastal
fogs as a sign of seasonal change (Figure S3): (a) Dry Sea-
son (June-September) and (b) Wet Season (October-
May). Dry season corresponds to the 4 months with
smaller atmospheric humidity content. In addition, the
dry season corresponds to a more frequent coastal foggy
period as shown by MODIS-Terra satellite imagery
(Paniagua-Guzman, 2017), being a clear seasonal signal.
The wet and dry seasonal specific atmospheric humidity
content was statistically different (p < .05), for both the
northern and southern subregions.

5 | RESULTS AND DISCUSSION

51 | Air temperature LR validation
Figure 5 summarizes two basic patterns: (1) MAE was
larger (p < .05) for minimum than maximum air tempera-
ture in the two subregions, and (2) MAE was larger
(p < .05) in the northern subregion for both maximum
and minimum air temperatures. These results agree with
earlier works that suggest more uncertainty modelling
minimum/nocturnal air temperatures, especially in moun-
tainous regions. Dodson and Marks (1997) indicate that
interpolation methods based on statistical approaches
(e.g., IDW, or kriging) have worse yields at nocturnal air
temperatures due to specific local topography and aspect.
We also noted that the impact of seasonality is more
pronounced in the southern subregion, as MAE increases
mainly during the dry season (May-November is ~2°C in
maximum and ~3°C in minimum air temperatures). In
the northern subregion, seasonality is much less pro-
nounced than in the southern region. Larger differences
between the northern and southern subregions were iden-
tified during the wet season (October-May), while the dry
season (June-September) balances both study areas
(although the whiskers are larger in the northern subre-
gion). The differences between MAEs of maximum and
minimum air temperatures were larger in the north (~2°C
difference), while in the southern subregion they were
similar during some wet season months (December-
March); these differences increase (~1.5°C) in the dry sea-
son. Non-absolute residuals were compiled in Table S2,
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and they were around 0°C. The significant differences in
LRs as a function of the subregion and season are relevant.
The spatial uncertainty and spatial distribution of LRs
have already been evident in several studies, coming
mainly from environmental factors such as specific humid-
ity (Bolstad et al., 1998; Du et al., 2017), topography, con-
tinentality (Lewkowicz and Bonnaventure, 2011),
distribution and representativeness of weather stations
(Navarro-Serrano et al., 2018).

5.2 | Air temperature LR, specific
humidity and ENSO phases

Figure 6 illustrates the data period October 1994-September
2011 (all available data from 1971 are shown in Figure S4).
Monthly LR peaks varied from —5.1 and —2.8°C-km™* for
the southern LR,,; —6.2 and —3.9°C-km™ for the south-
ern LRy —5.7 and —3.8°C-km™" for the northern LR
and —5.2 and —2.7°C-km™" for the northern LR, This
supposes a small and reduced range between the steepest
and weakest values in comparison with previous works,
such as Blandford et al. (2008) in the Rocky Mountains, or
Li et al. (2013). A fact that could be due to reduced thermal
range and a climate less variable than the present on mid-
latitude territories. This stresses that the use of a fixed
MELR (ie, —6.5°C-km™) might lead to gross errors
(i.e., slightly during the wet season and strongly in the dry
season). A similar finding in relation to MELR has been
confirmed in previous studies (e.g., Hubbart et al., 2007;
Blandford et al., 2008; Gardner et al., 2009; Minder
et al., 2010; Kulshrestha and Ramsankaran, 2018). All these
studies (located in Rocky Mountains, Arctic or Western

@ North =3 South

Himalayas) showed different values (generally weaker)
than —6.5°C-km ™. Indeed, the marked seasonal variability
in the calculated LR reference values would be missed
when applying a fixed MELR. This was also confirmed by
Dumas (2013) for the Alps and Heynen et al. (2016) for the
Himalayas. The northern LR,,x showed the smallest differ-
ence between maximum and minimum values. LR, Was
affected largely by seasonality, as LRs exhibited steeper
values during the wet season, compared to the dry season.
These seasonal patterns were less evident for LR,;,. The
error of regression over the period has been constant (not
shown in the figure), responding to the seasonal variability
shown in the validation experiment (Figure 5).

Specific atmospheric humidity showed a marked sea-
sonal pattern, with its highest values during the wet sea-
son (almost 3 gkg™ in the northern and southern
subregions), while its lowest values were recorded during
the dry season (~1 gkg™" in both subregions). Nonethe-
less, the two subregions show statistically significant dif-
ferences in their specific atmospheric humidity (p < .05),
particularly in terms of seasonality. Seasonality is more
marked in southern subregion. The interannual variabil-
ity is relatively small in the two subregions during the
wet and dry seasons, being remarkable only during some
very wet periods (i.e., 1997-1998).

A quick inspection of Figure 6 (and Figure S4) reveals
that the strong El Nifio events (i.e., positive phases) were
often followed by an increase of specific atmospheric
humidity and an enhanced increase of LRax and LRy
at a monthly scale. A representative example is the El
Nifio event in 1997-1998, especially in the southern sub-
region. Contrarily, the strong La Nifa events
(e.g., 1973-1976 or 2007) did not show significant impact
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Air temperature Lapse Rates

FIGURE 6 (a) Daily,

monthly and seasonal north
(a.1) and south (a.2) series of

LR nax and LR ;. Mean
environmental lapse-rate
(MELR -6.5°C-km™") was

represented by dashed grey line;

(b) monthly and seasonal

500 hPa specific atmospheric

humidity (in g-kg™); (c) ENSO
El Nifio (positive), neutral and
La Nifa (negative) phases based
on the ICEN index (c.1) and the
ONI index (c.2)
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on LR variability. Overall, this behavior may be expected,
given the low interannual variability of specific humidity.
As such, specific humidity is more likely to increase dur-
ing an El Nifio positive phase.

5.3 | Reference air temperature LR

Table 1 shows the monthly and seasonal LRyax and LRpin
values for each subregion. In the northern subregion, the

steepest LRpmax (LRmin) are during December (March),
while the weakest LRyax (LRyn) are during June
(September). In the southern subregion, the steepest LR pax
(LRmin) are during February (May), while the weakest
LRax (LRpin) are during July (December). The main sea-
sonal reference values for LRy (LRpyn), in °C-km™,
were: —4.77 (—4.10) for North-Wet; —4.26 (-3.78) for
North-Dry; —4.16 (—4.74) for South-Wet; and — 3.57
(—4.93) for South-Dry. This implies that LR, Was steeper
in the northern subregion than in the southern subregion
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Reference monthly and seasonal mean (and 25th/75th percentile information) LR and LR i, (in °C-km™) to northern and southern subregions

TABLE 1

South LR, .« South LR,

North LR in

Month  North LR,

Wet season

—4.74

—4.6 (—4.7/-4.4)
—4.8 (~5.1/-4.6)
—4.5 (~4.6/—4.3)
—4.6 (—4.7/-4.5)
—4.7 (—4.8/—4.6)
—4.7 (~4.8/—4.5)
—4.8 (~5.0/-4.6)
—52(=5.3/-5.0)

—4.16

—3.6 (=3.7/-34)
—3.6 (=3.6/-3.5)
—3.9 (=4.0/-3.8)
—4.5(—4.6/-4.3)
—4.8 (=5.0/—4.6)
—4.7 (=5.0/—4.5)
—4.3 (~4.4/-42)
—4.0 (=4.1/-3.7)

—4.10

—3.8(~4.2/-3.5)
—4.0 (~4.1/-3.8)
—3.9(=4.1/-3.7)
—4.3 (~4.6/-4.0)
—4.3 (~4.7/-4.1)
—4.4(~4.9/-4.3)
—4.2(~4.3/-3.9)
—4.0 (-4.3/-3.7)

—4.77

—4.6 (—4.8/—4.5)
—4.8 (-4.9/-4.7)
—5.0 (=5.1/—4.8)
—4.9 (=5.1/-4.6)
—4.8 (~5.2/-4.5)
—4.9 (=5.1/—4.7)
—4.7 (-4.8/-4.7)
—4.5 (=4.6/—4.3)

Oct

(—4.84/-4.54)

(—4.56/-3.75)

(—4.41/-3.78)

(—4.97 /-4.54)

Nov

Dec

Jan

Feb

Mar

Apr

May

Dry season

-4.93

—52 (=5.4/-5.0)
—5.0 (=5.1/—4.7)
—4.9 (=5.1/-4.7)
—4.6 (—4.9/—-4.4)

—3.57

—3.6 (~3.7/-3.5)
—3.5(=3.7/-3.3)
—3.6 (~3.8/-3.4)
—3.6 (~3.8/-3.4)

-3.78

—3.8(~4.1/-3.5)
—3.9(~4.2/-3.7)
—3.8(~4.1/-3.5)
—3.6(~3.9/-3.3)

—4.26

—42(~4.3/-4.2)
—42(~4.3/-4.1)
—4.3 (~4.4/-4.2)
—4.3 (~4.6/-4.2)

Jun
Jul

(~5.12/-4.70)

(E372/=3:37)

(~4.13/-3.49)

(—4.37/-4.12)

Aug
Sep

of Climatology

(p < .05), shared by a larger atmospheric instability and
lower air pressure, which prevents air subsidence in the
northern subregion. The effect of atmospheric instability
and synoptic conditions on LRs has been previously indi-
cated by Blandford et al. (2008), Gardner et al. (2009),
Bonnardot et al. (2012) and Hanna et al. (2017) in different
mountain areas of the globe. Thus, the larger instability
throughout the year due to the proximity of the ITCZ has
been proved analysing atmospheric pressure values, and
the more progressive relief towards the highlands might
cause steeper values of LR p,x.

In contrast, LR, was steeper in the southern subre-
gion (p < .05), but with slight seasonal variations. LR,
was also affected by these north-south differences by the
same phenomenon during the unstable and low-pressure
characterized wet season. In contrast, during the stable
dry season, unexpectedly LR, is steeper than LR, in
the southern subregion. It is widely accepted that LR,
are weaker than LR, since they are generally impacted
by several processes (e.g., cold air pool formations, ther-
mal inversions in lowlands [Kattel and Yao, 2018]),
which can weaken LR, as pointed out by many authors
(Bonnardot et al., 2012; Hanna et al., 2017). However, the
specific pattern found in the southern subregion could be
attributed to some local factors of the database. The topo-
graphical position of the weather stations, which can
induce the formation of nocturnal cold air pools at the
position of the highest weather stations of the network
(above 3,000 m ass.l.), steepening the calculated LR
(Duane et al., 2008). This hypothesis has been analysed
through the topographical position (bottom-slope-sum-
mit) of weather stations as a function of their elevation in
relation to the surrounding areas. It has been observed
(not shown in the results) that there are few weather sta-
tions located at summit topographical positions, being
mainly located at the bottom of high valleys, or on sloped
areas. In addition, the lower atmospheric humidity con-
tent at high elevation leads to steeper values of LR in
response to night overcooling in these higher locations.
Moreover, the enhanced continentality condition in the
southern subregion increases the daily thermal ampli-
tude, and favours a steeper LR, compared to LRpyax.
Continentality, low specific humidity, and location of
weather stations could favour the diurnal heating at
higher weather stations, usually located at the bottom of
high valleys, thus weakening the whole subregional
LR hax. This feature was less evident in the northern sub-
region, where there is lower air pressure, more atmo-
spheric instability and higher specific humidity due to
the proximity to the ITCZ (Takahashi et al., 2007), in
addition to the lower continentality of northern weather
stations, causing that LRmax and LRy, were more bal-
anced to the habitual pattern.
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The weakening of LRs during the dry season when
the atmosphere is rather stable has been reported in pre-
vious works (Richardson et al, 1999; Pepin and
Losleben, 2002; Harlow et al., 2004; Marshall et al., 2007),
although this is not always valid, as Kattel et al. (2015)
and Kattel and Yao (2018) show in their Himalayan
works; and Cérdova et al. (2016) in a specific Ecuadorian
valley for a 12-month period. Moreover, LRy,.x Was more
intensified during the wet season. The dispersion of LR
values is synthetized by showing values corresponding to
the 25 and 75 quantiles. The percentiles are close to the
mean values, suggesting low interannual LR variability.
LRpax and LRy, were significant different in the south
and in the north (p < .05), and northern and southern
LRs were significantly different analysing LRyax (p < .05)
and LRy, (p < .05) data.

TABLE 2
subregion and ENSO phases

Season North
LRppay (in °C-km™)

Wet season (October-May) —4.73 (—4.89/—-4.55)*
—4.63 (—4.85/-4.43)*
—4.91 (-5.16/-4.67)*
—4.68 (—4.85/-4.51)
—4.82 (—5.01/-4.62)
—4.67 (—4.90/-4.52)
—4.26 (—4.46/—3.99)
—4.19 (—4.28/-4.08)
—4.37 (—4.54/-4.25)
—4.35 (—4.53/-4.19)
—4.22 (~4.34/-4.07)

—4.23 (-4.33/-4.19)

Dry season (June-September)

LRy (in °Ckm™)

Wet season (October-May) —3.99 (—4.36/-3.62)*
—4.04 (—4.31/-3.73)*
—4.23 (—4.61/-3.90)*
—3.96 (—4.27/-3.70)
—4.17 (—4.50/-3.82)
—3.99 (—4.38/—3.50)
—3.67 (—3.94/-3.41)
—3.80 (—4.15/-3.45)
—3.81 (~4.08/—3.60)
—3.98 (—4.37/—3.69)
—3.66 (—3.90/-3.44)
—3.92 (—4.14/-3.67)

Dry season (June-September)

54 | Links between ENSO and LRs

Table 2 shows the LR,,x and LR, as a function of the
subregion, seasons and ENSO phases. For the ENSO
phases, more complex patterns were found:

+ LR-ONI: In the northern and southern subregions,
the steepest LRn,x during the wet season occur dur-
ing La Nifia phases, although they were only statisti-
cally significant (p < .05) in the northern subregion;
during the dry season in the south, the steepest
LRpax occured during El Nifio phases (p < .05) and
in the northern subregion no statistical significant
(p > .05) ENSO phase differences were found. In
terms of LRmn, the only statistically significant differ-
ences (p <.05) were found analysing the northern

Reference seasonal mean (and 25th/75th percentile information) LR yax and LRpyin (in °C-km™), as a function of the

South ENSO index phase

—4.07 (—4.38/-3.79) El Nifo (+) ONI
—4.12 (—4.49/-3.71) Neutral

—4.26 (—4.76/—3.73) La Nifia (-)

—4.09 (—4.37/-3.78)* El Nifio (+) ICEN
—4.25 (—4.69/-3.85)* Neutral

—3.63 (—3.74/-3.52)* La Niia (-)

—3.95 (=4.07/-3.76)* El Nifio (+) ONI
—3.51 (-3.68/-3.35)* Neutral

—3.44 (—3.56/-3.36)* La Nifia (-)

—3.76 (=3.98/—3.43)* El Nifio (+) ICEN
—3.53 (—-3.68/—3.46)* Neutral

—3.34 (—3.38/-3.31)* La Nifia (=)

—4.76 (~4.86/—4.53) El Nifio (+) ONI
—4.76 (—5.03/—4.52) Neutral

—4.70 (—4.82/-4.56) La Nifia (—)

—4.87 (—5.16/—4.59)* El Nifio (+) ICEN
—4.72 (—4.83/-4.55)* Neutral

—4.51 (=4.70/—4.33)* La Nifia (—)

—5.06 (—5.51/—4.42) El Nifio (+) ONI
—4.90 (—5.08/—4.70) Neutral

—4.91 (—5.12/—4.79) La Nifia ()

—5.24 (—5.48/—5.05)* El Nifio (+) ICEN
—4.86 (—5.06/—4.68)* Neutral

—4.65 (—4.83/—4.42)* La Nifia (=)

Note: Asterisk (*) represents significant (<0.05) LRs differences between positive (El Nifio) and negative (La Nifia) episodes.
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subregion during the wet season, with steepest values
during La Nifia phases.

« LR-ICEN: In the northern subregion, no statistically
significant (p > .05) differences between ENSO phases
and LR, and LR,,;, were found. In the southern sub-
region, the steepest LRy« (p < .05) occurred during El
Nifio phases in the wet and dry seasons.

Figure 7 illustrates the seasonal differences found in
all combinations between ENSO indices, seasons and
subregions. The differences between ONI and ICEN
(comparing the lapse rates during the same ENSO phase
calculated from both indices) were weak and statistically
non-significant for El Nifio (p > .05, with the exception
of south LRpin), While being weak and statistically signif-
icant for La Nifia (p < .05, with the exception of north
LRmin) phases. However, the differences among the
ENSO phases were statistically significant (p < .05), with
the exception of ICEN phases in the northern subregion
(p > .05), and ONI phases (p>.05) for the southern
LRpin, in addition to ONI phases during the dry season.
The differences between ENSO phases were smaller than
the seasonal variability. In the southern subregion, it was
possible to detect a weak and statistically significant
steepness of LRs when the El Nifio phase occurs, espe-
cially following ICEN phases. In the northern subregion,
only ONI phases and during the wet season was statisti-
cally significant, showing a steepness during La Nifia
phases. In summary, it seems that ENSO effects were
more detectable in the southern subregion, compared to

of Climatology

the northern subregion, showing better response of the
southern subregion to ICEN phases, and northern subre-
gion to ONI phases, although with nuances in relation to
El Nifio and La Nifia effects.

Therefore, similar to other studies (Bennett
et al., 2016; Moran-Tejeda et al., 2016) in Puna (Bolivia
and Chile) and Ecuador, respectively, the dependency
between air temperature and the ENSO was not statisti-
cally significant in all cases. Moreover, ENSO effects are
spatially variable and not equal over the whole south
American coast (Moran-Tejeda et al., 2016). The ENSO
effects were stronger in the southern subregion, since its
low variability and high temporal stability facilitate
strong air mass irruptions from the west (i.e., strong posi-
tive ENSO episodes). This relationship only during
extreme episodes implies that the neutral and weak posi-
tive ENSO episodes fail to penetrate inland sufficiently
(Dijkstra, 2006) to affect the weather station network and
change the subregional LRs. Contrarily, during strong
and very strong El Nifio episodes, the west-to-east associ-
ated pattern could reach the mainland and the Andean
lands in Ecuador and Peru, largely covering the weather
station network and, thus, could alter air temperature
conditions over the whole study area. Comparative analy-
sis between ENSO indices has shown that the ICEN
index is more appropriate for the southern subregion, as
ENFEN (2012) and Takahashi et al. (2014) actively seek
with the development of this index for the Peruvian terri-
tory, while ONI has higher influence in the northern
subregion.
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5.5 | Comparison of local and regional
lapse rates

Figure 8 depicts the MAE between seasonal LRs calcu-
lated from the pairs of weather stations and those calcu-
lated using the whole network. Box-plots illustrate that
MAE is less when elevation range between pairs is larger
than 1,500 m, as their vertical range allows for properly
detecting the vertical air temperature profile. On the
other hand, box-plots showing extremely higher values
(>20°C-km™") when elevation range is <500 m. For all
situations, the differences between the wet and dry sea-
sons were detected, but with no clear pattern. MAE for
LR,.x Was lower than LR, for the northern and south-
ern subregions. It can be observed that the median MAE
tended to stabilize around 1°C-km™" for elevation ranges
larger than 1,500 m. Euclidean distance between the
most representative pairs (Figure S5) have been analysed,
but no significant patterns were found. The topographic
position of pairs in relation to MAE have been analysed
(Figure S6b), showing that it is not appropriate to choose
only bottom located weather stations, since these pairs
are not usually representative of the general behaviour.
The most representative pairs (shown in Figures S7b) in
almost all combinations had MAE values <0.3°C-km™.
Seasonally, the wet season had better scores, in terms
of MAE.

The findings suggest that there is a possibility to prop-
erly estimate the subregional seasonal LR using only a
pair of stations. These findings imply that previous works
carried out with few data can incur errors of low

Elevation range (m)

representativeness of the regional LRs. In the southern
subregion, the most representative territory was the
southeast, which has a large number of the most repre-
sentative pairs. This allows for obtaining the subregional
seasonal LR behavior for both the coastal and highlands
territories. However, in all cases, the errors obtained
using these representative stations were lower than those
derived from the use of a fixed LR (e.g., the MELR). The
low correlations in the majority of the selected pairs
occurred due to the compensation between weak under-
estimations and overestimations of LRs along the study
period. The remarkable low MAE values inform the reli-
ability of the paired LRs. According to our findings in
both northern and southern subregion, the calculation of
LR from only two stations is possible, although it is nec-
essary to choose weather stations representative of
regional behavior, in addition to choosing weather sta-
tions with a minimum elevation range of at least
1,500 m; and studying the minimum number of weather
stations needed to better represent lapse-rates.

To conclude, our findings indicate that due to various
geographic, climatic, and topographic variables, LR is
highly variable over space and time in the Andean region
in Ecuador and Peru. This stresses the need to consider
specific LRs rather than universal and fixed LRs (e.g., the
MELR). However, it is noteworthy that the reference LR
values are regionally specific and cannot be extrapolated
to other regions, considering the large spatial and sea-
sonal variability of air temperature on one hand and the
possible impacts of local environmental factors on the
other hand (Marshall et al., 2007). It is not recommended
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to use the MELR, as it introduces large biases to air tem-
perature estimations. Increasing the number of weather
stations in mountain areas can improve estimation of air
temperature LRs. This study contributes to better under-
standing of the factors controlling snow hydrology and
water resources availability in dry areas. In this way, it
has been possible to advance knowledge of the explana-
tory factors for its variability.

6 | CONCLUSIONS

This study assessed, for the first time, changes in air tem-
perature LRs over the Andean region in Ecuador and
Peru using in situ temperature data from 1994 to 2011.
The major findings of this study can be summarized as
follows:

1 It is more complex to estimate LR, than LRy,
given that Tmin has more spatial heterogeneity and is
more influenced by local meteorological processes.

2 The calculated LR, and LR,,;, are weaker than the
fixed Mean Environmental Lapse Rate (MELR
—6.5°C-km™"), which has been widely used to interpo-
late and extrapolate air temperatures with multiple
aims. Importantly, the calculated LRs are spatiotempo-
rally more variable. This study stresses the need to cal-
culate specific LR for each study area and season, as
the fixed and standard MELR cannot adequately reveal
the large spatial and temporal variability of air temper-
ature in regions of complex topography.

3 LRpax and LRy, show steeper values during the wet
season (October-May), with the exception of LR, in
the southern subregion, where continentality, topogra-
phy, and specific humidity content could influence air
temperature conditions.

4 The ENSO phenomenon significantly influences LR
variability in the southern subregion, while its impact is
more variable in the north. In some exceptional events
corresponding mainly to the strong and very strong pos-
itive ENSO (El Nifio) events (e.g., 1997-1998), LRs can
support an intense steepness.

5 LRs can be calculated using limited data (i.e., pair of
weather stations); however, this was mainly restricted
to weather stations with an elevation range over
1,500 m, where MAE is generally around 1°C-km™.

These findings show the need to continue researching
this issue for other spatial scales and geographical areas,
so observed variability and patterns might be larger than
commonly assumed by lapse rate users. In the future, it is
necessary to advance in the assessment of the spatiotem-
poral variability and causes of LRs for other regions.

of Climatology

Thus, based on our findings, the extrapolation of air tem-
perature from lowlands to summits would be not rec-
ommended. In addition, an increase in the number of
weather stations located in the summits is crucial to
retrieve air temperature data over miles of km? in which
they are generally extrapolated without using empirical
data. Thus, a comprehensive monitoring of highest eleva-
tion areas and summits are needed to better obtain LRs
for the whole study region, which may indirectly influ-
ence common human activities (e.g., water resources) or
climate products as air temperature grid datasets.
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Supplementary Material — Figure 1. The main characteristics of the meteorological observatories dataset
used in this study.
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Supplementary Material — Figure 2. ENSO regions distribution map.
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Supplementary Material — Figure 3. 500 hPa specific atmospheric humidity (in g kg-1) as a function of
seasons and subregions. The median (black line) and the interquartile range (boxes; Y-axis) are plotted.
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Supplementary Material — Figure 6.a. MAE distribution by season (i.e. wet and dry) and topographic
position between pairs for both the northern subregion. MAE only covers the pairs with <5°C km-1 to
focusing on the better pairs.
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Supplementary Material — Figure 7.a. Location of the most representative station pairs in the wet
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a.s.l.) are listed in the corresponding table.
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Supplementary Material — Figure 7.b. As for Fig. 7.a., but for the dry season.
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Supplementary Material — Table 1. The main characteristics of the weather stations used in this study.
Percentage (%) data are referred to definitive analyzed period (1 October 1994 — 30 September 2011).

