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Resumen  

La nieve juega un papel protagonista en numerosos procesos ambientales, hidrológicos, así 

como socioeconómicos en zonas de montaña. Por otro lado, el manto de nieve presenta una 

elevadísima variabilidad espacial y temporal, acentuada por la heterogeneidad del terreno típica 

de las zonas alpinas. Los procesos que controlan dicha variabilidad no son aún del todo 

comprendidos, y por ello han sido el principal objeto de estudio del trabajo desarrollado en esta 

Tesis.  

Numerosos procesos geomorfológicos y ciclos ecológicos, mantienen una estrecha relación con 

la presencia estacional de nieve. Ejemplos de dichas relaciones son la importante influencia que 

el manto de nieve tiene en las tasas de erosión en zonas de alta montaña, o en la evolución de 

los glaciares. Asimismo, el efecto aislante de la nieve, favorece la regeneración de suelos, 

controlando así los ciclos anuales del crecimiento de vegetación en aquellas zonas con presencia 

de nieve destacable en el tiempo. Desde un punto de vista hidrológico, la acumulación de agua 

en forma de nieve que tiene lugar en las cabeceras de los ríos de montaña, es el origen de la 

marcada influencia en el ciclo estacional de sus caudales, coincidiendo en el tiempo los periodos 

de mayor fusión con los de mayor caudal. En los Pirineos, al igual que ocurre en otros sistemas 

montañosos, la evolución espacio-temporal del manto de nieve tiene importantes consecuencias 

en los cambios que ocurren en la naturaleza. Sin embargo, al tratarse de una cordillera situada 

en latitudes medias, en una zona de transición entre áreas climáticas de marcadas diferencias; el 

estudio de la nieve es, si cabe, más importante que en otros sistemas montañosos. Por otro lado, 

los Pirineos están sujetos a una pronunciada variabilidad climática, originándose de este modo 

años con grandes acumulaciones de nieve alternados con años de intensas sequías. 

Considerando además el aumento de temperatura que las proyecciones de cambio climático 

pronostican para este sistema montañoso, queda claro el notable interés existente en estudiar y 

comprender aquellos factores de los que depende la evolución espacio-temporal del manto de 

nieve, así como en mejorar las herramientas de medición y modelización actualmente 

disponibles. 

En los Pirineos, la nieve tiene una fuerte presencia por encima de los 1500 m snm (sobe el nivel 

del mar) durante los meses de invierno. La vertiente española drena a cuencas dominadas por 

condiciones semiáridas, por lo que su importancia en la hidrología y la gestión de los recursos 

hídricos de la cuenca del río Ebro es de gran relevancia. Dicha relevancia contrasta con una 

relativa escasa tradición de estudios nivológicos, especialmente a escala de detalle. El trabajo 

desarrollado en esta Tesis doctoral, se centra en el estudio de la distribución espacial del manto 

de nieve a pequeña escala (10-1000 m) y su evolución temporal en relación con las 

características topográficas y las del dosel forestal, así como con las condiciones climáticas 



 

 

  

dominantes cada año. Para ello se ha utilizado tecnología LiDAR (light detection and ranging), 

que actualmente es la tecnología que puede proporcionar información distribuida del manto de 

nieve a mayor resolución espacial. En concreto, se ha utilizado un Láser Escáner Terrestre 

(TLS), dispositivo que basa su funcionamiento en la tecnología LiDAR. Los TLS son sistemas 

de medición portátiles ampliamente utilizados en topografía. Dichos escáner generan nubes de 

punto del terreno con una elevada exactitud, que al ser georreferenciadas y comparando aquellas 

nubes obtenidas en distintos momentos, permiten establecer los cambios topográficos del 

terreno. De este modo, para medir la distribución espacial del manto de nieve son comparadas 

nubes de puntos obtenidas con el TLS en días con presencia de nieve, con aquellas nubes de 

puntos de la misma zona obtenidas en días sin presencia de nieve. Realizando estas 

comparaciones distintos días a lo largo de una o varias temporadas de nieve, es posible analizar 

en detalle la evolución espacio-temporal del espesor de nieve.  

Mediante la utilización de un TLS se ha monitorizado el manto de nieve en un ambiente de 

pasto subalpino y en un ambiente forestal durante tres temporadas invernales. Al mismo tiempo, 

los datos obtenidos con dicho dispositivo han sido combinados con otras técnicas de adquisición 

de información (fotografía time-lapse) y modelización, para proponer nuevas metodologías en el 

estudio del manto de nieve a elevada resolución espacial. La zona de estudio subalpina se 

encuentra en la cabecera del Valle de Tena, en la vertiente derecha del Río Gállego y se 

denomina Cuenca Experimental de Izas. Este sitio experimental, cuenta con una extensión de 55 

ha y una elevación comprendida entre 2000 y 2300 m snm. La zona forestal (dominada por 

Pynus sylvestris) es mucho más reducida (<1 hectárea) y se encuentra en las inmediaciones del 

Balneario de Panticosa, también en el Valle de Tena, pero en este caso en la vertiente izquierda 

del Río Gállego. Se trata de un área relativamente plana donde alternan zonas con distintas 

densidades de dosel forestal, permitiendo así analizar la influencia de los árboles en la evolución 

espacial del manto de nieve.  

La base de datos creada durante los tres años de estudio, representa la primera aplicación de un 

TLS para la monitorización continuada del manto de nieve en los Pirineos. Por ello, el primer 

objetivo de la Tesis ha sido desarrollar un protocolo de aplicación del TLS, así como validar a 

partir de observaciones manuales los datos de espesor obtenidos mediante el mismo. El proceso 

de validación de las mediciones del TLS fue realizado en la Cuenca Experimental de Izas. En 

ella se seleccionaron tres zonas de comparación a 200, 400 y 800 m del dispositivo con 

características topográficas distintas, permitiendo así establecer si existe alguna dependencia 

con la curvatura o pendiente del terreno en las mediciones del espesor de nieve. El protocolo de 

medición con el TLS, identifica las principales fuentes de error que pueden originar 

desviaciones durante el proceso de adquisición de datos. Asimismo, describe los pasos a seguir 



 

 

  

para obtener información de la máxima calidad posible minimizando también las incertidumbres 

en el post-proceso de los datos. La validación realizada permitió establecer que las diferencias 

entre las mediciones manuales y las TLS en las zonas comparadas, son inferiores a 0,1 m; 

siendo prácticamente constante para las distancias de escaneo así como para las características 

del terreno. Aplicando de manera estricta el protocolo de utilización del TLS, en la Cuenca 

Experimental de Izas han sido obtenidos un total de 16 mapas de la distribución espacial del 

espesor de nieve a una resolución espacial de 1 m. De igual manera, pero considerando las 

características de la zona de estudio situada en el Balneario de Panticosa, los mapas de nieve 

obtenidos en dicho lugar han sido generados a una resolución espacial de 0,25 m para un total 

de 20 días de medición. 

Con el propósito de comprender la influencia que la topografía tiene en la distribución espacial 

del manto de nieve, en el área subalpina se aplicaron diversas técnicas estadísticas para 

determinar las variables topográficas que mejor explican la distribución del manto de nieve. Así 

mismo con estos análisis se pretendía determinar sí las relaciones entre topografía y distribución 

del manto de nieve son constante en el tiempo o varía a lo largo del año, o entre los años 

analizados. De este modo se derivaron las variables topográficas a partir de un modelo digital de 

elevación (DEM) con la mejor resolución espacial disponible para la zona de estudio, siendo 

esta de 5 m. En estos análisis se han considerado las siguientes variables: altitud, pendiente, 

curvatura, índice de posición topográfica (TPI), exposición Este-Oeste (Easting), exposición 

Norte-Sur (Northing), Radiación Solar, y el denominado maximum up-wind slope parameter 

(Sx). De todas ellas, el TPI y el Sx han sido las más importantes para explicar la distribución del 

manto de nieve en la zona de estudio. El TPI es un índice que calcula la curvatura del terreno a 

distintas escalas espaciales seleccionas por el usuario. El Sx es un índice que determina para una 

determinada dirección del viento (en una determinada ventana angular para esta dirección) y un 

radio de búsqueda, si una celda del DEM está expuesta o no al viento de dicha dirección en 

función de la topografía comprendida en la ventana y distancia de búsqueda en la que se ha 

definido.  

Para valorar si la relación entre variables topográficas y distribución del manto de nieve es 

constante o varía en el tiempo, durante los dos primeros años de estudio (2011-2012 y 2012-

2013) se calculó el coeficiente de correlación de Pearson de forma individual para cada variable; 

y se obtuvieron dos clases de modelo de regresión: modelo de regresión múltiple y arboles 

binarios de regresión. Estos análisis estadísticos se aplicaron entre las variables topográficas y 

los datos de espesor de nieve para los 12 días en los que se midió la distribución nival con el 

TLS. Los resultados han mostrado que las variables TPI y Sx, además de mostrar la mayor 

capacidad de explicar la distribución del manto de nieve, son las que muestran un efecto más 



 

 

  

persistente a lo largo del tiempo. En el caso del TPI la escala espacial que mostró unas 

correlaciones más altas fue de 25 m, mientras que para el Sx esta distancia ascendía hasta los 

200 m. Por otro lado, la dirección para la cual las correlaciones de Sx fueron mayores, se 

corresponde con la dirección de los vientos dominantes, que en esta zona son de dirección 

Noroeste. Ambas temporadas de estudio tuvieron marcadas diferencias en términos de la 

cantidad total de nieve acumulada, por lo que puede argumentarse que los resultados obtenidos 

con dichas variables tienen capacidad predictiva en la distribución de la nieve 

independientemente de las cantidades acumuladas. Las otras variables analizadas han 

demostrado tener un menor peso y una mayor variabilidad entre días, siendo únicamente 

remarcable el progresivo aumento de la importancia de la elevación al final de la temporada. 

En la zona forestal (Balneario de Panticosa), la topografía muestra una elevada homogeneidad 

espacial, sin embargo no ocurre así con las características del dosel forestal que presenta una 

alta heterogeneidad. En esta zona de estudio se han analizado los 20 días de medición con TLS 

durante los años 2011-2012, caracterizado por una gran escasez de nieve, y 2012-2013, en el 

que la acumulación y duración de nieve fue muy elevada si se compara con los datos históricos 

disponibles. Los espesores de nieve han sido puestos en relación con la presencia o no de dosel 

forestal, y la distancia a los troncos. Previamente se utilizó un Análisis de Componentes 

Principales (PCA) para identificar distintos patrones de distribución espacial entre los días 

analizados. El espesor de nieve observado bajo el dosel forestal ha mostrado una reducción 

media del 49% (siendo registrados valores entre el 18 y el 80%) frente a los valores registrados 

en zonas adyacentes sin cobertura arbórea. El rango de variabilidad observado se explica en 

gran medida por la cantidad de nieve acumulada en la zona, siendo los días con mayores 

acumulaciones de nieve los que han mostrado menores diferencias de espesor. A una escala de 

detalle mayor, la proximidad a los troncos y la cobertura del dosel forestal han demostrado 

influir de forma clara en los patrones de fusión. De este modo, las diferencias entre zonas 

abiertas y aquellas zonas más próximas a los troncos situadas bajo el dosel, aumentan a lo largo 

de la temporada invernal, viéndose únicamente reducidas durante episodios de nevadas. Por 

último, ha sido constatada la importante influencia que el viento puede ejercer en la distribución 

espacial del manto de nieve, independientemente de la cobertura forestal, después de eventos de 

fuerte viento. Además de la relevancia de los resultados obtenidos, la técnica TLS para la 

obtención de la distribución espacial del manto de nieve en un ambiente forestal, no había sido 

aplicada con anterioridad, lo que confiere mayor significación a su aplicación y a la información 

obtenida por medio de dicho dispositivo. 

Tras mejorar la comprensión de como la topografía y el bosque afectan a la evolución espacio-

temporal del manto de nieve, el trabajo de investigación se centró en desarrollar dos métodos de 



 

 

  

modelización del manto de nieve combinando TLS con fotografías time-lapse y simulación del 

balance de energía y masa del manto de nieve. Ambos métodos fueron aplicados en la Cuenca 

Experimental de Izas dado que existe una mayor base de datos para esta zona de estudio. 

Debido a que ambos métodos han sido desarrollados en la fase final de la Tesis, en la cual se 

disponía de una temporada invernal más (2013-2014), fueron consideradas tres temporadas 

completas. 

El primero de los métodos se denomina “backward snow depth reconstruction”. Con este 

método, a partir de la información de la superficie cubierta por nieve obtenida de fotografías 

diarias (time-lapse) e información puntual de temperatura, se realiza una reconstrucción 

distribuida del espesor de nieve durante el periodo de fusión. La Cuenca Experimental de Izas 

cuenta con una cámara de fotos digital que adquiere automáticamente imágenes de 

aproximadamente 30 ha de la zona de estudio, permitiendo así observar a una resolución 

temporal diaria la evolución de la nieve. De este modo, la información RGB de las imágenes, 

tras un proceso de georreferenciación, es proyectada en el modelo digital de elevaciones de la 

zona. Esto es posible, establecida la correspondencia entre las coordenadas GPS de puntos 

reconocibles del terreno y los pixel correspondientes de las imágenes captadas, además de 

corregir distintos aspectos de la óptica de la cámara, como la aberración óptica.  

A partir de los datos de presencia o no de nieve, proyectada en el modelo digital del terreno 

(DEM) se identificó, para cada temporada, el día de desaparición del manto en cada celda del 

DEM. Empleando esta información, conocida como día de fusión final (Melt Out Date, MOD), 

se reconstruyo la evolución del espesor de nieve durante el periodo de fusión. Para ello, se 

utilizó la relación entre fusión de nieve y temperatura medidos en la torre meteorológica durante 

los periodos de fusión de 2012, 2013 y 2014. Con estos datos se calcula la denominada 

aproximación grados día (Degree-Day Factor, DDF), cociente promedio entre la perdida diaria 

de espesor de nieve y la temperatura media registrados durante dicho periodo. La reconstrucción 

de cada temporada se inicia el último día en que se observa presencia de nieve en la zona de 

estudio. En todas celdas del DEM que cumplen la condición de tener un MOD igual o mayor 

(más antiguo) que al día reconstruido, la reconstrucción añade el espesor de nieve predicho por 

la multiplicación del DDF y la temperatura media observada ese día. Retrocediendo en el 

tiempo y utilizando la medición diaria de temperatura, se obtiene la distribución espacial de 

nieve simulada para cualquier día del periodo de fusión.  

En la aplicación distribuida del DDF, se aplicaron dos calibraciones espaciales. En la primera 

calibración (calibración espacial constante) se considera que toda la cuenca posee la misma 

relación entre temperatura diaria y ritmo de fusión, de modo que todas celdas con un MOD más 

antiguo a la fecha reconstruida, se aplica el mismo DDF. La segunda calibración (calibración 



 

 

  

espacial distribuida), emplea los datos del TLS para identificar diferencias espaciales en dicha 

relación. La calibración espacial distribuida calcula el cociente, para cada celda, entre la pérdida 

de espesor observada entre dos muestreos del TLS (primera y última medición TLS en el 

periodo de fusión) y la registrada en la torre meteorológica durante el mismo periodo de tiempo. 

Este coeficiente multiplica en cada celda el valor diario simulado según el DDF y la temperatura 

observada, de modo que se distribuyen espacialmente una aproximación de las distintas tasas de 

fusión que pueden observarse en la cuenca. Dichos coeficientes fueron calculados con datos de 

un año con escasa acumulación de nieve (2011-2012) y otro con elevada acumulación (2012-

2013). Ambos se aplicaron a las reconstrucciones de las tres temporadas para ver hasta qué 

punto varían las distribuciones de los coeficientes obtenidas con distintas acumulaciones de 

nieve. Las dos calibraciones espaciales (constante y distribuida) han demostrado la posibilidad 

de reconstruir el manto de nieve con una más que aceptable exactitud, más si se tiene en cuenta 

la relativa sencillez del método y de la información necesaria. La aplicación de una calibración 

distribuida, mejora ligeramente la reconstrucción de la evolución del manto de nieve, respecto al 

uso de un valor constante que relacione temperatura y fusión. Sin embargo, la mejora en la 

calibración espacial distribuida, desaparece o incluso empeora respecto a la calibración 

constante si se utilizan los coeficientes calculados durante un año con características climáticas 

y nivológicas muy contrastadas.  

Por último, en el presente trabajo, se ha explorado la utilización de información proporcionada 

por el TLS para mejorar las simulaciones distribuidas de un modelo que simula el balance de 

masa y energía del manto de nieve (Crocus). Tras adaptar dicho modelo a la cuenca de Izas y 

ajustar el forzamiento meteorológico para la escala de trabajo, se diseñó un sencillo pero eficaz 

método para combinar modelización con observación. Este método asimila los mapas de 

espesor de nieve obtenidos con el TLS un determinado día y corrige las salidas de la 

distribución espacial del manto de nieve proporcionadas por el modelo para el día en cuestión. 

Una vez aplicada esta corrección a la salida del modelo, se continúa la simulación hasta la 

siguiente fecha de medición con TLS en el que se realiza una nueva corrección. El método 

fuerza a que para cada celda en la que se ha simulado el manto de nieve, el espesor se ajuste al 

observado, conservando el resto de las propiedades del manto de nieve simuladas por Crocus 

(densidad, temperatura, etc,…). De este modo, se simularon tres temporadas completas, 

deteniendo y corrigiendo las simulaciones únicamente aquellos días que existía observación de 

la distribución espacial del manto de nieve. Así la técnica permite considerar, o en cierta manera 

incluir en la modelización, los efectos de la topografía y de la acción del viento observados un 

determinado día a escala de detalle. Ello supone un avance en la modelización, debido a la 

dificultad de parametrizar en los modelos estos procesos, y que en el caso de Crocus no están 

parametrizados o incluidos en el modelo. 



 

 

  

Para comprobar los resultados de esta técnica, las distribuciones espaciales del manto de nieve 

simuladas fueron comparadas con aquellas medidas por el TLS antes de corregir las salidas del 

modelo. Además, aprovechando los datos distribuidos del MOD generados a partir de la 

fotografía time-lapse, los resultados de las simulaciones fueron comparados con los valores 

observados. De esta forma se pudo comprobar como la técnica desarrollada mejora 

notablemente el realismo de las simulaciones del manto de nieve, lo que supone una clara 

ventaja para aplicar dichos modelos en determinadas aplicaciones, como podría ser la 

estimación de los recursos hídricos disponibles a lo largo de la temporada de nieve.  

De este modo, los datos obtenidos, así como las metodologías aplicadas y desarrolladas en esta 

Tesis, suponen un avance reseñable en el campo de la nivología. Los resultados también 

evidencian la gran complejidad de los procesos involucrados en la evolución espacio-temporal 

del manto de nieve, y la necesidad de continuar estudiándolos a distintas escalas de trabajo y 

mediante distintas aproximaciones metodológicas. 
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presence and its temporal persistence, is of major interest, since most climate change scenarios 

(IPCC 2013) predict decrease in snow duration at increasingly higher elevations (Elsasser and 

Bürki, 2002; Pons et al., 2015). This large variety of issues in which snow has high relevance, 

supports the vast effort devoted by scientific community to understand the main factors that 

control the spatial and temporal snow dynamics (Egli et al., 2012; López-Moreno et al., 2013; 

Mott et al., 2010; Schirmer et al., 2011). 

Furthermore, mountain areas are highly sensitive to global change (Beniston, 2003), and thereby 

snow accumulation and melting processes are likely to be subject to marked changes in coming 

decades, affecting all processes influenced by the presence of snow (Caballero et al., 2007; 

López-Moreno et al., 2011a; Steger et al., 2012). In such a way, global change scenarios for 

Mediterranean semi-arid regions enhance the necessity of improving water management to 

ensure water supply (García-Ruiz et al., 2011). Thereby, the high snow significance in the 

hydrological annual cycle of mountain rivers in these regions (Erxleben et al., 2002; García-

Ruiz et al., 1986; López-Moreno and García-Ruiz, 2004), justify the main objective of this 

Thesis: to increase the knowledge on snow dynamics in the Pyrenees, a Mediterranean 

mountain range.  
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1.2 Snow in alpine terrain: snowpack distribution 

Snow distribution in mountain areas is affected by the high spatial heterogeneity characteristic 

of alpine terrain. This distribution can be considered and analyzed in different spatial scales, 

from the mountain range scale to the snow crystal stratigraphy observed in a specific location. 

In this Thesis are considered different approaches for ameliorate the understanding of small 

scale snow distribution and its evolution in relation to different factors, for distances ranging 

from 10 to 1000 m.  

 

1.2.1 Acquiring distributed information of the snowpack 

When considering the spatial snowpack distribution, diverse variables are considered, 

depending on the application and also on the type of measurement. From a hydrological or 

climatological point of view, the snowpack distribution is usually analyzed from the spatial 

distribution of snow depth (vertical snowpack thickness) and/or Snow Water Equivalent (SWE, 

the product between snow depth and snow density that informs on the actual water content in 

the snowpack), or also from the Snow Covered Area (SCA). Other perspectives, like assessing 

snow stability or the amelioration of snow remote sensing techniques requires other snow 

parameters, such us structure of snowpack layers, the temperature profile, snow grains shape 

and size, snow optical properties, or the snow specific surface area among others (Picard et al., 

2009). 

Manual measurements have been traditionally used to provide information on the distribution of 

snowpack, with different sampling strategies at various spatial scales for obtaining SWE and 

snow depth (Jost et al., 2007, 2009; López-Moreno et al., 2011b, 2013; Watson et al., 2006). 

However, manual sampling is not feasible for large areas because of the time involved (Figure 

1.3), especially when considering SWE and/or density acquisition (López-Moreno et al., 2011b; 

Sturm et al., 2010). Thereby, for covering large areas, different remote sensing techniques are 

applied to monitor snowpack distribution.  

Remote sensing techniques in snow science have provided the basis for obtaining high 

resolution datasets over areas that could not be affordable before (De Walle and Rango, 2008). 

Satellites make possible to cover global scales and obtain information of the SCA at different 

resolutions (Crawford et al., 2013; Rosenthal and Dozier, 1996). Satellite images have allowed, 

over the last decades the creation of a global scale database that enable analysing the evolution 

of snow presence in any part of the world (Gascoin et al., 2015). Although satellite sensors 

cover any region of the Earth, still some limitations are present, related to the cloud covered 

area, the spatial resolution of the obtained images (generally from tens of meter to the km) or 
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performed. However several studies have considered  snow density as a function of snow depth 

based on the overburden effect of the snowpack (Jonas et al., 2009; Sturm et al., 2010). Other 

authors have indicated the lower requirement on snow density information based on its low 

spatial variability compared to that exhibited by snow depth (López-Moreno et al., 2013; 

Marchand and Killingtveit, 2004; Mizukami and Perica, 2008; Pomeroy and Gray, 1995). In 

such a way, it is widespread in scientific community to deeply analyze snow depth distribution 

because nowadays, is the distributed snowpack variable with an easier motorization, providing 

the most relevant information in medium and small scale studies. On the contrary, the 

application of TLS and ALS techniques in mountain areas have temporal and meteorological 

limitations, and thereby for continuously monitoring distributed snow evolution other variables 

are considered as SCA.  

In recent years there has also been an increasing use of time-lapse photography, that enables 

snow dynamics monitoring in small and medium sized study sites through continuous SCA 

acquisition (Garvelmann et al., 2013; Liu et al., 2015). Since it results economically affordable 

and easy to implement, time-lapse photography is a promising tool for snow monitoring in 

mountain environments because it allows overcoming resolution limitations of the freely 

available remote sensing products in small catchment or hillslope scale (Parajka et al., 2012). 

Thereby time-lapse photography is been used by researches in many mountain ranges; since its 

first application in the Alps (Corripio, 2004) to its more recent use in Sierra Nevada (Pimentel et 

al., 2015).  

