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Résumé

Nous avons étudié la faisabilité de l’assimilation de la temperature de brillance (Tb)

pour l’estimation des paramètres physiques de la neige en utilisant un modèle de

métamorphisme de neige plus réaliste que celui qui a été utilisé dans les études précédentes.

Le travail se divise en cinq parties. Les deux premiers chapitres sont consacrés à la revue de la

littérature.

Dans le chapitre 3 nous avons étudié l’utilisation de la photographie numérique proche-

infrarouge pour estimer la longueur de corrélation de la neige pour la modélisation de

l’émission micro-onde. L’étude est basée sur les travaux expérimentaux que nous avons

réalisés en Avril 2006 sur la neige dans les alpes suisses. Des mesures radiométriques et

proche infrarouge d’échantillons de neige sous différentes conditions expérimentales ont été

réalisées. Nous avons utilisé une relation empirique pour relier la réflectance dans le proche

infrarouge de la neige à la surface spécifique de la neige puis avons converti la surface

spécifique en longueur de correlation. À partir des mesures de Tb de la neige à 21 et 35 GHz,

nous avons dérivé les coefficients de diffusions micro-onde de la neige en inversant les

modèles de transfert radiatif Sandwich et Six-flux. Les longueurs de corrélations que nous

avons trouvées sont dans la game déterminée par des travaux antérieurs en chambre froide.

Dans le chapitre 4, la performance du filtre de Kalman d’ensemble de Monte Carlo

(EnKF) pour l’estimation de l’équivalent en eau de la neige a été évaluée en assimilant les Tb

simulées par un modèle physique de neige multicouche (CROCUS). Le système d’assimilation

était tourné en utilisant un ensemble de 20 réplicats de données météorologiques

artificiellement biaisées. Le EnKf était en mesure d’estimer la valeur de l’équivalent en eau de

la neige avec une moyenne saisonnière de RMSE de 1.2 cm (8.1%). Le système était aussi

capable de simuler le profil de taille de grains de neige du manteau ce qui était impossible à

faire avec les systèmes d’assimilation anciens.

Dans le chapitre 5 nous avons testé le système d’assimilation avec des données in situ

du CLPX-l (Cold Land Processes field Experiment-1 2002-2003). Avant de tester le système

d’assimilation, nous avons d’abord procédé à la vérification de la précision de la prédiction des
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Tb en couplant le modèle de métamorphisme CROCUS au modèle démission MEMLS. Nous

avons trouvé que la prédiction des Tbs se comparent favorablement avec les données in situ

seulement lorsque CROCUS±MEMLS est forcé avec les données météo corrigées. La

précision de la prediction de Tb est entre + 7 K et + 40 K. La différence de polarisation est

sousestimée de 25 à 75%. Nous avons enfin assimilé les Tbs mesurées dans le modèle

CROCUS afin d’estimer le SWE. Le système était en mesure d’estimer le SWE avec un bias de

0.14cm et une RMSE de 1.32cm (8.3%), ce qui représente une amélioration plus de 75% sur

la valeur du RMSE lorsque CROCUS est tourné seul, sans assimilation.

Mots-clés:

Temperature de brillance, assimilation des données, equivalent en eau de la neige, modèle de

métamorphisme, modèle de transfert radiatif, filtre de Kalman d’ensemble, profondeur de

neige, longueur de corrélation, surface spécifique de la neige
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Abstract

The feasibility ofa radiance assimilation using a multi-layered snow physical model to

estimate snow physical parameters is studied. The work is divided in five parts. The first two

chapters are dedicated to the literature review. In the third chapter, experimental work was

conducted in the alpine snow to estimate snow correlation (for microwave emission

modelling) using near-infrared digital photography. We made microwave radiometric and

near-infrared reflectance measurements of snow slabs under different experimental conditions.

We used an empirical relation to link near-infrared reflectance of snow to the specific surface

area (SSA), and converted the SSA into the correlation length. From the measurements of

snow radiances at 21 and 35 GHz, we derived the microwave scattering coefficient by

inverting two coupled radiative transfer models (RTM) (the sandwich and six-flux model). The

correlation lengths found are in the same range as those determined in the literature using cold

laboratory work. The technique shows great potential in the determination of the snow

correlation length under field conditions.

In the fourth chapter, the performance ofthe ensemble Kalman filter (EnKf) for snow

water equivalent (SWE) estimation is assessed b)’ assimilating synthetic microwave

observations at Ground Based Microwave Radiometer (GBMR-7) frequencies (18.7, 23.8,

36.5. 89 vertical and horizontal polarization) into a snow physics model, CROCUS. CROCUS

has a realistic stratigraphic and ice layer modelling scheme. This work builds on previous

methods that used snow physics model with limited number of layers. Data assimilation

methods require accurate pred jetions of the brightness temperature (Tb) emitted by the

snowpack. It has been shown that the accuracy of RTMs is sensitive to the stratigraphic

representation ofthe snowpack. However, as the stratigraphic fidelity increases, the number of

layers increases, as does the number of state variables estimated in the assimilation. One goal

ofthe present study is to investigate whether passive microwave measurements can be used in

a radiance assimilation (RA) scheme to characterize a more realistic stratigraphy. The EnKF

run was performed with an ensemble size of 20 using artificially biased meteorological forcing

data. The snow model was given biased precipitation to represent systematic errors introduced

in modelling, yet the EnKF was stili able to recover the “true” value of SWE with a

seasonally-integrated RMSE ofonly 1.2 cm (8.1%). The RA was also able to extract the grain

size profile at much higher dimensionality which shows that the many-to-one problem of
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SWE-Tb relationship can be overcome by assimilation, even when the grain size profile varies

constantly with depth.

The last chapter was on the validation of the data assimilation system using a point

scale radiance observations from the CLPX-l GBMR-7. We first predicted snow radiance by

coupling the snow model CROCUS to the snow emission model (MEMLS). Significant

improvement of Tb simulation was achieved for the fate february window for ail three

frequencies. The range of the underestimation of the polarization difference is between 25%

and 75%. We then assimilated ail six channels measurements ofthe GBMR-7. The filter was

able to accurateiy retrïeve the SWE for periods of time when the Tb measurements were

available. The resuits show that RA using EnKF with a multi-layered snow mode! can be used

to determine snow physica! parameters even with a biased precipitation forcing.