CODE | Subregion | Category Name Country Country Region LAT. (decimal ©) | LON. (decimal ©) | ELE.as.l.(m) | N (%) Tmax | N (%) Tmin
M0002 NORTH Selected La Tola Ecuador Distrito Metropolitano de Quito -0.23 -78.37 2480 6053 (97.5%) | 6050 (97.4%)
M0003 NORTH Selected Izobamba Ecuador Centro Norte -0.37 -78.55 3058 6053 (97.5%) | 6062 (97.6%)
M0004 NORTH Selected Rumipamba-Salcedo Ecuador Centro -1.02 -78.59 2685 6026 (97.1%) | 6040 (97.3%)
MO0005 NORTH Fog Reject Portoviejo-UTM Ecuador Pacifico -1.04 -80.46 59 5972 (96.2%) | 5186 (83.5%)
MO0006 NORTH Fog Reject Pichilingue Ecuador Litoral -1.07 -79.49 81 6093 (98.1%) | 4658 (75%)
MO0024 NORTH Selected Quito Inamhi-Innaquito Ecuador Distrito Metropolitano de Quito -0.17 -78.48 2789 5835 (94%) 5775 (93%)
M0025 NORTH Fog Reject La Concordia Ecuador Norte -0.02 -79.38 244 6083 (98%) | 3192 (51.4%)
M0026 NORTH Fog Reject Puerto lla Ecuador Pacifico -0.48 -79.34 319 6069 (97.7%) | 3995 (64.3%)
MO0031 NORTH Selected Caflar Ecuador Austro -2.55 -78.95 3083 5620 (90.5%) | 5771 (92.9%)
M0033 NORTH Selected La Argelia-Loja Ecuador Sur -4.04 -79.20 2160 6001 (96.7%) | 6044 (97.3%)
MO0037 NORTH Fog Reject Milagro (Ingenio Valdez) Ecuador Litoral -2.12 -79.60 23 6042 (97.3%) | 4450 (71.7%)
MO0045 NORTH Selected Palmas-Azuay Ecuador Austro -2.72 -78.63 2400 4585 (73.8%) | 4624 (74.5%)
MO0051 NORTH Fog Reject Babahoyo-UTB Ecuador Litoral -1.80 -79.53 7 5972 (96.2%) | 3624 (58.4%)
MO0103 NORTH Selected San Gabriel Ecuador Norte 0.60 -77.82 2860 6027 (97.1%) 6025 (97%)
MO0127 NORTH Selected Pillaro Ecuador Centro -1.17 -78.56 2793 1015 (16.3%) 929 (15%)
MO0128 NORTH Selected Pedro Fermin Cevallos (Colegio) Ecuador Centro -1.35 -78.62 2910 5447 (87.7%) | 5244 (84.5%)
MO0129 NORTH Fog Reject Caluma Ecuador Litoral -1.62 -79.29 350 2455 (39.5%) | 2096 (33.8%)
M0133 NORTH Selected Guaslan Ecuador Centro -1.72 -78.66 2850 3630 (58.5%) | 3694 (59.5%)
M0138 NORTH Selected Paute Ecuador Austro -2.80 -78.76 2194 5917 (95.3%) | 5909 (95.2%)
MO0139 NORTH Selected Gualaceo Ecuador Austro -2.88 -78.78 2230 5017 (80.8%) | 5407 (87.1%)
M0141 NORTH Selected El Labrado Ecuador Austro -2.73 -79.07 3335 4998 (80.5%) | 4837 (77.9%)
MO0144 NORTH Selected Vilcabamba Ecuador Sur -4.26 -79.22 1563 1905 (30.7%) | 1938 (31.2%)
MO0160 NORTH Fog Reject El Carmen Ecuador Pacifico -0.26 -79.43 260 3219 (51.8%) | 1810 (29.2%)
M0162 NORTH Fog Reject Chone-U.Catolica Ecuador Pacifico -0.66 -80.04 36 5932 (95.5%) | 3993 (64.3%)
MO0165 NORTH Fog Reject Rocafuerte Ecuador Pacifico -0.92 -80.45 20 5831 (93.9%) | 4411 (71%)
MO0166 NORTH Fog Reject Olmedo-Manabi Ecuador Pacifico -1.40 -80.21 67 4815 (77.5%) | 4709 (75.8%)
M0172 NORTH Fog Reject Pueblo Viejo Ecuador Litoral -1.52 -79.54 19 5749 (92.6%) | 3403 (54.8%)
MO0176 NORTH Fog Reject Naranjal Ecuador Litoral -2.66 -79.62 25 5209 (83.9%) | 3770 (60.7%)
MO0179 NORTH Fog Reject Arenillas Ecuador Sur -3.54 -80.05 26 1520 (24.5%) | 1688 (27.2%)
M0184 NORTH Fog Reject Pagua Ecuador Sur -3.08 -79.76 8 713 (11.5%) | 1037 (16.7%)
M0185 NORTH Fog Reject Machala-Utm-Pagua Ecuador Sur -3.10 -79.73 13 3806 (61.3%) | 1915 (30.8%)
M0189 NORTH Selected G iza Inamhi Ecuador Austro -3.40 -78.58 851 5714 (92%) | 5512 (88.8%)
MO0190 NORTH Selected Yanzatza Ecuador Sur -3.82 -78.76 830 1800 (29%) 1802 (29%)
M0218 NORTH Fog Reject Ingenio San Carlos (Batey) Ecuador Litoral -2.22 -79.41 63 5312 (85.6%) | 2931 (47.2%)
MO0243 NORTH Selected Pungales Ecuador Centro -1.58 -78.57 2550 1467 (23.6%) | 1601 (25.8%)
M0258 NORTH Selected Querochaca (UTA) Ecuador Centro -1.37 -78.61 2865 6057 (97.6%) | 6080 (97.9%)
M0283 NORTH Fog Reject Inmoriec-El Vergel Ecuador Litoral -0.78 -79.35 151 1791 (28.8%) | 949 (15.3%)
M0292 NORTH Fog Reject Granja Santa Ines (UTM) Ecuador Sur -3.29 -79.90 5 4822 (77.7%) | 3191 (51.4%)
M0482 NORTH Fog Reject Chacras Ecuador Sur -3.54 -80.20 60 5260 (84.7%) | 3835 (61.8%)
M1094 NORTH Selected Tomalon-Tabacundo Ecuador Centro Norte 0.03 -78.23 2790 6022 (97%) 6086 (98%)
M1095 NORTH Fog Reject Ingenio Aztra (La Troncal) Ecuador Austro -2.44 -79.35 89 5888 (94.8%) | 3948 (63.6%)
M1096 NORTH Fog Reject | Guayaquil U. Estatal (Radio Sonda) Ecuador | Guayaquil - Samborondon - Duran -2.18 -79.90 6 5872 (94.6%) | 4359 (70.2%)
M1208 NORTH Fog Reject La Teodomira Ecuador Pacifico -1.16 -80.39 60 3134 (50.5%) | 2958 (47.6%)
X000132 NORTH Fog Reject Puerto Pizarro Perii Tumbes -3.51 -80.46 7 5864 (94.4%) | 5230 (84.2%)
X000134 NORTH Fog Reject Papayal Pert Zarumilla -3.58 -80.24 45 6027 (97.1%) | 5161 (83.1%)
X000135 NORTH Fog Reject El Salto Perii Zarumilla -3.44 -80.32 6 5705 (91.9%) | 5612 (90.4%)
X000207 NORTH Fog Reject Miraflores Perii Piura -5.17 -80.63 30 5930 (95.5%) | 5803 (93.5%)
X000208 NORTH Fog Reject Mallares Pert Chira -4.86 -80.75 29 6013 (96.8%) | 5879 (94.7%)
X000230 NORTH Fog Reject La Esperanza Perii Chira -4.93 -81.07 6 6069 (97.7%) | 5657 (91.1%)
X000231 NORTH Fog Reject Chusis Perii Piura -5.53 -80.85 6 5991 (96.5%) | 5557 (89.5%)
X000235 | NORTH | Fog Reject Morropon Perd Piura -5.18 -79.98 109 6053 (97.5%) | 5921 (95.4%)
X000237 NORTH Selected Ayabaca Peri Chira -4.64 -79.73 2830 6005 (96.7%) | 4908 (79%)
X000238 NORTH Selected Sausal De Culucan Perii Chira -4.76 -79.78 1015 6048 (97.4%) | 4962 (79.9%)
X000239 NORTH Selected Huancabamba Per(i Chamaya -5.25 -79.45 1950 6066 (97.7%) | 6096 (98.2%)
X000247 NORTH Fog Reject San Miguel Pert Piura -5.30 -80.68 20 6026 (97.1%) | 6005 (96.7%)
X000248 NORTH Selected Huarmaca Pert Chamaya -5.56 -79.52 2244 6024 (97%) | 5851 (94.2%)
X000255 NORTH Fog Reject Chulucanas Per(i Piura -5.10 -80.17 87 5349 (86.1%) | 5308 (85.5%)
X000260 NORTH Selected Chirinos Pert Chinchipe -5.30 -78.91 1528 6082 (98%) | 4911 (79.1%)
X000301 NORTH Fog Reject Lambayeque Pert Chancay - Lambayeque -6.70 -79.92 12 5435 (87.5%) | 4993 (80.4%)
X000304 NORTH Selected Augusto Weberbauer Per(i Crisnejas -7.17 -78.48 2660 6051 (97.5%) | 6061 (97.6%)
X000320 NORTH Fog Reject Cayalti Pert Safia -6.90 -79.56 70 5960 (96%) | 6034 (97.2%)
X000325 NORTH Fog Reject Talla (Guadalupe) Pert Jequetepeque -7.27 -79.42 105 5886 (94.8%) | 5444 (87.7%)
X000332 NORTH Fog Reject Reque Per(i Chancay - Lambayeque -6.90 -79.85 15 5800 (93.4%) | 4764 (76.7%)
X000333 | NORTH | Fog Reject Jayanca (La Vifia) Peri Motupe 6.32 79.78 65 5756 (92.7%) | 5358 (86.3%)
X000340 NORTH Selected El Espinal Perii Safia -6.83 -79.22 450 6015 (96.9%) | 5329 (85.8%)
X000341 NORTH Selected Llama Peri Chancay - Lambayeque -6.51 -79.12 2079 6016 (96.9%) | 5937 (95.6%)
X000351 NORTH Selected Santa Cruz Pert Chancay - Lambayeque -6.63 -78.95 2039 6008 (96.8%) | 6029 (97.1%)
X000352 NORTH Selected Cutervo Perii Llaucano -6.38 -78.82 2616 5957 (95.9%) | 5693 (91.7%)
X000369 NORTH Selected San Juan Peri Jequetepeque -7.29 -78.49 2469 4532 (73%) | 5753 (92.7%)
X000373 NORTH Selected Cajabamba Pert Crisnejas -7.63 -78.05 2612 6102 (98.3%) | 6107 (98.4%)
X000374 NORTH Selected F Perii Crisnejas -7.83 -78.05 3290 6053 (97.5%) | 6098 (98.2%)
X000392 NORTH Selected Magdalena Peri Jequetepeque -7.25 -78.66 1257 6099 (98.2%) | 5750 (92.6%)
X000395 NORTH Selected Chancay Bafios Pert Chancay - Lambayeque -6.58 -78.88 1575 6051 (97.5%) | 6005 (96.7%)
X000404 SOUTH Selected Huanuco Perii Alto Huallaga -9.97 -76.24 2090 6052 (97.5%) 5958 (96%)
X000435 | NORTH Fog Reject Buena Vista Peri Casma -9.43 -78.20 216 6072 (97.8%) | 5039 (81.2%)
X000477 SOUTH Selected Santa Ana Pert Mantaro -12.00 -75.22 3302 6047 (97.4%) 6082 (98%)
X000508 SOUTH Selected Pampas Perii Mantaro -12.39 -74.87 3240 6052 (97.5%) | 5739 (92.4%)
X000534 | SOUTH Fog Reject Lomas De Lachay Peri Intercuenca del Pacifico -11.37 -77.37 300 4555 (73.4%) | 3339 (53.8%)
X000539 SOUTH Fog Reject Huayan Pert Chancay - Huaral -11.45 -77.12 350 5436 (87.6%) | 4508 (72.6%)
X000543 SOUTH Fog Reject Nafia Perii Rimac -11.99 -76.84 523 5451 (87.8%) | 2778 (44.7%)
X000546 SOUTH Fog Reject Donoso Per( Chancay - Huaral -11.47 -77.23 180 6057 (97.6%) | 5289 (85.2%)
X000552 SOUTH Selected San Rafael Pert Alto Huallaga -10.32 -76.17 3060 5984 (96.4%) | 5780 (93.1%)
X000607 SOUTH Selected Granja Kcayra Perii Urubamba -13.56 -71.88 3219 5845 (94.1%) | 5867 (94.5%)
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X000608 SOUTH Selected Viques Pert Mantaro -12.16 -75.23 3186 3777 (60.8%) | 4694 (75.6%)
X000625 SOUTH Selected Acostambo Per(i Mantaro -12.37 -75.06 3675 6052 (97.5%) 6083 (98%)

X000635 SOUTH Selected Huayao Per(i Mantaro -12.03 -75.34 3360 5993 (96.5%) | 6037 (97.2%)
X000638 SOUTH Selected Pacaran Pert Cariete -12.86 -76.06 721 5929 (95.5%) | 5683 (91.5%)
X000640 SOUTH Selected Huamani Per(i Ica -13.85 -75.59 1060 5871 (94.6%) | 5700 (91.8%)
X000650 | SOUTH Fog Reject Hacienda Bernales Per(i Pisco -13.76 -75.97 294 5444 (87.7%) | 5443 (87.7%)
X000657 SOUTH Selected Lircay Pert Mantaro -12.98 -74.73 3513 6040 (97.3%) | 6042 (97.3%)
X000677 SOUTH Selected Curahuasi Per(i Apurimac -13.55 -72.74 2737 4447 (71.6%) | 5577 (89.8%)
X000683 SOUTH Selected Urubamba Per(i Urubamba -13.30 -72.13 3071 6057 (97.6%) | 6058 (97.6%)
X000687 SOUTH Selected Acomayo Pert Apurimac -13.92 -71.68 3227 6099 (98.2%) | 6061 (97.6%)
X000690 SOUTH Selected Ccatcca Perli Yavero -13.61 -71.56 3693 5973 (96.2%) 5959 (96%)

X000698 | SOUTH Fog Reject Rio Grande Per(i Grande -14.54 -75.22 317 4337 (69.9%) | 4388 (70.7%)
X000700 SOUTH Fog Reject San Camilo Pert Ica -14.07 -75.73 398 5538 (89.2%) | 5569 (89.7%)
X000708 SOUTH Selected Puno Perii llave -15.82 -70.02 3840 6069 (97.7%) | 6032 (97.1%)
X000727 SOUTH Selected Copara Per(i Grande -14.98 -74.92 600 6018 (96.9%) | 6034 (97.2%)
X000730 SOUTH Fog Reject Ocucaje Pert Ica -14.38 -75.68 313 5659 (91.1%) | 5886 (94.8%)
X000746 SOUTH Selected Caraveli Per(i Caraveli -15.77 -73.36 1779 6009 (96.8%) | 5547 (89.3%)
X000754 SOUTH Selected La Angostura Per( Apurimac -15.18 -71.65 4256 5838 (94%) 5963 (96%)

X000755 SOUTH Selected Sibayo Pert Camana -15.49 -71.45 3827 5806 (93.5%) | 6059 (97.6%)
X000758 SOUTH Selected Chivay Per(i Camana -15.64 -71.60 3661 6076 (97.9%) | 6057 (97.6%)
X000759 | SOUTH Selected Sicuani Per(i Urubamba -14.25 -71.24 3574 6071 (97.8%) | 6045 (97.4%)
X000762 SOUTH Selected Pampahuta Pert Cabanillas -15.49 -70.68 4320 6112 (98.4%) | 6097 (98.2%)
X000764 SOUTH Selected Chuquibambilla Perii Ramis -14.80 -70.73 3910 6071 (97.8%) | 6049 (97.4%)
X000765 SOUTH Selected Imata Per(i Quilca -15.84 -71.09 4445 6042 (97.3%) | 6028 (97.1%)
X000776 SOUTH Selected Ayaviri Per(i Ramis -14.88 -70.59 3920 6048 (97.4%) | 6077 (97.9%)
X000778 SOUTH Selected Progreso Per(i Ramis -14.69 -70.36 3905 6105 (98.3%) | 3287 (52.9%)
X000779 SOUTH Selected Lampa Perli Cabanillas -15.36 -70.37 3900 6037 (97.2%) | 6077 (97.9%)
X000780 SOUTH Selected Cabanillas Per(i Cabanillas -15.64 -70.35 3890 6079 (97.9%) | 6011 (96.8%)
X000781 SOUTH Selected Azangaro Pert Ramis -14.91 -70.19 3863 5980 (96.3%) 6082 (98%)

X000783 SOUTH Selected Arapa Per( Ramis -15.14 -70.12 3920 6003 (96.7%) | 6063 (97.6%)
X000785 SOUTH Selected Mufiani Per(i Huancane -14.78 -69.97 4119 5977 (96.3%) 6146 (99%)

X000786 SOUTH Selected Huancane Pert Huancane -15.20 -69.76 3860 6086 (98%) 6088 (98.1%)
X000787 SOUTH Selected Huaraya Moho Per( Intercuenca del Titicaca -15.39 -69.49 3890 6073 (97.8%) | 6076 (97.9%)
X000788 SOUTH Selected Capachica Per(i Intercuenca del Titicaca -15.62 -69.84 3819 6099 (98.2%) | 6119 (98.6%)
X000791 | SOUTH | Fog Reject Fonagro (Chincha) Peri San Juan -13.47 76.14 60 5979 (96.3%) | 5906 (95.1%)
X000804 SOUTH Selected LaJoya Per( Intercuenca del Pacifico -16.59 -71.92 1292 6071 (97.8%) | 6063 (97.6%)
X000805 SOUTH Selected Pampa De Majes Per(i Camana -16.33 -72.21 1434 6130 (98.7%) | 6137 (98.8%)
X000806 SOUTH Selected Moquegua Pert Ilo - Moquegua -17.17 -70.93 1450 5988 (96.4%) | 6094 (98.1%)
X000807 SOUTH Selected Calana Per(i Caplina -17.95 -70.19 871 5845 (94.1%) | 6092 (98.1%)
X000809 SOUTH Selected Cay Cay Per(i Urubamba -13.60 -71.70 3150 4381 (70.6%) | 4380 (70.5%)
X000812 SOUTH Selected Pomacanchi Pert Urubamba -14.03 -71.57 3686 6029 (97.1%) | 5928 (95.5%)
X000822 SOUTH Selected Isla Suana Per( Intercuenca del Titicaca -16.34 -68.86 3845 6050 (97.4%) | 6064 (97.7%)
X000823 SOUTH Selected Santa Rosa Per(i Ramis -14.63 -70.80 3940 4171 (67.2%) | 5003 (80.6%)
X000827 SOUTH Selected Cojata Pert Intercuenca del Titicaca -15.02 -69.36 4344 3968 (63.9%) | 4018 (64.7%)
X000830 SOUTH Fog Reject Punta Atico Per( Intercuenca del Pacifico -16.23 -73.69 20 6019 (96.9%) | 3336 (53.7%)
X000833 SOUTH Selected Aplao Per(i Camana -16.07 -72.49 645 6078 (97.9%) | 6078 (97.9%)
X000837 SOUTH Fog Reject Pampa Blanca Pert Tambo -17.07 -71.72 100 5794 (93.3%) | 5782 (93.1%)
X000839 SOUTH Selected La Pampilla Per(i Quilca -16.40 -71.52 2400 6069 (97.7%) | 6040 (97.3%)
X000840 | SOUTH | Fog Reject 1lo Peri 1lo - Moguegua -17.63 71.29 75 6039 (97.3%) | 6077 (97.9%)
X000844 SOUTH Selected Pisac Pert Urubamba -13.42 -71.85 3147 5191 (83.6%) | 5203 (83.8%)
X000846 SOUTH Fog Reject Punta Coles Per( Intercuenca del Pacifico -17.70 -71.37 25 5413 (87.2%) | 5309 (85.5%)
X000849 SOUTH Selected El Frayle Per(i Quilca -16.15 -71.19 4119 6056 (97.5%) | 5556 (89.5%)
X000851 SOUTH Selected Ubinas Per(i Tambo -16.38 -70.86 3491 5929 (95.5%) | 5940 (95.7%)
X000853 SOUTH Selected Locumba Per(i Locumba -17.61 -70.76 641 4880 (78.6%) | 4108 (66.2%)
X000860 SOUTH Selected Chuapalca Per(i Maure -17.31 -69.64 4177 4690 (75.5%) | 4681 (75.4%)
X000875 SOUTH Fog Reject Sama Grande Pert Sama -17.78 -70.49 534 5817 (93.7%) | 6035 (97.2%)
X000876 SOUTH Selected Candarave Perli Locumba -17.27 -70.25 3435 5412 (87.2%) | 5848 (94.2%)
X000877 SOUTH Selected Tarata Per( Sama -17.47 -70.03 3050 6122 (98.6%) | 4780 (77%)

X000878 SOUTH Selected Mazo Cruz Pert Ilave -16.75 -69.71 3970 5859 (94.4%) | 5871 (94.6%)
X000879 SOUTH Selected llave Perli Zapatilla -16.08 -69.64 3850 5657 (91.1%) | 5894 (94.9%)
X000880 SOUTH Selected Juli Per(i Callacame -16.20 -69.46 3825 6021 (97%) | 6075 (97.8%)
X000881 SOUTH Selected Pizacoma Pert Maure Chico -16.92 -69.37 3940 5928 (95.5%) | 5826 (93.8%)
X000882 SOUTH Selected Tahuaco-Yunguyo Per(i Intercuenca del Titicaca -16.31 -69.07 3860 5823 (93.8%) | 5861 (94.4%)
X000889 SOUTH Selected Laraqueri Per(i Ilave -16.15 -70.07 3970 5694 (91.7%) | 3636 (58.6%)
X000901 SOUTH Fog Reject Jorge Basadre Pert Caplina -18.03 -70.25 545 6093 (98.1%) | 5984 (96.4%)
X006200 SOUTH Selected Salcabamba Per(i Mantaro -12.20 -74.79 3275 3505 (56.5%) | 3449 (55.5%)
X007415 | SOUTH Selected Crucero Per( Ramis -14.36 -70.02 4130 4350 (70.1%) | 4359 (70.2%)
X151503 SOUTH Selected Huachos Pert San Juan -13.22 -75.54 2598 3523 (56.7%) | 3490 (56.2%)
X153201 NORTH Selected San Benito Per(i Chicama -7.41 -78.93 1600 3122 (50.3%) | 3343 (53.8%)
X154103 NORTH Selected Cachicadan Per( Santa -8.10 -78.15 2890 3802 (61.2%) | 3134 (50.5%)
X155229 SOUTH Selected Ricran Per(i Perene -11.54 -75.53 3687 3207 (51.7%) | 3214 (51.8%)
X155231 SOUTH Selected Ingenio Perli Mantaro -11.88 -75.29 3422 3723 (60%) | 3609 (58.1%)
X156123 SOUTH Selected Santiago De Chocorvos Per(i Ica -13.83 -75.25 2794 3647 (58.7%) | 3531 (56.9%)
X156126 SOUTH Selected Huancalpi Per(i Mantaro -12.54 -75.24 4450 3114 (50.2%) | 3114 (50.2%)
X156211 SOUTH Selected Vilcashuaman Perli Pampas -13.64 -73.95 3394 3236 (52.1%) | 3250 (52.3%)
X156212 SOUTH Selected Chilcayoc Per( Pampas -13.87 -73.72 3441 2661 (42.9%) | 2682 (43.2%)
X156306 SOUTH Selected Colquepata Per(i Yavero -13.36 -71.67 3699 3870 (62.3%) | 3828 (61.7%)
X157300 SOUTH Selected Chichas Perli Ocofia -15.54 -72.92 2120 3313 (53.4%) | 3121 (50.3%)
X157309 SOUTH Selected Pullhuay (Ayahuasi) Per(i Ocofia -15.15 -72.77 3113 2919 (47%) 2857 (46%)

X157310 SOUTH Selected Andahua Per(i Camana -15.49 -72.35 3528 3817 (61.5%) | 3854 (62.1%)
X157314 SOUTH Selected Choco Perli Camana -15.57 -72.12 3192 4241 (68.3%) | 3805 (61.3%)
X157315 SOUTH Selected Huambo Per( Camana -15.73 -72.10 3500 3450 (55.6%) | 3548 (57.1%)
X157317 SOUTH Selected Madrigal Per(i Camana -15.62 -71.81 3262 2956 (47.6%) | 2994 (48.2%)
X157414 SOUTH Selected Putina Perli Huancane -14.91 -69.87 3878 2867 (46.2%) | 3071 (49.5%)
X158301 SOUTH Selected Quini: i Per( Tambo -16.78 -70.90 1590 3487 (56.2%) | 3380 (54.4%)
X158321 SOUTH Selected Palca Per(i Caplina -17.78 -69.97 2953 4039 (65.1%) | 4046 (65.2%)
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Supplementary Material — Table 2. Monthly non-absolute mean residuals of estimated-observed air
temperature (i.e. Tmax and Tmin) for the northern and southern subregions.

VARIABLE Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

NORTH — Tmax 0.05 0.11 0.09 0.08 0.11 0.05 0.07 0.05 0.00 -0.04 0.03 0.10

NORTH — Tmin 0.16 -0.07 0.07 0.21 0.09 0.21 0.13 0.15 0.35 0.00 -0.12 0.32

SOUTH — Tmax 0.02 0.01 0.06 -0.06 -0.03 0.00 0.03 -0.01 0.03 0.05 -0.04 0.02

SOUTH — Tmin -0.01 -0.02 -0.02 -0.03 0.02 0.04 -0.03 -0.03 -0.05 0.00 0.00 0.03

WET SEASON DRY SEASON WET SEASON
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High mountain areas are poorly represented by official weather observatories. It implies that new instruments
must be evaluated over snow-covered and strongly insolated environments (i.e. mid-latitude mountain areas).
We analyzed uncertainty sources over snow covered areas including: 1) temperature logger accuracy and bias of
two widely used temperature sensors (Tinytag and iButton); 2) radiation shield performance under various
radiation, snow, and wind conditions; 3) appropriate measurement height over snow covered ground; and 4)
differences in air temperature measured among nearby devices over a horizontal band.

The major results showed the following. 1) Tinytag performance device (mean absolute error:
MAE = 0.1-0.2 °C in relation to the reference thermistor) was superior to the iButton (MAE = 0.7 °C), which was
subject to operating errors. 2) Multi-plate radiation shield showed the best performance under all conditions
(> 90% samples has bias between + 0.5°C). The tube shield required wind (> 2.5ms~") for adequate per-
formance, while the funnel shield required limited radiation (< 400 W m~?). Snow cover causes certain over-
heating. 3) Air temperatures were found to stabilize at 75-100 cm above the snow surface. Air temperature
profile was more constant at night, showing a considerable cooling on near surface at midday. 4) Horizontal air
temperature differences were larger at midday (0.5 °C). These findings indicate that to minimize errors air
temperature measurements over snow surfaces should be carried out using multi-plate radiation shields with
high-end thermistors such as Tinytags, and be made at a minimum height above the snow covered ground.

1. Introduction snow cover modifies the spatial distribution of air temperature
(Navarro-Serrano et al., 2018; Rolland, 2003), and therefore the typical

Air temperature affects many environmental and technical pro- location of measurement stations, in valley bottoms, is inadequate. For

cesses, and has been measured since the 17th century (Camuffo and
Bertolin, 2012). Air temperature data are necessary for a variety of
purposes, including to analyze crop yields, hydrological regimes, en-
ergy efficiency, biological processes (Hubbart, 2011) or to evaluate the
impact of global change on economy of mountain areas (Lopez-Moreno
et al., 2018). Air temperature varies temporally and spatially, so well
distributed measurement networks are needed. However, high moun-
tain areas are usually poorly represented in official networks because of
the complex topography, snow cover, and the low population density,
all of which affect the installation and maintenance of stations (Alonso-
Gonzélez et al., 2018; Barry, 1992). Moreover, the periodic presence of

these reasons the guidelines provided by the World Meteorological
Organization (WMO, 2014) concerning the location, devices, shielding,
and height above the ground for temperature measurement are very
difficult to meet in mountainous areas. Thus, the absence of official
measurement stations necessitates the use of portable, autonomous,
easily installed, and self-recording temperature measurement devices
(Nakamura and Mahrt, 2005), and their use for scientific and applied
purposes has increased markedly in recent years (Bonnardot et al.,
2012; Lundquist and Lott, 2008). However, a number of uncertainties
need to be adequately quantified prior to analyzing data collected using
such devices.
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In terms of accuracy, temperature logger miniaturization is a posi-
tive development because of the associated reduction in shortwave
radiative heating, as the small size favors convective flux (Fritschen and
Gay, 1979; Richardson et al., 1999). Nevertheless, problems including
bias and device failure and data loss for no apparent reason should be
addressed by the comparison with reference measurements (Roznik and
Alford, 2012; Wolaver and Sharp, 2007). Calibration process is common
for scientific purposes (Shedekar et al., 2016). Several studies have
analyzed and calibrated miniature temperature loggers in ice baths or
other laboratory-controlled conditions (Hubbart et al., 2005; Imholt
et al., 2013; Johnson et al., 2005; Yang et al., 2012), but rarely has this
been done under field conditions (Lundquist and Huggett, 2008; Pages
et al., 2017).

Regardless of the device accuracy and quality, to obtain accurate
measurements it is necessary to protect the device from shortwave and
longwave radiation fluxes (Harrison, 2010; WMO, 2014), especially in
environments having strong insolation, high albedo rates, and weak
winds (Huwald et al., 2009; Nakamura and Mahrt, 2005). Direct ex-
posure of devices to sunlight causes an increase in the measured air
temperature (Nordli et al., 1997). The opposite occurs at night because
of the effect of outgoing longwave radiation (Azorin-Molina and
Azorin-Molina, 2008). Radiative heating problems increase in snow
covered environments because of reflection of shortwave radiation
from the snow (Arck and Scherer, 2001; Huwald et al., 2009), especially
in areas having temporary snow cover, where nonsystematic heating
occurs (Georges and Kaser, 2002; Lundquist and Huggett, 2008). The
design of radiation shields, and their construction materials and geo-
metry are not trivial factors, as they determine the protection from
radiation and internal air flow efficiency. To ensure correct internal
airflow, forced fan-aspirated radiation shields claim to provide con-
tinuous and regular airflow, and are preferred (Georges and Kaser,
2002; Nakamura and Mahrt, 2005). However, the energy requirements
of the fan-aspirated system prevent its use in remote mountain areas.
Thus, since the 19th century the Stevenson wooden double-louvre
naturally-ventilated screen has generally been used by meteorological
agencies (Brunet et al., 2006). Device miniaturization has occurred
concurrently with the development of radiation shields and their de-
sign. The most commercialized small shield is the plastic multi-plate
radiation shield, based on the design of Gill (1983), and has been
generally used in official automatic weather station networks since the
mid-1980s. A major disadvantage is that miniaturization of radiation
shields has not resulted in a reduction in price, and generally the shields
are more expensive than the miniature air temperature loggers. This is
particularly serious for dense air temperature monitoring networks,
because it drastically increases costs. Consequently, there has been a
concerted search for non-commercial and cheaper radiation shields that
achieve equilibrium between ventilation and radiation protection.
These alternatives have usually been homemade, and generally have
not been designed for snow covered and high-albedo environments, and
as a result have produced measurements having substantial un-
certainties (Hubbard et al., 2001). Although there have been studies of
the performance of alternative radiation shields above grass ground or
bare soil (Holden et al., 2013; Kurzeja, 2010; Richardson et al., 1999;
Tarara and Hoheisel, 2007), few have been carried out above simulated
high-albedo (Georges and Kaser, 2002; Hubbard et al., 2001) and snow
covered surfaces (Huwald et al., 2009; Lundquist and Huggett, 2008).
To avoid uncertainties associated with inappropriate uses of radiation
shields, it is essential that shelter performance be analyzed.