 

1.2.2 The influence of topography and forest on snow distribution 

In mountainous areas the snowpack shows a very high spatial variability as a consequence of 

many interactions, including: the vertical lapse rates in temperature (which affect the phases of 

precipitation); the distribution of precipitation amounts, also affected by vertical gradients; 

terrain shadows caused by complex topography; ground irregularities; and snow redistribution 

by wind and avalanches (Deems et al., 2006; Grünewald et al., 2010; Liston and Sturm, 2002; 

López-Moreno et al., 2011b). Many studies have highlighted the marked control of topography 

on snow distribution in mountain areas (Anderton et al., 2004; Erickson et al., 2005; Lehning et 

al., 2011; Mott et al., 2013; Winstral et al., 2002), and the importance of vegetation and wind 

exposure (Erxleben et al., 2002; Trujillo et al., 2007). The extent to which topographic variables 

explain snow distribution can change during the snow season; the variability of terrain 

characteristics can drive processes related to the spatial variability of snow accumulation (snow 

blowing, terrain curvature) (Lehning et al., 2008), or affect the energetic exchange between 

terrain and the snowpack (temperature, incoming solar radiation), and consequently the 
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presence. Statistical models are commonly applied for understanding the linkage between snow 

distribution and other variables, such as topographic variables and canopies characteristics. In 

these approaches various topographical features, derived from Digital Elevation Models (DEM), 

are used as predictor variables on the basis that they are closely related to the accumulation, 

redistribution, and ablation of the snow cover (Bavera and De Michele, 2009; Erxleben et al., 

2002; Jost et al., 2007; Molotch et al., 2005; Winstral and Marks, 2002).  

Thereby, linear regression models combined with geostatistical methods have been applied to 

analyze snow distribution (Hosang and Dettwiler, 1991) and compared with other methods such 

as neuronal networks (Tabari et al., 2010). Other authors have related snow distribution with 

terrain characteristics using generalized additive models (López-Moreno and Nogués-Bravo, 

2005); bayesian models (Durand et al., 2008a; Seidou et al., 2006) and binary regression trees 

(Molotch et al., 2005; Winstral et al., 2002), which have been combined with other techniques 

as kriging and cokriging (Balk and Elder, 2000; Erxleben et al., 2002) and with general additive 

models (López-Moreno et al., 2010). Once the relations between snow occurrence and the 

predictor variables have been established, the spatial distribution of the snowpack can be 

determined for areas with well-known terrain characteristics (Winstral and Marks, 2014).  

 

1.2.3 Snowpack models in mountain areas 

Snow evolution in alpine terrain can be simulated with models of different characteristics. There 

exist several approximations, depending on the application, the extension or the available 

information. Snow modelling is used for a wide variety of purposes including avalanche 

forecasting (Bartelt and Lehning, 2002; Brun et al., 1992; Naaim et al., 2013), runoff dynamics 

modelling (Braun et al., 1994; Kobierska et al., 2011; Marks et al., 1999), climate change 

impacts studies (López-Moreno et al., 2012; Rousselot et al., 2012) or to study snowpack 

internal properties (Carmagnola et al., 2014; Domine et al., 2013) among others. A widespread 

type of snow simulation technique is the physically based snowpack modelling, which simulates 

snow energy balance between different layers of the Earth’s surface. Such models can be used 

either to simulate snowpack evolution in a single location (Herrero et al., 2009; Lehning et al., 

2002; Morin et al., 2013), or to simulate a spatially distributed snowpack  (Lehning et al., 2006; 

Polo et al., 2009; Vionnet et al., 2012). Snowpack energy balance models are also classified 

depending on the number of snowpack layers that they are able to simulate, in such way a wide 

variety of model exists, from single, to multilayer snowpack models (Bartelt and Lehning, 2002; 

Brun et al., 1992; Pomeroy et al., 2007). 

Snowpack models simulate most processes involved in snow evolution, which at the same time 

depend on the evolution of the atmosphere. Such dependency makes snowpack models quite 
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demanding in terms of meteorological forcing data requirements. Thereby snow modelling can 

be influenced by errors from meteorological forcing due to the difficulty on accurately 

simulating all meteorological variables in mountain terrain (Förster et al., 2014; Wayand et al., 

2013). Despite physically based models have shown good results in many applications, some 

processes are not yet accurately simulated; this is due to the high complexity of snowpack 

energy and mass balance. This causes small deviations in individual predictions, but when 

propagated and accumulated in time may generate large uncertainties in the simulations (Sauter 

and Obleitner, 2015). Additionally, when considering medium and small scale simulations, 

results could differ from real snowpack state, due to wind redistribution processes, or 

topographic influence on snow distribution, which yet has not been properly implemented in 

snow simulations (Schirmer et al., 2011; Trujillo et al., 2007). These deviations have motivated 

many studies analyzing the combination of remote sensing techniques and snowpack modelling, 

for testing and assimilating distributed information of snow (Dumont et al., 2012; Hedrick et al., 

2015; Liu et al., 2015; Pimentel et al., 2015; Schöber et al., 2014).  

Other simple approximation for modeling snow evolution, during melting period, are the so-

called temperature based index methods or degree day methods. These are empirical relations 

between the expected snow melt and mean daily air temperature, that can be related to energetic 

exchange processes (Bergstrom, 1976; Brubaker et al., 1996). Parametrizing melt rate with 

mean temperature, being a simple approximation, is sufficiently precise for many practical 

purposes due to the high correlation of near ground air temperature with the energetic balance 

components (Ohmura, 2001). The use of temperature data for reconstructing and modelling 

snowmelt dynamics has been tested in many mountain areas (Hock, 2003). This  method has 

also been compared to results obtained with physical snow models, with results indicating 

uncertainties in the spatio-temporal calibration of temperature-index methods (Kumar et al., 

2013). Also different approaches have combined temperature-index methods with remote 

sensing information from satellites to upgrade simulation results (Hassan, 2012; Molotch, 2009; 

Molotch and Margulis, 2008). All these approximations for simulating snowpack evolution 

show the effort and the interest of scientific community on this issue. Nevertheless, deviations 

from real snowpack evolution are still present, exhibiting the necessity of improving simulations 

by ameliorating the parametrization of different processes involved and also combining and 

assimilating real data from different perspectives. 
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1.3 Objectives and structure: Thesis outlook 

The important role that snow plays in mountain areas, particularly in the Mediterranean region, 

has motivated the main objective of this thesis: to investigate small scale (0.1 to 100 ha) snow 

dynamics in the Pyrenees, from a basic science perspective, providing a new insight on the 

combination of remote sensing techniques and snowpack simulations. To achieve such 

objective, the following tasks have been addressed: 

 To test and demonstrate the applicability of Terrestrial Laser Scanner in the Pyrenees 

for monitoring snow depth distribution at specific dates in two mountain environments; 

a subalpine catchment and a forested area. 

 To understand the topographic control on snow depth distribution and its temporal 

persistence in both, intra- and inter- annual perspectives in contrasted climatic 

conditions. 

 To reconstruct snow depth distribution during melting period from temperature 

measured in an on-site measuring meteorological station and information form the SCA 

evolution obtained with time-lapse photographs. 

 To show the improvement on combining a physic snowpack model with Terrestrial 

Laser Scanner data to simulate snowpack dynamics and include these processes not 

parametrized in snow models.  

 To determine the canopy and trunk influence on snow depth distribution in a temperate 

pine stand, and identify their impact on snow evolution. 

 

1.3.1 Brief Thesis outlook 

For accomplishing these objectives, information on snow depth distribution has been obtained 

during three snow seasons with opposite climatic conditions in two study sites; this was done in 

two study sites: a subalpine mountain catchment (Izas Experimental Catchment) and a forest 

stand (Balneario de Panticosa Pine Stand). These data were acquired with a TLS, showing for 

the first time in the scientific literature, its applicability in the Pyrenees. Besides, it was the first 

application of this technology in a forest environment for surveying snow distribution. The 

database generated by means of this technique has been related with several topographical 

variables that describe the terrain characteristics of a Pyrenean subalpine catchment, by means 

of three different statistical approaches. In the case of snow depth distribution in the pine stand, 

its evolution has been analysed related to canopy cover and trunk distance.  

Considering the snow depth distributions maps generated with the TLS, and bearing in mind the 

limitations related with the temporal resolution of TLS acquisition, has been tested a new 

approach to reconstruct the snow depth distribution during melting period. This approach 
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combines a simple method to simulate snow melt dynamics, a temperature-index method, with 

the snow disappearance date for the different zones of the study site obtained from time-lapse 

photographs. Such approach would enable to reconstruct the snow depth distribution at a daily 

basis, with or without limited need of TLS measurements. 

Finally, the acquired information on snow distribution in Izas from the TLS has been combined 

with the snow energy balance model Crocus. This approach enabled including the influence of 

topography and wind blowing in the snowpack simulation which was observed at TLS 

acquisition dates. The improved results of this combination has important implications for 

simulating runoff dynamics in snow dominated environments. 

 

1.3.2 Summary of chapters: Thesis structure 

The structure of this Thesis is presented in Figure 1.6. After the present chapter introducing the 

work and the objectives (chapter 1), chapter 2 summarizes the geographic and physical 

characteristics of the Pyrenees and provides a detailed explanation of the two study sites 

characteristics and the study period climatology.  

 
Figure 1.6: Schematic outlook of Thesis structure.  

Subsequently, in chapter 3, are presented the methodology used in the different sections of the 

work. Since the information on snow depth distribution obtained with the TLS is considered in 
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the different sections of the Thesis, the methodology for obtaining snow depth maps and the 

validation of the obtained information is explained. Chapter 3 also describes the statistical 

analysis used for determining the importance of topographic variables on explaining snow depth 

distribution. Additionally it is presented the method for reconstructing snow depth distribution 

from time-lapse photographs, and also the combination of Crocus snowpack model with TLS 

data. Finally is introduced the method used for studying trees canopies influence on snow depth 

distribution.  

In chapter 4, the results obtained by means of the methods described in chapter 3, are presented 

and discussed. With same criterion, in chapter 5 the main concussions of the subsections of 

chapter 3 are presented, in this case including those of TLS applicability. Chapter 6 contains 

final considerations and a critical evaluation of the work, with ideas for future research lines.  
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2 STUDY SITES 
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the Flysch (marls and sandstone), Inner Depressions (marls from the eozonic), Prepyrenean 

Molasas (marls, clays, sandstone conglomerate) and Exterior Ranges (marls, clay, sandstone 

and limestone) (Peña-Monné et al., 2002). The highest peaks are located in Axial Pyrenees and 

Inner Ranges and thereby snow presence is more important. These present as well the largest 

areas located above 1500 m a.s.l (above sea level)., with the highest peaks of the mountain 

range (Aneto peak, 3404m a.s.l, Posets 3375m a.s.l. and Monte Perdido 3355 m a.s.l.). Main 

valleys run Southward, and cut the abovementioned parallel structural units. In particular, the 

two study sites considered in this work, (Figure 2.1); are located in the Central Spanish 

Pyrenees, at the Gállego river Valley.  

The main climatic characteristic of the Pyrenees are related with the mentioned transition from 

Oceanic to Mediterranean conditions to the East. Meanwhile, a progressively higher aridity is 

found Southward as a consequence of the barrier effect to the most frequent humid air masses 

(López-Moreno and Vicente-Serrano, 2007; Vicente-Serrano, 2005). Areas above 2000 m a.s.l. 

receive about 2000 mm, increasing to 2500 mm of precipitation in the highest divides of the 

mountain range and rapidly decrease to 600-800 mm in the Inner Depressions (García-Ruiz, et 

al., 2001).  

During autumn fronts from the Atlantic have major importance, with the highest monthly 

averages registered in the Western observatories. This response is registered in locations as 

Hecho or Anso, the westerly valleys of Aragonese Pyrenees, reaching a 40% of total annual 

precipitation (Creus-Novau, 1983). Oppositely, spring and summer storms have more 

importance in the Eastern areas of the Pyrenees, being favoured by the humidity and higher 

temperature of Mediterranean Sea. Thereby observatories of Pyrenean East valleys have a 

mayor contribution of convective events; e.g. almost a 32% of total annual precipitation in the 

Noguera-Ribagorzana Valley is accumulated during summer (Eastern valley of Arangonese 

Pyrenees), dropping below 16% in Anso Valley (Cuadrat et al., 2007).  

In early winter, the arrival of fronts from Northwest and West are the most frequent, leading to 

highest snow accumulation in Western Pyrenees. The Azores high, which usually affects Iberian 

Peninsula for some winter periods, originates relatively long periods with no snow accumulation 

in this season. Subsequently, in spring, snow accumulation are associated to South-West 

advection, which leads to higher snow accumulations in the Western Pyrenees (Revuelto et al., 

2012). Snow remains for long periods above 1600m a.s.l., between November and April 

(López-Moreno and Nogués-Bravo, 2006).  

Similarly to precipitation, temperature is affected by the Atlantic-Mediterranean transitions, but 

elevation plays a major role on its distribution. This way, the lower annual thermal amplitude is 

observed in West Pyrenees because ocean proximity (Cuadrat et al., 2007). As a general 
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tendency in central Pyrenees, the annual 0ºC isotherms lays between 2700 and 2900 m a.s.l. (del 

Barrio et al., 1990; Chueca, J., 1993). Despite the spatial differences in temperature between 

Western and Eastern Pyrenees, elevation is the main variable conditioning temperatures. 

Thereby, observatories with higher elevation in Central Pyrenees, as Goriz (2215 m a.s.l.) show 

5.2ºC annual average temperatures, with higher values at increasingly lower elevation. This is 

the case of Panticosa Casa de Piedra, placed at 1660 m a.s.l. in the West area of Central 

Pyrenees with a 7.1ºC annual average or the 6.7ºC annual average from Estos, at 1890 m a.s.l. in 

East Central Pyrenees.  

The Pyrenees exhibit a high inter-annual variability in temperature and precipitation, which 

involve great ranges of uncertainty in annual snow accumulation (López-Moreno, 2005b). This 

variability is influenced by the atmospheric circulation, being identified a decrease of snow 

accumulation weather types with positive North Atlantic Oscillation (López-Moreno and 

Vicente-Serrano, 2007). As observed with precipitation, snow accumulation correlates with 

Atlantic/Mediterranean proximity and distance to the main divide of the mountain range 

(Revuelto et al., 2012), and is strongly dependent on the fluctuations of the 0º isotherm during 

winter and spring. This high climatic variability also affects to large interannual variability in 

snow accumulation (López-Moreno, 2005b). 

From a hydrological point of view, snow accumulation has a large influence on Pyrenean 

headwaters due to the generally continuous snow cover from November to April above 2000m 

a.s.l. (Alvera and Garcia-Ruiz, 2000; García-Ruiz et al., 1986; López-Moreno et al., 2001). 

During spring, Pyrenean rivers discharge depends on the melting of the snow accumulated in 

the previous months, which accounts about a 40% of the spring runoff (López-Moreno and 

García-Ruiz, 2004).  

The recent evolution of snow accumulation in the Pyrenees has been estimated thanks to the 

snow measurements carried out since1985 by the ERHIN program (Evaluación Recursos 

Hidricos de INivación; Study of winter water resources). The snow depth and sometimes snow 

density, has been measured three times per year – January, March and May –in nearly115 snow 

poles evenly distributed across the entire territory of the Spanish Pyrenees. These data have 

been analyses and reconstructed for previous decades by López-Moreno (2005a), who observed 

a decreasing trend in snow accumulation. More recently, Revuelto et al., 2012 updated this 

study, revealing a recent increase in snow accumulation. Thus, there are only few snow poles 

where a statistically negative trend (p<0.05) have occurred from 1986 to 2011. This result has 

been partially supported by the finding of stationary evolution in the number of snow days in 

the last 30 years in the majority of the meteorological stations in western and central Pyrenees 

(Buisan et al., 2015). Simulations on snowpack distribution under different global change 

scenarios informed about a marked reduction on snowpack duration, especially around 1500m 
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a.s.l. The effect of climate change on snowpack is progressively reduced at higher elevations, 

with very limited impact in the highest sectors (López-Moreno et al., 2009).  

Plant species distribution in the Pyrenees is mainly related to present climatic characteristic. 

Nevertheless past climatic conditions (e.g. glaciations) have had a marked influence on the pool 

of species within the mountain range. Nowadays, in spite of the Eastward transition from 

Atlantic to Mediterranean conditions, and the North-South exposition differences, particular 

plant species can be identified in the climatic belts that succeed in an altitudinal gradient (Villar, 

L. et al., 1997). The Lower Montane belt lies between 300 and 1000 masl; and it is 

characterized by pine forest (mostly Pinus halepensis) and Mediterranean evergreen forest of 

Quercus ilex, and Quercus coccifera. At higher elevations, from 1000 to 1700 m a.s.l., it takes 

place the Upper Montane Superior belt, with presence of Quercus faginea and Pinus sylvestris. 

In the deforested areas of this belt, Mediterranean shrubslands can be abundant. Also in the 

Upper montane belt, but in areas with higher Atlantic influence forested areas are dominated by 

beech (Fagus sylvatica) and silver fir (Abies alba). Subalpine belt, which is located between 

1700 to 2300 m a.s.l., is characterized by a transition from Pinus sylvestris forest to Pinus 

uncinata forest, which is the only spice in the Pyrenean treeline (~2200 m). These forests 

generally occur below its natural treeline limit, because the long human activity aimed to create 

grazing areas for summer. This anthropogenic activity is also the origin of the high spatial 

heterogeneity in the actual tree line elevation. Above Subalpine belt takes place Alpine and 

Subnival belts. In these sector, the areas where soil developed are characterized by the existence 

of grasslands communities (see Gómez, 2008), opposite to screes and cliffs areas (including 

highest summits) that host very little vegetation. 

Vegetation distribution dependence on elevation is also connected with soil altitudinal bands; 

this way soils less evolved are located at higher elevations (Lasanta, 1997). Current vegetation 

in the Pyrenees is as well the result of a historical occupation of the mountain by human 

activities, and its abandonment in recent decades (Lasanta, 1990). During recent decades, the 

sharp population decrease of mountain areas has led to a fast and important recolonization 

process of scrubs (Molinillo et al., 1997). This recolonization has happened simultaneously to 

human made reforestation over large areas (de la Riva, 1997) after crop abandonment. That 

way, an increase in the forested area and vegetation mass has been observed in the last forty 

years with important consequences on water management and snow distribution.  
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2.2 Description of the study sites 

Data considered in this study have been obtained in two small study sites located in Central 

Spanish Pyrenees, in Aragon region. Both study sites are located in the Tena Valley, which is 

the Gállego river headwaters valley. The study sites are named: Izas Experimental Catchment 

and Balneario de Panticosa Pine Stand. They are respectively located at the right and left slopes 

of the Gállego River watershed (Figure 2.1). 

The Tena Valley also shows a slight transition from Atlantic to Mediterranean influence. 

Thereby, the West side of the valley, where Izas Experimental Catchment is placed (Figure 2.1), 

is more exposed to Atlantic fronts. Oppositely, the East side, where Balneario de Panticosa is 

located has greater influence from the Mediterranean and in a lesser extent by Atlantic west 

fronts. This slightly, but higher influence of Mediterranean conditions does that Balneario de 

Panticosa Pine Stand more affected to summer convective storms. Nevertheless precipitation in 

this season is the only remarkable influence of the Atlantic-Mediterranean transition within the 

valley, being compensated in the total annual accumulation with the weak, but still higher 

importance of Atlantic fronts in west zones (de la Riva, 2000). 

 

2.2.1  Izas Experimental Catchment 

The Izas Experimental Catchment (4244 N, 025 W) and the surrounding scanned area has a 

surface of approximately 55 ha, and elevation ranges between 2000 and 2300 m above sea level 

(a.s.l.). This area is close to the main divide of the Pyrenees in the headwaters of the Escarra 

river, right tributary of Gállego river, near the Spain–France border (Figure 2.1). There are no 

trees in the study area, and the basin is mostly covered by subalpine grasslands dominated by 

Festuca eskia and Nardus stricta, with rocky outcrops in the steeper areas (less than 15% of the 

study area). The catchment is predominantly East-facing, with some areas also facing North and 

South. Flat, concave and convex areas occur in the basin (Figure 2.2). The mean slope of the 

catchment is 16 (López-Moreno et al., 2012).  

The mean annual precipitation is 2000 mm, of which snow accounts for approximately 50% 

(Anderton et al., 2004). The mean annual air temperature is 3 ºC, and the mean daily 

temperature is < 0 ºC for an average of 130 days each year (del Barrio et al., 1997). Snow 

covers a high percentage of the catchment from November to the end of May (López-Moreno et 

al., 2010). 

The characteristics of Izas Experimental Catchment make this site appropriate for studying 

snowpack dynamics in a subalpine mountain environment. Considering the absence of trees, the 

small size of the study site, or the average gentle slope, it is possible to deeply analyze small 
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related to vegetation and topographic characteristics (del Barrio et al., 1997), and different 

snow-related processes (Anderton et al., 2002, 2004; López-Moreno et al., 2010, 2013, 2014, 

2014). 

The study site is equiped with a meteorological station (Figure 2.2), which measures air 

pressure, humidity and temperature, wind speed and direction, solar radiation (incident and 

reflected), soil temparature, water discharge, precipitation, snow depth and temperature of the 

snow surface. Also a digital camera (Campbell CC640) located in Scan Station1 position, takes 

three daily photographs (time-lapse photography) of the east facing area of the catchment. Two 

examples of the obtained pictures (with and without snow presence) are shown in the bottom 

panels of Figure 2.2, which approximately cover 30 ha of the study area. 

 

2.2.2 Balneario de Panticosa Pine Stand 

This study site is located near the Balneario de Panticosa, in the headwater of the Caldarés river, 

left tributary of Gállego river (Figure 2.1). In this part of the Pyrenees 24% of the land surface is 

covered by forests Particularly, the forest type where the study site is located is a “Pinar 

subalpino silicícola”, typical of seasonal snow areas (Villar, L. et al., 1997). Pinus sylvestris is 

the dominant species from 1200 to 1700 m a.s.l. From 1700 to 1900 m a.s.l., there is a 

progressive transition to more sparse Pinus uncinata, which is the dominant tree species from 

1900 to 2300 m a.s.l (the approximate regional tree line) (Camarero et al., 1998). 

The climatic conditions at Balneario de Panticosa (1630 m a.s.l.) reflect its location at the 

southern slopes of the Pyrenees, affected by both; Mediterranean and Atlantic meteorology 

events (West Atlantic fronts and South-East Mediterranean lows). The elevation of this study 

site makes very frequent the snow presence during winter-spring period because the 0ºC 

isotherm between November and April lies around 1600 m a.s.l. 

The studied pine stand is located at 1700 m a.s.l. (4245 N, 004 W), and has an approximate 

area of 1000 m2. The analyzed stand comprised 17 Pinus sylvestris of differing height and 

canopy radius. The tallest tree was 14 m (average tree height 9.4 m), and the average canopy 

radius was 3.1 m (standard deviation 1.3 m). The trees are heterogeneously distributed, resulting 

in alternating forest openings and densely covered areas (Figure 2.3). Meteorological data are 

available from a weather station located in a forest opening ~700 m away and ~40 m lower than 

the study site. For the period 1994–2014 the average annual temperature was 7.2ºC (winter 

average 1.5ºC; spring average 9.2ºC). The average annual precipitation is 1528 mm, and the 

average annual total snow depth accumulation is 4.34 m. 
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In summary, the significance of the analyses carried out to assess the response of snowpack to 

topography and forest characteristics, was enhanced thanks to the occurrence of highly 

contrasted climatic years, which are a reflection of the climatic variability conditions of the 

Pyrenees. 
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3 METHODOLOGY 
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This section describes the techniques and methods applied to analyse snowpack distribution in the 

two study sites. Initially is presented Terrestrial Laser Scanner technique for obtaining high 

spatial resolution information on snow depth distribution. As TLS is a novel application for snow 

monitoring in the Pyrenees and moreover is the technique that has been applied for obtaining all 

distributed data of the snowpack in this work; its results and applicability are discussed here. 

Subsequently are presented specific methods of the different investigations carried out in Izas 

Experimental Catchment and Balneario de Panticosa Pine Stand. 