Keywords:

Brightness temperature, radiance assimilation, snow depth, snow water equivalent, snow

physical mode!, radiative transfer model, ensemble Kalman filter, corre!ation length, snow

specific surface.
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Sommaire

La couverture nivale saisonnière avec sa grande variabilité temporelle a un impact

important sur le climat, les processus hydrologiques et sur les activités humaines (Singh et

Singh, 2001). À l’échelle globale, la neige influence fortement les échanges énergétiques entre

la surface de la terre et l’atmosphère (Hillard et al., 2003). Sur le plan régional, elle peut être

considérée comme une précieuse ressource “renouvelable”. Dans les prairies canadiennes par

exemple, la neige saisonnière génère à elle seule jusqu’à 80% de l’écoulement annuel de

surface (Granger et Gray, 1 990). Dans les régions à couverture nivale saisonnière, la quantité

d’eau stockée dans le manteau nival, c’est-à-dire son équivalent en eau (SWE), constitue le

paramètre le plus important dans l’estimation du rendement du drainage de l’eau dans le bassin

versant. La connaissance des variations saisonnières de SWE est donc cruciale pour la gestion

efficace des ressources en eau. Elle aide au suivi du climat, à l’amélioration des prévisions

météorologiques, à la gestion et de l’approvisionnement en eau pour l’irrigation et pour les

centrales hydro-électriques. Elle permet aussi d’anticiper les effets des inondations, de prédire

le rendement des récoltes et de contrôler le ruissellement (Matzler, 1985).

Traditionnellement, le SWE s’obtient à partir des mesures au sol dans des sites pré-

sélectionnés. Souvent, seule la profondeur de la neige est déterminée, à partir de laquelle le

SWE est estimé. Ces mesures ponctuelles restent limitées dans l’espace, longues et cofiteuses.

Pour une surveillance à grande échelle, les capteurs satellitaires constituent une source

possible de données de la neige. Les rayonnements micro-onde, du fait de leur capacité à

traverser les nuages et à pénétrer le manteau nival, constituent potentiellement un excellent

moyen de détermination des paramètres physiques de la neige (étendue, profondeur, SWE)

(Kunzi et al., 1982; Chang et al., 1982).

Jusqu’à une date récente, les données micro-ondes satellitaires ont été utilisées dans des

algorithmes simples et directs pour estimer de manière approximative les paramètres

physiques de la neige. Des régressions linéaires sont trouvées entre la température de brillance

(Tb) de neige et son équivalent en eau (Chang et al., 1987; Foster et aI, 1991; Hallikainen et

Jolma 1992; Goïta et al., 2003). Dans ces algorithmes, seule une fraction de l’information

disponible du capteur est utilisée (par exemple seulement 2 canaux sur 9 des capteurs SSM/1

sont utilisés). Ainsi, une quantité importante d’informations est perdue. De plus, la plupart des
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modèles sont très dépendants des conditions locales de la neige. Appliqués à d’autres régions

de morphologie de neige et de couverture du sol différentes, leur performance se détériore

rapidement (foster et al., 2005; Dong et al., 2005).

Toute l’histoire du manteau nival est stockée dans la neige par son état métamorphique.

Se servir de cette information peut réduire les ambiguïtés dans l’inversion de la Tb pour

l’obtention des propriétés de la neige (Mtzler, 2003). Il existe des modèles de métamorphisme

de neige qui (forcés par des données météorologiques) sont capables de simuler l’évolution

des paramètres physiques de la neige en fonction du temps (par exemples: CROCUS (Brun et

al., 1992), SNTHERM (Jordan, 1991) et SNOWPACK (Lehning et al. 2000a, b). Aussi, il

existe des modèles d’émission micro-onde de neige (exemple de MEMLS (Wiesmann et

Mitzler, 1 999) capables de simuler la Tb d’un manteau de neige multicouche. Par conséquent,

il est possible de simuler l’émission micro-onde du manteau au capteur si son état géophysique

est connu. Au lieu d’inverser le modèle d’émission micro-onde, il peut être intégré dans un

système d’assimilation de données.

L’assimilation de données est une méthode d’intégration des données satellitaires dans

un modèle de métamorphisme de neige. C’est une manière implicite et plus attrayante

d’inversion des modèles de transfert radiatif (Durand et Margulis, 2006). Pour que cette

approche, réussisse, des modèles assez réalistes et précis de métamorphisme de neige et de

transfert radiatif sont nécessaires. La determination du SWE par l’utilisation d’un système

d’assimilation de Tbs a été appliquée pour la première fois par Durand et Margulis (2006).

Mais dans le but de réduire la complexité algorithmique de leur modèle d’assimilation, ils ont

utilisé un modèle de métamorphisme, le SAST (Simple Snow—Atmosphere—Soil Transfer

model, Sun et al., 1 999) qui limite le nombre de couches de neige à trois. Ils ont conclu quafin

que la Tb simulée à partir du couplage des modèles de neige et d’émission soit adéquate pour

l’assimilation, le modèle de métamorphisme doit prédire de manière précise la stratigraphie

des couches de neige. Ce qui signifie que le nombre de couche de neige au cours de la saison

peu dépasser trois.

Le but principal de la thèse est d’étudier la faisabilité de l’assimilation de la Tb dans un

modèle multi-couche de neige pour l’estimation des paramètres physiques de la neige en

utilisant un modèle de métamorphisme de neige plus réaliste que celui qui a été utilisé dans les

études précédentes. La question scientifique à laquelle nous avons voulu répondre est la
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suivante: Est ce qu’un système d’assimilation de Tb avec le filtre d’ensemble de Kalman

utilisant un modèle de métamorphisme de neige multicouche peut permettre d’estimer les

paramètres physiques de la neige? Cette thèse est divisée en cinq chapitres:

Dans le chapitre 1, nous rappelons les propriétés physiques de la neige. Ces propriétés

influencent la Tb de la neige. Il s’agit principalement de : la densité, la teneur en eau liquide, la

taille de grains de neige et l’équivalent en eau de la neige, produit de la densité par la hauteur.

Nous y discutons aussi les différents types de métamorphismes de neige, les échanges

d’énergie dans la neige, ainsi que les formules utilisées pour calculer la constante diélectrique

de la neige.

Le chapitre 2 traite des propriétés de diffusion micro-onde de la neige. La diffusion des

micro-ondes par les grains de neige est le phénomène le plus important qui influence la Tb du

manteau nival. Nous avons présenté les aspects théoriques de la diffusion et l’équation de

transfert radiatif. Par ailleurs les solutions de cette équation sont aussi discutées.

