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Resumen

Resumen

En la presente tesis doctoral se estudian las características del manto de nieve a escala regional en

las principales cadenas montañosas de la península ibérica. A pesar del importante papel que juega

el manto de nieve en la península ibérica, no existen hasta hoy trabajos que aborden su estudio

desde una perspectiva climatológica para el conjunto de su territorio. La principal razón de esta

ausencia ha sido la falta de datos meteorológicos y del manto de nieve suficientes para obtener una

visión global y relativa a todas las bandas altitudinales, problema que afecta a la gran mayoría de las

cadenas montañosas del mundo.

El presente trabajo aborda la problemática de la falta de datos de campo mediante el uso de modelos

de base física y de la teledetección por satélite. Se han utilizado las salidas del modelo numérico

mesoatmosférico  Weather  Research  and Forecast (WRF),  como forzamiento  meteorológico  del

modelo  de  balance  de  masa  y  energía  del  manto  de  nieve  Flexible  Snow  Model  (FSM).  La

simulación atmosférica cubre el periodo 1979-2014 con una resolución espacial de 0.088º (~10 km).

Previamente al acoplamiento de WRF con FSM, se han proyectado las variables de superficie de

WRF a diferentes bandas altitudinales mediante el uso de gradientes de temperatura y un conjunto

de  fórmulas  radiativas  y  psicrométricas.  De  esta  manera  se  ha  construido  una  base  de  datos

semidistribuida de espesor (SD) y equivalente en agua de nieve (SWE) a resolución diaria de toda la

península ibérica que cubre el rango altitudinal de 500 a 2900 m s.n.m a intervalos de 100 m. Para

la validación se han utilizado imágenes de covertura de nieve procedentes del sensor MODIS y las

series de observaciones existentes sobre la península ibérica procedentes de telenivometros. Los

resultados obtenidos en la comparación con MODIS indican un error de 6,07% y un R2 =0,76 en los

valores de probabilidad de nieve y unos valores de índice kappa generalmente por encima de 0,6 en

comparación con las observaciones para la mayoría de los percentiles de acumulación comparados.

Estos resultados prueban la consistencia temporal y espacial de la base de datos en comparación con

las observaciones. De esta manera, la base de datos generada es capaz de reproducir la variabilidad

interanual e intranual del manto de nieve, siendo potencialmente útil para una gran cantidad de

estudios  hidroclimatológicos,  gestión  del  territorio,  turismo  de  invierno,  ecología  o  riesgos

asociados a la nieve entre otros.

Gracias a la nueva base de datos generada, ha sido posible estudiar los diferentes comportamientos

que  presenta  el  manto  de  nieve  sobre  las  cinco  principales  cordilleras  de  la  península  ibérica
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(Cordillera  Cantábrica,  Sistema  Central,  Sistema  Ibérico,  Pirineos  y  Sierra  Nevada.).  De  esta

manera se ha realizado la primera climatología del manto de nieve de la península ibérica. Primero,

se calculó el máximo de acumulación medio, la duración media de cada temporada y el coeficiente

de variación interanual de los máximos de acumulación para cada celda y cada elevación de toda la

base de datos. Posteriormente se utilizó la técnica de agrupamiento k-means para encontrar zonas

En cada cordillera con un comportamiento climático similar. También se estudió como varían los

valores  de  probabilidad  de  nieve  y  coeficiente  de  variación  en  función  de  la  altura  para  cada

cordillera,  así  como la  variabilidad  existente  dentro  de  cada  zona  de  montaña.  Los  resultados

mostraron cómo los diferentes comportamientos del manto de nieve encontrados se distribuyen de

manera desigual a lo largo del rango altitudinal de cada cordillera. Los valores de nieve encontrados

por encima de 1000 m s.n.m. comienzan mostrando un carácter efímero o prácticamente inexistente,

incrementándose progresivamente en altitud hasta encontrar en las cotas más elevadas mantos de

nieve de gran duración y espesor (alcanzándose los 200 días de presencia de nieve y más de 3

metros  de  espesor).  Los  índices  de  nieve  calculados  sugieren  que,  en  términos  de  bandas

altitudinales,  la  Cordillera  Cantábrica  y  los  Pirineos  presentan  los  mantos  de  nieve  de  mayor

magnitud y duración, seguidos del Sistema Central e Ibérico. Sierra Nevada mostró las temporadas

más cortas y mantos de nieve menos profundos a iguales altitudes que las anteriores cordilleras, y

una mayor variabilidad interanual.

La precipitación y temperatura de invierno de la península ibérica se ven altamente afectadas por

los patrones sinópticos asociados a la Oscilación del Atlántico Norte (NAO) y por lo tanto han de

tener necesariamente influencia en la variabilidad interanual del manto de nieve. Hemos estudiado

la influencia que tiene la NAO en la duración y la magnitud del manto de nieve en la península

ibérica así como los patrones espaciales de esta relación. Para ello se calcularon, a partir de la base

de  datos  anteriormente  descrita  las  series  de  máxima  acumulación  y  duración  anual,

correlacionando estas con el valor medio de la NAO de los meses de Diciembre, Enero, Febrero y

Marzo (DJFM-NAO). Los resultados muestran valores muy altos de correlación negativa en todas

las principales cordilleras de la península ibérica. Esto es particularmente evidente en las vertientes

sur de las cordilleras que están más expuestas a las advecciones de componente suroeste y oeste,

que  son  frecuentes  durante  las  fases  negativas  del  índice  DJFM-NAO.  Dicha  diferencia  entre

vertientes quedó corroborada al aplicar un test estadístico no paramétrico (test Wilcoxon-Mann-

Whitney) entre los valores de correlación de los índices del manto de nieve y la DJFM-NAO de

ambas  vertientes.  Únicamente  en  Sierra  Nevada  no  se  encontraron  diferencias  entre  distintas

2



Resumen

vertientes. Además se han detectado distintos niveles de correlación según longitud geográfica y la

elevación,  siendo  en  general  las  correlaciones  más  elevadas  en  cotas  altas  y  en  las  zonas

occidentales de las cordilleras. Estos resultados abren la puerta a una potencial predicción a medio

plazo  de  la  magnitud  y  duración  del  manto  de  nieve  a  alta  resolución  espacial,  a  la  vez  que

demuestran  la  importancia  de  la  existencia  de  series  largas  a  la  hora  de  detectar  tendencias

temporales y espaciales de la duración y magnitud del manto de nieve.

Para  finalizar,  se  ha  estudiado  la  respuesta  del  manto  de  nieve  a  la  variabilidad  climática  en

diferentes bandas altitudinales. Se realizaron simulaciones del manto de nieve mediante FSM con

perturbaciones  progresivas  en  el  forzamiento  meteorológico  simulado  mediante  WRF.  Las

perturbaciones fueron de 0-4 ºC de temperatura en incrementos de 0.5 ºC, 0-40 Wm-2 de radiación

de onda corta con incrementos de 5 Wm-2 y ± 20% con incrementos de 5%, realizando simulaciones

dentro de esos rangos de perturbación en todas las posibles combinaciones. De las nuevas series de

SWE generadas se calcularon las series de máximo anual de SWE, duración de la temporada de

nieve y tasa de fusión media anual,  para calcular y promediar los cambios porcentuales de los

índices.  Los  resultados  han mostrado  diferentes  sensibilidades  a  la  variabilidad  climática,  pero

siempre  con importantes  pérdidas  de  magnitud  y  duración  del  manto  de  nieve  asociadas  a  un

calentamiento térmico e incremento de la radiación solar, a todas las alturas y zonas de estudio, e

incluso en las situaciones de mayor incremento de precipitación. Los valores de sensibilidad de las

tasas de fusión fueron mayoritariamente negativos,  sugiriendo periodos de fusión más largos  y

menos intensos, con obvias repercusiones en la hidrología de las zonas influenciadas por la fusión

de nieve.
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Abstract

In the following doctoral thesis, the characteristics of the snow cover on a regional scale over the

main mountain ranges of the Iberian Peninsula are studied. Despite the important role played by the

snow cover in the Iberian Peninsula, there are no studies that address its study from a climatological

perspective in the whole of its territory. As in the vast majority of mountain ranges of the world, the

generalized lack of snow information over Iberia, has prevented the proper study of the snowpack at

a regional scale.

Here we address the problem of the lack of observational data by using physical based models and

satellite remote sensing. The outputs of the numerical mesoatmospheric model Weather Research

and Forecast (WRF) have been used as meteorological forcing of the mass and energy balance

model the Flexible Snow Model (FSM). The atmospheric simulation covers the period 1979-2014

with a spatial resolution of 0.088º (~10 km at the main Iberian latitude). Prior to the coupling of

WRF with FSM, the surface variables of WRF have been projected at different elevational bands

using temperature lapse-rates and an array of radiative and psychrometric formulas. Thus, a semi-

distributed database of snow depth (SD) and snow water equivalent (SWE) at daily resolution has

been built for the whole Iberian Peninsula covering the elevational range from 500 to 2900 m asl at

100 m intervals. The validation was done using snow cover area images from the MODIS sensor

and the existing series of observations from snow telemetry devices on the Iberian Peninsula. The

results obtained in the comparison with MODIS indicate an error of 6.07% and R2  = 0.76 in the

snow probability values and kappa index values generally above 0.6 compared to the observations

for most of the accumulation percentiles. These results prove the temporal and spatial consistency

of the database compared to the observations. The database generated is able to reproduce the inter-

and  intrannual  variability  of  the  snowpack,  being  potentially  useful  for  a  large  number  of

hydroclimatological studies,  land management,  winter  tourism, ecology or risks associated with

snow among others.

The newly generated database allowed us to study the different behaviors of the snowpack over the

five main mountain ranges of the Iberian Peninsula (Cantabrian Range, Central System, Iberian

System, Pyrenees and Sierra Nevada). Using the new generated data, the first climatology of the

snow cover of the Iberian Peninsula has been developed. First, we calculated the average maximum

accumulation,  the  average  season  duration  and  the  coefficient  of  interannual  variation  of  the

accumulation maxima for each cell  and each elevation in  the whole database.  Then a k-means
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clustering algorithm was used to add similar climatologies over the different mountain ranges. We

also studied how the values of snow probability and coefficient of variation change as a function of

the elevation for each mountain range, as well as the intra-range variability. The results showed how

the different behaviors of the snowpack are unevenly distributed along the elevational range of each

mountain range. Snow values found above 1000m a.s.l. oscillate between areas with ephemeral or

practically non-existent snow cover in contrast to areas with deep and long lasting snowpacks (198

days  of  snow  presence  and  ~3m  SD).  The  calculated  snow  indices  suggest  that,  in  terms  of

elevational bands, the Cantabrian Mountains and the Pyrenees have the largest and longest snow

cover, followed by the Central and Iberian Systems. Sierra Nevada showed the shortest seasons and

shallowest snow cover with the greatest inter-annual variability.

The winter precipitation and temperature of the Iberian Peninsula is highly affected by the synoptic

patterns associated with the North Atlantic Oscillation index (NAO) and therefore must necessarily

influence the interannual variability of the snow cover. We have studied the influence of the NAO

on the duration and magnitude of the snowpack in the Iberian Peninsula as well  as the spatial

patterns of this relationship. For this purpose, we calculated from the database described above the

series of maximum accumulation and annual duration. Then we correlated these snow indexes with

the averaged NAO value of the months of December, January, February and March (DJFM-NAO).

The results show very high negative correlation in all  the main mountain ranges of the Iberian

Peninsula.  This  is  particularly  evident  on the slopes  exposed to  the advections  fostered  by the

negative phases of the DJFM-NAO index, mostly in a southwestern and western direction. To prove

this,  we have used a  non-parametric  statistical  test  (Wilcoxon-Mann-Whitney test)  between the

correlation values of the snowpack indices and the DJFM-NAO of both slopes. Thus, we prove that

the opposite slopes respond differently in all the main mountain ranges with the exception of Sierra

Nevada where no differences between slopes were found. Strong relationships were found between

the  correlation  values  of  the  areas  exposed  to  the  advection  and  the  geographical  length  and

elevation. The correlations were generally greater at high elevations and tending to be located in the

western areas of the mountain ranges. These results could potentially be used on a long-term high

spatial resolution prediction of the magnitude and duration of the snowpack. Our findings prove the

importance of the existence of long series in detecting temporal and spatial trends in the duration

and magnitude of the snowpack.

Finally, the response of the snowpack to climate variability in different elevational bands has been

studied.  A factorial  experiment  was  implemented,  performing  simulations  of  the  snowpack  by
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means of FSM with progressive perturbations in the meteorological forcing simulated by WRF. The

perturbation ranges of temperature were 0-4 ºC in 0.5 ºC increments, 0-40 Wm -2  of short  wave

radiation  in  5  Wm-2 increments  and  ±  20%  of  precipitation  in  5%  increments,  performing

simulations within these disturbance ranges in all possible combinations. From the new SWE series

generated we calculated the series of maximum annual SWE, duration of the snow season and

average  annual  melting  rate  and  used  to  estimate  the  percentage  of  change  per  increment  of

perturbation. The results have shown different sensitivities to climate variability but always with

important losses of magnitude and duration of the snowpack at all elevation bands and study areas

even in the situations of higher increase of precipitation. Sensitivity values of the melt rates were

negative,  suggesting  longer  and less  intense  melting  periods,  with  obvious  implications  on the

hydrology of areas influenced by the snow melt.
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Introducción

Capítulo 1: Introducción

1.1 La importancia del manto de nieve

Debido  sus  particulares  características,  el  manto  de  nieve  juega  un  papel  crucial  en  una  gran

cantidad de procesos climáticos, ambientales y socio-económicos en numerosas zonas templadas y

frías del planeta. El manto de nieve estacional cubre aproximadamente entre un mínimo de 2x106

km²  y  un  máximo  de  45x106  km2 del  Hemisferio  Norte  (Fig.  1)  en  invierno  y  verano

respectivamente. Esto supone una cobertura de cerca del 50% de tierras emergidas en el hemisferio

Norte (Déry and Brown, 2007), controlando directamente el balance energético del planeta Tierra y

por ende condicionando de manera drástica el clima global. A modo de ejemplo, Barnett et al., 1988

realizaron una de las primeras simulaciones numéricas para testar el  efecto del manto de nieve

estacional de Eurasia en el clima global. Sus resultados relacionaron la variabilidad interannual del

manto de nieve a escala continental con los monzones, el clima de Norte América, así como otros

aspectos muy relacionados con el fenómeno de El Niño-Oscilación del Sur. Más recientemente,

estas  hipótesis  han seguido siendo testadas  y  corroboradas. Vavrus,  2007 intentó  cuantificar  el

efecto global del manto de nieve en el clima del planeta mediante el uso de modelos atmosféricos

globales, comparando una simulación control con otra simulación sintética sin manto de nieve. Sus

resultados sugirieron drásticas consecuencias sobre el clima, afectando no solo las temperaturas del

suelo y su humedad, si no a grandes patrones atmosféricos en latitudes medias y regiones polares.

Algunas de las implicaciones más notables fueron un drástico calentamiento atmosférico que legó a

superar los 10 ºC sobre la media durante el invierno en algunas zonas. El calentamiento global

inducido por la falta de manto de nieve fue comparable a un tercio del inducido por doblar la

cantidad de CO2.

El aire contenido entre los cristales de hielo confiere al manto de nieve una gran capacidad aislante,

resultando éste determinante para comprender la ecología de las zonas donde está presente. Las

condiciones  relativamente  templadas  del  suelo  bajo  el  manto  de  nieve,  posibilitan  una  gran

actividad  biológica,  incluyendo  la  actividad  de  plantas  (Salisbury,  1985) y  animales  tanto

vertebrados como invertebrados  (Jones, 2001). Estas mismas características aislantes permiten la

actividad  microbiana  siempre  que  se  mantenga  la  temperatura  del  suelo  por  encima  de

aproximadamente -5 ºC  (Schimel and Clein, 1996), lo cual tiene implicaciones en los ciclos de
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elementos básicos del suelo, como por ejemplo el nitrógeno  (Brooks and Williams, 1999; Jones,

1999 entre otros).

Como recurso hidrológico, Barnett et al., 2005 estimaron que aproximadamente una sexta parte de

la  población  mundial  vive  directamente  en  lugares  en  los  que  la  fusión  de  nieve  domina  la

hidrología  de  la  región.  Los  mismos  autores  reconocen  que  esta  estimación  probablemente

infravalora el grado de dependencia, ya que no incluye a las poblaciones que obtienen sus recursos

hídricos fuera de las cuencas hidrológicas en las que viven. Más concretamente, Viviroli et al., 2007

estimaron que más de un 50% de las zonas montañosas del planeta juegan un papel esencial en las

poblaciones aguas abajo de las cuencas de montaña,  zonas en las que el  ciclo  hidrológico está

profundamente influido por los procesos de acumulación y fusión nival. 

La importancia  de la  nieve como recurso hídrico,  se vuelve especialmente crítica en las zonas

montañosas con clima mediterráneo. La razón es que el clima mediterráneo está caracterizado por

veranos secos, sucediendo la mayor parte de la precipitación anual durante los meses de invierno y

12

Figura 1: Promedio de cobertura de nieve del periodo 1999 - 2019 sobre el hemisferio 

norte calculado a partir el reanálisis ERA5-Land.



Introducción

en menor medida otoño y primavera. El conjunto del periodo alcanza con frecuencia el 80% del

total anual de las precipitaciones (Fayad et al., 2017), con valores que pueden llegar hasta el 90%,

como ha sido cuantificado para la  cordillera de Sierra Nevada (Estados Unidos)  (Jepsen et  al.,

2012). A la concentración de las precipitaciones en la estación fría, hay que sumarle el hecho de que

las montañas concentran buena parte de las precipitaciones debido al efecto orográfico, de tal forma

que las zonas elevadas acumulan un manto de nieve profundo y de considerable persistencia a lo

largo de la primavera (Alonso-González et al., 2019). Por ello, el manto de nieve en el Mediterráneo

tiene la capacidad de mitigar el efecto de la fuerte estacionalidad pluviométrica sobre el régimen

fluvial de los ríos de montaña, con caudales elevados durante la primavera que, en combinación con

infraestructuras para la gestión de los recursos hídricos (embalses, canales, etc), resulta crucial para

satisfacer la elevada demanda de agua durante los meses de verano (López-Moreno and García-

Ruiz, 2004a), cuando las actividades turísticas, la agricultura y el sector energético producen un

máximo de consumo de agua.

Debido a la influencia del manto de nieve en todos estos factores, resulta de gran interés conocer su

variabilidad espacial y temporal, así como los factores que condicionan esta variabilidad. El manto

de nieve presenta una gran variabilidad a diferentes escalas. A una escala local la distribución del

manto de nieve está muy condicionada por las características topográficas del terreno, como pueden

ser la pendiente, la curvatura o la exposición (López-Moreno et al., 2017; Revuelto et al., 2014), así

como  por  los  efectos  de  la  redistribución  por  el  viento  (Winstral  et  al.,  2002) o  el  bosque

(Sanmiguel-Vallelado et al., 2020), jugando estos factores un importante papel en la formación de

avalanchas de nieve (Schweizer et al., 2008). A escala regional, la variabilidad del manto de nieve

está condicionada por la variabilidad climática. De esta manera los patrones atmosféricos tienen una

gran influencia en la variabilidad interanual del espesor y duración del manto de nieve (Clark et al.,

1999), ya que controlan los patrones espaciales y la variabilidad interanual de la precipitación y

temperatura.

1.2 Información disponible del manto de nieve 

A pesar  de todas  las  implicaciones  que el  manto  de nieve  tiene en los  procesos  anteriormente

explicados, existen grandes lagunas de conocimiento en su comportamiento a nivel regional. Dicha

carencia se explica fundamentalmente por una falta generalizada de información cuantitativa sobre

la duración y más aún el espesor y contenido en agua del manto de nieve, limitándose en la mayor
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parte de los casos a registros de escasa consistencia espacial y referida a periodos de corta duración

y con presencia de frecuentes lagunas. 

A la situación general anteriormente mencionada hay excepciones con registros de larga duración,

densidad espacial y calidad en los datos. Un ejemplo fue la base datos diaria de espesor de nieve en

284 estaciones de la antigua Unión Soviética conocida como Historical Soviet Daily Snow Depth

(HSDSD)(Armstrong, 2001), que cubrió el periodo 1881-1995, si bien existen importantes lagunas

especialmente en el periodo anterior a 1966. En la costa oeste de los Estados Unidos se ha medido

el espesor de nieve y su contenido en agua de forma regular (quincenal o mensualmente) desde las

primeras décadas del siglo XX, siguiendo un buen número de transectos predefinidos. Esta red

evolucionó a principios de los años ochenta hacia la actualmente conocida como red SNOTEL

(SNOw  TELemetry)  (Schaefer  and  Paetzold,  2001),  que  cubre  gran  parte  del  oeste  de  Norte

América mediante más de 800 estaciones automáticas que miden el espesor y su contenido en agua,

así como otros parámetros meteorológicos como temperatura o precipitación. Sin embargo, esta red

también posee problemas de representatividad espacial, pues las estaciones se localizan en zonas

forestales y muchas veces situadas teniendo en cuenta la accesibilidad, quedando el piso alpino muy

débilmente monitorizado (Molotch and Bales, 2006).

En  Europa  occidental,  no  existen  redes  de  monitorización  del  manto  de  nieve  como  las

anteriormente descritas, en cuanto a su cobertura espacial y duración temporal, aunque sí es posible

encontrar información sobre el manto de nieve, en algunas ocasiones cubriendo varias décadas de

longitud, recogidas por diferentes agencias meteorológicas o hidrológicas estatales y más locales

tanto para fines operacionales como para la investigación. Sin embargo muchos de estos se refieren

con frecuencia a zonas de baja altitud donde se encuentran los principales núcleos de población.

Así,  zonas  de  alta  montaña  donde  se  acumula  la  mayor  parte  del  recurso  nieve  quedan  muy

débilmente monitorizadas.  Un buen ejemplo de red de monitorización en Europa occidental es la

dirigida por el Instituto para la Investigación de la Nieve y las Avalanchas (Suiza, WSL Institute for

Snow and Avalanche Research SLF) iniciada en la década de 1960 y con mediciones continuas de

espesor de nieve y equivalente en agua (SWE). Los datos son obtenidos manualmente dos veces al

mes en diferentes  puntos  de  los  Alpes  Suizos  (Jonas  et  al.,  2009).  Otra  fuente  de información

interesante  son  las  bases  de  datos  nivometeorológicas  de  las  diferentes  zonas  experimentales

repartidas por el  continente Europeo. En ellas se cuenta con información de larga duración del

manto de nieve así como de multitud de variables meteorológicas. Algunos buenos ejemplos de

zonas de investigación del manto de nieve pueden ser la zona de observación Suiza Weissfluhjoch,
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que cuenta con datos desde 1936 (Marty and Meister, 2012), la estación francesa Col du Porte

(Lejeune et al., 2019), que cuenta con información desde 1960 o la finlandesa Sodankyla (Essery et

al.,  2016). Un  completo  informe  sobre  los  esfuerzos  de  los  diferentes  estados  europeos  para

monitorizar el manto de nieve lo podemos encontrar en el “European Snow Booklet”(Haberkorn et

al., n.d.).

En  el  caso  de  la  península  ibérica,  la  monitorización  del  manto  de  nieve  de  forma  regular  y

distribuida  espacialmente  comenzó  en  los  años  80  (1986)  en  el  Pirineo  a  través  del  programa

ERHIN (Evaluación de los Recursos Hídricos Procedentes de la Innivación) (Arenillas et al., 2008;

Pedrero, 1988) por parte del Ministerio de Medio Ambiente y Medio Rural y Marino. En el marco

de este programa se instalaron alrededor de 100 jalones en los que se medía el espesor de nieve tres

veces al año (enero, marzo y finales de abril o principios de mayo) y la densidad en alrededor de un

tercio  de  las  balizas  (López-Moreno  and  Nogués-Bravo,  2005).  Posteriormente  el  proyecto  se

expandió  a  otras  cordilleras  españolas  como la  Cordillera  Cantábrica,  Sistema Central  y  Sierra

Nevada. A parte de las mediciones periódicas, un total de 29 telenivómetros se instalaron en las

principales cordilleras de la península ibérica, con 19 más propuestos para instalar en una fase más

avanzada sin determinar. Estos telenivómetros tienen capacidad para medir en tiempo real tanto el

espesor como el SWE, y transmitir remotamente la información. Desgraciadamente, este ambicioso

programa se ejecutó  con un éxito  moderado,  pues  la  mayor  parte  de  los  telenivómetros  nunca

llegaron a funcionar de forma continua siendo los que dan servicio a la cuenca del Ebro los únicos

de  los  que  actualmente  se  puede  obtener  información  adecuada.  En  cualquier  caso,  los  datos

procedentes de las balizas han permitido realizar diversos trabajos científicos que han ayudado a

avanzar  en  el  conocimiento  de  la  dinámica  del  manto  de  nieve  y  su  relación  con  la

hidroclimatología de la  península ibérica.  Algunos ejemplos  los  podemos encontrar  en estudios

hidrológicos  (Sanmiguel-Vallelado  et  al.,  2017),  estudios  de  la  variabilidad  de  los  eventos  de

nevadas (Navarro-Serrano and López-Moreno, 2017), estudios de tendencias (López-Moreno, 2005;

Morán-Tejeda et al., 2013), validación in situ de información por satélite (Juan Collados-Lara et al.,

2016), o incluso utilizar la información procedente de los jalones para reproducir el manto de nieve

de manera distribuida (Collados-Lara et al., 2020, 2017; López-Moreno and Nogués-Bravo, 2006,

2005) entre otros. De forma semejante a la red ERHIN, pero en la vertiente francesa de los Pirineos,

Meteofrance ha instalado la red NIVOSÊ, con 9 medidores automáticos de espesor del manto de

nieve junto a estaciones automáticas de alta montaña.
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Además del programa ERHIN, en la península ibérica existen muy pocas iniciativas de medición

del manto de nieve. En el Pirineo Central, se encuentra la Cuenca Experimental de Izas (Revuelto et

al., 2017). Esta cuenca cuenta con un sistema de motorización automático de todo tipo de variables

meteorológicas entre las que se incluye un medidor de espesor del manto de nieve. Esta cuenca

experimental tiene la  particularidad de que,  a mayores de variables meteorológicas,  cuenta con

esporádicas mediciones de alta resolución del manto de nieve mediante láser escáner terrestre así

como fotografías  de  la  cobertura  del  manto  de  nieve  cada  tres  horas.  Estos  datos,  junto  a  los

procedentes del aforo del caudal que existe en la salida de la cuenca, proporcionan una base de

datos muy completa que destaca internacionalmente. Además, en el Pirineo Oriental, el servicio

meteorológico de Cataluña (Meteocat), cuenta con 17 estaciones automáticas de montaña. Otra zona

de  medición  del  manto  de  nieve  interesante  dentro  de  la  península  ibérica  es  la  red  de

monitorización de Guadalfeo (Sierra Nevada)(Polo et al., 2019), que cuenta con información de

varias estaciones automáticas con imágenes de alta resolución temporal, desde diferentes puntos de

vista, del estado de nieve. Además, en Sierra Nevada existe el Observatorio de Cambio Global de

Sierra Nevada que cuenta con 10 estaciones meteorológicas automáticas de montaña. En cualquier

caso, si ya es muy complicado encontrar series de mediciones de nieve en Pirineos o Sierra Nevada,

en  el  resto  de  cordilleras  ibéricas  son  prácticamente  inexistentes,  con  algunos  ejemplos  de

estaciones automáticas como las pertenecientes a la red de motorización de Guadarrama, GuMNet

(Guadarrama Monitoring Network). 