 

3.1 TLS snow depth distribution acquisition and validation  

LiDAR (laser imaging detection and ranging) are those remote sensing technologies that emit 

laser light, and measures the distance between the target and the device based on the phase 

shifting of light, time of flight measurement or interferometry. This technology commonly 

utilizes airborne or terrestrial laser scanners (respectively ALS and TLS). LiDARs have 

undergone rapid development in recent years and both TLS and ALS have been used in several 

types of geomorphological studies, including those investigating rock falls (Abellán et al., 2006, 

2010), landslides (Bitelli et al., 2004; Jaboyedoff et al., 2012; Oppikofer et al., 2008), fluvial 

dynamics and river bed morphology (Brasington et al., 2012; Heritage and Hetherington, 2007) 

and soil degradation and erosion (Nadal-Romero et al., 2015; Romanescu et al., 2011). Similarly, 

since snowpack manual measurements are unfeasible for obtaining high resolution datasets over 

large areas (López-Moreno et al., 2011b), LiDAR techniques have been recently applied for this 

purpose. In recent years, ALS and TLS have provided accurate results in snow depth studies 

compared with other techniques (Deems et al., 2006, 2013; Hopkinson et al., 2004; Jörg et al., 

2006; Prokop et al., 2008; Schaffhauser et al., 2008). For medium-sized and small areas the TLS 

technique (Lundberg et al., 2008) represents a more flexible and inexpensive option as compared 

to ALS, as TLSs are portable and snow can be surveyed without using an aircraft. In addition, 

snow depth can be sampled at the most suitable spatial resolution and temporal frequency for the 

user´s needs. Although the application of TLSs is not currently widespread in Alpine areas, an 

increasing number of studies have highlighted its accuracy and usefulness for snow studies in 

which high resolution data are required (Egli et al., 2012; Grünewald et al., 2010; Prokop, 2008). 

In this subsection it is presented the procedure and the characteristics of the TLS used to obtain 

high spatial resolution snow depth distribution maps in both study sites of this work. Firstly it is 

described the protocol followed for generating snow distribution maps at Izas Experimental 

Catchment, where the technique has also been tested. To assess the accuracy of this protocol, the 

data obtained at various distances from the TLS, were compared with direct manual snow depth 
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work distance of 6000 m. The sampling speed depends on the operation mode, which in turn 

depends on the target distance, being these: “near range” 1000 Hz (points per second) and 

distances < 1500 m; “long range” 100Hz and distances between 1500 and 3000 m; and “very long 

range” 10Hz and distance > 3000m. The TLS operation modes also set the intensity of the laser 

signal needed for the different scanning distances. These characteristics enable large areas to be 

surveyed in a reasonable time. This TLS model has been shown to be an appropriate tool for 

deriving high resolution DEM applicable to cryosphere studies (Avian and Bauer, 2006; Egli et 

al., 2012; Grünewald et al., 2010; Schwalbe et al., 2008). When used for scanning at large 

distances, various error sources need to be taken into account and minimized (Reshetyuk, 2006). 

Thus, it is important to establish a protocol for obtaining data and generating accurate DEMs that 

will facilitate development of accurate SD distribution maps. 

 

3.1.1 Data collection: setup design and scanning procedure 

Experimental setup design 

The first step, which precedes data collection with the TLS, is to consider several factors for 

choosing the optimal position (or positions) to place the TLS (scan station or scan positions). 

LiDAR is a line-of-sight technique (i.e., any object placed between the TLS and the study area 

will prevent the acquisition of information behind it) where the cost of multiple scan stations 

should be weighed against the benefit (i.e., occlusion reduction versus increasing time of 

measurement). Furthermore, carrying the TLS equipment and accessories (e.g., tripod, batteries, 

laptop and cables), with a weight of around 45 kg, in alpine terrain with snow presence, must be 

considered. Thus, experimental area and scan stations should be chosen properly to accommodate 

logistical considerations. As the Izas Experimental Catchment presents a relatively smooth 

topography with a single scan station 62% of the area is covered (Scan Station 1 in Figure 3.2), 

but the south zone of the study area is rather hidden from this point of view. Consequently, a 

second scan station, placed by around 450 m away from Scan Station 1, was established in the 

central area of the catchment (see Scan Station 2 in Figure 3.2). This enabled the reduction of 

topographic shadows in the final points cloud and therefore 86% of the study area was scan 

covered in final maps. The NoData areas, where no information is obtained, are also observed in 

the Figure 3.2 DEM obtained from TLS data.  

Indirect registration, also called target-based registration, was used to merge the information from 

the different scan stations, and for transforming the local coordinates of the obtained point clouds 

into a global coordinate system. It enabled the comparison of scans made on different survey 

days. Indirect registration uses fixed reference points (targets) that are located in the study area. 

Those targets must be visible to all scan stations because they are used for transforming 
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this total station undertaking an optical survey. In this study the global coordinates were acquired 

in the UTM 30 coordinate system in the ETRS89 datum. The final precision for the global target 

coordinate was 0.05 m by planimetry and 0.1 m by altimetry.  

Scanning procedure 

Instability of the equipment during the scanning time is one of the main error sources. Thus, some 

considerations about assembling and positioning the TLS must be taken into account. The TLS is 

mounted using a tribrach (for leveling the device) on a topographic tripod. The equipment must 

be properly assembled and stabilized to avoid any disturbance (e.g. vibration) to the scanner 

position, which can introduce considerable errors in measurements made over large distances; for 

example, a deviation of 8 produces a deviation of 2.32 m at a distance of 1000 m. This issue is 

particularly relevant in snow-covered areas, where the weight of the TLS device and the vibration 

produced during the scanning process can cause movement if the tripod is not properly mounted 

or it is placed on snow or frozen surfaces. Hence, it is strongly recommended to: (i) mount the 

tripod on bare rock surfaces; (ii) compact the snow around the tripod; or (iii) build stable 

platforms (e.g. concrete surfaces) where possible.  

The last stage before acquiring the point cloud of the study area is the registration of the scan 

station. This step includes the atmospheric correction and the scan of the targets. Light pulses 

propagate through the air, with the speed of propagation depending on the air refraction index, 

which is dependent on atmospheric pressure and air temperature and humidity. For this reason an 

atmospheric correction is needed. When the equipment is assembled, these three atmospheric 

variables are measured using a digital thermohygrometer and a barometer; these measurements 

are used by the software that controls the TLS (Riprofile®) to correct the light speed propagation 

value. Using this correction, light speed in the air can be inferred and the distance to each point 

accurately obtained by the TLS. After atmospheric correction, the 12 targets of the study area are 

scanned to provide the reference point coordinates that will be used for the indirect registration. 

Atmospheric correction and target coordinates acquisition were repeated at 1 or 1.5 hour 

intervals. The purpose of this is to detect instability problems, and correct atmospheric or snow 

surface changes. This time interval is consistent with the recommendation of repeating both 

operations at intervals of less than two hours (Prokop, 2008). 

Once all the above mentioned steps have been completed, the scan of the study area can be 

started. First, the area of interest is selected and the TLS is aimed at the two opposite corners of 

the area to be scanned. In this way a rectangular area is chosen, in which a virtual spatial matrix 

having the desired resolution is generated. Several factors should be considered when selecting 

the appropriate spatial resolution. The TLS works on polar coordinates, and automatically 

transforms the acquired point coordinates to the Cartesian coordinate system. It is important to 
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differentiate between angular and linear resolution. While angular resolution remains constant, 

linear resolution will change depending on distance to the TLS. Thus, the greatest and least 

distances in the selected area should be measured (using the TLS) and averaged, to estimate the 

mean distance. Following this, the angular resolution is calculated for the desired linear 

resolution, and this angular resolution is used for selecting the angular step width between 

acquired points. As the working frequency of the TLS depends on the operational mode (intensity 

of the laser emitted signal), which is dependent on the scanning distance, the acquisition speed 

will depend on the average distance between the TLS and the selected area. As the scanning 

duration is limited, a compromise between resolution, operational mode and the area to be 

scanned is needed.  

The average resolution in point cloud acquisition (spacing between points) was 0.35 m, with 

resolutions between 0.1 m (areas nearest to the TLS) and 0.6 m (areas furthest from the TLS). To 

achieve those values we used the angular distances shown in Table 3.1. In TLS literature the 

standardized unit for measuring point cloud density corresponds to points per square meter 

(points/m2). For a normal incidence angle to the scanned surface (0º between laser beam direction 

and the surface normal vector, see upper panel of Figure 3.1) the number of points/m2 is 

maximum. When the incidence angle increases the number of points/m2 is reduced, as shown in 

Table 3.1. The final snow depth maps cell sizes have 1m, and therefore the number of points/m2 

can be directly related to Table 3.1 values. From this table, it is clear that only for the highest 

incidence angles at large distances (75º at 1000 m), the points cloud density is inadequate (lower 

than 1 point/m2), which only occurs in a negligible area of the catchment. To summarize, the 

average number of points scanned in each survey was around 4 million. Moreover, in order to 

scan the entire study area, respecting the time interval of 1.5 hours in target acquisition and 

atmospheric correction, between six and eight single scans (from both scan stations) were 

undertaken and afterwards merged.  

   Points/m2 for several incidence angles (α) 
Range [m] Ang.  Resolution [º] Linear resolution [m] 0º 15º 30º 60º 75º 

1000 0.036 0.63 2.5 2.4 2.2 1.3 0.9 
900 0.036 0.57 3.1 3.0 2.7 1.6 1.1 
800 0.036 0.50 4.0 3.8 3.4 2.0 1.4 
600 0.036 0.38 7.0 6.8 6.1 3.5 2.4 
*600 0.064 0.67 2.2 2.2 1.9 1.1 0.8 
400 0.064 0.45 5.0 4.8 4.3 2.5 1.7 
200 0.064 0.22 20.0 19.4 17.4 10.0 6.9 
*200 0.11 0.38 6.8 6.6 5.9 3.4 2.3 
100 0.11 0.19 27.1 26.2 23.5 13.6 9.3 
50 0.11 0.10 108.5 104.8 94.0 54.3 37.1 

Table 3.1: Angular resolutions, linear resolutions, and the density of the obtained point cloud at different 
distances from the TLS. *Note that values for 200 m and 600 m ranges are duplicated, because 200 m range 
is normally the limit for using near or medium range, and 600 m range is the limit for using medium or long 
range. 
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It is important to consider the beam width, because the laser beam divergence (0.8 mrad = 0.046) 

leads to an elliptical footprint for what is considered to be a single point (Figure 3.1). This means 

that each point is the average distance to several points of real topography with the calculation 

depending on the operational mode of the TLS. As the object distance increases so does the 

footprint, but distance is not the only variable affecting footprint area. When the incident angle 

between the laser beam direction and the normal vector of the scanned surface increases, the 

footprint area also increases (upper panel in Figure 3.1). For instance, for a distance of 200 m and 

an incident angle of 0, the footprint area is 0.02 m2, increasing to 0.11 m2 with an incident angle 

of 80. For these angles, the areas increase to 0.5 m2 and 2.9 m2 for a distance of 1000 m, and 8 

m2 and 46 m2 for a distance of 4000 m respectively (Prokop, 2009). The relationships between 

incident angle and terrain reflectivity affects pulse intensity reflection (Wagner et al., 2004), so 

varying behavior of the signal return occurs depending on terrain properties. Another 

consideration in beam divergence occurs when the maximum resolution (0.018, the minimum 

angular step width) is selected, as adjacent footprints may overlap. However, it has been 

established that the optimal overlap of footprints is 85% of laser beam divergence (Lichti and 

Jamtsho, 2006) and the TLS used in this study satisfies this overlapping optimum. Nevertheless, 

recent studies have suggested that footprint increases at high incidence angles has a negligible 

effect on the quality of final point cloud (Schürch et al., 2011).Therefore it is an effect that must 

be considered but it is not a limiting factor of the data quality. 

The emission spectrum of the sun includes near infrared wavelengths. Thus, if there is sunlight 

reaching the scanned area, or sunlight impacts directly on the TLS receptor, the signal–noise ratio 

could affect signal detection (Wehr and Lohr, 1999). If this effect is combined with high incident 

angles on wet snow surfaces (angles > 30), no signal is detected by the TLS detector (Prokop, 

2008). Furthermore, with scanning at large distances (> 1000 m), some acquisition points are lost 

because of the combination of sunlight and large incident angles. It has been observed that this 

problem is largely avoided when no sunlight affects the scan, so for areas with signal detection 

problems (long range and large incident angles) the scan must be performed in the absence of 

sunlight (at sunset or during the night). At this point, it is interesting to note that no appreciable 

effect on signal detection has been observed related to differences in snow albedo. 

A final consideration is the need of avoiding the use of TLS during poor weather conditions (e.g. 

cloudy, rainy or windy days), because erroneous points may be acquired during precipitation 

events, the system could be destabilized due to wind action, and also because the absorption 

effect of near infrared wavelengths by clouds lead to signal losses. 

When a scan has been completed, pictures are acquired using a digital camera coupled to the 

TLS. Images are useful for obtaining RGB (red/green/blue) information for each point, which can 
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be used for further analysis and verification. For example, this information is useful to account 

snow depth errors in the limits of snow patches. 

 

3.1.2 Data processing 

Several studies have highlighted the importance of choosing the appropriate geo-referencing 

procedure (Williams, 2012), and the need to establish a rigid geodetic network for reducing 

misalignments and systematic errors (Rub, 2007). For geo-referencing data it is used an indirect 

procedure, named indirect registration, that uses reference point coordinates (Reshetyuk, 2006) 

where targets are located. The point clouds obtained are recorded in the relative coordinate 

system of the TLS (SOCS). Thus, targets enable the transformation of coordinates for each point 

cloud into a project coordinate system (PRCS) common for all scan stations of a single survey. 

Subsequently, transformation of the point cloud into a global coordinate system (GLCS) is 

needed to generate a geo-referenced DEM. 

Based on the coordinates of the targets, a transformation matrix (translation and rotation matrix) 

is generated (using Riprofile® software), which merge point clouds from the different scan 

stations and the SOCS coordinate transformation to PRCS, and finally to GLCS. Each matrix 

calculation is associated with a standard deviation calculation that provides information about the 

error in target coordinate acquisition for all registration processes during the survey project. In the 

coordinates transformation at Izas Experimental Catchment it was found that the standard 

deviation was approximately 0.008 m, which increased to 0.03 m when the global coordinates of 

the target were included (note that errors in global coordinate acquisition increase the standard 

deviation). This standard deviation is adequate for the study purpose, because with this value, 

errors originated in point cloud registration are below the snow depth differences, even at large 

distances (for example, at 730 m, the furthest target from scan stations, an average altitudinal 

error on its location of 0.023 m was obtained). 

From the obtained point clouds for every survey day, a DEM is derived. Given the high density of 

points in the study area and the relatively smooth topography of the catchment, point data were 

directly rasterized at a grid size resolution of 1 m2. In this manner, for every single survey, the 

elevations of all points within each raster cell were averaged. The cells with no point information 

were discarded and assigned as “no data”.  

Finally, each snow depth map was obtained by subtracting the snow free catchment DEM 

(scanned the 18th July 2012) from each DEM created for the different survey days during the 

snow season.  
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3.1.3 Data analysis: validation of TLS snow depth measurements  

A total of 16 days were surveyed at Izas Experimental Catchment during the three winters 

considered in this Thesis. Snow depth maps obtained for 2011-2012 and 2012-2013 snow seasons 

are presented in Figure 3.3. Between two and three surveys were undertaken from February to 

April (2012: 22nd February, 2nd and 17th April; 2013: 17th February, 3rd April, 25th April; 2014: 3rd 

and 22nd February), and three were undertaken from May to June when dominated intense melting 

conditions (2012: 2nd, 14th and 24th May; 2013: 6th, 12th and 20th June; 2014; 2014: 9th April, 5th 

May). The average and maximum snow depth and the percentage of the SCA during each 

surveyed day are shown in Table 3.2. 

The distribution of the snowpack reveals the high spatial variability of snow depth (Figure 3.3), 

even over very short distances. For example, in periods of very little snow accumulation (as 

occurred in winter–spring 2011–2012) there are concavities in the terrain that accumulate more 

than 5 m of snow depth and at short distances it drops to less than 1 m. Qualitatively, the 

snowpack evolution can be seen in the snow distribution maps for 2nd May 2012 (obtained from 

measurements made immediately following an accumulation event) and the two subsequent 

surveys (14th and 24th May 2012), made when meteorological conditions led to rapid snow melt. 

Thus, if the snowpack evolution is monitored during the snow season, it is clear that snow depth 

maps have a great potential for studying spatial and temporal variability of the snowpack. 

Date Avg. SD [m] Max SD [m] SCA [%] 

Snow season 
2011/12 

22-feb 0.71 5.5 67.2 
02-abr 0.58 3.8 33.5 
17-abr 0.58 5.3 94.1 
02-may 0.94 6.1 98.8 
14-may 0.71 4.4 30.9 
24-may 0.65 4.3 18.9 

Snow season 
2012/13 

17-feb 3.06 10.9 98.8 
03-abr 3.25 11.2 100 
25-abr 2.47 10.1 96.3 
06-jun 2.33 9.6 86.4 
12-jun 2.11 8.9 77.1 
20-jun 1.60 7.9 67 

Snow season 
2013/14 

03-feb 2.16 10.2 96 
22-feb 2.56 10.5 98.6 
09-apr 2.41 9.7 89 
05-may 1.72 9 75.2 

Table 3.2: Average snow depth (Avg.SD), maximum observed snow depth (Max SD) and the % of snow 
covered area (SCA) of the basin for the 16 survey days. Note that snow covered area is expressed as a % of 
the total area surveyed by the TLS.  

Many authors have analyzed the uncertainty in data derived from TLS in relation to (i) errors in 

point cloud acquisition (Abellán et al., 2009; Hodge et al., 2009) and (ii) in DEM generation 

(Lane et al., 2003; Wheaton et al., 2010). More recently, Schürch et al. (2011) concluded that the 

elevation ambiguity in points within the same raster cell obtained from different scan stations is 
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principally originated in errors of point cloud registration and surface roughness. Thereby, 

working with snow depth maps of 1m resolution such errors are neglected, mainly because snow 

spatial variability at this scale (López-Moreno et al., 2011b) is higher that the possible 

uncertainties.  

For validating snow depth maps obtained with the TLS, for 2011-2012 snow season, manual 

snow depth measurements were acquired during TLS survey days for comparison purposes. 

However, it was not possible to directly relate the locations of manual measurements (determined 

using a hand-held GPS (Garmin GPSmap 60CSx), which had an estimated error of ± 5 m) to 

those of scanned measurements, where the acceptable error should not exceed a few tens of 

centimeters. Moreover, site-specific snow depth acquisition should take into account that high 

snow variability occurs over short distances and is affected by topographic irregularities at very 

small scales (decimeters; e.g. the presence of rocks, bushes and other terrain features).  

For these reasons, three “validation” plots were defined in the catchment, having average 

distances from the TLS of 200 m, 400 m and 800 m (Figure 3.2). The plots were 20 x 20 m and 

snow depth was manually measured in a grid of 2 x 2 m. Using this approach it was possible to 

assess whether information obtained using the TLS accurately represented the mean and the 

variability of the snowpack depth at the plot scale, and also enabled to assess whether distance to 

the scan position affected the accuracy of the acquired data. López-Moreno et al. (2011) used an 

extensive dataset of manually measured snow variability to demonstrate that using only eight 

snow depth measurements in a plot of 10 x 10 m was enough to drastically reduce the error when 

estimating the measured average ground truth and the variance at the plot scale (below 5% in 75 

% of analyzed cases). Similar conclusions can be derived from the study of Fassnacht and Deems, 

(2006) that compared different resolutions and resampling methods to quantify local snow 

variability and scale breaks. These results suggest that the different resolutions of manual (2 m) 

and TLS snow measurements (1 m) should not affect seriously their comparison. 

The non-parametric Whitney-Wilcoxon statistical test (Siegel and Castelan, 1988) was used to 

determine the possible statistically significant differences between snow depth measured 

manually and from TLS at a significance level of 0.05. Differences between snow depth 

measured manually and from TLS were not statistically different in more than 80% of the cases, 

with only three exceptions: for medium range the 2nd April 2012 and the 17th April 2012; and for 

long range the 14th May 2012 (marked with * in Figure 3.4). Figure 3.4 shows box plots 

representing the mean and variability of the snowpack measured using both techniques. Accurate 

snowpack quantification was achieved at the three considered scanning distances, with a mean 

absolute error of 0.07 m. Error does not seem to be directly dependent on scanning distance as 

they were in average 0.06 m, 0.09 m, 0.07 m  for 200m, 400m and 800m respectively.  
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absolute error of 0.07m) can be also obtained at longer distances, as it has been demonstrated for 

800 meters from the TLS.  

 

3.1.4 TLS Snow depth measurement beneath forest canopies 

In forested mountain areas, ALS have been applied to analysis of the snow depth distribution 

(Deems et al., 2006, 2008; Hopkinson et al., 2004; Trujillo et al., 2007). However, TLS has not 

been applied in the study of snow beneath forest canopies. Here it is presented the novel 

application of TLS to investigate the snow depth distribution beneath the canopy of a pine stand 

at a very fine spatial resolution.  

In Balneario de Panticosa Pine Stand snow distribution data were acquired for 20 days during 

2011-2012 and 2012-2013 snow seasons. Same TLS protocol applied in Izas Experimental 

Catchment was applied, finally obtaining the snow depth maps from the subtraction of DEMs 

generated the different survey days and that obtained with the snow free surface. 

Despite the small size of the analyzed forest (about 1000 m2) three different scan positions, in a 

triangular configuration (Figure 3.5), were established in order to minimize the topographic and 

trees shadows (note the sight shadowing effect). Eight cylindrical (0.12 m diameter and height) 

reflective targets on poles of 2 m height were placed at fixed locations in the study area. These 

were used to merge the point clouds acquired from each scan position, using a minimum of 5 

common targets visible from each pair of scan positions. Merging the information obtained from 

each scan position resulted in at least 90% of the study area being scanned. Following processing 

and elimination of points corresponding to trees, the point clouds collected at an average density 

of 400 points/m2 were rasterized at a grid size resolution of 0.06 m2 (0.25  0.25 m); this 

generated > 11,000 grid cells providing snow depth values per scanned day. To avoid alteration to 

the snow pack in the study stand, manual measurements were not taken for validation. However, 

the deviation of TLS values for snow depth from measured values for a TLS working distance < 

40 m was expected to be less than 0.08 m, according to results shown for the Izas Experimental 

Catchment.  

Figure 3.5 provides six snow depth distribution maps showing the large spatial variability of the 

snowpack induced by the complexity of forested areas. In the 2011–2012 season, only six survey 

days (20th December 2011; 2nd, 9th and 28th February 2012; 13th March 2012; 16th April 2012) 

were involved because the little snow accumulation and ephemeral snow cover. Between 2nd and 

9th February 2012 a strong Northerly wind caused substantial snow redistribution just prior to the 

commencement of the melt period. In contrast, during the 2012–2013 season the high snow depth 

accumulation enabled exhaustive monitoring of snowpack evolution (a total of 14 surveyed days). 

The first was conducted on 6th December 2012, followed by three subsequent surveys on 11th, 20th 
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3.2 Intra- and inter-annual persistence of snowpack topographic control 

The main focus of the analysis presented in this section is to assess the influence of topography 

on the spatial distribution of snowpack and its evolution over time. The high temporal and spatial 

density of the snowpack data collected during the two first snow seasons of this study (2011-2012 

and 2012-2013) enabled to analyze the main topographic factors controlling snow distribution, 

and assess whether topographic control of the snowpack varied during the snow season and 

between years having very contrasting climatic conditions. Results obtained with the methods 

presented in this section have been obtained at Izas Experimental Catchment. 

The most commonly used approach for analyzing topographic influence on snow distribution has 

been to use a DEM that describe the spatial distribution of elevation, from which other terrain 

variables are derived such as slope, terrain aspect, curvature, wind exposure or sheltering, and 

potential solar radiation. This enables to analyze the linear or non-linear relation of these 

variables to punctual snow depth or SWE (Snow Water Equivalent) values to be established 

(Grünewald et al., 2010; Schirmer et al., 2011). Various statistical methods have been applied for 

this purpose, including linear regression models (Fassnacht et al., 2003; Hosang and Dettwiler, 

1991), generalized additive models (López-Moreno and Nogués-Bravo, 2005), and binary 

regression trees (BRT) (Breiman, 1984) which have been widely applied in a diversity of regions 

(Elder et al., 1991; Erxleben et al., 2002; Mccreight et al., 2012). Thereby, to analyze the 

topographic influence on snow depth distribution, with different statistics methods and compare 

the obtained results, some referred above methods have been considered.  