Dans le chapitre 3 nous avons étudié l’utilisation de la photographie numérique proche-

infrarouge pour estimer la longueur de corrélation de la neige pour la modélisation de

l’émission micro-onde. Le modèle d’émission micro-onde pour les manteaux de neige stratifiés

(MEMLS) est un modèle de transfert radiatif qui nécessite entre autres paramètres, la longueur

de corrélation pour chaque couche de neige. La longueur de corrélation est le paramètre de

structure qui est le plus critique pour le calcul de la diffusion micro-onde, et est reliée à la

surface spécifique de la matrice glace-air. Des études antérieures ont démontré un fait

important : pour que l’assimilation des données aboutisse à des résultats précis, le modèle

d’émission de la neige doit être capable de prédire la Tb avec une précision de + 5 K et pour

que cette precision soit atteinte, le modèle d’émission de neige doit prédire la Ingueur de

correlation avec une précision de +/-O.016 mm. Pour obtenir une telle précision, il est

nécessaire de trouver une manière de représenter la taille de grains des modèles physiques de

neige et d’émission par un même paramètre: la longueur de correlation. Pour cela, nous avons

consacré le chapitre 3 à l’établissement d’une nouvelle méthode pratique de determination de la

longueur de corrélation de la neige en utilisant sa surface spécifique estimée à partir de la

photographie dans le proche infrarouge (NTR). La méthode traditionnelle de détermination de

la longueur de corrélation exige un travail en chambre froide, long et laborieux. Ce paramètre
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important d’entrée du modèle a donc été toujours impossible à mesurer directement sur le

terrain. Pour contourner la difficulté de mesure de la longueur de corrélation, certains

chercheurs mesurent la taille des grains de neige sur le terrain pour ensuite la convertir en

longueur de corrélation en utilisant des formules empiriques. La conversion surestime souvent

la taille optique des grains de neige parce que la neige est un milieu tridimensionnel et par

conséquent ne peut pas être caractérisée par la taille de grains qui est un paramètre

unidimensionnel. L’étude de la détermination de la longueur de correlation par la photographie

NIR est basée sur les travaux expérimentaux que nous avons réalisés en Avril 2006 sur la

neige dans les alpes suisses. Nous avons réalisé des mesures radiométriques et proche

infrarouge d’échantillons de neige sous différentes conditions expérimentales. Nous avons

utilisé une relation empirique pour relier la réflectance dans le proche infrarouge de la neige à

la surface spécifique de la neige (Matzl and Schneebeli, 2006) puis avons converti la surface

spécifique en longueur de correlation. À partir des mesures de Tbs de la neige à 21 et 35 GHz,

nous avons dérivé les coefficients de diffusions micro-onde de la neige en inversant les

modèles de transfert radiatif Sandwich et Six-flux (Wiesmann et al., 199$). Les longueurs de

corrélations que nous avons trouvées sont dans la game déterminée par des travaux antérieurs

en chambre froide.

Dans le Chapitre 4 nous avons évalué la performance du système d’assimilation de

données que nous avons établi en combinant un modèle de métamorphisme de neige

multicouche (CROCUS) avec un modèle d’émission de neige (MEMLS). Traditionnellement,

dans l’inversion des données de télédétection micro-onde passive, des paramètres d’entrée du

modèle sont traités comme résultats recherchés, lorsqu’ils permettent de minimiser (via un

algorithme d’optimisation), la fonction de coût contenant la différence entre la Tb simulée par

le modèle d’émission et celle mesurée par le satellite. La difficulté de cette méthode

d’inversion est liée au fait que plusieurs combinaisons différentes de paramètres de neige

peuvent donner une même Tb. D’où l’importance d’avoir de l’information a priori sur le

manteau de neige. La Tb mesurée par les radiomètres constitue une information instantanée

sur la neige. Cette mesure est souvent entachée de bruits (erreurs). Il existe des modèles de

métamorphisme de neige qui, forcés par des données météorologiques sont capables de prédire

les changements de la structure interne de la neige en fonction du temps. La précision de cette

prédiction dépend de la qualité des données météorologiques et des approximations utilisées
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pour établir le modèle. Les avantages des données satellitaires et ceux du modèle de

métamorphisme peuvent être combinés en utilisant la technique d’assimilation de données: Le

modèle de métamorphisme simule l’évolution du manteau nival en fonction du temps, jusqu’au

moment où les mesures radiométriques soient disponibles. Les Tb mesurées, sont alors

comparées à celles simulées grace au couplage modèle de métamorphisme! modèle

d’émission; et quand cela est nécessaire, les résultats de la simulation sont ajustés en utilisant

un algorithme d’optimisation (le filtre de Kalman d’ensemble de Monte Carlo (EnKf)). Le

système d’assimilation de données se compose de trois principales parties: (1) le modèle de

métamorphisme de la neige qui prédit l’évolution des paramètres physiques de la neige, (2) le

modèle de transfert radiatif, qui convertit les profils de neige simulés en Tb correspondante ; et

(3) l’algorithme d’optimisation, le filtre de Kalman d’ensemble (EnKF) qui corrige (ajuste) le

profil simulé de neige en tenant compte des erreurs des modèles et de celles des mesures.

La performance du EnKf pour l’estimation de l’équivalent en eau de la neige a été

évaluée en assimilant les Tb micro-ondes simulées par un modèle physique de neige

multicouche. Les fréquences (18.7, 23.8, 36.5, 89 polarization verticale et horizontale)

correspondent à celles du radiomètre «Ground Based Microwave Radiometer (GBMR-7)». Le

système d’assimilation était tourné en utilisant un ensemble de 20 réplicats de données

météorologiques artificiellement biaisées. Le modèle de neige a reçu des précipitations

biaisées, et malgré cela l’EnKF était en mesure d’estimer ta valeur de l’équivalent en eau de la

neige avec une moyenne saisonnière de RMSE de 1.2 cm (8.1%) malgré la présence d’eau

liquide dans la neige en fin de saison. Le système était aussi capable de simuler le profil de

taille de grains de neige du manteau ce qui était impossible à faire avec les systèmes

d’assimilation anciens.

Dans le chapitre 5 nous avons testé le système d’assimilation avec des données in situ

du CLPX-1(Cold Land Processes Field Experiment-1 2002-2003). Avant de tester le système

d’assimilation, nous avons d’abord procédé à la vérification de la précision de la prédiction des

Tb en couplant le modèle de neige (CROCUS) et le modèle d’émission de la neige (MEMLS).

En considérant que les précipitations mesurées par les pluviomètres sont souvent biaisées,

nous avons tourné CROCUS avec des précipitations mesurées et des précipitations corrigées.

Nous avons démontré que lorsque CROCUS était tourné avec des précipitations corrigées (en

multipliant la précipitation mesurée par 1 .65), la simulation de l’équivalent en eau de la neige
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s’améliorait considérablement. Le RMSE de simulation de l’équivalent en eau de la neige était

de 9.2% comparée à 41.6% quand CROCUS est tourné avec des précipitations non corrigées.