A pesar de las mejoras que se han mencionado en el seguimiento de la nieve en la península ibérica,

la información disponible es aún insuficiente para realizar estudios regionales sobre la variabilidad

espacial y estacional del manto de nieve en la península. A la problemática de la longitud de las

series, hay que sumarle la gran variabilidad espacial del manto de nieve especialmente en las zonas

de terreno complejo. Este hecho hace que las mediciones puntuales del manto de nieve no tengan

que ser necesariamente representativas de sus inmediaciones, siendo muy recomendable distribuir

especialmente  las  mediciones (J.  I.  López-Moreno  et  al.,  2011a).  Esta  limitación  tiene  obvias

implicaciones a escala regional, donde se pretende analizar el comportamiento a nivel de cordillera,

por lo que es necesario el uso de datos distribuidos y de un número suficiente de años. Además, el

carácter mediterráneo del clima de montaña de la península ibérica, tiene como consecuencia un

manto de nieve de una gran variabilidad inter- e intranual comparado con el manto de nieve de otras

regiones  frías (Fayad  et  al.,  2017),  por  lo  que  una  buena  resolución  temporal  es  también
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indispensable. Prueba de todo ello, ha sido la ausencia hasta ahora de una climatología peninsular

del manto de nieve, un recurso básico para buena parte del territorio mencionado.

1.2 Alternativas a las observaciones

La problemática de la falta de datos anteriormente descrita, no es exclusiva de la península ibérica.

En general se podría decir que las observaciones de nieve son una rareza en la mayor parte de las

montañas  y  zonas  frías  del  mundo,  especialmente  si  se  comparan  estas  con  otras  variables

meteorológicas. Ante este escenario de falta de datos, existen básicamente dos alternativas para

obtener información del manto de nieve; las técnicas de teledetección y la simulación numérica del

manto de nieve

1.2.1 Uso de información por satélite en el estudio del manto de nieve

La  teledetección  ha  sido  y  sigue  siendo  una  herramienta  muy  común  a  la  hora  de  obtener

información de la cobertura del manto de nieve, habiendo sido usada desde la aparición de los

primeros  satélites  de  observación  de  la  superficie  terrestre  (Lucas  and  Harrison,  1990).  Los

productos de cobertura de nieve, se calculan mediante el índice espectral llamado Índice Diferencial

Normalizado de Nieve (NDSI), el cual utiliza bandas del espectro visible (verde) y del infrarrojo de

onda corta  (Hall and Riggs, 2011). Es posible encontrar estas bandas en los sensores pasivos de

varias constelaciones de satélites, lo que quiere decir que es posible generar productos de cobertura

de nieve de múltiples sensores. En cualquier caso, para cumplir con los requisitos necesarios para

realizar climatologías, no hay demasiados satélites elegibles. Una de las mayores limitaciones es la

fecha de lanzamiento del satélite, o lo que es lo mismo, la longitud temporal de las series de datos

disponibles, que deberá ser lo mayor posible, lo cual ya limita muchísimo el número de productos

interesantes a día de hoy. Otro requisito importante es una buena resolución temporal, ya que el

efecto combinado de la cobertura de nubes, imposibilitando obtener información de la superficie,

junto  con  resoluciones  temporales  muy  groseras,  generan  enormes  lagunas  temporales  de

información. Esto es particularmente problemático en el estudio de la nieve, debido al hecho de que

las  temporadas  de  mayor  cobertura  de  nieve  estarán  necesariamente  relacionadas  con  las

temporadas con coberturas de nubes más persistentes. Además la gran variabilidad del manto de

nieve,  especialmente  en  cotas  bajas,  es  la  causante  de  que  resoluciones  temporales  demasiado

groseras no sean capaces de captar adecuadamente la dinámica de la cobertura de nieve (Dietz et al.,

2012). Por último, otro aspecto a tener en cuenta es la resolución espacial, ya que existe una gran
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incertidumbre asociada a las diferentes resoluciones en el cálculo de las superficies cubiertas de

nieve (Paul et al., 2013), especialmente en áreas de terreno complejo cómo la península ,bérica.

De todos los posibles candidatos, el sensor MODIS a bordo de los satélites Aqua y Terra es el que

probablemente  muestre  un  mejor  compromiso  en  su  longitud  de  series  disponibles,  resolución

temporal y espacial (Fig. 2). La información disponible se remonta al año 2000, con un tiempo de

revisita diario (con una imagen procedente del satélite Aqua y otra del satélite Terra con unas horas

de diferencia) y con una resolución espacial de 500m. Estos productos han sido muy utilizados en

diferentes zonas del planeta con ejemplos en los Andes para realizar climatologías de la cobertura

del manto de nieve (Saavedra et al., 2017), así como para estudiar la variabilidad interannual de la

nieve (Saavedra et al., 2018), en los Alpes australianos (Thompson, 2016), Tibet (Li et al., 2018),

Alaska  (Lindsay et al., 2015), o Austria  (Parajka and Blöschl, 2008) entre otros muchos.  En los

Pirineos, Gascoin et al., 2015 realizaron una climatología de la cobertura del manto de nieve a partir

de los productos MODIS diarios, rellenando las lagunas de información producidas por las nubes.

El corto periodo de revisita de MODIS, permitió el desarrollo de un algoritmo de relleno de datos

que mediante el uso de ventanas temporales y espaciales, así como un árbol de regresión en su

última fase, capaz de completar la información faltante generando así productos con resolución

diaria. En este trabajo, además de validar el uso de MODIS para cadenas montañosas de la escala de

las presentes en la península ibérica, relacionaron las anomalías en la cobertura del manto de nieve

con la caída de la producción hidroeléctrica española de la temporada 2011/2012.
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Una  gran  limitación  de  la  teledetección  para  el  estudio  de  nieve  es  la  dificultad  de  obtener

información del  espesor o del  SWE. Existen algunas  experiencias  mediante el  uso de sensores

pasivos de microondas en combinación con observación de espesor del manto de nieve para generar

imágenes con información del SWE. Un producto de uso muy común de este tipo es GlobSnow de

la  Agencia  Espacial  Europea.  Estos  productos  cuentan  con  información  de  SWE  de  todo  el

Hemisferio Norte a resolución diaria desde 1979. Constituye de esta manera una interesante fuente

de información para estudios a nivel continental, pero su limitada resolución espacial, de tan solo

25km, y el hecho de que los errores se incrementan en zonas con manto de nieve poco profunda

(~35 mm de error de SWE en mantos de menos de 150 mm de SWE (Takala et al., 2011)) hacen que

no sea muy recomendable para trabajar en zonas de terreno complejo, y mucho menos en una zona

como la península ibérica con grandes extensiones de terreno con un manto de nieve efímero y muy

comúnmente poco profundo. El NASA Airborne Snow Observatory (Painter et al., 2016), genera

productos  semanales  de  muy  alta  resolución  espacial  de  SWE sobre  extensas  zonas  de  Sierra

Nevada  (California,  EEUU).  Para  conseguir  esto,  realizan  mediciones  del  espesor  de  nieve
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mediante LIDAR aerotrasportado junto con mediciones del albedo de la nieve mediante cámaras

multiespectrales. Estos datos son posteriormente asimilados en un modelo de balance de masa y

energía  (Ver  apartado  1.2.2  Uso  de  simulaciones  numéricas  del  manto  de  nieve  para  generar

información del espesor de nieve y del SWE) para producir  los mapas de SWE. A pesar de la

interesante información obtenida, el desorbitado coste de realizar mediciones LIDAR semanales

limita su aplicación en otras zonas del planeta.

Actualmente es posible obtener información del espesor del manto de nieve de zonas remotas a muy

alta resolución (cercana a los 4m horizontales) mediante el uso de técnicas estereoscópicas a partir

de la constelación de satélites Pléiades (Marti et al., 2016; Shaw et al., 2020). A pesar de producir

prometedores resultados, está novedosa técnica presenta importantes limitaciones temporales que

no permiten una gran resolución temporal, a la que se suma un error vertical superior a los 30cm

que dificultan de nuevo su aplicación en mantos de nieve poco profundos. Todo esto quiere decir,

que en términos del estudio de la climatología del manto de nieve en la península ibérica mediante

información por satélite, las posibilidades se reducen al estudio de la cobertura del manto de nieve,

lo cual  es una gran limitación debido a  la poca representatividad que la  cobertura tiene en los

procesos hidrológicos si se compara con información que proporciona el SWE (Ceballos-Barbancho

et al., 2018). 

1.2.2 Uso de simulaciones numéricas del manto de nieve para generar

información del espesor de nieve y del SWE

En muchas ocasiones, la simulación numérica resulta la única alternativa viable para reconstruir la

información del SWE y espesor del manto de nieve a alta resolución temporal. Existen dos grandes

métodos a la hora de simular el manto de nieve: el método grados-día y el de balance de energía.

Los métodos grados-día, en sus diferentes variaciones, intentan simular la fusión neta calculada a

partir de la temperatura al que se le aplica un valor (grados-día) estimado empíricamente, que se

sustrae a la masa de nieve acumulada, que se calcula a partir de la precipitación caída en los meses

precedentes  por debajo de un determinado umbral  térmico  (Hock,  2003).  En ocasiones  a  estos

métodos se les introduce más complejidad incluyendo otras variables en la estimación de la tasa de

fusión  (Pellicciotti et al., 2005), o discerniendo de forma más compleja la separación de la fase

sólida y líquida de la precipitación. Estos métodos han sido ampliamente utilizados en glaciología y

nivología debido a su simplicidad, que se traduce en una gran facilidad de implementación con un

coste computacional muy pequeño. Además, es posible utilizarlos con un forzamiento atmosférico
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sencillo, siendo únicamente necesario datos de precipitación y temperatura. El mayor problema que

presentan  estos  modelos  es  que  no  tienen  en  cuenta  los  procesos  físicos  de  tipo  radiativo  y

turbulento que influyen de forma determinante en la dinámica del manto de nieve. Por ejemplo, no

tienen en cuenta procesos de sublimación, los cuales se ha llegado a observar que en Sierra Nevada

ocurren durante un 60% del tiempo en el que encontramos manto de nieve (Herrero et al., 2016).

Otros procesos como el rehielo del agua en fase líquida dentro del manto de nieve, la compactación,

el efecto de la radiación o el intercambio turbulento de energía (producidos en los cambios de fase

de la superficie nivosa) tampoco estarían representados en un modelo de grados día.

En contraposición a los modelos de grados-día, el manto de nieve se puede simular mediante un

balance de masa y energía, en el que los componentes de los flujos de masa y energía son resueltos

a partir de un forzamiento meteorológico. Estos modelos de base física, simulan el manto de nieve

mediante un conjunto de ecuaciones que simulan diferentes procesos del manto de nieve. En estos

modelos se calcula el balance de energía mediante:

∂Q
∂ t

=QSW +QLW +QH+QL+QP+QG

Donde ∂Q /∂ t es el ratio de energía, QSW es el flujo neto de radiación de onda corta, QLW es

el flujo neto de energía en onda larga, QH es el flujo de calor sensible, QL es el flujo de calor

latente, QP es  el  flujo  de  calor  procedente  de  la  precipitación  y QG es  el  flujo  de  calor

procedente del suelo. De manera análoga, el balance de masa es calculado mediante:

∂ M
∂ t

=M S+M L−M Sb−M rff +M R+M A

Donde ∂M /∂ t es el ratio de masa, M S es el flujo de precipitación sólida, M L es el flujo de

precipitación en forma líquida, M Sb es el flujo de masa perdido por sublimación, Qrff es el flujo

de masa que se escapa del manto en forma líquida (principalmente fusión), M R es el flujo de

masa que se recongela dentro del manto de nieve y M A es el flujo de masa a consecuencia del

transporte por viento. 

La  complejidad  de  los  modelos  de  balance  de  energía,  radica  en  la  manera  en  la  que  sus

parametrizaciones resuelven cada uno de los componentes de los balances de masa y energía, que

puede variar  tremendamente.  Estos  balances  de  energía  se  implementan  en los  modelos  en  un

número variable de capas que van desde las más sencillas de una sola capa, como el usado por
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muchos  modelos  atmosféricos  globales  (ECMWF,  2019),  a  múltiples  capas  (Niu  et  al.,  2011),

llegando algunos a tener una gran complejidad a costa de un gran esfuerzo computacional y siendo

destinados principalmente a su uso en la simulación de situaciones de avalanchas  (Vionnet et al.,

2012). 

El  mayor  problema  de  los  modelos  de  nieve  de  base  física  es  disponer  de  información

meteorológica  suficiente  para  forzar  las  simulaciones.  Estos  modelos  suelen  requerir  diferentes

tipos de variables meteorológicas para resolver cada uno de los componentes del balance de energía,

entre  las  cuales  deberán  de  estar  presentes  como mínimo la  temperatura  del  aire,  la  humedad

atmosférica, viento, presión atmosférica, precipitación y radiación en onda corta. Habiendo visto

anteriormente la dificultad de disponer de observaciones meteorológicas y nivológicas adecuadas en

zonas de alta montaña (Raleigh et al., 2016),  su aplicación en la mayor parte de las montañas en

general, y en la península ibérica en particular, resulta muy compleja. 

La  única  alternativa  viable  para  encontrar  información  meteorológica  para  forzar  modelos  de

balance de masa y energía y poder realizar simulaciones de varios años del manto de nieve la

encontramos en los datos procedentes de simulaciones atmosféricas, que para reproducir periodos

pasados  se  denominan  de  reanálisis.  Los  reanálisis  atmosféricos  son bases  de  datos  realizadas

mediante  modelos  atmosféricos  globales.  Estos  modelos  son  forzados  por  datos  históricos

procedentes  de  muy  diversas  fuentes  de  información  incluyendo  estaciones  meteorológicas

convencionales, información por satélite, globos sonda meteorológicos, estaciones meteorológicas o

boyas marinas entre otras. Existen multitud de reanálisis diferentes que cubren diferentes periodos

de  tiempo  con  multitud  de  particularidades  diferentes.  Si  bien  todos  ellos  tienen  muchas

aplicaciones en el área de la climatología, prácticamente todos tienen en común la poca resolución

espacial disponible, que a día de hoy puede llegará ser en el mejor de los casos de 0.25º (~ 30 km)

siendo comunes resoluciones cercanas o superiores a 1º (~ 110 km). Esto imposibilita totalmente su

uso para simular el manto de nieve en terreno complejo debido al enorme suavizado de la topografía

que representa (Mass et  al.,  2002).  No obstante,  es posible incrementar su resolución mediante

modelos  atmosféricos  regionales.  Estos  modelos  funcionan  de  manera  análoga  a  los  modelos

atmosféricos globales, con la particularidad de que es posible lanzarlos en zonas delimitadas del

territorio con un modelo de elevaciones muy superior al del reanálisis original, y utilizando las

condiciones iniciales y de contorno, de un modelo atmosférico global previo. El uso de este tipo de

datos para realizar simulaciones físicas del balance de energía no es nuevo, por ejemplo van Pelt et

al.,  2016 utilizaron  un  procedimiento  similar  para  Svalbard  utilizando  las  salidas  del  modelo

22



Introducción

climático  regional  HIRLAM  como  forzamiento  del  modelo  de  balance  de  masa  y  energía

Snowmodel (Liston and Elder, 2006a). De manera análoga, Wu et al., 2016  generaron productos de

SWE en las montañas de Altai, donde usaron las salidas del modelo climático WRF (Skamarock et

al.,  2008) como  forzamiento de un modelo tipo grados día,  ajustado mediante información por

satélite.

A pesar  de  las  mejoras  de  resolución de  los  modelos  atmosféricos  regionales,  las  resoluciones

alcanzadas cuando se simulan periodos de tiempo largos (más de 30 años) no son suficientes para

resolver adecuadamente todos los campos meteorológicos de las zonas de terreno complejo con un

coste computacional asumible.  Existen diferentes maneras de sortear esta barrera computacional,

mediante aproximaciones que, realizando algunas simplificaciones, consiguen mejorar todavía más

la resolución de las simulaciones atmosféricas con un coste computacional asumible. Un ejemplo de

estas soluciones alternativas es el modelo MICROMET (Liston and Elder, 2006b), el cual interpola

espacialmente las variables meteorológicas de superficie de un modelo atmosférico (o una red de

estaciones  meteorológicas),  y  las  corrige  con la  altura  sobre un modelo  digital  de  elevaciones,

generando nuevos campos meteorológicos  de mayor resolución.  Estos productos  pueden ser  de

mucha utilidad si se asume la incertidumbre introducida por la interpolación estadística o por otras

simplificaciones como el uso de gradientes térmicos y pluviométricos, especialmente si se cuenta

con datos observados para asimilar en el modelo. Otra técnica muy usada han sido las simulaciones

semidistribuidas, en las que se reproducen los campos meteorológicos necesarios para forzar un

modelo  del  manto  de  nieve  en  un  punto  con  unas  características  de  exposición,  elevación  o

pendiente concretas (Revuelto et al., 2018), habiendo sido esta técnica previamente utilizada en los

Pirineos para el estudio del efecto del cambio climático en el manto de nieve (López-Moreno et al.,

2009).

1.3 El manto de nieve en la península ibérica

A pesar de que no existe una climatología de nieve a nivel regional de toda la península ibérica, sí

que existen trabajos previos que describen diversos aspectos de la dinámica del manto de nieve,

especialmente  en  los  Pirineos  y Sierra  Nevada.  La  península  ibérica  tiene  una  topografía  muy

compleja con varias cordilleras montañosas que pueden resumirse en cinco macizos donde la nieve

posee  un  papel  relevante  desde  un  punto  de  visto  hidrológico,  ecológico  y  socioeconómico:

Cordillera Cantábrica, Sistema Central, Sistema Ibérico, Pirineos y Sierra Nevada. Estas cordilleras

rodean dos importantes mesetas que hacen de la península ibérica una de las regiones más elevadas
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de Europa.  A pesar de su baja latitud,  nevadas ocasionales son comunes en la mayor parte del

territorio, siendo muy frecuentes en varias ciudades importantes de la mitad norte de la península

(Merino et al., 2014). Existen registros de nevadas incluso cerca del nivel del mar en la zona de

Levante (Mora et al., 2016), Barcelona o Gerona (Aran et al., 2010). En cualquier caso, a pesar de

que estos  eventos  suelen tener  una repercusión muy elevada,  ya que suceden en zonas  de alta

densidad  de  población,  la  realidad  es  que  la  península  ibérica  cuenta  con  un  manto  de  nieve

estacional únicamente en las zonas montañosas, dónde sí persiste hasta el final de la primavera y

principios de verano, incluso en las zonas más meridionales y áridas como Sierra Nevada (Pimentel

et al., 2017). Estas zonas montañosas ejercen un gran control sobre las zonas aguas abajo (López

and Justribó,  2010) como ha  sido confirmado en  los  Pirineos  (López-Moreno and García-Ruiz

2004). De esta manera, el ciclo hidrológico está, en las épocas de fusión, mucho más relacionado

con las acumulaciones de nieve existentes en cotas altas que con la precipitación en forma líquida,

con importantes implicaciones también en las avenidas, las cuales son amplificadas a consecuencia

de la fusión de nieve (Morán-Tejeda et al., 2019).

Aparte de la importancia hidrológica anteriormente descrita, no hay que olvidar el impacto que el

manto de nieve posee directamente sobre la economía de la península ibérica, y más concretamente

en zonas muchas veces afectadas por la despoblación o la falta de motores económicos. El turismo

relacionado de alguna manera con la nieve, y más concretamente el esquí alpino, ha demostrado ser

una fuente de riqueza con potencial para recuperar la demografía de las zonas donde se consolida

(Lasanta et al., 2007). En cualquier caso, las zonas rurales montañosa,s donde se asienta un manto

de nieve estacional, están sufriendo una continuada despoblación, y es precisamente en ellas donde

la nieve juega un papel como motor económico en forma de turismo deportivo, o de cualquier otro

tipo. Esta es la razón por la que la gestión del territorio en las zonas rurales de la montaña Ibérica ha

pasado en muchas ocasiones por la gestión de las actividades directamente relacionadas con la nieve

por  parte  de  los  entes  públicos  y  políticos  (Gilaberte-Búrdalo  et  al.,  2017).  Otros  sectores

socioeconómicos afectados por la variabilidad espacio temporal de la nieve, tienen relación con la

producción forestal, la cual está influenciada por los patrones de acumulación del manto de nieve

(Sanmiguel-Vallelado et  al.,  2019) o la  gestión del  riesgo tanto  en el  transporte,  el  cual  se  ha

demostrado aumenta considerablemente con las nevadas (Mills et al., 2011) o por avalanchas. Las

avalanchas representan uno de los mayores riesgos en zonas montañosas, a las que se les asocia

alrededor  de  1900  muertes  en  Europa  y  Norte  América  en  el  periodo  desde  2000/2001  hasta

2009/2010 (Schweizer et al., 2015).
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La variabilidad intrannual e interanual de los eventos de nieve está muy asociada a los diferentes

patrones sinópticos atmosféricos (Esteban et al., 2005; Navarro-Serrano and López-Moreno, 2017).

La Oscilación del  Atlántico  Norte  (NAO) es  un índice de  teleconexión que se define  como la

diferencia  de  presión atmosférica  para el  dipolo centrado en  Islandia  y las  Islas  Azores.  En la

cuenca Mediterránea, la NAO es el principal índice de teleconexión que determina los patrones

espaciales  y  la  magnitud  de  la  precipitación  y  la  temperatura  (Fig.3)  (Corte‐Real  et  al.,  1995;

Hurrell, 1995; J. I. López-Moreno et al., 2011b). Es por esto que el manto de nieve estacional estará

necesariamente relacionado con la NAO, o más concretamente con el índice NAO promedio de la

temporada de acumulación. López-Moreno and Vicente-Serrano (2007) y posteriormente Buisan et

al.(2015)  comprobaron una clara correlación negativa entre el índice NAO y la acumulación de

nieve  en  el  Pirineo  Central,  si  bien  con  coeficientes  muy  variables  en  altura  y  localización

geográfica. A una escala espacial mucho más amplia, López-Moreno et al. (2011) utilizaron datos

climáticos en rejilla (0.5º de resolución) proporcionados por la Unidad de Investigación Climática

de la universidad de East Anglia (CRU, Mitchell and Jones, 2005) junto con información observada

del manto de nieve de los Pirineos y Alpes, para valorar la relación que existe entre el índice NAO y

el manto de nieve a escala regional para las montañas que rodean la cuenca del Mediterráneo.

Quedó demostrada la influencia de la NAO en el manto de nieve, pero con varias puntualizaciones.

Por ejemplo, el efecto de la NAO de invierno en el manto de nieve tiende a perder relevancia cuanto

más hacia el este se encuentra una determinada cordillera. Además de esto, el efecto de la NAO

invernal en el manto presenta un claro gradiente altitudinal, a consecuencia de que en las cotas bajas

la presencia de nieve está más marcada por el régimen térmico que por el pluviométrico. Esto se

produce a  consecuencia de que los patrones  sinópticos  asociados a  las  fases  de NAO negativa

favorecen los flujos de viento procedentes del sur y sur oeste, por lo que propician advecciones de

humedad, pero con condiciones térmicas templadas. 

25



Introducción

Esta relación entre el índice NAO y el manto de nieve tiene grandes implicaciones. A día de hoy, las

predicciones  estacionales  a  largo plazo  mediante  simulaciones  atmosféricas  presentan  una  gran

incertidumbre  a  consecuencia  de  la  no-linealidad  de  las  ecuaciones  involucradas  en  cualquier

modelo  atmosférico  numérico  moderno.  Esto  hace  muy  difícil  poder  predecir  con  exactitud  la

cantidad de nieve que estará presente en el futuro a medio plazo de manera directa. En cambio, la

predicción  de  los  grandes  patrones  sinópticos  atmosféricos  mediante  el  uso  de  indicadores

empíricos (Scaife et al., 2014; Wang et al., 2017), con una antelación temporal entre uno y varios

años, sí ha mejorado notablemente (Dunstone et al., 2016).  De esta manera, potencialmente sería

posible obtener una aproximación a la cantidad de nieve disponible con mucha antelación,  con

todas las implicaciones que ello tiene para la gestión de los recursos hídricos y la economía. 