3.2.1 Topographic variables  

From the snow-free DEM (Figure 3.2) of 1 m grid size, different topographic variables can be 

directly derived, as elevation. Some of these variables cannot be calculated where data gaps occur 

in the DEM (e.g. the topographic position index), and others require a DEM with a greater surface 

than the area scanned during the study (e.g. to calculate the potential solar radiation, including the 

shadow effect from surrounding topography). Thus, a DEM having a 5 m grid-size, available 

from the Geographical National Institute of Spain (Instituto Geográfico Nacional, www.ign.es), 

was combined with the snow-free DEM obtained using the TLS resampled from 1 m to 5 m 

resolution (the empty raster of the Geographical National Institute was used for the resampling, 

averaging all values within each cell). The 1 m grid-size snow depth maps were also resampled to 

5 m to enable matching of the two different data sources. 

To characterize the terrain characteristics, eight variables were derived from the final DEM, 

including: (i) elevation (Elevation or Elev.), (ii) slope (Slope), (iii) curvature (Curvature or 

Curv.), (iv) potential incoming solar radiation under clear sky conditions (Radiation or Rad.), (v) 
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Easting exposure (Easting or East.), (vi) Northing exposure (Northing or North.), (vii) the 

topographic position index (TPI) and (viii) maximum upwind slope parameter (Sx). 

Elevation was obtained directly from the DEM, while the other variables were calculated using 

ArcGIS10.1 software. This software calculates Slope as the maximum rate of change in value 

from a specific cell to that of its neighbors (15 x 15 m window size), and Curvature is determined 

from the second derivative of the fitted surface to the DEM in the direction of maximum slope of 

the terrain for the neighbors cells (15 x 15 m window size too). Radiation was obtained using the 

algorithm of Fu and Rich, 2002 and reported in Wh/m2 based on the average conditions for the 

15-day period prior to each snow survey. This algorithm calculates the potential incoming solar 

radiation (short wave) under clear sky conditions, which may strongly differ from the real 

radiation as a consequence of cloud cover. However, this measure provides the relative difference 

in the extraterrestrial incoming shortwave solar radiation among areas of the catchment for a 

given period under given topographical conditions (Fassnacht et al., 2013). In this way, Radiation 

can be considered as a good proxy of the spatial distribution of incoming solar energy within the 

study area. Easting and Northing exposure were calculated directly as the sine and cosine, 

respectively, of the angle between direction north and terrain orientation or aspect. It provided 

information on the East (positive)/west (negative) exposure and the North (positive)/south 

(negative) exposure. 

The TPI provides information on the relative position of a cell in relation to the surrounding 

terrain at a specific spatial scale, informing of terrain curvature. Thus, this index compares the 

elevation of each cell with the average cell elevation at specific radial distances as follows 

(Weiss, 2001); 

, , ,     3.1 

, ∑ ,∈     3.2 

where zo is the elevation of the cell in which TPI is calculated and ̅ is the average elevation of 

surrounding cells obtained from 3.2, for a radial distance R. For each pixel the TPI was calculated 

for 5, 10, 15, 25, 50, 75, 100, 125, 150 and 200 m radial distances (scale factors). 

For specific wind directions, the maximum upwind slope parameter, averaged for 45 º upwind 

windows ( ; Equation 3.4, Winstral et al., 2002) provided information on the exposure or 

sheltering of individual cells at various distances resulting from the topography, following these 

equations: 
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, ,
, ,

   3.3 

∑ , ,      3.4 

From equation 3.3, it is obtained the maximum angle between the horizon, the cell of interest and 

the terrain for a specific distance and direction. Thereby a positive ,  value for cell i, 

means that for direction A and distance dmax; it is sheltered from winds of same direction. 

Oppositely, a negative value informs of a windward area for a particular wind direction and 

searching distance. From 3.4, is the averaged value for the directional window between A1 

and A2; being the variable finally considered. 

Rather than considering the contribution for the dominant wind directions (Molotch et al., 2005), 

 (Sx further on) values for eight directions averaged for 45º upwind windows (±22.5º, from the 

selected directions) were selected and directly related to the snow depth distribution. The 

directions were: 0 for North (N), 45 for Northeast (NE), 90 for East (E), 135 for Southeast 

(SE), 180 for South (S), 225 for Southwest (SW), 270 for West (W), and 315 for Northwest 

(NW). For Sx, the searching distances (Winstral et al., 2002) considered were 100, 200, 300 and 

500 m. These distances were selected to enable assessment of the range at which Sx exhibited 

greatest control on snow depth dynamics, as has occurred in previous studies (Schirmer et al., 

2011; Winstral et al., 2002). 

In Figure 3.6, are shown the two less common topographic variables considered in this study (Sx 

and TPI), in terms of the frequency in which have been considered in different scientific issues, 

and one variable with a wide spread use; Radiation. TPI shows these concave (blue colours) and 

convex zones (red colours) obtained with a TPI searching distance of 25 m. In the lower panels 

are depicted two Sx directions for a searching distance of 200 m. Left panel (Sx200180) is showing 

wind exposure for winds from South direction; green colours (negative Sx) are wind exposed 

areas to S direction winds, and blue zones are wind sheltered from S direction winds. Similarly, in 

bottom right panel it is presented wind exposition/sheltering to NW wind directions (315º). 
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value for the specific survey day. Given the large amount of data for surveys, the degrees of 

freedom for correlation analyses were very high and hence they can account for statistically 

significant correlations even with very low correlation coefficients. Moreover, the use of a very 

dense data set of observations may have associated problems derived from spatial autocorrelation 

(Koenig, 1999). For reducing effects derived from spatial autocorrelation was followed a Monte 

Carlo procedure, in which 1000 random samples of 100 snow depth cases were extracted from the 

entire data set (an average of 20000 snow depth measurements for each day) and correlated with 

topographic variables for assessing significance. A threshold 95% confidence interval ( < 0.05) 

was used to assess the significance of correlations (r = +/– 0.197, based on 100 cases). The spatial 

scales of Sx and TPI for which snow depth showed a higher correlation; 200 m and 25 m 

respectively, were selected for further analysis (not presented here). 

To assess the explanatory capacity when all topographic variables were considered 

simultaneously, two statistical models were used: (1) multiple linear regressions (MLRs) and (2) 

binary regression trees (BRTs). A wide variety of regression analyses for interpretation of much 

more complex spatial data are available with greater capacity than MLRs and BRTs to deal with 

spatial autocorrelation issues and the non-linear nature of the relationship between predictors and 

the response variable (Beale et al., 2010). However, here are used MLRs and BRTs because these 

methods have been and are still widely used in snow studies, and because both enable to isolate 

accurately the weight of each independent variable within the model, rather than deriving models 

with maximum predictive capacity. Prior to run the models a principal component analysis (PCA) 

was applied to the entire data set for detecting correlations between independent variables that 

could originate multicolinearity in MLR and BRT. This analysis (not shown) grouped the 

topographic variables in three components, showing that TPI and Curvature are highly correlated 

with PCA component one, and also Northing and Radiation (but in this case with opposite signs) 

presented high correlation with component two of the PCA. TPI and Northing showed both 

higher correlations with their respective components and in general higher Pearson’s r 

coefficients with snow depth than Curvature and Radiation (see result section). Therefore 

Curvature and Radiation were discarded as predictors in MLR and BRT analyses. 

(i) Multiple linear regression estimates the linear influence of topographic variables on snow 

depth. Despite its simplicity and the rather limited capability under nonlinear conditions 

(López-Moreno et al., 2010), MLR was used to quantify the relative contribution of each 

variable to the entire snow depth distribution model. Snow depth was calculated from the 

topographic variables at a specific location and day. The threshold for a variable to enter in the 

model was set at  < 0.05. Beta coefficients (obtained dividing the standardized units of the 

coefficients by the mean value of each variable) were used to compare the weight of each 

variable within the regression models. As a first step, a reduced data set (1000 cases) was 
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randomly extracted to avoid an excessive number of observations that may lead to spurious 

identification of statistically significant predictor variables. A stepwise procedure was used to 

obtain these variables from the random extraction. The variables determined for each survey 

were used to obtain the final model, but using the entire data set (except 5000 cases for model 

validation), forcing variables entrance in models.  

(ii) Binary regression trees have been widely used to model snowpack distribution from 

topographic data (Erxleben et al., 2002; Molotch et al., 2005). These are nonparametric 

models that recursively split the data sample, based on the predictor variable that minimizes 

the square of the residuals obtained (Breiman, 1984). One BRT was created for each sampling 

date. The BRTs were run until a new split was not able to account for 1% of the explained 

variance, or when a node had less than 500 cases; a maximum of 15 terminal nodes was set to 

reduce tree complexity. As there were no over-fitting problems associated with sample size, 

15000 cases were used to grow the trees and 5000 cases were used for validation. By scaling 

the explained variance of each variable introduced into each BRT (based on the % of the total 

explained variance by the BRT), it was possible to compare the relative importance of each 

topographic variable between the different models. 

Coefficients of determination (r2) and Willmott’s D statistic were used to assess the ability of 

each model to predict snow depth over an independent random sample of 5000 cases. Willmott´s 

D was determined using equation 3.5 (Willmott, 1981): 

	1
∑

∑ | | | |
   3.5 

where N is the number of observations, Oi is the observed value, Pi is the predicted value, and  is 

the mean of the observed values. The index ranges from 0 (minimum) to 1 (maximum) predictive 

ability. 
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3.3 Backward reconstruction of snow depth distribution 

In this section is reported methodology for reconstructing the daily snow depth distribution in 

Izas Experimental Catchment using time lapse photographs and a temperature index method 

during melt period. Many approaches to the improvement of temperature index methods have 

been assessed at various scales. Molotch and Margulis (2008) and Molotch (2009) used remote 

sensing data from satellites and a degree-day factor (DDF) approach (one of the most commonly 

used temperature index methods) combined with daily modeled net solar radiation for 

reconstructing SWE (Snow Water Equivalent) for the Rio Grande (USA) headwaters (3419 km2). 

Hassan (2012) used a similar approach for a 18132 km2 study area in northern Alberta (Canada) 

using moderate resolution imaging spectroradiometer (MODIS) data. Other methods have also 

been used for snowpack reconstruction, including a Bayesian approach combined with remote 

sensing data at a similar spatial scale (Durand et al., 2008a, 2008b). Nevertheless, snowpack 

reconstruction at high spatial resolution in small-scale study areas has not been directly 

accomplished yet, despite the substantial improvements in close-range remote sensing techniques. 

Therefore, two approaches based on time lapse photography (which enables overcoming 

limitations of remote sensing techniques for small-scale studies (Parajka et al., 2012) and a 

temperature index method, have been developed to facilitate reconstruction of the snow depth 

distribution in Izas Experimental Catchment, and were tested during three snow melt periods 

(2012, 2013 and 2014) with TLS data. 

 

3.3.1 Photograph projection: Snow Covered Area evolution 

Since the installation of a Campbell CC640 digital camera in September 2011, three photographs 

of the delineated area in Figure 2.2 (approximately 30 ha of the total study area extension) have 

been taken every day. This camera has a resolution of 640  480 pixels and a focal length of 6–12 

mm (angle of view from 47.3 to 23.0 (Campbell Scientific®, Inc. 2005–2009). It acquires 

photographs of the study site at 10:00, 11:00 and 12:00 UTC time each day. The best image for 

each day was selected from the first day that snow presence was observed at the experimental 

site. On average, images for 20% of the days were discarded because of cloud interference or the 

presence of ice on the lens of the camera. 

The selected photographs were projected into a 1-m resolution DEM of the study site, following 

the approach of Corripio (2004). The routine applied to this process, written in MatLab® 

software, geo-references the images of the surveyed area and projects the RGB information in the 

image pixels into the DEM raster. A viewing transformation followed by a perspective projection 

are applied to provide a virtual image of the DEM (Corripio, 2004). To define the algorithm for 
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(i) Spatially constant DDF reconstruction: Adding the same daily expected snow depth depletion 

rate for all cells over the entire domain using a MOD older than the reconstructed date, 

assuming a constant DDF over the entire catchment. 

(ii) Spatially corrected DDF reconstruction: Snow depth depletion rates were spatially distributed 

applying a correction factor to each grid cell. The correction factor was the ratio between the 

TLS observed snow depth depletion rate and that observed at the meteorological station for 

same time period. This ratio was calculated for each grid cell by comparing two TLS 

consecutive acquisitions. This was calculated using Equation 3.7: 

∆ , , ∆ ,   3.7 

     where ΔSDt is the snow depth difference in the time period t between two TLS acquisitions, x 

and y are the coordinates of the different grid cells. ΔSDt,AWS is the snow depth difference in 

the time period t at the meteorological station. The coefficient Cx,y multiplies M (Equation 3.6) 

to correct the daily expected snow depth depletion rate for each day for the specific grid cell 

(x, y). These coefficients were calculated for two different time periods: from 2nd May to 14th 

May 2012 (hereafter the Cx,y 2012 adjustment), during which there was relatively little snow 

accumulation; and from 6th June to 20th June 2013 (hereafter the Cx,y 2013 adjustment), which 

was a year in which a large amount of snow accumulated. To test the results obtained, both 

adjustments were applied to reconstruct the snowpack for all dates for which TLS acquisition 

occurred during melt period. 

The eight snow depth distributions based on the TLS (three in each of 2011-2012 and 2012-2013, 

and two in 2013-2014) were compared with respect to the two reconstruction techniques 

considered. To quantify the possible errors in the reconstructions we used the coefficient of 

determination (r2) and the standardized root mean square error (RMSE). In addition, to calculate 

the total snow volume difference (Vdif in %), the reconstructed total snow volume (Vrec) was 

related to the volume determined using the TLS. Mean snow depth values were also compared. 
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3.4 Combining snowpack energy and mass modeling with TLS  

Information on the distribution of snow can be obtained from snowpack models using appropriate 

meteorological forcing (Brun et al., 1992; Lehning et al., 1999; Marks et al., 1999). Nevertheless, 

simulations can differ from the actual snowpack state, because it is quite difficult to accurately 

model some physical processes (e.g. wind redistribution processes), or to account for topographic 

controls on the snow distribution (Trujillo et al., 2007). Snow modelling can also be affected by 

errors associated with meteorological forcing data (Slater et al., 2013). The methodology 

presented in this section, combines TLS data and snow modeling, including the observed snow 

distribution at particular days in the snowpack simulations.  

Using the database of the snow depth distribution obtained with the TLS at Izas Experimental 

Catchment, the approach periodically correct the snow depth output in the Crocus multilayer 

snowpack energy and mass model (Brun et al., 1989, 1992; Vionnet et al., 2012). This 

combination of snowpack modelling and TLS was applied and tested over the 2011-2012, 2012-

2013 and 2013-2014 snow seasons. Such approach is used to modify the simulated snow depth 

distribution, what let to incorporate the spatial heterogeneity of snow in the snowpack simulation. 

This may represent an improvement in simulation of the evolution of the snowpack (Liston and 

Elder, 2006; Winstral and Marks, 2002). 

 

3.4.1 Crocus snowpack simulation 

The Crocus snowpack model is a physical multilayer model that simulates most processes 

involved in the evolution of the snowpack (Brun et al., 1989, 1992; Vionnet et al., 2012). It is 

implemented in the externalized surface module SURFEX (Masson et al., 2013), within the 

‘Interaction between Soil, Biosphere and Atmosphere’ (ISBA) multilayer land surface model 

(Noilhan and Planton, 1989). This model is often used to study the physical processes and internal 

properties of the snowpack (Carmagnola et al., 2014; Domine et al., 2013; Morin et al., 2013). It 

is operationally used for its initial purpose of avalanche forecasting (Lafaysse et al., 2013), and 

has also been applied in other uses and regions, including for analysis of alpine avalanche activity 

(Naaim et al., 2013), alpine and tropical glacier mass balance (Lejeune et al., 2013), studies on 

snow albedo at the polar cap (Dumont et al., 2014), hydrological modeling (Etchevers et al., 

2001), and in climate change impact studies (Rousselot et al., 2012).  

Meteorological forcing data 

To generate a realistic snowpack simulation, continuous and distributed meteorological forcing 

data for all variables that govern snow evolution are required; including air temperature, specific 

humidity, wind speed, incoming radiation (long wave, direct and diffuse short wave), 
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precipitation rate and phase, and atmospheric pressure (Vionnet et al., 2012). Acquisition of these 

variables in mountain terrain is difficult and rarely collected continuously. Additionally, this 

information is obtained in meteorological station in specific locations and thereby, distributing all 

these variables over large areas may have big uncertainties. Thus, a possibility is also to exploit 

reanalysis simulations for obtaining meteorological forcing data when simulating past snow 

seasons (Durand et al., 2009a; Vionnet et al., 2012). Here. it has been used reanalysis data from 

the SAFRAN meteorological system (Système d’Analyse Fournissant des Renseignements 

Atmosphériques à la Neige), which was developed to provide data for the variables needed for 

running the Crocus model in the massif scale, for avalanche hazard forecasting (Durand et al., 

1993, 1999). 

SAFRAN runs operationally in three mountain ranges (the French Alps, the French and Spanish 

Pyrenees, and Corsica), providing meteorological predictions in 300 m elevation bands for 

geographical areas known as “massifs” (average area 800 km2). For these massifs the variability 

of meteorological conditions is assumed to depend only on the elevation and aspect. The Izas 

Experimental Catchment is located in Gállego SAFRAN massif. Thereby SAFRAN reanalysis 

simulations for the Gállego massif were used for the 2011–2012, 2012–2013 and 2013–2014 

snow seasons. 

Reanalysis of meteorological forcing data have been evaluated at the massif scale and has 

produced good results in snow studies (Durand et al., 2009a, 2009a). As the elevation of the Izas 

Experimental Catchment lies between different SAFRAN elevation bands (2000, 2300 and 2600 

m elevation bands), the meteorological variables where linearly interpolated.  

To observe meteorological model performance on reproducing the seasonal evolution, Figure 3.9 

shows a comparison of the temperature predicted by SAFRAN at the Izas Experimental 

Catchment meteorological station with that observed. The root mean square error (RMSE) of this 

simulation for the study period was 1.54 C, which is in the range (1.5–2 C) reported for 

temperature (Durand et al., 2009b). 

Snowpack simulation 

The snowpack evolution was simulated using the Crocus model in two configurations: (i) a 

punctual or in-situ simulation at the meteorological station; and (ii) a distributed simulation at 5 m 

grid spacing over the 55 ha study site. To initialize the ISBA ground state for both these 

configurations, a previous simulation of one year (the snow year 2010–2011) was run. The 

ground state predicted by this initial simulation was used to start the simulations for the 

consecutive snow seasons considered in the study. 
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As a consequence of the high spatial resolution used in this simulation, were added new routines 

to account for the topographic effect of short wave radiation. To define a continuous shape for the 

orography, each grid cell was divided in four triangles. The incident direct solar radiation was 

projected onto each triangular surface and masked or not by surrounding orography during 

specific time periods from classical astronomic equations. 

Turbulent energetic fluxes are highly influenced by wind speed (Pomeroy and Essery, 1999). 

Because of the high degree of complexity associated with wind simulations in mountain areas 

(resulting from the spatial heterogeneity involved; Ryan, 1977), and in defining realistic wind 

speeds and directions at such small spatial scales, SAFRAN wind speeds were not considered in 

this study. Following the approach of Winstral et al. (2009), the wind speeds observed at the 

meteorological stations were spatially distributed to account for local topographic effects. The 

method used to distribute the observed wind speeds (Winstral et al., 2009) involves the terrain 

parameter  (Winstral et al., 2002) to predict wind speeds across the catchment. The observed 

wind speeds were distributed in the study catchment using  values obtained using a searching 

distance of 200 m (best searching distance for Izas Experimental Catchment; see section 3.2.2). 

 

3.4.2 Fitting simulation and TLS data: snowpack stretching 

The method to correct the simulated snowpack distribution to that observed using a TLS for the 

various survey dates is termed ‘snowpack stretching’. In this approach the snowpack simulation 

for the desired date is stopped, and the simulated snow depth is fitted to that measured using the 

TLS. Subsequently, simulation is restarted for the same date on which it was stopped. In this 

approach, for each grid cell of the study area for which snow depth information is available for a 

particular survey date, the simulated snow depth was corrected and fitted to that observed.  

The application of this method is justified by the accuracy of the Crocus model in simulating the 

snowpack density (Morin, 2014), and the small spatial variability in snow bulk density observed 

with increasing snow depth (López-Moreno et al., 2013; Sturm et al., 2010). Thereby, snowpack 

stretching combines snow depth TLS observations with Crocus-simulated layer thicknesses that 

conserve the snow bulk density, as described below. For each TLS survey grid cell, the snow 

layer thickness was corrected in proportion to the fraction of the total snow depth that it 

represented. Hence, the ratio between the observed snow depth (based on the TLS) and the 

simulated depth (the sum of all snow layer thicknesses) could be calculated. Subsequently, each 

snow layer thickness was multiplied by this ratio, providing a total snow depth of the same value 

as that observed; Figure 3.10 graphically represents this stretching process. Two particular cases 

for any grid cell must be considered: (i) no snow is simulated in the Crocus model, but snow is 

observed using the TLS; and (ii) snow is simulated in the Crocus model, but no snow is observed 
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3.5 Canopy influence on snowpack distribution evolution 

Different studies conducted at the stand scale (1–100 ha), with the aim of estimating reductions in 

the snow depth and SWE (Snow Water Equivalent) for areas beneath canopy compared with 

forest openings or completely open areas characteristics (López-Moreno and Latron, 2008b; 

Varhola et al., 2010). Other researches have analyzed the variability of the various energy fluxes 

within a given pine stand (Link and Marks, 1999; Mahat and Tarboton, 2013), and the influence 

of individual trees, by sampling the snow distribution around selected trunks (Faria et al., 2000; 

Musselman et al., 2008; Woo and Steer, 1986). These studies coincide in the high influence of 

canopies and trunks on snow distribution and also about the need of improving the knowledge of 

such control or dependence. This has motivated to analyze the spatiotemporal variability of snow 

depth within the 1000 m2 of Balneario de Panticosa Pine Stand,  

The influence on snow depth distribution of the pine stand main characteristics has been analyzed 

during the 2011-2012 and 2012-2013 snow seasons. Thereby snow depth distribution maps 

obtained with the TLS, have been related to trunk and canopies presence mask. Also a principal 

component analysis (PCA) was used to identify temporal snow depth distribution patterns within 

the study pine stand. This selection is supported by the PCA capabilities for preserving the main 

characteristics of the study area evolution, and identifying local particularities of different zones 

within the area of interest (Vicente-Serrano, 2005). From the original variable dataset, PCA 

reduces dimensionality; obtaining new variables, which are the principal components. These 

components are linear combinations of the original variables. The coefficients of the linear 

combinations are the factorial scores, which represent the weight (i.e., the correlation) of the 

original variables with the principal component (Hair et al., 1998). The mathematical formulation 

of this PCA can be deeply consulted in Jollife (1990) and Baeriswyl and Rebetez (1997). 

This type of statistical analysis has been used previously for studying snow accumulation patterns 

in forested areas (López-Moreno and Latron, 2008a; Winkler and Moore, 2006). For reflecting 

the main spatial patterns of the analyzed variables; in the PCA analysis, the grid cells were the 

cases, and the snow depths measured during each survey were the variables. The intention of 

applying this cases/variables selection in the PCA is to identify groups of days with contrasting 

snow depth configurations.  

The number of selected components by the PCA was based on the percentage of explained 

variance (North et al., 1982), in such a way components with an explained variance above 10% 

were retained for further analysis. Varimax rotation (Kaiser, 1958) was applied to the components 

to obtain physically comprehensible patterns (Richman, 1986). PCA was applied to the dataset of 

11000 snow depth grid cells for each of the 20 survey days. 
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The components were related to the open/canopy domains, focusing on snow depth spatial 

patterns rather than on general temporal patterns, which are represented in the factorial score 

distributions. As an additional analysis, average snow depth evolution in relation to trunk distance 

was considered. Snow depth values of grid cells located at specific distances from the trunk edge 

(0.25, 0.75, 1.25, 1.75,…, 5.75m) were averaged for each survey day. Subsequently, the obtained 

spatial evolution was represented grouping the days depending on the PCA component that better 

describes the observed snow depth spatial variability.  
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4 RESULTS AND DISCUSSION 
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This chapter presents the results obtained with the methods and analysis described in previous 

chapter. Each of the following sections have same structure, in first term are presented results for 

subsequently discuss them considering available scientific literature.  