CROCUS est ensuite couplé au modèle d’émission de la neige MEMLS, afin de prédire

l’évolution saisonnière des Tbs. Les Tbs simulées par le couple CROCUS+MEMLS sont

comparées aux données de vérité terrain mesurées par le radiomètres GBMR-7 lors de la

campagne de terrain CLPX-l. Nous avons trouvé que la prédiction des Tbs se compare

favorablement avec les données in situ seulement lorsque le couple CROCUS+MEMLS est

forcé avec les données météorologiques corrigées. La précision de la prediction de Tb est entre
+ 7 K et ± 40 K. La différence de polarisation est sousestimée de 25 à 75%, et cela est dû au
fait que CROCUS simule mal la densité des couches de glace et autre couches minces qui se
forment dans le manteau. L’évolution saisonnière des Tbs peut être divisée en trois parties: la
première période est caractérisée par une diminution de Tbs (en fonction du temps) due à la
diffusion micro-onde de la neige. La seconde période est caractérisée par des températures
plus ou moins stables avec des pics dûs à l’alternance d’absorption des micro-ondes pendant le
jour et de diffusion due aux couches de glace qui se forment pendant le gel dans la nuit. La
troisième période est dominée par des Tbs élevées due à l’augmentation de l’absorption micro

onde du fait de la présence permanente de l’eau liquide dans le manteau de neige. Nous avons
enfin assimilé les Tbs mesurées dans le modèle CROCUS afin d’estimer le SWE. Le système
était en mesure d’estimer le SWE avec un bias de 0.14 cm et une RMSE de 1.32 cm (8.3%), ce
qui représente une amélioration plus de 75% sur la valeur du RMSE lorsque CROCUS est
tourné seul, sans assimilation.
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Introduction

The seasonal snow cover lias a very strong impact on climate, hydrological processes

and on human activities (Kukla, 1981). It may cover at its maximum extent as much as 62% of

the Eurasian continent and ai] ofAmerica north of 35 degrees (Singli and Singli, 2001). The

role ofthe snow cover may be considered in various scales. On the large scale, the seasonal

snow is a critical variable in the global climate system (Kukla and Robinson, 1981). Snow

cover, because of its high aibedo and latent heat, modifies energy exchanges between the

surface and atmosphere (Walsh et al. 1982; Derksen and LeDrew, 2000). As the frozen storage

term in water balance, snow is considered, on the regional scale as a valuable resource.

Monitoring of the snows extent, water equivalent and melting condition is essential for

hydrologicat forecasts in many regions, providing basic data for hydroelectric power

generation, fresh water supply, river traffic, irrigation and flood control. With the increasing

world populations ever increasing demand for fresh water, the optimum management of this

resource is becoming important. The total amount of water stored in a snowpack is an

important parameter for hydrological and water management applications. Knowing the snow

water equivalent (SWE), and its distribution helps to follow the development ofthe climate, to

improve weather forecasts, to predict water supply for irrigation and hydro-power stations, to

anticipate flooding and to forecast crop yields (Mitzler. 1987).

Traditionally, SWE is obtained from ground measurements at selected sites. for.dry

winter snow, often only the snow depth is determined, from which the water equiva]ent can

then be estimated. These spot measurements are spatially limited, time consuming and costiy.

For large-scale monitoring, satellite sensors are the optimum sources ofsnow data. Visible and

near-infrared satellite remote sensing provides coverage of snow extent at a reiatively high

resolution and accordingly valuable data for hydrology (Rango, 1983). The shortcomings of

these data sources are the frequent cloudiness in many regions of the world, the

underestimation of the cover where dense forests mask the underlying snow and the lack of

information on the snow depth (Kukia and Robinson, 1981; Dewey and Heim, 1981).

Microwave remote sensing lias great potential because of the capabilities for depth

penetration, all-weather observation and night-time viewing. Due to its ability to penetrate the

snowpack and the frequency-dependent scattering losses in diy snow, spaceborne microwave

measurements can be used for an effective monitoring of snowpack parameters (area extent,



depth, water equivalent, wet/dry state) (Kunzi et al., 1982; Chang et al., 1982).

Until recently, two different approaches were used to estimate SWE using microwave

measurements. The first approach is purely empirical. Linear regression relationships are

found between the snow brightness temperature (Tb) and its water equivalent (Chang et al.,

1987: foster et al., 1991: Hallikainen and Jolma, 1992; Goïta et al. 2003). These sorts of

algorithms are generally based on correlation between ground-based and satellite-borne

measurements. Most ofthem are tuned to regional snow conditions. If applied to regions with

different snow morpliology and land cover, the performance deteriorates drastically (Foster et

al., 2005; Dong et al., 2005). Errors between 25 and 60% have been reported for some

regression formulas (Foster et al. 2005). Also, the estimates tend to saturate for moderately

deep snow depth (50 to 100 cm) (Chang et al., 1982; Chang et al., 1987). This makes them

unsuitable for use in areas where the snow depth exceeds a meter.

The second approach is a direct inversion of a radiative transfer moUd (RTM). The

technique uses measured Tb and a RTM, to determine estimates ofthe model parameters given

the best fit with the observations (Menke, 1984). This is the analytical approach. f irst, the

snow emission is modelled with realistic snow parameters ( depth, density, liquid water

content, correlation length (grain size). What is simulated here is the interaction of

electromagnetic waves with elements that the snow is composed of: air, ice, and liquid water

(when snow is wet) (Matzler, 1 987). The forward modelling leads to a deeper physical

understanding of the interaction of electromagnetic waves with the snow cover. Examples of

such physically-based RTMs are: Dense Media Radiative Transfer (DMRT; Tsang et al.,

2000a) and the Microwaves Emission Model ofLayered Snowpack (MEMLS; Wiesmann and

Matzler, 1 999). Whcn the input parameters are available, these moUds can accurately predict

the Tb ofthe snow cover (Andreadis et al., 2007). The inversion is performed by considering

as retrieved quantities, those parameters that minimize a cost function containing the

difference between radiative transfer model predictions and measured values of the Tb

observation through an optimization algorithrn (Qin et al., 2006). Direct inversion of RTM to

retrieve SWE is difficult mainly because of the many-to-one nature of the SWE-Tb

relationship (Durand and Margulis, 2006), and also because of the uncertainties in the forward

modelling and noise in the data. The direct inversion is often ill-posed because there are only a

few measurement channels and a large number ofunknown state variables.