A pesar de la certidumbre que se tenía en la influencia de la NAO invernal en el manto de nieve, la

falta de datos o, como en el caso del trabajo de López-Moreno et al., 2011, la falta de resolución, no

han permitido  un  estudio  en  profundidad  de  cómo esta  influencia  se  distribuye espacialmente,

información fundamental para el uso operacional de la NAO invernal como predictor del manto de

nieve. 
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1.4 Impactos de la variabilidad climática en el manto de nieve

de la península ibérica

No es solo crucial conocer las características actuales del manto de nieve, si no entender como estas

características pueden evolucionar en el futuro. Debido a su naturaleza, el manto de nieve responde

de manera muy clara a la variabilidad climática. En el actual proceso de calentamiento en el que nos

encontramos, son de esperar importantes cambios en el manto de nieve que potencialmente tendrán

efectos sobre un alto porcentaje de la población mundial (Barnett et al., 2005). A parte de las claras

implicaciones  que el  cambio climático tendrá en el  manto de nieve en términos de duración y

magnitud, recientes estudios han demostrado como el manto de nieve puede responder de manera

muy compleja a los procesos de calentamiento. Por ejemplo, Musselman et al., 2017 observaron que

bajo  condiciones  más  cálidas  las  tasas  de  fusión  tienden  a  ralentizarse,  hipótesis  que  ha  sido

confirmada para el conjunto del hemisferio norte (Wu et al., 2018). Esta respuesta implica periodos

de fusión más largos, con importantes impactos en la gestión de los recursos hídricos entre otros.

Otro  ejemplo  de  cómo  de  compleja  es  la  respuesta  del  manto  de  nieve  a  los  procesos  de

calentamiento lo encontramos en Harpold and Brooks, (2018). En este trabajo se demuestra que los

procesos  de  fusión  asociados  al  calentamiento  están  controlados  en  realidad  por  la  humedad

atmosférica que controla el flujo de masa en forma de sublimación y por lo tanto una importante

parte del balance de energía. Diferentes repuestas del manto de nieve a la variabilidad climática se

pueden producir incluso dentro de áreas catalogadas como climáticamente iguales.  López-Moreno

et al. (2017), demostraron como la sensibilidad del manto de nieve al calentamiento puede ser muy

diferente  incluso  en  zonas  catalogadas  como  clima  mediterráneo,  con  diferencias  de  una

disminución de entre unos 6 días ºC -1 de duración y un 9% ºC -1 de máximo de acumulación, hasta

28 días ºC  -1 y un 19% ºC  -1 de máximo de acumulación en las zonas más sensibles. Todas estas

respuestas tan diferenciadas se producen a consecuencia de los diferentes pesos de los componentes

de los respectivos balances de masa y energía de cada lugar. 

A demás del  incremento de temperatura asociado al  cambio climático,  existen otras fuentes  de

variabilidad climática que influyen directamente en el balance de masa y energía de la nieve. Por

ejemplo, existe una gran incertidumbre sobre como las precipitaciones pueden evolucionar en las

próximas décadas  (Monjo et  al.,  2016),  a pesar de que la disminución de la nieve a causa del

cambio  climático  puede  estar  muy  relacionada  con  la  disminución  de  las  precipitaciones

(Irannezhad  et  al.,  2016).  Por  otro  lado,  hay  una  tendencia  muy  clara  en  el  incremento  de  la
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radiación  en  onda  corta  sobre  la  península  ibérica,  cuando  se  analizan  datos  observados.  Este

incremento se achaca al efecto mixto de una atmósfera con cada vez con menos aerosoles, y un

descenso de la  nubosidad sobre la  península  (Vicente-Serrano et  al.,  2017),  efecto que ha sido

también observado para la totalidad de Europa (Sanchez-Lorenzo et al., 2017). Todos estos factores

representan una gran fuente de incertidumbre sobre como el manto de nieve podría evolucionar en

las próximas décadas, a la que habría que sumar el efecto de la altitud, ya que se ha probado que la

sensibilidad del manto de nieve es mayor en los lugares cerca de la isoterma 0 ºC  (Pierce and

Cayan, 2013), y que resulta crucial en una zona de topografía tan compleja como es la península

ibérica.

1.5 Objetivos

Todo lo  expuesto  en  los  apartados  anteriores,  pone de  manifiesto  la  necesidad de  entender  en

profundidad la forma en que el manto de nieve se comporta a nivel regional, dado el importante

papel que este juega en múltiples aspectos de la península  ibérica. En este contexto se desarrolla la

presente tesis doctoral, la cual tiene como objetivo principal conocer el comportamiento del manto

de nieve a nivel regional, así como su respuesta a la variabilidad climática. Expuestas previamente

las dificultades y las herramientas disponibles para completar este objetivo, así como un resumen

del  conocimiento  actual  que  se  tiene  sobre  el  manto  de  nieve  en  la  península  ibérica,  nos

planteamos los siguientes objetivos secundarios, que se han materializado en diferentes etapas del

trabajo, habiendo sido cada uno de ellos objeto de una publicación científica:

1- Generar una base de datos del manto de nieve semidistribuida a resolución diaria consistente con

las observaciones disponibles que cubran un periodo mínimo de 30 años, permitiendo así realizar

estudios climáticos robustos.

2- Estudiar las características del manto de nieve a nivel regional en las principales cordilleras de la

península ibérica, realizando la primera climatología de nieve del mismo territorio.

3- Estudiar el efecto que los patrones sinópticos asociados a las diferentes fases de la Oscilación del

Atlántico  Norte  (NAO)  durante  los  meses  de  invierno  tienen  sobre  los  patrones  espaciales  de

magnitud y duración del manto de nieve en la península ibérica.

4-  Estudiar  las  diferencias  en  los  valores  de  sensibilidad  del  manto  de  nieve  respecto  a  la

variabilidad de la temperatura, precipitación y radiación en onda corta a lo largo de un gradiente

altitudinal sobre la península ibérica.
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Cada uno de los próximos capítulos tiene como objetivo completar respectivamente cada uno de

estos puntos, correspondiéndose con las cuatro etapas de la tesis doctoral. El último capítulo de la

tesis doctoral está constituido por unas conclusiones generales de todo el trabajo, donde también se

tratarán posibles líneas de investigación futuras.
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Capítulo  2:  Rejillas  de  datos  diarias  de  espesor  de

nieve y equivalente en agua de nieve de la  Península

Ibérica desde 1980 hasta 2014.

Resumen: En este trabajo presentamos observaciones de nieve y una base de datos diaria en rejilla

que se generó a partir de un reanálisis al que previamente se le mejoro la resolución en la Península

Ibérica.  La  península  Ibérica  presenta  un  manto  de  nieve  estacional  de  larga  duración  en  sus

diferentes cordilleras,  y en la mayor parte  de su territorio se producen nevadas invernales.  Sin

embargo,  solo  hay  observaciones  directas  limitadas  de  la  profundidad  de  la  nieve  (SD)  y  del

equivalente en agua de la nieve (SWE), lo que dificulta el análisis de la dinámica de la nieve y de

los  patrones  espacio-temporales  de  las  nevadas.  Utilizamos  los  datos  meteorológicos  de  los

reanálisis como forzamiento de un modelo de balance de energía de la nieve de base física para

simular el SWE y el SD en la Península Ibérica desde 1980 hasta 2014. Más concretamente, el

reanálisis  ERA-interim se  redujo  a  una  resolución de  10  km utilizando  el  modelo  de  Weather

research and Forecast (WRF). Los resultados de WRF se utilizaron directamente, o como entrada a

otros submodelos, para obtener los datos necesarios para lanzar el modelo Factorial Snow Model

(FSM). Para mejorar la resolución de las salidas de WRF, utilizamos gradientes térmicos y ajustes

higrobarométricos para simular series de nieve en bandas de elevación de 100 m por cada celda de

10 km en la Península Ibérica. Las series de nieve fueron validadas utilizando datos del sensor

satelital  MODIS y observaciones  terrestres.  La simulación de nieve reprodujo con precisión la

variabilidad interanual del manto nivoso así como la variabilidad espacial de la acumulación y la

fusión, incluso en terreno complejo. Así pues, el conjunto de datos presentado puede ser útil para

muchas aplicaciones, entre ellas la ordenación del territorio, los estudios hidrometeorológicos, la

fenología de la flora y la fauna, el turismo invernal y la gestión de riesgos. Los datos presentados

aquí  pueden  descargarse  gratuitamente  de  Zenodo  (https://doi.org/10.5281/zenodo.854618).  A

continuación, se describe detalladamente el procedimiento, la validación de los datos, la evaluación

de la incertidumbre y las posibles aplicaciones y limitaciones de la base de datos
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Abstract. We present snow observations and a validated daily gridded snowpack dataset that was

simulated from downscaled reanalysis of data for the Iberian Peninsula. The Iberian Peninsula has

long-lasting seasonal snowpacks in its different mountain ranges, and winter snowfall occurs in

most of its area. However, there are only limited direct observations of snow depth (SD) and snow

water  equivalent  (SWE),  making it  difficult  to  analyze  snow dynamics  and the  spatiotemporal

patterns  of  snowfall.  We  used  meteorological  data  from downscaled  reanalyses  as  input  of  a

physically based snow energy balance model to simulate SWE and SD over the Iberian Peninsula

from 1980  to  2014.  More  specifically,  the  ERA-Interim  reanalysis  was  downscaled  to  10  km

resolution using the Weather Research and Forecasting (WRF) model. The WRF outputs were used

directly, or as input to other submodels, to obtain data needed to drive the Factorial Snow Model

(FSM). We used lapse rate coefficients and hygrobarometric adjustments to simulate snow series at

100 m elevations bands for each 10 km grid cell in the Iberian Peninsula. The snow series were

validated using data from MODIS satellite sensor and ground observations. The overall simulated

snow series accurately reproduced the interannual variability of snowpack and the spatial variability

of snow accumulation and melting, even in very complex topographic terrains. Thus, the presented

dataset  may be  useful  for  many applications,  including land management,  hydrometeorological
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studies, phenology of flora and fauna, winter tourism, and risk management. The data presented

here are freely available for download from Zenodo (https://doi.org/10.5281/zenodo.854618). This

paper  fully  describes  the  work  flow,  data  validation,  uncertainty  assessment,  and  possible

applications and limitations of the database.

1 Introduction

Seasonal  snowpack  exerts  an  important  control  on  the  hydrology  and  economy  of  many

mountainous  and  cold  regions  worldwide  (Barnett  et  al.,  2005).  Snow  variability  also  affects

different ecological processes, such as species composition, distribution, and phenology (Keller et

al.,  2000;  Wipf  et  al.,  2009).  For  example,  snowpack on Mediterranean mountains  is  a  crucial

source of water during the dry season (Fayad et al., 2017; García-Ruiz et al., 2011; Viviroli et al.,

2007). Long-term data are required to analyze the spatiotemporal dynamics of snowpack, to assess

the  importance  of  snow  as  a  resource,  and  to  understand  the  effect  of  climatic  fluctuations.

However,  there  are  only  limited  in  situ  observations  of  snowpack  for  most  mountain  regions

(Raleigh et al., 2016). Currently, remote-sensing techniques can only reliably provide information

about  snow cover  based  on  observations  in  the  visible  spectrum (Dietz  et  al.,  2012).  Current

spaceborne sensors do not provide accurate data on snow water equivalent (SWE) and/or snow

depth  (SD)  in  mountainous  regions  (Dozier  et  al.,  2016).  Microwave  imaging  has  a  coarse

resolution  (grid  cell  size:  25  km),  so  does  not  characterize  snowpack  variability  in  the

Mediterranean mountains, which have a high spatial heterogeneity not captured with this resolution.

There are also spatial and temporal limitations when attempting to estimate snowpack using close-

range remote-sensing techniques such as LIDAR (Revuelto et al., 2016).

There are limited in situ snow observations and meteorological data at high elevations in the Iberian

Peninsula. Although the number of monitored sites has increased in recent years, there are no long-

term series and there is in-sufficient characterization of snowpack dynamics at a regional scale.

However,  snowpack in the Iberian Peninsula is  an important  hydrological  and also economical

resource. An area of 19456.4 km2 in the Iberian Peninsula lies above 1500 m a.s.l., mostly in the

five most important mountain ranges (Pyrenees,  Cantabrian Mountains,  Central  System, Iberian

Range, and Sierra Nevada). At this elevation, snow-pack occurs for at least 4 months of the year

(López-Moreno et  al.,  2011) making it  a  critical  resource for  water  management  in  the largest
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hydrological basins (Morán-Tejeda et al., 2014). Snowpack influences the interannual variability of

water resources (López-Moreno and García-Ruiz, 2004) and the timing of the winter low flows and

spring peak flows (Sanmiguel-Vallelado et al., 2017). Moreover, winter tourism (mainly skiing) has

been increasingly important to the economy of mountain valleys in recent decades, and the large

interannual fluctuations of snowpack in the different mountain regions of the Iberian Peninsula

affect the economic viability of tourism (Gilaberte-Búrdalo et al., 2014, 2017).

The importance of snow to the environment and economy of the Iberian Peninsula, and the lack of

data  on snowpack in  this  region,  motivated  us  to  use meteorological  outputs  from downscaled

reanalysis data to simulate snowpack at different elevations in the Iberian Peninsula. Atmospheric

reanalyses,  based on data assimilation and modeling (Saha et  al.,  2010),  can provide important

information  about  the  temporal  evolution  of  the  atmosphere.  Meteorological  variables  obtained

from reanalysis data can be used as inputs for models of snow mass and energy balance which can

be applied to describe the behavior of the snowpack over large areas (Brun et al., 2013; Krogh et al.,

2015; Wegmann et al., 2017). However, the coarse resolution (cell size: around tens of kilo-meters)

implies  these  simulations  may  have  insufficient  spatial  resolution  for  characterizing  the

topographical  complexity  of  mountain  areas  (Mass  et  al.,  2002).  To  overcome  this  limitation,

regional  climate  models  (RCMs)  are  often  used  to  obtain  better  representations  of  surface

climatology, be-cause they downscale physically reanalysis products (García-Valdecasas Ojeda et

al., 2017; Kryza et al., 2017; Warrach-Sagi et al., 2013). Previous studies have used RCMs to study

SD and SWE dynamics at finer resolutions (grid cell size: 5 to 11 km) when they are driven with

reanalyses, and the resolution increases further (grid cell size: 1 km) when using forecasted data

(Bellaire et al., 2011; van Pelt et al., 2016; Quéno et al., 2016; Wu et al., 2016).

van  Pelt  et  al.  (2016)  used  the  High  Resolution  Limited  Area  Model  (HIRLAM) in  Svalbard

(Norway), with forcing by ERA-40 and ERA-Interim reanalysis, and then used the meteorological

simulation as  driving data  for SnowModel  (Liston and Elder,  2006a).  Their  results  support  the

usefulness of the methodology extracting snowpack trends from these data. Wu et al. (2016) used a

similar procedure to describe the behavior of snowpack over the Altai Mountains in China. They

coupled outputs from the Weather Research and Forecasting (WRF) model (Skamarock et al., 2008)

driven by NCEP/NCAR reanalysis with a temperature index model (based on remote sensing), and

their results had low error values. To increase the spatial resolution of the WRF out-puts, they used

the MICROMET model  (Liston and Elder,  2006b),  a  submodel  of  SnowModel  in  which  WRF

outputs  are  interpolated  to  a  new grid,  and then  corrected  physically  according to  topography.
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Wrzesien  et  al.  (2017)  tested  the  capability  of  WRF  to  estimate  SWE  over  complex  terrain

concluding that WRF simulations can be used over areas with few observational data.

We used a different approach, in an effort to make our database more computationally practicable

and  to  avoid  the  uncertainties  of  the  statistical  interpolations  of  climatological  variables  over

complex  areas.  More  specifically,  we  projected  WRF  outputs  to  different  elevation  bands  to

generate  simulations  for  multiple  elevations.  This  procedure  allows  one  to  study  the  elevation

dependent  characteristics  of the snowpack over different  mountain ranges,  preserving the WRF

output resolution.

Our procedure uses the physically based Factorial Snow Model (FSM; Essery, 2015), which is fed

by ERA-Interim reanalysis (Berrisford et al., 2011), and downscaled by the WRF model. The final

products of our analysis are simulated daily time series of SD and SWE at different elevations from

1980 to 2014.

2. Data and methods

We used an existing WRF simulation (cell size: 10 km) for the whole Iberian Peninsula (Fig. 1),

with a 3 h time step from January 1979 to November 2014, as input data for the FSM. Most inputs

of the FSM were extracted directly from the WRF simulation, but some were calculated using other

submodels. We projected the WRF outputs and derived variables to different elevation bands, from

500 to 2900 m a.s.l. at steps of 100 m, from the WRF pixel elevation using several hygrometric and

psychrometric formulas and elevation lapse rates. FSM outputs were aggregated at a daily time step

in order to increase the manageability of the data. Validation was performed at different steps of the

workflow using different observational data sources.  Figure 2 shows the work-flow completely,

which is described in more detail below. Appendix A lists all the abbreviations used in this study.
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2.1 Meteorological driving data

The meteorological variables were calculated using the WRF model, a mesoscale climate model.

Previous researchers used this model to simulate climate at regional scales for analysis of past,

present, and future conditions (Chen et al., 2011; Heikkilä et al., 2011). The spatial resolution of our

simulation is 0.088 ( 10 km) and the time step is 3 h. ERA-Interim reanalysis (Berrisford et al.,

2011) was used as driving data for the WRF model. With this procedure all meteorological variables

for  running  snowpack  models  were  generated  for  the  whole  Iberian  Peninsula.  The  WRF

configuration was described in detail by García-Valdecasas Ojeda et  al.  (2017). This simulation

provided the  following  variables:  wind speed  (Ua),  surface  temperature  (T),  precipitation  (Pr),

relative humidity (RH), shortwave incoming radiation (SW), and atmospheric pressure (Ps).
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Figure 1: Digital elevation model (DEM) of the Iberian Peninsula and locations of the teleni-

vometers, Cotos Pass SD sensor, and MODIS study areas.
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2.2 Snow energy and mass balance model

SD and SWE time series were obtained using a mass and energy balance snowpack model. The

FSM is a multi-physics snow model that simulates the accumulation and melting of snow (Essery,

2015). This model allows selection of two options for parameterizations of five different process,

thereby  enabling  32  different  model  configurations.  The  configuration  used  to  develop  our

simulations  decreases  snow albedo  and  increases  snow  density  at  different  rates  for  cold  and

melting snow, calculates thermal conductivity as a function of snow density, adjusts the turbulent

exchange  coefficient  as  a  function  of  the  bulk  Richardson  number,  and  allows  retention  and

refreezing of liquid water inside the snowpack.

The model works with different numbers and thicknesses of layers, depending on snowpack depth.

Thus, it assumes a single layer when snow depth is less than 0.2 m, and a maximum of three layers

when the depth is greater than 0.5 m. This configuration allows the model to characterize the highly

variable climatological conditions of the Iberian mountains. In addition to the variables provided by

the WRF simulation (listed in Sect. 2.1), the FSM also needs estimates of snow rate (Sf), rain rate

(Rf), and longwave incoming radiation (LW). To avoid the expense of rerunning WRF in this study,

these variables have been reconstructed from available WRF simulation outputs.

To  calculate  Sf  and  Rf,  we  used  a  psychrometric  energy  balance  method  (PPPm;  Harder  and

Pomeroy,  2013),  which  uses  relative  humidity  and  air  temperature  to  calculate  the  surface

temperature  of  falling  hydrometeors.  From this  value,  the  fraction  of  liquid  precipitation  is  as

follows:

f r(T i)=
1

1+bc(T i)

where  fr  is  the  percentage  of  liquid  precipitation,  Ti  is  the  temperature  (ºC)  of  the  falling

hydrometeor, and b and c are derived from statistical fits (2.50286 and 0.125006, respectively, for

hourly time intervals). Ti is calculated from Eq. (2), which we solved numerically using the method

described by Brent and Richard (1972):

T i=T a+
D
λ t

L(ρ(Ta)
−ρsat )
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where Ta is the temperature (K), D is the diffusivity of water vapor in air (m2 s-1), λt  is the thermal

conductivity of air (W m-1 K-1), L is the latent heat of sublimation or vaporization (J kg -1), and ρTa

and ρsat(Ti) (kg m-3)  are  respectively the vapor  densities  in  free  atmosphere and at  the saturated

hydrometeor surface. This methodology gives the percentage of liquid precipitation; the percentage

of solid precipitation is directly calculated from fr .

Incoming longwave radiation (W m-2) was estimated from the Stefan–Boltzmann law:

L↓=εσ (Ta)
4

where σ is the Stefan–Boltzmann constant and ε is the emissivity of the atmosphere.

Emissivity was calculated as a function of elevation and cloud cover, as proposed by Liston and

Elder (2006b), who used a variation of the methodology described by Iziomon et al. (2003). Thus,

emissivity is calculated as follows:

ε=1,083(1+Z s cc ²) [1−X s exp(
−Y s e

T a

)]

where e (Pa) is the atmospheric vapor pressure, cc is the fractional cloud cover, and Xs, Ys, and Zs

are coefficients that are corrected with elevation:

C s=C1                                           z  < 200m a . s . l . ,

C s=c1+(z− z1)(
C2−C1

z2− z1

)              200 m a . s . l  ⩽ 3000m ,

C s=C2                                           3000 ma . s .l .  < z

where z  (m) is  the elevation above sea level,  and Xs,Ys,and Zs  can be substituted for C,  with

X1=0.35,  X2=0.51,  Y1=0.100  Kpa−1,  Y2=0.130  KPa−1,  Z1=0.224,  Z2=1.100,z1=200  m  a.s.l.,  and

z2=3000 m a.s.l. 

Different  parameterizations  using  SW were  tested  to  estimate  cc,  from  potential  SW,  a  more

accurate approach than the parameterization proposed by Liston and Elder (2006b), according to

Gascoin et al. (2013). This approach uses therelationship between SW and potential SW radiation

that is restricted to daylight hours. Thus, in this work, we used the parameterization proposed by

Walcek (1994) for  cc estimation, which is the original parameterization proposed by Liston and

Elder (2006b).
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cc=0.832(
(RH700−100)

41.6
)

where RH700  is the relative humidity at 700 mb. The methodology used to project RH to 700 mb

elevation is described below. To scale the snow simulations to different elevations, we first used the

internationally accepted standard air temperature lapse rate  (β=0.0065 K m−1;  Barryand Chorley,

1987; ISO, 1975) to project the surface air temperature. For RH, the methodology proposed by

Liston and Elder (2006b) was used, in which a lapse rate is applied to the dew point temperature

(HRm).  First,  we  calculated  the  dew  point  temperature  from  RH  and  the  saturation  vapor

pressure.Then, we applied the standard air temperature lapse rate tothe  dew  point  temperature,

and recalculated the RH at the target  elevation from the scaled dew point  temperature and the

saturation vapor pressure. Once we rescaled temperature and RH, we calculated the precipitation

phase  and  LW radiation  at  the  different  elevations.  Finally,  to  estimate  the  scaled  surface  air

pressure  we  used  a  generalization  of  the  barometric  formula  for  scenarios  that  consider  air

temperature lapse rates (Berberan-Santos et al.,1997):

p( z)=p(0)(1−
(β z)
T a

)

(mg /Rβ)

where p(0) is the surface air pressure, z is the elevation difference (m), m is the molecular  mass  of

air (0.0289644 kg mol−1), and R is the universal gas constant(8.31432 J K−1 mol−1).
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2.3 Validation procedure

Validation was performed at different resolutions and at different steps of the workflow, using all

available observational data (Fig. 2). Previous studies (Argüeso et al.,  2012; García-Valdecasas-

Ojeda  et  al.,  2016)  simulated  temperature  and  precipitation  using  WRF at  different  timescales

compared with  the  grids, based on observations from Spain02 (Herrera et al., 2012) and PT02

(Belo-Pereira et al., 2011), high resolution precipitation and tempera precipitation and temperature,

even for extreme events. Subsequent research showed that the downscaling made by WRF provided

improved accuracy compared to ERA-Interim data, due to the higher resolution (García-Valdecasas

Ojeda et al., 2017).

In  this  work,  we  used  the  Moderate-Resolution  Imaging  Spectroradiometer  (MODIS)  satellite

sensor  to  validate  our  snow cover  product  for  the  period  September  2000 to  November  2014.

Similarly, we used data from telenivometers, which were available in the Pyrenees from October

2009 to June 2014.
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Figure 2: Simulation workflow. Squared boxes represent modeling steps and rounded boxes repre-

sent meteorological variables. Variables that are not inputs or outputs of a model are indicated by

dotted lines (see a glossary of abbreviations used in Appendix A).
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First, we compared MODIS data with the SD and SWE time series (10 km resolution). MODIS

snow maps were generated using the same workflow for each mountain range in the study area

(Pyrenees,  Cantabrian  Mountains,  Central  System,  Iberian  Range,  and  Sierra  Nevada).  We

downloaded all the available MOD10A1 and MYD10A1 products (version 5) from the National

Snow and Ice Data Center (Hall et al., 2006). The original granules were mosaicked and reprojected

from the sinusoidal system to the Universal Trans-verse Mercator (UTM) reference system. Then,

we ran a gapfilling algorithm, using the binary snow product to avoid data losses due to cloud cover

(Gascoin et al.,  2015). This provided gap-free daily maps showing the presence and absence of

snow in each mountain range from 2000 to 2014. From these maps, the probability of snow was

calculated as follows:

P(Snow )=
N s

N
x 100

where P(Snow) is the probability of snow (%), Ns is the number of days with snow, and N is the total

number of days of the period.

Snow probability maps were also calculated from the FSM snow cover maps. In this work, we

chose a threshold of 0.11 m for SD and a threshold of 40 mm for SWE (Gascoin et al., 2015) in the

FSM time series.  This  allowed us  to  generate  snow cover  maps from FSM outputs.  Then,  we

aggregated the MODIS pixels (500 m) to the simulation grid ( 10 km), with averaging of the values

of MODIS pixels to make them comparable.