Another uncertainty source that has rarely been taken into account
in the miniature temperature logger network setting is the height of the
device above the surface. The vertical temperature in the near-surface
boundary layer is dependent on turbulent energy fluxes between the
ground and the atmosphere (Anderson and Neff, 2008; Helgason and
Pomeroy, 2012; Sokol et al., 2017), which cause significant variations
over distances of a few meters or centimeters, and even greater varia-
tions in snow covered environments (Halberstam and Schieldge, 1981).
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Temperature extremes occur in the bottom air layer, near the exchange
surface (Campbell and Norman, 1998), but the amplitude decreases as
the measurement height increases. It has been reported (WMO, 2014)
that the optimal air temperature measurement height is between 125
and 200 cm above bare ground or natural vegetation. However, no
guideline has been reported for snow covered environments, except
that it should be constant among observatories, and studies of this issue
are rare and limited (Anderson and Neff, 2008; Halberstam and
Schieldge, 1981; Hanna et al., 2017). In addition, snow depth varies
among seasons, introducing seasonal measurement uncertainty. Thus, it
is important to analyze the height of the stabilization layer above snow
covered ground. In this regard, Lundquist and Huggett (2008) installed
devices at different heights, in function of the snow depth variability,
from 2 to 10 m above the ground with the aim of to measure compar-
able air temperature. Thus, installation of a measurement device at an
inappropriate height can cause inconsistencies among measurements,
and horizontal and vertical air temperature differences can be mixed
(Nakamura and Mahrt, 2005).

In addition to the uncertainty sources noted above, there are others
that could affect the measurement reliability but are not so evident. The
distribution of horizontal air temperature locally and regionally is
mainly determined by elevation, orography, orientation, and land use
(Lundquist and Cayan, 2007). However, other environmental factors
can affect the air temperature, including sunshine, the presence of trees
or buildings (Kurzeja, 2010), shrub height (Nakamura and Mabhrt,
2005), the presence of water, and plant density. Consequently, it is
extremely difficult to account for all the factors influencing temperature
in designing a miniature temperature logger network, so device mea-
surement differences in part result from interferences, and not just
because of real horizontal differences in temperature. All these issues
mean that chosen measurement points are rarely fully representative of
the entire experimental plot. Thus, it is necessary to include a certain
measure of uncertainty for mountainous areas that, in principle, we
consider homogeneous as, in this case, an evergreen mountain forest.

The aim of this study was to analyze uncertainty sources that could
affect air temperature measurements in mountainous and snow covered
areas. Users of naturally-ventilated shielded miniature temperature
loggers in snow covered and forested areas need to be aware of the
magnitude and the effects of such uncertainties on air temperature
measurements, particularly associated with inappropriate design of
observational networks, and choice of measuring device and radiation
shields. It is necessary to obtain precise and accurate measurements of
air temperature, because these are indispensable in environmental ap-
plications. This is particularly the case in the context of global change,
which seems to affect high mountain areas more rapidly (Moran-Tejeda
et al., 2016). We undertook four experiments to assess uncertainty
sources, using autonomous and commonly used temperature loggers
and radiation shields:

- Experiment 1 assessed temperature logger accuracy in terms of
consistency among several sensors, and bias compared with a re-
ference air temperature device.

- Experiment 2 assessed the performance of different types of radia-
tion shield over snow covered ground.

- Experiment 3 assessed the influence of measurement height above a
snow covered surface.

- Experiment 4 assessed variation in air temperature measured by
nearby devices in a similar elevation band.

The results of this study will improve the quality of temperature
data for disciplines that depend on accurate information on snow
covered and mountainous environments.
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a. Daroca (Exp. 1)

b. Canfranc-Station
(Exp. 1; Exp. 2)

Elevation (m a.s.l.)

B -«
[ 400- 800

c. Formigal-Sarrios

(Exp. 3) [ s00- 1200

[ 1200 - 1600

d. Panticosa Valley. [ 1600 - 2000
(Exp. 4) 100 Km. [ > 2000

Fig. 1. Aragén (Spain) terrain map showing the location of the four experi-
mental sites. Elevation is expressed in meters above sea level (ma.s.l.).

2. Study areas and material
2.1. Study areas

All experiments were carried out in Aragon (Spain). Experiment 1
was undertaken at Daroca and Canfranc-Station (Fig. 1). Daroca is a
small town located on a high continental plateau (779 m a.s.l.; 41.11°N,
1.41°W). The climate in Daroca is cold and dry (average temperature:
6.5 °C; precipitation: 65 mm from January to March), and snowfalls are
occasional (12 snowfall days yr~ 1). Canfranc-Station is a valley-bottom
town in the Spanish Pyrenees (1170 m a.s.l., 42.75°N, 0.52°W), near the
French border. Its climate is cold and humid (average temperature:
3.7 °C; precipitation: 417 mm from January to March), and snowfalls
are common in winter (25 snowfall days yr~'), and snow cover is ty-
pical throughout winter and early spring. These locations facilitated the
analysis under cold conditions of different climate impacts on mea-
surement accuracy, and the influence of seasonal snowpack (more
common at Canfranc-Station). Daroca and Canfranc-Station have me-
teorological stations managed by the Spanish Meteorological Agency
(AEMET), and served as the reference temperature measurement for
analyzing the accuracy and performance of miniature dataloggers.

Experiment 2 was carried out at Canfranc-Station (Fig. 1) because of
the availability of a reference Stevenson screen, in addition to wind
speed measures and the occurrence of contrasting continuous snow
cover during winter and grass cover during spring. Canfranc-Station is
relatively sheltered from the winds, but as a mountainous location, it
can suffer strong winds in certain conditions.

Experiment 3 was carried out at Formigal-Sarrios (Fig. 1). Formigal-
Sarrios is an experimental plot located in the high elevation Formigal
Pyrenees ski resort (1820 ma.s.l.; 42.76°N, 0.39°W), near the French
border. This plot is integrated within the SPICE Project (WMO Solid
Precipitation Intercomparison Experiment). It is exposed to cold and
humid air flows from the north, snowfalls are common and regular, and
the snow depth can reach 2-3 m in optimal years (Buisdn et al., 2017).
The climatic conditions result in continuous snow cover from late au-
tumn to early summer. Formigal-Sarrios was chosen for this experiment
because the main objective was to assess the vertical distribution of air
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temperature over snow covered areas. At this location the snow cover is
continuous, and the snow depth enables assessment of temperature at
various heights above the snow surface.

Experiment 4 was undertaken in Panticosa Valley (Fig. 1), which is
a high Pyrenees valley (from 1600 to 3064 m a.s.l.; 42.76°N, 0.23°W) on
the Gallego River. The valley is covered with a dense evergreen forest of
Pinus mugo subsp. uncinata. Four experimental plots were established in
various combinations of north-south slope and high-low elevation
bands (Upper-North: 2195-2213ma.s.l; Bottom-North:
1742-1757 ma.s.l.; Upper-South: 2039-2053 ma.s.l.; Bottom-South:
1854-1882m a.s.l.). Panticosa-Valley was chosen because its evergreen
forest and the presence of snow during several months of the year. The
potential to analyze the horizontal air temperature at four sites enabled
comparison based on different exposures and elevational environments.
These four sites had an approximate area of 1500-2000 square meters
each.

2.2. Thermistors

Autonomous self-recording and price competitive temperature log-
gers are widely used in research in areas involving building construc-
tion (Fang et al., 2014), animal biology (Schofield et al., 2009), and
vegetation (Brabyn et al., 2014; Measham et al., 2017), and also in
climatic-meteorological applications (Dominguez-Villar et al., 2015;
Imholt et al., 2013; Juliussen and Humlum, 2007; Lundquist and Lott,
2008; O'Neill and Christiansen, 2018). In the present study temperature
measurements were made using three thermistor types: Thies PT100,
Tinytag-Plus-2 (Tinytag), and Thermochron iButton (iButton).

The accuracy of the Thies PT100 thermistor is + 0.2 °C for high and
low temperature daily extremes (Buisan et al., 2015), and its resolution
is 0.1 °C within the measurement range of —30° to +70°C (https://
www.thiesclima.com/pdf/en/Products/Temperature-Electrical-
sensors/?art=965; last accessed 20 March 2019). In Spain the Thies
PT100 thermistors are managed by AEMET, and their use follows all
WMO guidelines. Price range is $600-700 (Thies Clima representative
contact in Spain).

The Tinytag autonomous miniature and waterproof temperature
logger model TGP-4017 (produced by Gemini DataLoggers UK Ltd.;
Chichester, West Sussex, UK) is equipped with a 10 K NTC thermistor.
The manufacturer reports a precision error of < =+ 0.5°C over a mea-
surement range of —40°C to +85°C (http://gemini2.assets.d3r.com/
pdfs/original /3239-tgp-4017.pdf; last accessed 20 March 2019) and a
resolution of 0.01°C. It offers high storage capacity (up to 32,000
measurements) and is powered by a replaceable battery (= 3 years of
service). The Tinytag price range is $150-200.

The iButton autonomous miniature temperature logger models DS-
1922L and DS-1921G are produced by Dallas Semiconductors, Texas,
USA (https://datasheets.maximintegrated.com/en/ds/DS1922L-
DS1922T.pdf; last accessed 20 March 2019). The manufacturer re-
ports an accuracy of < =+ 0.5°C over a measurement range — 10 °C to
+65°C, and a resolution of 0.5°C. The clock calendar is accurate
to = 2min per month within a 0-40 °C range (Gasvoda et al., 2002). It
is powered by a non-replaceable internal battery (= 10 years of device
service), and the price range is $50-80 per device.

2.3. Radiation shields

In recent years, commercial naturally-ventilated plastic multi-plate
radiation shields based on the design of Gill (1983) have been widely
used (Hanna et al., 2017; Hofer et al., 2017; Makgose and Phillipus,
2015; Quénol and Bonnardot, 2014; Richardson et al., 1999). Because
of the high price of commercial shields, non-commercial naturally-
ventilated alternative radiation shields (e.g. cones, tubes, funnels, pa-
godas) have also been used in environmental research (Hubbart et al.,
2007; Lundquist and Huggett, 2008; Pages et al., 2017; Pepin and Kidd,
2006; Tarara and Hoheisel, 2007). In this study we used four naturally-
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Fig. 2. The Stevenson, Datamate ACS-5050, tube and funnel radiation shields. Total volume is expressed in cubic centimeters (cm®).

ventilated radiation shields including the Stevenson and Datamate ACS-
5050 shields, and a tube and a funnel shield.

The Stevenson double-louvered wooden screen (Fig. 2a) is the shield
typically used by official meteorological agencies. It is made from wood
that is painted white, to reflect direct solar radiation. The standard
dimensions, colour, and materials for this screen have been published
(WMO, 2014).

The Datamate ACS-5050 Weather Shield (Fig. 2b; http://gemini2.
assets.d3r.com/pdfs/original /1684-acs-5050.pdf; last accessed 20
March 2019) is produced by Gemini DataLoggers UK Ltd. (Chichester,
West Sussex, UK). It is an 8-plate PVC radiation shield having 15 mm
spaces between the plates, to enable air to circulate freely. Its dimen-
sions (142mm height X 198 mm diameter) provide space for two
miniature dataloggers.

The tube shield (Fig. 2¢) is a non-commercial radiation shield. It was
built from white PVC tube (295 mm long x 100 mm diameter), fol-
lowing the design of Pepin and Kidd (2006), and was covered by re-
flective aluminum foil duct tape, based on the reports of Fuchs and
Tanner (1965) and Holden et al. (2013). Based on the suggestion of
Pepin et al. (2010), to avoid direct solar radiation it was oriented to-
wards the north and sloped K degrees from the vertical (K = 90° minus
latitude, in degrees).

The funnel shield (Fig. 2d) is also a non-commercial bottom-opening
radiation shield. Following the design of Hubbart (2011), it was built
from two perforated and one non-perforated white PVC funnels (dia-
meter: 130 mm) assembled vertically with a 10 mm gap between the
funnels, providing a perforated area equivalent to 20% of the total.

2.4. Environmental variables

Downwelling radiation was measured at Formigal-Sarrios using a
Kipp & Zonen model CM11 pyranometer (http://www.kippzonen.com/
Product/13/CMP11-Pyranometer, last accessed 20 March 2019). Wind
speed was measured at a standard height of 10 m using a heated an-
emometer (Thies Clima; Gottingen, Germany) managed by AEMET at
Canfranc-Station and Formigal-Sarrios. Snow surface presence in-
formation in Canfranc-Station and Daroca was derived from AEMET
snow data, measured by manual operators by traditional poles. Snow
depth was measured at Formigal-Sarrios using a SRS0A acoustic snow
depth measurement sensor (https://www.eoas.ubc.ca/courses/
atsc303/Instruments/manuals/TBC_sonic_ranger.pdf; last accessed 20
March 2019). Precipitation was measured at Formigal-Sarrios using an
automatic weighing gauge (OTT Pluvio2 gauge; OTT Hydromet,
Kempten, Germany) with a 200 cm? orifice area and 1500 mm capacity.
The gauge was used in reference configuration, and was shielded inside
a DFIR (Double Fence Intercomparison Reference, single Alter, SA) fence
(Buisan et al., 2017). For analysis, each day was separated into four
periods from solar incoming radiation cycle, following the procedure of
Tarara and Hoheisel (2007). The four periods were generated from
downwelling global solar radiation hourly averages measured at the
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Formigal-Sarrios reference location during the entire 2017-2018 (No-
vember to May) snow season, and included: Period 1 “Night”:
20:01-04:00 UTC; Period 2 “Sunrise-Evening”: 04:01-07:00 and
17:01-20:00 UTC; Period 3 “Morning-Afternoon”: 07:01-10:00 and
14:01-17:00 UTC; Period 4 “Midday”: 10:01-14:00 UTC.

3. Experimental design and methods

3.1. Experiment 1. Temperature logger accuracy, consistency among
simultaneous measurements, and bias relative to a reference temperature

The Tinytag and iButton temperature loggers were compared with
the Thies PT100 reference logger (calibrated annually at the AEMET
calibration laboratory). The measurement periods were during winter,
when snow can occur: 22 December 2016 to 13 February 2017 at
Daroca, and 20 January 2017 to 1 March 2017 at Canfranc-Station. In
total, 14 Tinytag (Daroca: 8; Canfranc-Station: 6) and 14 iButton
(Daroca: 6; Canfranc-Station: 8) autonomous temperature loggers
having 10-min sampling intervals were installed. The loggers were
placed near the PT100 reference sensor, and shared a double-louvered
Stevenson screen at a height of 150 cm.

Measurement differences (AT, in °C) between the Tinytag and
iButton temperature loggers and the Thies PT100 reference thermistor
within the Stevenson reference radiation shield were calculated. Mean
absolute error (MAE) from reference were calculated. Hourly and snow
effects were analyzed and confidence intervals (0.95) were calculated,
and the range between the coolest and hottest temperatures measured
by the loggers were determined.

3.2. Experiment 2. Performance of the tested radiation shields

It involved measurements made in the absence of a shield (no
shield), and using the tube and funnel radiation shields and a com-
mercial white multi-plate Datamate ACS-5050 shield. Comparisons
were made with reference to measurements made using the Stevenson
reference shield. The shields were mounted at 150cm above the
ground, and all measurements were logged using 5 autonomous Tinytag
devices (10-min sampling interval) within each shielding situation. The
paired data measurement period was from 11 January 2018 to 30 May
2018. Snow cover was present for 33% of days (n = 33,150 samples).
Solar radiation was measured at Formigal-Sarrios in a location com-
parable to that at Canfranc-Station in terms of orientation, exposure,
and topography.

Differences (bias) in relation to measurement data derived using the
Stevenson screen were expressed in degrees Celsius (AT). Wind speed
was aggregated based on hourly averaged speeds. Downwelling global
solar radiation (Wm_z), wind speed (m s™1) and snow depth (cm) ef-
fects on AT were summarized and analyzed in relation to bias. The
Wilcoxon-Mann-Whitney (Wilcoxon, 1945) test was used to analyze
differences among shields and between snow- and grass-covered
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MAE (°C) and confidence interval (0.95) for Tinytag and iButton bias relative to the Thies PT100 reference thermistor. Mean range (°C) between devices by hourly

periods and location.

Hourly period (UTC h) Tinytags

iButtons Location

1. Night (21-04) MAE: 0.223 + 0.009
Range: 0.19 (n: 11520)
MAE: 0.226 + 0.009

Range: 0.20 (n: 8640)

2. Sunrise-Evening (05-07 & 18-20)

MAE: 0.703 + 0.106 Canfranc-Station
Range: 1.21 (n: 10244)
MAE: 0.687 + 0.100

Range: 1.22 (n: 7668)

3. Morning-Afternoon (08-10 & 15-17) MAE: 0.196 + 0.011 MAE: 0.669 + 0.090
Range: 0.27 (n: 8640) Range: 1.16 (n: 7668)

4. Midday (11-14) MAE: 0.146 + 0.011 MAE: 0.631 = 0.056
Range: 0.40 (n: 5760) Range: 1.00 (n: 5112)

1. Night (21-04) MAE: 0.085 + 0.005 MAE: 0.767 + 0.074 Daroca
Range: 0.18 (n: 20352) Range: 0.77 (n: 17808)

2. Sunrise-Evening (05-07 & 18-20) MAE: 0.090 = 0.006 MAE: 0.653 = 0.062
Range: 0.21 (n: 15264) Range: 0.75 (n: 13356)

3. Morning-Afternoon (08-10 & 15-17) MAE: 0.096 + 0.008 MAE: 0.633 * 0.053
Range: 0.25 (n: 15243) Range: 0.71 (n: 13335)

4. Midday (11-14) MAE: 0.166 + 0.015 MAE: 0.530 = 0.037
Range: 0.29 (n: 10176) Range: 0.64 (n: 8904)

ground. locations at equivalent elevations, but all were within a maximum

3.3. Experiment 3. Effect of sensor height above the snowpack on
temperature measurements

This experiment was conducted at Formigal-Sarrios and involved
comparison of hourly air temperature measurements made from 15
November 2017 to 30 May 2018 (during the snow season) at 6 heights
above the land surface (100, 150, 200, 250, 300, and 350 cm) using
Tinytags within naturally-aspirated Datamate ACS-5050 radiation
shields mounted on north-facing wooden poles. Snow depth was mea-
sured simultaneously. Hourly mean wind speed was measured at a
height of 10 m above bare ground. The mean hourly incident global
solar radiation was measured 1 m away Tinytags. The 2017-2018 snow
season at Formigal-Sarrios station lasted approximately 170 days
(n = 24,510, 86.8% samples), from 30 November 2017 until 20 May
2018. The snow depth was > 100 cm for 54.3% of the time, > 150 cm
for 32.4% of the time, > 200 cm for 21.0% of the time, and > 250 cm
for 1.9% of the time; the greatest snow depth was 275 c¢m, on 11 April
2018 (18:00 UTC). No failures in measurement were detected.
Measurements recorded from sensors completely covered by snow were
not included in the analysis (n = 5134; 18.2% samples).

Vertical air temperature profiles were analyzed and assessed in re-
lation to environmental data (global solar radiation, wind speed, and
precipitation). Vertical temperature stabilization was calculated from
the lowest device height above the snow (not bare ground); the tem-
perature difference relative to the highest device (always snow-free)
was < *0.1°C.

3.4. Experiment 4. Horizontal variability

The main objective of this experiment was to assess the horizontal
variability of temperature over relatively homogeneous terrain
(mountain forest), to determine the potential impact of random selec-
tion of the location used to characterize the temperature regimen for a
given area, in this case within the 1742-2213 m elevation band. Air
temperature was measured in four homogeneous plots (two north-fa-
cing and two south-facing) in terms of latitude, longitude, land use,
slope, and elevation. In these cases, air temperature differences may be
determined by non-identified factors, which have been wanted to
quantify (e.g. specific-site sun hours, water presence, shrub height,
proximity to sources of longwave transmission including rocks). Hourly
paired data were logged from 5 September 2017 to 22 January 2018; at
the end of the experiment the plots were covered by snow. Because of
the very steep slopes it was difficult to find suitable measurement
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difference of 28 m, imply a difference of 0.13°C assuming a seasonal
lapse rate of —0.47°C 100m~! (Navarro-Serrano et al., 2018). Mea-
surements were made using Tinytags (5 in each plot, with a distance
between loggers of around 15-20 m; 10 in each altitudinal band; 20
total) in Datamate ACS-5050 radiation shields. To avoid snow effects
the loggers were installed at a height of 250-300 cm above the ground,
and within an evergreen forested area.

Hourly absolute bias between the mean plot air temperature and
specific devices was calculated and analyzed to determine the varia-
tions involved. ANOVA, Scheffe Post-Hoc test, and descriptive statis-
tical analyses were made using the original absolute temperature data
to determine variability, and the confidence intervals (0.95) in relation
to the mean were calculated.

4. Results
4.1. Temperature logger accuracy and consistency

Eight (6) Tinytag and six (8) iButton devices were originally in-
stalled at the Canfranc-Station (Daroca). However, two of the iButtons
(one each at Daroca and Canfranc-Station) failed and were discarded,
and three additional iButtons at Canfranc-Station failed to save data
during the last month of the experiment, reducing the expected number
of measurements. The remaining data were analyzed.

Based on analysis of MAE and confidence intervals, Table 1 shows
that Tinytags had less bias than iButtons (especially at morning-after-
noon and midday), and there was less bias at Daroca than at Canfranc-
Station. Radiation effects were not equal between device types and
locations. Thus, the MAE for Tinytags decreased and the confidence
interval increased with increasing radiation, while for the iButtons
there was only a decrease in the confidence interval at morning-after-
noon and midday. Fig. 3 shows the variation between the Tinytag and
iButton data and the reference Thies PT100 data. This indicates that
bias for almost all Tinytag measurements was =+ 0.3 to = 0.4 °C, espe-
cially at Daroca, while for the iButtons > 20% of measurements
showed = 1 °C deviation.

Fig. 3 presents that was no clear effect of the presence of snowpack
on the observed bias. However, differences were found between the
biases of the Tinytags and iButtons, as shown on Table 1. iButton re-
cords below 0 °C shows a noticeable scattering. There was a slight and
negative Pearson correlation (non-significant) between the bias and the
observed temperature (for temperatures > 0 °C the bias rarely exceeded
+0.5°C for the Tinytags and + 2°C for the iButtons). At Canfranc-
Station there was an extreme and short negative bias when one iButton
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Fig. 3. Tinytag and iButton bias relative to the Thies PT100 reference air temperature. Days with snow on the ground (turquoise) and snow-free days (red) are
distinguished for the two locations. Global linear fit is expressed by black line. The table shows the % device bias relative to the reference Thies PT100 data. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

DS-1921G device measured —19°C while the Thies reference ther-
mistor measured —9.7°C, although the device returned to normal
functioning 4 h later (Fig. 4).

4.2. Performance of radiation shields

Table 2 shows temperature bias in relation to a Stevenson-shielded
Tinytag. All snow-grass and radiation shield combinations were found
to differ significantly (p < .05; Wilcoxon-Mann-Whitney test). Under
all conditions the Datamate radiation shield showed the smallest AT,
with > 90% of measurements between =+ 0.5 AT (Percentile;,—0.33 and
Pgp 0.18), indistinctly over snow and grass. As expected, measurements
made in the absence of a shield were the worst in all situations
(P10-1.37 and Pgy 1.64), with < 40% and < 25% of samples be-
tween + 0.5 AT over snow and grass, respectively; however, the

percentage of samples between + 2 AT were similar between the tube
and funnel shields. In all situations the funnel shield showed less un-
certainty than the tube shield, reaching approximately 70% of samples
between *+ 0.5 AT (P10-0.65; and Py 0.82), while the tube shield
(P10-0.94 and Pg, 1.16) was 10% and 20% of samples below in the
snow and grass situations, respectively. The slightly better whole shield
performances over snow than grass indicates the need for specific ra-
diation-wind analysis.

Fig. 5 shows the mean AT for combinations of ground surface, ra-
diation, and wind speed for each shielding condition. An increase in AT
was common under high solar radiation levels and with weak winds.
Nevertheless, the magnitude of AT varied among shielding conditions
and the cover type/radiation/wind speed combinations. However, the
Datamate AT was almost equilibrate between all combinations (gen-
erally between + 0.5 of the mean AT), although there was general
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Fig. 4. Episode (between 24 January 2017 and 27 January 2017) of extreme
decoupling of temperature measurement between one iButton device (thick
orange) and the Thies PT100 reference thermistor (black), Tinytags (green),
and other iButtons (orange). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

slightly overcooling with grass cover conditions. In the absence of a
shield (no shield) the AT was extremely positively correlated with ra-
diation (Pearson's correlation; r = 0.72). The tube and funnel shields
behaved differently. The tube shield performance was more related to
wind speed, while for the funnel it was more related to radiation. Above
snow cover (Fig. 5, right side) the environmental effects were variable.
The mean no shield AT suffers a relevant overcooling under null ra-
diation conditions (night), and extreme overheating in strong radiation
conditions, almost independent of wind speed. The tube shield perfor-
mance was more related to wind speed than to radiation, and per-
formed well under strong radiation conditions if the wind speed
was > 2.5ms ™', The funnel shield performance was more correlated
with radiation, and performed well under zero to weak wind conditions
if radiation was < 400 Wm ™2, The Datamate performance was con-
stant below different conditions, and no significant differences were
found between snow and grass ground cover situations (always be-
tween + 0.5 AT). Above grass cover (Fig. 5, left side), environmental
effects were similar, but some differences were found. The performance
of the funnel improved significantly, with a generalized decrease in AT
for the majority of combinations, except under null radiation. The
performance of the tube shield was slightly worse, especially under
weak wind conditions. Frequency distribution of wind-radiation com-
binations is shown in Supplementary Material (Fig. 1).
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4.3. Effect of sensor height above the snowpack

Fig. 6 shows the most representative hour of each hourly period. It
shows that there was a cooling effect on sensors located near the snow
surface (< 100 cm above the surface) that followed a near logarithmic
function, especially at 12 and 16 UTC. This pattern weakened between
late 19 and 2 UTC, when the vertical temperature distribution was more
stable and homogeneous. Moreover, the variation decreased with time
from midday to night. Maximum cooling generally occurred under calm
or weak wind conditions (red colour in Fig. 6), indicating an influence
of wind on the vertical temperature profile. Generally, temperature
stabilized at = 75-100 cm above the snow surface, with clear stabili-
zation above this height, particularly between 12 and 16 UTC. A more
constant air temperature profile was found under rainy/snowy condi-
tions (Supplementary Material. Fig. 2), and greater differences occurred
when the weather was stable. To analyze the height at which stabili-
zation occurred (representing the temperature stabilization height
above snow cover), we used the lowest device height above snow cover
where a difference < = 0.1°C in relation to the highest device was
found (Fig. 7).