To address the problem ofthe many-to-one nature ofthe SWE-Tb relationship, Armstrong
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et al. (1993) proposed the use of apriori knowledge for ensuring the stability ofthe inversion

process and reducing uncertainties in retrieved resuits. Tait (1998) used o priori

meteorological and geographic data to ciassify pixels and performed separate regressions on

each. In the process of inverting the Helsinki University ofTechno!ogy snow emission mode!

(RUT, Pulliainen et al., 1999), snow grain size is given a certain weight and added to a cost

function as one constraint for yie]ding the maximum likelihood estimate for SWE. Josberger

and Mognard (2002) developed an airground temperature gradient estimate of grain size, and

integrated it into an SSMJI snow depth algorithm. Sturm and Benson (1997) developed a time

dependent estimate of grain size and KelIy et al. (2003) integrated it into an AMSR-E snow

depth algorithm. foster et ai. (2005) pointed out that most errors are due to inaccurate grain

diameter information and vegetation and proposed adjustments for the Chang et al. (1987)

algorithm for each of these factors. Even though these algorithms incorporate a priori

information, they do not estimate the uncertainty in the inversion (Foster et al. 2005).

Uncertainty estimation can be thought of as obtaining the second moment of distribution ofthe

quantity of interest, given the measurements (Qin et al., 2006). More genera]ly, a posterior

distribution of the quantity of interest, inclusive of ail moments of the probability density

function, is sought. It is significant to get the posterior distribution of the quantity of interest.

First, it benefits the quantitative assessment of uncertainties in retrieval parameters. Second,

the poster ior distribution could be treated as a priori knowledge for the next inversion (Qin et

al., 2006).

Data assimilation is a scheme to merge observations with modelled data (Evensen,

1994; Rami!J and Snyder, 2000; Houtekamer and Mitcheil, 1998; Keppenne, 2000; Mitchell

and Houtekamer, 2000; Anderson, 2001; Bishop et al., 2001; van Leeuwen, 2001; Reichie et

al., 2002; Whitaker and Rami!!, 2002; Tippett et al., 2003; Ott et al., 2004). This approach is

an implicit and more attractive way of inverting the RTMs (Durand and Margulis, 2006). Tb

assimilation (RA) using Ensemble Kaiman filter (EnKF), a recursive fiiter suitable for

problems with a large number of variables (Evensen, 1994), is a promising way to retrieve

SWE from satellite lb observations (Durand and Margulis, 2006; Durand et al., 2007). The

EnKF is an attractive data assimilation option because (j) its sequential structure is convenient

for processing remotely sensed measurements in real time, (ii) it provides information on the

estimate accuracy, and (iii) it is ab!e to account for a wide range of possible model and

measurement errors. Satellite data gives a “snapshot” ofthe snow lb (Qin et al., 2006). Many
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land surface models (LSM) have the ability to predict the changes in the snowpack with time,

using surface meteorological forcing. Prediction accuracy is limited because of mode!

inaccuracy (imperfect parameterization of snow dynamics) and errors in the meteorological

forcing. Accuracy is also limited due to the spatial variability ofthe snow cover within a pixel

and, the lack of in-situ measurements for comparison, over time as well as over a significant

spatial scale, when compared with passive microwave observations (foster et al. 2005). Using

the EnKF capitalizes on the LSM capability to capture the snow metamorphism dynamics and

also the satellite measurement capability to provide real-time information about the state ofthe

system. The LSM predicts the evolution of the snowpack, until new satellite Tbs become

available. At this time the new measured lb is compared to the modelled snowpack lb and the

snowpack properties are corrected on the basis ofthe observations. To make this comparison,

it is necessary to estimate the satellite lb using a RTM from the simulated snow profile (Graf

et al., 2006).

A number of studies have applied a product-based (SWE derived from empirical

formulas) assimilation methods for deriving the SWE (Siater and Clark, 2006; Andreadis and

Lettenmaier, 2006). Durand and Margulis (2006) were the first to study the feasibility ofa Tb

based assimilation. They used three-layer LSM (Simple Snow—Atmosphere—Soi! Transfer

moUd (SASI), Sun et al. 1999) with synthetic (simuÏated) measurements to design a season

long, local-scale lb RA experiment in order to test the feasibility of SWE estimation.

Synthetic measurements at SSM/I and AMSR-E frequencies and synthetic broadband albedo

observations were assimilated simultaneously in order to update snowpack states in a LSM

using the EnKF. Because the LSM uses a limited number of snow layers (maximum of three

layers), it does flot realistical]y simulate the snow stratigraphy needed to improve lb

simulations. Durand et al. (200$) recently demonstrated that stratigraphic errors due to a 3-

layer snow scheme could lead to errors higher than 10 K for the 19 and 37 GHz channels.

Su êt al. (2008) suggested that a mu]ti-layer approach could significantly enhance the

assimilation quality mainly because it improves the observation prediction accuracy by the

coupling ofthe LSM and the RIM. Durand et al. (200$) found that in order for the predicted

lbs from a coupled LSM and RIM to be adequate for RA purposes, the prediction accuracy

must be within +5 K. For this accuracy to be obtained, the following conditions must be met:

1) the LSM snow layering scheme must accurately simulate the stratigraphic snowpack layers.

2) the formation of ice layers due rnelt+refreeze metarnorphism must be accurately modelled
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and 3) the correlation Jength, the grain size parameter used by the Microwave Emission Model

of Layered Snowpacks (MEMLS, Wiesmann et Matzler, 1999)) must be predicted within +

0.01 6 mm. The correlation Jength can be defined as a measure ofthe average distance beyond

which variations of the dielectric constant in one region of space become uncorrelated with

those in another region (Parwani, 2002). The correlation length is the most critical input

parameter for RTM because it is use to compute the snow microwave scattering. The

traditional method ofdetermining the correlation length involves cold-laboratory work, which

is time consuming and laborious (see (Brzoska et aI., 2001 and Legagneux et al., 2002). So far

there is no practical way to determine this crucial parameters under tield conditions.

The main objective of the thesis is to develop a RA scheme that combines a realistic

snow physical and emission models with snow Tb measurements for a better estimation of

SWE.

The specific objectives ofthis work are:

i) study the feasibility ofa RA into a multi-layer snow physical model to determine the

S WE.

ii) propose a new practical method of determining the correlation Iength using near

infrared digital photography.