We also used data from 11 telenivometers, which measure subhourly SWE and SD using gamma

ray attenuation and acoustic sensors. These data were provided by the ERHIN program (Estimación

de Recursos Hídricos Proce-dentes de la Nieve) of the Hydrological Ebro River Basin Authority

(Navarro-Serrano and López-Moreno, 2017). Ten telenivometers were located in the Pyrenees, and

one in the Cantabrian Mountains. A complete description of the telenivometers and their locations

can be found at www.saihhebro.com. We also used a SD sensor in the Central System mountain

range (Durán et al., 2017), which is from the National Meteorological Agency of Spain (AEMET).

We projected the meteorological variables from the WRF simulation to elevations of the different

telenivometers for simulations. Figure 3 shows a comparison of the modeled and observed SD time

series at these 10 sites.

It must be noted that it is challenging to validate gridded products from ground-based data (Snauffer

et al., 2016). Snowpack can have large variability over small distances (López-Moreno et al., 2015;
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Meromy et al., 2013). This implies that punctual measurements may not be representative of the 10

km resolution data, even when comparing a simulation at the same elevation as the telenivometer.

In addition, snow measurements always include biases from the different measuring devices (Kinar

and Pomeroy, 2015). Thus, we focused on the temporal patterns of snowpack during the season.

More  specifically,  we  compared  the  accumulation  patterns  during  the  season,  assuming  that

accumulation and melting rates were similar in the simulated and observational data, but that SD

and SWE likely differ between the telenivometer and the simulation.

Thus,  we  first  compared  different  percentiles  of  SD  and  SWE  in  the  telenivometer  and  the

simulated time series. Then, using each percentile as a threshold for snow presence, we converted

the series into binary data, allowing use of the kappa test (Cohen, 1960) for each percentile. The

kappa coefficient ranges from 1 and < 0, but it is difficult to assign an agreement criterion based on

kappa value. Thus, we used the thresholds proposed by Landis and Koch (1977), which basically

agree with values proposed by Fleiss et al. (1969;  <0.00: poor; 0.00–0.20: slight; 0.21–0.4: fair;

0.41–0.60:  moderate;  0.61–0.80:  substantial;  and  0.81–1.00:  almost  perfect).  We  examined

percentile values between 10 and 90 %, as more representative of snow accumulation during the

sea-son.

3 Results

3.1 Validation

Our analysis of the probability of snow presence from MODIS and FSM shows that the outputs had

good correlations (Fig. 4). This analysis compared the probability of snow at each pixel ( 10 km 10

km) from MODIS and FSM outputs for the SWE and SD time series from September 2000 to

November 2014. The mean coefficient (R2) was 0.76, and a mean absolute error was 6.3 %. This

analysis also shows the correlations for each mountain range, and the distribution of errors for SWE

and SD (simulated less observed).

These results also show there are no significant differences in the errors of P(Snow) for the different

mountain ranges. However, the correlation was not strong for the Sierra Nevada range, probably

due to its limited snow cover, although this remained inside the variability of the scatter plot.
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Validation of these results with telenivometers indicated kappa values for thresholds in the 10th to

90th  percentiles  of  each  season  (Fig.  5).  The  kappa  values  were  mostly  above  0.6,  although

accuracy declined for the highest percentiles.
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Figure 3: Comparison between modeled (red) and observed (black) SD time series 

for each telenivometer and the Cotos SD sensor.
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The kappa coefficient does not account for the displacement magnitude of the different percentiles,

and a difference of a few days at the time of peak accumulation may cause a sharp decrease in the

kappa value. This is the reason for the loss of accuracy at the highest percentiles. Thus, we further

analyzed these data to determine the time of the year when snowpack exceeded the 90th, 75th, and

50th percentiles at each telenivometer in the observed (OBS) and simulated (SIM) series (Fig. 5c).

This  analysis  shows  that,  despite  small  temporal  shifts,  the  simulated  snow  series  accurately

represents the temporal patterns when different snow percentiles are exceeded.

The biggest shift in the position of the 90th and 75th percentiles was during the 2011/2012 season.

This season was extremely dry on the Iberian Peninsula, and there were very few snowfall events

(Fig. 3). Thus, a small bias in the simulation of a single event during this time could lead to a large

error in prediction of the magnitude and timing of SD and SWE maxima.
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Figure 4: Correlation between the long-term (2000–2015) mean probability of snow depth (a) and

snow water equivalent (b) from MODIS data and from FSM output. Box plot insets show the fre-

quency distributions of errors (%), with the central red lines indicating average errors, boxes indi-

cating the 25th and 75th percentiles, bars indicating the 10th and 90th percentiles, and dots indica-

ting the 5th and 95th percentiles.
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3.2 Gridded snow dataset: applications and limitations

The final products of the models are daily gridded datasets (resolution: 0.088º, ~10 km) of SD and

SWE at elevations from 500 to 2900 m a.s.l. (100 m intervals) from 1980 to 2014. The datasets

(ncdf4  format)  cover  the  entire  Iberian  Peninsula,  including  the  north  side  of  the  Pyrenees  in

France. Each dataset contains information of the entire Iberian Peninsula and a mask that covers

pixels that do not present areas at the elevations of the simulation estimated from a 250 m resolution

DEM.
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Figure 5: Kappa values derived from comparison of observed and simulated series for diffe-

rent percentiles of snow depth (a) and snow water equivalent (b), and periods of the year

(blue) when snowpack exceeds the 90th, 75th, and 50th percentiles (c). In (c), each pair of

bands shows the times when the different percentiles in the observed (OBS) and simulated

(SIM) series at each telenivometer exceeded the indicated percentile.
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This snow database provides new opportunities for studies of snow in the Iberian Peninsula. In

particular, the temporal resolution and the duration of the series show significant improvements

over previous observational data. Also, the geographic data generated on SD and SWE provides the

opportunity  to  obtain  more  snow  and  hydrologically  relevant  information  than  available  from

remote sensing alone. It is also possible to develop different snow products at different elevations,

allowing for comparison of different elevations and different regions. For example, Fig. 6 shows the

long-term average interannual maximum SD and SWE at three different elevations.
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Figure 6: Long-term (1980–2014) average maximum SWE and SD grids at 1500, 2000, and 

2500 m a.s.l.
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Figure 7 shows examples of other snow variables that can be derived from the database: average

number of  snowfall  events  and percentage  of  days  with snow cover  at  three elevations.  These

analyses are particularly useful for the development of different snow climatologies for the whole

Iberian Peninsula, or for specific areas, in studies that rely on ecological data (e.g., phenology or

distribution of plants and animals, forest growth), studies that require hydrological parameters for

different catchments, and studies that determine risk maps for snow-related events.

It is also possible to extract daily time series for different areas or elevations at each pixel. For

example, Fig. 8 compares SWE series at three elevations in the pixel at the highest peak of the

Pyrenees (Aneto Peak, 3404 m a.s.l.). Thus, these series allows for the study of different annual

snow accumulation and melting patterns at a specific location and how elevation influences snow
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Figure 7: Long-term (1980–2014) average number of snowfall events and percentage of 

snow presence at 1500, 2000, and 2500 m a.s.l.
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evolution. Similarly, it enables one to study the existence of temporal trends or the occurrence of

extreme snowfall and melting events.

The database contains uncertainties that are  not easy to quantify,  due to the limited amount  of

observational data. Biases may be due to uncertainty of the boundary conditions from the ERA-

Interim reanalysis  (Chaudhuri  et  al.,  2013)  since errors  from the WRF downscaling  model  are

difficult to quantify in mountain areas (Gutmann et al., 2012), and uncertainties that typically result

from simulations of snow mass and energy balance from meteorological data (Essery et al., 1999,

2013; Magnusson et al., 2015). The use of the standard air temperature lapse rate could also be a

source of uncertainty.  Although other studies have observed a decrease in the lapse rate during

winter months, this effect is result of thermic inversions that are not considered to be due to the

spatial resolution of the simulation.

Despite  these  limitations,  we  had  very  satisfactory  results  when  testing  the  duration  and  the

interannual variability of the snowpack against MODIS and telenivometer data, which provided

reliable  observations  during  several  snow  seasons.  This  way,  the  database  presents  a  reliable

validation  for  more  than  a  third  of  the  time  period  generated.  When  using  this  database,  it  is

important to consider that it was based on the assumption of flat topography within each 10 km 10

km pixel. Therefore, this dataset is not suitable for studies of snow variability due to terrain aspect,

slope, and snow redistribution processes, such as avalanches and wind transport.
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Figure 8: Comparison of SWE time series at 1500, 2000, and 2500 m a.s.l. at Aneto Peak.
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4. Data availability

The  data  presented  here  are  freely  available  for  download  from  Zenodo

(https://doi.org/10.5281/zenodo.854618). SD and SWE datasets are in ncdf4 format, with one file

for  each  elevation  band.  The  observational  information  used  to  validate  the  main  data  is  also

available for download. All telenivometer data are in CSV format. Daily snow cover (derived from

MODIS) is provided as five multiband GeoTiff files (one file for each mountain range, each band is

a date), and a CSV file indicates the date of each band.

The FSM code is freely available from https://github.com/ RichardEssery/FSM (Essery, 2015).

5. Conclusions

We presented a new daily gridded database of SD and SWE for the Iberian Peninsula from 1980 to

2014 period at a resolution of 0.088 ( 10 km). The database consists of 50 ncdf4 files for SD and

SWE from 500 to 2900 m a.s.l., and an-other 2 files of WRF simulation DEMs, summing more than

652 000 maps. A mask label of “no data” is included if the grid is not found at the elevation of the

simulated elevation band.

The scarcity of snow observations in the Iberian Peninsula made it necessary to couple a dynamic

downscaling of ERA-Interim reanalysis using the WRF model by use of a snow energy and mass

balance model (FSM). Input data of FSM provided directly, or estimated from WRF outputs, were

avail-able for the average elevation of each 10 km 10 km pixel, and these data were transformed to

achieve an elevation off-set at 100 m intervals.

Despite  some  uncertainties,  the  database  is  consistent  with  available  observational  data.  More

specifically, validation with MODIS data indicated an error of 6.07 % and an R2 of 0.76 from the

analysis  of  the  mean presence of  snow. The database also  provides  good representation of  the

temporal patterns of the telenivometers, with kappa values generally over 0.6, and above 0.4 for all

analyzed percentiles.

This  database  will  be  an  important  resource  for  studies  of  many  different  hydrological,

environmental,  and  economic  processes  in  Mediterranean  areas.  Thus,  we  expect  the  database

presented  here  will  be  useful  for  future  snow-related  studies  at  regional  scales  on  the  Iberian

Peninsula, and for a broad community of researchers and land managers working in areas where

snowfall occurs.
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Capítulo  3:  Climatología  de  nieve  de  las  montañas  de  la

Península  Ibérica  mediante  imagenes  por  satélite  y

simulaciones con mejoras de escala dinámicas.

Resumen: La presencia de un manto de nieve estacional determina la hidrología, geomorfología y

ecología de amplias zonas de la Península Ibérica, con grandes implicaciones en la economía, el

transporte y la gestión de riesgos. Por esta razón, es necesario contar con información fiable desde

un punto de vista operacional y científico. Este es el caso de la Península Ibérica, donde la falta de

datos ha impedido el estudio de la duración del manto de nieve, magnitud así como su variabilidad

interanual.  En este  trabajo  presentamos  la  primera  climatología  del  manto  de  nieve  de  toda  la

península Ibérica. La escasez de observaciones in situ se ha solucionado mediante el uso de una

nueva base de datos generada mediante información procedente del sensor satelital MODIS (2000-

2014) y el modelo de base física Factorial Snow Model (FSM), forzado por las salidas del modelo

climático regional Weather Research and Forecast (WRF) sobre la Península Ibérica cubriendo el

periodo 1980-2014. El manto de nieve de las principales áreas montañosas (Pirineos, Cordillera

Cantábrica, Sistema Central, Sistema Ibérico y Sierra Nevada) es descrito, estimado de la base de

datos generada.  La información del  manto de nieve ha sido procesada usando un algoritmo de

agrupamiento  k-means,  buscando  similitudes  en  el  manto  de  nieve  a  diferentes  alturas.  Los

resultados han encontrado cuatro tipos diferentes de manto de nieve en términos de profundidad,

duración  y  variabilidad  interanual  sobre  las  diferentes  bandas  altitudinales  demostrando  la

variabilidad  del  manto  de  nieve  de  la  península  Ibérica.  Los  análisis  han  revelado  zonas  con

nevadas efímeras en contraste con áreas con duraciones medias de 198 días de nieve al año y 3m de

profundidad. Los coeficientes de variación del manto de nieve oscilaron entre 35,2 y 162,4%. Todos

los índices analizados indican que la Cordillera Cantábrica y los Pirineos tienen los mantos de nieve

más profundos y de mayor duración, seguidos por el  Sistema Central  e Ibérico.  Sierra  Nevada

mostró el  manto  de  nieve  de  menor  duración  y  menso profundo  con  una  mayor  variabilidad

interanual.
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Abstract. The presence of a  seasonal  snowpack determines the hydrology,  geomorphology and

ecology of wide parts of the Iberian Peninsula, with strong implications for the economy, transport

and  risk  management.  Thus,  reliable  information  on  snow  is  necessary  from  a  scientific  and

operational point of view. This is the case of the Iberian Peninsula where, lack of observation has

impeded proper analysis of snow-pack duration, magnitude and interannual variability. In this study,

we  present  the  first  snow  climatology  of  the  entire  Iberian  Peninsula.  The  scarcity  of  in  situ

observations has been overcome, using a newly developed remote sensing snow data-base from

MODIS satellite sensors for the period 2000–2014 and a physically based snow model (Factorial

Snow Model—FSM),  driven by a  regional  atmospheric  model  (Weather  Research and Forecast

model—WRF) over the Iberian Peninsula for the period 1980–2014. The snowpack of the main

mountain areas (Pyrenees,  Cantabrian,  Central,  Iberian range and Sierra Nevada) are described,

estimated  from the  generated  databases.  The  information  has  been  processed  using  a  k-means

cluster algorithm, looking for similarities in snow indices at different elevation bands. Results show

four different types of snowpack in terms of depth, duration and interannual variability, lying over

different elevation bands in the different ranges, proving the variability of the snowpack over Iberia.

Analyses  reveal  areas  characterized  by ephemeral  snowpacks,  while  in  some sectors  snowpack

lasts, on average, 198 days per year with 3.02 m of peak snow depth. The coefficient of variation of

interannual peak snow depth oscillated between 35.2 and 162.4%. All the analysed indices show

that  at  common elevations  the Cantabrian range and the Pyrenees host the deepest and longest
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lasting snowpacks,  followed by the Central  and Iberian ranges.  The Sierra  Nevada exhibits  the

shortest, shallowest snowpack and more year-to-year variability.

1 Introduction

Snowpack has significant implications for many environmental processes at high latitudes and in

most  of  the  mountainous  areas  of  the  world.  Thus,  snow  directly  affects  geomorphological

processes (Carrera-Gómez and Valcárcel, 2018; González Trueba and Serrano, 2010), nutrient trans-

port  (Jones,  1999),  plants and animal  phenology (García-Hernández et  al.,  2016;  Slatyer  et  al.,

2017)  and  the  surface  energy  balance  (Lund  et  al.,  2017).  It  also  may  become  a  risk  source

associated with heavy snowfall, avalanches, floods triggered by rain on snow events (Garvelmann

et al., 2015; Würzer and Jonas, 2018), snow melt induced land-slides, cause transport problems or

damage to infrastructure (García et al.,  2009; Chueca Cía et al.,  2014; García-Hernández et al.,

2018). These events cause economic losses and even loss of life (Stethem et al., 2003; Höller, 2007;

Pfeifer et al., 2018). Furthermore, seasonal snowpack exerts a critical role in various surface and

groundwater hydrological processes (Viviroli et al., 2007), especially in those areas, such as the

Mediterranean region, where the wet sea-son coincides with the snow accumulation period (Fayad

et al., 2017). Additionally, snow, as it relates to tourism, has become a main economic support of

mountain areas world-wide (Elsasser and Bürki, 2002). Thus, appropriate management of risks and

natural resources of mountainous areas requires spatially comparable information on the duration,

magnitude and temporal variability of the snowpack.

The  orography  of  the  Iberian  Peninsula  is  complex,  with  several  mountainous  areas  and  two

important elevated pla-teaus that make it one of the highest average elevation regions in Europe

(Casas-Sainz and de Vicente, 2009). Snowfall can occur over most of its territory, even at the lowest

elevations (Arndt et al., 2010; Bech et al., 2013). As an example, from 1947 to 2009, 16 snowfall

events were recorded in Barcelona (13 m a.s.l.) and 18 in Gerona (69 m a.s.l.) areas (Aran et al.,

2010). Few snow events are recorded at the coastal elevations of the Valencian Community during

the snow season (Mora et al., 2016). Snowfall is not rare over the main cities of northern Spain

during the winter, causing associated transportation risks and traffic collapse (Merino et al., 2014).

Despite these occasional events at low elevation, a continuous seasonal snowpack appears only in

the mountains, generally higher than 1,300–1,500 m a.s.l. (López-Moreno et al., 2009).
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Mountainous areas host the headwaters of the main rivers of the Iberian Peninsula. Thus, snow

exerts  a  strong  hydrological  influence  on  downstream  sectors  (López  and  Justribó,  2010),

controlling the interannual variability of river flows; López-Moreno and García-Ruiz, 2005) and

reshaping the annual hygrograms. This has obvious implications on water management (Morán-

Tejeda  et  al.,  2014;  Sanmiguel-Vallelado  et  al.,  2017),  which  is  expected  to  become  more

challenging in the future (Viviroli et al., 2011) due to climatological and landscape changes (García-

Ruiz  et  al.,  2011;  Vicente-Serrano et  al.,  2014).  The  economy of  many regions  in  the  Iberian

Peninsula has become dependent on the interannual variability of snow, which makes these regions

highly vulnerable to climate change, since snow duration in this area is largely connected to climate

warming (Gilaberte-Búrdalo et al., 2014, 2017).

There are some studies describing the behavior of the snowpack over different mountain ranges of

Iberia. More specifically, most of these studies are focused on the Pyrenees and, to a lesser degree,

in the Sierra Nevada (i.e., Herrero et al., 2011; Revuelto et al., 2014; Gascoin et al., 2015; López-

Moreno et al., 2015; Quéno et al., 2016; Navarro-Serrano and López-Moreno, 2017) with just some

mention of other mountain ranges in Iberia where snow plays an important role (i.e., Palacios et al.,

2003; Serrano Cañadas et al., 2016; Soteres García et al., 2016; Ceballos-Barbancho et al., 2018).

Most of the snow studies are limited by the limited snow data available. Topographical complexity

and the spatial and temporal variability of the snowpack at different scales make it challenging to

characterize the snowpack at regional scale from field measurements (López-Moreno et al., 2011a,

2013), which are, in turn, very scarce in the Iberian mountains. Daily snow observations in Spain

rely  on  observatories  from the  National  Meteorological  Agency  (AEMET),  but  information  is

generally  restricted to  the presence or  absence  of  snow, less  often  providing snow depth  (SD)

(Buisan  et  al.,  2015).  In  the  last  years,  AEMET and  some  hydrological  administrations  have

installed  automatic  stations  at  higher  elevations.  Despite  the  interest  in  this  new  information,

available series are too short and too sparsely distributed over terrain to be used for generating

sound regional information (Revuelto et al., 2017).

Remote sensing data can be useful for retrieving information on snow presence over large areas, but

in most cases this information is limited to the snow cover area. Obtaining SD and Snow Water

Equivalent (SWE) data from remote sensing techniques is an active research topic. However, this

information is not always available, and there are not yet products able to retrieve information on

snow depth or SWE under complex topography and at a spatial and, more importantly, temporal
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scale useful for scientific and managerial purposes. The use of numerical mesoatmospheric models

coupled online (Wrzesien et al., 2018) or offline (van Pelt et al., 2016; Wu et al., 2016) with snow

modelling  systems  has  proven  consistent,  replicating  interannual  and  intraannual  snowpack

variability,  allowing  the  development  of  consistent  snow climatologies  (Wrzesien  et  al.,  2017;

Revuelto et al., 2018).

Recently, Alonso-González et al. (2018) generated the first snow database for the whole of Iberia.

The  database  was  made  by  combining  remote  sensing  data  (Moderate-Resolution  Imaging

Spectroradiometer, MODIS) for the period 2000–2014 with simulations from a snow energy bal-

ance model (Factorial Snow Model, FSM) driven by the out-puts of a mesoatmospheric climate

model (Weather Research and Forecast, WRF) at 0.088 (~10 km) resolution for the period 1980–

2014.  This  was  further  rescaled  at  different  elevation  bands  to  estimate  SD  and  SWE.  The

objectives here are: (a) to illustrate and quantify the main differences of the snow phenomena across

the Iberian Peninsula; and (b) to characterize the snow cover duration, magnitude of the snow pack

and its interannual variability exhibited in the last decades.

2 Study area

The  Iberian  Peninsula  has  a  complex  topography,  dominated  by  two  large  central  plateaus

surrounded for several mountain ranges that exceed 2,000 m a.s.l. These mountain areas are well

represented by five principal mountain ranges (Pyrenees, Cantabrian Mountains, Central, Iberian

and Sierra Nevada; see Table 1 for a detailed description of position and elevation of each range)

where seasonal snowpack develops every year. The Sierra Nevada (Mulhacén peak, 3,478 m a.s.l.)

and the Pyrenees (Aneto peak, 3,404 m a.s.l.) mountain ranges reach the higher elevations of the

Peninsula.
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Table 1: Maximunm elevation, location and area at different elevation ranges of the main mountain 

ranges of Iberia.

Surface (Km2)

Study area  Max. elevation 1000 - 1500 1500 – 2000 2000 – 2500 >2500

Cantabrian 2648 11397 3211 143 <1

Central 2592 9772 2116 218 <1

Iberian 2314 7198 918 26 0

Sierra Nevada 3479 1510 902 388 190

Pyrenees 3404 9318 5560 3543 836

The distribution of the mountain ranges runs generally from west to east,  localized at  different

latitudes  and  at  different  distances  to  the  sea  (Figure  1).  This  particular  distribution  and  the

contrasted air masses that affect the Iberian Peninsula (transition from Atlantic to Mediterranean

patterns)  generate  different  climatological  areas  over  Iberia  (Lopez-Bustins  et  al.,  2008).  The

climatological particularities of each mountain range affect the energy balance of the snowpack in

different ways, generating different behaviours of the snowpack and different responses to climate

warming (López-Moreno et al., 2017a). All these different conditions also ensure the snowpack will

exhibit very different duration and thicknesses at the different elevation bands when the mountain

ranges  are  compared.  In  addition,  the  hypsometry  of  each  mountain  range  (Figure  1)  differs

considerably in what may have noticeable impacts on the importance of the snow phenomena. Thus,

the Pyrenees and Sierra Nevada exhibits much larger areas above 1,500–2,000 m where seasonal

and long-lasting snowpacks generally exists.
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3 Data and methods

3.1 Remote sensing

To study the spatiotemporal variability of the snow cover, we used the MODIS database of snow

cover maps for the Iberian  Peninsula from MODIS images (Alonso-González et al., 2018). Raw

data (from the National Snow and Ice Data Center (Hall et al., 2006) was subjected to a gap-filling

procedure, based on the algorithm developed by Gascoin et al. (2015), in order to avoid data losses

due to cloud cover. The gap-filling algorithm works in four steps. First, it combines the MOD10A1/

MYD10A1 data. Then, it reclassifies each no-data pixel if it is surrounded by at least five snow or

no-snow pixels.  After  that,  it  deduces  the  values  of  the  no-data  pixel  with a  temporal  moving

window for the preceding and antecedent grid. Finally, the remaining no-data pixels are reclassified

using a classification tree in the last step. This provided gap-free daily maps showing the presence

and absence of snow in each mountain range from 2000 to 2014 seasons. Gascoin et al. (2015) used

this methodology to study snow cover dynamics over the Pyrenees and indicated the capability of
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this product to detect reliable spatial patterns and temporal anomalies of the probability of snow

cover presence on the ground. To avoid excessive computational expense and improve the precision

of the final products, the five individual mountain range domains were analysed rather than the

entire Iberian Peninsula (Figure 1).

These gap-filling products allow us to estimate the percentage of the year covered by snow, that is,

the temporal snow probability (P(Snow)), at a 500 m resolution. This index improves the visualization

and inter-comparison of the calculations, so it refers directly to the average number of days covered

by snow per year over the 15-year period of record. We have also estimated the temporal coefficient

of variation (CV) of the interannual values of P(Snow).

To make remote sensing and simulations comparable (see Section 3.2, simulation of snow depth and

snow water  equivalent)  we computed  the  two MODIS-based snow indexes,  P (Snow) and  CV for

common elevation bands.  We considered a common elevation band, the pixels inside the range

([elevation band value] ± 50 m a.s.l.), to make it com-parable with the simulated products.

3.2 SD and SWE simulation

Climatology of SD and SWE was based on the snow product simulated using a physically-based

snow energy balance model,  that  is,  FSM (Essery,  2015) forced with meteorological data from

downscaled reanalysis products. A full description of this snow database is provided in Alonso-

González  et  al.  (2018).  More specifically,  the  global  ERA-Interim reanalysis  (Berrisford et  al.,

2011) at 0.75 (~80 km) resolution, was dynamically downscaled using the WRF model (Skamarock

et al., 2008) to the spatial resolution of 0.088 (~10 km) from 1980 to 2014 and 3-h time resolution

by  García-Valdecasas  Ojeda  et  al.  (2017).  These  outputs  provided  spatially  distributed  surface

meteorological  information  of  2  m  temperature,  shortwave  radiation,  10-m  wind  speed  and

direction, surface atmospheric pressure, and precipitation. The surface meteorological information

was scaled from the original elevation of each cell to 100-m elevation bands using hygrobarometric

formulas  and temperature lapse rates  (Alonso-González et  al.,  2018).  This  methodology allows

study of the snowpack at  different  elevations inside each 0.088 cell.  Afterwards,  we calculated

snowfall rate, rainfall rate (Harder and Pomeroy, 2013) and longwave radiation (Iziomon et al.,

2003; Liston and Elder, 2006), which are also variables required as input of FSM to calculate the

daily SD and SWE series. Alonso-González et al. (2018) proved the consistency of the temporal and

81



Climatología de nieve de las montañas de la Península Ibérica

spatial variability of the simulated snow data when compared with in situ snow observations and

MODIS data.