4.4. Horizontal variability

Fig. 8a shows an evident reduction in bias at night (= 0.2 °C), while
at midday the mean absolute bias increased to produce the largest
differences (peaks of 0.6-0.8 °C). Differences during the night (22-04
UTC) were small and constant (< =# 0.5°C for 89.6% of the cases).
Fig. 8b shows the mean hourly confidence interval (0.95) in each site,
derived by averaging the confidence interval for specific devices. This
figure shows an evident decrease in the confidence interval at night,
and maximum rates between 8 and 17 UTC, particularly at midday. The
general behavior approximated the daily global radiation curve. The
Upper-South site showed less uncertainty than the other sites, especially
at night. Similar behavior among the other sites was found, despite a
slight increase in uncertainty for the Upper-North site during the night.
The maximum mean hourly confidence interval was small ( = 0.10 °C).
ANOVA and Scheffe Post-hoc test analysis of the original absolute
temperature data enabled identification of those devices that behaved
differently relative to the sensors in the same plot (p < .05), including:
Upper-North, 1 case; Bottom-North: 1 case; Upper-South: No cases;
Bottom-South: 1 case. The ANOVA results were consistent with Fig. 8b,
which shows both night-day phases.

5. Discussion

Experimental results (in particular Experiment 1) showed that
Thermochron iButton devices were subject to read/load measurement
problems that lead to total data loss. This issue has been reported in
previous studies (Roznik and Alford, 2012; Wolaver and Sharp, 2007),
and can be attributed to occasional operational problems resulting from
poor water protection, despite iButton devices being submerged in
water in some studies (Angilletta and Krochmal, 2003). In addition, we
found some isolated measurements made using iButtons produced

Table 2
Temperature bias (% of total observations) under different shielding conditions for snow and grass ground covers.
Condition *0.1°C +0.2°C *0.3°C +0.4°C +0.5°C *1°C *2°C
Snow No-shield 5.9 13.8 23.2 32.6 39.9 68.9 95.3
Tube 8.4 21.3 36.3 47.6 58.7 87.0 98.4
Funnel 17.9 37.0 52.3 61.3 68.5 87.4 97.9
Datamate 50.0 74.3 85.7 91.3 94.5 99.5 99.8
Grass No-shield 3.1 7.1 12.2 18.7 25.4 56.7 89.4
Tube 5.7 12.7 23.0 35.3 46.2 77.8 94.1
Funnel 11.8 26.6 42.0 55.5 66.9 90.9 98.0
Datamate 39.8 64.0 79.5 87.0 91.6 98.7 99.9
174
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Fig. 5. Performance of radiation shields under grass (left) and snow (right) cover, and under differing wind speed (ms~') and shortwave radiation (Wm~?)
conditions. 1) No shield, 2) Tube Shield, 3) Funnel Shield, 4) Datamate ACS-5050 shield. Bias is expressed in °C, calculated in relation to measurements made using
the Stevenson shield. Positive values imply a relative overheating effect, and negative values indicate a cooling effect.

biases of up to 10 °C compared with the reference thermistor. The Ti-
nytag devices were not subject to data loss, and provided reliable air
temperature estimates compared with the reference over the tempera-
ture range. This is consistent with the results of Imholt et al. (2013),
Yang et al. (2012), and the manufacturer's specifications. Substantial
biases (bias > = 0.5°C; defined by Hubbart et al., 2005) in mea-

using iButton devices, respectively). The performance of the iButton
devices in the present study are consistent with those reported by
Hubbart et al. (2005), who noted that these devices worked properly at
air temperatures > 0 °C, but bias and uncertainty increased below this
temperature. In previous studies (Hubbart et al., 2005; Lundquist and
Huggett, 2008) iButton devices were calibrated in ice baths, so the

surements using Tinytag sensors only affected 0.9% of at
Daroca and 0.7% at Canfranc-Station (compared with 45.8% and 54%
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probl ic frozen conditions were not checked. This issue is clearly

relevant for applications involving use of these sensors in sub-zero
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environments. A slight negative correlation was found between bias
and observed air temperature for both the Tinytag and iButton sensors,
in agreement with the findings of Johnson et al. (2005).

Experiment 2 shows that air temperature variation relative to
measurements made using the Stevenson screen was less above snow
than above grass. However, this does not show that snow was the factor
responsible, as analysis of radiation-wind effects showed that variations
were larger above snow covered surfaces than above grass when ra-
diation and wind conditions were constant. Therefore, radiation and
wind are the major factors influencing the performance of radiation
shields, as reported previously (Buisan et al., 2015; Georges and Kaser,
2002; Holden et al., 2013; Huwald et al., 2009). The results showed that
under varying radiation, wind, and snow conditions the commercial
multi-plate Datamate ACS5050 shield provided the best performance
compared with the other simpler and more economic alternatives. The
Datamate radiation shield is based on Gill's multi-plate models (Gill,
1983), but has been substantially improved over the intervening years.
The outstanding performance of multi-plate radiation shields has been
previously reported. For example, Payne (1987) indicated a bias range
from +0.2 to +0.3°C for winds > 2ms ™', Hubbart et al. (2005) re-
ported a bias generally ranging from +0.5 to +1.0°C, and Martinez-
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Ibarra et al. (2010) showed that these radiation shields provide greater
protection than the Stevenson screen with less temperature variation,
which is consistent with our findings. Our results showed that the bias
was = 0.5 °C above grass, and 0-0.5 °C above snow. The non-commer-
cial tube and funnel shields, and the absence of a shield, provided
variable results depending on the environmental conditions, as the
measurements were differently affected by radiation and wind speed.
Generally, the tube, funnel, and no shield results were consistent with
those of Georges and Kaser (2002), who reported a significant decrease
in bias for wind speeds > 3.5-4 ms~'. Based on the + 1°C threshold
proposed by Tarara and Hoheisel (2007), the no shield data were only
slightly valid at mean night temperatures (zero radiation). Tube shield
data were when wind intensity was > 3ms ", funnel shield data were
when radiation was < 700 Wm ™2 (400-500 Wm 2 with snow pre-
sence), and Datamate data were in all situations. The absence of a shield
provided the worst conditions, with 95% measurements showing var-
iation of + 2°C, although the bias was relatively low at night (slight
cooling). Unshielded devices (no protection and maximum ventilation)
were influenced mainly by incident radiation and snow albedo effects.
Thus, unshielded devices used in previous studies (e.g., Shine et al.,
2003; Sternberg et al., 2011) may have been affected by daytime
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overheating and underestimation at night (Azorin-Molina and Azorin-
Molina, 2008). The funnel design provided little protection from in-
cident radiation (large positive bias even with strong winds). Because of
its open bottom design, the performance of devices using the funnel
shield was similar to that where no shield was used above high albedo
snow surfaces, consistent with the findings of Nakamura and Mahrt
(2005) and Tarara and Hoheisel (2007), and better above grass. The
funnel design causes overheating that cannot be dissipated by natural
ventilation, so better results have been found at low radiation levels
(Ribeiro da Cunha, 2015) or avoiding the central hour of the day or in
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little insolated slopes or forest areas (Lundquist and Huggett, 2008).
The tube shield does not favor internal ventilation, so large positive
biases occurred even at low radiation levels, with a deficient perfor-
mance for wind speeds < 4ms~! above grass and snow. However, the
performance for wind speeds > 4ms™~' was much better than for the
funnel design, especially above snow covered surfaces. In any case, the
performance of tube shield is partially dependent on the latitude of
measurements, since the inclination depends on it and ventilation is
easier when the tube is horizontal, and because albedo effect is more
effective overheating when tube is vertical. This implies that its per-
formance would be better in low latitudes than in high ones.

The results of Experiment 3 showed a radiation effect on vertical
hourly temperature profiles, with an increasing of variability at midday
and a progressive decreasing at night. In addition, this increasing of
variability for measurements made close to the snow surface; extreme
examples involved deviations of —6 °C in relation to highest measure-
ment, especially at midday. Hanna et al. (2017) indicated that + 4°C
differences can occur at midday at heights of 1-2m above the snow
surface. Midday results showed generalized cooling with decreasing
height of devices above the snow, which can be explained by heat ex-
change between air and the frozen snow surface during daylight hours.
Gustavsson (1995) also found that snow can cause cooling of the near
surface layer air, and that this is more pronounced at low wind speeds.
We found small differences among measurements recorded at night at
different heights above the snow. On an hourly basis our results were
not always consistent with those of previous studies. For example,
Halberstam and Schieldge (1981) proposed that night generally favors
air stabilization and near surface air cooling relative to higher air
layers, because of air subduction and stratification caused by the cold
snow surface. That study also reported a constant diurnal air tem-
perature profile, in contrast with our measurements. However, differ-
ences may be determined by differences in climatic conditions, where
Pyrenees generally rounds isotherm 0°C during winter. In addition,
Experiment 3 encompassed a complete snow season of 7 months,
compared with 3 days in the study of Halberstam and Schieldge (1981)
and 1 week in the study of Hanna et al. (2017). Although the optimal is
to measure temperature data at a constant height above the snow sur-
face along snow season, remote areas and autonomous self-recording
dataloggers make it difficult to carry it out. For this, Experiment 3
analyzes temperature stabilization. Stabilization boundary analysis has
showed that stabilization occurs at 75-100 cm above the snow surface.
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Fig. 8. a) Mean hourly absolute temperature bias for the four sites. b) Experimental plots hourly air temperature confidence interval (0.95), based on temperature

differences between devices and plot average.
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This suggests that devices should be placed at heights > 100 cm above
the maximum expected snow depth. Lundquist and Cayan (2007),
Lundquist and Huggett (2008) and Hubbart et al. (2007) anticipated
this issue and overcame the problem by installing their devices at
varying heights (2-10 m) above the snow surface. Parallel snow depth
measurements during field studies can be very useful for estimating
data quality.

Experiment 4 showed that there was a significant radiative effect on
the horizontal variability of air temperature within forested mountain
plots, with two clear temporal periods (daytime and night). Uncertainty
was similar among all plots, with uncertainty constant during the night
and increasing during daylight hours, especially at midday. The tem-
perature at random selected locations showed a temporal behavior re-
lated to shortwave radiation (early morning-late afternoon, morning,
afternoon, midday). However, individual devices occasionally pro-
duced significantly different measurements. The largest divergences
among sensors took place at midday, when solar radiation fluxes were
stronger. Thus, despite the use of radiation shields in this experiment,
when strong shortwave radiation fluxes occurred, other environmental
factors including the presence of rocks, water, or trees produced long-
wave radiation (Gustavsson, 1995; Holden et al., 2013; Lundquist and
Huggett, 2008) that could have affected the measurements made by
individual devices. The smallest variations were recorded in the Upper-
South site, in agreement with ANOVA analysis, which indicated that
measurements made by devices in this plot were consistent. However,
in the other plots there were always some devices producing sig-
nificantly different measurements, and so increased uncertainty. The
more dense forest in the Upper-South plot may have reduced mea-
surement variability, because of reduced downwelling of shortwave
radiation. In conclusion, diurnal variations may have been because of
different shortwave radiation exposures (i.e. forest vs. cleared land;
local topographic shadowing) or the proximity to longwave transmit-
ters (i.e. rock surfaces). Night variations were probably mainly to be-
cause of the proximity of longwave transmitters (i.e. forest vs. cleared
land; rock surfaces; Lundquist and Huggett, 2008). These results sug-
gest the need for analysis of horizontal temperature variability on flat
and open areas in future investigations.

6. Conclussions

The major findings of this research can be summarized as follows:

Autonomous self-recording dataloggers are an appropriate and easy
option for measuring air temperature in snow-covered and moun-
tainous areas. Tinytag devices showed a robust and constant per-
formance in relation to a reference sensor, whereas the iButton
devices showed unstable biases (especially at temperatures < 0 °C),
and were subject to unexpected read-save errors. Thus, the use of

Tinytag devices is recommended. In the event that iButton devices

are used, it is necessary to place multiple devices (2 or more) in

parallel.

- Protection of temperature measuring devices from solar radiation is
necessary to ensure the quality of air temperature data. Use of the
traditional double-louvre naturally-ventilated Stevenson screen is
not necessary, as there are other reliable screens available. The
commercial multi-plate Datamate ACS5050 shield provided the best
protection over all radiation, wind, and snow conditions. The tube
and funnel shields showed variable performance, and their limita-
tions must be considered: the tube shield is more useful in snowy
and windy environments, while the funnel shield is more useful in
the snow-free and low wind areas). Overall, use of commercial plate
radiation shields, as the Datamate ACS5050, provide much better
results than other more inexpensive alternatives. Only low radiation
and windy conditions seemed to be favorable for use of the in-
expensive shielding alternatives.

- The air temperature vertical profile showed stabilization at
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75-100 cm above the snow cover surface. Thus, prior to device in-
stallation it is important to know the expected snow depth, and to
install devices above this level by > 100 cm. Different temporal
performances were found including: i) intense superficial air cooling
during daylight hours, especially at midday, possibly because of
energy fluxes from air to cold snow surfaces; ii) stabilization at
night, when all devices involved in the experiment were within
(always < 350 cm) the zone of environmental cooling, favored by
topography.

- Horizontal air temperature variability analysis showed that mea-
surement variation increased at midday, simultaneously with the
increase in solar radiation. Solar radiation enhances physical char-
acteristics of the materials (absorption, emission, reflection), so af-
fecting the temperature measurements.

More research is needed to assess the performance of other devices
(dataloggers and radiation shields) used in mountain environments.
However, our horizontal variability analysis is novel, and can help
explain the “noise” effect found when measuring air temperatures in
mountain and snowy environments.
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Abstract: Air temperature changes as a function of elevation were analyzed in a valley of the Spanish
Pyrenees. We analyzed insolation, topography and meteorological conditions in order to understand
how complex topoclimatic environments develop. Clustering techniques were used to define vertical
patterns of air temperature covering more than 1000 m of vertical elevation change. Ten locations from
the bottom of the valley to the summits were monitored from September 2016 to June 2019. The results
show that (i) night-time lapse rates were between —4 and —2 °C km™!, while in the daytime they were
from —6 to —4 °C km~!, due to temperature inversions and topography. Daily maximum temperature
lapse rates were steeper from March to July, and daily minimum temperatures were weaker from June
to August, and in December. (ii) Different insolation exposure within and between the two analyzed
slopes strongly influenced diurnal air temperatures, creating deviations from the general lapse rates.
(iii) Usually, two cluster patterns were found (i.e., weak and steep), which were associated with stable
and unstable weather conditions, respectively, in addition to high-low atmospheric pressure and
low-high relative humidity. The results will have direct applications in disciplines that depend on air
temperature estimations (e.g., snow studies, water resources and sky tourism, among others).

Keywords: air temperature; complex terrain; cluster analysis; lapse rates; weather types

1. Introduction

Near-surface air temperature (i.e., 2.0 m above the ground) is a key variable to understanding
a multitude of environmental processes, also influencing human activities that are analyzed in
agronomy [1,2], ecology [3], the tourism industry [4,5] and health [6]. In high-elevation mountain
areas, the study of surface air temperature behavior is vital to understand and manage the available
water resources [7,8], for forecasting weather [9], studying climatic refuges for flora species [10] or for
snowmaking in ski resorts [11].

Therefore, studying regional and local spatiotemporal air temperature patterns has been common
for decades. The main objective is to create regional climates, using datasets from a wide area but
sparsely populated with station networks, which generally poorly represent high-elevation mountain
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areas. Studies like those of Ackerman [12] in North America, Villmow [13] in Europe and Capel
Molina [14] in the Iberian peninsula are a few examples of this approach. However, regional and local
factors and the complex climate of mountain regions are rather underrepresented as a heterogeneous
mountain climate.

The study of air temperature distribution implies a different approach in topographically complex
and small-scale environments. Specific factors such as elevation, topography, aspect and steepness,
radiation, land cover, etc., cause highly complex spatiotemporal weather conditions and air temperature
patterns [15,16]. Thus, air temperature modeling in mountain areas is a challenging task and, despite
the advances in the field associated with high resolution numerical modelling [17,18] and remote
sensing techniques [19,20], there is still a long way to go in improving temporal and spatial resolution.

Conventional networks of meteorological stations lack an appropriate density to capture the
small-scale climate variability of mountain areas [21]. Therefore, detailed in situ monitoring of air
temperature enables knowledge of these complex environments to advance. Some precursors were
Geiger [22] and Whiteman, who, through his studies of cold air pools, investigated their formation and
explanatory factors [15,23-25]. More recently, air temperature studies in mountain areas, made from
self-recording and autonomous datalogger data, have been developing rapidly, as shown in the works of
Lundquist and Lott [26], Hubbart et al. [27] and Minder et al. [28] in the United States; Pepin et al. [29]
in Africa; Kattel et al. [30] in the Himalayas; Hanna et al. [31] in the Andes; Braun and Hock [32] in
Antarctica; and also in the Iberian peninsula [33-35], to name but a few. The use of this type of measures
has been previously tested, as Navarro-Serrano et al. [36] described. These devices allow the monitoring
of a large number of new locations, due to their good performance and relative low cost.

Although there are different possible approaches, the use of elevational air temperature lapse
rates is a method widely used in the literature as it easy to calculate and can be applied to various
disciplines to model air temperature [8,37]. The elevational lapse rate (hereinafter, LR) is defined as the
air temperature change for each elevation unit change (usually measured in °C km™1). This approach is
based on the fact that in most situations, air temperatures change mainly due to elevation, a mechanism
that has been widely demonstrated [16,38]. Atmospheric conditions and topography can even reverse
its behavior, generating cold air pools and downwelling cold air to low elevation valleys, especially
under stable weather conditions and at night. Despite being aware of this dynamic relationship
between air temperature and elevation, it is usual to use fixed LRs to roughly estimate temperature.
For instance, the most well-known LR in the free atmosphere is the mean environmental lapse rate
(MELR, -6.5°C km’l), not calculated for near-surface air temperature, but for the air column in the
free atmosphere. Thus, these fixed LRs have been proved to be insufficient and inaccurate in estimating
near-surface air temperature, since they are not able to represent the spatiotemporal variability of air
temperature. Despite this evidence, this type of fixed LR is commonly used to estimate near-surface air
temperature in different applications. The reality of near-surface air temperature is more complex,
and this has been confirmed in several regions across the globe, such as the Rocky Mountains [28],
the Himalayas [38], the Alps [39] and the Polar areas [40], as well as in the Iberian peninsula [9,41].
In fact, the ratio between elevation and near-surface air temperature is different between the summer
and winter months [42], or between day and night [43,44]. Along with elevation, other local factors
(such as insolation, topographic shading and vegetation cover, among others) play a key role in
modifying fixed LRs [45], even in environments with smooth topography [46,47].

Air temperature is the result of an input (solar radiation) and the way in which that energy is
distributed spatiotemporally throughout the territory [48]. Therefore, in complex environments such
as a high-elevation mountain valley, the exchange of energy in vegetated versus bare ground areas
can strongly modify the maximum and minimum air temperatures, mainly driven by long-wave
emissions [49]. In addition, permanent shadows at the valley bottoms usually strengthen the persistence
of cold air pools [50]. Moreover, air temperature patterns also vary depending on the atmospheric
conditions, as e.g., Moron et al. [51] and Kirchner et al. [52] reported.
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The Mediterranean mountains and basins are highly sensitive to climate change and the
increase in air temperatures [53-55], since snow-ice melting is of major importance in water resource
management [56]. This is due to the fact that the mid-latitude and elevation (<3500 m above sea level
[a.s.L]) of these mountains create very sensitive precipitation phase thresholds, as well as the presence
of strong melting events, even in winter [57]. These events heavily affect water availability and the
economy, which are directly dependent on winter and spring snowpacks [58]. Therefore, over complex
mountain areas, assessing spatiotemporal air temperature patterns with high resolution is of great
socioeconomic and environmental importance. There are some previous studies on this subject, such as
Lépez-Moreno et al. [11], Pages et al. [33] and Mir6 et al. [34], focusing on the detection and analysis of
cold air pools in the Spanish Pyrenees.

With this background, this study analyzes air temperature behavior in relation to elevation in
the high mountains and steep valleys of the Spanish Pyrenees. Thus, we assess its relationship with
seasonality, the time of day, the incidence of insolation and weather conditions (circulation weather
type, atmospheric pressure, relative humidity and wind speed). In particular, we analyze (i) hourly and
seasonal LRs in very steep south-southeast (SSE, sunny) and north-northwest (NNW, shady) facing
slopes; (ii) the effect of differential insolation generated by the complex topography, which results in
sheltered and exposed locations along the same slopes; and (iii) air temperature patterns along the
slopes as a function of different environmental factors such as circulation weather types, wind speed,
atmospheric pressure and relative humidity. This work advances the knowledge of air temperature
distribution in mid-latitude and Mediterranean environments. The few local-scale works developed in
this area have focused on the interesting night behavior. However, this work also aims to advance
the knowledge of daytime patterns, where topographically complex terrains tend to present notable
spatial differences.

2. Study Area

The Pyrenees are a mountain range in southwestern Europe, separating the Iberian peninsula
from the rest of the continent (Figure 1a). Its longitudinal distribution along more than 400 km from
west to east causes large differences between the northern French and southern Spanish basins [59],
and between the maritime western and Mediterranean eastern side. The highest summits are situated
in the axial central Pyrenees (Aneto, 3404 m ASL) with large areas lying over 2000 m ASL, leading to a
persistent annual snowpack [57,60]. The Pyrenees host the headwaters of the main tributaries of the
Ebro River, contributing to more than 60% of the Ebro River’s total runoff [61]. The Ebro River basin
covers areas of scant annual precipitation [62,63], so the water resources generated in the Pyrenees are
essential for the entire Ebro basin [64,65].

The Aragén River valley, a tributary of the Ebro River, is located in the headwater zone of the
river with the same name, in the western Spanish Pyrenees (Figure 1b). In this region, the climate lies
in a transitional area from Mediterranean to Atlantic influence, with abundant rainfall (1500-2000 mm
average annual precipitation) throughout the year [66]. The snow season begins at the end of autumn
(October-November) and can last until late spring (May-June), disappearing from the summits at
the end of summer (August). The most common weather types in absolute terms are anticyclonic,
although during winter and autumn the general circulation patterns are more unstable with common
frontal passages from the north-west, west and north, usually causing snowfall in cold seasons [67],
as well as from the south-west. These atmospheric conditions give rise to significant ski-tourism and
hydroelectric generation industries across the region. Moreover, an irregular forest canopy (adjusting
to the steep topography and avalanche zones) covers most of the slopes up to 1800 m ASL, with a
dominance of evergreen Pinus species with interspersed with diverse deciduous species in the most
humid areas [68,69]. Above this treeline, the forest gradually opens and gives way to subalpine
meadows and periglacial environments in the summits. Urban areas are very scarce with just a few
small villages located at the valley bottom.
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Figure 1. Geographical approximation of the local area: (a) represents the Iberian peninsula, in the
southwest of Europe, (b) represents the location of the river valley in the Pyrenean context and (c) shows
the terrain map of the local study domain, showing the Estiviellas and Moleta slopes and dataloggers
located west and east of the Aragon River, respectively. Land cover is represented by textures as shown
in the legend, and retrieved from the photointerpretation of a Sentinel-2B summer image (11 September
2019) and the help of the normalized difference vegetation index band. Canfranc-Station village is
located in the center of the valley.

The study area is a sector of the Aragon River valley located in the vicinity of the Canfranc-Station
village (1100 m a.s.1., 42.75° N, 0.52° W). In this area, the altimetric range covers from 1100 m a.s.L.
(river level) to 2573 m a.s.l. (Moleta Peak) in a 2 km transect. This valley section is enclosed to the
north (upstream), the east (2500 m mountains) and the west (2350 m mountains), while towards the
south (downstream) it is not entirely enclosed, although the river passes through a narrow canyon.
The topography is favorable for the generation of cold air pools, although the valley bottom is narrow,
so they would not be very extensive. The river crosses the study area from north to south, generating
two slopes at opposite sides. The two selected slopes rise to the summit of the Estiviellas and Moleta
peaks, facing to the SSE (sunny) and NNW (shady), respectively (Figure 1c).

3. Data and Methods

3.1. Experimental Designs

Ten locations were monitored in this work, 9 of which were installed for this study (Table 1).
The tenth was the Spanish Meteorological Agency (AEMET) weather station (id. 9198X), located
in Canfranc-Station village (Figure 1c). Nine autonomous, self-recording and waterproof Tinytag
temperature data loggers (http://gemini2.assets.d3r.com/pdfs/original/3239-tgp-4017.pdf) were installed
within Datamate radiation shields. The widely used Tinytag dataloggers have a precision error of
<0.5 °C, and a resolution of 0.01 °C, while the deviation of the Datamate radiation shield never
exceeds 0.5 °C under high solar radiation conditions when compared to the operative AEMET
Stevenson radiation screen [36]. The air temperature sensor used in Canfranc-Station corresponds to
a Thies PT100 model located in a naturally ventilated medium-sized wooden Stevenson screen [70].
The correspondence and validity of the Tinytag and Thies PT100 sensors and the radiation protection
have been previously tested [71,72], and also checked in Canfranc-Station weather station [36],
with satisfactory results.
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Table 1. Main characteristics of the monitored locations. Elevation is expressed in meters above sea
level (m a.s.1). Latitude and Longitude are expressed in geographical degrees.

. Elev. m Facing Lat o
Slope Name Installation asl Land Use Slope ©) Lon (°)
Ests  1ord017and g6 Open Forest S 42758  —0529
Datamate
Est-4 TGP4017 and 1789 Dense Forest S 42756  —0.529
Datamate
Estiviellas
TGP4017 and
(Sunny) Est-3 Datamate 1602 Open Forest SE 42.755 —0.526
Est2  1GP4017and 1269  DenseForest ~ SE 42756 —0.520
Datamate
Est:1 - PTI00and o y)p Village SE 42749 —0516
Stevenson Sc.
Mols ~ TOPS017and ohss OpenForest W 42738 —0494
Datamate
Mol4 ~ [GP4017and 2026  OpenForest ~NW 42736 —0502
Datamate
Moleta
TGP4017 and
(Shady) Mol-3 Datamate 1808 Dense Forest \ 42,738  —0.504
Mol2 ~ [GP4017and 1464  DenseForest N 42740  -0510
Datamate
Mol1 ~ 1GP4017and 1234 Dense Forest N 42743 —0515
Datamate

Tinytag dataloggers were placed within radiation shields and hung from tree branches (Figure 51)
at a height of 2.5 m above the bare ground, which is enough to avoid winter snowpack, according
to Navarro-Serrano et al. [36], and >50 cm distant from the main trunk. The evergreen character of
the forest ensures an equal canopy cover all year around. To prevent the dataloggers from being
affected by excess moisture or condensation, silica bags were placed inside them, and batteries were
replaced yearly. Furthermore, our experiment consisted of measuring air temperatures on two opposite
slopes (i.e., Estiviellas and Moleta, Figure 1c) to verify the differences between sunny and shady
conditions, following the procedures described by Pepin and Kidd [73]. The locations on Estiviellas
faced southeast (Est-1, 2 and 3 loggers) and south (Est-4 and 5), while those on Moleta faced north
(Mol-1 and 2), west (Mol-3 and 5) and northwest (Mol-4), derived from a 5 m digital elevation model.
Thus, the dataloggers were placed at different elevations, from the valley bottom to the highest areas.
The aim of the experimental design was to cover, in a homogeneous way, the two slopes, with regular
elevational intervals between locations. However, due to the limited number of trees above the
timber-line, the dataloggers were placed in scattered trees. This situation, together with the rugged
topography, the necessity to follow the only path existing in both slopes, and the need to select suitable
trees to ensure an optimal location of the sensors, prevented a fully symmetric placement of elevations
between the two slopes. Data were collected by an instantaneous hourly value at LT (local time = UTC
+ 2 h, Central European Summer Time) during the period between 11 September 2016 and 22 June
2019, generating 24,357 samples for each data series.