4.1 Intra- and inter-annual persistence of snowpack topographic control 

Topographic influence on snowpack distribution has been analyzed in detail with data obtained at 

Izas Experimental Catchment from two snow years that represent climatic extremes during recent 

decades (Figure 2.4). Methods used for obtaining results presented here have been presented in 

section 3.2. Firstly are shown single correlations which enable to select best correlated Sx 

directions for the different survey days and also considering correlations with single variables. 

Subsequently are presented MLR and BRT to assess variables importance on explaining snow 

depth distribution and their persistence in time. 

 

4.1.1 Observed topographic influence on snow distribution 

Single correlations 

Table 4.1 shows the correlation between snow depth and Sx for the eight wind directions at a 

distance of 200 m (identified as the best correlated searching distance in previous analysis). 

Despite differences in magnitude, the correlations for surveys carried out at the beginning of the 

season (22nd February 2012 and 17th February 2013) in each year showed that snow depth was 

clearly affected by N and NW wind directions. The contribution of N and NW wind directions is 

clearly evident for the surveys on 17th February 2013 (Figure 4.1, where wind roses with average 

wind speeds and direction, for the 15 day period before each survey are presented), when greater 

snow depth was recorded in the leeward slopes from a Northerly direction (Figure 3.3, northerly 

areas of the maps). In the two years of the study a correlation with W and SW wind directions 

was observed to increase progressively during the snow season (Figure 4.1 and Table 4.1 

correlations).  

In 2012-2013 this phenomenon was less marked because of the greater snow depth accumulation 

at the beginning of the snow season accompanied with NW direction winds, which resulted in 

only moderate changes in the Sx for the most strongly correlated wind directions. It was also 

observed that in both study years once the snow had started to melt (the last three surveys in each 

season) the snow distribution did not change in relation to Sx directions. The best correlated Sx 

directions for each survey are in good agreement with wind roses main directions (Figure 4.1). 

These directions for survey days are: 315º for 22nd Feb. 2012, 270º for 02nd and 17th April 2012 

and 225º for the three surveys in May 2012; in 2013, 315º was the best correlated direction for 

17th Feb., and 270º for the other five surveys of the snow season. 
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Correlations between the best correlated Sx direction for each day, together the rest of 

topographic variables were correlated with snow depth (Table 4.2). This showed that Sx had one 

of the greatest coefficient of correlation with snow depth (range 0.22–0.56). The correlations 

were higher during the accumulation periods, especially in the 2012-2013 snow season, with a 

reduction in correlation values occurring during the melting period at the end of each snow 

season. 

Table 4.2 Pearson’s r coefficients between snow depth and the topographic variables. * marks those 
correlations that were statistically significant (<0.05) in at least the half of the samples (500 out of 1000 
samples) from the Monte Carlo approach, and bold r coefficients represent the best correlated topographic 
variable for a specific survey day. 

The TPI at 25 m showed the highest correlation with snow depth for the 12 considered days. 

During 2012 the mean correlation values ranged from –0.32 to –0.58 for those surveys during 

which snow accumulation dominated in the days preceding the surveys. The r values were closer 

to the significance level for the surveys where the preceding days were dominated by melting 

conditions (14th and 24th May). In 2012-2013, the TPI was more highly correlated with snow 

depth than in 2012, with Pearson’s r coefficients < –0.6 for all survey days. Curvature also had a 

high correlation with snow depth, and similar to TPI, and was significantly correlated on all the 

survey dates, but unlike the TPI, correlation did not decrease during the snowmelt periods. The 

significant correlations of TPI and Curvature with snow depth highlight the importance of terrain 

curvature on the snowpack distribution. The importance of terrain curvature at different scales for 

snow depth distribution is clearly evident in Figure 3.3, which shows that higher snow 

accumulation values were usually found for concave areas, showing snow presence until the end 

of each snow season. 

The correlation between Elevation and snow depth varied among survey days (Table 4.2). The 

correlations were usually positive, but only statistically significant (or approaching significance) 

for days when melting dominated (the last two surveys in 2011-2012 and 2012-2013). Slope was 

relatively weakly correlated with snow depth during the 2011-2012 snow season. In 2013 the 

correlations were greater, and were statistically significant for all days. Similarly to Elevation, the 

correlation between Slope and snow depth was variable between the two study years, and showed 

Snow season 2011-2012 Snow season 2012-2013 

22/02 02/04 17/04 02/05 14/05 24/05 17/02 03/04 25/04 06/06 12/06 20/06 

Elev. 0.09 0.26* 0.16 0.10 0.29* 0.19 0.09 0.18 0.13 0.18 0.21* 0.26* 

Slope 0.06 0.18 0.02 -0.03 0.20* 0.03 0.25* 0.27* 0.20* 0.20* 0.21* 0.26* 

Curv -0.44* -0.45* -0.47* -0.49* -0.41* -0.37* -0.39* -0.40* -0.40* -0.39* -0.38* -0.38* 

North -0.06 0.00 0.04 0.19 0.07 0.11 -0.38* -0.27* -0.19 -0.09 -0.06 -0.11 

East. 0.09 0.21* 0.13 0.13 0.13 0.11 0.25* 0.26* 0.27* 0.22* 0.18 0.14 

Rad 0.05 0.04 -0.06 -0.22* -0.12 -0.11 0.36* 0.21* 0.10 -0.09 -0.12 -0.23* 

TPI25 -0.56* -0.46* -0.54* -0.58* -0.40* -0.32* -0.66* -0.68* -0.68* -0.66* -0.63* -0.61* 

Sx  0.22* 0.33* 0.34* 0.44* 0.32* 0.23* 0.56* 0.52* 0.49* 0.45* 0.42* 0.43* 
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a similar temporal pattern for Easting, probably because of the presence of steeper areas on the 

east-facing slopes. 

The correlation between Northing and snow depth was rarely statistically significant, highly 

variable and contributed to explaining snowpack distribution in very different ways in 2011-2012 

and 2012-2013. In 2011-2012 no correlation between snow depth and Northing was found during 

the accumulation period, but during the melting period a slight positive correlation was observed, 

as snow remained longer on North-facing slopes. The 2012-2013 snow season started with a large 

precipitation event dominated by strong winds from a Northerly direction, leading to high snow 

accumulations on the south-facing slopes. This explains the strong and statistically significant 

negative correlation of snow depth with Northing for 17th February 2013. This event influenced 

the rest of the season (as evident in Table 4.1 for 2012-2013), but a progressive decrease in its 

influence was evident for the following survey days. Radiation had an almost opposite influence 

on snow depth to that observed for Northing. During the melting period, for each snow season, 

the Pearson’s r correlation between snow depth and Radiation was negative, indicating a thinner 

snowpack on the most irradiated slopes. This relation was statistically significant at the end of the 

2012-2013 snow season. However, during the accumulation period in 2012-2013 statistically 

significant and positive correlations were observed with Northing and Radiation, which are 

connected to the strong snow redistribution by winds from N-NW directions.  

Multiple Linear Regression and Binary Regression Tree models 

Figure 4.2 shows the Willmott’s D values and the coefficients of determination (r2) obtained in 

the comparison of observed and predicted values using MLRs and BRTs for a data set reserved 

for validation (5000 cases). This way, in this subsection is first shown the performance of both 

statistical approaches for predicting snow distribution. Subsequently are presented the models 

obtained for each survey day, showing the contribution of the different topographic variable on 

explaining the snow depth distribution.  

The MLRs produced r2 values ranging from 0.25 to 0.65 and Willmott’s D values ranging from 

0.60 to 0.88, while the BRTs produced r2 values ranging from 0.39 to 0.58 and Willmott´s D 

values ranging from 0.72 and 0.85. For both methods the relations between the observed and 

predicted values was stronger for 2013. Accuracy decreased at the end of the snow season, when 

the snowpack was mostly patchy across the basin; this was particularly the case for the end of the 

2011-2012 season. Overall, the performance of the MLRs was more variable than that of the 

BRTs, which were more constant amongst the various snow surveys. For those days on which the 

models were most accurate in predicting snow depth variability, the MLRs showed slightly better 

scores than the BRTs. However, for days on which the accuracy between predictions and 

observations was lower, the BRTs provided better estimates than the MLRs. For 2011-2012, 
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almost negligible influence in 2011-2012. Northing was only included in the models for the 

surveys carried out during periods dominated by snow accumulation, and was not included in the 

models during the periods dominated by melting.  

Table 4.3: MLR beta coefficients (bi) for each independent variable of survey days (Note that MLR predict 
snow depth (zi) from the topographic variables (xi) from such expression: … ). 

Figure 4.3 shows two examples of BRTs, obtained for the days 2nd May 2012 (upper panel) and 

3rd April 2013 (bottom panel), which accounted for the largest amount of snow accumulation in 

both years. The variable TPI determined the first branching point, and this occurred in the 

majority of the trees obtained (not shown). After the first branching, other variables were 

significant in the model, including Sx and TPI for 2nd May 2012, and Sx and Northing for 3rd 

April 2013, demonstrating the importance of these variables in the subsequent branching of the 

trees. 

The relative importance (scaled from 0 to 100) of each topographic variable in each BRT is 

shown in Table 4.4. This shows that TPI was the first most important variable explaining snow 

depth for all survey days. For the 2011-2012 snow season, TPI explained more than 67% of the 

total explained variance in all BRTs, and 75% during the accumulation period (the first three 

surveys). Thus, for most of the survey days the variance explained by the other variables was < 

30%. Besides TPI was in all cases the first split variable (which accounted from a 23 to a 30% of 

the explained variance), with a critical value that ranged from -0.67 m to -0.43 m and an average 

value of -0.54 m. 

Table 4.4: Contribution of the various topographic variables to the explained variance of snow distribution 
in the BRT models for 2012 and 2013. Values have been rescaled from 0 to 100.  

 Snow season 2011-2012 Snow season 2012-2013 

 22/02 02/04 17/04 02/05 14/05 24/05 17/02 03/04 25/04 06/06 12/06 20/06 

TPI -0.69 -0.53 -0.60 -0.59 -0.48 -0.40 -0.78 -0.72 -0.73 -0.80 -0.74 -0.72 

Sx  0.11 0.28 0.26 0.20 0.16 0.36 0.31 0.43 0.37 0.38 0.31 

Elev. 0.09 0.22 0.34 0.27 0.27 0.35  0.14  0.08  0.13 

Slope  -0.25 -0.29 -0.24 -0.21 -0.21  -0.10 -0.14 -0.16 -0.09 -0.15 

North -0.22 0.13 -0.16    -0.12 -0.11 -0.11    

East. 0.10      0.29 0.25 0.25 0.31 0.23 0.20 

r2 0.45 0.31 0.40 0.47 0.33 0.25 0.65 0.63 0.60 0.60 0.57 0.51 

 Snow season 2011-2012 Snow season 2012-2013 

 22/02 02/04 17/04 02/05 14/05 24/05 17/02 03/04 25/04 06/06 12/06 20/06 

TPI 83.2 78.8 75.0 71.7 74.0 66.9 49.1 56.4 64.4 71.2 69.9 77.5 

Sx   4.6 12.7 13.4 10.8 45.9 23.1 23.0 21.8 20.1 12.5 

Elev. 5.7 6.8 13.2 9.1 8.2 15.2 5.0 5.7 5.0 3.3 5.9 5.4 

Slope 1.7 5.4 5.7 6.5 3.2 7.0   2.1    

North 9.3 8.1 1.5  1.3   14.7 4.3 2.4 2.9 3.6 

East.         1.2 1.3 1.1 1.0 

r2 0.56 0.42 0.52 0.54 0.46 0.39 0.58 0.56 0.55 0.54 0.53 0.51 
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TPI is the most important variable to explain the snow distribution in the catchment, but it is also 

the variable that exhibits a lower variability between the different surveys (CV < 0.2). It has been 

introduced as predictor for MLRs and BRTs in all studied days. Sx is the next variable in 

importance to explain snow distribution, being introduced as predictor in the majority of the 

modelled days (11 and 10 out of 12 days for MLRs and BRTs respectively). It shows a low 

temporal variability when correlation´s coefficients are calculated (CV = 0.24), but the variability 

in its contribution to MLRs and BRTs increases noticeably, with CV values of 0.35 and 0.59 

respectively. The rest of the variables show a much lower mean contribution for explaining snow 

distribution and a high temporal variability in their explanatory role. Lower CV values are 

observed for MLRs, ranging the majority between 0.3 and 0.4, than for BRTs models, ranging the 

majority between 0.4 and 0.8.  

 

4.1.2 Implications of topographic control on snow distribution 

The distribution of snow in mountain areas is highly variable in space and time, as shown for Izas 

Experimental Catchment during two consecutive years. Many meteorological and topographic 

parameters affect the snow distribution and its evolution through time with different weights 

subjected to several factors. In this context, it has been demonstrated that terrain characteristics 

significantly affect snow depth distribution in a subalpine catchment. It has also been shown that 

its effect evolved during the snow accumulation and melting periods over two years having 

highly contrasting climatic conditions and snow accumulation amounts. 

Many studies have analyzed the spatial distribution of snowpack in mountain areas considering 

both, intra- and inter- annual variability of the topographic control on the snowpack distribution 

(Anderton et al., 2004; Erickson et al., 2005; López-Moreno et al., 2010; Mccreight et al., 2012). 

Other researches have also focused their attention in long-term inter-annual snow distribution 

analyses (Jepsen et al., 2012; Sturm and Wagner, 2010; Winstral and Marks, 2014). The results of 

these previous works have highlighted the difficulties in fully explaining the distribution of snow 

in complex mountainous terrain. In addition, results differ among studies, and suggest that 

different variables govern the distribution of snowpack among areas as consequence of their 

different characteristics and geographical settings. These differences include surface extension, 

the altitudinal gradients, the importance of wind redistribution, the presence or absence of 

vegetation and the topographic complexity as concluded by Grünewald et al. (2013), in a study 

where seven study sites across the world were considered. 

Most of the topographic variables investigated here have been included in previous studies, 

including Elevation, Slope, Radiation, Curvature and Sx. Other variables, in particular TPI, have 

received very little attention in previous research. Here has been shown that TPI at a searching 
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distance of 25 m had the greatest capacity to explain the snow depth distribution in the study 

catchment. Curvature (which refers to a smaller spatial scale of terrain curvature when compared 

with TPI) is also highly correlated with the snow depth distribution, but not as much as TPI. This 

reinforces the importance of considering terrain curvature at various scales for explaining the 

snow depth distribution in mountain environments. The correlation between snowpack and the 

TPI decreased during melting periods, whereas the correlation with Curvature remained constant. 

This suggests that snow accumulates more in small deep concavities, but is shallower at the end 

of the season in wider concave areas that were identified by the 25 m TPI scale. This effect was 

evident at the end of the snow season, when snow was present only in deep concavities, as shown 

in Figure 3.3. To explain the snow distribution, Anderton et al. (2004) compared the relative 

elevation of a cell with the terrain over a 40 m radius, and observed that this had a major role on 

snow depth distribution, what sustain curvature importance at different scales.  

The maximum upwind slope parameter (Sx; Winstral et al., 2002) has also been identified as a 

key variable explaining snow distribution, improving the results obtained when it is introduced 

into models. The best correlated searching distance of 200 m for Sx, is comparable with those of 

other studies that have shown that the optimum searching distance for correlating Sx with the 

snow depth distribution is 300 m (Schirmer et al., 2011), which is not a large difference for 

distances considered here, which reaches 500 m. As it is observed from the reported wind 

information, Izas Experimental Catchment has W-NW dominant wind direction what is consistent 

with the best correlated Sx directions. For this reason, the Sx preferred direction for each date was 

selected, and showed that there were intra-annual shifts in the most highly correlated direction. 

The change in the most important Sx direction was similar between the 2012 and 2013 snow 

seasons; it started with a Northerly component and evolved to a dominant Westerly direction. It 

has been observed a decrease in the correlation between Sx and the snow distribution at the end of 

each snow season, when melting conditions dominated. This is consistent with the findings of 

previous studies (Winstral and Marks, 2002). 

Sx parameter takes into account sheltering effects with topographic origin in relation to wind 

directions. Snow distribution maps show higher snow depth in leeward slopes, located in E-SE 

slopes. TPI is not able to explain snow drifts, because this index considers the topographic 

characteristics in all directions. Nevertheless, terrain characteristics at the study site in relation to 

snow depth distribution have shown a higher importance of TPI when compared to Sx. The most 

plausible explanation accounting for this result is that the basin has a rather reduced size, shows 

the same general aspect (SE facing) and topography is relatively gentle. Under such conditions, 

during wind blowing events snow is accumulated in all wide concavities of the basin (represented 

by TPI) independently of its specific location. Nonetheless, wind redistribution will be affected 

by a combination of local topography and main wind directions; which makes necessary to 
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consider the Sx parameter. As it has been observed, this effect lasts in time until the melting 

season is advanced. 

Only for two days (22nd February 2012 and 2nd April 2012) there was no contribution (or it was 

minor) of Sx to explain snow depth distribution, according to BRTs and MLRs. On these days 

Northing was introduced into the models, and was found to explain some of the variance of Sx 

from Northerly direction, the best correlated direction for these days (Table 4.2). 

Although Elevation has been found to largely explain the snow distribution in areas having 

marked altitudinal differences (Elder et al., 1998; Erxleben et al., 2002; Molotch and Bales, 

2005), in our study no strong association was found between snow depth and Elevation, with 

significant correlations occurring only during the snowmelt period. This is because of the low 

elevation range of the study area (300 m). During the accumulation period the entire catchment is 

generally above the freezing height. However, during spring the 0C isotherm shifts to higher 

elevations, which may lead to different melting rates within the basin. Despite the relatively weak 

correlation between Elevation and snow depth, this variable was introduced as a predictor in the 

MLRs and BRTs for most of the days analyzed. Similarly, López-Moreno et al. (2010) reported 

that elevation was of increasing importance as the grid size increased. Anderton et al. (2004) also 

informed about the importance of elevation to explain snowpack distribution in the same study 

area. The results of the present study suggest the increase in importance of Elevation at the end of 

the snow season, and particularly when it is considered in combination with other topographic 

variables in MLR and BRT models. 

Slope has a weak explanatory capacity for snow distribution, probably because the slope in most 

of the catchment is not steep enough to trigger gravitational movements including avalanches and 

slushes during the snowmelt period, which could thin the snowpack on the steepest slopes (Elder 

et al., 1998). Most likely, some of Slope explanatory capacity is included on Radiation 

explanatory capacity, because it affects solar light incident angle, besides the steeper areas of the 

catchment are in south facing zones. Nevertheless quantifying such kind of effects is highly 

difficult due to the high complexity of snowpack dynamic in mountain terrain.  

Radiation, Northing and Easting showed no close correlation with the snowpack distribution; 

their relationships with snow depth were variable over time, with statistically significant 

correlations occurring on some days and only weak correlations on other days. The results 

suggested that Radiation and Northing (which showed almost opposite patterns) may be related to 

snow depth distribution for two different reasons. During the accumulation period in 2012-2013 

heavy snowfalls associated with Northerly winds led to the accumulation of deep snow on South-

facing areas (more irradiated), whereas during the snowmelt period the greater exposure of the 

Southern slopes to solar energy led to a positive (negative) correlation with Northing (Radiation). 
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This phenomenon was also observed by López-Moreno et al., (2013), using a physically-based 

snow energy balance model in the same study area. Moreover, the high and opposite correlation 

between Northing and Radiation obtained in PCA results (not shown), was showing a potential 

problem of multicollinearity. Thus, only Northing was considered for MLRs and BRTs (the same 

occurred with TPI and Curvature, being only considered in statistical models the TPI). Although 

Northing did not show a significant correlation with snow depth during accumulation periods; 

when the surveys were closer to the snowmelt period, the negative correlation of this variable 

with snow depth was more evident, possibly due to the increase of the difference in the energetic 

exchange between sun exposed and shaded areas. The importance of Northing in MLR models, 

combined with the contribution of Easting during the accumulation period may be related to the 

high snow redistribution originated by wind directions from N- NW directions. Therefore terrain 

aspect relation with snow depth distribution (considered with Northing and Easting) in winter is 

tightly related to the accumulation patterns resulting from wind redistribution, whereas in spring 

they were associated with the unequal distribution of solar radiation, which leads to higher 

melting rates on the most irradiated slopes, what has shown better explanatory capacity than 

Radiation at Izas Experimental Catchment.  

The MLRs and BRTs provided reasonably high accuracy scores when observed and predicted 

snow depth data were compared. The scores were comparable, and in some cases better, to values 

reported in previous researches using similar methods. As an example, Molotch et al., (2005) 

reported r2 values between 0.31 and 0.39 using BRT; and (Winstral et al., 2002), who considered 

different number of terminal nodes of BRT, obtained an optimal tree size of 16 nodes data set 

with an r2 value close to 0.4. Moreover results presented here were obtained from a separate data 

set, and data used to create the models were not considered for testing, thanks to the large 

available data set. One reason for the improvement may be the use of the TPI as a snow depth 

predictor, as this variable has not been considered in previous studies. Nevertheless, it should be 

noted that the study sites considered in other studies, could differ in terms on complexity of 

terrain, and also in snow depth accumulation amounts. For the analyzed 12 survey days the TPI 

had the greatest explanatory capacity in both approaches. However, based on comparison of the 

different dates and surveys, the other variables made more varying contributions, as a result of the 

different roles they play during the snow accumulation and melting periods, and the wind 

conditions during the main snowfall events. The models had less capacity to explain spatial 

variability of the snowpack when the snow was thinner and patchy. The BRT and MLR 

approaches were consistent with respect to error estimates. The results obtained using each 

approach were comparable, so the trends in the variable ranking with both models for each survey 

day were similar. Only during conditions of snow scarcity the BRT approach demonstrated better 

capability to relate snow depth to topography. This is probably a consequence of the greater 
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capacity of BRTs to take account of the nonlinear response of the snowpack to topography, and 

the occurrence of sharp thresholds typical of days when the snowpack is patchy (López-Moreno 

et al., 2010; Molotch et al., 2005). 

Despite model results differ between survey days and years, the most important variable, TPI, is 

always present in the models and their contribution to the total explained variances show very low 

CV values. Other variables with an also important role to explain snow depth distribution (i.e. Sx) 

are included in most of the models as predictors showing their influence on snowpack 

distribution, although their contribution to the final models changes noticeably amongst different 

surveys. Moreover for 2011-2012 and 2012-2013 a consistent inter-annual distribution of the 

snowpack in the catchment is observed; the areas of maximum snow depth and the location of 

snow free zones were consistent between both years and more importantly there is a strong 

consistency of the effect of topography on snow depth. This spatial consistency of snowpack has 

implications for soil dynamics and plant cycles, because some parts of the basin will tend to 

remain free of snow cover during longer periods favoring the presence of temporary frozen soils, 

and reducing the isolation effect of snowpack to the plants (Keller et al., 2000; Pomeroy and 

Gray, 1995). Besides, it suggests that the information acquired from TLS during several years 

could be useful to design long-term monitoring strategies of snow depth in the basin based on few 

manual measurements in representative points according their terrain characteristics. 
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4.2 Backward reconstruction of snow depth distribution 

This section presents the backward reconstruction results and the comparison with the snow depth 

distribution observed by means of the TLS, following methods described in section 3.3. 

Reconstruction with the temperature index method is only considered during melt period, and 

thereby only these surveys accomplished in Izas Experimental Catchment during the three 

available snow seasons were considered. Results obtained from spatially constant and spatially 

distributed degree day factors (DDF) are presented separately. 