A k-means  cluster  algorithm (Hartigan  and Wong,  1979)  was  used  to  classify  the  cells  of  the

different mountain ranges, in order to identify similarities in the seasonal snow patterns between

different  mountain  areas  at  different  elevations.  K-means  algorithm  is  a  common  aggregation

technique that iteratively reassigns the centroids of the groups until  its  global convergence; the

centroids  do  not  change  (or  they  have  little  movement)  in  the  following  iterations.  This  is  to

ascertain if snowpack duration and magnitude in a mountain at a given elevation is comparable to

other mountain ranges at the same or different elevation band. We considered all elevation bands

over  1,000 m a.s.l.,  where  most  areas  began to show shallow snowpacks.  To achieve this,  we

calculated three different snow indices from the simulated series for every cell at all elevation bands

of  the  semi-distributed  snowpack  database.  (a)  mean  maximum  accumulation,  (b)  mean  snow

season  duration,  and  (c)  coefficient  of  variation  of  the  yearly  maximum  accumulation,  to

characterize the depth, duration, and interannual variability of the snowpack, respectively (López-

Moreno et al., 2017a). The indices were previously standardized and the k-means algorithm was run

ignoring  the  elevation  values,  allowing us  to  find  similar  snowpack characteristics  at  different

elevations over different mountain ranges. The maximum accumulation was estimated from SD and

SWE values,  but  no significant  differences  were found,  so SD was chosen to  improve results,

visualization and interpretation.  An array of 30 clustering tests  was computed to determine the

number of clusters. Following the majority rule (Charrad et al., 2014), four clusters was chosen as

the most appropriate number.

Finally,  the  variability  of  the  snowpack  among  the  different  analysed  mountain  ranges  at

comparable elevation bands was evaluated. We calculated the P(Snow) duration simulated with FSM

for each cell at the common elevation band of 2,000 m a.s.l., assuming a snow cover detection

threshold of 40 mm of SWE (Gascoin et  al.,  2015).  In the Sierra  Nevada,  it  was necessary to

calculate the P(Snow) values at the 2,500 m a.s.l. common elevation band, due to low P(Snow) values

in the 2,000 m a.s.l. band. Then, a simple spline interpolation was computed to study the inter-range

spatial trends using the P(Snow) values across the mountain ranges. The spline interpolation technique

fits a mathematical surface with the minimum possible curvature over each value of a numeric

matrix, generating a smooth surface that contains exactly the values of the matrix. The maps were

calculated for the Cantabrian Range, the Pyrenees and the Central Range at 2,000 and over 2,500 m

a.s.l. for the Sierra Nevada. The interpolation for the Sierra Nevada was set at 2500 m a.s.l. because
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at 2,000 m a.s.l. snow is too ephemeral for proper analysis of differences in snow probability. The

Iberian Range is not in this analysis, as it does not have enough area at this elevation band to check

differences at a regional scale.

4 Results and discussion

4.1 Probability of snow cover from MODIS

Elevation and latitude are the main variables affecting the P(Snow) over the Iberian Peninsula (e.g.,

Cantabrian P(Snow) distribution vs Sierra Nevada's P(Snow) distribution, Figure 2). There are also clear

differences  among the analysed mountains  and the different  areas within a  particular  mountain

range (Figure 3).

At 1000 m a.s.l., P(Snow) is very low in all mountains (Figure 2) (ranging from 0.9% in the Sierra

Nevada  to  6% in  the  Pyrenees),  corresponding  to  ephemeral  snowpack  after  isolated  snowfall

events (Table 2). At 1,500 and 2,000 m a.s.l. P(Snow) exceeds 15 and 30%, respectively, in the Pyre-

nees, with very similar values in the Cantabrian mountains; while in the Sierra Nevada, probabilities

are much lower for  the  same elevations  (3.7 and 13.8% for  1,500 and 2,000 m, respectively).

Indeed, the presented data suggest a shift of more than 500 m in the duration of the snowpack when

the Sierra Nevada is compared to the Pyrenees or Cantabrian at 2,000 m and below (Table 2). This

shift becomes less evident in the highest elevations, where the values of P (Snow) of the Sierra Nevada

and the  Pyrenees  are  closer  but  maintaining  a  difference  of  ~13% of  P(Snow).  At  2,900 m a.s.l.

differences between the Pyrenees and the Sierra Nevada are markedly reduced, with probabilities of

64 and 50.9%, respectively. The Iberian and Central ranges exhibit intermediate values, at 1,500 m

a.s.l. P(Snow) in the Iberian range (13.7%) clearly exceeding the Central range (7%). However, this

relationship shifts at 2,000 m a.s.l. (27% in the Iberian range vs. 35% in central), probably because

this elevation is very close to the summits and main ridges in the Iberian range, and the blowing

wind can be very intense, whereas many summits and ridges of the Central range lie between 2,200

and 2,500 m a.s.l (see Figure 1). Considering all the mountains together, the P(Snow) ranges between

27 and 37% (Sierra Nevada 13.8%), indicating a long lasting seasonal snowpack in the Iberian

Peninsula at an elevation of 2,000 m a.s.l. that could be a representative common elevation band for

all the main mountain ranges.
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At 2,000 m, where a long lasting snowpack exists in all mountain areas except in the Sierra Nevada,

where the snow limit lies very close to this elevation band, the Pyrenees show the largest dispersion

(P(Snow) range: 16–58%, Figure 3) due to its large extension and strong climatological gradients from

Atlantic to Mediterranean conditions (López-Moreno and Nogués-Bravo, 2005). The Cantabrian

range also  has  a  considerable  longitudinal  length  and a  very  strong north–south climatological

gradient, also exhibiting a high spatial variability (P(Snow) range: 21–55%); the Iberian range and

Central range have the lowest variability values (P(Snow) ranges: 23–42% and 16–39%, respectively).

Due to its small size, the Sierra Nevada exhibits the lowest range in the P (Snow) values (P(Snow) range:

15–25%), even though it exhibits the largest CV at 2,500 and 2,900 m a.s.l. (CV values: 33.5 and

50.9%,  respectively).  This  variability  is  a  consequence  of  the  very  strong  differences  in
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Figure 2: P (Snow) over main mountain ranges of Iberia based on MODIS gap-filled products.
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precipitation and incoming radiation between its northern and southern slopes (Huete-Morales et al.,

2018).

Monthly distribution of P(Snow)  at the common elevation band of 2,000 m a.s.l. varies through the

different mountain ranges, reaching maximum values at Pyrenees and Sierra Nevada (Figure 4). In

addition, P(Snow) monthly values for the elevation band of 2,900 m a.s.l. for the Sierra Nevada and the

Pyrenees, remarks an evident slower snowmelt at Sierra Nevada (Figure 4).
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Figure 3: (a-e) Distribution P (Snow) values per elevation over the main mountain 

ranges of the Iberian Peninsula from MODIS data. (f) Intercomparison of mean values of

P (Snow) for each mountain range. The colours of the scatterplots indicates the relative 

density of points, ranging from blue (lower density) to red (higher density).
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Table 2: Mean values of  P(Snow) (%) and averaged interannual coefficient of variation CV (%) for 

each mountain range at common elevation bands (m a.s.l.).

1000 m a.s.l. 1500 m as.l. 2000 m as.l. 2500 m as.l. 2900 m as.l.

P(Snow) CV P(Snow) CV P(Snow) CV P(Snow) CV P(Snow) CV

Cantabrian 4.3 60.6 19.0 33.1 37.0 13.7 50.1 6.2 - -

Central 1.5 32.1 7.0 43.3 27.8 19.8 - - - -

Iberian 2.2 44.5 13.7 26.9 35.1 11.1 - - - -

Sierra Nevada 0.9 47.9 3.7 53.1 13.8 34.2 33.5 18.0 50.9 6.9

Pyrenees 5.8 64.3 17.6 48.0 38.3 21.5 51.7 9.6 64.0 4.74

The inter-comparison at 2,000 m a.s.l. elevation band highlights again the great spatial variability of

the Pyrenees mentioned above, the longer persistence of the snowpack in the Pyrenees, Cantabrian

range and Iberian Range, and the shorter persistence of the snowpack in the Central range and, in

particular, in the Sierra Nevada. The differences between the Pyrenees and the Sierra Nevada are

also very marked at  2900 m a.s.l  (Figure 4f), especially at  the beginning and end of the snow

season, when P(Snow) values have at least a 1-month lag,  showing a much later snowpack in the

Pyrenees.
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There  is  a  general  trend  in  all  mountain  ranges  toward  lower  CV (interannual  variability)  as

elevation increases  (Figure 5).  This is  particularly evident  around 1,000 m a.s.l.,  related to  the

occurrence of frequent snowfall but also to the ephemeral nature of the snowpack (Grünewald et al.,

2014). As shown for P(Snow), the Pyrenees, Cantabrian and Iberian range show similar distribution

and mean CV values, with a noticeable increase in the variability for the Central range that becomes

similar to the other ranges at 2,000 m a.s.l. The Sierra Nevada is the mountain range that shows the

greatest values of CV at all elevations above 1,500 m a.s.l. (i.e., ~16% more than in the Pyrenees at

2,000 m a.s.l.). Indeed, at the highest elevations in the Sierra Nevada, CV is still higher than that

observed in  the  other  mountains  at  2,000 m a.s.l.,  indicating that  the  interannual  variability  of

P(Snow) is related to the climatic dynamics of each mountain range. In the particular case of the

Sierra Nevada, the very strong dependency of winter precipitation on the occurrence of negative

phases of NAO (López-Moreno et al., 2011c) explains the very large interannual variability found at

this mountain range.  Although the effect of NAO has obvious implications in the variability of

different  snow indexes,  its  complexity  exceeds  the  objectives  of  this  work,  making  necessary

further research in this topic.
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Figure 4: (a-e) Monthly distribution of values of P (Snow) from MODIS products for 

mountain ranges at 2,000 m a.s.l.; (f) distribution of values of P (Snow) from MODIS 

products for the Pyrenees and the Sierra Nevada at 2900 m a.s.l. (Pyrenees in purple and

Sierra Nevada in green).
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4.2 Simulated snow SD and SWE

There is a general trend in all the mountain ranges of delay in the peak SWE date with elevation

(Table 3), due to delay in the onset of melt and spring precipitation falling as snowin the highest

portions of the mountain ranges (Navarro-Serrano et al., 2018). Peak SWE shows the highest values

in the Cantabrian Range for the maximum comparable elevation band (2,400 m a.s.l.) with 1,687

mm, followed by the Pyrenees with 713 mm. The Central range shows values of 475 mm and the

Sierra Nevada shows only 164 mm. At the highest elevations (over 2,900 m a.s.l.), the Pyrenees and

the  Sierra  Nevada show noticeable  differences  in  SWE peak values,  with  1,313 and 656 mm,

respectively.
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Figure 5: (a-e) Distribution of values of CV per elevations over the main mountain ranges of Iberia

from MODIS data; (f) Intercomparison of mean values of CV for each mountain range. The colours

of the scatterplots indicates the relative density of points, ranging from blue (lower density) to red

(higher density).
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Table  3:  Average  peak  SWE and  average  date  of  maximum SWE,  for  different  representative

elevation bands for the main mountain ranges of the Iberian Peninsula.

Elevation Pyrenees S. Nevada Cantabrian Central Iberian

Avg. Max. SWE

(mm)

1400 99.4 ~0 77.5 ~0 ~0

1900 347.5 8.3 471.5 119.9 150.1

2400 713.2 184.7 1686.9 * *

2900 1313.4 655.0 * * *

Date max

(date)

1400 08-Mar 0 01-Mar 0 0

1900 08-Mar 30-Jan 01-Mar 22-Feb 23-Feb

2400 18-Apr 01-Mar Apr-26 06-Mar *

2900 14-Apr 13-Apr * * *

To properly interpret the results in terms of snow abundance at each mountain range, it is important

to consider the hypsography of the ranges (see Section 2. Study area, Figure 1 and Table 1). As an

example, the Cantabrian range shows the highest values for average SWE peak (Figure 6), but it has

143 km2  lying between 2,000 and 2,500 m a.s.l, compared with 3,543 km2 for the Pyrenees. This

means that even though there are certain areas in the Cantabrian range with maximum values of

SWE peak for the whole Iberian Peninsula, the total amount of snow is much larger in the Pyrenees.

As a consequence of the extension and climatological variability of the Pyrenees at 2400 m a.s.l.,

this value of averaged SWE peak (713.2 mm) hides a great dispersion over the mountain range

(from a maximum of 1895.9 mm to a minimum 94.54 mm).

89

Figure 6: Averaged SWE series at different elevation bands for each mountain range of the Iberian 

Peninsula in the hydrological year (from 1 October to 30 September) based on FSM simulations.
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From the k-means cluster  analysis,  four different  snow-pack behaviours  over  Iberian Peninsula

were found with different averaged values of elevation (Z), mean snow season duration (Duration),

mean maximum SD (Maximum), and maximum SD coefficient of variability (SDCV) (Table 4).

These four behaviours can be summarized as:

Cluster 1: No snow is detected.

Cluster 2: Transition mid-mountain areas where insignificant amounts of snow can be found. The

slightly higher values of peak SD and Duration in conjunction with a high value of SDCV, suggests

that occasional snowfalls can occur.

Cluster  3:  Mountain environments with significant  amounts of  snow most  seasons.  The SDCV

added to the peak SD values suggests that years with shallow snowpacks can occur.

Cluster 4: High mountain environments where greats amount of snow can be found every year. The

SDCV is lower than previous clusters, which means that, together with a much higher Maximum

SD, we found important amounts of snow lying in these areas in every season.

The cluster groups show geographical consistency along the Iberian Peninsula (Figure 7) but with

significant differences in the distribution of P(Snow) values above 1,000 m a.s.l. (Figure 8). Cluster

1 is restricted to the low elevated portions of the most Mediterranean areas, with the exception of

the western limits of the Central range Cluster 2 contains most of the areas below 1,000 m a.s.l. of

the Iberian Peninsula, with the exception of the Sierra Nevada, where cluster 1 is dominant at the

same eleva-tions, and in the southwestern Pyrenees and northeastern Central range. The distribution

of cluster 3 shows an evident decline with latitude. The Cantabrian range and the Pyrenees show

significant percentages belonging to this cluster (25 and 32% of its area over 1,000 m a.s.l.), at an

average elevation lower than other mountain ranges (~1,550 m a.s.l.).

Table 4: Averaged values of elevation, snow probability, maximum SD and CV for each cluster 

group.

Cluster group Z ma.s.l. Duration (%) Maximum (m) SDCV (%)

1 1111 0.1 0.1 162.4

2 1281 21.0 0.2 81.2

3 1667 24.3 1.1 49.7

4 2197 54.1 3.0 35.3
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The 4 cluster is found mostly in the highest elevations in the Iberian Peninsula,  namely in the

Pyrenees and the Sierra Nevada. In the Iberian range, it is not possible to find this cluster at any

elevation. In the Central range, it is possible to find it only in small areas at the highest elevations in

the southwest (Figure 7). In the Cantabrian range, it is possible to find areas associated with the 4th

cluster at the lowest elevation of the Iberian Peninsula. Thus, in the northern areas of the Cantabrian

range, it is possible to find cluster 4 from 1,450 m a.s.l. to the maximum elevation (Torre Cerredo

peak 2,648 m a.s.l.) (Figure 8). The reason for this small percentage of surface (2.2%) covered by

cluster 4 in the Cantabrian range is the hypsography of the range (Figure 1), as the southern part of

the range shows a great surface over 1,000 m a.s.l. Cluster 4 is only found at the highest elevations

of the Sierra Nevada (above 2,500 m a.s.l.) with little variability in the values of elevation. The

Pyrenees show the highest percentage of area associated with cluster 4 (17.27%). This cluster is
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Figure 7: Spatial distribution of cluster groups over 1,000 m a.s.l.
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found  above  1,300  m  a.s.l.  in  the  northwestern  sectors,  increasing  to  2,900  m  a.s.l.  in  the

southeastern sectors.

The different distribution of elevation values at each cluster for each mountain range highlights the

complexity  of  snowpack  characteristics  over  Iberia.  This  distribution  is  strongly  related  with

latitude  but  also  with  other  effects  as  north  to  south  precipitation  patterns  that  have  strong

implications even in the Central range that is relatively far from the sea (Durán et al., 2013). The

Pyrenees shows the highest scatter of elevation values for each cluster group, due to the high spatial

variability  in  the  precipitation  patterns  (Lemus-Canovas  et  al.,  2019),  that  varies  along  the

longitudinal axe (see Section. 4.3). The higher influence of the Atlantic winds in the Cantabrian

range (as in the north-western part of the Pyrenees), explains the lower values of elevation at each

cluster  compared with other  mountain ranges  (Navarro-Serrano and López-Moreno,  2017).  The
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Figure 8: Distribution of elevation values (over 1,000 m a.s.l.) for each mountain 

range per cluster group. The values at the top of the boxplots show percentage of 

the surface of the range included in each cluster.
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Sierra Nevada shows the higher values of elevation for each cluster (Figure 8), likely due to its

more southerly latitude.

4.3 Intra-range variability from simulated snow data

The snowpack behaviour inside each mountain range differs over the Iberian Peninsula (Figure 9).

The Cantabrian range shows less variability than the Pyrenees but with a notice-able north-to-south

gradient, from its northern part with higher P(Snow) values to the southern part with lower P(Snow)

values. This gradient is the result of the strong rain shadow effect that occurs in the lee side of this

range (south face) (Ortega Villazán and Morales Rodríguez, 2015).

In the Pyrenees,  the longitudinal and latitudinal P(Snow) gradients are much larger;  despite the

existence of a north (higher values) to south (lower values) transition. This is consistent with the

results of other analysis in this study, as a consequence of the large climatological differences found

in this sec-tor of the Iberian Peninsula (Buisan et al., 2015; Navarro-Serrano and López-Moreno,

2017). The strongest gradient can be found in an oblique line from the southeast, where the snow

probability  values  are  much  lower,  to  the  northwest,  which  is  affected  by  the  Mediterranean-

Atlantic gradient (east to west). There were strong north–south precipitation differences induced by

the blocking effect of the range to the very common advections from the north and northwest during

winter months (Navarro-Serrano and López-Moreno, 2017).
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Figure 9: Spatial patterns of mean P(snow) based on FSM simulations for Cantabrian range (a), 

Pyrenees (b), central range (c) at 2,000 m a.s.l. and for Sierra Nevada (d) at 2500 m a.s.l.
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Over the Central range and the Sierra Nevada, the gradients are lower than in the Pyrenees or even

the Cantabrian range. The main reason for this is their reduced size and lack of high values of

P(Snow). For the Central range, it is possible to find a longitudinal gradient from the northeast, with

the highest values in the southwest. The latter is one of the wettest spots in the Iberian Peninsula

(García et al., 2017). Despite the reduced size of the Sierra Nevada, P (Snow) values are higher in the

northern part of the range due to the precipitation and incoming radiation gradients (Huete-Morales

et al., 2018).

4.4 Implications of the presented results

Numerical modelling techniques and remote sensing data have some uncertainties that should be

considered for proper interpretation of the presented results. MODIS products have limitations in

snow and cloud  detection  (Wang  et  al.,  2016).  Forest  existence  below the  subalpine  belts  are

another  source of uncertainty for snow detection (Simic et  al.,  2003).  Further-more,  gap-filling

products used here could introduce uncertainties, as the process makes some necessary assumptions

and a regression tree in its last step (Gascoin et al., 2015).

The estimation of uncertainty on the distribution of precipitation over complex terrain in numerical

mesoatmospheric models as WRF is still an active research topic (i.e., Jing et al., 2017; Gerber et

al.,  2018). Moreover,  the methodology proposed by Alonso-González et al.  (2018) makes some

assumptions,  such  as  constant  temperature  lapse-rates,  which  is  a  common  practice  in  the

distribution  of  meteorological  data  (Liston  and  Elder,  2006).  As  a  consequence  of  the  high

computational cost of numerical weather simulations (Gutmann et al., 2016), final resolution of the

outputs was not enough to resolve the local particularities of the meteorological variables involved

in the energy and mass balance of the snowpack.  The subpixel  snowpack redistribution due to

topographic factors such as slope, curvature or wind sheltering (López-Moreno et al., 2017b) was

not considered in this study. The smoothing of the topography can also cause some problems in

accurately reproducing interactions between precipitation and terrain complexity due to the constant

precipitation along the elevation assumption, as noted by Alonso-González et al. (2018). Despite

these  uncertainties,  the  same  study  illustrates  the  consistency  of  the  database  with  in  situ

observations  for  both  reproducing  thickness  and  duration  of  the  snowpack,  but  especially  for

accurately reproducing the temporal (seasonal and interannual) patterns of the snowpack, which

gives the data set reliability for developing regional scale studies (Alonso-González et al., 2018).
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5 Conclusions

This work has shown the high variability of snowpack characteristics over the different mountain

ranges of Iberia. Pyrenees and Cantabrian range store the deepest and long lasting snowpack in the

Iberian Peninsula having similar averaged snowpack behaviours. Nevertheless, Pyrenees has the

greatest snowpack spatial variability of all the Iberian ranges. This is as a consequence of the high

climatological  variability  induced  by  the  long  longitudinal  axis  and  the  strong  climatological

gradients from Atlantic to Mediterranean conditions and north–south slopes. On the contrary Sierra

Nevada reveals the shallowest and ephemeral snow-pack, where the accumulation and duration is

similar to the Pyrenees and Cantabrian ranges with a downward offset of at least 500 m a.s.l. The

Iberian and Central ranges have shown intermediate accumulation and duration patterns but their

snowpack tend to be closer to the observed in the Pyrenees and Cantabrian ranges compared to

Sierra  Nevada.  Specifically  compared to  Cantabrian  and Pyrenees,  Iberian  range shows similar

duration  values  whit  lower  values  of  accumulation  and  Central  range  shows  lower  values  of

accumulation and duration. The differences between mountain ranges cannot be only explained by

the  latitudinal  gradient,  other  drivers  as  continentality  and  precipitation  patterns  play  also  an

important role.
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Capítulo 4: Impacto de la Oscilación del Atlántico Norte

en el manto de nieve de las montañas de la Península 

Ibérica

Resumen: La Oscilación del Atlántico Norte (NAO) es considerada el principal factor atmosférico

que explica el clima invernal y la evolución de la nieve en gran parte del hemisferio norte. Sin

embargo, la ausencia series largas del manto de nieve en las regiones montañosas de la península

Ibérica ha impedido una evaluación completa del impacto de la NAO a escala regional en esta zona.

En este estudio, evaluamos la relación entre la NAO de los meses de invierno (DJFM-NAO) y el

manto de nieve de la Península Ibérica. Para ello, hemos simulado la temperatura, precipitación y

nieve para el período 1979-2014 mediante reducción dinámica de la  resolución de los datos del

reanálisis ERA-Interim,  correlacionando nuestras simulaciones con el  índice DJFM-NAO  en las

cinco  principales  cadenas  montañosas  de  la  Península  Ibérica  (Cordillera  Cantábrica,  Sistema

Central,  Sistema Ibérico, Pirineos y Sierra Nevada). Los resultados confirmaron que los valores

negativos del DJFM-NAO generalmente ocurren durante condiciones húmedas y  templadas en la

mayor parte de la Península Ibérica. Debido a la dirección de las masas de aire húmedo inducidas

por las fases negativas de la NAO, esta tiene una gran influencia en la duración de la nieve y en el

máximo anual de SWE en la mayoría de las cordilleras del estudio, sobre todo en las laderas al sur

del eje principal de las cordilleras. En cambio, el impacto de la variabilidad de la NAO es limitado

en las laderas orientadas al norte. Los valores negativos (positivos) de DJFM-NAO se asociaron a

una duración más larga (más corta) y a picos más altos (más bajos) de SWE en todas las montañas

analizadas en el  estudio.  Encontramos una marcada variabilidad en las  correlaciones del  índice

DJFM-NAO con los índices de nieve dentro de cada cadena montañosa, incluso cuando sólo se

consideraron las laderas orientadas al sur. Las correlaciones encontradas fueron más elevadas en las

mayores  elevaciones  de  las  cordilleras,  pero  la  longitud  geográfica  también  explicaba  la

variabilidad dentro de las cordilleras en la mayoría de las montañas estudiadas.
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Abstract:  The North Atlantic Oscillation (NAO) is considered to be the main atmospheric factor

explaining the winter climate and snow evolution over much of the Northern Hemisphere. However,

the absence of long-term snow data in mountain regions has prevented full assessment of the impact

of the NAO at the regional scales, where data are limited. In this study, we assessed the relationship

between the NAO of the winter months (DJFM-NAO) and the snowpack of the Iberian Peninsula.