Relative humidity and 10-m wind speed data were measured at Canfranc-Station (Figure 1c) by
Thies Clima operative instruments, and the atmospheric pressure in the weather station of Aragués
del Puerto (AEMET “9208E", located at 10 km, Figure 1b) by the operative instrument Vaisala PMT,
at 10-min measuring intervals. In addition, to better evaluate the results, land cover was classified into
the different land covers presented in the study area cartography.
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3.2. Climate Data and Quality Control Checks

Air temperature data were checked by applying a quality control that ensured that the dataloggers
were not buried under snow. For this, daily air temperature ranges were analyzed, discarding
those days with hourly standard deviation < 0.1 °C and an average air temperature < 2 °C. The air
temperature in snow-burial conditions was constant at a value close to 0 °C [74], so it was relatively
easy to filter out this issue. The 10 locations passed this filter and 0 samples were discarded. However,
the raw experimental design had 11 locations, of which one (Est-6, at 2067 m a.s.l.) had to be removed
in this quality control check. This location suffered problems from December to May, affecting 5422
hourly samples (22.3% of the study period). Furthermore, a total amount of 60 hourly samples (0.02%
of the total) were discarded due to annual battery changes. Of these, 23 were gaps of less than two
continuous samples, so they were filled by a regression model based on the best neighboring air
temperature series for that month. The remaining data were maintained as Not Available (NA) data.

Next, the hourly samples were summarized by day using the air maximum (Tmax), minimum (Timin)
and average (Tuvg) temperature of the raw 24-hourly samples for each location. It was verified that more
than 90% of hourly samples were available each day. Raw weather data measured at Canfranc-Station
and Aragués del Puerto were summarized according to the daily mean atmospheric air pressure (in hPa),
the daily mean relative humidity (in %) and the daily mean 10-min wind speed (in m s™).

3.3. Lapse Rate Calculation

Air temperature LRs were calculated for both the Estiviellas and Moleta slopes at hourly time
steps (LRy,), and for daily maximum (LRmax), minimum (LRmin) and average (LRavg) air temperatures.
Following procedures outlined by Rolland [75], Du et al. [76] and Navarro-Serrano et al. [41], regressions
were used to determinate LRs, formulated in Equation (1) as:

T =aj Elev +e, (1)

where T’ is the estimated air temperature (in °C), Elev is the elevation above sea level (m a.s.l.), e is
the regression error and a; is the regression coefficient, which corresponds to the air temperature
elevational LR. Latitude and longitude variables can be included in the model, but the effect in such a
small study area is usually negligible due to the short distances between locations. The regression
model approach has been used by other authors [42,44,77], and provides an appropriate way to analyze
the effects of elevation on air temperature distribution. The influence of synoptic conditions can be
analyzed subsequently. All these LRs were also calculated among all the combinations for the locations.
To clarify the interpretation of the LR values, when in the following paragraphs we refer to a “steeper”
LR and a “weaker” LR, we refer to a larger change in air temperature with elevation, and a smaller
change, respectively (e.g., —7.2 °C km™ is steeper than —4.3 °C km™1).

3.4. Estimated Solar Radiation

The amount of solar radiation received by the terrain [16,45], topographic shadows and surface
orientation are crucial to better understand the spatiotemporal distribution of air temperature, especially
during daylight hours [78]. To obtain this information, we used a digital elevation model (DEM5)
with 5 m spatial resolution purchased from the PNOA-LiDAR program [79]. The instantaneous solar
radiation estimation under clear sky conditions by hour was estimated by applying the insolation
function of the R package “insol” [80], developed for R language version 3.5.0 [81]. This function
takes into account diffuse radiation, in addition to air temperature, humidity, date and location, to
estimate instantaneous insolation (in W m~2 s71). The solar radiation estimated in each monitored
location throughout the year and summarized by seasonal (i.e., winter: December-February; spring:
March-May; summer: June-August; autumn: September—-November) hourly means (Figure 2) shows
variability due to topographic conditions and differences between the Estiviellas and Moleta slopes
(sunny and shady, respectively). In addition, this dataset clearly displays the topographic shadows
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occurring in the bottom location of the study area, mainly on the Moleta slope, and during winter. This
estimated information allows the identification of the characteristics of the monitored locations, which
allow discussion of the results keeping in mind the effect of topography on solar radiation reception.

Estiviellas (sunny) Moleta (shady)

CEST Hou

Winter

Winter

Spring

T Hous

on

Summer

CEST Hou

Autumn

Autumn
Location

Insolation (W ni%)

L] NN

Figure 2. Mean seasonal estimated hourly insolation in the ten monitored locations of the Estiviellas
and Moleta slopes. Black represents null insolation (night), and red to white ramp color represents
intensity (in W m?). Red lines represent the solar noon (at 14 h UTC + 2, local time).

3.5. Circulation Weather Types Classification

Circulation weather types (CWTs) at daily scale over the Pyrenees were calculated using
Jenkinson and Collison’s [82] classification method, based on Lamb’s weather types [83] and simplified
satisfactorily by Rasilla Alvarez et al. [84] and Navarro-Serrano et al. [41] for the Iberian peninsula.
This version classifies the raw CWTs into two pure (anticyclonic-A and cyclonic-C), eight directional
(north-N, northeast-NE, east-E, southeast-SE, south-S, southwest-SW, west-W and northwest-NW)
and one unclassifiable (U) CWT, prioritizing directional flows in hybrids. The method is based on the
distribution of sea-level atmospheric pressure in a 16-point grid covering an area of 30 x 20° (longitude
X latitude) centered on the study area. This information was obtained from the NCEP-NCAR reanalysis
(5 x 5° longitude-latitude) dataset [85]. To simplify the analysis, U days were not represented, but were
computed in the total amount of days. The frequency of CWTs is shown in Figure S2.

3.6. Cluster Analysis

To analyze different patterns in the daily elevational distribution of maximum (Tmax), minimum
(Tmin) and average (Tavg) air temperature, a cluster analysis was applied. Cluster analysis is
a multivariate statistical technique, that is, it analyzes the behavior of three or more variables
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simultaneously, aiming for the creation of clusters or groups that have large internal homogeneity and
maximum difference in relation to the other groups. This process is carried out automatically, based
on the study of daily temperatures in relation to highest location of each slope and the creation of
clusters based on the distances between them. Daily air temperature differences between the Timax,
Tmin and Tavg of each location and the reference datalogger of its slope (i.e., the highest: the Est-5
[1948 m] and Mol-5 [2255 m] loggers on the Estiviellas and Moleta slopes, respectively) were computed.
These new series were employed as input variables for the cluster analysis, which, in function of the
air temperature difference of each location in relation to the highest one, generated groups or clusters
of days with similar behavior. In this way, similar (close) days were classified in the same cluster,
while distant days were classified in different clusters.

The number of clusters was determined by executing the NbClust function of the R package
“NbClust” [86], which analyzes 30 different indices to determine the most appropriate number of groups
using Euclidean distance and the hierarchical Ward.D2 method [87], minimizing the total within-cluster
variance. After determining the appropriate number for each combination (Tmax/Tmin/Tavg and the
Estiviellas and Moleta slopes), a cluster analysis was run using the Ward.D2 and Euclidean distance
parameters. This classified each day according to the nearest cluster centroid. Differences between
pairs of clusters were compared by the Wilcoxon-Mann-Whitney test [88] to identify statistically
significant differences among groups. In cases of 3 clusters, these were compared between pairs (i.e.,
1and 2, 1and 3, 2 and 3). This nonparametric statistical test allows the similarities/differences between
two independent samples to be tested. Differences were tested at a 0.05 significance level.

4. Results

4.1. Air Temperature

The daily mean maximum (Twmax), minimum (Tmin) and average (Tavg) air temperatures for each
of the ten locations are shown in Figure 3. Although an inverse relationship between air temperature
and elevation exits, this is not linear. Moreover, there were differences between the behaviors of
Tmax/Tmin/Tavg, and between the two opposing slopes. The air temperature across the study area
varied from a mean Tmax around 15 °C at the valley bottom to 10 °C at 2000 m a.s.l. Tmax differences
are noticeable between the slopes, showing a decoupling between the two faces at mid-slope locations,
mainly due to the variable behavior of Est-1 and Est-2 and heating at the Mol-4 location. Tmin shows a
more complex relationship with elevation, especially at the valley bottom. Above the slopes, Tmin was
around 5 °C at 1500 m ASL and 2 °C at 2000 m a.s.l. Unlike Tmax, Tmin shows similar patterns between
both the Estiviellas and Moleta slopes, except for at Est-1, i.e., the location at the valley bottom.

2250 — Estiviellas ®
Moleta &
= 2000
£ 1750
‘2 1500 — \
z) \
= 1250 —
1000 —{Daily Tmin Daily Tavg Daily Tmax

I
0 3 6 9 1215

Air temperature (°C)

Figure 3. Mean daily maximum (Tmax), minimum (Tmin) ares in the ten locations during the study
pnd average (Tavg) air temperatueriod.
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The monthly air temperature patterns for Tmax and Tmin among the ten locations are shown
in Figure 4. The Estiviellas slope presented the expected inverse relationship between elevation and
Tmax for most of the year, although it presented some nuances during August and December between
the Est-2 and Est-3 locations, which had similar Tmax values. However, the Moleta slope returned
an irregular elevation-Tmax relationship throughout the year (except from June to August). Tmax
differences between the lower and higher locations increased during June and July, decreasing from
September to November. Furthermore, the elevation-Tmin relationship was less evident. The Estiviellas
location with the warmest Tmin throughout the year was Est-2, while Est-1 and Est-3 had similar
values, but were cooler than Est-2. On Moleta, a decoupling between its three highest and its two
lowest locations was found (probably as a result of the larger elevational distance between them).
For instance, Mol-1 and Mol-2 had similar Tmin values throughout the year, with Mol-1 being slightly
colder than Mol-2 in December. Mol-3, Mol-4 and Mol-5 kept their positions, but presented similar air
temperature values from July to September.

Estiviellas Moleta
25 —| - Est-5: 1948
--- Est-4: 1789
- = Est-3: 1602
20 — == Est-2: 1269
1170

Daily Tmax Mol-5: 2255 Daily Tmax | g

--= Mol-4: 2026
- - Mol-3
- :2

1808

Air Temperature (°C)
1
T

Air Temperature (°C)

Daily Tmin Daily Tmin

T T T T T 1 I — N N B B R T
JFMAMIJIJIASOND T FMAMIJIIJASOND
Months Months

Figure 4. Monthly means of daily maximum (Tmax, red lines) and minimum (Tmin, blue lines) air
temperatures for the ten locations during the study period.

4.2. Hourly Air Temperature Lapse Rates (LR,)

In Figure 5, both the Estiviellas and Moleta slopes show weak LRy, (local time UTC + 2) during
the night (especially at sunrise, calculated by the methodology explained in Section 3.4), and high
LRy, in the afternoon. This pattern occurred every month, although with a time shift caused by the
expansion of weak LR}, during the winter months, and narrowing during the spring and summer
months. In absolute terms, LR}, was around —4 and —2 °C km™ at night and sunrise (even weaker
on Estiviellas at 9 h UTC + 2), and around -6 and —4 °C km™! in the afternoon (even steeper on the
Estiviellas slope from 15 to 17 h UTC + 2). These hours showed a slight seasonal shift, with weaker
LRy, delayed during the winter months, and occurring earlier during the spring and summer (e.g.,
the weaker LRy}, in Estiviellas occurred at 9 h UTC + 2 during August and at noon during December),
so the LRy, was steeper in June than in December.
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Figure 5. Mean hourly lapse rates (LRs, measured in °C km™!) for the Estiviellas and Moleta slopes by
month. Red dots represent the sunrise/sunset time without topography effects, calculated for the 15th
day of each month, and for equinoctial day in the Annual row.

Both the Estiviellas and Moleta slopes had a similar seasonal pattern at the hourly resolution, since
steepness of LRy, occurred from May to July in mid-afternoon, while the weakest LR}, occurred in December
at night. LR}, was weaker during the night from June to October than from January to May, and steeper
during the afternoon from March to August than from September to February. However, we found
significant (p < 0.05) differences in the slope of the LRs between the two slopes, since in Estiviellas they
ranged from —8.90 (May at 16 h UTC + 2) to +0.80 °C km ™! (December at 12 h UTC + 2), and in Moleta
from —7.46 (July at 17 h UTC + 2) to —1.01 °C km™! (August at 10 h UTC + 2). The coefficients of variation
were calculated and shown in Figure S3. This figure shows that the most favorable hours for thermal
inversion were those that generated the largest variability (early morning and night).

4.3. Monthly Maximum (LRmax), Minimum (LRmin) and Average (LRavg) Air Temperature Lapse Rates

Figure 6a shows that, generally, LRmax was steeper than LRmin on both the Estiviellas and Moleta
slopes (p < 0.05). LRavg returned mixed behavior between LRmax and LRmin. The annual data support
this fact, through an annual average LRmax, in °C km™!, of —6.0 (=5.5), and a LRmin annual average
of —=2.8 (—4.0) for the Estiviellas (Moleta) slope. This pattern was present during most of the year,
although it intensified during the summer (e.g., July). The differences in winter were smaller and even
reversed from November to January on the Moleta slope. LRmax weakened from October to February
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and became steeper from March to July. LRmin was also steeper from March to May, but weakened
from June to August (and December). In any case, although there were seasonal differences, LRmin
showed low variation in absolute terms (—4.4 to —1.7 on Estiviellas; —5.3 to —2.5 on Moleta) compared
to LRmax (=8.1 to —2.1 on Estiviellas; —7.6 to —2.6 on Moleta). LRavg returned mixed behavior between
LRmax and LRmin, but was much closer to LRmin. The comparison between the two slopes showed
that the LRmax was similar from June to December, with a steepening on Estiviellas from January to
May. LRmin was similar between both slopes throughout the year, although steeper on Moleta.

(a) Lapse Rates (b) Coefficient of Variation

Daily LRmin
2 Daily LRavg

Daily LRmin Estivicllas ® Moleta A
Daily L Rave 28
Daily LRmax

Daily LRmax

°C km
|
°C km

Estivicllas @ Moleta A

T T T T
JFMAMIJJ ASOND J FMAMIJJ ASOND
Months Months
Figure 6. (a) Monthly maximum (LRmax), minimum (LRmin), and average (LRavg) air temperature
lapse rates (measured in °C km™') from the Estiviellas and Moleta slopes; and (b) monthly LRmax,
LRmin and LRavg coefficient of variation (in °C km™?) from the Estiviellas and Moleta slopes.

Figure 6b shows monthly variability based on LRs by the coefficient of variation. In general
terms, LRmin had larger variability than LRmax, especially on Estiviellas. Seasonally, the LRmin
coefficients increased during the summer (e.g., June to August) and December. On the contrary,
in spring (March-May) and autumn (September-November) the coefficients were the lowest of the
year. LRmax had reduced coefficients throughout the year (generally <0.8 °C km™!), which increased
gradually during autumn, with the highest value in December (>1 °C km™1). The LRmax, LRmin,
and LRavg calculated between partial sections on each slope are not shown, but their behavior was
extremely variable and wide-ranging, demanding the use of all available datalogger series to calculate
the LRs on each slope.

4.4. Cluster Analysis

4.4.1. Cluster Classification

Figure 7 shows the air temperature differences from each monitored location to the highest
measured level on each slope (i.e., 1948 m a.s.l. in Estiviellas, and 2255 m a.s.l. in Moleta), with a
noticeable daily variability in air temperature profiles. The figure shows a dynamic and continuous
relationship between air temperature and elevation, where it is difficult to visually establish linear
patterns along the entire slopes. However, cluster analysis allows daily profile types to be established
with a statistical approach. For maximum air temperatures, bottom locations were usually warmer,
but the profiles throughout the entire slope were not completely linear. For minimum air temperatures,
the lowest Estiviellas location (1170 m a.s.l.) had an inverse relationship with the rest of the slope,
less evident on Moleta. In this way, cluster analysis generated the optimal number of profile typologies,
with the mean values given in Table 2. Other than the air average temperatures on Moleta (three
clusters), the remaining combinations each generated two clusters. The clusters were ordered from
weak to steep lapse rates (i.e., Cluster 1 represents the group of weakest lapse rates).
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Figure 7. Daily maximum, minimum and average air temperature profiles (measured as the difference

from the highest slope location) of the Estiviellas and Moleta slopes are represented by colored lines.
Centroids of the generated clusters are represented by solid grey lines. The mean environmental lapse
rate (MELR, 6.5 °C km™) from the top location is represented by dashed grey lines.

Table 2. Tmax, Tmin, and Tavg cluster centroid values for the Estiviellas and Moleta slopes. Loc =
location order, from bottom (1st) to top (5th).

Estiviellas Moleta
Loc Cluster1 Cluster2 Loc. Cluster 1 Cluster 2
5th 0 0 5th 0 0
4th -0.92 +0.94 4th +1.62 +3.04
Tmax
3rd +1.41 +3.15 3rd -0.73 +3.11
2nd -0.38 +3.62 2nd +0.60 +5.02
Ist -0.09 +5.96 1st +3.93 +7.89
Loc. Cluster1 Cluster2 Loc. Cluster1 Cluster 2 Cluster 3
5th 0 0 5th 0 0 0
4th -0.10 +0.94 4th -0.25 +1.24 +1.64
Tavg
3rd +1.37 +2.58 3rd -1.61 +0.91 +2.32
2nd +1.08 +3.53 2nd +0.14 +2.87 +4.74
1st -0.96 +4.00 1st +0.87 +3.78 +6.01
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Table 2. Cont.

Estiviellas Moleta
Loc. Cluster1 Cluster2 Loc. Cluster 1 Cluster 2
5th 0 0 5th 0 0
. 4th —-0.14 +1.16 4th +1.38 +0.82
Tmin
3rd +0.97 +2.69 3rd +2.14 +1.92
2nd +1.25 +4.15 2nd +0.30 +4.67
1st -1.57 +4.31 1st +0.18 +5.62

Clusters generated from maximum air temperatures were similar in form, but differences arose
from the degree of difference to the reference highest locations. The LRmax values for Cluster 2
from Estiviellas and Moleta were close to the MELR, with much warmer bottom location values.
The contrasting behavior between Cluster 1 and Cluster 2 was more clearly present in air minimum
temperatures, where LRmin values for Cluster 1 from Estiviellas and Moleta were decoupled from
those for Cluster 2, especially in the bottom locations. In the average air temperatures, a more linear
behavior can be observed along the slopes, especially on Moleta, where three clusters were generated.
However, Cluster 1 from Estiviellas was inverted in its bottom location.

4.4.2. Monthly Distribution of Clusters

Figure 8 shows the monthly distribution (% of days) of each cluster throughout the year. On the
one hand, the cluster associated with steep LRmax (Cluster 2) was more common than the weak LRmax
cluster (Cluster 1), especially from March to August (>80% of “steep” days). On the other hand,
the days classified with weak LRs increased in frequency from September to January, becoming as
frequent as those with steep LRs, especially along the Moleta slope (*50%). LRmin cluster frequency
was more equal on the two slopes. However, Cluster 2, associated with steep LRmin, was more
common from January to May (>50% of days), and Cluster 1 from July to December. On Estiviellas,
the frequency of LRavg Cluster 1 was higher during the summer and December and lower/null in
spring. On Moleta, despite having three LRavg clusters, the same pattern was repeated, although
less frequently for Cluster 1. On Moleta, in any case, LRavg was dominated by medium and steep
clusters (Clusters 2 and 3, in most months generally >80%) over the weak Cluster 1, although the latter
increased in frequency from August to February.
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Figure 8. Tmax, Tmin and Tavg cluster monthly frequency (measured as daily percentage for the month).

4.4.3. Clusters, Circulation Weather Types and Weather Conditions

To analyze the synoptic and weather patterns found during each cluster day, Figure 9 shows the
circulation weather type (CWT) distribution. Atmospheric pressure (Figure S4), relative humidity
(Figure S5) and wind speed (Figure S6) variability for each cluster are also presented.

Days classified within the Tmax Cluster 1 (associated with weak LRmax) were dominated by
anticyclonic (A) and NE and E circulations (Figure 9), accompanied by higher atmospheric pressures
(~1026 hPa) and lower relative humidity (269.4%), although no clear wind speed pattern was found
on those days. On the contrary, when analyzing the Tmax Cluster 2 (associated with steep LRmax)
no particular CWTs prevailed, except for some westerly and northerly circulations, and also the
anticyclonic-A and cyclonic-C types. However, atmospheric pressure values were lower (%1.019 hPa),
relative humidity values were higher (=75.1%) and wind speed was variable. Wind speed daily
values between Tmax clusters in Estiviellas were compared and were significantly different (p < 0.05).
The same occurred when comparing the values of atmospheric pressure and relative humidity (also on
the Moleta slope). Thus, days associated with each cluster differed not only in the behavior of the air
temperature, but also in other meteorological variables measured.

For Tmin, days classified within Cluster 1 (associated with weak LRmin) were marked by a
clear dominance of the A weather type, weaker winds (2.1 m s}, especially on Estiviellas), higher
atmospheric pressure (~1023 hPa) and lower relative humidity (=70.9%). Tmin Cluster 2 (associated
with steep LRmin) was represented by different circulation types (e.g., northerly, westerly and C,
among others), moderate to strong winds (x3.9 m s71), lower atmospheric pressure (1019 hPa) and
higher relative humidity (~76.2%). The same pattern occurred for Tavg values, although the three Tavg
clusters on Moleta showed the anticyclonic dominance of weak lapse rates more clearly. As with Tmax
clusters, the differences between Tmin clusters were statistically significant (p < 0.05) for wind, relative
humidity and atmospheric pressure, again on both slopes. The air temperatures from bottom-summit
locations during the extreme period from 3 December 2017 and 5 December 2017 are presented in
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Figure S7 to show the transition between unstable and stable weather types, together with atmospheric
pressure and wind speed. The moment at which wind speed fell coincided with the beginning of
thermal inversion between Est-1 and Est-2 (and almost between Mol-1 and Mol-5). Similarly, the
lowest atmospheric pressure values coincided with the largest differences between the locations, and

vice versa.
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Figure 9. Circulation weather type (CWT) frequency for the Tmax, Tmin and Tavg clusters. n indicates
the number of days in each cluster. The unclassifiable (U) type was not computed.

5. Discussion

The air temperature and lapse rates in two opposite steep and complex slopes (i.e., sunny Estiviellas
and shady Moleta) of the upper Aragon river valley (Spanish Pyrenees) were analyzed in ten locations
(elevations ranging from 1170 to 2255 m a.s.l.) for 1015 consecutive days from September 2016 to June
2019. Following previous studies, such as Barry [16] and Lookingbill and Urban [45] for North America,
this one analyzed the relationship between air temperature and local terrain characteristics (e.g., facing
slope, insolation, land cover, weather types and atmospheric parameters such as air pressure, relative
humidity and wind speed). This study focused on a single Pyrenean valley, complementing previous
regional work on the Iberian peninsula [41,89,90]. Also, the study of diurnal lapse rates at this local
scale provided new information for this region of Europe, which has mainly been investigated for its
night-time cold air pools [33,34,73].

The results show variable insolation values within and between slopes, as in Lookingbill
and Urban [45]. The differential insolation has a direct effect on air temperature distribution and
variability [31,91,92]. The lesser insolation at the valley bottom, more significant in the lower locations
on the shady Moleta slope, especially around December, was consistent with the complex topography.
Direct insolation on the Moleta slope is very limited during the autumn and winter months, as we can
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see in Figures 1 and 2. On the other hand, in higher locations on Moleta, more insolation was estimated
due to the increasing sky view factor, reducing the differences in relation to the sunny Estiviellas slope.
At this point, the use of digital elevation models of high spatial resolution is essential to represent
the terrain reliably. Other local differences could be explained by land cover, such as the diurnal
overheating of the Est-1 (village) location in comparison with Est-2 (dense forest), or the combined
effect of the low insolated and dense forested locations (e.g., Mol-3 and Mol-4), according to the
buffering effect of the forest canopy [49]. Therefore, the results show that elevation is not a factor with a
linear effect, but that there are local variables that can alter the diurnal air temperature distribution [76].
At night, the topography also exerts an effect, as the valley bottom locations demonstrated by capturing
thermal inversion phenomena, according to papers on cold air pools [17,23,93]. Partial LRmin between
Est-1 and Est-2 were close to +20 °C km™! of thermal inversion, which agrees with the extreme values
registered by Pepin and Kidd [73] and Pages et al. [33] in the Cerdanya valley in the eastern Pyrenees.
More variance was detected in Tmax than Tmin both between and within slopes, showing a strong
influence of land cover on Tmax, which caused inversions between the Est2/Est3 and Mol3/Mol4
locations, due to the correspondence with the treeline ecotone. To summarize, air temperatures
registered at each location were not only the result of elevation, but also of effects caused by insolation,
topography and land cover.

In terms of lapse rates, the hourly analysis in Section 4.2 allowed the continuous identification of
the behavior throughout the 24 h sections and the months of the year. In this way, the analysis has
a larger wealth than analysis of the daily max and min air temperature moments exclusively, being
able to show other nuances between the slopes. Thus, this analysis showed the influence of insolation
on thermal mechanisms, with a weakening of the night-time lapse rates due to cold air subsidence
from the summits to the valley bottom [77,94,95]. Thus, the weakest hourly lapse rates occurred in
the morning (+0.81 °C km™! in December at 12 h in Estiviellas, and —1.02 °C km™! in August at 10 h
in Moleta, Central European Summer Time time zone). This is because that is the time when insolation
reaches the highest locations, while the lower ones remain shady, according to insolation data, and with
an accumulation of cold night air. However, insolation is seasonally variable (later in December, and
earlier in July). These results are in agreement with Pages et al. [33]. Moreover, the steepest lapse
rates took place in the early afternoon and were explained by high insolation in the lower locations,
especially on Estiviellas, which broke up the cold layers and steepened the relationship between
elevation and air temperature (on Moleta the lapse rates were less intense). Later, the sun begins to
descend and the topographic shadows reach the low locations first, reiterating the process [50].

The results show that LRmin were generally weaker than LRmax (total mean of —2.8 vs.
—-6.0°Ckm™! on Estiviellas, and —4.0 vs. —5.5 °C km~' on Moleta), as in most similar studies
around the globe [8,94,96], which attribute it to the previously mentioned nocturnal cold air subsidence
toward the bottom areas. However, this behavior changed through the year, since the differences were
larger in summer (diurnal steepening along the slope in addition to nocturnal weakening), and smaller
in winter (diurnal weakening due to topographic shadows in addition to nocturnal weakening).
This supports the hypothesis that topographic shadows affect air temperature distribution during the
daytime [10,78]. This process was also corroborated by decoupling between the Estiviellas and Moleta
LRmax from March to May when the Estiviellas slope was completely insolated. However, on Moleta,
the insolation did not yet reach lower locations. This comparison between sunny and shady slopes
can only be observed where the topography is abrupt enough to generate permanent topographic
shadows that alter air temperatures, and not in open valleys. The existence of snow cover in higher
locations has also been mentioned as a reason for the steepening of LRmax [31], due to the albedo effect
in elevated areas, in which snow cover persists during the spring months. This could explain the peak
delay between the LRmax in Estiviellas (June) and Moleta (July), due to the longer snow season on the
northern Moleta slope [97]. It would be very useful to advance the study of this issue in the future,
and analyze the importance of this factor.
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However, the study of the monthly coefficients of variation has confirmed that the monthly
LR values derived from a linear fit are not entirely representative, since they hide different internal
behaviors, especially in the LRmin. To deepen the study of LR patterns from a global (and non-linear)
perspective, a cluster analysis was performed. In this respect, the cluster analysis showed that,
regardless of the month, there were usually two distinct profile patterns (weak vs. steep), and that
these could occur at any time of the year, although there were more propitious moments. In general
terms, the steep clusters were close to the MELR (-6.5 °C km™!). This method was proposed by
Barringer [98] to classify days based on air temperature profiles. The merged analysis between clusters,
insolation, circulation weather types and weather conditions supports the hypotheses, since it shows a
broadly weak LRmin with stable conditions, high atmospheric pressure, low relative humidity and
weak winds, according to the majority of studies on Cold Air Pools [34,40,44,73], and the regional
results of Navarro-Serrano et al. [41] in the Pyrenees. On the other hand, steep LRmin occurs under
conditions of instability, dynamic weather types, low atmospheric pressure, high relative humidity
and strong winds, which explains the breakup of cold layers and the prevalence of the free-air lapse
rate [1,27,33,77,99,100].