 

4.2.1 Spatially constant DDF reconstruction 

Figure 4.5 shows the observed and simulated snow distributions obtained using the spatially 

constant backward reconstruction for the first TLS acquisitions for the 2011-2012 (2012), 2012-

2013 (2013) and 2013-2014 (2014) melt periods (i.e. for the longest reconstructed period for the 

three backward reconstructions). Differences between the snow distributions are shown in the 

right panels of Figure 4.5, which shows that the observed and simulated snow distributions were 

very similar in magnitude and spatial pattern. The maps of differences (observed vs. reconstructed 

snow depths) show that for the 2nd May 2012 reconstruction the snow depth was overestimated in 

areas of high snow accumulation, and the same was observed for maximum snow accumulation 

areas for the 6th June 2013 and 9th April 2014 reconstructions. Nevertheless, zones surrounding 

high snow accumulation areas showed good agreement between observed and reconstructed 

values. Snow free areas were well reproduced for 2nd May 2012 and 6th June 2013, although there 

were some biases for the 9th April 2014 reconstruction, for which the snow depth values were 

higher than the observed values for almost the entire study area.  

Table 4.5 shows the mean observed ( obs) and simulated ( rec) snow depths, the standardized 

root mean square errors (RMSE), the coefficients of determination (r2), and the reconstructed total 

snow volumes and their percentage deviations from the observed volumes (Vrec and Vdif) for the 

eight available comparison dates obtained using the spatially constant DDF approach. The 

reconstructions tended to overestimate (average 22%) the total snow volume. The accuracy 

estimators for the model showed r2 values ranging from 0.59 (9th April 2014) to 0.77 (20th June 

2013), and showed a tendency to decrease as the length of the reconstruction period increased. 
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4.2.2 Spatially corrected DDF reconstruction 

The spatially corrected backward reconstructions for the TLS survey dates for maximum 

accumulation (the same dates as in Figure 4.5, to enable comparison with TLS maps) are shown 

in Figure 4.6. The reconstructions obtained using Cx,y coefficients calculated from 2012 (left 

columns) and 2013 (right columns) data are presented in Figure 4.6. The snow depth maps 

showed good agreement with the snow depths measured using the TLS. In general, areas of high 

snow accumulation and snow-free zones were well reproduced. The snow difference maps 

(reconstructed vs. observed) showed that the spatially corrected DDF reconstructions were more 

accurate than those obtained using the constant DDF approach. However, large deviations were 

observed in some small areas.  

 
Figure 4.6: Snowpack reconstruction for the three years considered in the study, based on the spatially 
corrected DDF for the TLS acquisition date at the start of melting period; 2nd May 2012, (05.02.12), 6th 
June 2013 (06.06.13) and 9th April 2014 (04.09.14). The two left columns are the reconstructed snowpack 
(first column) and the deviation from observed values (second column) obtained using the 2012 adjustment. 
The two right columns provide the same information based on the 2013 adjustment. 

For 2nd May 2012 and 6th June 2013, the reconstructions that best reproduced the actual snow 

distribution were those that used Cx,y coefficients obtained for the same year as the reconstruction 

(i.e. 2012 for the 2nd May 2012 reconstruction and 2013 for the 6th June 2013 reconstruction). 

Thus, the snow difference maps showed few reconstruction errors for these dates. This was also 

evident in the error estimators (Table 4.6), with higher r2 values and lower Vdif  for 2nd May 2012 

using the Cx,y 2012 adjustment, compared with the values obtained using the 2013 adjustment. In 

addition to negative volume deviations, the rec values using the 2013 Cx,y adjustment were less 
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than the obs values, but using the 2011-2012 adjustment were greater than and closer to the 

observed average values. Similarly, for the 6th June 2013 snowpack reconstruction, use of the Cx,y 

2013 adjustment gave better results than using the Cx,y coefficients from 2012. This was also 

quantitatively evident in the average snow depth, r2, RMSE and Vdif values for 14th and 24th May 

2012, and for 12th and 20th June 2013 (Table 4.6). 

When the snow depth distributions for the 2014 melt period were reconstructed using the Cx,y 

coefficients from 2012 and 2013, the latter provided greater accuracy. This is evident in the 

higher r2 value, the lower standardized RMSE and the small Vdif values obtained using the 2013 

Cx,y calculation (Table 4.6). The improved performance using the 2013 values is also evident in 

the bottom maps in Figure 4.6, which show that smaller differences were found using the Cx,y 

2013 adjustment. 

Date Adjust. obs[m] rec[m] RMSE[m] r2 Vrec[m
3] Vdif[%] 

2nd May 2012 
2012 

0.99 
1.07 0.54 0.68 1.21E+05 14 

2013 0.63 0.74 0.66 8.01E+04 -30 

14th May 2012 
2012 

0.83 
0.96 0.35 0.65 4.70E+04 6 

2013 0.74 0.64 0.61 3.95E+00 -10 

24th May 2012 
2012 

0.77 
0.74 0.25 0.64 1.87E+04 3 

2013 0.61 0.32 0.62 1.26E+04 -40 

6th June 2013 
2012 

2.35 
2.86 1.04 0.68 3.01E+05 10 

2013 2.23 0.34 0.80 2.72E+05 1.5 

12th June 2013 
2012 

2.15 
2.6 1.03 0.71 2.56E+04 8 

2013 2.07 0.37 0.75 2.15E+04 -7 

20th June 2013 
2012 

1.69 
2.12 1.06 0.68 1.95E+04 18 

2013 1.67 0.42 0.71 1.36E+05 -3 

9th April 2014 
2012 

2.76 
3.82 0.92 0.57 6.83E+05 51 

2013 2.45 0.31 0.67 3.01E+05 -10 

5th June 2014 
2012 

2.05 
2.87 1.02 0.65 2.95E+05 15 

2013 1.99 0.35 0.72 2.36E+05 -3 
Table 4.6: Error estimators and deviation for backward snow reconstruction based on spatially corrected 
DDF, for dates having TLS survey information. 

For a year having low snow accumulation (the 2012 melt season), the two DDF techniques 

(constant and spatially corrected) were similar in performance (Table 4.5 and Table 4.6), and had 

similar accuracy estimator values (based on spatially corrected 2012 adjustment results only). In 

general, when a melt period commenced with high levels of snow accumulation (e.g. 2013), the 

spatially corrected DDF approach provided better results. Nevertheless, comparison of the r2 and 

the standardized RMSE values for 20th June 2013 indicated that reconstruction using the constant 

DDF approach was more accurate than that using the corrected approach. The 2014 melt period 

was the only study year involving no adjustment of Cx,y coefficients, and for this year better 

results for both the total volume and accuracy estimators were obtained using the spatially 

corrected DDF adjustment for 2013 than those based on the 2012 adjustment, and provided more 

accurate snow accumulation amounts. 
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4.2.3 Reconstruction performance and implications  

This study investigated a relatively simple method for backward reconstruction of the daily snow 

depth distribution in a small experimental catchment using time lapse photography, and data of 

snow depth and temperature from a single meteorological station on site. Inclusion of information 

on the spatial distribution of snow depth on two days during the melt period enabled additional 

testing of a spatially corrected DDF approach. The results indicated the method was accurate 

despite its simplicity with no large deviations from the observed snowpack distribution and total 

snow volume, and thus indicated that the method can reproduce the snowpack distribution during 

melt periods with reasonable accuracy. The good results of the reconstruction can be explained by 

the behavior of the snowpack once isothermal conditions are reached. The usage of distributed 

information of MOD allows for reliable results as our method inherently exploits the fact that the 

melt dynamics is more dependent on the snow depth distribution prior to the melt season than the 

spatial differences in melt dynamics (Egli et al., 2012). Moreover, at high altitude study sites (> 

2000 m a.s.l.) the snow density at the end of snow season can be assumed to be almost constant; 

which enables the assumption that the daily snow depth depletion rate is equivalent to the daily 

SWE (Snow Water Equivalent) depletion rate (Jonas et al., 2009, López-Moreno et al., 2013). 

These assumptions related to the isothermal snowpack and constant snow density, enable 

simplification of the snowpack energy balance during melt periods. It is therefore possible to use 

an empirical relation such as the temperature index method (Bergstrom, 1976; Brubaker et al., 

1996). 

For a distributed reconstruction of the snow depth, it is MOD the main information source. This 

data represent snow patterns at the end of the snow season, and can be used for determining the 

snow depth distribution (Sturm and Wagner, 2010), based on the spatial similarity of the MOD 

distribution (Figure 3.8, upper panel) and the observed snowpack distribution when the melt 

period commences (Figure 4.5, observed snow depth for 2nd May 2012 and 6th June 2013). 

Moreover, the areas having the highest MOD coincide with the areas of greatest snow 

accumulation, which are directly linked topographically to areas preferentially accumulating 

snow during the snow season, including deep gullies, and accumulation zones resulting from 

wind action (section 4.1). This shows that for an area with higher snow accumulations, snow 

remains a longer period. Therefore, MOD is the basis for accurately reconstructing the snowpack 

distribution, showing not only the potential of time lapse photography for small scale monitoring 

on snow dynamics (Parajka et al., 2012) but also has promise in combining such information with 

various snow modeling approaches. 

The spatially constant DDF reconstruction showed relatively good agreement with the TLS 

information, indicating that through the use of single location information on temperature and 

snow depth (the latest only for DDF calibration) and SCA data obtained in a daily basis it is 
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possible to reproduce the snow distribution during melt periods. However, this method of 

reconstruction was problematic in areas of maximum snow accumulation, for which it 

overestimated the amount of snow. Furthermore, for some reconstructions dates it indicated snow 

presence in some areas that were free of snow. Similarly, the reconstructed total snow volume 

was greater than that observed. Therefore, the DDF calibration overestimated the melted snow 

depth for some intervals during the melt period, or in some areas of the catchment. This may be 

related to spatial differences in energetic balance components (particularly incoming solar 

radiation) that were not considered in the reconstruction process; these were considered negligible 

because the area covered by the images had a consistent aspect (East facing). Moreover, the DDF 

calibration for each snow season was calculated for the period from the first TLS acquisition until 

there was no snow at the meteorological station. Thus, grid cells having a MOD elder than the 

date of snow disappearing at the meteorological station location are using a DDF average value 

that may have differed from the true DDF value. This may have direct relation to the high snow 

depth values predicted for the areas of maximum accumulation, where the snow remains longer 

and thereby the MOD occurs later.  

The deviations from the real snow depth depletion rate have possibly been especially important in 

late summer, causing the largest snow reconstruction errors in the areas of maximum snow 

accumulation. Thus, when reconstructing long time periods, the reconstructed snowpack may 

differ from that observed because of errors that are accumulated in time, associated with the DDF 

calibration deviations described above. As observed for the reconstructions for 2nd May 2012 and 

9th April 2014, reconstruction over long periods can result in increased errors. Therefore, to 

improve DDF calibration at least one single location and continuous snow depth measurement 

should be obtained in high snow accumulation areas, where the snow remains until late in the 

melt period. Reconstructions for which on-site information on snow depth and temperature are 

available for longer periods or in two different locations (high and low snow accumulation areas), 

DDF calibration would use an improved database and thereby are likely to reduce errors. On the 

other hand, this database may allow using (or at least test it) daily observed snow depletion rates 

instead of those calculated from a seasonal DDF calibration. This highlights the importance on 

the appropriate selection on the location of the meteorological station. 

Use of the spatially corrected DDF approach generally provided more accurate results, but the 

need to estimate correction factors annually (or at least to use data for years having similar snow 

accumulation characteristics) was evident. When Cx,y coefficients for other years were used, there 

was little or no improvement from using the spatially constant DDF reconstruction. Thus, the 

reconstruction for 2012 (2013) using Cx,y coefficients calculated for 2013 (2012) gave less 

accurate results compared with direct reconstruction. For 2014, no adjustment was set for the 

spatially corrected DDF approach, and both the 2012 and 2013 adjustments were tested. Better 
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results were obtained using the latter adjustment, and in this context two issues are noteworthy: 

(i) the snow depth accumulated in 2014 was more similar to that in 2013 (snow depth > the 75th 

percentile of the historical series, Figure 2.4) than in 2012 (snow depth < 25th percentile of the 

historical series, Figure 2.4); and (ii) the temporal differences between the reconstruction dates in 

2014 and the Cx,y adjustment periods were quite large (2013-2014 reconstruction dates: 9th April 

and 5th May; adjustment period for 2011-2012: between 2nd May and 14th May; adjustment period 

for 2013: between 6th June and 20th June). Therefore, the melt dynamics between the distributed 

adjustment of Cx,y and the long reconstruction period in 2014 (from MOD to the noted dates) may 

have differed both spatially and temporally. Nevertheless, the 2014 reconstruction using the Cx,y 

2013 adjustment supports the suggestion that the spatially corrected DDF approach be used in 

conjunction with adjustment based on a year having similar snow characteristics, when such data 

are available. 

Although the spatially corrected DDF approach generally provided more accurate results for 

snowpack reconstructions, for the Cx,y adjustment at least two TLS acquisition campaigns are 

needed during a snow season having similar snow characteristics to the year being reconstructed. 

Moreover, the results indicated a need to annually calculate the correction factors to substantially 

improve the spatially constant DDF approach. The rather modest improvement using this method 

compared with direct reconstruction might lead to the latter being selected as the most suitable 

from an operational point of view. Nonetheless, having at least one accurate estimate of the snow 

distribution available prior to the melt period (even if this must be collected manually with lower 

spatial resolution) is highly desirable for validation purposes. 

A potential limitation on the method used in this study is the effect of snow accumulation events 

during the melt period. During the three periods considered in the study, only two minor snow 

accumulation events occurred (i.e. the snow accumulation was < 3 cm). One option to take 

account of snow accumulation events would be to uniformly increase the fresh snow layer depth 

for the entire area that day it occurs. This would be achieved with negative snow depth depletion 

rates uniformity distributed in the study area, in case of significant snow accumulation. In 

addition, rainfall may occur, which has a heating effect in the snowpack. Precipitation was 

registered during the melt periods at nearby (distance to the study site < 5 km) meteorological 

stations. Despite precipitation occurred; its effect in results seems to not largely influence the 

reconstruction, especially in the spatial distribution. Nevertheless, precipitation data in the study 

site were not available and a direct relation cannot be stablished. Simulations results would be 

improved with daily snow depth melt rates, because will include rain heating effect. Thereby it is 

again highlighted the interest of on-site measures with snow presence until late melt period  

As a consequence of the small size and relatively homogeneous aspect of the Izas Experimental 

Catchment, the effect of other variables (e.g. spatial variability in incoming solar radiation, and 
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the altitudinal dependency of DDF) was not considered. However, in larger or more complex 

topographic areas, these should be considered during reconstruction of the snowpack using a 

spatially distributed DDF approach, using either information from consecutive TLS data or 

parameterizations of spatially distributed snow depletion rates (Hassan, 2012; Hock, 2003; 

Molotch, 2009; Molotch and Margulis, 2008). The main advantages of the method described here 

are the need for only very simple information (which can be easily and continuously acquired, 

without being data from models), and its potential to fill resolution gaps at the hillslope scale, 

arising from the use of other available remote sensing techniques. 
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4.3 Combining snowpack energy and mass modeling with TLS  

The combination of TLS data with Crocus energy and mass snowpack model following methods 

described in section 3.4 are presented here. Results obtained with the two model configurations 

are firstly shown and secondly discussed. First are shown the punctual simulation at the location 

of Izas Experimental Catchment meteorological station. Afterwards are presented results with the 

stretching method, comparing the distributed simulations with observed TLS data and the 

snowpack simulation at the meteorological station grid cell compared to that observed.  

 

4.3.1 Punctual snowpack simulation 

Comparison of the Crocus punctual simulation of snow depth at the meteorological station with 

the observed values is shown in Figure 4.8 for the three snow seasons. The greatest differences 

between the observed and simulated snow depths were those for the 2011–2012 season. The 

difference was greater for shallow snow depths, and associated with wind erosion processes, 

which were not included in the model. Such differences were observed until April 2012, after 

which deeper snow depths occurred, and the simulated values were closer to those measured. In 

the 2012–2013 and 2013–2014 snow seasons, greater snow depths were present, and the 

simulated values for these seasons were closer to the measured values; however, some 

overestimation of the snow depth occurred in the simulations, particularly during the 2012–2013 

accumulation period (before April). During the late melt period the simulated snow decrease, 

correctly reproduced that observed at the meteorological station for the three snow seasons. 

However little differences in the simulated snow depth were observed during this period, what 

originated small deviations for the last day having snow presence at the location of the 

meteorological station. 
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It was computed the root mean square error (RMSE), the coefficient of determination (r2), the 

snow depth mean values ( ), and the snowpack coefficients of variation (CV) for all TLS survey 

dates. The  and CV were calculated for the three distributed simulations (NoStretch, AllStretch 

and MeltStretch), and also for the snow depth distributions observed using the TLS. The r2 and 

RMSE values were calculated from comparison of the simulated and observed values, and 

therefore are referenced to the names of the distributed simulations. It is important to bear in mind 

that the simulations were stopped and stretched at the TLS survey dates. Therefore, the r2, RMSE, 

 and CV values were obtained for the simulated snow depth distributions prior to fitting them 

to the observed snow depths, in cases where the stretched simulations were compared. 

The simulated  values (Figure 4.13, upper panel) for most comparison dates were quite 

accurately reproduced in the three distributed simulations; greater differences were found for days 

with low 	  values, as occurred for 22nd February 2012 and 20th June 2013. However, some 

dates on which the snowpack was shallow also showed good agreement between the observed 

and simulated average values, but this occurred late in the melt period (24th May 2012). In 

contrast, the CV values for the NoStretch simulations were low relative to those observed with the 

TLS (Figure 4.13, lower panel); the CV indicates the dispersion of the snow depth values. For the 

AllStretch and MeltStretch simulations, the CV values were more similar to those observed, 

indicating that the distribution characteristics were better reproduced using the stretched Crocus 

simulations. 
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Table 4.7 shows the mean simulated and observed MOD and its coefficient of variation (CVMOD). 

Although the simulated mean snow disappearance dates did not differ from observed dates by 

more than 10 days for any simulation, the results are closer to that observed for the stretched 

simulations, and the best result was obtained with the AllStretch simulation. With respect to the 

CVMOD, the data dispersion was greater in the AllStretch and MeltStretch simulations for snow 

rich years (2012–2013 and 2013–2014) relative to the observed. The CVMOD for the NoStretch 

simulation was more similar to the observed CVMOD. The RMSE shows that the average deviation 

of the simulated MOD was reduced for the AllStretch and MeltStretch simulations relative to the 

NoStretch simulation. 

 
Snow season Observed 

Crocus distributed simulation 
 NoStretch AllStretch MeltStretch 

Mean MOD 
[Julian Day] 

2011-12 135.5 137.9 134.9 135.8 
2012-13 177.2 182.5 178.2 181.6 
2013-14 159.7 164.9 154.9 157.6 

CV 
2011-12 0.06 0.05 0.06 0.06 
2012-13 0.08 0.06 0.14 0.11 
2013-14 0.07 0.04 0.17 0.14 

RMSE 
2011-12  7.79 5.86 5.37 
2012-13  15.19 12.6 13.8 
2013-14  23.63 12.2 16.9 

Table 4.7: Observed and simulated mean and CV for the MOD, and the RMSE obtained when comparing 
the simulated and observed values. 

 

4.3.3 Improve on snowpack modeling when including TLS data 

Snowpack modeling in mountain areas is dependent on uncertainties associated with simulated 

variables, resulting from model parameterization and the forcing data used (Sauter and Obleitner, 

2015). Assimilating information on snowpack variables into snowpack (Liu et al., 2013) and 

hydrological (Schöber et al., 2014) models to improve the simulation results is increasingly 

common, and various methods for including TLS snow depth measurements in models have been 

reported (Teufelsbauer, 2009). Nonetheless, the Crocus snowpack model for three complete snow 

seasons presented here represent the first systematic assessment of combining TLS snow depth 

observations and snow modeling. Furthermore, the stretching approach used in Crocus multilayer 

model can be applied in single-layer models or multi-layer models of intermediate complexity to 

improve snowpack distributed simulations in which snow density is well simulated. 

The differences between the simulated and observed snow depths for the punctual snowpack 

simulation are characteristic at the local scale when the Crocus model is forced using massif-scale 

meteorological data from SAFRAN (Lafaysse et al., 2013). In our study the differences between 

the observed and simulated values were greater for some snow accumulation events, which 

evidenced differences in simulated precipitation quantities. Errors in the punctual snow depth 
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were in general greater for shallow snowpack (observed in 2011-2012). When a shallow 

snowpack coincided with strong winds, as occurred during February–March 2012, the differences 

between the observed and simulated snow depths increased because of the marked effect of the 

wind on the snowpack distribution (Liston and Sturm, 2002; Vionnet et al., 2014). The influence 

of wind erosion and snow deposition processes are not parameterized in Crocus snowpack model 

and thereby deviations because wind blowing is appreciated. 

Although for some events the snow accumulation was not accurately reproduced, in general the 

observed snowpack change was similar to that simulated. The main differences in the punctual 

snow depth simulations originated because of: (i) differences in meteorological forcing 

(especially precipitation) associated with specific snow storms; and (ii) differences resulting from 

events involving blowing snow events. These two differences propagated and more importantly, 

accumulated in time in the successive accumulation or wind event, may produce large deviations. 

Thus, if snow depths are corrected using available observational information, the simulation 

results can be noticeably improved. 

Simulation of the evolution of the punctual snow depth during the melt period, and the date of 

snow disappearance, indicated the accuracy of the Crocus model in reproducing the snowpack 

energetics and mass balance, and highlighted the use of snowpack stretching to account for the 

distributed snowmelt dynamics. This is also reinforced because the greater importance of the 

snow depth distribution prior to the melt season than spatial differences in the melt dynamics 

(Egli et al., 2012), snow distribution which is included since the stretching is applied. 

As evident from the snow depth distribution maps simulated directly in Crocus (NoStretch), when 

modeling the evolution of the snowpack at the small scale, local topographic effects on zones of 

preferential snow accumulation (concave and leeward areas; as shown in section 4.1) were not 

reproduced because they are not parametrized in the model. Therefore, fitting simulated snow 

depth distributions to those observed (with the snowpack stretching methodology) enables small 

scale topographic control on the snow depth distribution to be taken into account. The stretching 

approach also corrects deviations resulting from meteorological forcing errors. The heterogeneous 

spatial distribution of precipitation is thus included in the proposed method, as the real snowpack 

distribution observed on particular days is included in the simulation. 

Comparison of the simulated and observed snow depths distributions showed a substantial 

improvement in the modeling, with reduced errors (RMSE) and improved model accuracy 

estimators (r2) for the two stretched simulations (AllStretch and MeltStretch). Although Crocus 

simulation without stretching accurately simulated the mean snow depth, the observed 

coefficients of variation were not consistent with those observed. With the stretched Crocus 
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simulations the snow depth distribution (	  and CV) more realistically reproduced that observed 

using the TLS. 

In addition, the accuracy of the snow disappearance date (MOD) was improved using stretched 

Crocus snowpack simulations. In contrast, the coefficient of variation for the NoStretch 

simulation was closer to the observed value. The large CV values for the stretched simulations 

during snow rich years (2012–2013 and 2013–2014), were driven by the earlier melt that mostly 

occurred on the ridges of the catchment (yellow pixels in Figure 4.15). This mismatch did not 

appear to have a major influence on the simulation results, as (for example) the average MODs 

obtained based on the stretched simulations approximated those observed. 

Large accumulations of snow in gullies and deep concavities were well reproduced in the MOD 

distribution of the stretched simulation (older disappearance dates in deep concavities and gullies) 

showing a similar annual spatial occurrence (Sturm and Wagner, 2010). Areas having large 

accumulations of snow are important to runoff dynamics because they represent snow reservoirs 

in the late melt period. Consequently, total water storage simulations should be more accurate 

where the Crocus snowpack model includes the stretching process, and closely reproduces the 

actual snow depth distribution. 

From the available data it is not possible to validate the total water storage because the SWE 

(Snow Water Equivalent) distribution cannot be accurately determined, as is possible for 

determining snow depth using TLS (Lundberg et al., 2008). Nevertheless, snow depth has a high 

spatial variability when compared to that observed on snow density and more importantly, 

horizontal variations of snow density can be related to these observed on snow depth (Lundberg 

et al., 2006). This enables a reliable SWE distribution to be obtained from the observed snow 

depth (Jonas et al., 2009). Therefore, it is likely that Crocus provides reliable simulations of 

SWE, as it has been demonstrated that snow densities are accurately simulated (Morin, 2014).  