This thesis consists of five chapters. Chapter I is concerned with the snow’s physical

properties and its interaction with electromagnetic radiation. Chapter 2 deals specifically with

the scattering properties of the snow. Chapter 3 is about the determination of the correlation

length using near-infrared digital photography. Chapter 4 deals with the RA scheme using the

EnKf. Synthetic experiments are described and their efficiencies are assessed. In Chapter 5,

we use the EnKf to assimilate the Ground Based Microwave Radiometer (GBMR-7) Tb in

snow physical model and compare the retrieved depth and SWE to the in situ measurements.
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Chapter I: Physïcal properties of snow

1.1 Description ofsnow

Snow crystals precipitate in a wide variety of shapes (c.g.: dendrites, needles and

columns (Colbeck et al. 1990)). Once on the ground (deposition), snow crystals bond together

to form the snow cover. With each snowfall, a new layer is added to the SIIOW cover. The

properties of the new layer is ofien different from the older snow beneath it (Jordan et al.,

200$). Each of the layers is characterized by more or less well-defined boundaries and by

discontinuons physical properties such as temperature, density, grain size, shapes and wetness

(Weise, 1 996). forced by weather conditions, physical properties of each snow layer change

with time (Jordan et al., 200$). Understanding of snow physical properties is essential for

understanding the mass and heat fluxes in the snowpack and modelling of microwave

emissions from the snowpack. A short description of these properties is presented in this

chapter.

1.1.1 Basic properties ofsnow

Snow is a mixture of ice, air and water (wet snow). The ice particles bond together to

produce a distinctive snow texture. The texture is the resuit of the distribution of shape, size

and pores and water present in the medium (Jordan et al., 2008). Hydrologists usually classify

snow by visual examination as “crystafline”, “powdery”, “granular”, “pellet” and “mixtures”.

In terms of Iiquid water content, they classify it as dry or wet (Singh and Singh, 2001). During

the season, continuous structural changes occur in the snow due to compaction (due to weight

of the overlaying layers), changes in grain size and shape. The structural transformation is

known as metamorphism of snow (Alford, 1974). The basic properties used to describe snow

cover are: snow depth, density. liquid water content, grain size and stratigraphy (Colbeck et al.

1990).
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1.1.1.1 Density

Density is a fundamental snow physical parameter. The density is determined by

dividing a known mass ofsnow by its known volume. The units of density are g/cm3 or kg/m3.

Density of snow varies with time because of the rnetamorphism (Colbeck et al. 1990). The

density ranges of different type of snow are shown in Table 1.1.

Table 1.1.: Density range ofdifferent forms ofsnow (from Singh and Singh 2001).

Type ofsnow Density (kg.m3)

New snow (after falling in cairn) I O - 70

Wet new snow 100- 200

Settled snow 200 - 300

Depth hoar 200 - 300

Wind-packed snow 350 - 400

1.1.1.2 Grain shape and grain size

Newly formed snow often crystallizes in hexagonal (dendritic), needles and columns

shapes (Colbeck et al. 1990; Lachapelle, 1992; McClung and Schaerer, 2005). When snow

crystals deposit on the ground, they alter in form due to metamorphism. Thus, a snow cover

may contain grains of different shapes. An international classification of grain shape is given

in Colbeck et aï. (1990). Hydrologists define the size ofthe grains as the largesi dimension

(maximum diameter, D,,. ) ofthe the snow grain. Usually, it is measured in millirneters. A

mass of snow will contain a distribution of grain sizes. The grain size is determined as the

average greatest extension ofthe predominant snow grains. Colbeck’s classifications for snow

grain size are given in Table 1 .2. Volume scattering of electrornagnetic waves of a granular

medium such as snow, does flot depend on grain size as defined (Grenfeli and Warren 1999;

Mtz1er 2002). Physically meaningful structural parameters that must be used to compute the

scattering are the opticai grain size ( D0 ) or the snow specific area (SSA) or the correlation

iength (pc) (Stogryn, 1984; Lim et al., 1994; Mtzler, 1997 ; Mtzler, 2002). The D0 is
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defined as the diameter ofa sphere with the same total surface area and the same volume and

thus the same mass as the real grain (Grenfeli and Warren, 1999). The SSA of a granular

medium is the ratio of the surface area of the grains divided by their total volume (Mtzler,

2002). The pc and the D0 are inversely proportional to the SSA. Contrary to D,nax which is

a one dimensional parameter, the SSA and the pc are three-dimensional parameter that take

into account the shape and size of the grains, as well as their arrangement and orientation in

the snowpack (Mtz1er, 2002).

According to Debye et aI. (1957) and MitzIer (2002), the relation between the pc and

the SSA is as follows:

(1 f,ce)
pc4 (1.1)

where f pIp1 is the volume fraction ofthe ie ( p is the density ofthe snow and

P1ce917 kg/m3 isthe density of ice). The relation between pc and D0 is as follows (Mitzler

2002):

Traditional methods of determining SSA involve analyzing thin sections of snow in

cold lab (Brzoska et al., 2001 , Legagneux et al., 2002; Matzl and Schneebeli, 2006) which can

be time-consuming and laborious. A more practical method ofdetermination ofthe correlation

length using the digital photography in the near-infra spectrum is the subject cf chapter 3.

Table 1 .2.: Snow grain types and their size range (from Colbeck et al. 1990)

Type ofsnow size (mm)

Veiy fine <0.2

fine 0.2—0.5

Medium 0.5—1.0

Coarse 1.0—2.0

Very Coarse 2.0 — 5.0

Extreme >5
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1.1.1.3 Liquid water content

Snow Jiquid water content (LWC) also known as free water content is defined as the

water available in the liquid state in the snowpack (Singh and Singh 2001). The amount of

LWC of the snow is expressed as a percentage or fraction by volume. When the LWC is less

than 0.5 % by volume, a thin water film covers the ice grains. The percolation (flow of liquid

water) starts when the LWC is in the range of 1 to 6 ¾ ofthe total volume (Atford, 1974). Due

to dielectric losses (energy absorption), the present of liquid water in a snowpack significantly

influences its Tb (see chapter 5 section V.4.2.).

1.1.1.4 Snow Water Equivalent (SWE)

The most important physical snow parameter for hydrologists and climatologists is its

water equivalent. SWE can be defined as the depth of water that would result if the entire

snowpack was melted instantaneously (Jordan et al. 2008). Changes to the SWE resuits from

snow accumulation and snow meit (Alford, 1974). The SWE measurement unit is meters of

depth of liquid water. SWE is computed as the product ofdepth and density:

SWE (m) depth (m) x density ofsnow (kg/m 3)/ density ofwater (kg/m3)

(Note: I cm3 (1 millilitre) ofwater basa mass of I g or 1000 cm3 (1 litre) basa mass of 1000

grams (1 kilogram)).