However, Tmax clusters were more complex than expected prior to beginning this research,
unlike claims by other authors on a regional scale [41,101]. This is due to the previously explained
complex topographic conditions of the study area, which are more influential during the winter
months. The results show that the Trmax clusters associated with steep LRimax were more frequent than
those associated with weak ones, especially during spring and summer, according to Minder et al. [28].
As mentioned above, LRmax intensified during the summer due to the insolation reaching the lower
locations, and in spring also due to more frequent cloudy days under unstable meteorological conditions.
Therefore, these Tmax clusters associated with steep LRmax were accompanied by varied CWTs and
wind speed conditions, since they occurred under diverse synoptic situations (e.g., sunny summer days
and rainy March days) [34,94]. Furthermore, Tmax clusters associated with weak LRmax only occurred
under topographic shadows (i.e., more frequently in winter, anticyclonic situations, high atmospheric
pressure and low relative humidity). This is because LRmax returned a high coefficient of variation
in winter (e.g., a sunny stable winter day weakens LRmax, and a cloudy one steepens it; and yet in
summer, both unstable and stable sunny days steepen LRmax). In any case, the limitations of the use of
humidity and wind speed valley bottom measurements should be taken into account. Although we
think that it can be representative of the timings of higher or lower humidity/wind speed in the whole
valley, we cannot assume that this is absolutely right, and it should be analyzed in the future with
more information. To summarize, local terrain factors must be taken into account, especially in study
areas with complex terrain [102]. In these cases, the same synoptic conditions could generate different
effects on lapse rates, depending on the position of the sun and azimuth. This is an approach that has
been recognized in some studies on persistent cold air pools [50,103].

Therefore, although previous work has tried to analyze the variability of LRs based solely on
synoptic conditions, this analysis reveals that insolation, heavily affected by topographic shadows,
has noticeable impact on diurnal air temperature variability. Thus, terrain factors such as sky view
factor, aspect, forest canopy must be taken into account when designing experimental measurement
networks in mountain terrain, so that these factors are not underestimated when analyzing LRmax.
LRmin analysis has corroborated findings from previous studies on the influence of synoptic conditions
and topography [104]. Future research should carry out in-depth analysis of the variability of the air
temperature along a slope. Factors such as weather conditions, insolation, aspect, and topography have
been shown to be explanatory variables for air temperature distribution in topographically complex
areas, although they have often been underestimated in favor of elevation above sea level. Future work
may also specifically analyze the effect of snow cover on air temperature, as well as the effects caused
by forest density. These factors actively influence diurnal air temperature distribution.
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6. Conclusions

This work advances the knowledge of small-scale variability of air temperature in mountain areas.
The few local-scale works developed in the Pyrenees to date have focused on nocturnal patterns, while
this work includes daytime patterns that are very influenced by topography, land cover and snow
presence. The main findings of this spatiotemporal study of air temperature lapse rates in a complex
Spanish Pyrenees study area are:

1. Nighttime lapse rates were weaker than diurnal ones due to air cold subsidence processes and
topography. Daily maximum air temperature lapse rates (LRmax) were steeper from March to July,
although on the shady slope this only occurred around July. LRmax was weaker in winter. Daily
minimum air temperature lapse rates (LRmin) were weaker from June to August (and December),
and steeper from March to May.

2. Different insolation values within and between the analyzed slopes were found, due to the facing
slope and elevation of the locations, which directly influence diurnal air temperatures because of
the topographic shadows in the valley bottom. This causes the retention of cold night air during
the short days.

3. Steep and weak lapse rate patterns were found, explained by various factors (slope insolation,
daytime, topography, season and weather conditions). On clear winter days, the lower insolation
of lower locations weakened LRmax. However, at this time, LRmax was steep under unstable
atmospheric conditions. During the summer, LRmax was almost always steep (with few
topographic shadows and mainly clear). LRmin was weak under stable atmospheric conditions,
and steep under unstable ones, regardless of the month and season.

Our results support the fact that elevation is not a linear factor, as there are local variables that can
alter the spatial and temporal distribution of air temperatures, so the selection of the measurement sites
is crucial. This implies a need for rethinking when modeling air temperature at detailed scale, since
it is important to analyze insolation, as well as vegetation cover, in addition to the effect of weather
conditions. This work shows the need to analyze air temperature on a local scale when our applications
need high spatial resolution.
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Figure S1. (a) The Tinytag-Plus-2 TGP4017 datalogger; and (b) Tinytag datalogger within radiation shield
tield installation.
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Abstract

A set of 17 air temperature and relative humidity sensors were used to analyze the temporal variability of surface air temperature
(Tair), wet bulb temperature (Twb), and daily snowmaking hours (SM, number of hours per day with Twb <—2 °C), lapse rates,
and the occurrence of thermal inversions at the Formigal ski resort (Spanish Pyrenees) from December to March during three
consecutive ski seasons (2012-2013, 2013-2014, and 2014-2015). The Tair and Twb lapse rates showed strong hourly and daily
variability, with both exhibiting almost identical temporal fluctuations.

The Twb exhibited average lapse rates that were slightly steeper (— 5.2 °C/km) than those observed for Tair (—4.9 °C/km). The
less steep lapse rates and most thermal inversions were observed in December. Days having less (more) steep Tair and Twb lapse
rates were observed under low (high) wind speeds and high (low) relative humidity and air pressure. The temporal dynamics of
the SM lapse rates was more complex, as this involved consideration of the average Tair in the ski resort, in addition to the driving
factors of the spatio-temporal variability of Twb. Thus, on a number of cold (warm) days, snowmaking was feasible at all
elevations at the ski resort, independently of the slopes of the lapse rates. The SM exhibited an average daily lapse rate of
8.2 h/km, with a progressive trend of increase from December to March.

Weather types over the Iberian Peninsula tightly control the driving factors of the Tair, Twb, and SM lapse rates (wind speed,
relative humidity, and Tair), so the slopes of the lapse rates and the frequency of inversions in relation to elevation for the three
variables are very dependent on the occurrence of specific weather types. The less steep lapse rates occurred associated with
advections from the southeast, although low lapse rates also occurred during advections from the east and south, and under
anticyclonic conditions. The steepest Tair and Twb lapse rates were observed during north and northwest advections, while the
steepest rates for SM were observed during days of cyclonic circulation and advections from the northeast.

1 Introduction

4 Juan Ignacio Lopez-Moreno

nlopez@ipe.csic.es In recent decades, ski tourism has become one of the most
important sources of income for many mountain regions
worldwide (Gilaberte et al. 2014). Despite their obvious envi-
ronmental impacts, ski developments provide for economic

and income diversification, and are associated with improve-
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ments to services and infrastructure (Lindberg et al. 2001;
Lasanta et al. 2007). However, the economic viability of ski-
based tourism relies on the presence of adequate snow depths
during the ski season (Steiger and Mayer 2008; Scott et al.
2012; Pons et al. 2015). This is a major challenge for winter
sport destinations (Rixen et al. 2011), especially those located
at mid-latitudes or in low elevation areas, where the snowpack
is characterized by strong interannual fluctuations, and global
warming is acting to diminish the snowpack (Lopez-Moreno
et al. 2009).
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In low elevation ski areas, snowmaking represents a key
technology to buffer the impact of interannual variability
of snow conditions, and is increasingly considered to be
the most reliable adaptation measure for alpine ski resorts
facing the consequences of climate change (Uhlmann et al.
2009; Spandre et al. 2017). However, for successful and
efficient production of machine-made snow, particular air
temperature and humidity conditions need to be met, gen-
erally defined by a wet bulb temperature (Twb) threshold.
This threshold is not always met, especially at lower ele-
vation sites where the natural snowpack is less abundant
(Lopez-Moreno et al. 2017). For this reason, the use of
snowmaking is questioned, and discouraged in those areas
where the potential for regular snow production is uncer-
tain under short-term climate projection scenarios that in-
dicate declining conditions for skiing and snow production
in coming decades (Gilaberte et al. 2017). Thus, to assess
the potential for snowmaking to overcome the large spatial
and temporal variability of natural snowpacks, it is imper-
ative to understand the spatial and temporal dynamics of
Twb within ski resorts. No such studies have yet been
reported.

The Twb is the temperature of a particular volume of
air cooled to saturation (100% relative humidity) by the
evaporation of water into it, and is always less than or
equal to dry Tair. The more moisture in a parcel of air,
the less moisture it can absorb, and the colder it must
become to form snow crystals from the fine droplets of
water. Depending on the snowmaking technology, Twb
values colder than —1 to — 4 °C are commonly used as
thresholds for snow production. At the local scale (i.e.,
within a ski resort), the spatial variability of relative hu-
midity (RH) is mostly determined by Tair because the
specific humidity (the water content of air) tends to be
highly spatially homogeneous (Brutsaert 1998). At local
scales, most of the variability in Tair is because of ver-
tical changes described by the so-called environmental
lapse rate (ELR), which is assumed to be —6.5 °C/km
under neutral conditions in free atmosphere (Frederick
2008); this value is commonly used to spatially interpo-
late and extrapolate air temperature (Lopez-Moreno et al.
2017). However, many studies have indicated that nu-
merous factors make air temperature gradients very site-
specific, including topography (slope, aspect, sky view
factor), the presence of snow and ice, and vegetation
and soil types (Nunez and Calhoun 1986; Roland 2003;
Marshall et al. 2007; Blandford et al. 2008; Pepin and
Lundquist 2008, Pages and Mird 2010; Kattel et al.
2013). In addition, Tair lapse rates are highly dependent
on surface processes (Minder et al. 2010) including air
moisture, wind speed, atmospheric pressure, and solar
radiation, and this explains the very strong temporal var-
iability in the slope of ELR at sub-daily to seasonal and

@ Springer

interannual scales (Thayyen et al. 2005, Tang and Fang
2006; Gardner et al. 2009, Heynen et al. 2016). The
various meteorological conditions affecting ELRs are
generally associated with the passage of air masses hav-
ing differing characteristics (Kirchner et al. 2013), pro-
viding the potential to establish the relationships of var-
ious weather types and synoptic conditions to the slopes
of the ELRs (Pepin 2001; Blandford et al. 2008; Holden
and Rose 2011).

Thus, knowledge of the spatio-temporal evolution of Tair
and Twb temperatures is essential for mountain areas where
artificial snow production is important in the management of
ski resorts. In this study, based on the ski resort of Formigal
(Spanish Pyrenees), we used hourly data from 17 sensors
measuring temperature and relative humidity over three con-
secutive ski seasons (2013-14, 2014-15, and 2015-16) to
assess the temporal variability of the Tair and Twb lapse rates,
and their impacts on the production of artificial snow. The
effects of meteorological factors and the weather types on
the slope of the lapse rates were also analyzed.

2 Study area

This study was carried out at the Formigal Ski Resort (Central
Pyrenees; 42.5° N 0.25° W; Fig. 1), which is the largest ski
area in the Spanish Pyrenees, comprising 137 km of ski runs.
Elevations at Formigal range from 1550 to 2300 m a.s.l., and
the lifts have a maximum capacity of 35,920 skiers per hour.
The ski season generally starts in early December and finishes
in early April.

Data from the automatic weather stations at Izas (2056 m
a.s.l.), which is located in the vicinity of this ski area, indicates
a mean annual Tair of 3 °C and an average of 130 days each
year when the daily mean Tair is < 0 °C (Revuelto et al. 2017).
The mean annual precipitation is approximately 2000 mm, of
which more than 50% falls as snow (Lépez-Moreno et al.
2013). Although the mean winter Tair is <0 °C, the area is
subject to temperate or rainy spells during winter, which trig-
ger melting events and major metamorphosis of the snowpack
throughout the snow season (Fassnacht et al. 2010). The wind
direction is predominantly from northwest and southeast
(Revuelto et al. 2014, 2017; Navarro-Serrano and Lopez-
Moreno 2017).

3 Data and methods

One measurement per hour of Tair and RH was obtained from
17 Tinytag TGP-4500 data loggers (www.geminidataloggers.
com/data-loggers/tinytag-plus-2/tgp-4500) evenly placed in
an area of 12 km? within the Formigal ski resort (Fig. 1); these
provided data for 331 days during the three seasons of the

182



Gradientes de Temperatura seca y himeda y su Impacto en la produccion de nieve

Air and wet bulb temperature lapse rates and their impact on snowmaking in a Pyrenean ski resort 1363

710000
1

715000
f

4744000
'

4736000

Aramon
Formigal

: 8,
' Tramacastilla ) Yo

A

&)

-

Study area [ ) (

%
\
)

4744000

| Iberian Peninsula /@

z
%
ko

<

A

Lasarra Y

Temp. and RH sensors
)

Meteorological station

Hydropower station

S sall

Villages
de Gallego

T
4740000

PO

Ski areas

Roads

Tracks

Lanuza
Altitude (m)

3140

1000

T
4736000

q,%
Escarra Contours

— Rivers
. e
- Dams @
0

125 25Km

710000

T
715000

Fig. 1 Study area. Location of the temperature (Temp.) and relative humidity (RH) sensors, and the meteorological station. Contour lines are drawn for

every 200 m of elevation

study. The manufacturer’s stated accuracy for the sensors is +

0.01 °C for Tair and +0.3% for RH. The data loggers were
hung from the eaves of the roofs of chair lift sheds, at approx-
imately 2.5 m height above the bare ground, and were protected
by radiation shields (DataMate™). The lowest sensor was at
1554 m a.s.l. and the highest was at 2305 m a.s.1., at the top of
the ski area. At least one sensor was placed in each 100-m
elevation band in the two main valleys of the ski area. There
is also an automatic weather station at 2056 m a.s.1. in the study
area; this records temperature (Tair), wind speed (WS), RH, and
air pressure (Pat) every 10 min. Table 1 shows a list of variables
used and evaluated in this study. The data for Tair and RH from
this station provided an extra sensor for the study (i.e.,
total = 18). The WS, RH, and Pat parameters were used
as explanatory variables for temporal fluctuations of the
lapse rates for Tair, Twb, and the snowmaking hours
(SM, Twb<—2 °C).

The Twb was calculated from Tair and RH using the
equation of Stull (2011), which presented a mean absolute
error<0.3 °C:

Twb = Tair x tan [0.151977(RH +8.313659) ']+
atan(Tair + RH) — atan(RH — 1.676331) + 0.00391838(RH)*"
atan(0.023101RH%) — 4.686035

From the hourly Twb series, it was set the daily number
of hours of snowmaking (SM hours) summing all hours per
day with Twb <—2 °C at each sensor. This threshold was
based on the technical specifications of the 440 snow guns
(Technoalpin TL6 and M18) installed in the ski area. The
slopes of the linear regressions of Tair, Twb, and SM hours
as a function of elevation were used as measures of the
lapse rates, and the Pearson’s r coefficient was used to
assess the strength of the correlations. A threshold of
p<0.05 was used to assess whether the relationships were
statistically significant. Significant correlations for data
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Table 1 List of variables used in

the study Variable Name and units Calculation
Tair Air temperature (°C)
RH Relative humidity (%)
Twb Wet bulb temperature (°C) From Tair and RH (Stull 2011)
SM Snowmaking hours (hours per day) N° hours per day with Twb <2 °C
WS Wind speed (m/s)
Pat Atmospheric pressure (hPa)

from the 17 data loggers corresponded to 7 values less than
and greater than —0.41 and + 0.41, respectively.

The relationships of the Twb and SM daily lapse rates to
average daily WS, RH, Pat, and Tair were assessed. The in-
teractions among variables were explored using regression
tree classification models (Breiman et al. 1984); these are
non-parametric methods based on recursive splitting of the
information from the predictor variables to minimize the
sum of the squared residuals obtained in each group. The
complexity of the final tree is generally based on the tree size
that minimizes model deviance from cross-validation mea-
sures, and maximizes the coefficient of determination
(Molotch et al. 2005). Similarly, the tree size was fitted based
on a 1% threshold for the relationship of reduced variance to
complexity for a sequence in the pruned tree, and assignment
of a minimum node size (at least 20 observations per node).

To explore the dependence of the Tair, Twb, and SM lapse
rates on the passage of air masses having different character-
istics and trajectories, a classification of weather types over
the Iberian Peninsula was conducted. Daily weather
types for the Iberian Peninsula were classified as de-
scribed by Jenkinson and Collison (1977). The method
is based on an index obtained from the direction and
vorticity of geostrophic wind, calculated from daily sea
level pressure data at 16 points that form a grid of 5°
latitude encompassing the Iberian Peninsula. This method
has been fully explained and discussed by Jones et al.
(1993) and Trigo and DaCamara (2000), and successfully
applied to the Iberian Peninsula (Goodess and Palutikof
1998; Spellman 2000; Trigo and Dacamara 2000; Lopez-
Moreno and Vicente-Serrano 2007). This classification
generates 26 circulation weather types (CWTs): anticy-
clonic (A), cyclonic (C), 8 directional and 16 hybrid
CWTs. The number of types was reduced by assigning
the 16 hybrid CWTs according to their directional flow;
for example, ANE (anticyclonic—northeast) was classified
as NE (northeast). This enabled interpretation of the re-
sults to be simplified to 2 pure (A, C) and 8 directional
(N, NE, E, SE, S, SW, W, NW) CWTs. Following a
modified version of the procedure of Rasilla et al.
(2002), unclassified (U) days were reclassified using
two rules based on the sea level pressure at point 8 on
the grid (p8&; located approximately over Lisbon, on the
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west Iberian Peninsula), plus a third rule introduced for
this analysis:

*  p8<1020 mb: Cyclonic (C)
¢ 1020 <p8 <1030 mb: Anticyclonic (A)
*  p8>1030 mb: Severe anticyclonic (A+)

The selection of p8 was based on it being closest to a center
in the Iberian Peninsula grid. We added the severe anticyclon-
ic (A+) type because we detected a much stronger relationship
between the near surface temperature lapse rate (NSLR) and
A+ days compared with generic anticyclonic situations.

4 Results

Figure 2 shows the daily fluctuations in the Tair and Twb lapse
rates during the three ski seasons in the study (Fig. 2a), the
frequency distribution of the lapse rates, and the coefficient of
correlation between elevation and Tair, Twb, and daily SM
hours during each ski season and in each month for the period
December-March (Fig. 2b—c). The plots show that there were
very large daily fluctuations in the lapse rates and very similar
values for Tair and Twb, which averaged —4.9 and —
5.2 °C km ™' (respectively) over the entire study period.
During December, the average lapse rates were the least steep
(—=2.9 and — 3.1 °C/km, respectively) and the coefficients of
correlation were lower than during the other periods of the
snow season. January had the most variable lapse rates and
coefficients of variation, but the average and median values
(approximately — 5 and — 6 °C km ', respectively) were sim-
ilar to the values for February and March. The relationship
between elevation and snowmaking hours is on average
8.2 h km ', and the correlations exhibit much lower values
compared to Tair and Twb. Both the lapse rates and the cor-
relation coefficients tended to increase during each ski season.

Figure 3 shows the daily number of hours having a Twb
value below — 2 °C (bottom plot), calculated from the daily
Twb lapse rates at three different elevations in the ski resort
(1550, 1900, and 2250 m a.s.l.), and illustrates the effect of
average Tair on the lapse rates for SM. This figure also shows
that during cold periods, there are no lapse rates because there
are conditions for SM throughout the day at the three
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Fig. 2 Average daily Tair and Twb lapse rates for the three ski seasons in
the study (a); and the frequency distribution of lapse rates (b) and the
coefficients of correlation (¢) between elevation and Tair (i), Twb (ii) and
SM hours (iii). Horizontal lines indicate the interannual mean (red) and

elevations. However, under warmer Tair conditions, the lapse
rates in Twb caused marked differences, with several days
having 24 h of SM conditions at 2250 m a.s.l. but only 10—
15 h at the lowest elevation. Thus, during warmer days when it
was only possible to produce snow for a few hours at the
highest elevation, the conditions for snowmaking at lower
elevations did not exist. For only a few days during the three
snow seasons was snowmaking not possible at any time of the
day at 2250 m a.s.l.

Figure 3 also shows that there were a number of days when
there were more hours of potential SM at lower elevations
than at higher elevations, as a consequence of thermal

median (black) values, the boxes indicate the 25th and 75th percentiles,
the bars indicate the 10th and 90th percentile, and the dots indicate the 5th
and 95th percentiles

inversions. On these days, the low Twb temperatures enabled
SM at the three elevations. However, on other days, the Twb
was more than 2 °C lower in the valleys bottoms compared
with the upper slopes. This explains the mismatch between the
number of inversion days in Twb and SM shown in Fig. 3.
Table 2 shows the total and monthly frequencies of days
when cooling of the snowpack was not significantly
(»<0.05) correlated with elevation, and the days when
the slope of the linear fit of Tair and Twb (SM) as a func-
tion of elevation was positive (negative). For 24 and 28%
of the days, respectively, there was no statistically signifi-
cant correlation of Tair and Twb with elevation. In
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December, the proportion of days (40 and 46%, respective-
ly) when this relationship pertained was greater than dur-
ing the period from January to March (16-24% for Tair,
and 17-18% for Twb). Among those days, only on 11.1
and 11.7% of the days were there inverted elevation lapse
rates for Tair and Twb, respectively, with December again
having a higher proportion of days (20 and 24%, respec-
tively) having inverted lapse rates for Tair and Twb relative
to the period from January to March (< 10% of days having
thermal inversions). As noted above, the result for the
numbers for SM hours was very different from the cases
for Tair and Twb. Thus, for > 50% of the days, there was no
statistically significant linear relationship of SM with ele-
vation, but the proportion of those days having inverted
lapse rates (9.4%) was less than for Tair and Twb. For

SM daily hours, there was a clear reduction in the inverted
lapse rate with time during the ski season, with average
values of 22, 8.3, 4.7, and 2.2 days per month per year
for December, January, February, and March, respectively.

Figure 4 shows the average hourly lapse rates for Tair
and Twb calculated for the entire dataset. This shows clear
sub-daily variability, with steeper lapse rates during the
hours in the middle of the day (from 11:00 a.m. to 15:00
p-m.), when lapse rates were similar to the standard ELR
(—5.9 and — 6.6 °C/km for Tair and Twb, respectively).
Furthermore, the lapse rates tended to moderate in the eve-
ning and during the night, followed by a steep reduction in
the lapse rates from 4:00 a.m. to 8:00 a.m., when the lowest
lapse rates during the day were recorded (—3.6 and —
3.9 °C/km for Tair and Twb, respectively).

Table 2 Total and monthly

% days with no significant correlation with elevation

% days with inverted elevation lapse rate

SM days Ta Twb SM days
57 20 244 22
53 8.6 9.6 83
49 823 73 4.7
53 7.8 55 22
53 11.1 117, 9.4

frequency of days when

snowpack does not cool

following a statistically Ta Twb

significant (p < 0.05) relationship Dec. 40 46

with elevation, and the days when

. 24 2

the slope of the linear fit of Tair dan 8

and Twb (SM) is positive Feb. 16 17

(negative) Mar. 17 20
Average 24 28
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Fig.4 Total average hourly lapse rates for Tair and Twb. The study area is
in zone UTC + 1

Figure 5 shows the correlation of Twb and SM lapse rates
with daily WS, RH, and Pat. Statistically significant linear
correlations were found for WS, RH, and Pat with Twb
(p<0.05), and were clearer for RH (»=—10.57) and Pat (r=
0.48). Thus, days having lower RH and higher Pat were asso-
ciated with the lowest Twb lapse rates, and vice versa. The
correlation coefficient for WS (»=-—0.37) indicated that the
Twb lapse rate decreased with decreasing WS. The Tair and
Twb lapse rates were not correlated (»=0.03). The SM lapse
rates showed similar relationships with WS, RH, and Pat as
those found for Twb, but because of the many days when the
SM lapse rate was 0, the correlation coefficients were lower,
resulting in only the correlation with RH being statistically
significant (p <0.05; »=—0.38).

Figure 6 shows the classification trees for predicting the
Twb and SM lapse rates using WS, RH, Tair, and Pat as pre-
dictor variables, although Pat was not included in either of the
two models. Mean absolute errors (MAEs) of 1.51 °C km™"
and 0.0021 h km ' were obtained for Twb and SM, respec-
tively. For the Twb lapse rates, the first classification was
based on three classes of WS (<3.8, 3.8-4.7, and >
47ms ). The days of lowest wind speed were classified into
three classes of RH; those having RH < 56.7%, those having
the lowest lapse rate (—2 °C km "), and those where the lapse
rates increased with increasing RH. Those days in the windiest
class (WS>4.7 m s ') and having high RH (> 84%) were
associated with the highest predicted Twb lapse rates (mean
value 9 °C km ).

The classification tree for SM hours also presents the first
split based on WS, but with a lower threshold than for Twb
(classifying days having WS values less than and greater than
2.9 ms ). The days having very low WS and low RH (<
44.5%) values had a low lapse rate (1 h km™"), with the slope
of the SM lapse rate increasing as RH increased (up to
14 h km™' for RH > 85.4%). For days having low WS (<

2.9 ms ') and medium RH (44.5-84.5%), those having Tair
>0.6 °C had very low lapse rates, so it is unlikely that snow
could be made at any elevation. For days having WS>
29 ms ' and RH>85.4%, the SM lapse rate average was
16 h km'. For days having high WS but low RH (<
30.7%), the average lapse rate was 3 h km'. Days having
intermediate RH (30.7-85.4%) were highly dependent on
Tair; very low SM lapse rates were found for the coldest days
(Tair<—3.4; 1 h km"), intermediate SM lapse rates were
found when Tair ranged from —3.4 to —1.5 °C (6 h km "),
and very high lapse rates were found for days warmer than —
1.5°C (14 hkm™).

Figure 7a—c shows the averages and standard deviations for
the three main explanatory variables (WS, RH, and Tair) iden-
tified in the tree models, and the Tair, Twb, and SM lapse rates
associated with the various circulation weather types (CWTs)
for the Iberian Peninsula during the study period (Fig. 7d).
This shows that the CWTs strongly influenced the lapse rates
in the ski area. Thus, the lowest WS (2.5-3 m s™') and RH
(40-45%) conditions occurred under the E, SE, and S CWTs.
During A weather type conditions, the WS was also very low
29msh, increasing to 3.9 m s during A+ conditions; but
low RH (45%) was associated with the A+ type, and mean RH
of 59% was associated with the A type. This explains why the
days on which SE, E, S, A+, and A CWTs occurred had (in
increasing order of importance) the lowest Tair and Twb lapse
rates. In addition, these CWTs were also associated with the
warmest daily mean Tair values (Fig. 7c), all of which were >
0 °C; this also explains the lowest lapse rates for SM. The SE
weather type was associated with the most moderate lapse
rates for Tair, Twb, and SM. In contrast, in descending order
the highest mean WSs (3.8-4.7 m s ") occurred during N,
NW, NE, W, and C CWTs, while the W, NW, C, N, and NE
types were associated the highest RH conditions (from 81 to
62%, in descending order). The combination of these two
variables resulted in the N, NW, and NE CWTs being associ-
ated with the steepest Tair and Twb lapse rates (with values
very similar to the standard ELR of — 6.5 °C km™); high but
slightly lower lapse rates also occurred during W and C con-
ditions. The lowest Tair in the ski area occurred during advec-
tions from the N and NW, but the standard deviations indicat-
ed large variability. The Tair values (> or approximately 0 °C)
during C, W, and NE weather types were considerably higher
than those associated with N and NW CWTs, resulting in the
steepest SM lapse rates occurring during C days, followed by
days under W, NW, and NE weather types.