The AllStretch simulation provided the most accurate results during the three snow seasons 

involved in the study, because of the earlier snowpack stretching and the number of times the 

snow depth distribution was fitted to observed values (five times for 2011–2012 and 2012–2013; 

and three times for 2013–2014). However, for the late melt periods the MeltStretch simulations 

exhibited also low errors. Different stretch timings shall be applicable to small scale snowpack 

modeling, depending on the purpose involved. If the main purpose is to simulate runoff dynamics, 

one TLS observation prior to the melt period for stretching the snowpack may be sufficient to 

accurately simulate the melt period mass and energy balance. Larger numbers of TLS acquisitions 

combined with snowpack modeling are desirable to more accurately reproduce the evolution of 

the snow depth distribution along the snow season. 
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From an operational point of view, snowpack stretching has some limitations, including the 

procedures for stopping the simulation, fitting the snowpack distribution to that observed, and 

recommencing the simulation in real time. More important are the limits to spatial extension. The 

TLS is appropriate for obtaining snow depth distributions over 1000 m working distances, but 

ALS would be needed for greater distances (Deems et al., 2013), and has limitations arising from 

the high costs involved and its weather dependence. 
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4.4 Canopy influence on snowpack distribution evolution 

Following methods described in section 3.5, here are presented results obtained at Balneario de 

Panticosa Pine Stand for the two snow seasons (2011-2012 and 2012-2013) during which TLS 

surveys were done. With this information has been analyzed how the snow depth evolution is 

affected by trunk proximity, canopy presence and other factors as wind or temperature influence. 

4.4.1 Small scale snowpack evolution in forested areas  

Figure 4.16 shows the average and 25th and 75th percentile values of snow depth for all cells 

belonging to canopy (C) and open (O) areas of the various survey days. Table 4.8 shows the 

average snow depth values for each area; and the differences (in %) between open-canopy (O–C). 

Also it is shown in Table 4.8 the average snow density values for each survey day. Depending on 

the survey date, the differences in snow depth between open zones and canopy zones ranged 

between 14 and 80% (average difference 49%), with lower snow depth values always found for 

the canopy zones. Greater differences were found between open and canopy zones when the 

average snowpack in the basin was thinner; the difference increased throughout the snow season, 

or with snow depth loss (compaction and melting, or compaction alone) that occurred after snow 

accumulation events (e.g. from 6th  to 27th December 2012). An exception was found for 16th 

April 2012, when only a few snow patches were present, and the difference between open and 

canopy zones was only 14%. The average density values (Table 4.8) increased throughout the 

snow season, with lower values compared with the preceding survey day only being found 

following episodes in which a new fresh snow layer accumulated (e.g. 15th March 2013). 

Table 4.8: Average snow depth (AvgSD) values for open and canopy areas, % differences between both 
zones and average snow density for each survey day. 

Survey date Open (O) AvgSD [m] Canopy (C) AvgSD [m] O-C (%) 
Snow density 

[kg/m3] 
20/12/2011 0.16 0.08 52 148 
02/02/2012 0.15 0.05 69 136 
09/02/2012 0.26 0.13 50 257 
28/02/2012 0.14 0.03 81 381 
13/03/2012 0.03 0.01 68 400 
16/04/2012 0.02 0.01 14 240 
06/12/2012 0.49 0.32 36 159 
11/12/2012 0.30 0.19 37 237 
20/12/2012 0.30 0.15 51 239 
27/12/2012 0.22 0.07 70 263 
27/02/2013 1.54 1.11 28 392 
04/03/2013 1.45 1.04 28 369 
08/03/2013 1.29 0.90 30 407 
15/03/2013 1.53 1.04 32 386 
21/03/2013 1.45 0.98 33 396 
09/04/2013 1.14 0.67 41 477 
14/04/2013 0.96 0.51 46 513 
18/04/2013 0.73 0.29 60 513 
26/04/2013 0.41 0.10 76 518 
02/05/2013 0.30 0.06 80 525 
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and canopy zones, but for all considered periods the snow depth loss was higher in open areas 

than beneath the canopy. 

Table 4.9: Snow depth changes (AvgDif) in open and canopy areas for consecutive field surveys a and for 
the first sampling occasion on which snow accumulated over bare soil. In last column the % difference 
between both changes is presented. a Consecutive surveys done within a 3-week period. The period 2nd–9th 
February 2012 is not included because of the strong winds that blew at that time. * Indicates periods in 
which snow accumulation was recorded. 

The PCA results showed four patterns of snow depth distribution that explained 87% of the total 

variance: component 1 (C1) explained 34%, component 2 (C2) explained 26%, component 3 (C3) 

explained 15%, and component 4 (C4) explained 12%. Figure 4.17 shows the spatial distribution 

of factorial scores for each component, which represent the standardized anomalies of snowpack 

distribution; this is, for positive (negative) factorial scores higher (lower) snow accumulations are 

observed in comparison to the average snow depth accumulation of a specific day. When a day is 

identified with a component, its snow depth spatial distribution is similar or equivalent to the 

spatial distribution of the factorial scores of the component. Thereby a day with high correlation 

with C1, would have the highest snow depth values in the upper part of the map (dark red color) 

and the lower snow depth values in the bottom part of the map, in both, left and right sides (dark 

blue color). Similarly a day highly correlation with C4 would have the highest snow depth in the 

lower central part of the map. Nevertheless other characteristics of days represented by each 

component (high or low average snow depth, wind action…), must be obtained from a separate 

analysis. 

Analyzed periods Open AvgDif [m] Canopy AvgDif [m] Open-Canopy Dif (%) 
20/12/2011* +0.16 +0.08 52 

9 to 28/02/2012 -0.122 -0.103 16 
28/02 to 13/03/2012 -0.106 -0.016 85 

06/12/2012* +0.49 +0.32 36 
06 to 11/12/2012 -0.193 -0.128 34 
11 to 20/12/2012 -0.002 -0.004 NA 
20 to 27/12/2012 -0.080 -0.083 -4 

27/02 to 04/03/2013 -0.084 -0.070 17 
04 to 08/03/2013 -0.170 -0.145 13 
08 to 15/03/2013* +0.237 +0.146 38 
15 to 21/03/2013 -0.071 -0.065 9 

21/03 to 09/04/2013 -0.311 -0.310 0 
09 to 14/04/2013 -0.182 -0.155 15 
14 to 18/04/2013 -0.234 -0.224 4 
18 to 26/04/2013 -0.320 -0.192 40 

26/04 to 02/05/2013 -0.111 -0.041 63 
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behind the trees. Moreover, as shown in Figure 4.16, the snow depth variability for those days 

included in C3 was relatively high because of wind redistribution (note the low snow depth 

average values for 13 March and 16 April compared to 9th and 28th February, what difficult to 

observe snow depth variability for the two first dates). Component C4 represents the snow 

distribution during 26th April and 2nd May 2013, which were dates on which considerable snow 

remained in open areas, but had almost disappeared beneath the canopy.  

Average snow depth values in open and canopy areas on days represented by each component are 

presented in Table 4.10, ordered according to the PCA components for ease of comparison. The 

smallest differences between open and canopy areas occurred on C1 days (high level of snow 

accumulation), with 27%, 60% and 37% being the minimum, maximum and average differences, 

respectively. The greatest differences in average snow depth value occurred for the two days 

associated with C4 (when there was almost no snow beneath the canopy, but deep snowpack in 

the open areas), with 75% and 80% differences for these two days. The C2 component, which 

represents days having low snow depths, generally exhibited greater percentage differences than 

C1 (35%, 70% and 52% for the minimum, maximum and average differences, respectively). For 

days represented by C3 (wind redistribution), greater snow depth values were also found for open 

areas than beneath the canopy, but the distribution was very different from that found for the 

other three components with high spatial variability for both zones (Figure 4.16). 

In spite of the PCA survey day groups, for both snow seasons (except for 16th April 2012), an 

increase of snow depth difference between canopy and open areas is observed as snow season 

progresses. This difference is only reduced when one or several snow accumulation events occur. 

This is quite evident when the difference observed for 27th December 2013 (70%) is contrasted 

(Table 4.10) to that observed on 27th February 2014 (27%) after several snow accumulation 

events (Figure 2.5). Besides, after this day, is clearly observed the reported snow depth difference 

increase while the snow season progresses. 
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PCA component Survey date Opening 
AvgSD [m] 

Canopy AvgSD 
[m] 

Difference Open-
Canopy [%] 

C1 27/02/2013 1.53 1.11 28 
04/03/2013 1.45 1.04 28 
08/03/2013 1.29 0.90 30 
15/03/2013 1.53 1.04 32 
21/03/2013 1.45 0.98 33 
09/04/2013 1.14 0.67 41 
14/04/2013 0.96 0.51 46 
18/03/2013 0.73 0.29 60 

C2 20/12/2011 0.16 0.08 52 
02/02/2012 0.15 0.05 69 
06/12/2012 0.49 0.32 36 
11/12/2012 0.30 0.19 37 
20/12/2012 0.30 0.15 51 
27/12/2012 0.22 0.07 70 

C3 09/02/2012 0.26 0.13 50 
28/02/2012 0.14 0.03 81 
13/03/2012 0.03 0.01 68 
16/04/2012 0.02 0.01 14 

C4 26/04/2013 0.41 0.10 76 
02/05/2013 0.30 0.06 80 

Table 4.10: Average snow depth in open and canopy areas for the days classified in the four groups 
according to the PCA components, and the % difference between these areas. 

Figure 4.18 shows the snow depth in the pine stand against distance from tree trunks, 

distinguishing survey days grouped according to each of the four PCA groups. In general, and 

independently of the spatial patterns obtained, the snow depth increased rapidly over the shortest 

distances to the trunks. This increase continues until 3.5–4.5 m from the trunks for the days 

represented by C1, C2 and C4, where the maximum snow depth is generally observed. This 

distance coincides with average canopy radius. In general, the edge effect of canopies was clearly 

evident, with a slight decrease in snow depth beyond the maximum depth in these zones. Days 

represented by C3 (wind redistribution) showed a very irregular pattern of snow depth change 

with distance from the tree trunks, with the maximum snow depth generally observed 2–3 m from 

the trunk, and marked variability with greater distance between the observed snow depth values 

for the four days of this PCA group.  
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variability of snow depth beneath the forest canopy. The acquired data also represent a resource 

for improving modeling and validation of interception and melting processes in forest areas 

(Mahat et al., 2013; Musselman et al., 2012).  

The statistical analysis discriminated areas where the snow distribution patterns contrasted on 

different days. The results showed that the forest canopy markedly reduced the depth of the 

snowpack relative to open areas, which is consistent with previous findings in many different 

geographic areas (Jost et al., 2007; Lundberg et al., 2004; Mahat and Tarboton, 2013; Pomeroy 

and Gray, 1995; Winkler et al., 2005). The average reduction found (49%) is similar to that 

reported by these previous studies. The average snow depth difference between open and canopy 

areas observed in this study revealed very large variability (ranging from 14 to 80%,Table 4.8) 

among the 20 survey days in the snow seasons 2011–2012 and 2012–2013. Differences in snow 

depth were greater when the snowpack was thinner, which is a result consistent with that found in 

a beech and fir pine stand in a neighboring valley in the French Pyrenees (López-Moreno and 

Latron, 2008a, 2008a). A comparable result was also found by Connaughton (1933), who 

reported that the snow differences between open and forested sites for scarce and average snow 

seasons were 27.5% and 4.3%, respectively. In British Columbia the reduction of SWE 

coefficients of variation in various pine stands was observed to increase with average snow 

accumulation, and was correlated with year to year variations that explained 33% of the total 

SWE (Snow Water Equivalent) variance (Winkler and Moore, 2006). All these results evidence 

that snow distribution in a pine stand in the Pyrenees shows similar behavior to that observed in 

other environments in the average values, but also in the observed variance. Moreover the 

similarity between results presented here, with those obtained with other sampling schemes and 

techniques, indicates that TLSs can be applied in snow studies in forested areas providing high 

spatial resolution information. 

The observed snow depth values in 2012-2013, a snow-rich year, with smaller differences 

between open and canopy areas following the main snow accumulation episodes (Table 4.10; 

surveys between the 27th February 2013 to the 21st March 2013) could be a consequence of the 

reduced snow interception capacity of trees when the snowpack is deeper, because of the effect of 

the preceding snowfall load on the snowfall interception capacity. This phenomenon has been 

demonstrated experimentally (Hedstrom and Pomeroy, 1998), and reported based on direct 

observations (Keller and Strobel, 1982; López-Moreno and Latron, 2008b; McNay et al., 1988; 

Mellander et al., 2005), supporting the hypothesis of this study. 

The results also suggest that snow interception during periods with snow accumulation leads to 

greater differences between snow depth changes in open and canopy areas (* periods in Table 

4.9; average open-canopy difference of 42%), than the differences observed in periods in which 

no snow precipitation was observed (periods without * in Table 4.9; average open-canopy 



Jesús Revuelto Benedí Results and Discussion 

 

 
Pag.111 

difference of 24%). Nevertheless, in periods with no snow precipitation, the difference between 

snow depth changes in open and canopy areas varied depending on the particular event, and the 

involvement of compaction or a combination of both compaction and melting. However, greater 

snow depth loss generally occurred in open areas than beneath the forest canopy, but the 

magnitude varied substantially among analysis periods. Despite the variability of snow depth 

losses in open and canopy areas, it was clear that the difference in snow depth between these 

areas always increased during the season, even when snowfall did not occur. In such a way, at the 

end of the snow season, snow presence was observed in openings while it was not observed 

beneath canopies. The most plausible reason for this behavior is the energy balance difference 

between both areas, because the increase of long-wave emission and extinction of short-wave 

originated by the canopy (Pomeroy et al., 2009), enhanced as the season proceeds. Moreover it 

must be considered that there was less snow accumulated below the canopy and therefore is less 

snow to melt and the melt out is earlier. 

Lundquist et al., (2013) provided a very comprehensive explanation of how the forest canopy can 

accelerate or delay snowmelt. They demonstrated that the effect of the forest canopy on melting 

rates depends on the balance between short-wave and long-wave irradiance at a specific site or 

time of the year, which could be related to the December–January–February (DJF) average 

temperature, with a –1C threshold. If average temperature is above this value, snow ablation 

beneath canopies takes place 1 to 2 weeks before it is observed in adjacent open areas. Balneario 

de Panticosa experimental site has a DJF mean air temperature of 0.3ºC and as observed, snow 

depth average values in open areas are larger than in canopy areas where are almost negligible at 

the end of the snow season (Table 4.8 values for last surveys in 2012 and 2013); this result 

strongly suggests the validity of Lundquist et al., (2013) findings for Balneario de Panticosa Pine 

Stand. 

In spite that no direct measurement of snow interception by forest canopies neither of the 

emission of long-wave radiation by trees was accomplished, their effect was evident through the 

analysis of the relationship between snow depth and distance to the tree trunks. The results clearly 

showed that snow depth increased very rapidly with distance from the trunk to the edge of the 

forest canopy (typically 3.5–4.5 m). This point of maximum snow depth is the preferential 

deposition zone for snow falling from the canopy. At greater distances from the trunk the snow 

depth decreased slightly and then tended to remain stable, corresponding to open areas. Similar 

patterns of snow depth with distance from tree trunks have been observed in studies focused on 

individual trees (Faria et al., 2000; Musselman et al., 2008; Woo and Steer, 1986).  

Some works have related snow depth evolution as a function of trunk distances analyzing solar 

radiation exposure (Musselman et al., 2008). At Balneario de Panticosa Pine Stand, the high 
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degree of complexity of canopies in the surrounding area did not allow to obtain a realistic 

representation of the canopies in the proximities of the study area by means of the TLS. Such 

kind of information might enable to assess the distribution of solar radiation across the study area. 

In this way, the combination of TLS information with other remote sensing techniques, as ALS or 

aerial photogrammetry, could help to improve such kind of analysis. 

Results presented in this section also demonstrated that wind redistribution events may 

significantly alter the patterns of snow distribution within the pine stand. This occurred in 

February 2012, and the pattern of contrasting accumulation on the windward and leeward sides of 

the pine stand remained until the snowpack melted. This is consistent with the findings of 

previous studies, which concluded that wind in forested areas can markedly affect snow 

distribution (Lundquist et al., 2013; Mahat and Tarboton, 2013; Vajda et al., 2006)(Lundquist et 

al., 2013; Mahat and Tarboton, 2013; Vajda et al., 2006). Despite the action of strong winds has a 

large effect on snow depth distribution at the study site; the snow depth was generally greater in 

open areas than areas beneath canopy. Thus, it is still present the open/canopy effect on snow 

depth distribution but with a higher spatial variability (Figure 4.16; surveys at February and 

March 2012).  

Clearly canopies and trunks presence has an important effect on snowpack distribution, which at 

same time has important implications on forested ecosystems (Mellander et al., 2005). This way, 

establishing the relations that control such processes may enable to improve simulations and 

thereby adapt forest and hydrological management to specific necessities. 
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5 CONCLUSIONS 
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This chapter summarize the main conclusions reached from the analyses respect the five main 

objectives of the Thesis. 

 

5.1 TLS use in the Pyrenees for monitoring snow distribution dynamics 

The snow depth maps generated in this study enable improved monitoring and understanding of 

snow dynamics in the Pyrenees. For Izas Experimental Catchment TLS application has provided 

the highest resolution snow depth distributions maps (spatial resolution 1 m) available for 

analyzing small scale distribution in a subalpine environment in the Pyrenees. The results of the 

manual and TLS measurements of snow depth show good performance, with only minor 

differences in the average values between the two measurement techniques, even for long-range 

TLS measurements. The increase in snow depth variability for medium (400 m) and large (800 

m) distances are explained by differences in concavities and convexities among the selected plots 

and is observed in both TLS and manual measurements. The results demonstrate the applicability 

of this technique for studying snow depth distribution and its relation with topographic variables.  

Despite meteorological and stability limitations, the TLS technology was shown to generate 

accurate snow distribution maps in alpine terrain, obtained by subtraction of DEMs. Long-range 

data acquisition from spatially distributed locations in the experimental area is a major advantage 

of this technology, because it enables data acquisition in remote areas that are dangerous or 

impossible to reach. 

The usefulness of TLS for obtaining high-resolution (0.25 m) distributed information on snow 

depth in a small forested area of the Pyrenees, Balneario de Panticosa Pine Stand, has been also 

demonstrated for the first time. 

The application of the TLS technique in mountainous environments represents a powerful tool for 

understanding snow dynamics. The main objective in generating snow depth maps is to represent 

the spatial variability of snow over time at specific locations in different study sites. In such a 

way, a high quality data base of snow distribution has been obtained with a TLS in this Thesis. 

 

 

5.2 Topographic control on snow distribution 

The TPI at a 25 m searching distance was the best topographic variable, and the most persistent in 

time, for explaining snow depth distribution in the Izas Experimental Catchment. This suggests 

the importance of including this index in future snow studies, and the need to establish the best 

searching distance for relating this variable to snow depth distribution at other study sites.  
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The maximum upwind slope parameter (Sx) at a searching distance of 200 m was also an 

important variable explaining the snow depth distribution, but its influence varied markedly 

between years and surveys, depending of the specific wind conditions during and after main 

snowfall events. Nevertheless, Sx has shown a similar evolution pattern for the best correlated 

direction in the two analyzed snow seasons.  

The influence of the other topographical variables on the spatial distribution of snow depth was 

lower, and showed higher intra- and inter-annual variability, with little relevance of Elevation 

during melt period.  

The total variance explained by the two statistical methods considered, BRTs and MLRs, clearly 

decreased for periods on which the snowpack was thinner and patchier. The results from BRTs 

and MLRs models were consistent in terms of variables importance ranking, and the explanatory 

capacities of the main variables were similar for all surveys. Except TPI, that showed very low 

coefficient of variations for the two approaches, the variability of the contribution of each 

topographic variable for the different surveys was noticeably lower for MLRs than for BRTs. 

 

 

5.3 Snowpack reconstruction from time-lapse photographs and temperature 

Projection of time lapse photographs of Izas Experimental Catchment east hillslope into a DEM 

to obtain the distributed melt-out dates (MOD) has enabled reconstruction of daily distributed 

snow depth maps during snow melt periods, using simple methods based on degree day factors 

(DDFs) approaches.  

Backward snow reconstructions based on MOD data were compared with observed snow depth 

distributions based on TLS. This showed average deviations of < 20% for total snow volume in 

each of the three years analyzed. Besides snow distribution patterns were adequately reproduced 

(r2 values = 0.57–0.80), particularly considering the simplicity of the methods used.  

Application of a constant DDF to the entire study area, which only required time lapse 

photograph and snow depletion rates derived from an on-site measuring meteorological station, 

provided reliable reconstruction of the snowpack. Several TLS acquisitions would improve the 

accuracy of the reconstructions, by enabling correction of the DDF estimates for each pixel from 

the DEM, and comparison of the snowpack reconstruction with observed values at different dates.  

The method described should be readily applicable in other similar snow-covered environments 

(little sized domains or hillslope areas with constant aspect) to backward reconstruction of the 

snow depth distribution during melt periods. 
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5.4 Combination of physic snowpack model and TLS data 

The combination of snowpack modeling and distributed snow depth information obtained using a 

TLS was shown to improve small scale snowpack simulations at Izas Experimental Catchment. 

Stretching the snowpack using a simple method enabled accurate simulation of the snowpack 

evolution. This combination of methods enables topographic influences on the snowpack 

distribution to be incorporated, and also corrects the snow redistribution under wind-blown 

conditions. In addition, snowpack stretching also corrects for particular snow accumulation events 

in which meteorological forcing diverges from the observed values.  

From a hydrological point of view, snowpack stretching better simulates actual snow depth 

distribution, which improves estimation of the snow mass balance and the melt dynamics. 

Depending on the availability of TLS surveys and the proposed application, it is recommended 

that the snow depth distribution be determined prior to the snow melt period, and when possible 

also near the peak accumulation period.  

The study over three snow seasons representing extreme climatic characteristics combining 

snowpack simulation and TLS observations has demonstrated the usefulness of snowpack 

stretching in various snow modes. 

 

 

5.5 Canopy influence on snowpack distribution 

As shown with data from Balneario de Panticosa Pine Stand for two snow seasons, the spatial 

heterogeneity of trees in forested areas, noticeably affects snowpack distribution and its 

evolution. Most similar studies of snow variability, including results presented here, have 

typically reported long-term average values in the range 40–60% for the decrease in the 

snowpack beneath forest canopies relative to open areas. However, it has been shown how many 

factors could be involved in the accumulation and melting processes in open and forested areas. 

Of major importance was the snow depth, with smaller differences found between the forest 

canopy and open areas when a thicker snowpack was present. Nevertheless, the role of each 

factor at a specific site or under specific climatic conditions will probably vary geographically 

and among years.  

At Balneario de Panticosa Pine Stand, it has been reported the great effect of canopy presence on 

the snow depth distribution, with an observed average reduction in canopy areas of 49% (range 

14–80%), compared with open areas. Smaller relative differences between snow depth values for 

open and canopy areas were observed with thicker snowpack. Also wind redistribution can have a 

large effect on the snow distribution in forested areas. During the snow season there was a 
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progressive increase in the relative difference in snow depth between open and canopy areas only 

reduced when a snow accumulation event is observed. Finally, trunk proximity has revealed an 

influence on snow depth, with lower values at closest locations and a progressive increase of 

snow depth for higher distances until the edge of the canopies is reached. 
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6 FINAL CONSIDERATIONS 
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This Thesis constitutes a comprehensive study into the small scale snowpack dynamics in 

subalpine and forested sites of the Pyrenees. The different sections of the work have presented not 

only the applicability of new techniques and approaches but also relevant results on how snow 

distribution is influenced by forest presence and topographic terrain characteristics. 

Throughout this work, has been highlighted the importance of obtaining detailed information on 

the different variables that describe the snowpack. The use of a TLS for obtaining information on 

snowpack distribution has demonstrated its suitability in two mountain environments. Its 

application has enabled to obtain high resolution data of snow depth distribution at particular 

dates during the study period. Nevertheless limitations still arise for a continuous monitoring. 