We simulated  temperature,  precipitation,  and snow data  for  the  period  1979–2014 by dynamic

downscaling of ERA-Interim reanalysis data, and correlated this with the DJFM-NAO for the five

main mountain ranges of the Iberian Peninsula (Cantabrian Range, Central Range, Iberian Range,

the  Pyrenees,  and the  Sierra  Nevada).  The  results  confirmed that  negative  DJFM-NAO values

generally occur during wet and mild conditions over most of the Iberian Peninsula. Due to the

direction of the wet air masses, the NAO has a large influence on snow duration and the annual

peak snow water equivalent (peak SWE) in most of the mountain ranges in the study, mostly on the

slopes south of the main axis of the ranges. In contrast, the impact of NAO variability is limited on

north-facing slopes. Negative (positive) DJFM-NAO values were associated with longer (shorter)

duration and higher (lower) peak SWEs in all mountains analyzed in the study. We found marked

variability in correlations of the DJFM-NAO with snow indices within each mountain range, even

when  only  the  south-facing  slopes  were  considered.  The  correlations  were  stronger  for  higher

elevations  in  the  mountain  ranges,  but  geographical  longitude  also  explained  the  intrarange

variability in the majority of the studied mountains.
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1. Introduction

The North Atlantic Oscillation (NAO) is a mode of atmospheric circulation, and its index value is

calculated as the difference in atmospheric  pressure for the dipole centered on Iceland and the

Azores Islands (Hurrell, 1995). The NAO is considered to be the main pattern of climate variability

in the Northern Hemisphere (Hurrell and Deser, 2010; Kjellström, 2016), especially during winter.

Negative (positive) NAO phases generally are related to weak (strong) westerly winds to Europe,

leading to positive (negative) anomalies of temperature and precipitation in Southern (Northern)

Europe  (Sánchez-López et al., 2015; Trigo et al., 2002; Wanner et al., 2001). It is also clear that

NAO anomalies are more related with the winter precipitation variability than with the interannual

winter temperature fluctuations (Durán et al., 2015; J. I. López-Moreno et al., 2011).

As NAO fluctuations are related with the winter temperature and precipitation over much of the

Northern Hemisphere, it is unsurprising that many studies have reported that the NAO is a good

indicator of the duration and depth of the snowpack. This is the case for Mediterranean mountains

(J.  I.  López-Moreno  et  al.,  2011),  the  Pyrenees  (López-Moreno  and  Vicente-Serrano,  2007;

Revuelto et al., 2013), the Alps  (Beniston, 1997; Scherrer and Appenzeller, 2006; Schöner et al.,

2019),  Nordland  (Theakstone,  2013),  Western  Poland  (Bednorz,  2002),  Bulgaria  (Brown  and

Petkova,  2007),  and  the  Russian  Arctic  (Bednorz  and  Wibig,  2016).  At  wider  spatial  scales,

Henderson and Leathers (2010) associated negative (positive) phases of the NAO with expansion

(reduction) of the snow cover in Europe.  Keylock 2003, Jomelli et  al.  (2007) and García et  al.

(2009) also found significant relationships between NAO phases and the frequency of avalanches in

Iceland,  the  French Alps,  and the Pyrenees,  respectively.  The main value  of  understanding the

relationship  between  snow  and  interannual  fluctuations  of  the  snowpack  is  that,  despite  the

stochastic nature of the NAO, the statistic and dynamic seasonal forecasting of this phenomenon

has  been  very  promising,  to  the  point  of  achieving  useful  levels  of  predictability  (Cohen  and

Fletcher,  2007;  Scaife  et  al.,  2014;  Wang  et  al.,  2017).  Improving  predictions  of  snowpack

anomalies has a clear applied importance because of the direct impact of the snowpack on water

availability, plant and animal phenology, and a wide range of economic activities in mountain and

downstream areas  (Beniston, 2003; Fayad et al., 2017). In addition, a good understanding of the

relationship between the NAO and the snowpack is necessary to accurately interpret the reported

trends in the snowpack over recent decades, as a strong correlation has been observed between

trends in the snowpack and the duration of dominant NAO anomalies (Buisan et al., 2016).
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Although studies have provided clear insights into how the NAO is related with the snowpack in

many mountains and cold regions of Europe, at the local scale, many uncertainties about its effects

remain.  This  is  because  mountain  ranges  present  a  topographical  barrier  to  main  wind  flows,

causing shadow effects in the main atmospheric circulation patterns(Navarro-Serrano and López-

Moreno, 2017; Riaz et al., 2017). In addition, elevation also affects the impact relationship of NAO

with  snow  in  mountain  areas  because  of  its  greater  relationship  with  precipitation  relative  to

temperature. Thus, at high elevations, interannual variability of the snowpack is mainly driven by

precipitation, so such areas are expected to exhibit a stronger response to the NAO than lower

elevation sites, where temperature has a major role in snow variability (Morán-Tejeda et al., 2013).

López-Moreno and Vicente-Serrano (López-Moreno and Vicente-Serrano, 2007) suggested that this

phenomenon is the main explanation for the control of NAO on the snowpack in areas above 2000

m a.s.l. in the Spanish Pyrenees. The spatial variability in the relationship between the NAO and

snow cover makes it difficult to assess NAO effects in many areas, because of the limited data on

snowpacks, especially in mountain areas at the highest elevations.

The aim of this study is to extend knowledge of the NAO and snowpack relationship in the main

mountainous  regions  of  the  Iberian  Peninsula.  This  is  one  of  the  highest  elevation  regions  of

Europe,  where the accumulation of  snow is  of  major  importance to  water  resource availability

(Lorenzo-Lacruz  et  al.,  2011;  Morán-Tejeda  et  al.,  2014),  and  on  which  many  economically

important activities, including agriculture, forestry, and winter tourism, depend (Gilaberte-Búrdalo

et al., 2014; López-Moreno et al., 2008). Because of the limited data on snowpacks in the Iberian

Peninsula, we used a recently developed database on snow water equivalent (SWE) and snow depth

(SD) for the main mountain areas of the Iberian Peninsula (Alonso-González et al., 2018), to enable

us to undertake the first  detailed assessment of the relationship between the winter (December,

January, February, and March) NAO (DJFM-NAO) on the interannual variability in the peak SWE

and the duration of snow on the ground.

2. Study Area

The Iberian Peninsula is located at the southwest edge of Europe, between latitudes 36 N and 44 N.

It is an area of contrasting climate, as a consequence of Atlantic and Mediterranean influences. The

topography is characterized by two main plateaus surrounded by mountainous areas and comprises

five main mountain ranges that have seasonal snow cover,  including the Cantabrian Range, the

Central Range, the Iberian Range, the Pyrenees, and the Sierra Nevada. The highest elevation (3478
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m a.s.l.) is Mulhacén Peak in the Sierra Nevada, followed by Aneto Peak in the Pyrenees (3404 m

a.s.l.). The other mountainranges exceed 2000 m a.s.l., reaching 2648 m a.s.l. (Torrecerredo Peak)

in the Cantabrian Range, 2596 m a.s.l. (Almanzor Peak) in the Central Range, and 2314 m a.s.l. in

the Iberian Range.

The spatial distribution of these mountain ranges (Figure 1), which extend within Spain from west

to east at different latitudes and distances to the sea, results in wide snowpack variability at similar

elevations, even within the same mountain range (Alonso-González et al., 2020)
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3. Methods

3.1. NAO Index and Temperature and Precipitation Patterns

The NAO index, which is defined as the normalized sea surface pressure (SLP) difference between

the Icelandic low pressure and the Azores high pressure regions (Hurrell, 1995), is a widely used

indicator of the atmospheric situation over the North Atlantic. In this study the NAO index was

calculated from the SLP difference between the positions 65° N 20° W (near Reykjavik, Iceland)

and 35° N 5° W (near Gibraltar Straight), following the procedure and recommendations of Osborn

et al. (1999), Trigo et al. (2005) and Fernández-González et al. (2012) among others. The SLP data

were  downloaded  from  the  NCAR  SLP  reanalysis  dataset

(https://climatedataguide.ucar.edu/climate-data/ncar-sea-level-pressure;  last  accessed  20  October

2019). The normalization was performed in relation to normal values for the study period 1979–

2015.

The accumulated winter precipitation and the minimum and maximum averaged daily temperatures

were  linearly  correlated  with  the  DJFM-NAO  index.  The  temperature  and  precipitation

meteorological variables were obtained from the regional atmospheric simulation described below.

In  this  study  the  winter  period  was  considered  to  encompass  the  months  December,  January,

February, and March.

3.2. Snowpack Database and Statistical Analysis

The SWE and SD database  used  in  this  study was  developed  using  the  weather  research  and

forecast  (WRF)  model  (Skamarock  et  al.,  2008),  forced  using  the  ERA-Interim  reanalysis

(Berrisford et al., 2009; Dee et al., 2011). The spatial resolution of the atmospheric simulations was

~10 km, and the simulations covered the period 1979–2014 (García-Valdecasas Ojeda et al., 2017).

The  surface  meteorological  outputs  of  the  simulations  were  subsequently  projected  to  various

elevation bands that differed by 100 m, using an array of psychrometric and radiative formulae and

lapse rates (Alonso-González et al., 2018). The new meteorological data were used as forcing data

for the physically based energy and mass balance snowpack factorial snow model (FSM) (Essery,

2015). The final product was a semi-distributed daily SWE and SD database. Alonso-González et

al.  (Alonso-González et al.,  2018) validated the database, using in situ observations and remote
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sensing information, and were able to reproduce the spatial and temporal patterns of the snowpack

over the entire Iberian Peninsula.

We computed the annual peak SWE and the annual snowpack duration for each elevation band from

the snowpack database. These values were linearly correlated with the averaged DJFM-NAO, along

with the Pearson’s R value. To identify different responses of the snowpack on the windward and

leeward sides of each mountain range, we separated the correlation values for each mountain range

along the principal longitudinal axis, which runs generally from west to east. The Wilcoxon–Mann–

Whitney test  (Salkind, 2012) was used to identify statistical differences between the groupings of

north- and south-facing slopes.

Following calculation of the Pearson’s R values between the DJFM-NAO and the snow indices, we

correlated the value with the elevation and geographical longitude, to investigate the spatial patterns

of DJFM-NAO influence on the snowpack within each mountain range.

Finally, to highlight the spatial patterns of the correlation between the DJFM-NAO and the snow

indices,  500  random  samples  of  100  values  of  the  Pearson’s  R  values  were  calculated.  We

performed partial  correlations  between snow indices  and longitude  (removing the  effect  of  the

elevation), and elevation (removing the effect of the longitude). This recursive resampling of the

dataset was performed to avoid using excessively big samples, which can lead to overestimation of

statistically significant correlations and has associated problems caused by spatial autocorrelation

(Koenig, 1999; Revuelto et al., 2014).

4. Results and Discussion

4.1. Relationship between the DJFM-NAO and Temperature and 

Precipitation

Except for small areas on the Mediterranean coast, most of the Iberian Peninsula showed positive

correlations between the NAO and the maximum temperature (Figure 2),  being consistent  with

previous studies in the Mediterranean mountain ranges (Juan I. López-Moreno et al., 2011). A clear

difference was evident between the north- and south-facing slopes along the main longitudinal axis

of  the  mountain  ranges,  including  in  the  Central  Range  (north  approximately  0.5,  south

approximately 0.8) and Cantabrian Range (north approximately 0.4, south approximately 0.8). This

result is consistent with previous studies based on meteorological observations (Sáenz et al., 2001),
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and can be explained by the Foehn effect on the northern slopes during negative NAO phases

(Lorente-Plazas et al., 2015). This phenomenon is very common in the Cantabrian and Pyrenean

ranges during DJFM-NAO negative phases.

4.2. Relationship between the Winter NAO and Temperature and 

Precipitation

High elevation areas generally showed strong positive correlations, which we attribute to the fact

that mountain climates are strongly related to the movement of air masses (Stefanicki et al., 1998).

Thus,  during  positive  NAO  phases,  the  maximum air  temperature  on  the  slopes  and  summits

increase, and during negative NAO phases, the lapse rates increase and the summits cool, although

the existence of southern fluxes (Navarro-Serrano and López-Moreno, 2017).

The correlations between the DJFM-NAO and minimum temperatures tended to be positive, but

showed a progressive decrease towards the southwest and lower areas of the main hydrological

basins. In the valley bottoms the correlations became negative, as reported by del Río et al. (2007)

for the Duero basin. This progressive change is because of the increased cloudiness during negative

NAO phases in this Atlantic southwest area, related to the associated southern and western cyclonic

flows. The cloudiness slows the nighttime reduction in the air temperature  (Esteban-Parra et al.,

2003), but this effect does not penetrate fully inland to the north, making the signal less obvious.
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Figure 2: Pearson's R values between the DJFM-NAO and minimum temperatures(A), maximum

temperatures (B), and precipitation (C). The lines represent the boundaries of the main catch-

ments in the Iberian Peninsula
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The DJFM-NAO and temperature were generally  positively correlated.  During negative DJFM-

NAO phases the occurrence of more frequent cyclonic circulations brings lower temperatures than

during anticyclonic periods, but the most frequent wind directions during negative DJFM-NAO

phases has a clear Atlantic influence, which generally brings mild temperatures during snowfall

events. This causes a marked increase of the elevation where precipitation changes from liquid to

solid  phase  compared  to  other  synoptic  situations  over  Iberia  (López-Moreno,  2005;  Navarro-

Serrano and López-Moreno, 2017).

The correlation between monthly accumulated precipitation and the NAO index was negative for

the entire Iberian Peninsula, as previously reported by other authors over central Portugal (Trigo et

al., 2005) or in the northwestern part of Spain (Fernández-González et al., 2012), as well as in the

main  mountain  ranges  of  the  Iberian  Peninsula  (Juan I.  López-Moreno et  al.,  2011)(Figure  2);

although, for small  Mediterranean and Cantabrian areas,  the correlations were negligible  (Ríos-

Cornejo  et  al.,  2015;  Rodrigo  et  al.,  2000).  Southwest  areas  showed  the  greatest  negative

correlations (values of approximately 0.8), which is consistent with the findings of Munoz-Díaz and

Rodrigo (2004), where they found different areas of correlation of the precipitation with the NAO

index  over  the  Iberian  Peninsula  and,  more  specifically,  Queralt  et  al.  (2009) about  extreme

precipitation events associated with DJFM-NAO phases.

There was differentiation between the highly correlated southern slopes  and the less correlated

northern slopes, as previously reported for the Spanish Pyrenees by Vada et al. (2013) and Buisan et

al. (2015), and for the Alps by Stefanicki et al. (1998). This differentiation was especially evident

for the mountain ranges located at higher elevations (i.e., the Cantabrian Range and the Pyrenees).

The differences between the southward and northward slopes of the mountain ranges were clear for

the  Pyrenees  (north  approximately  0.1;  south  approximately  0.7),  the  Cantabrian  Range  (north

approximately 0.3; south approximately 0.6), and the Iberian Range (north approximately 0.2; south

approximately 0.6). The differences were less marked for the Central Range (north approximately

0.4; south approximately 0.5), and for the Sierra Nevada were almost negligible.  This effect is

caused likely by the geographical position of Sierra Nevada and Central  Range, and its limited

potential  to  be  an  effective  topographical  barrier  against  the  westerly  and  southwesterly  wind

directions associated to negative DJFM-NAO phases.
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4.3. NAO Spatial Influence on Peak SWE and Snow Season Duration

Figure 3 shows that the DJFM-NAO has a clear correlation with the interannual variability of the

snow duration on the southern slopes of the Pyrenees  and the Cantabrian,  Central,  and Iberian

ranges. The correlation of the DJFM-NAO with snow duration was high and statistically significant

at  the  highest  elevations  of  the  Sierra  Nevada,  but  with  no  statistically  significant  differences

between the north- and south-facing slopes. However, the other mountain areas showed statistical

significance  (p-value  <  0.05;  Wilcoxon–Mann–Whitney  test)  between  north-  and  south-facing

slopes. This finding is consistent with the spatial patterns shown in Section 3.2, between the NAO

and the interannual variability of winter temperature and precipitation.

The spatial patterns and magnitude of the correlations for peak SWE were very similar to those for

snow duration (Supplementary Figure S1). However, there were differences between these snow

variables. Figure 4 shows the absolute difference in the Pearson’s correlation coefficients of the

DJFM-NAO with the snow duration and the peak SWE for each pixel for the south-facing slopes,
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Figure 3: Pearson's R values between de DJFM-NAO and the snowpack duration. 

The lines represent the boundaties of the main catchments in the Iberian Peninsula.
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where high correlation values were found (except for the Sierra Nevada, for which all pixels were

considered). The greatest differences were found for the higher elevations in the Pyrenees and the

Sierra Nevada, where the correlations for peak SWE were higher than those for snow duration.

These  two mountain  ranges  exhibit  large  areas  above  2000 m a.s.l,  in  contrast  with  the  other

mountain ranges. We hypothesize that, at high elevations, the correlation of the DJFM-NAO with

the temperature and precipitation leads to high levels of snow accumulation during the DJFM-NAO

phases, as a consequence of the driving mechanism that controls the DJFM-NAO; however, this is

not reflected in the duration of the snow cover. This is mainly because snow duration also depends

on solid precipitation occurring during April and May, which is not related to the DJFM-NAO. In

addition, the very late and rapid melting that occurs in these high elevation areas (Musselman et al.,

2017) is mostly due to the marked increase of the incoming solar radiation at the end of the snow

season period.

Figure 4 shows that there was large spatial variability in the correlation coefficients between the

DJFM-NAO and the snow indices within each of the analyzed mountain ranges. The influence of

elevation on the distribution of the DJFM-NAO correlation values between snow duration and the

peak  SWE  (on  south-facing  slopes,  except  in  the  Sierra  Nevada,  where  both  slopes  were
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Figure 4: Absolute differences in the Pearson's R statistic for correlations of the DJFM-NAO with 

the snow duration and the peak SWE. The colors in the scatterplots indicate the relative density of 

points, ranging from blue (lower relative density) to red (higher relative density).
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considered) is shown in Figure 5, and the comparable influence of geographical longitude is shown

in Figure 6.
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Figure 5: Influence of elevation on the correlation of the DJFM-NAO with snow duration and the 

peak SWE. Red lines indicate no statistical significance of the correlations of the random samples 

(p-value > 0.05), while green lines show the statistically significance correlation).
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For the Cantabrian Range, most of the correlations of the DJFM-NAO with snow duration ranged

from  0.25  to  0.75,  and  with  peak  SWE  ranged  from  0  to  0.75.  This  variability  showed  no

relationship to elevation, but a clear link with longitude was evident, with an increase in correlation

westward. For the Pyrenees, most correlations ranged from 0 to 0.75 for snow duration and peak

SWE. While the response of snow duration to elevation was unclear, there was a strong negative

relationship for peak SWE. The increase in the correlation of the DJFM-NAO on snow magnitude

at  high elevations  has  previously  been reported  by  López-Moreno and Vicente-Serrano (2007),

where  they  found  statistically  significant  correlations  of  the  DJFM-NAO  with  snowpack

observations above 1700 m a.s.l., being consistent with our results. These findings suggest that the

frequent  westerly  and  southwesterly  air  fluxes  during  negative  DJFM-NAO  years  bring  mild

temperatures during snowfall events, which may cause rain precipitation at low and mid elevations,

but heavy snowfalls over 1800–2000 m a.s.l. The absence of a vertical gradient on the relationship

of the DJFM-NAO on snow duration is explained by the presence of snow cover and snowfalls until

late spring (end of May to early June); these are also highly dependent on spring precipitation,

which is unrelated to the DJFM-NAO. Figure 6 does not show statistically significant correlations

with longitude but reveals a clear pattern for both indices, characterized by the highest correlations
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Figure 6: Influence of geographical longitude on the correlation of the DJFM-NAO with snow du-

ration and the peak SWE. Red lines indicate no statistical significance of the correlations of the 

random samples (p-value > 0.05), while green lines show the statistically significance correlation).
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(values reaching 0.75) for the Central Pyrenees, and a decrease westward and eastward. This effect

is likely a consequence of the small surface with elevation above 1800 m a.s.l. in the western part

compared to the Central Pyrenees, causing low correlation between DJFM-NAO and snow indices

(Figure 5). The also-low correlations at the easternmost part are explained because southwestern air

fluxes,  which  are  frequent  during  negative  DJFM-NAO  phases  and  generally  affect  only  the

Western and Central Pyrenees. Thus, DJFM-NAO are not clearly related with both temperature and

precipitation in this sector (Figure 2). In the Central Range, the correlation with the DJFM-NAO

ranged from 0 to 0.75 for snow duration and 0.1 to 0.6 for peak SWE. This variability showed a

clear negative trend with elevation for both indices. There was no strong relationship with longitude

for the correlations between the snow indices and the DJFM-NAO for the Central Range. For the

Iberian Range, most of the correlations with the DJFM-NAO ranged from 0.1 to 0.6 for snow

duration,  and  0  to  0.75  for  peak  SWE.  The  reduced  area  at  high  elevations  and  their  limited

geographical extent made it difficult to distinguish clear spatial patterns in the relationship of the

DJFM-NAO  and  the  snow  indices.  The  Sierra  Nevada  showed  the  largest  variability  in  the

correlation values for both indices, ranging from slightly positive values to 0.75. For both indices

the  impact  of  the  DJFM-NAO was  clearer  at  higher  elevations  and  eastward  in  this  southern

mountain range.

This study shows that the relationship of the DJFM-NAO and the snowpack can be seen in long-

term trends of snow cover over wide areas of the Iberian Peninsula. Thus, very different trends in

snow accumulation have been found in the Pyrenees when different periods have been analyzed.

López-Moreno (2005) found a statistically significant decrease in snow accumulation in the central

Spanish Pyrenees for the period 1950–1999, but Buisan et al. (2015) found no significant trends for

the period 1985–2014. Such disagreements were explained by strong decadal fluctuations in the

snow data, which correlated with the DJFM-NAO. The marked spatial differences observed in the

correlation between the DJFM-NAO and snow indices may explain the marked contrast in snow

trends over very short distances, as has been observed in the Pyrenees (Morán-Tejeda et al., 2017;

Revuelto et al., 2013). The presence of areas showing strong correlations between the snowpack

and the DJFM-NAO, independent of the study period (as demonstrated by Buisan et al. 2015 for the

Pyrenees), provides the promise of improving the seasonal forecasting of snowpack based on short-

and medium-term projections for the DJFM-NAO from climate models  (Dunstone et al.,  2016).

This could improve optimization of water  management  and benefit  the skiing industry,  both of
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which are highly affected by interannual fluctuations in snow accumulation and the duration of the

snowpack.

5. Conclusions

The DJFM-NAO is related to the atmospheric circulation patterns over the Iberian Peninsula during

the snow-accumulation period. The NAO is related to contrasts in precipitation and temperature

over the Iberian Peninsula, and hence related to the snow-accumulation and melting processes.

The mountain ranges  analyzed in  this  study are  topographic barriers  to  the main  westerly  and

southwesterly  air  fluxes  related  to  the  DJFM-NAO  and  explain  their  variable  impacts  on  the

snowpack. Thus, the snowpack on north-facing slopes along the main mountain range axes did not

show  statistically  significant  correlations  in  most  of  its  surface,  but  there  were  significant

correlations in south-facing slopes. The Sierra Nevada was the only mountain range where this

north south difference was not observed. For all Iberian mountain areas, the statistically significant

correlations between the DJFM-NAO and snow indices were negative, and, in some cases, R values

exceeded 0.7. Marked spatial differences were found, even for those slopes where the DJFM-NAO

generally affects the temporal evolution of the snow. In most of the mountain areas, the strength of

the  relationship  between  the  DJFM-NAO  and  peak  SWE  increased  with  elevation.  This  also

occurred  for  snow duration,  except  in  the  Pyrenees,  where  spring  snowfall  can  have  a  strong

influence on the snow duration at high elevations, and snowmelt occurs later and more rapidly. This

explains why the snowpack duration and peak SWE are not always related, and explains the weaker

correlations between the DJFM-NAO and snow duration compared with peak SWE.

In several mountain areas, we found spatial differences that were related to geographical longitude.