Figure 8a shows the percentage of days for each weather
type when Tair, Twb, and SM lapse rates exhibited inversions.
A 25-40% of the days under SE, E, and S weather types, and
almost 20% of the days under A and A+ types, there was
warming and reduced potential for artificial snow production
with increasing elevation. However, as the A and A+ weather
types were much more common than the E, SE, and S types
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(Fig. 8b), by far, the majority of the thermal (Tair and Twb)
and SM inversions were associated with A and A+ weather
types. Thus, 35 and 23% of the SM inversions were observed
under A and A+ weather types, respectively, whereas the SE,
S, SW, E, and W types were associated with only 16, 12, 9,
and 5%, respectively, of the total SM inversions during the
three ski seasons in the study.

5 Discussion

This study showed that Tair and Twb lapse rates were subject
to strong sub-daily and daily variability in the Formigal ski
area from December to March during the 2012-13, 201314,
and 2014-15 ski seasons. The Tair and Twb lapse rates
showed almost the same daily fluctuations, and the long-
term average for both was well below the average standard
environmental lapse rate for dry temperature (— 6.5 °C km ™),
with the Twb lapse rate (— 5.2 °C km ") being slightly steeper
than the Tair lapse rate (—4.9 °C km ). The Twb lapse rate
controlled the elevation dependence of SM, but SM was also
strongly controlled by Tair because for very cold and very
warms days the SM lapse rate was close to 0 independently

of the Twb lapse rate. For this reason, the correlation coeffi-
cients between elevation and SM were considerably lower
than those for Tair and Twb. The average SM lapse rate was
8 h km™', reflecting marked differences in the potential for
production of artificial snow within the ski resort. The study
also identified that there were a number of days where an
inversion in the lapse rate occurred with increasing Tair and
Twb (11.1 and 11.7% of the studied days, respectively), and a
decrease of SM occurred with elevation (9.4% of the days).
Because this study focused only on the ski season (from
December to March), it did not identify clear monthly vari-
ability in the Tair and Twb lapse rates, as has been reported in
many studies based on the entire year (Roland et al. 2002;
Tang and Fang 2006); these studies have generally shown that
the weakest gradients occur in winter (Blanford et al. 2008;
Kirchner et al. 2013; Kattel et al. 2015). Nonetheless,
December had by far the least steep air temperature lapse rate
and the highest number of thermal inversions. The SM lapse
rate is closely related to Tair, but showed more marked month-
ly changes than the Tair and Twb lapse rates, and increased
continuously from December to March as Tair progressively
increased. The strong SM lapse rates that occurred in March
(103 hkm™) suggest that at the end of the snow season, this
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over the Iberian Peninsula

measure is useful at high elevations, but of very limited
value for lower parts of the ski area, which are the most
problematical for skiing because of the shallow snowpack
(Gilaberte et al. 2017). We also found considerable diurnal
variability in the Tair and Twb lapse rates; this needs to be taken
into consideration when estimating SM productivity, as the
weakest lapse rates occurred during the midnight to early morn-
ing period, when usually more artificial snow is produced.
The marked daily variability of the Tair and Twb lapse rates
showed strong negative linear correlations with relative air
humidity and wind speed, with the most humid and windiest
days exhibiting the steepest rates. Similar relationships have
been found for Tair lapse rates in other geographic areas.
Thus, Kattel et al. (2013, 2015) reported that the difference
between wet and dry air conditions was the most important
factor controlling the near-surface lapse rates in the
Himalayas. Pepin et al. (1999) and Li et al. (2013) also report-
ed a negative relationship between lapse rates and relative
humidity in northern England and China, respectively.
Negative relationships between WS and Tair lapse rates have

@ Springer

been reported for the Swiss Alps (Kirchner et al. 2013) and the
Pyrenees (Pages and Miro 2010). Atmospheric pressure (Pat)
was also strongly positively correlated with the Tair and Twb
lapse rates. This variable also exhibited high collinearity with
RH and WS, so seems to be redundant in explaining the tem-
poral dynamics of lapse rates when information on RH and
WS is available. However, it may be a useful indicator of
temporal fluctuations in lapse rates in regions where limited
meteorological information is available, as Pat tends to exhibit
arelatively homogeneous behavior over large areas, including
in complex topography, and where reliable gridded datasets
covering long-term periods are available (Allan and Ansell
2006). The temporal dynamics of the SM lapse rates was more
complex. Thus, correlations with meteorological variables
were lower than Twb because the average Tair in the ski resort
led to 0 or 24 SM hours independently of the magnitude of the
atmospheric variables.

A regression tree model enabled reliable classification of
days into groups (nodes) according to various thresholds of
RH and WS that had similar Twb lapse rates. This type of
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classification may be useful for managers of ski areas in esti-
mating the spatial distribution of SM effectiveness, based on
short-term weather forecasts.

Tair was a good predictor of the temporal fluctuation of SM
hours lapse rates. The regressions tree models used Tair to
identify which days having steep Twb lapse rates led to strong
elevational differences in SM hours, and which days had an SM
lapse rate of 0 as a consequence of sufficiently cold or warm
conditions, ensuring successful SM throughout the ski area.

This study also confirmed that weather types (CWTs) tight-
ly control RH, WS, and Tair at the Formigal ski resort. Thus,
major differences in the Tair, Twb, and SM lapse rates oc-
curred in the study area, depending on the CWTs.
Knowledge of the characteristics of the air masses associated
with different CWTs has previously been identified as useful
in understanding the temporal dynamics of air temperature
lapse rates (Blanford et al. 2008; Holden and Rose 2011;
Kirchner et al. 2013).

We found that the SE weather type was associated with
the lowest RH and WS, and high temperature explained the
most moderate Tair, Twb, and SM lapse rates. The E, SE,

10 I
N W o g of NN
N NE E SE g SW w

S, A, and A+ weather types shared the same conditions,
with obvious shadings, mentioned for SE. The A and A+
types are among the most common weather types over the
Iberian Peninsula during the winter months (Lopez-
Moreno and Vicente-Serrano 2007; Navarro-Serrano and
Lopez-Moreno 2017), which explains why winter lapse
rates are much less than the standard average ELR (—
6.5 °C km™"), and that the majority of thermal inversions
at Formigal (and in the Pyrenees) are because of the occur-
rence of anticyclonic periods (Pepin and Kidd 2006),
which are particularly persistent in December and early
January (Pages and Mir6 2010). Cyclonic systems and ad-
vections from the N, NW, NE cause the windiest, most
humid, and coldest conditions. Thus, the steepest Tair
and Twb lapse rates were observed during N and NW
weather types, followed by NE and cyclonic conditions,
while the steepest lapse rates for SM occurred during C,
W, NE, and NW weather types, when Tair was higher than
during the N weather type, or the lapse rates exhibited
large variability associated with marked elevational differ-
ences in SM production.
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As the occurrence of CWTs over a given area is normally
controlled by hemispheric-scale atmosphere circulation,
strong interannual differences occur for the most common
CWTs (Buisan et al. 2015). This may be one of the main
explanations for the significant differences reported in year
to year Tair lapse rates (Holden and Rose 2011). Thus, the
availability of multi-year detailed datasets is necessary to fully
understand the dynamics of regional-based lapse rates.

6 Conclusions

This study shows that the dynamics of Tair lapse rates must be
understood to enable analysis of Twb lapse rates and assess-
ment of spatial differences in the potential for snowmaking
within a ski resort. At the Formigal ski resort, an increase in
elevation of 1000 m caused average cooling of 4.9 and 5.2 °C
for Tair and Twb, respectively, equating to 8-h difference in
artificial snow production per day. The lapse rates for Tair,
Twb, and SM showed strong diurnal, daily, and monthly var-
iability, mostly driven by variability in relative humidity and
wind speed (both negatively correlated with lapse rates); these
parameters were closely related to the weather types dominat-
ing at the synoptic scale. The smoothest lapse rates occurred
under advections from the southeast, and to a lesser extent from
the east and south and under anticyclonic conditions. The
steepest Tair and Twb lapse rates were observed during north
and northwest advections, while the steepest rates for SM were
observed during days involving cyclonic circulation and advec-
tions from the northeast. Identification of the relationships of
meteorological and synoptic conditions to the magnitude of the
lapse rates provides useful information enabling ski area man-
agers to forecast the short-term potential for production of arti-
ficial snow. Decadal variability in atmospheric circulation pat-
terns may impact on the magnitude of Tair and Twb. In addi-
tion, the lapse rates for snowmaking are also dependent on air
temperature. Thus, the climate warming projected for the ma-
jority of mountain areas is likely to have a major effect on the
overall capacity to produce artificial snow, but will also increase
the spatial heterogeneity for potential snowmaking.

Acknowledgements We thank the ski resort of Formigal for its support in
this research.

Funding information This study was funded by the research project
CGL2014-52599-P “Estudio del manto de nieve en la montaina
espaiiola y su respuesta a la variabilidad y cambio climatico” (Ministry
of Economy and Development, MINECO).

References

Allan R, Ansell T (2006) A new globally complete monthly gridded mean
sea level pressure dataset (HadSLP2): 1850-2004. J Clim 19:5816—
5842

@ Springer

Blandford TR, Humes KS, Harshburger BJ, Moore BC, Walden VP, Ye H
(2008) Seasonal and synoptic variations in near-surface air temper-
ature lapse rates in a mountainous basin. J Appl Meteorol Climatol
47(1):249-261

Breiman L, Friedman JH, Olshen RA, Stone CJ (1984) Classification and
regression trees. Chapman and hall, New York

Brutsaert W (1998) Land-surface water vapor and sensible heat flux:
spatial variability, homogeneity, and measurement scales. Water
Resour Res 34(10):2433-2442. https://doi.org/10.1029/
98WR01340

Buisan S, Saz MA, Lopez-Moreno JI (2015) Spatial and temporal vari-
ability of winter snow and precipitation days in the western and
central Spanish Pyrenees. Int J Climatol 35:259-274

Fassnacht SR, Heun CM, Lépez-Moreno J1, Latron J (2010) Variability of
snow density measurements in the Esera valley, Pyrenees moun-
tains, Spain. Cuadernos de Investigacion Geogréfica 36(1):59-72

Frederick JE (2008) Principles of atmospheric Science. Ed. Jones and
Bartlett. Massachusets, 199 p

Gardner AS, Sharp MJ, Koerner RM, Labine C, Boon S, Marshall SJ,
Burgess DO, Lewis D, Gardner AS, Sharp MJ, Koerner RM, Labine
C, Boon S, Marshall SJ, Burgess DO, Lewis D (2009) Near-surface
temperature lapse rates over Arctic glaciers and their implications
for temperature downscaling. J Clim 22(16):4281-4298

Gilaberte M, Pino MR, Lopez F, Lopez-Moreno JI (2014) Impacts of
climate change on ski industry. Environ Sci Policy 44:51-66

Gilaberte M, Lopez-Moreno JI, Moran-Tejeda E, Jerez S, Alonso-
Gonzélez E, Lopez-Martin F, Pino-Otin MR (2017) Assessment of
ski condition reliability in the Spanish and Andorran Pyrenees for
the second half of the 20th century. Appl Geogr 70:127-142

Goodess CM, Palutikof JP (1998) Development of daily rainfall scenarios
for southeast Spain using a circulation—type approach to downscal-
ing. Int J Climatol 18(10):1051-1083

Heynen M, Miles E, Ragettli S, Buri P, Immerzeel W, Pellicciotti F (2016)
Air temperature variability in a high-elevation Himalayan catch-
ment. Ann Glaciol 57(71):212-222

Holden J, Rose R (2011) Temperature and surface lapse rate change: a
study of the UK’s longest upland instrumental record. Int J Climatol
31(6):907-919

Jenkinson AF, Collison P (1977) An initial climatology of Wales over the
North Sea. In synoptic climatology branch Memorandum, 62

Jones PD, Hulme M, Briffa KR (1993) A comparison of Lamb circulation
types with an objective classification scheme. Int J Climatol 13(6):
655-663

Kattel DB, Yao T, Yang K, Tian L, Yang G, Joswiak D (2013) Temperature
lapse rate in complex mountain terrain on the southem slope of the
central Himalayas. Theor Appl Climatol 113(3-4):671-682

Kirchner M, Faus-Kessler T, Jakobi G, Leuchner M, Ries L, Scheel H-E,
Suppan P (2013) Altitudinal temperature lapse rates in an Alpine
valley: trends and the influence of season and weather patterns. Int J
Climatol 33(3):539-555

Lasanta T, Laguna M, Vicente-Serrano SM (2007) Do tourism-based ski
resorts contribute to the homogeneous development of the mediter-
ranean mountains? A case study in the Central Spanish Pyrenees.
Tour Manag 28:1326-1339

Lindberg K, Andersson TD, Dellaert BGC (2001) Tourism development:
assessing social gains and losses. Ann Tour Res 28:1010-1030

Lopez-Moreno JI, Vicente-Serrano SM (2007) Atmospheric circulation
influence on the interannual variability of snow pack in the Spanish
Pyrenees during the second half of the 20th century. Hydrol Res
38(1):33-44

Lopez-Moreno JI, Goyette S, Beniston M (2009) Impact of climate
change on snowpack in the Pyrenees: horizontal spatial variability
and vertical gradients. ] Hydrol 374(3-4):384-396

Lopez-Moreno J1, Pomeroy J, Revuelto J, Vicente-Serrano SM (2013)
Response of snow processes to climate change: spatial variability in

192



Gradientes de Temperatura seca y humeda y su Impacto en la produccién de nieve

Air and wet bulb temperature lapse rates and their impact on snowmaking in a Pyrenean ski resort 1373

a small basin in the Spanish Pyrenees. Hydrol Process 27(18):2637—
2650

Lopez-Moreno JI, Gascoin S, Herrero J, Sproles EA, Pons M, Hanich L,
Boudhar A, Musselman KN, Molotch NP, Sickman J, Pomeroy J
(2017) Different sensitivities of snowpack to warming in
Mediterranean climate mountain areas. Environ Res Lett 12:074006

Marshall SJ, Sharp MJ, Burgess DO, Anslow FS (2007) Near-surface-
temperature lapse rates on the Prince of Wales Icefield, Ellesmere
Island, Canada: implications for regional downscaling of tempera-
ture. Int J Climatol 27(3):385-398

Minder JR, Mote PW, Lundquist JD (2010) Surface temperature lapse
rates over complex terrain: lessons from the Cascade Mountains. J
Geophys Res 115(D14):D14122

Molotch NP, Colee MT, Bales RC, Dozier J (2005) Estimating the spatial
distribution of snow water equivalent in an alpine basing using bi-
nary regression tree models: the impact of digital elevation data and
independent variable selection. Hydrol Process 19:1459-1479

Navarro-Serrano FM, Lopez-Moreno JI (2017) Spatio-temporal analysis
of snowfall events in the Spanish Pyrenees and their relationship to
atmospheric circulation. Cuadernos de Investigacion Geografica/
geographical Res Lett 43(1):233-254

Nunez M, Calhoun EA (1986) A note on air temperature lapse rates on
Mount Wellington, Tasmania. Pap Proc R Soc Tasm 12012(120):
11-15

Pagés M, Mir6 JR (2010) Determining temperature lapse rates over
mountain slopes using vertically weighted regression: a case study
from the Pyrenees. Meteorol Appl 17(1):53-63

Pepin N (2001) Lapse rate changes in northern England. Theor Appl
Climatol 68:1-2), 1-16

Pepin N, Kidd D (2006) Spatial temperature variation in the Eastern
Pyrenees. Weather 61(11):300-310

Pepin NC, Lundquist JD (2008) Temperature trends at high elevations:
patterns across the globe. Geophys Res Lett 35:L14701

Pons M, Lopez-Moreno J1, Rosas-Casals M, Jover E (2015) The vulner-
ability of Pyrenean ski resorts to climate-induced changes in the
snowpack. Clim Chang 131(4):591-605. https:/doi.org/10.1007/
510584-015-1400-8

Revuelto J, Lopez-Moreno JI, Azorin-Molina C, Vicente-Serrano SM
(2014) Topographic control on snowpack distribution in a small

catchment in the central Pyrenees: intra- and inter-annual persis-
tence. Cryosphere 8(5):1889-2006

Revuelto J, Azorin-Molina C, Alonso-Gonzalez E, Sanmiguel-Vallelado
A, Navarro-Serrano F, Rico I, Lopez-Moreno JI (2017) In situ ob-
servations of meteorological variables and snowpack distribution at
the Izas Experimental Catchment (Spanish Pyrenees): the impor-
tance of high quality data in sub-alpine ambients. Earth Syst Sci
Data 9:993-1005. https:/doi.org/10.5194/essd-9-993-2017

Rixen C, Teich M, Lardelli C, Gallati D, Pohl M, Piitz M, Bebi P (2011)
Winter tourism and climate change in the Alps: an assessment of
resource consumption, snow reliability, and future snowmaking po-
tential source. Mt Res Dev 31(3):229-236

Roland C (2003) Spatial and seasonal variations of air temperature lapse
rates in Alpine regions. J Clim 16(7):1032-1046

Scott D, Hall CM, Gossling S (2012) Tourism and climate change: im-
pacts, adaptation and mitigation. Routledge, London

Spandre P, Frangois H, Thibert E, Morin S, George-Marcelpoil E (2017)
Determination of snowmaking efficiency on a ski slope from obser-
vations and modelling of snowmaking events and seasonal snow
accumulation. Cryosphere 11:891-909. https://doi.org/10.5194/tc-
11-891-2017

Steiger R, Mayer M (2008) Snowmaking and climate change: future
options for snow production in Tyrolean ski resorts. Mt Res Dev
28(3-4):292-298

Stull R (2011) Wet-bulb temperature from relative humidity and air tem-
perature. ] Appl Meteorol Climatol 50:2257-2269

Tang ZY, Fang JY (2006) Temperature variation along the northern and
southern slopes of Mt. Taibai, China. Agric For Meteorol 139(3-4):
200-207

Thayyen RJ, Gergan JT, Dobhal DP (2005) Lapse rate of slope air tem-
perature in a Himalayan catchment—a study from Dingad (Dokriani
Glacier) basin, Garhwal Himalaya, India. Bull Glaciol Res 22:19-25

Trigo RM, Dacamara CC (2000) Circulation weather types and their
influence on the precipitation regime in Portugal. Int J Climatol
20:1559-1581

Uhlmann B, Goyette S, Beniston M (2009) Sensitivity analysis of snow
patterns in Swiss ski resorts to shifts in temperature, precipitation
and humidity under conditions of climate change. Int J Climatol 29:
1048-1055

@ Springer

193



Capitulo 7

194



Conclusiones y Trabajos Futuros

Capitulo 8

CONCLUSIONES Y TRABAJOS FUTUROS

En dltimo lugar, este capitulo trata de dar sentido explicativo al conjunto de la Tesis
Doctoral, armonizando coherentemente las diferentes conclusiones obtenidas,
procediendo a realizar una valoracién general de las aportaciones realizadas sobre el
comportamiento de la temperatura del aire superficial en areas de montafia. Los
resultados de las diferentes investigaciones han permitido sintetizar una serie de
conclusiones generales y especificas, discutidas previamente en cada uno de los
capitulos correspondientes. De la misma forma, se plantean lineas futuras de
investigacion, que estaran dirigidas a profundizar en el conocimiento de esta

variable, y a aplicatlo posteriormente en las actividades humanas.
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8.1. Conclusiones generales

La Ordenaciéon del Territorio y el Medio Ambiente, recordemos, implican el conocimiento
exhaustivo del Medio que nos rodea y determina como sociedad, influyendo activamente en las
actividades humanas. De esta forma, mediante el conocimiento del Medio podremos analizar de

forma integral las debilidades, amenazas, fortalezas y oportunidades que nos marca el territorio.

En este sentido, el sistema climatico es uno de los principales elementos que incide en el
territorio y en las actividades que en ¢l llevamos a cabo los seres humanos. Variables como la
temperatura del aire, las precipitaciones, la intensidad y direcciéon de los vientos, o la mayor o
menor frecuencia de inundaciones, sequias o temporales, tienen una influencia directa sobre las
actividades que se dan en el territorio y, por tanto, deberfan tenerla sobre la ordenacion territorial
realizada con un prisma medioambiental. Entre estas variables, la presente Tesis Doctoral ha
analizado una de ellas, como es la temperatura del aire superficial, que hemos presentado como
una variable influyente sobre la gestion de los recursos hidricos, las demandas agricolas, la
produccién hidroeléctrica o las actividades econdmicas basadas en el clima (estaciones de esqui,
turismo de sol y playa, deportes de aventura, etc.). La temperatura del aire es, a su vez, influyente
sobre cuestiones indirectas como el consumo energético, los desplazamientos estacionales hacia
zonas mas benévolas meteorolégicamente o la presion urbanistica generada en zonas muy

concretas del territorio peninsular.

La presente Tesis Doctoral pretende analizar, bajo diferentes miradas o escalas espaciales, los
factores explicativos de la distribucién espacio-temporal de la temperatura del aire superficial, asi
como su compleja relacion con la altitud, que no es tan fija como la literatura tradicional ha
presentado. Estas pretensiones se han intentado cumplir mediante el uso de diferentes fuentes de
informacién, desde las procedentes de Redes Oficiales de Observacion Meteoroldgica
(gestionadas por organismos estatales como AEMET, INAMHI y SENAMHI), hasta las fuentes
producidas por el propio Grupo de Investigaciéon de Hidrologia Ambiental (IPE — CSIC)

mediante trabajo de campo e instrumental propio.

Sin embargo, pese a la necesidad de datos para llegar a conclusiones rigurosas, estos no
siempre son suficientes ni de la calidad y representatividad exigida, con lo que es posible que,
debido a la complejidad topografica de los ambitos montafiosos, no se haya podido captar toda la
variabilidad espacial posible, por lo que sera necesario seguir profundizando en esta cuestiéon en el
futuro. A pesar de ello, las diferentes metodologias y técnicas empleadas, asi como las distintas

variables que han sido analizadas, han permitido avanzar y profundizar en el conocimiento del

197



Capitulo 8

comportamiento de la temperatura del aire superficial en areas montanosas, de tal forma que es
posible asegurar que este trabajo ha contribuido activamente a dicha profundizacion,

especialmente sobre la Espafia Peninsular y, en cierta medida, sobre los Andes de Ecuador y Peru.

En este sentido, una de las principales conclusiones generales que se han obtenido por la
presente Tesis Doctoral es que los factores que explican el comportamiento de la temperatura del
aire superficial en estos ambitos son multiples, y su peso varia en funcién de la escala de trabajo
analizada, lo cual era una de las hipétesis de trabajo originales, y por la cual se plante6 una Tesis

Doctoral con la estructura presentada: estudios regionales frente a estudios locales.

De este modo, a escala regional, ademas de la altitud, son la latitud, la continentalidad o la
distancia al mar los factores que influyen activamente en la distribucién espacio-temporal de las
temperaturas. Sin embargo, los ambientes montafiosos son complejos, y aunque el enfoque con el
que los analicemos sea de escala regional, eso no va a impedir que sigan existiendo procesos y
fenémenos locales que siguen afectando a las localizaciones concretas de los observatorios,
pudiendo generar ciertos artefactos o ruidos si analizamos unicamente a una escala regional. Un
ejemplo de esta situacion se ha obtenido en el trabajo regional sobre la region andina de Ecuador
y Perd, en la que se han medido gradientes nocturnos mas intensos que los diurnos, algo
dificilmente explicable a no ser que realicemos un estudio local de las caracteristicas topograficas
de los observatorios mas elevados. Por eso ha sido necesaria la inclusion de estudios a escala local,
que permitieran analizar en profundidad zonas topograficamente complejas y huir asi de la
infrarrepresentacion de las zonas montanosas, aspecto detectado con claridad en las redes oficiales

de observacion meteorologica.

A escalas locales, los factores explicativos regionales citados anteriormente pierden fuerza,
puesto que estos se mueven en rangos espaciales mas amplios que las zonas de estudio analizadas,
con lo que no generan diferencias entre los observatorios. Sin embargo, aparecen activamente
otros factores como las posiciones topograficas (en fondos de valle, en cumbre o en ladera), la
insolacion diferencial entre laderas de solana o de umbria, las horas diarias de sol, el tipo de
superficie (bosque, suelo desnudo o nieve), o la cercanfa a edificaciones, que determinan las
diferencias térmicas en distancias muy reducidas, pudiendo establecerse diferencias de
temperatura casi aberrantes en escasos metros en funcion de algunos de estos factores

explicativos.

Sin embargo, también se han encontrado factores transversales, que influyen en la distribucion

espacio-temporal de la temperatura del aire superficial a lo largo de las diferentes escalas
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espaciales. Uno de estos factores transversales es la estacionalidad, la cual determina multitud de
aspectos, como la mayor o menor cantidad de insolacién recibida, la importancia de la orientacion
y la exposicion solar, o su posicién topografica, pero también afecta en otro factor transversal
como son las situaciones sinopticas. Este ultimo es un factor dependiente de la circulacion
atmosférica, y se plasma en los diferentes tipos de tiempo atmosférico que afectan a un territorio,
los cuales generan diferencias entre observatorios potenciando unos fenémenos u otros. De esta
forma, la estabilidad anticiclonica va a propiciar el debilitamiento de los gradientes nocturnos,
mientras que la inestabilidad y las precipitaciones provocaran el efecto contrario. La clasificacion
de tipos de tiempo se ha presentado como una sintesis muy valida del estado de la atmosfera, ya
que permiten clasificar una gran cantidad de variables meteoroldgicas en una tnica categoria que,
eso si, debe ser correctamente discutida. Por tanto, las interrelaciones entre factores explicativos
dan como resultado que la temperatura del aire superficial sea una variable de compleja
distribucion espacio-temporal en los ambitos de montana, y que exige un estudio concienzudo en
funcién de cada area de estudio, no pudiendo establecer reglas y normas genéricas obtenidas en

otra region diferente.

Esto da como resultado que aquellas actividades humanas que dependan de la distribucion
espacio-temporal de las temperaturas deban profundizar intensamente en el conocimiento de esta
variable para poder conocer su propia vulnerabilidad, y poderse adaptar a condiciones futuras. Es
el caso de las estaciones de esqui de las montafas pirenaicas, que debido a la variabilidad del clima
mediterraneo, asi como a su escasa altitud, se encuentran a expensas de la variabilidad
meteorologica, que puede obligar a cerrar completamente complejos invernales debido a la falta
de nieve. Para afrontar esa situacion, la gran mayoria de estos establecimientos de buena parte del
mundo han tratado de producir nieve artificial, pero esta tecnologia depende al completo de la
temperatura del aire, asi como de otras variables. Esta tecnologfa permite reducir el riesgo
producido por la falta de precipitaciones, pero no aleja el riesgo de la subida de las temperaturas,
tal y como se ha mostrado en el trabajo de Formigal (Capitulo 7), donde las pistas a menor altitud
podrian sufrir las consecuencias si se dieran los peores escenarios de cambio climatico, situacion
que afectarfa a muchas otras estaciones de latitudes medias. Todo este conocimiento permitira al
sector del esqui conocer con cuanta urgencia deben adaptarse a escenarios futuros, ya sea

mediante la modernizacién tecnoldgica, o por el desplazamiento de las zonas de explotacion.