Despite a detailed TLS application protocol that minimizes error sources has been tested and 

applied, little deviations during data acquisition or uncertainties in the reference points 

coordinates may have an important impact in final results. Additionally, several errors can be 

introduced in the post processing process. Depending on how TLS point clouds comparison is 

done, different values can be obtained. In example, if clouds are compared considering minimum 

distance between points obtained at different dates (this is perpendicular distances to virtual 

surfaces created by the point clouds), would be obtained the snowpack thickness, which coincides 

with snow depth (vertical snow thickness measurement) in flat areas, but that has lower values in 

steeper areas. This, more than a limitation of the technique, is a point to bear in mind, to be sure 

what is being obtained for later analysis. The snow depth maps examined here have been obtained 

by comparing the DEM generated from point clouds retrieved at different survey dates. In this 

manner by subtracting the elevations of the grid cells with same coordinates it is obtained the 

snow depth. In steep areas, this could introduce deviations, especially when the spatial resolution 

of the DEM is large. This is because depending where is located the surveyed point within a 

specific grid cell for the different survey days, differences may not reproduce real surface 

differences and could only represent deviations in point acquisition coordinates (in very step 

areas, 2 m horizontal distance may have an important elevation difference). Nevertheless, taking 

into account the study areas characteristics and the spatial resolutions of snow depth maps 

generated here, this error was avoided.  

Additionally to the recursive application of a TLS, in this Thesis another remote sensing 

technique has enabled monitoring snowpack evolution in a daily basis. Time-lapse photography 

has automatically obtained information on the snow covered area evolution showing its 

applicability. These two techniques (TLS and time-lapse photography), have common restrictions 

in their application. For example, both are line-of-sight techniques and depending on their point 

of view they have, are originated topographic shadows in different areas. Another restriction is 

the dependence to the weather conditions that does not allow retrieving information under low 

clouds (placed between the surveyed area and the devices), snowfall and strong winds conditions. 
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Also, working at very low temperatures, or high humidity conditions may cause reduce duration 

of batteries, or problems in the electronic devices.  

Data obtained with TLS and time-lapse photography presented in this work, shows how in recent 

years remote sensing techniques have overcome with many of prior resolution constraints in 

space and time, especially for small scale studies. Nevertheless some limitations are still present, 

as particular snowpack variables (SWE and snow density distribution or the snowpack 

temperature profile) which cannot be accurately determined, or the temporal resolution of some 

data acquisition systems. This highlights the importance of investigating and developing new 

tools and methodologies for continuing the improvement on snow monitoring.  

The analysis about topographic control on snow distribution, have shown the important influence 

that some topographic variables exert in the snowpack. The significance of terrain curvature, with 

preferential accumulation areas in concavities, is known since long time ago (ancient inhabitants 

of mountain areas observed such behavior). Although this snow dependence on terrain 

characteristics has been examined in different mountain areas, it is really important to generate 

the appropriate variable or variables, which are suitable to describe the spatial resolution and 

main characteristic of topography in relation to snowpack distribution. In this manner, has been 

demonstrated the TPI availability to describe terrain curvature at a 25 m searching distance and 

the important role it plays in snow depth distribution along the snow season. Additionally this has 

been observed with different snowpack accumulations that occurred on separate snow seasons in 

Izas Experimental Catchment. In such a way, has been emphasized the significance of a variable 

with a marginal use in snow studies, which considered in different mountain areas at the 

appropriate searching distances, will ameliorate the analysis and predictions of snow distribution. 

Studies in other areas had previously demonstrated the interest on considering terrain wind 

exposition with Sx parameter, being this also demonstrated at Izas Experimental Catchment. 

These two variables (TPI and Sx) reflect the impact of extremely complex interactions between 

snow, topography and the atmosphere, on final snowpack distribution. The physical processes of 

such interactions are not always accurately implemented in snow energy balance models. Such 

difficulty of energetic balance snow modeling to reproduce some processes shows the interest of 

deeply analyzing the topographic influence on snow distribution in mountain areas with different 

terrain characteristics. The combination of physically based snow simulations with statistical 

relationships with topographic variables results a promising approach for improving simulations 

of snow distribution at high spatial resolution.  

Approaches as the described backward reconstruction, which exploit easily obtained data if 

considered the difficulty on retrieving distributed information in mountain areas; are a 

representative example on how data bases for understanding snow dynamics and interactions 

could be extended for some periods during the snow season. Similarly, the incorporation of 
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topographic influence on snow distribution in snow energy and mass models, achieved with the 

combination of TLS data in Crocus snowpack model, exemplifies not only the possibility of 

applying such method, but also the improvement on simulation results when the snow model 

includes snow depth distribution observed at particular dates. This way, ameliorating different 

approaches well established today, with different remote sensing products is a promising 

approximation, encouraging to continue researches on it because shall not only ameliorate future 

tools from an operational perspective but also will enable a better understanding of snowpack 

processes.  

In forested areas, the interactions between snowpack and trees have significant implications on 

snow distribution and its evolution on time. Likewise, snow presence influences ecological cycles 

in forested areas. The complexity outlined by trees distribution on the snowpack energy and mass 

balance, makes really difficult to appropriately parametrize all energetic exchanges involved, 

when simulating such processes. Results obtained at Balneario de Panticosa Pine Stand exemplify 

such complexity that affects snowpack evolution. Additionally, these results have enabled to 

quantify the effect of canopy and trunk proximity on snow accumulation and evolution under 

different climatic conditions. Further investigations to understand these processes must be 

accomplished in different study sites, as it has been observed that different climatic condition lead 

to different response of snow to forest canopy. Hence, it is expected large spatial and interannual 

variability in the snow and forest interactions. 

Maintaining long-term experiments for snow studies requires an important effort on continuing 

data acquisition. It implies regular snowpack distributed measurements and the management of 

weather stations, resulting complex in high mountain terrain. However, this effort is really 

necessary to better understand how snowpack responds to environmental change, and to be able 

to provide useful information to land managers (water agencies, managers of ski areas, 

environmental services, etc). It encourages continue working and researching in this fascinating 

yet often hard scientific field. 
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Listado campañas experimentales en los Pirineos y de utilización del TLS: 

1. Julio 2011: Izas. Colocación bases estación escaneo y zapatas reflectores. Cesar Azorín, 

Nacho López, Sergio Vicente (3 días). 

2. 20-09-2011: Izas. Colocación reflectores. Nacho López, Sergio Vicente, Enrique Morán, 

Jesús Revuelto. 

3. 28-09-2011: Balcón de Pineta. Escaneo Glaciar Monte Perdido. Alfredo Serreta, Nacho 

López, Sergio Vicente, Jesús Revuelto (2 días). 

4. 31-10-2011: Balneario de Panticosa. Test escaneo cotas altas. Jorge Lorenzo, Enrique 

Morán, Javier Zabalza, Jesús Revuelto. 

5. 24-11-2011: Balneario de Panticosa. Colocación reflectores bosque. Nacho López, Pedro 

Sánchez, Jesús Revuelto. 

6. 29-11-2011: Colocación torre meteorológica y test escaneo base. Cesar Azorín, Pedro 

Sánchez, Jesús Revuelto, Nacho López, Sergio Vicente, Javier Zabalza, Jorge Lorenzo (4 

días). 

7. 15-12-2011: Balneario de Panticosa. Test escaneo reflectores. Nacho López, Pedro 

Sánchez, Jesús Revuelto. 

8. 20-12-2011: Balneario de Panticosa. Escaneo nieve bosque. Nacho López, Jesús Revuelto. 

9. 19-01-2012: Formigal. Colocación pluviómetro. Cesar Azorín, Nacho López, Jesús 

Revuelto. 

10. 23-01-2012: Balneario de Panticosa. Escaneo nieve cotas altas. Nacho López, Jesús 

Revuelto. 

11. 02-02-2012: Balneario de Panticosa. Escaneo nieve bosque. Cesar Azorín, Nacho López, 

Jesús Revuelto.  

12. 08-02-2012: Formigal. Colocación pluviómetro. Cesar Azorín, Jesús Revilla, Jesús 

Revuelto. 

13. 09-02-2012: Balneario de Panticosa. Escaneo nieve bosque. Pedro Sánchez, Cesar Azorín, 

Jesús Revuelto. 

14. 10-02-2012: Balneario de Panticosa. Escaneo nieve cotas altas. Nacho López, Tobias 

Jonas, Jesús Revuelto.  

15. 22-02-2012: Izas. Escaneo nieve. Nacho López, Cesar Azorín, Jesús Revuelto (2 días). 

16. 28-02-2012: Balneario de Panticosa. Escaneo nieve bosque. Pedro Sánchez, Nacho López, 

Jesús Revuelto.  

17. 05-03-2012: Andorra. Escaneos Arcalis, Santa Coloma, Canillo. Nacho López, Marc Pons, 

Eric Jover, Ramón Copons, Jesús Revuelto (3 días). 

18. 13-03-2012 Balneario de Panticosa. Pruebas escáner posición escaneo. Pedro Sánchez, 

Jesús Revuelto. 
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19. 14-03-2012: Balneario de Panticosa. Escaneo nieve bosque. Nacho López, Pedro Sánchez, 

Jesús Revuelto. 

20. 23-03-2012 Balneario de Panticosa. Escaneo test cotas altas. Nacho López, Jesús Revuelto. 

21. 02-04-2012: Izas. Escaneo nieve. John Pomery, Nacho López, Jesús Revuelto. 

22. 16-04-2012: Balneario de Panticosa. Escaneo nieve bosque. Sergio Vicente, Nacho López, 

Jesús Revuelto 

23. 17-04-2012: Izas. Escaneo nieve. Sergio Vicente, Nacho López, Jesús Revuelto. 

24. 02-05-2012: Izas. Escaneo nieve. Cesar Azorín, Nacho López, Jesús Revuelto. 

25. 14-05-2012: Izas. Escaneo nieve. Cesar Azorín, Nacho López, Jesús Revuelto 

26. 24-05-2012: Izas. Escaneo nieve. Cesar Azorín, Nacho López, Jesús Revuelto. 

27. 30-05-2012: Balneario de Panticosa. Escaneo base bosque y GPS diferencial. Gonzalo 

Arguedas, Nacho López, Jesús Revuelto. 

28. 31-05-2012: Balneario de Panticosa. Escaneo nieve test cotas altas. Gonzalo Arguedas, 

Nacho López, Jesús Revuelto. 

29. 16-06-2012: Barberà de la Conca, Mont-roig del camp. Escaneo deslizamientos. Javier 

Zabalza, Nacho López, Ramon Copons, Oriol Monserrat (2 días). 

30. 17-07-2012: Izas, Escaneo base y GPS diferencial coordenadas reflectores. Gonzalo 

Arguedas, Cesar Azorín, Jesús Revuelto, Nacho López, Javier Zabalza, Gonzalo López. (2 

días). 

31. 03-09-2012: Araguas del Solano. Escaneo erosión. Estela Nadal, Jesús Revuelto. 

32. 11-09-2012: Panticosa y Balneario de Panticosa. Heleros Tendeñera y glaciar infiernos, 

termómetros y fotogrametría, Gonzalo López, Nacho López, Jesús Revuelto. 

33. 20-09-2012: Balcón de Pineta. Escaneo Glaciar Monte Perdido. Nacho López, Sergio 

Vicente, Alfredo Serreta, Bosco Ponz, Iker Pardo, Ibai Rico, Yasmina San Juan, Jose María 

García, Santiago Beguería, Jesús Revuelto (2 días). 

34. 03-10-2012: Balneario de Panticosa. Escaneo base cotas altas. Cesar Azorín, Jesús 

Revuelto. 

35. 04-10-2012: Balneario de Panticosa. Zapata hormigón torre meteorológica. Sergio Vicente, 

Cesar Azorín, Nacho López, Pedro Sánchez, Jesús Revuelto.  

36. 23-10-2012: Andorra. Escaneo Arcalis. Nacho López, Marc Pons, Eric Jover, Jesús 

Revuelto (2 días) 

37. 24-10-2012: Alfajarín. Deslizamiento. Nacho López, Jesús Revuelto. 

38. 21-11-2012: Izas y Balneario de Panticosa. Colocación reflectores Izas y Bosque. Nacho 

López, Cesar Azorín, Jesús Revuelto (2 días). 

39. 06-12-2012: Balneario de Panticosa. Escaneo nieve bosque. Laura Revuelto, Fausto Marín, 

Jesús Revuelto. 
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40. 02-12-2012: Araguas del Solano. Escaneo erosión margas. Estela Nadal, José María 

García, Yasmina San Juan, Jesús Revuelto. 

41. 11-12-2012: Balneario de Panticosa. Escaneo nieve bosque. Nacho López, Jesús Revuelto. 

42. 20-12-2012: Balneario de Panticosa. Escaneo nieve Bosque. Nacho López, Pedro Sánchez, 

Jesús Revuelto. 

43. 26-12-2012: Balneario de Panticosa. Escaneo nieve bosque y cotas altas. Alberto González, 

Nacho López, Daniel Basán, Jesús Revuelto (2 días). 

44. 17-02-2013: Izas. Escaneo nieve. Ana Lapeña, Jesús Revilla, Nacho López, Jesús 

Revuelto. 

45. 27-02-2013: Balneario de Panticosa. Escaneo nieve bosque. Cesar Azorín, Gonzalo 

Arguedas, Saúl Fontaneda, Jesús Revuelto. 

46. 02-03-2013: Balneario de Panticosa. Escaneo nieve cotas altas. Néstor Tejero, Elena 

Tamame, Jesús Revuelto. 

47. 03-03-2013: Balneario de Panticosa. Validación manual cotas altas. Jesús Revuelto. 

48. 04-03-2013: Balneario de Panticosa. Escaneo nieve bosque. Javier Bajador, Jesús Revuelto. 

49. 08-03-2013: Balneario de Panticosa. Escaneo nieve bosque. Carmelo Revuelto, Nacho 

López, Jesús Revuelto. 

50. 15-03-2013 Balneario de Panticosa. Escaneo nieve bosque. Sergio Vicente, Jesús Revuelto. 

51. 21-03-2013: Balneario de Panticosa. Escaneo nieve bosque. Guido Lucci, Oriol Monserrat, 

Javier Bajador, Jesús Revuelto. 

52. 03-04-2013: Izas. Escaneo nieve. Pedro Sánchez, Jesús Revilla, Nacho López, Jesús 

Revuelto. 

53. 09-04-2013: Balneario de Panticosa. Escaneo nieve. Fergus Reig, Jesús Revuelto. 

54. 15-04-2013: Araguas del Solano. Escaneo erosión margas. Estela Nadal, Pedro Sánchez, 

Pili Serrano, Jesús Revuelto. 

55. 14-04-2013: Balneario de Panticosa. Escaneo nieve bosque. Laura Revuelto, Fausto Marín, 

Jesús Revuelto. 

56. 17-04-2013: Balneario de Panticosa. Escaneo nieve cotas altas y validación manual. Pedro 

Sánchez, Saúl Fontaneda, Cesar Azorín, Jesús Revuelto.  

57. 18-04-2013: Balneario de Panticosa. Escaneo nieve bosque. Cesar Azorín, Saul Fontaneda, 

Jesús Revuelto. 

58. 25-04-2013: Izas. Escaneo nieve. Enrique Serrano, Ibai Rico, Nacho López, Jesús 

Revuelto. 

59. 26-04-2013: Balneario de Panticosa. Escaneo nieve bosque. Nacho López, Jesús Revuelto. 

60. 02-05-2013: Balneario de Panticosa. Escaneo nieve bosque. Saúl Fontaneda, Jesús 

Revuelto. 
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61. 23-05-2013: Balneario de Panticosa. Escaneo base bosque. Javier Zabalza, Jesús Revuelto. 

62. 26-05-2013: Balneario de Panticosa. Escaneo nieve cotas altas. Jorge Bajador, Jesús 

Revuelto. 

63. 06-06-2013: Izas. Escaneo nieve. Fergus Reig, Cesar Azorín, Jesús Revuelto (2 días). 

64. 12-06-2013: Izas. Escaneo nieve. Jorge Bajador, Nacho López, Jesús Revuelto (2 días). 

65. 20-06-2013: Izas. Escaneo nieve. Cesar Azorín, Nacho López, Jesús Revuelto (2 días). 

66. 24-06-2013: Balneario de Panticosa. Escaneo nieve cotas altas. Nacho López, Jesús 

Revuelto. 

67. 17-07-2013: Balneario de Panticosa. Instalación torre meteorológica. Cesar Azorín, Nacho 

López, Jesús Revilla, Jesús Revuelto.  

68. 23-07-2013: Araguas del Solano. Escaneo erosión y fotogrametría. Paz Errea, Estela Nadal, 

Jesús Revuelto. 

69. 09-09-2013: Izas. GPS diferencial puntos terreno fotos. Pedro Sánchez, Alfredo Serreta, 

Jesús Revuelto. 

70. 16-09-2013: Balcón de Pineta. Escaneo Glaciar Monte Perdido. Fausto Marín, Nacho 

López, Ibai Rico, Alfredo Serreta, Gonzalo López, Jesús Revuelto (3 días) 

71. 02-10-2013: Vignemale (Refugio puente de España): Escaneo Glaciar Norte Vignemale. 

Ibai Rico, Javier Zabalza, Nacho López, Pedro Sánchez (2 días). 

72. 29-10-2013: Aneto. Escaneo deslizamiento Senet. Nacho López, Amparo Nuñez y Felipe 

Buill. 

73. 11-11-2013: Izas. Mantenimiento reflectores y torre meteorológica, Javier Zabalza, Laura 

Revuelto, Fausto Marín, Jesús Revuelto. 

74. 12-11-2013: Araguas del Solano. Escaneo erosión y fotogrametría. Paz Errea, Estela Nadal, 

Jesús Revuelto. 

75. 15-11-2013: Balneario de Panticosa. Colocación cámaras time-lapse. Nacho López, Pedro 

Sánchez, Jesús Revuelo. 

76. 20-11-2013: Balneario de Panticosa. Colocación cámaras time-lapse. Cesar Azorín, Jesús 

Revuelto. 

77. 28-11-2013: Balneario de Panticosa. Colocación cámaras time-lapse. Nacho López, Pedro 

Sánchez, Jesús Revuelto 

78. 16-12-2013: Aneto. Escaneo deslizamiento Senet. Nacho López, Amparo Nuñez y Felipe 

Buill. 

79. 18-12-2013: Balneario de Panticosa. Escaneo nieve bosque. Cesar Azorín, Jesús Revuelto 

80. 21-01-2014: Balneario de Panticosa. Escaneo nieve cotas altas y bosque. Cesar Azorín, 

Nacho López, Jesús Revuelto (2 días). 
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81. 31-01-2014: Balneario de Panticosa. Escaneo nieve bosque. Pedro Sánchez, Jesús 

Revuelto. 

82. 03-02-2014: Izas. Escaneo nieve. Nacho López, Jesús Revuelto (2 días). 

83. 22-02-2014: Izas. Escaneo nieve. Nacho López, Ana Lapeña, Ibai Rico, Jesús Revuelto. 

84. 17-03-2014: Balneario de Panticosa. Escaneo nieve cotas altas y bosque. Enrique Morán, 

Pedro Sánchez, Jesús Revuelto (2 días). 

85. 26-03-2014: Araguas del Solano. Escaneo erosión y fotogrametría. Estela Nadal, Paz Errea, 

Jesús Revuelto.  

86. 01-04-2014: Balneario de Panticosa. Escaneo nieve bosque. Pedro Sánchez, Nacho López, 

María Leunda, Enrique Morán, Jesús Revuelto. 

87. 07-04-2014: Balneario de Panticosa. Escaneo nieve cotas altas y bosque. Pedro Sánchez, 

Jesús Revuelto. 

88. 09-04-2014: Izas. Escaneo nieve. Nacho López, Jesús Revuelto. 

89. 28-04-2014: Balcón de Pineta. Escaneo glaciar Monte Perdido. Nacho López, Ibai Rico, 

Alfredo Serreta, Gonzalo López (3 días). 

90. 05-05-2014: Izas. Escaneo nieve. Cesar Azorín, Jesús Revuelto. 

91. 06-05-2014: Balneario de Panticosa. Escaneo base bosque. Cesar Azorín, Jesús Revuelto. 

92. 03-06-2014: Aneto. Escaneo deslizamiento Senet. Amparo Nuñez, Felipe Buill, Jesús 

Revuelto. 

93. 05-06-2014: Balneario de Panticosa. Escaneo nieve cotas altas. Cesar Azorín, Jesús 

Revuelto. 

94. 15-06-2014: Gredos. Zapata hormigón torre meteorológica. Nacho López, Enrique Moran, 

Antonio Ceballos, Alberto Rodríguez (3 días) 

95. 3-07-2014: Araguas del Solano. Escaneo erosión y fotogrametría. Estela Nadal, Paz Errea, 

Jesús Revuelto. 

96. 02-09-2014: Balcón de Pineta. Escaneo Glaciar Monte Perdido. Cesar Azorín, Guillermo 

Picazo, Nacho López, Alfredo Serreta, Ibai Rico, Enrique Serrano, Alba Sanmiguel, Jesús 

Revuelto (3 días).  

97. 15-09-2014: Balneario de Panticosa. Colocación cámaras time-lapse, Enrique Morán, 

Guillermo Picazo, Alba Sanmiguel, Nacho López (2 días). 

98. 20-09-2014 Balcón de Pineta. Escaneo Glaciar Monte Perdido. Nacho López, Guille, Ibai 

Rico, Alfredo Serreta (2 días).  

99. 06-10-2014: Gredos: Montaje torre meteorológica. Cesar Azorín, Antonio Ceballos, 

Antonio Morán, Alberto Mamo, Enrique Morán, Guillermo Picazo, Alba Sanmiguel. 

100. 06-11-2014: Izas. Escaneo nieve. Alberto González, Nacho López. 
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101. 21-01-2015: Balneario de Panticosa. Muestreo manual Panticosa bosque. Nacho López, 

Alba Sanmiguel, Enrique Morán, Jesús Revuelto (2 días). 

102. 26-01-2015 Izas. Escaneo nieve. Nacho López, Jesús Revuelto. 

103. 06-03-2015: Izas. Escaneo nieve. Nacho López, Ana Lapeña, Jesús Revilla. 

104. 11-03-2015: Balneario de Panticosa. Escaneo nieve cotas altas. Descarga cámaras time 

lapse. Pedro Sánchez, Enrique Morán, Nacho López, Jesús Revuelto (2 días). 

105. 13-03-2015: Abiego (Huesca). Escaneo Icnitas. Diego Castanera, Jesús Revuelto.  

106. 31-03-2015: Gredos. Escaneo nieve y reparación torre. Esteban Alonso, Nacho López, 

Enrique Morán, Antonio Ceballos (3 días). 

107. 28-04-2015: Balcón de Pineta. Escaneo glaciar Monte Perdido. Esteban Alonso, Ibai Rico, 

Alfredo Serreta, Enrique Serrano, Nacho López (3 días). 

108. 6-04-2015: Peña Lara y Moncayo. Escaneo nieve. Esteban Alonso, Nacho  López (3 días). 

109. 13-04-2015: Balneario de Panticosa. Muestreo manual nieve bosque. Pedro Sánchez, 

Enrique Morán. 

110. 12-05-2015: Izas. Escaneo nieve, mediciones isótopos. Enrique Morán, Esteban Alonso, 

Jerome Latron , Nacho López (3 días). 

111. 20-05-2015 Balneario de Panticosa. Escaneo nieve cotas altas. Esteban Alonso, Jesús 

Revuelto. 
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Edición portada y contraportada: Javier Zabalza. 

 

Imagen de portada: Cesar Azorín Molina. Tomada al amanecer del 23 de Febrero de 2012. Vista 

del Valle de Tena desde la Cuenca Experimental de Izas. Al fondo Sierra de Tendeñera y a la 

izquierda macizo de Garmo Negro y Argualas. 

 

Imagen de contraportada: Jesús Revuelto Benedí. Tomada durante una medición con el TLS el 

14 de Abril de 2012. Vista panorámica de la Cuenca Experimental de Izas con el TLS. Al fondo 

pico de Punta Escarra. 
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