1.1.2 Snow metamorphism

The term metamorphism describes the changes in snow structure due to compaction

and heat and water vapor llow within the snowpack (McClung and Schaerer, 2005;

Lachapelle, 1992). The type and the rate ofmetamorphism depend on the prevailing weather

conditions (Alford, 1974). That explains why succeeding fresh snow layers evolve differently

and why the snowpack becomes multi-layered (Jordan et al., 200$). There are three types of

metamorphism occurring in seasonal snow cover: the equi-temperature metamorphism, the

kinetic metamorphism and the melt+refreeze metamorphism (Colbeck et al. 1990).
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1.1.2.1 Equ i-temperature metamorphism

The equi-temperature metamorphism is also known as destructive metamorphism

because it tends to destroy the original shape of snow crystals (Gray and Male, 1981). (Figure

Ï.!). Most oflen, this type ofmetamorphism occurs in new dry snow when the snowpack is

subjected to small temperature (<10°C/m) (Alford, 1974). The loosely packed dentritic and

piate-like ice crysta]s break up, and are slowly transformed into rounded ice granules (f igure

1.1) with typical diameters ranging from 0.5 to 1 mm (Alford, 1974). This causes the snow

cover to shrink while its density increases. The average density of the fines grain snow that

resuits from the equi-temperature metamorphism is about 300 kg.m3 (Lachapelle, 1992).

Rounded SmaII
Snowflake Eroded cnstal rounded

snowflake ‘ crystal

Ç /

f igure 1.1.: Mechanisms of destructive metamorphism: a dendritic crystal is

transformed into rounded grain (from Canadian Avalanche Association, 199$).

1.1.2.2 Kinetic nietarnorphism

The kinetic metamorphism, also known as temperature-gradient metamorphism or

constructive metamorphism, occurs as a resuit transfer of mass in the vapour phase, due to a

differences in temperature and vapour concentration within the snowpack (McClung and

Schaerer, 2005). Because snow is a good insulator, during winter, when the air temperature

becomes very low, this creates a large temperature gradient (>1 0°C/m) between the colder top

layer, and the warmer layer overlaying the ground. The temperature-gradient promotes a

transfer of water vapour from the bottom of the snowpack to the top. The process of water

vapor transfer (Figure 1 .2) results in grain growth which leads to a formation of layer of large

faceted crystals at the bottom of the snowpack, referred to as “depth hoar” or “sugar

snow”(Alford, 1974) (Figure 1.3). In general. the highest crystal growth is found for large
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temperature gradients and large spaces between crystals (McClung and Schaerer, 2005). This

is why the depth hoar most likely occurs in early winter while the snowpack is stiil thin

(Lachapelle, 1 992).

Figure 1.2: Mechanisms ofkinetic metamorphism: Formation offaceted

(multi-face) ‘grains. The arrows show the direction ofmovement ofwater

vapor (http://www.enm .bris.ac.uk!teaching/projects/ 2002_03!

jb$35 5/introduction.html).

Figure 1.3: Constructive metamorphism: formation ofdepth hoar layer

Faceted (multif ace)
grain

Roundd rain{
(0.5 - 1.5 mm)

Facted grains
(1.5 - 5 rnrn

Ground

11



1.1.2.3 Melt+refreeze metamorphism

Melt+refreeze metamorphism describes changes in snow structure caused by

melt+freeze cycles or wetting caused by an event of ram (Alford, 1974). Because snow bas a

porous structure, it is able to hold a considerable amount of melt-water. In the presence of

liquid water, temperature gradients and their effects disappear (Armstrong, 1985). Liquid

water retained in the pores can refreeze during the following cool night. Consecutive

melt+refreeze cycles are a common occurrence during the early spring period (melt during day

and refreezes at night) (Mitzler 1987). The melt metamorphism leads to a formation of large

irregular clusters (Figure 1 .4). These clusters strongly influence the snow microwave emission

(Mitzler et al. 1987).

Figure 1.4.: MeIt+refreeze metamorphism: Microscopic images ofclustered rounded

crystals held together by large ice-to-ice bonds (http://www.anri.barc.usda.gov

/emusnow/comparison/comp7.htm).

1.2 Snow energy and mass balance

1.2.1 Energy baJance

The metamorphism of snow occurs in direct response to changing thermodynamic

conditions in the snow (Lehning et al.,2002a). These thermodynamic changes in snow are

primarily the result of variations in the intensity of meteorological conditions (i.e.

precipitation, air temperature, humidity, wind speed, incoming shortwave and longwave

radiations), and the nature of the surface energy exchange process (Alford, 1974). Several

energy fluxes contribute to the energy balance of the snowpack (Assaf, 2007): Shortwave

radiation that is incident on the snowpack can be reflected, transmitted or absorbed. The
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specific nature ofthis radiation (spectral radiance) is influenced by clouds, aerosols molecules

in the atmosphere and by reflection from the snowpack (f igure 1 .5). An important factor

influencing albedo (reflectance to incident irradiance) depends on snow optica] grain size

(Dozier et aI., 1981, Nolin and Dozier, 2000). A long-wave (infra-red) radiation exchange

takes place between the snowpack and its surrounding environment that depend on overlaying

air mass, tree cover, and clouds. Sensible (convective), latent, conductive, and advective

energy fluxes also contribute to the energy budget. In general, the energy balance at the

surface ofa snow cover is expressed as (Male and Granger, 1981):

z.\Q=R+H+LE+G+M (1.3)

WhereAQ is the net energy at the surface ofsnowpack.

R is the net radiative energy flux (W.m2)

R is the sensible (convective) energy flux between snowpack and overlying air mass

LE, is the latent energy flux between the atmosphere and the snow surface (W.m2)

G, is the conductive energy flux (W.m2) and

M is the advective energy flux (W.m2).

The net radiation R is expressed as the balance of short- and long-wave radiation and

expressed as (Singh and Singh, 2001):

RS,,+ L,,(l — x)S,+(L1—L0) (1.4)

where S is the net short-wave radiation (S,7S1 -$o) and L (LL1 -Lo) is the net long-wave

radiation, S is the incoming short-wave radiation, So is the outgoing short-wave radiation, L1 is

the incoming long-wave radiation and Lo is the outgoing long-wave radiation and a is the

albedo ofthe snow surface.

Details ofthe way these different components ofthe energy balance are computed can

be seen in Male and Granger (1981).
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1.2.2 Mass balance ofthe snowpack

Mass balance is the difference between the amount of snow accumulation

(precipitation) and the amount of snow ablation (melting and sublimation) lost. Mass balance

is governed by the following equation (Assaf, 2007):

WEP+Ri_E5_Mr

where SWE is the snow water equivalent;

-

is the snowfall, which adds mass to the snowpack;

R1 is the rainfall on the snowpack that lias frozen;

E is evaporation and sublimation; and M is the snowmelt.