La conclusion general que podemos obtener de todo esto es que la temperatura del aire
superficial no es una variable tan sencilla como podriamos creer en las primeras fases del trabajo

de Tesis Doctoral, tal y como pudimos incluso publicar en la introduccién del primer articulo del
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compendio (Capitulo 3), y mucho menos en areas de topografia compleja. De este modo, no se
recomienda la histérica simplificacion del “clima de montana”, ni tampoco la comun relaciéon
entre temperatura y altitud de -6.5° C km', que lleva a una idea confusa de que la interpolacién y
extrapolaciéon de observaciones temperatura no tiene mucha complicacién. La temperatura del
aire superficial es una variable crucial y extremadamente compleja, tal y como se ha demostrado.
Ademas, debemos tener en cuenta un aspecto afladido como es la forma de mediciéon de la
temperatura en estos ambitos, ya que la falta de observatorios oficiales nos ha obligado a instalar
nuestros propios dispositivos para poder aumentar la representatividad de nuestra red de
observacion. De este modo, es posible que se hubieran producido errores en la forma de
medicién, por lo que los resultados experimentales obtenidos pueden arrojar algo de luz a la hora

de los disefios experimentales de trabajos futuros sobre ambitos montafiosos.
8.2. Conclusiones especificas

En las siguientes lineas quedan recogidas las conclusiones derivadas de los objetivos

especificos que se indicaron previamente en el Capitulo 1 (véase Seccion 1.4.2 Objetivos):

Analizar el comportamiento espacio-temporal de la temperatura del aire superficial a escala regional sobre la
Espaiia Peninsular, prestando especial atencion a las principales regiones montaiiosas y a factores como la

cirenlacion atmosférica y la continentalidad (Capitulo 3).

* Los gradientes basados en temperaturas medias diarias fueron mas débiles que el gradiente
ambiental promedio (MELR) de -6.5° C km™, que es el empleado tradicionalmente en el
modelado de temperatura del aire. Ademas, estos gradientes variaron espacio-
temporalmente, teniendo una estrecha relacion con las condiciones sindpticas, sintetizadas
mediante la clasificacion de tipos de tiempo. Los valores promedio de todas las
subregiones montafosas de la Espafia Peninsular fueron mas débiles que el MELR,
oscilando entre los -4.83° C km™' de los Sistemas Béticos a los -5.79° C km™ del Ibérico. El
valor para el conjunto de la Espafia Peninsular fue de -5.28° C km™. Los gradientes mas
intensos tuvieron lugar en primavera y otofio para la Espafia Peninsular; en primavera y
primeros de verano en los Pirineos, Sistema Central e Ibérico; y en otofo y primeros de
invierno para el Cantabrico y los Sistemas Béticos.

® La clasificacién de tipos de tiempo ha permitido detectar que los tiempos anticiclénicos y
del sur-sureste favorecen las inversiones térmicas y el debilitamiento de los gradientes,
mientras que los tipos de norte llevan a una intensificacion de los mismos. Este

comportamiento fue observado en todas las subregiones montafiosas analizadas, aunque
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con algunos matices. Una de las excepciones se dio en las subregiones montafiosas
cercanas al mar (Cordillera Cantabrica y Sistemas Béticos), en las que los tipos
anticiclénicos no llegaban a debilitar demasiado los gradientes.

* Los gradientes fijos y de referencia, como el MELR o los gradientes promedios
especificos para cada subregion montafnosas (Zonales) no son los mas recomendables,
habiendo mostrando la mayor incertidumbre. En este sentido, se recomienda el uso de

gradientes especificos adaptados a la estacionalidad y a los tipos de tiempo existentes.

Analizar el comportamiento espacio-temporal de la temperatura del aire superficial a escala regional sobre dreas de
montania de latitudes tropicales y los posibles efectos de factores de teleconexion como el fendmeno de Il Niso

(Capitulo 4).

= Se observé una mayor incertidumbre en la estimacion de las temperaturas minimas que en
las temperaturas maximas, algo achacado a que las temperaturas nocturnas estan sujetas a
factores propios de la escala local, como la topografia, que no se detectan adecuadamente
con redes de observacién de escala regional.

= Al igual que en el caso de la Espafia Peninsular, los gradientes obtenidos suelen ser mas
débiles que el gradiente ambiental promedio (MELR) de -6.5° C km™. De igual modo, se
recomienda la sub-regionalizacion del area de estudio para poder focalizar el andlisis y
poder obtener cifras de gradientes mas representativas y especificas de cada una de estas
subregiones, teniendo en cuenta la estacionalidad y la heterogeneidad territorial.

= Tanto los gradientes de temperaturas maximas como los de temperaturas minimas fueron
mas intensos durante la estacion humeda (octubre a mayo), que durante la estacién seca
(junio a septiembre). Lla Ginica excepcion para este comportamiento fueron los gradientes
de temperaturas minimas obtenidos en la subregion sur, en los que la continentalidad, la
topografia local y la humedad especifica que afecta a una parte de los observatorios
pudieron llevar al conjunto a mostrar una intensificacién inesperada a escala regional.

= El fenémeno ENSO influye significativamente en la variabilidad de los gradientes en la
subregion sur, mientras que su impacto es mas variable en la subregién norte. En algunos
eventos excepcionales correspondientes a eventos fuertes y muy fuertes de El Nifio (como
1997-1998), los gradientes pueden sufrir una fuerte intensificaciéon. Sin embargo, los
episodios débiles parecen no interactuar demasiado con la region andina.

= Se recomienda que, en caso de calcular gradientes con unicamente pares de observatorios,

estos deban mantener un desnivel de, al menos, 1500 metros.
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La falta de informacion espacial requirid de la instalacion de redes de observacion propias, con lo que otro objetivo

especifico fue establecer una serie de criterios metodoligicos que permitan el diseiio de redes experimentales sobre

dambitos de montania en cuanto a la eleccion de los sensores, protecciones contra la radiacion solar y elevacion sobre el

manto de nieve (Capitulo 5).

Los sensores de temperatura autbnomos son una buena y facil opcién de medir la
temperatura del aire en areas cubiertas de nieve y de montana. Los modelos Tinytag
mostraron un rendimiento robusto y constante en relacién al sensor de referencia,
mientras que los modelos iButton mostraron un comportamiento inestable (especialmente
en temperaturas bajo 0° C), y estan ademas sujetos a errores inesperados operativos. Asi,
es recomendable el uso de los Tinytag. En el caso de que se use el modelo de iButton,
estos dispositivos deben instalarse siempre en paralelo (dos o mas) para asegurar la
medicion.

La proteccion de la radiacion solar de los dispositivos es necesaria para asegurar la calidad
de los datos de temperatura del aire. El uso de las garitas tradicionales Stevenson no es
obligatorio, ya que existen otras opciones con unos costes mas reducidos y logisticamente
mejores. Las garitas comerciales modelo Datamate ACS-5050 dan la mejor protecciéon en
todas las condiciones de radiacién, intensidad de viento y existencia de nieve. Las
opciones caseras realizadas mediante tubos y embudos de PVC mostraron un
comportamiento variable, y sus limitaciones deben tenerse en cuenta: el tubo es mas util
en ambitos nevados y ventosos, mientras que el modelo de embudos funciona mejor en
areas sin nieve y con poco viento. En cualquier caso, el uso de las garitas comerciales
como la Datamate ACS5050 da resultados significativamente mejores que cualquier otra
alternativa no comercial. Unicamente en condiciones de escasa radiacién y vientos fuertes
las opciones no comerciales y pueden tener un rendimiento aceptable.

El perfil vertical de temperatura del aire muestra una estabilizacién a los 75 — 100 cm
sobre la superficie de nieve. De esta forma, antes de instalar los dispositivos es importante
conocer la nieve que se puede esperar en ese lugar, e instalar los sensores al menos 1
metro por encima de esa altura. Ademads, se han detectado algunos comportamientos
especificos: 1) un intenso enfriamiento cerca de la superficie de la nieve durante las horas
de dia, especialmente a mediodfa, posiblemente debido a los flujos de energia que van
desde el aire frio a la superficie de nieve; 2) estabilizacion por la noche, cuando todos los

dispositivos pueden estar situados dentro de la capa de enfriamiento topografico.
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= FHl analisis de la variabilidad horizontal mostré que la variabilidad se incrementa a
mediodia, simultineamente al incremento de radiaciéon solar, que potencia las

caracteristicas fisicas de los materiales, afectando a las mediciones de temperatura del aire.

Analizar el comportamiento espacio-temporal de la temperatura del aire superficial a escala local sobre un drea
montaniosa topogrdficamente compleja del Pirineo Aragonés con especial atencion a factores locales como la

topografia o el efecto de las condiciones meteoroldgicas (Capitulo 6).

® Los gradientes nocturnos son mas débiles que los diurnos debido a la subsidencia de aire
frio y a la topografia. Por otro lado, los gradientes de maximas (LRmax) fueron mas
intensos de marzo a julio, aunque en la ladera de umbtia esto se restringe unicamente al
mes de julio; mientras que LRmax se debilita durante el invierno. Los gradientes de
minimas (LRmin) fueron mas débiles de junio a agosto (y diciembre), intensificandose
desde marzo a mayo.

= Se han encontrado valores diferentes de insolacién entre localizaciones de una misma
ladera y entre las dos laderas, debido a la exposicion de las mismas y a la elevacion de las
localizaciones. Esto influye directamente en la temperatura del aire, debido a las sombras
topograficas del fondo del valle, causando la retencién del aire frio nocturno durante los
dfas mds cortos en estas partes bajas del valle.

®= Se han encontrado patrones diferenciados de gradientes mas intensos y mas débiles,
explicandose por diversos factores (insolacion de la ladera, duracion del dia, topografia,
estacionalidad y condiciones meteoroldgicas). En un dia despejado de invierno, la menor
insolacién de las localizaciones mas bajas debilita el LRmax. Sin embargo, también en
invierno, LRmax se intensifica bajo condiciones de inestabilidad. Durante el verano,
LLRmax es casi siempre intenso (con pocas sombras topograficas y generalmente con
tiempo despejado). LRmin es mas débil bajo condiciones de estabilidad atmosférica, y mas

intenso bajo condiciones de inestabilidad, independientemente del mes y la estacion.

Aplicar estos andlisis en el estudio de la fragilidad de determinadas actividades econdmicas de ambitos de montasia

del Pirineo Aragonés, tales como la industria del esqui (Capitulo 7).

® En la estacién de esqui de Aramén — Formigal, el gradiente de temperatura media (seca)
del aire observado ha sido de -4.9° C km', mientras que el gradiente de temperatura
hiimeda fue de -5.2° C km™. Por otro lado, el gradiente de horas diarias de produccién de
nieve artificial es de 8h km'. Es decir, la temperatura himeda es mas variable

verticalmente a lo largo de la estacion de esqui que la temperatura seca, con lo que se
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produciran importantes diferencias en el potencial de produccion de nieve artificial entre
las cotas bajas y altas.

* Los gradientes de temperatura del aire, temperatura himeda y horas de producciéon de
nieve artificial mostraron gran variabilidad horaria, diaria y mensual, que estuvo
principalmente controlada por la variabilidad de la humedad relativa y de la velocidad del
viento, estando ambas correlacionadas con los gradientes (a mas viento y humedad
relativa, gradientes mas intensos).

® La clasificaciéon de tipos de tiempo se presenté como una sintesis adecuada de estas
variables meteorolégicas. De este modo, los gradientes mas débiles estuvieron
relacionados con tipos de tiempo de sureste y, en menor medida, del este y del sur, ademas
de los tipos anticiclonicos. Los gradientes mas intensos de temperatura seca y humeda se
observaron durante los tipos de tiempo del noroeste, mientras que los mas intensos en
horas de produccién de nieve fueron los tipos ciclonicos o del noreste.

= La identificacién de las relaciones de las condiciones meteorologicas y sindpticas en la
magnitud de los gradientes nos da una informacién muy util a la hora de permitir a los
gestores de una estacion de esqui predecir el potencial de produccién de nieve a corto
plazo. La variabilidad decadal de los patrones de circulacién atmosférica podria impactar
en la magnitud de la temperatura himeda y seca del aire y, por tanto, en la viabilidad de la

produccion de nieve artificial en algunas localizaciones mas vulnerables.
8.3. Trabajos futuros

El presente trabajo supone el inicio, dentro del Grupo de Investigacion de Hidrologia
Ambiental (IPE — CSIC), de los anilisis de la distribucion espacio-temporal de la temperatura del
aire superficial en las areas montafiosas que llevan estudiando desde distintos enfoques
(principalmente hidrologicos) desde hace mas de quince afos. Con respecto a esto, el sentido
multiescalar de articulos de investigacién que han compuesto la Tesis Doctoral, asi como la
incorporaciéon de gran cantidad de datos propios mediante extensas temporadas de trabajo de
campo, ha permitido que sea una linea novedosa dentro del Grupo, y que se une a una creciente
corriente investigadora que esta tratando de mejorar en el conocimiento de la temperatura del aire

en estos medios complejos.

La necesidad de datos de temperatura del aire que permitieran un analisis a escala local ha
exigido un intenso aprendizaje en los criterios para hacer correctos disefios experimentales en

materia de dispositivos de medicién, protecciones contra la radiacion, ubicacién de los sensores,
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etc. En este sentido, las recomendaciones propuestas en la Tesis Doctoral pueden suponer un
punto de inicio y de referencia a la hora de establecer nuevos disefios experimentales, no sélo
dentro del Grupo de Investigacion, sino de cualquier investigador que necesite analizar la
temperatura del aire en un medio montafioso con dispositivos propios, pudiendo asi lograr la
comparabilidad de los datos. De todo lo analizado, una de las conclusiones principales ha sido que
la escala espacial mas adecuada para el estudio de la temperatura del aire en areas de montafia es la
escala local, ya que en la que se observa mayor variabilidad, existiendo por tanto un amplio
camino por delante para avanzar en su conocimiento. Para ello, no existen redes oficiales de
observacion meteorologica capaces de cumplir con los requisitos de representatividad, por lo que
sera el desarrollo de redes propias el que permitira avanzar. Esta serd una de las lineas principales
de trabajo futuro: la monitorizacién de mas areas montafiosas para poder comparar resultados y
observar posibles nuevos factores explicativos, o poder cuantificar de mejor manera los ya
conocidos, como el efecto de los cambios en el tipo de superficie, o el efecto de las distintas

coberturas forestales.

En la misma direccidén, serd necesario también profundizar en otras técnicas como la
teledeteccion, que pueden hacer aumentar de forma notable la informaciéon disponible en estas
areas. Para ello sera necesario avanzar en el conocimiento del acoplamiento entre esta informacion
y la tomada en campo. La correcta adaptacion entre ambas medidas permitirfa la masificacion de
la informacién disponible, estando esta ademas generada de forma continua por el territorio. Esta
linea ya ha sido trabajada con anterioridad por otros grupos de investigacién, con lo que serfa

positiva la realizacién de estancias de investigacién en estos grupos.

Por otro lado, otro de los campos a desarrollar la aplicabilidad de estos resultados va en
relacién con la existencia de refugios climaticos en un contexto de calentamiento. La complejidad
térmica de las laderas provoca que, en determinadas ocasiones, las especies vegetales puedan
encontrar, mediante desplazamiento horizontal, un nuevo habitat en el que desarrollarse. Sin
embargo, si estos medios son eminentemente verticales (como los riscos o acantilados de
montafia), los desplazamientos horizontales no pueden llevarse a cabo, existiendo la tnica (y

dificil) via del desplazamiento vertical, que es mas restrictivo.

En distinto orden de ideas, la otra de las grandes lineas de trabajo futuro que se presenta a
partir de ahora es la profundizaciéon en el intercambio de conocimiento con la sociedad. De esta
forma, planteamos dos lineas de trabajo principales: la viabilidad de los complejos invernales y la

gestion de los recursos hidricos:
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= FElaboraciéon de planes de accion y viabilidad especificos para estaciones de esqui en los
que se determine el grado de vulnerabilidad existente y las principales zonas de riesgo de
viabilidad del modelo, estableciendo calendarios de actuaciéon y posibles puntos de no
retorno. Consideraciéon de medidas a tomar, desde la mejora tecnologica en la produccion
de nieve artificial, hasta el abandono de la actividad por falta de viabilidad.

* Profundizacion en los efectos que supone alterar los gradientes térmicos habituales (-6.5°
C km™) en la modelizacién hidroldgica, estableciendo medidas de incertidumbre derivadas
del uso de estos gradientes. El objetivo es mejorar en la modelizacion hidrolégica y poder
asi estimar mejor los recursos hidricos disponibles, y la posible evolucién de los mismos a
lo largo de las temporadas. En este sentido, la instalaciéon de redes de observacion locales
se presenta fundamental para lograr la correcta modelizaciéon térmica de las cuencas
hidrograficas, por lo que se podra seguir profundizando en los disefios experimentales
mediante la proposicion de densidades idoneas de sensores en funcién de las

caracteristicas de las cuencas, entre otros aspectos.

Paralelamente, otra de las lineas que se presentan de trabajo futuro es avanzar en la
clasificacion de tipos de tiempo mediante la incorporacion de mas variables, ademas de la presion
atmosférica a nivel superficial, pudiendo incorporar informaciéon de otras capas altimétricas

mejorando asi la clasificacion final.

En conclusion, las lineas de trabajo futuras contintan en la direcciéon de unir el estudio del
medio que nos rodea con la incorporaciéon de este conocimiento en la sociedad, mediante su
aplicacion en actividades humanas como la gestién de los recursos hidricos o el estudio de la
viabilidad de determinados modelos turisticos en las areas de montafia. Es el sentido de la
Geografia el conseguir unir este conocimiento cientifico y su aplicacién en la sociedad.
Unicamente de esta forma sera posible que la ordenacién territorial no esté unicamente al servicio
de las necesidades econémicas, sino que también incorpore el conocimiento del medio, que es el
que determinara las viabilidades presentes y futuras y, por tanto, la sostenibilidad de nuestro

modelo como sociedad.
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Apéndice 11

OTRAS CONTRIBUCIONES (Publicaciones en

coautoria y Aportaciones a congresos)

Ademas de los cinco articulos de investigaciéon publicados e incorporados en forma
de capitulos en la presente Tesis Doctoral, el doctorando ha llevado a cabo otros
trabajos colaborativos con miembros del Grupo de Investigaciéon de Hidrologia
Ambiental (IPE — CSIC), lo que ha fructificado en la publicaciéon de diversos
trabajos académicos, asi como en aportaciones a congresos nacionales e

internacionales.
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Apéndice 111

TRABAJO DE CAMPO

El trabajo de campo es un método experimental que permite la alimentaciéon de
modelos, y también la obtencion de datos especificos para responder a cuestiones
determinadas, todo ello realizandose sobre el terreno, aplicando procesos y técnicas
diferentes al trabajo realizado en laboratorio o en gabinete. En la presente Tesis
Doctoral, el trabajo de campo propio ha permitido la recolecciéon de datos para dar
respuesta a tres de los objetivos especificos, permitiendo llevar a cabo tres analisis
diferentes, que ya se encuentran publicados. Ademas, parte del trabajo de campo se
ha dado de forma colaborativa dentro del Grupo de Investigacion de Hidrologia
Ambiental IPE — CSIC), con lo que se ha colaborado con otros compafieros, y
viceversa, con el objetivo de hacer campanas de trabajo de campo mas practicas y
eficientes. Es por ello que en el siguiente listado aparecen emplazamientos

finalmente no introducidos en la Tesis Doctoral.
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Listado de campaifas de campo y salidas en las que se expusieron resultados
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Alonso Gonzilez.

2. 2016-11-24: Valle de Panticosa (laderas Garmo Negro y Tablato). Instalacién
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2 e iButton. J.I. Lépez Moreno; E. Alonso Gonzalez; A. Sanmiguel Vallelado;
P. Sanchez Navarrete.

3. 2016-11-28 a 2016-11-29: Alto Campoo (Cantabria). Instalacién de una
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4. 2016-12-14: Delegacion de AEMET en Aragén. Elaboraciéon de disefio
experimental. S. Buisan.
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10.2017-02-14: Daroca. Descarga de datos. Yolanda (observadora meteorologica
de Daroca).

11.2017-03-02: Valle de Panticosa. Descarga de datos.

12.2017-03-02: Canfranc — Estacién. Descarga de datos. Santiago (observador
meteorologico de Canfranc — Estacion).

13.2017-03-08: Valle de Panticosa (ladera Garmo Negro). Mediciones de
espesor y densidad de nieve. J.I. Lopez Moreno; E. Alonso Gonzilez; I. Rico;
A. Sanmiguel Vallelado.

14.2017-03-19 a 2017-03-23: Lisboa (Portugal). Congreso de la Asociacién
Portuguesa de Meteorologica y la Asociacion Espafiola de Meteorologia.
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15.2017-04-05: Valle de Panticosa (ladera Garmo Negro). Instalacion de
sensores Tinytag-Plus-2. J.I. Lopez Moreno.
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16.2017-04-28: Glaciar Monte Perdido. Descarga de datos y relanzamiento de
sensores Tinytag-Plus-2. J.I. Lopez Moreno; E. Alonso Gonzalez.
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sensores Tinytag-Plus-2. J.I. Lépez Moreno.

21.2017-07-05: Valle del rio Aragén (ladera Moleta). Descarga de datos e
instalacion de sensores Tinytag-Plus-2. J.I. Lopez Moreno.

22.2017-07-15: Valle de Panticosa (ladera Tablato). Descarga de datos e
instalacion de sensores Tinytag-Plus-2. J.I. Lépez Moreno.

23.2017-07-20: Valle de Panticosa (ladera Garmo Negro). Descarga de datos e
instalacion de sensores Tinytag-Plus-2. J.I. Lépez Moreno.

24.2017-08-01: Glaciar de Vignemale. Instalaciéon de sensores Tinytag-Plus-2.
J.I. Lépez Moreno.

25.2017-08-04: Aneto. Instalacion de sensor Tinytag-Plus-2. J.I.. Lépez Moreno.

26.2017-08-06: Valle de Panticosa (ladera Garmo Negro). Descarga de datos. J.I.
Lopez Moteno.

27.2017-08-10: Moncayo. Descarga de datos. J.I. Lépez Moreno.

28.2017-09-05: Valle de Panticosa (laderas Garmo Negro y Tablato). Instalacion
de sensores Tinytag-Plus-2. A. Sanmiguel Vallelado.

29.2017-09-25 a 2017-09-26: Mérida. Congreso de Climatologia. Presentacion
Oral (2017-09-25). S.M. Vicente-Serrano; M. Tomas-Burguera; F.
Dominguez.

30.2017-09-29. Valle de Panticosa. Instalacién de sensores Tinytag-Plus-2. A.
Sanmiguel Vallelado.

31.2017-10-04: Glaciar de Monte Perdido. Descarga de datos e instalacion de
sensores Tinytag-Plus-2. J.I. Lépez Moreno; E. Alonso Gonzalez.

32.2017-10-08 a 2017-10-11: Ordino (Andorra). Pyrenean Symposium on Snow
and Avalanches. Presentacion Oral (2017-10-09). E. Alonso Gonzalez.

33.2017-10-17: Aramén — Formigal. Curso de precipitacion en el proyecto
SPICE. S. Buisan.
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34.2017-11-15: Aramo6n — Formigal. Instalacion de sensores Tinytag-Plus-2. M.
Khotrchani; P. Sinchez Navarrete.

35.2017-11-30: Posets. Instalacion de sensor Tinytag-Plus-2. J.I. Lépez Moreno.

36.2018-01-12: Canfranc — Estacion. Instalaciéon de sensores Tinytag-Plus-2 y
alternativas de proteccion de radiacion. Santiago (observador meteorolégico
de Canfranc — Estacion).

37.2018-01-23 a 2018-01-24: Valle de Panticosa (ladera Tablato). Mediciones de
espesor y densidad de nieve. Descarga de sensores Tinytag-Plus-2. I. Rico; M.
Khorchani.

38.2018-03-21: Valle de Panticosa. Descarga y recogida de sensores Tinytag-
Plus-2. A. Sanmiguel Vallelado.

39.2018-05-31: Canfranc — Estaciéon. Descarga de sensores Tinytag-Plus-2 y
recogida de alternativas de proteccion de radiacion.

40.2018-05-31: Aramoén — Formigal. Descarga de sensores Tinytag-Plus-2.

41.2018-06-06: Aramoén — Formigal. Descarga de sensores Tinytag-Plus-2
(restantes). M. Khorchani.

42.2018-07-07: Valle del rio Aragéon (ladera Moleta). Descarga datos e
instalacion de sensores Tinytag-Plus-2. J.I. Lépez Motreno.

43.2018-07-14: Valle del rio Aragén (ladera Estiviellas). Descarga de datos e
instalacion de sensores Tinytag-Plus-2. J.I. Lopez Motreno.

44.2018-07-18: Valle de Panticosa (ladera Tablato). Descarga de datos e
instalacion de sensores Tinytag-Plus-2. J.I. Lépez Moreno.

45.2018-08-07: Valle de Panticosa (ladera Garmo Negro). Descarga de datos y
relanzamiento de sensores Tinytag-Plus-2. J.I. Lépez Moreno.

46.2018-09-19: Valle de Panticosa (ladera Garmo Negro). Mantenimiento de
estaciones meteorologicas completas. A. Sanmiguel Vallelado; P. Sanchez
Navarrete.

47.2018-09-21: Valle de Panticosa (ladera Tablato). Mantenimiento de estaciones
meteorologicas completas y descarga de sensores Tinytag-Plus-2. A.
Sanmiguel Vallelado; P. Sanchez Navarrete.

48.2018-09-28: Glaciar de Monte Perdido. Descarga de datos e instalaciéon de
sensores Tinytag-Plus-2. J.I. Lépez Moreno; E. Alonso Gonzalez.

49.2019-02-15: Glaciar de Vignemale. Descarga y recogida de sensores Tinytag-
Plus-2. J.I. Lépez Moreno; E. Alonso Gonzalez.

50.2019-03-19: Sierra de Gredos (Avila). Descarga de datos y relanzamiento de
sensores Tinytag-Plus-2. J.I. Lépez Moreno.
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51.2019-06-04 a 2019-06-08: Ginebra (Suiza). Meteorological Technology Word
Expo 2019.

52.2019-06-23: Valle del rio Aragén (ladera Estiviellas). Descarga y recogida de
sensores Tinytag-Plus-2. J.I. Lépez Moreno.

53.2019-06-24 a 2019-06-25: Jaca. Congreso de la International Permafrost
Association y el Instituto Pirenaico de Ecologia (IPE-CSIC). Péster. J.I.
Lopez Moreno; J. Zabalza; E. Alonso Gonzalez.

54.2019-06-28: Valle del rio Aragén (ladera Moleta). Descarga y recogida de
sensores Tinytag-Plus-2. J.I. Lépez Moreno.

55.2019-07-03: Valle de Panticosa (ladera Garmo Negro). Descarga y recogida
de sensores Tinytag-Plus-2. J.I. Lépez Moreno; Alvaro (estudiante en
practicas).

56.2019-07-20: Valle de Panticosa (ladera Garmo Negro). Descarga y recogida
de sensores Tinytag-Plus-2. ].I. Lopez Moreno.

57.2019-08-01: Valle de Panticosa (ladera Tablato). Descarga y recogida de
sensores Tinytag-Plus-2. J.I. Lépez Moreno.

58.2019-09-13: Glaciar de Monte Perdido. Descarga de datos e instalacion de
sensores Tinytag-Plus-2. J.I. Lépez Moreno; E. Alonso Gonzalez.

59.2019-11-18 a 2019-11-19: Refugio de la Renclusa. Toma de muestras y
reunioén de trabajo. J.I. Lopez Moreno; E. Alonso Gonzalez; A. Sanmiguel
Vallelado; J. Revuelto Benedi; C. Azorin Molina; M. Aznarez.

60.2019-11-22: Cuenca Experimental de Izas. Instalaciéon de sensores Tinytag-
Plus-2. E. Alonso Gonzalez; J. Revuelto; ].I. Lopez Moreno.

61.2019-11-27: Valle de Panticosa (ladera Garmo Negro). Instalacion de
sensores Tinytag-Plus-2. J.I. Lépez Moreno; J. Revuelto; E. Alonso
Gonzalez.

62.2019-11-29: Valle de Panticosa (ladera Tablato). Instalacion de sensores
Tinytag-Plus-2. ]J.I. Lopez Moreno; J. Revuelto; E. Alonso Gonzalez.

63.2019-12-18: Valle de Panticosa (ladera Garmo Negro). Comprobaciéon de

configuracion de sensores Tinytag-Plus-2.
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