This was evident for the Cantabrian Range and the Sierra Nevada, where the correlation values

decreased from west to east. For the Pyrenees, the maximum correlations were found for the central

valleys and decreased toward its western and eastern edges. The results of this study have clear

implications for understanding the effect of the length of the study period on the detection of robust

long-term trends in snow data, and also spatial differences in trend analyses over short distances.
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Supplementary  Materials.The  following  are  available  online  at  https://www.mdpi.com/2073-

4441/12/1/105/s1, Figure S1: Pearson’s R values between the DJFM-NAO and the peak SWE. The

lines represent the boundaries of the main catchments in the Iberian Peninsula.
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Capítulo  5:  Sensibilidad  del  manto  de  nieve  a  la

variabilidad  de  la  temperatura,  precipitación  y

radiación  solar  en  un  gradiente  altitudinal  en  la

Península Ibérica

Resumen: En el siguiente trabajo se ha investigado la sensibilidad del manto de nieve al aumento

de la temperatura y a la radiación de onda corta, y al cambio de las precipitaciones a lo largo de un

gradiente  altitudinal  (1500  -  2500  m  s.n.m.)  sobre  las  principales  cadenas  montañosas  de  la

Península  Ibérica  (Cordillera  Cantábrica,  Sistema  Central,  Sistema  Ibérico,  Pirineos  y  Sierra

Nevada). Hemos utilizado la salida de un modelo mesoatmosférico (WRF) como forzamiento en un

modelo de base física de balance de masa y energía de la nieve (FSM2). Se aplicó un algoritmo de

agrupamiento a los datos de entrada del modelo FSM2 para identificar un total de 12 celdas que

resumen la variabilidad climática de las cadenas montañosas. Las salidas de WRF se proyectaron a

diferentes bandas altitudinales utilizando una serie de fórmulas psicrométricas y radiativas así como

gradientes  de  temperatura  del  aire.  Con estos  datos,  hemos  realizado  un experimento  factorial

generando series meteorológicas sintéticas que implicaban una alteración gradual de la temperatura

(aumentos  de  0  -  4  ºC),  radiación  de  onda  corta  (aumentos  de  0-40  Wm -2)  y  precipitaciones

(variaciones  de  ±  20%)  en  todas  sus  posibles  combinaciones  y  usando  estas  series  como

forzamiento de FSM2. Los resultados muestran diferentes sensibilidades del manto de nieve en las

diversas zonas montañosas como consecuencia de las diferentes particiones de los balances de masa

y energía. Los resultados mostraron un impacto generalmente negativo del calentamiento climático

en la magnitud, duración y tasas de fusión de la capa de nieve en todas las bandas de elevación,

incluso bajo los escenarios de mayor precipitación.  El  efecto medio del calentamiento sobre la

duración del manto de nieve osciló entre -23% por ºC a 1500 m s.n.m. y -13% por ºC a 2500 m

s.n.m., sobre el máximo SWE acumulado osciló entre -20% por ºC a 1500 m s.n.m. y -15% por ºC a

2500 m s.n.m., y sobre las tasas de fusión osciló entre -9% y -6% por ºC. El efecto del aumento de

la radiación de onda corta sobre el manto de nieve varió desde aproximadamente -2% por 10 Wm -2

a 1500 m a.s.l. hasta -1% por 10 Wm-2 a 2500 m a.s.l. tanto para la duración del manto de nieve

como para los los máximos de SWE. El efecto sobre el manto de nieve causado por los cambios en
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la precipitación se redujo gradualmente con el aumento de la elevación, especialmente en las zonas

más frías. La respuesta de las tasas de fusión al calentamiento fue negativa en la mayoría de las

áreas en todas las elevaciones, lo que sugiere periodos de fusión menos intensos pero más largos.
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Abstract. In this study we investigated the sensitivity of the snowpack to increased temperature and

short-wave radiation, and precipitation change along an elevation gradient (1500 - 2500 m a.s.l.)

over the main mountain ranges of the Iberian Peninsula (Cantabrian Range, Central Range, Iberian

Range, Pyrenees, and the Sierra Nevada). The output of a meso-atmospheric model (WRF) was

used as forcing data in a physically-based energy and mass balance snowpack model (FSM2). A

cluster analyses was applied to the input data of the FSM2 model to identify a total of 12 cells that

summarized the climatic variability of the mountain ranges. The WRF output was then rescaled to

various elevation bands using an array of psychrometric and radiative formulae and air temperature

lapse  rates.  A factorial  experiment  was  performed  to  generate  synthetic  meteorological  series

involving gradual alteration of the temperature (0 – 4 ºC increases), short-wave radiation (0-40

Wm-2 increases), and precipitation (variations of ± 20%) to force the FSM2. We found differing

sensitivities across the various mountainous areas as a consequence of differences in their energy

and mass balances. The results  showed a generally negative impact of climate warming on the

magnitude, duration, and melt rates of the snowpack over all elevation bands, even under scenarios

of greater precipitation. The average effect of warming on the duration of the snowpack ranged

from -23% per  ºC at  1500 m a.s.l.  to  -13% per  ºC at  2500 m a.s.l.,  on the  peak snow water

equivalent ranged from -20% per ºC at 1500 m a.s.l. to -15% per ºC at 2500 m a.s.l., and on melt

rates ranged from -9% to -6% per ºC. The effect of increasing short-wave radiation on the snowpack

ranged from approximately -2% per 5 Wm-2 at 1500 m a.s.l. to -1% per 5 Wm-2 at 2500 m a.s.l. for

both  the  snowpack  duration  and  peak  SWE  indices.  The  effect  on  the  snowpack  caused  by
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precipitation changes reduced gradually with increasing elevation, especially in the colder areas.

The response of the melt  rates to warming was negative in most of the areas at  all  elevations,

suggesting less intense but longer melt seasons.

1 Introducción

As a consequence of its physical properties (low thermal conductivity, high water storage capacity,

and high albedo), the snowpack is a key element in many ecological, hydrological, and atmospheric

processes in cold and mountainous areas. 

As in other Mediterranean areas (Fayad et al., 2017), in the Iberian Peninsula a large amount of the

total  annual  precipitation  falls  during  winter  (López-Moreno  et  al.,  2011,  2008),  resulting  in

extensive snow-covered areas each year (Alonso-González et al., 2019a). Thus, the snowpack has a

major influence on seasonal river flows (García-Ruiz et al. 2011), and enables water availability to

be matched with the high demand during the warm and dry season (López-Moreno and García-

Ruiz,  2004;  Sanmiguel-Vallelado  et  al.,  2017).  Furthermore,  winter  tourism  represents  a  key

economic resource for mountainous areas of the Iberian Peninsula, where there are 64 ski resorts

including in Spain (31), France (29), Andorra (3), and Portugal (1). However, various scenarios

suggest that the snowpack and winter tourism are very vulnerable to climate change (Gilaberte-

Búrdalo et al., 2017, 2014; Pons et al., 2015).

The magnitude and duration of the snowpack responds rapidly to changes in temperature and other

climate parameters (Barnett et al., 2005; Connolly et al., 2019), with deep implications over such

processes.  However,  the  response  of  the  seasonal  snowpack  to  climate  variability  is  complex.

Beyond the obvious implications for reduction in the magnitude and duration of the snowpack,

recent studies have shown the potential for warming to decelerate melting rates (Musselman et al.,

2017), and also the influence of humidity in controlling melting events (Harpold and Brooks, 2018).

These indicate very contrasting sensitivities to warming processes, even among mountainous areas

identified as  Mediterranean (López-Moreno et al., 2017). Furthermore, potentially large within-

range variability in the response of the snowpack to climate change can occur because of elevation

differences  and  local  climatological  variability,  as  has  been  reported  for  the  Pyrenees  (López-

Moreno et al., 2009) or the Cascades (Sproles et al., 2013). Differing energy and mass balances in

the snowpack, caused by different climatological characteristics, explain this contrasting response.

Thus, physically-based models are commonly used to study and reproduce the heat and mass fluxes
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of the snowpack under varying conditions. Accurate meteorological forcing data are essential to

correctly represent the snow processes in physically-based snowpack models (Côté et al.,  2017;

Raleigh et al., 2016; Slater et al., 2013). Unfortunately, there is a generalized lack of meteorological

observational data for the mountainous areas of Iberia, and the available series are too short, sparse,

or incomplete. Although data from meteorological observations are available for some mountain

locations  (Polo et  al.,  2019;  Revuelto  et  al.,  2017),  meso-atmospheric  simulations  are  the  only

available tool for obtaining long-term forcing data over the Iberian mountains.

In addition to future warmer conditions, the Iberian Peninsula shows a significant positive trend in

downward shortwave radiation,  caused by the combined effect  of a decrease in cloudiness and

atmospheric aerosols (Vicente-Serrano et al., 2017). Radiative heat flux is an important factor in the

energetic flux of the snowpack (Marsh et al., 2012), but how its variability affects the snowpack has

been  little  investigated,  even  though  it  is  known that  this  flux  can  control  the  spatiotemporal

sensitivity  of  the  snowpack,  depending  on  slope  and  aspect  (López-Moreno  et  al.,  2013).

Furthermore, there is large uncertainty in the projections for future precipitation over the Iberian

Peninsula (Monjo et al.,  2016), which has clear implications for predicting the evolution of the

snowpack under changing climate conditions.

Because of the dependence of the Iberian Peninsula on water stored as snow in mountain areas

(López-Moreno and García-Ruiz, 2004), it is important to take into account the effect of elevation

in investigating the sensitivity of the snowpack, as this will markedly affect the susceptibility of the

snowpack to increasing temperature (López-Moreno et  al.,  2009;  Marty et  al.,  2017;  Sospedra-

Alfonso et al., 2015). These uncertainties can be considered from a factorial point of view (Rasouli

et al., 2015) by studying how variability in various factors influences the snowpack response, either

independently or jointly..

In this study we investigated the sensitivity of the snowpack in various Iberian mountain ranges to

changing temperature, incoming solar radiation, and precipitation. We used a pre-existing meso-

atmospheric simulation as forcing data in a physically-based energy and mass balance snowpack

model. Altering the forcing meteorological variables enabled us to simulate the snowpack under

different climatological scenarios across an elevational gradient.
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2 Study Area

The Iberian Peninsula is located in the south-western part of Europe between latitudes 36 ºN and

43.5 ºN, and covers an area of 596,740 km2. It is characterized by high topographical complexity,

and  includes  five  main  mountain  ranges  (the  Cantabrian,  Iberian,  and  Central  ranges,  and  the

Pyrenees and Sierra Nevada). These are each aligned roughly east-west, with maximum elevations

of approximately 2500 m a.s.l. in the Cantabrian, Iberian, and Central ranges, and exceeding 3000

m a.s.l. in the Pyrenees and Sierra Nevada (Fig. 1). 

Most of the mainland areas of Iberia are on the Central Plateau, which is crossed by the Central

Range, with the Cantabrian Range to the north, the Iberian Range to the east, and the Sierra Nevada
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Figure 1: Main mountain ranges of the Iberian Peninsula; (A) Cantabrian range, (B) Cen-

tral range, (C) Iberian range, (D) Pyrenees, (E) Sierra Nevada. Digital Elevation Model

provided by the Spanish Geographical Survey.
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to the south, in addition to many other secondary middle mountain ranges. The Pyrenees is the

largest mountain range, in the north-eastern part of Iberian Peninsula, and is separated from the

Central Plateau by the Ebro basin. As a consequence of this topographical complexity, the wide

latitudinal  range,  and differing exposures to Atlantic  and Mediterranean air  masses,  the Iberian

Peninsula exhibits large climatological variability. This is reflected in the rich diversity of snowpack

behaviors at different elevations in each mountain area, and within each mountain range (Alonso-

González et al., 2019a).

3 Data and methods

We used a pre-existing meso-atmospheric simulation for Iberia (García-Valdecasas Ojeda et  al.,

2017) as meteorological forcing data in a physically-based snowpack model, the Flexible Snow

Model (FSM2) which is the second version of the Factorial Snow Model (Essery, 2015). The FSM

model  can  be  freely  downloadable  from  https://github.com/RichardEssery/FSM2.  The  meso-

atmospheric  simulation was developed using the Weather  Research and Forecast  model  (WRF)

(Skamarock et al., 2008), driven by the ERA-Interim reanalysis dataset (Berrisford et al., 2011; Dee

et al., 2011). The simulation spans the period 1980-2014 using a spatial resolution of 0.088º (~10

km at the latitude of the Iberian Peninsula). Previously, the meteorological surface data was rescaled

to the common elevation band of 2000 m a.s.l. to make all the cells comparable independently of its

elevation,  using  the  methodology  described  by  Alonso-González  et  al.  (2018).  Reescaling  was

performed  using an  array  of  psychrometric,  barometric,  and  radiative  formulae  (Harder  and

Pomeroy,  2014;  Liston  and  Elder,  2006).  The  2000  m  a.s.l.  band  was  selected  as  it  is  a

representative elevation band in all the involved mountain ranges (Alonso-González et al., 2019a).

Thus,  2-m  temperature,  atmospheric  pressure,  longwave  radiation,  relative  humidity  and

precipitation phase is corrected while wind speed, total precipitation, and shortwave radiation were

not adjusted with the elevation difference.

To reduce the computational cost of using all the cells of the simulation, we computed a spatial

cluster  analysis  using  the  K-means  algorithm  (Hartigan  and  Wong,  1979)  over  the  rescaled

meteorological fields to enable selection of those pixels for each mountain range representing the

most contrasting climatic characteristics. Firstly, we extracted those cells from the 3-hourly WRF

simulation representing the main mountains of the Iberian Peninsula at 2000 m a.s.l., and obtained

the  temporally  averaged  values  for  the  main  variables  involved  in  the  snow energy  and mass

balance (2-m surface temperature, precipitation, short-wave radiation, and long-wave radiation) for
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winter  (December,  January,  February)  and  spring  (March,  April,  May).  We  then  computed  a

principal  components  analysis  (PCA)  for  the  calculated  variables,  to  reduce  the  number  of

dimensions. The cluster analysis was computed for the PCA components that overall explained >

85% of the variability of the meteorological data for each range independently. To determine the

most appropriated cluster partitioning schema we computed  an array of 30 indices for determining

the number of clusters of each mountain range. We follow the majority criteria, where the most

appropriate number of clusters is the most common number among the 30 indices (Charrad et al.,

2014). The meteorological forcing data used in this study were extracted from the cell nearest to

each cluster centroid, previously rescaled to the common elevation bands of 1500, 2000 and 2500 m

a.s.l. using the same methodology explained before.

The 2-m surface temperature, short-wave incoming radiation, and precipitation variables for each

centroid were altered independently and in all possible combinations over the selected ranges to

simulate differing climatological scenarios. Temperature was progressively increased by 0 to +4 ºC

using 0.5 ºC incremental steps, while short-wave incoming radiation was increased over the range

0-40 Wm-2, using 5 Wm-2 steps. The selected ranges fall within the range of expected changes at

the end of the 21st century, estimated from the observed trends for the period 1985-2010 (Sanchez-

Lorenzo  et  al.,  2013;  Vicente-Serrano  et  al.,  2017).  Changes  in  precipitation  were  simulated

incrementally by 5% steps over the range ± 20%, which encompassed the uncertainty projected by

climatological  models  for  the  Mediterranean  area  (Knutti  and  Sedláček,  2013).  These

meteorological fields were altered using the framework proposed by Alonso-González et al. (2018),

where the forcing meteorological fields are interrelated. For this study a constant relative humidity

was maintained inside the framework, independently of the warming scenario (López-Moreno et al.,

2017; Rasouli et al., 2014). All the new synthetic forcing series summarize a total of 1215 forcing

datasets per centroid considering the three elevation bands. The topographical effects like slope or

aspect are not considered in this study.

We used the newly synthetically generated meteorological data as forcing in the FSM2 (Essery,

2015), for simulating daily snow water equivalent (SWE) series. We estimated the mean peak SWE

and mean  snow season duration  by  averaging the  long-term values  of  annual  maximum SWE

values, and the annual number of days with SWE exceeding 10 mm. The mean melt rates were

calculated by averaging the long-term annual ratio between peak SWE and the length of the melting

season . We then calculated the sensitivity of each snow index, from the averaged change in each

index  influenced  by  the  forcing  variability.  As  a  consequence  of  the  generalized  lack  of
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observational snow data available to calibrate FSM2, we chose the model configuration with more

physically  based  parametrizations,  as  the  alternative  configurations  of  the  FSM were  mostly  a

simplification of the snowpack processes like constant density or the estimation of the albedo as

function  of  the  surface  temperature.  This  configuration  has  proved  to  be  consistent  with  high

mountain observations in previous studies in the Iberian Peninsula, and reproduced the inter- and

intra-annual snowpack patterns (Alonso-González et al.,  2018). Thus, albedo decreased as snow

aged with time, and increased with snowfall.  The compaction rate was calculated based on the

overburden and thermal metamorphism. The turbulent exchange coefficient was corrected based on

the  bulk  Richardson  number.  The  thermal  conductivity  was  calculated  based on snow density.

Finally, FSM2 configuration accounted for retention and refreezing of water inside the snowpack.

We estimated the average peak SWE, snow season duration, and melt rates from the generated SWE

series. The sensitivity of the snowpack duration, peak SWE, and snow melt rate was calculated for

each forcing perturbation. The sensitivity was calculated as the average of the relative changes for

each snow index to each forcing perturbation step (Fig. 2).
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Figure 2: Example showing the relative sensitivities of snow duration and peak SWE for one of the 

centroids. The blue lines represent the variability caused uncertainty caused by a ± 20% perturba-

tion in precipitation (at 10% intervals).
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4 Results

4.1 Selection of representative areas

The number of clusters selected for each mountain range from the majority of the various cluster

tests applied varied from two (the Cantabrian and Iberian ranges and the Sierra Nevada) to three

(the Pyrenees and Central Range) (Fig. 3). The distribution of the clusters mainly followed the

longitudinal axes of the ranges. There was a clear division in the Cantabrian Range between south-

western  areas  and  the  northern  part.  For  the  Pyrenees  there  was  a  clear  division  between  the

northern and southern parts, which are affected differently by the Atlantic and Mediterranean air

masses, and are separated by a transitional region. For the Iberian Range, areas exposed to the

Atlantic air masses were in the same cluster, while the exposed to the Mediterranean air masses

formed a second cluster. The Central Range was divided along its longitudinal axis, and showed a

third cluster in the western part, where most of the precipitation in the mountain range occurs (Fig.

4). The Sierra Nevada had two clusters, separated along its longitudinal axis, that mainly differed in

precipitation levels (Fig. 4). The western cluster centroid of the Sierra Nevada was the warmest in

both winter (maximum of 1.9ºC) and spring (maximum of 6.9 ºC). In contrast, the northern and

central centroids of the Pyrenees were the coldest (minima of -5.9 ºC and -0.4 ºC, respectively). The

centroid for the eastern cluster of the Sierra Nevada represented the lower limit of the precipitation

range (154.9 mm in winter and 166.9 mm in spring). The upper limits of the precipitation range

were in the western Central Range in winter (752.3 mm) and in the central cluster of the Pyrenees in

spring (614.8 mm). The highest levels of short-wave radiation occurred in the two Sierra Nevada

cluster centroids (in the western and eastern parts), which showed maxima of 158.31 and 149.23

Wm-2 in winter and 296.4 and 287.1 Wm-2 in spring, respectively. The lowest mean short-wave

radiation level was in the centroid in the northern cluster of the Cantabrian Range (107.21 W and

249.2 W in winter and spring, respectively). The precipitation, temperature, and radiation values of

the  other  cluster  centroids  were  distributed  within  these  extremes  (Fig.  4).  The  set  of  cluster

centroids was highly variable with respect to the averages for the meteorological variables (Fig. 4).

Thus, the selected areas were representative of the average mountain climate patterns in the Iberian

Peninsula.
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Figure 4: Mean values for accumulated precipitation, mean daily temperature, and mean daily 

short-wave radiation for each cluster centroid in winter and spring. The colors indicate the clusters

for the mountain ranges shown in Figure 3.
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Figure 3: Distribution of the clusters for each mountain range. The diamond symbols indicate

the cell nearest to the centroid of each cluster. 
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The  contrasting  initial  climatological  conditions  of  the  cluster  centroids  explain  their  different

snowpack energy balances. Figure 5 shows the average heat fluxes for the selected areas under non

perturbed climatic conditions (over the time steps when the snowpack was present), obtained from

the outputs of the FSM2 simulation. In general, under colder conditions (mountain areas having

lower temperature or at higher elevations) the values for incoming and outgoing heat fluxes were

lower than for warmer areas. Figure 5 shows there was considerable variety of partitions of the

snowpack energy balance, which potentially will lead to contrasted sensitivities of snowpack when

temperature, short-wave incoming radiation and precipitation will be perturbed.

4.2 Sensitivity of the snowpack duration and peak SWE to precipitation,

short wave radiation, and temperature change

Remarkable differences were found in the sensitivity of the duration of the snowpack to temperature

increase over the study areas (Fig. 6: Upper panels). In general, there was a clear decrease in the

sensitivity  of  the  duration  of  the  snowpack  to  temperature  increase  with  increasing  elevation,

particularly in colder areas (see Section 4.1). For most of the mountain ranges the sensitivity of the

duration of the snowpack ranged from -20 to -25% per ºC at elevations of 1500 m a.s.l. and 2000 m

a.s.l. The exceptions were the Pyrenees A and B and the Cantabrian Range A, which showed values

ranging from -11 to -18% per ºC. At the 2500 m a.s.l. elevation band, most of the values decreased

from -5 to -15% per ºC, except in the Sierra Nevada, where the values remained approximately -20

% per ºC.
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Figure 5: Average energy fluxes for each centroid at various elevations.
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The effects of variation in precipitation on the sensitivity of the duration of the snowpack decreased

markedly with increasing elevation of the centroids (Fig. 6: Upper panels ); the exception was the

Sierra  Nevada,  which  was  the  warmest  among  the  study  mountain  ranges  (i.e.  warmer  initial
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Figure 6: Sensitivity of snow duration to climate perturbations at 1500 (left), 2000 (center) 

and 2500 (right) m a.s.l. elevation bands. Upper panels) Average sensitivity per ºC warming:

the boxplots represent the uncertainty caused by a ± 20% perturbation in precipitation. Cen-

tral panels) Average sensitivity per ºC warming: the boxplots represent the uncertainty caus-

ed by a +0-40 Wm-2 of perturbation in short-wave radiation increase. Bottom panels) Ave-

rage sensitivity per 10 Wm-2 short-wave radiation increase: the boxplots represents the un-

certainty caused by a ± 20% perturbation in precipitation. The colors of the boxplots corres-

pond to the selected areas in figures 3 and 4.
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conditions). The effect of short-wave radiation variability on the duration of the snowpack was less

than  that  caused  by  variations  in  temperature,  with  little  effect  induced  by  variation  in  the

precipitations(Fig. 6: Central panels ). The effect of solar radiation on the snowpack tended to be

less at higher elevations, with values for the majority of centroids ranging from -1 to -3% per 10

Wm-2 at 1500 m a.s.l., and 0.5–1.5 % per 10 Wm-2 at 2500 m a.s.l (Fig. 6: Bottom panels)..

The effect of short-wave radiation on the peak SWE was similar to, but less than, its effect on the

duration of the snowpack (Fig. 7: Bottom panels), ranging from -1 to -2% per 10 Wm-2. With

increasing elevation its effect on the peak SWE decreased, but to a lesser extent compared with its

effect  on  snowpack  duration.  Thus,  variability  in  the  sensitivity  of  peak  SWE to  precipitation

variability  was similar  over all  elevation bands,  for both increasing temperature (Fig.  7:  Upper

panels) and short-wave radiation (Fig. 7: Central panels). Nevertheless, the effect of temperature

increases on the duration of the snowpack and peak SWE was negative for all centroids, and for all

elevation bands over the simulation ranges for precipitation and short-wave radiation. These results

suggest a generalized reduction in the magnitude and duration of the snowpack at all the elevation

bands, even under higher precipitation conditions.
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The mean initial temperature conditions, before the perturbations, explained most of the variability

in the sensitivity of the duration of the snowpack and the peak SWE (Table 1). Thus, the correlation

values between the mean temperature at 2000 m a.s.l. and the snow indices were R = -0.67 and R =

- 0.57 for the snow duration and peak SWE sensitivity, respectively.The correlation sign suggest

that  at  warmer  initial  conditions,  higer  negative  sensitivities  are  expected.  The  other  main
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Figure 7: Sensitivity of peak SWE to climate perturbations at 1500 (left), 2000 (center) 

and 2500 (right) m a.s.l. elevation bands. Upper panels) Average sensitivity per ºC war-

ming: the boxplots represent the uncertainty caused by a ± 20% perturbation in precipi-

tation. Central panels) Average sensitivity per ºC warming: the boxplots represent the un-

certainty caused by a +0-40 Wm-2 of perturbation in short-wave radiation increase. Bo-

ttom panels) Average sensitivity per 10 Wm-2 short-wave radiation increase: the boxplots

represents the uncertainty caused by a ± 20% perturbation in precipitation. The colors of 

the boxplots correspond to the selected areas in figures 3 and 4.
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meteorological variables involved in the energy and mass balance of the snowpack had lower and

non-significant correlation values.

Table 1: Pearson’s R values between the initial conditions of the meteorological variables and the 

snow indices. The asterisk marks the significant correlations (pvalue<0.05).

Snow duration sensitivity Peak SWE sensitivity

Mean temperature -0.67 -0.57

Accumulated precipitation -0.27 0.10

Mean short-wave radiation -0.3 -0.24

4.3 Effect of temperature variability on the snowmelt rate

The average sensitivity of the melt rates per ºC of warming was negative for all elevation bands in

most mountain ranges, but there was wide variability (Fig. 8). Thus, a generalized decrease in the

melt rate of snowmelt is expected under future warmer conditions. At the 1500 m a.s.l. elevation

band the melt rates ranged from a minimum of -22% per ºC in the Central Range A to a maximum

of 7% per ºC in the Cantabrian Range A. At the 2000 m a.s.l. band the values ranged from -21% per

ºC in the Sierra Nevada B to 4% per ºC in the Pyrenees B and the Central Range B. At the 2500 m

a.s.l. elevation band the values ranged from -16% per ºC in the Pyrenees A to 6% per ºC in the

Sierra Nevada A. The results suggest a decrease in variability among the various mountain areas at

the highest elevation.
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Figure 9 shows the linear and partial correlations between the melt rates and the peak SWE and the

day on which the peak SWE occurred. The partial correlation values decreased with increasing

elevation, from R = 0.79 for peak SWE and R = 0.69 for the date of occurrence of peak SWE at

1500 m a.s.l., to R = -0.31 and R = 0.2, respectively, at 2500 m a.s.l. Thus, at lower elevations the

melt  rate  was  lower  for  higher  (later)  peak  SWE values,  but  this  was  not  the  case  at  higher

elevations.
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Figure 8: Effect of 1 ºC temperature increase on the melt rates.

Figure 9: Linear and partial correlations between the melt rate and the magnitude of the 

peak SWE and the hydrological Julian day on which the peak SWE occurred at 1500 

(left), 2000 (center) and 2500 (rigth) m a.s.l.
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5 Discussion

The effect of temperature warming, increased short-wave radiation, and precipitation change on the

snowpack was analyzed for mountains of the Iberian Peninsula. Meso-atmospheric simulations have

been shown to be useful in situations such as this, where there is a generalized lack of in situ

observations. The high resolution of the meso-atmospheric simulation used in this study combined

with the methodology proposed by Alonso-González et al. (2018) provided a complete database of

physically consistent meteorological data. We classified the mountain areas into climatologically

similar zones to reduce computational cost and simplify the presentation of results. The approach of

combining a reduction of dimensions using a PCA with the automatic classification of the k-means

cluster algorithm has been previously applied to the regionalization of homogeneous climatological

areas  in  various  places  worldwide  (Baeriswyl  and  Rebetez,  1997;  Fovell  and  Fovell,  1993).

Moreover, K-means clustering has also been used to detect homogeneous climatology regions from

atmospheric model outputs (Carvalho et al., 2016). This combination of techniques has previously

been successfully applied to the Iberian Peninsula in tests of its potential to automatically detect

similar  climatological  areas  (Muñoz-Díaz  and  Rodrigo,  2004).  We  applied  the  PCA/K-means

methodology to separate the main climatological regions in each mountain range. The selection of

centroids of clusters as representative of the entire cluster has obvious implications, as the cluster

cells  that fall far from the centroid are not represented. However,  the aim of this study was to

describe  the  sensitivity  of  the  snowpack  at  a  regional  scale  in  the  Iberian  Peninsula;  this  was

achieved  as  the  averaged  climatologies  for  the  identified  centroids  covered  a  wide  range  of

variability (Fig. 4), encompassing most of the climatological variability of the mountains of the

Iberian Peninsula.

Despite the obvious uncertainties in meso-atmospheric simulations, the representative areas found

in this study (Figs. 3 and 4) using the PCA/K-means have also been identified in previous studies.

For instance, for the Cantabrian Range there were marked differences in the amounts and variability

of precipitation between the two sides along its main longitudinal axis, as a consequence of the

Atlantic Ocean influence, which mainly affect the northern part (Marzol Jaén et al., 1996; Ortega

Villazán  and  Morales  Rodríguez,  2015).  Similarly,  for  the  Central  Range  there  were  major

differences  between  the  northern  and  southern  areas  (Durán  et  al.,  2015,  2013).  We  found  a

differentiated climatological area in the south-western part of the Central Range, which has been

reported to be one of the wettest areas of the Iberian Peninsula, and this contrasted with the other
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areas of the mountain range (Ceballos-Barbancho et al., 2018; Palacios and De Marcos, 1998). We

also differentiated two climatological areas in the Iberian Range, which reflect the blocking of the

Atlantic air masses (Jiménez et al., 2009). Our findings are consistent with earlier studies of the

climate of the Pyrenees that identified a north-western part having a strong Atlantic influence and a

south-eastern part  having a strong Mediterranean influence (Buisan et  al.,  2016; Gascoin et al.,

2015;  López-Moreno  et  al.,  2017).  This  was  represented  in  our  analyses  by  three  areas,  one

generally aggregating the Mediterranean area, a second the Atlantic area, and a third the transitional

zone. Despite the small size of the Sierra Nevada, marked differences between its north-western and

south-eastern slopes have been reported, and these have clear similarities with our results. Thus, the

clusters found in this  study cover the climatological patterns of the main ranges of the Iberian

Peninsula.

The sensitivity of the duration of the snowpack and the peak SWE to temperature increase showed

marked  differences.  More  specifically,  the  results  suggest  a  slightly  higher  variability  in  the

sensitivity of peak SWE compared with snow duration, although both tended to be more sensitive in

the warmer mountain areas, as previously reported for the western USA(Pierce et al., 2013). This

was particularly evident in the comparison between the Pyrenees A (north-western region, one of

the coldest zones) and the much warmer two zones of the Sierra Nevada (Figs. 6 and 7). This

decrease in sensitivity was also observed with change in elevation within each of the zones, as has

previously been observed in earlier  studies of the maritime mountainous areas of the Cascades

Range (Jefferson, 2011; Sproles et al., 2013) and the Alps (Marty et al., 2017). The sensitivity of the

snowpack to increased temperature caused by changes in precipitation depended on the elevation.

Thus, the effect on the snow duration decreased with increasing elevation in all the study areas. This

finding is  consistent  with  that  of  López-Moreno et  al.  (2017) for  a  set  of  mountains  having a

Mediterranean climate, using forcing data previously rescaled to an elevation band where the mean

temperature from December to March is -2 ºC; this showed little change in the sensitivity of the

snowpack  for  all  precipitation  variability  tested.  The  sensitivity  of  the  peak  SWE  caused  by

precipitation variability was less obvious, as precipitation changes have a major role over the entire

elevation gradient. However, despite the variability found, the effect on both the peak SWE and

snowpack duration was negative even under the higher precipitation scenarios, with an increase in

precipitation up to +20% unable to counteract the effect of temperature increase.

The sensitivity of the snowpack duration and peak SWE to increasing short-wave radiation was less

than that for temperature increase. This is because, despite the consistent positive trends on the
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observed downward short-wave radiation (Sanchez-Lorenzo et  al.,  2013; Vicente-Serrano et  al.,

2017), the increase in short-wave radiation represented a minor addition to the current level of

short-wave radiation. However, the effect of short-wave radiation needs to be considered, as it can

reduce the snow duration by 2% for every 10 Wm-2 at low elevations, even though its effect is

reduced at higher elevations. Radiation has clear repercussions for the peak SWE and duration of

the snowpack if the current trends continue. Peak SWE was less sensitivity to increasing short-wave

radiation than was the snowpack duration. This is probably because of the date of occurrence of the

peak SWE, which occurred when the total short-wave radiation was low relative to the end of the

snow season, and the snowpack has high albedo as a consequence of fresh snow cover (Baker et al.,

1990). The effect of short-wave radiation on melting of the snowpack is strongly controlled by the

characteristics  of  the  terrain  (DeBeer  and  Pomeroy,  2017).  Thus,  the  values  obtained  suggest

increasing heterogeneity of the melt rates, with greater increases in the most exposed areas.

The effect of temperature on the melt rates was negative in most cases. This suggests a generalized

increase in the length of the melt season, and shorter periods of snow accumulation. The decrease in

the  melt  rates  suggest  uncharted  questions  on  mountain  hydrology,  with  many  downstream

hydrological implications that future works should investigate in deep. For example the snowpack

controls the streamflow of the Pyrenees (López-Moreno and García-Ruiz,  2004), which will  be

likely influenced by the decrease of the melt rates. This scenario could have implications in many

key  strategic  fields  as  the  hydropower  production  that  has  been  prove  to  be  sensitive  to  the

snowpack in the  Pyrenees  (Gascoin  et  al.,  2015).  The extension  of  the melt  periods  will  have

unknown implications on other topics too, such as spring floods, soil moisture or water resources

availability. This finding is consistent with other studies that have found slower melt rates under

warmer conditions (Musselman et al., 2017). Nevertheless, wide variability in the effect on melt

rates was also found. Some areas showed a positive effect on melt rates, suggesting an acceleration

of the melt rates in a warmer climate. We found that this effect was partially explained at the lowest

and mid elevations by the peak SWE and the date of occurrence of the peak SWE, with higher

negative values in places having a lower snowpack elevation and an earlier  date of peak SWE

occurrence.  A similar  hypothesis  was proposed by Trujillo  and Molotch (2014) for the western

USA.

The present study involved uncertainties that need to be considered. Meso-atmospheric simulations

have limitations arising from the parameterization and errors in the forcing data. Furthermore, the

methodology proposed by Alonso-González et  al.  (2018) involves a number of assumptions,  as
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explained above. Nevertheless, this methodology has proven to be a computationally affordable and

appropriate tool for regional and local scale studies in locations where there is a generalized lack of

data (Alonso-González et al., 2019a, 2019b; Ceballos-Barbancho et al., 2018; Sanmiguel-Vallelado

et al., 2019). The results indicate the regional sensitivity of the snowpack of the main mountain

ranges of the Iberian Peninsula. The findings are useful in understanding the potential evolution of

the snowpack over the Iberian Peninsula, and suggest how the snowpack will respond under the

various  climate  projections  and  different  proposed  scenarios.  The  results  also  have  clear

implications for the potential impacts of climate change on land and water management.

6 Conclusions

The output of a meso-atmospheric model (WRF) was used as forcing data in a physically-based

energy and mass balance snow model (FSM2) to study the sensitivity of the snowpack to increasing

temperature and short-wave radiation at various elevations under differing precipitation scenarios.

The sensitivity of the snowpack to climate warming was considerable, with estimated reductions

ranging on average from  -23% per ºC at 1500 m a.s.l. to  -13% per ºC at 2500 m a.s.l.  for the

duration of the snowpack, and -20% per ºC at 1500 m a.s.l. to -15% per ºC at 2500 m a.s.l. for the

peak snow water equivalent, and -9% per ºC to -6% per ºC for the melt rates. The major distinction

among the mountain areas was closely related to initial climatic conditions, with the warmer areas

being more sensitive than the colder areas. This was also the case within each mountain range, with

decreasing  sensitivity  with  increasing  elevation.  Although  precipitation  variability  introduced

marked variability in the response of snowpack to increasing temperature and solar radiation, the

snow duration and peak SWE decreased even under the wettest scenarios. The sensitivity of the

snowpack to increased short-wave radiation was less than that in response to temperature increase

across the ranges tested. However, the effect of short-wave radiation should not be neglected. Melt

rates are expected to decrease in most of the study areas if temperature increases, but there are

particular sites where an opposite response may occur, including sites having a deeper snow pack.
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Conclusiones

Capítulo 6: Conclusiones

En la presente tesis doctoral se ha mejorado el conocimiento existente sobre el comportamiento del

manto de nieve a escala regional en la península ibérica desde una perspectiva climatológica. Para

ello  se  han  estudiado  tanto  el  comportamiento  actual  y  reciente  del  manto  de  nieve  como  su

sensibilidad  a  los  cambios  climáticos.  Este  estudio  se  ha  realizado  en  cuatro  fases  bien

diferenciadas,  en  las  que  primeramente  se  ha  generado  una  base  de  datos  mediante  el  uso  de

modelos de base física, con el objetivo de suplir la generalizada falta de información disponible.

Después se utilizó esta base de datos para realizar la primera climatología del manto de nieve de la

península ibérica estudiando también en una fase posterior cómo el índice de telecomunicación

NAO se relaciona con la duración y acumulación del manto de nieve. Finalmente, se ha estudiado la

sensibilidad del manto de nieve a los cambios de temperatura, precipitación y radiación en onda

corta sobre diferentes puntos representativos de las principales cordilleras de la península ibérica.

La  base  de  datos  generada  se  ha  realizado  a  partir  de  una  simulación  del  modelo  numérico

mesoatmosférico WRF forzado por el reanálisis ERA-Interim a una resolución espacial de 0.088º,

cubriendo  el  periodo  de  tiempo  entre  1980  y  2014.  La  simulación  de  WRF fue  proyectada  a

diferentes bandas altitudinales cubriendo el rango altitudinal entre los 500 y los 2900 m s.n.m para

mejorar la representatividad de las variables meteorológicas sobre terreno complejo. A pesar de las

insalvables incertidumbres asociadas al uso de modelos, la base de datos se ha mostrado consistente

con las observaciones. Concretamente, la base de datos ha mostrado un error de 6.07% y un R 2 de

0.76 en  la  estimación de  probabilidad  de existencia  de nieve,  cuando se ha comparado con la

información proporcionada por el satélite MODIS. También se ha probado capaz de reproducir los

patrones de variabilidad inter- e intranual del espesor del manto de nieve y SWE, con valores kappa

por encima del 0.6 en prácticamente todos los percentiles de acumulación. De esta manera, la base

de datos producida tiene potencial para realizar multitud de estudios relacionados con el manto de

nieve, en un contexto de casi no existencia de datos observados, y mucho menos de una duración

semejante. La base de datos, así como la información usada para validar, se ha liberado siendo

posible  su  utilización  por  cualquier  interesado,  pudiéndose  descargar  de

https://doi.org/10.5281/zenodo.854619.

Los productos de nieve generados han permitido desarrollar la primera climatología del manto de

nieve a nivel regional de la península ibérica. Los resultados han mostrado la gran variabilidad
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espacial y temporal del manto de nieve. Las diferencias entre cordilleras son importantes. El Pirineo

y la Cordillera Cantábrica, han mostrado los mantos de nieve más duraderos y de mayor espesor,

aunque hay que matizar que la superficie del Pirineo con grandes acumulaciones es muy superior.

De hecho, a consecuencia de su gran extensión y posición geográfica entre el Mediterráneo y el

Atlántico, el Pirineo muestra la mayor variedad de mantos de nieve de todas las cordilleras de la

península ibérica. Sierra Nevada ha mostrado los mantos de nieve menos profundos y efímeros, con

un desplazamiento medio en altura de 500 m a.s.l. en duración y magnitud del manto de nieve en

comparación con los  Pirineos  o la  Cordillera  Cantábrica.  Por  su parte,  el  Sistema Ibérico y el

Central, han mostrado comportamientos intermedios entre Sierra Nevada y la Cordillera Cantábrica

y el Pirineo, siendo mucho más próximos a estas dos últimas cordilleras. Las diferencias mostradas

entre  cordilleras  no  se  pueden explicar  simplemente  por  el  gradiente  latitutinal  existente  en  la

península ibérica, ya que la continentalidad, los patrones de precipitación y la influencia atlántica y

mediterránea juegan un papel crucial para definir el comportamiento del manto de nieve. 

Ya  que  el  índice  NAO  ha  probado  tener  una  gran  influencia  en  los  patrones  de  temperatura

superficial y precipitación de la península ibérica, hemos estudiado la influencia de éste en el manto

de nieve de la península ibérica. Todas las cordilleras han mostrado una gran correlación entre el

índice  NAO de  invierno  y  el  máximo de  acumulación  anual  por  un  lado  y  la  duración  de  la

temporada de nieve por otro.  Gracias a la alta resolución de la base de datos generada,  se han

podido estudiar en detalle los patrones espaciales de la correlación, probándose que la influencia de

la NAO es mucho más acusada en las vertientes expuestas a las advecciones favorecidas por las

fases negativas de la NAO (vientos de suroeste y oeste). Sierra Nevada es la única cordillera donde

no se han encontrado diferencias entre vertientes. Las condiciones húmedas pero templadas de estas

advecciones explican un aumento generalizado de las correlaciones de la NAO con la duración y

acumulación de nieve hacia las cotas más altas.  Así, la dinámica del manto de nieve en las cotas

más altas está más condicionada por el régimen pluviométrico que con el térmico, siendo el primero

el  más relacionado con la  NAO. De la  misma manera,  se  ha observado el  papel  que juega la

longitud geográfica en las  correlaciones  observadas,  demostrando que la  influencia de la  NAO

disminuye por lo general en las zonas más orientales de las cordilleras. Los resultados abren la

puerta a una posible predicción a largo plazo del manto de nieve en la península ibérica, además de

demostrar la necesidad de series largas de nieve para el  estudio de tendencias tanto temporales

como espaciales.
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En  cuanto  a  la  sensibilidad  del  manto  de  nieve  a  la  variabilidad  climática,  hemos  observado

diferentes respuestas en la península ibérica. La sensibilidad del manto de nieve al calentamiento

fue muy acusada, con valores que llegaron en algunos casos al 23% de reducción en la duración y

20% en el máximo acumulado por cada grado centígrado de incremento. Mientras que en otros

sectores la sensibilidad se disminuyó al 13% de reducción en la duración y 15% en el máximo

acumulado.  Las  mayores  diferencias  entre  cordilleras  están  causadas  principalmente  por  la

climatología dominante de cada zona, que explica diferentes particiones del balance de energía del

manto de nieve. Así, las zonas con condiciones más frías son menos sensibles, al igual que las cotas

altas menos sensibles que las bajas. Cuando se simularon cambios en la precipitación se obtuvo una

gran variabilidad en los valores de sensibilidad al calentamiento, especialmente en las zonas más

cálidas o de menos elevación. Estos valores de sensibilidad al calentamiento son negativos incluso

en los escenarios de mayor incremento de precipitación, lo que sugiere para el futuro una reducción

generalizada  de  la  duración  y  magnitud  del  manto  de  nieve,  aunque  se  produjeran  aumentos

importantes de las precipitaciones. La sensibilidad del manto de nieve al incremento de radiación

incidente en onda corta fue mucho menor que para los cambios en temperatura. A pesar de ello es

importante  tenerla  en cuenta,  ya  que potencialmente  puede reducir  la  duración y magnitud  del

manto de nieve entre un 1% y un 2% por 10 Wm-2, lo que puede suponer un cambio significativo en

el  medio  plazo  si  las  actuales  tendencias  al  incremento  continúan.  Este  efecto  se  vuelve

especialmente relevante si se suma al más que probable incremento térmico proyectado para todas

las montañas peninsulares.  La sensibilidad de las tasas de fusión fue negativa en prácticamente

todas las zonas analizadas, lo que sugiere periodos de fusión más largos y menos intensos, que la

bibliografía asocia a una menor producción de escorrentía en las zonas de cabecera.

Los resultados hallados en este trabajo dan pie a diferentes líneas de investigación de cara al futuro

en el ámbito de la hidroclimatología de la península ibérica. Una vez estudiado el comportamiento

del manto de nieve, y gracias a los datos generados, será posible estudiar en profundidad el efecto

de la nieve en la hidrología de la península ibérica, así como prever cómo los cambios esperables en

el  manto  de  nieve  a  consecuencia  del  cambio climático pueden afectar  a  los  recursos  hídricos

dependientes de la  nieve.  Por otro lado, existen multitud de índices de teleconexión aparte  del

índice NAO que influyen en el clima de la península ibérica. En ensayos previos hemos encontrado

que,  si  bien  el  índice  NAO  es  el  que  mejor  explica  los  patrones  de  duración  y  máximos  de

acumulación del manto de nieve, otros índices de teleconexión son buenos indicadores de otros

parámetros  relacionados  con la  nieve,  como pueden  ser  los  eventos  de  nevadas  extremos  o  la
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concentración de las nevadas a lo largo del invierno, efectos interesantes desde el punto de vista

climatológico o la gestión de los riesgos naturales. El interés despertado sobre los productos de

nieve generados a partir de modelos atmosféricos y de balance de energía, así como los buenos

resultados obtenidos mediante esta metodología, abren un amplio campo de trabajo en este ámbito,

que puede aplicarse con fines científicos y operacionales a cualquier región fría del planeta. De esta

manera,  resultaría  de gran interés  la  mejora de la  base de datos mediante nuevas simulaciones

climáticas  que  vayan  surgiendo.  Los  más  modernos  productos  de  reanálisis  actuales  tienen  un

tiempo de actualización cercano al real, con tan solo unos días de retraso. Contando con suficientes

recursos computacionales, este nuevo escenario permitiría la actualización de productos de nieve de

alta resolución, así  como de otras variables meteorológicas, prácticamente en tiempo real en el

medio plazo. Además la mejora en distintas técnicas para la observación del clima y del manto de

nieve en zonas remotas puede ayudar a mejorar los productos obtenidos mediante la aplicación de

métodos de asimilación. Los productos obtenidos de este modo pueden ayudar a seguir avanzando

en el  conocimiento del  manto de nieve a  distintas  escalas  espaciales  y su respuesta  a  cambios

ambientales; además de proporcionar una información muy valiosa a geomorfólogos, hidrológos,

ecólogos  (estudios  de  fauna,  flora  y  recursos  forestales)  y  diversos  ámbitos  de  la  gestión  del

territorio.
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Conclusions

In the current doctoral thesis, the existing knowledge on the behaviour of the snowpack at regional

scale from a climatological perspective in the Iberian Peninsula has been improved. Thus, both the

current behaviour of the snowpack and its sensitivity to climate change have been studied. This

study has been carried out in four well-differentiated phases. Firstly, a snowpack database has been

generated through the use of physically based models, to overcome the generalized lack of available

observed snowpack data. Then, this database was used to develop the first snow climatology of the

Iberian Peninsula, studying also in a later phase how the NAO index influences the duration and

magnitude  of  the  snowpack.  Finally,  the  sensitivity  of  the  snowpack  to  temperature  increase,

precipitation variability and short wave radiation rise has been studied over different representative

areas of the main mountain ranges of the Iberian Peninsula.

The database generated has been developed from a mesoatmospheric simulation of the numerical

model WRF forced by ERA-Interim reanalysis at a spatial resolution of 0.088º, covering the time

period between 1980 and 2014. The WRF simulation was reprojected at different altitudinal bands

covering the altitudinal range between 500 and 2900 m a.s.l. to improve the representativeness of

the meteorological variables over complex terrain. Despite the uncertainties associated with the use

of models, the database has been consistent with the observations. Specifically, the database has

shown an error of 6.07% and an R2 of 0.76 in the estimation of the probability of the existence of

snow, when compared with the information provided by the MODIS sensors. It has also proved

capable of reproducing the inter- and intrannual variability patterns of SD and SWE, with kappa

values  above  0.6  in  most  of  the  accumulation  percentiles.  Thus,  the  developed  database  has

potential to conduct a multitude of snowpack studies, considering the generalized lack of observed

data. The database, as well as the information used to validate it, has been freely released for use at

https://doi.org/10.5281/zenodo.854619.

The snowpack database has allowed the development the first regional snowpack climatology of the

Iberian Peninsula. The results have shown the great spatial and temporal variability of the snowpack

with  important  differences  between  ranges.  The  Pyrenees  and  the  Cantabrian  Mountains  have

shown the longest lasting and thickest snowpack, although it should be noted that the surface of the

Pyrenees with large accumulations is much larger. In fact, as a result of its great extension and

geographical position between the Mediterranean and the Atlantic, the Pyrenees show the greatest

variety of snowpack behaviours of all the mountain ranges of the Iberian Peninsula. Sierra Nevada
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has shown the shallowest and most ephemeral snowpack, with an average displacement at altitude

of  500  m a.s.l.  in  duration  and  magnitude  of  the  snowpsck  compared  to  the  Pyrenees  or  the

Cantabrian Mountains. The Iberian and Central  Systems have shown an intermediate behaviour

between Sierra Nevada and the Cantabrian and Pyrenean mountain ranges, being much closer to the

latter  two. The differences shown between mountain ranges cannot be explained simply by the

latitudinal gradient existing in the Iberian Peninsula, since continentality, precipitation patterns and

the  Atlantic  and  Mediterranean  influence  play  a  crucial  role  in  defining  the  behaviour  of  the

snowpack. 

NAO index has  proven to have  a  great  influence  on the  surface  temperature  and precipitation

patterns of the Iberian Peninsula. Thus, we have studied the influence of the NAO index on the

snowpack of the  Iberian Peninsula. All mountain ranges have shown high correlations between the

winter NAO index and the maximum annual accumulation and duration of the snowpack. Thanks to

the high resolution of the database generated,  it  has been possible to study in detail the spatial

patterns of the correlation in datil.  It was proved that the influence of the NAO is much more

pronounced on the slopes exposed to the advections favoured by the negative phases of the NAO

(southwest  and  west  winds).  Sierra  Nevada  is  the  only  mountain  range  where  no  differences

between slopes have been found. The humid but mild conditions of these advections explain a

generalized increase in the correlation of the NAO with the duration and accumulation of snow

towards the highest elevations. Thus, the dynamics of the snowpack at higher elevations is more

conditioned by the rainfall regime than by the thermal regime, the former being more related to the

NAO. Similarly, the role played by geographical longitude in the correlations has been studied,

showing  that  the  influence  of  the  NAO  generally  decreases  in  the  most  eastern  areas  of  the

mountain  ranges.  The  results  provide  a  good  starting  point  to  potentially  develop  long-term

prediction of the snowpack in the Iberian Peninsula. In addition, the results demonstrate the need of

long term series of snow data for the study of both temporal and spatial trends.

We have observed different  sensitivities  of  the  snowpack to  climatological  variability  over  the

Iberian Peninsula. The sensitivity of the snowpack to warming was very marked, reaching 23% of

reduction in duration and 20% in the accumulated maximum for each ºC of increase. While in other

sectors  the  sensitivity  was reduced to  13% reduction  in  duration  and 15% in  the  accumulated

maximum. The greatest differences between mountain ranges are caused mainly by the dominant

climate of each zone, which explains different partitions of the energy balance of the snowpack.

Thus, the areas with colder conditions are less sensitive, as the higher elevations are less sensitive
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than  the  lower  ones.  When  changes  in  precipitation  were  simulated,  a  great  variability  in  the

sensitivity  values  to warming was obtained,  especially  in  the warmer or  lower elevation areas.

These values of sensitivity to warming are negative even in the scenarios of greatest increase in

precipitation. The results suggest a future generalized reduction in the duration and magnitude of

the snowpack, even with increases in precipitation up to +20%. The sensitivity of the snowpack to

the increase of incident  short-wave radiation was much lower than for changes in temperature.

Despite this, it is important to take it into account, since it can potentially reduce the duration and

magnitude of the snow cover by between 1% and 2% per 10 Wm-2. Thus, it  could represent a

significant  change  in  the  medium term  if  the  current  trends  of  increase  continue.  This  effect

becomes especially relevant if it is added to the more than probable thermal increase projected for

all the Iberian mountains. The sensitivity of the melting rates was negative in most of the areas

analyses, suggesting longer and less intense melting periods, which the literature associates with a

lower production of runoff in the headwaters.

The findings of this work give opportunity to different lines of research for the future in the field of

hydroclimatology of the Iberian Peninsula. Once the behaviour of the snowpack has been studied,

and thanks to the data generated, it will be possible to study in depth the effect of snow on the

hydrology  of  the  Iberian  Peninsula,  as  well  as  to  forecast  how  the  expected  changes  in  the

snowpack as a result of climate change may affect snow-dependent water resources. On addition,

there are a multitude of teleconnection indices besides the NAO index that influence the climate of

the Iberian Peninsula. In previous tests we have found that, although the NAO index is the one that

best  explains  the  patterns  of  duration  and  maximum  accumulation  of  the  snowpack,  other

teleconnection  indices  are  good  indicators  of  other  snow-related  parameters.  Thus,  extreme

snowfall  events  or  the  concentration  of  snowfall  throughout  the  winter  are  related  with  other

inidices, having interesting effects from the point of view of climate or natural risk management.

The interest shown in the snow products generated by atmospheric and energy balance models, as

well as the good results obtained by this methodology, open up a wide field of work in this area,

which can be applied for scientific and operational purposes to any cold region of the planet. Thus,

it would be of great interest to improve the database by means of new climatic simulations that may

arise. The most modern reanalysis products currently available have an update time close to the real

one, with only a few days delay. With sufficient computational resources, this new scenario would

allow high-resolution snow products and other meteorological variables to be updated in near-real

time in the medium term. Furthermore, improvements in different techniques for the observation of
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climate and snow cover in remote areas can help to improve the products obtained through the

application of assimilation methods. The products obtained in this way can help to further advance

the  knowledge  of  the  snow cover  at  different  spatial  scales  and  its  response  to  environmental

changes;  in  addition,  they  provide  valuable  information  to  geomorphologists,  hydrologists,

ecologists (studies of fauna, flora and forest resources) and various areas of land management.
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