Figure 1.5.: Snowpack energy and mass balance (from Assaf, 2007)

(1.5)

Snowmelt

The snow physica] model CROCUS, (Brun et al. 1989; Brun et al. 1992) we chose to

use in the RA system (see chapter TV for detailed description of CROCUS) lias the ability to

mode] snow as multi-layer granular medium. The model can simulate ail different snow

Albedo

Snowmelt
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metamorphisms described in section 1.2. CROCUS can determine the net energy at the surface

ofsnowpack (AQ) and the mass balance ofthe snowpack ( ÔSWE/ôt ). The model treats the

most important snow processes like heat conduction, compaction, grain growth, liquid water

percolation (flow), radiation penetration or albedo changes (Brun et al. 1989). Forced by the

meteorological parameters CROCUS predicts hourly profiles of snow temperature, density,

optical grain size, liquid water content and thickness.

1.3 Snow as a dielectric medium

Snow is a porous granular medium. Depending on the state of the snow (dry or wet),

microwaves can penetrate deep in the snowpack and interact with snow particles. The

interaction of microwave with the snowpack is strongly influenced by the geometrical and

dielectrical properties of the ice particles and the liquid water content of each of the layers

(Mtzler, 1987). The permittivity or dielectric constant is a physical quantity that describes

how an applied electric field affects and is affected by the medium (Sihvola, 1999). It is

determined by the ability of the material to polarize (orient) its microscopic elements (atoms,

molecules, ions) in response to an applied e]ectric field (Hyperphysics, 2006).

The radiative transfer (propagation of radiation) in snow is determined by applying

Maxwells equations to the snowpack. To solve Maxwells equations we need to know the

effective permittivity of snow. This section is designed for the understanding of the origin of

the physically-based and empirical formulas used in different radiative transfer models (RTM)

to compute the permittivity ofsnow.

1.3.1 Maxwells equations

Maxwell’s equations are a stet of four partial differential equations that describe the

behaviour ofthe electric and magnetic fields, as well as their interaction with matter (Sihvola,

1999).

(1) The first equation is Gauss’ Jaw:

Vi) Pe (1.4)

(2) the second equation is Gauss’ (aw for magnetism:
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n V•B = O

(3) the third is Faraday’s law of induction:

VxF = (1.6)

(4) and the Iast is Ampere’s law (with Maxwells extension):

VxH (1.7)

Where ail quantities can be functions ofspace and time as is implicit in the spatial V and

the temporal iat differentiations. Vectors are marked by boldface characters, the scalars by

ordinary italics. The quantities and their units are in the SI system as follows:

F the electric field vector [V / mJ

H the magnetic field vector [A / m]

D the electric flux density vector [As / m2]

B the magnetic flux density vector [V / m2J

J the current density vector [A / m2}

Pe the charge density scalar [As / m3]

These equations have a simple solution in terms of travelling sinusoidal plane waves,

with the electric and magnetic field vectors orthogonal to one another and the direction of

propagation (Sihvola, 1999). The electric and magnetic fields in phase and travelling atthe

speed ofthe light.

c 2.99792458X108 (mIs] (1.8)
i(p0c0)

Where c is the speed ofthe light in the vacuum, E0 is the permittivity of free space and

p0 is the permeability (degree of magnetization) offree space.

Eo 2
=8.854x1012 (1.9)

cp0 Vm
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p0=4rrx107 [p-] (1.10)

In order to provide a complete specification ofelectromagnetic field problems in

complex mcdiums such as snow, it is necessary to supplement Maxwcll’s equations by the

following equations known as constitutive relations which relate the flux densities to the fields

(Sihvola, 1999):

DE0E•E (1.11)

B=p0uH (1.12)

where E is the relative permittivity of the medium and p is its relative permeability. The

functional dependence is determined by the nature of the material in which the field exists.

The constant E and p are scalar if the medium is isotopic (vacuum) or a 3 by 3 matrix

otherwise (Sihvola, 1999).

1.3.2 Effective permittivity of mixture

Geophysical media encountered in nature (e.g: snow, soils, rocks and vegetation

canopies) are generally not dielectrically homogeneous but are mixtures of different materials

(Sihvola and Kong, 1988). When the size ofthe heterogeneity is much smaller than the wave

length, the mixture can be treated as macroscopically homogeneous, displaying an effective

permittivity (Sihvola and Tiuri, 1986; Sihvola and Kong, 1988; Sihvola, 1999). Dielectric

mixing rules are algebraic formulae used to calculate the effective permittivity ofthe mixture

as a function of the constituent permittivities. their fractional volume and some other

parameters characterising the micro-structure of the mixture (Matzler, 2006). Consider the

mixture shown in Figure ].6a where spherical inc]usions are dielectrics particles with

permittivity E occupying random positions in the host environment of permittivity Fe

The fractionfofthe total volume is occupied by the inclusion phase. Then the volume fraction

1-f is teft for the host. Using the effective permittivity theory, this mixture is treated as

macroscopically homogeneous and characterized by an effective permittivity. The theory is
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based on the idea of replacing the inhomogeneous medium (F igure 1.6a) by an equivalent

homogeneous medium (Figure 1.6b). Ifthe inclusions in the heterogeneous medium are much

smaller than the wavelength and if their shapes are known, it is possible to relate the dielectric

permittivity of the mixture to the dielectric constant of the constituent (inclusions and host)

materials using relatively simple dielectric mixing models. The effective permittivity of the

heterogeneous material Eeff can be defined as (Sihvola and Kong, 198$):

Inclusion Host medium Effective medium

a) Hcterogeneous mcd ium: spherical
particles inclusion in a dielectric

envfronment

Figure 1 .6.: Concept of the effective perm ittivity of an heterogeneous medium: a) spherical

particles are guest in a dielectric background host, and b) the effective medium that has the

same behaviour in term ofdielectric constant as the inhomogeneous medium.

EeffE+3f Ee
E+2Eef(EtEe)

(1.13)

This equation is known as the Maxwell Garnett formula (Sihvola, 1999). The Maxwell

Garnett formula is widely use in very diverse flelds of application. The equation is only valid

under the assumption of a two-phase mixture with isotropic dielectric components and if the

inclusions are spherical (Mitzler et al. 2006). Most geophysical media that are encountered in

remote sensing applications do flot obey these assumptions. Therefore the generalization of

this formula for more complicated heterogeneities (wet snow for instance) is necessary.

The generalization of Maxwell Garnett theory to mixture with N isotopic phases, with

oo\

ooo o
b) Effective medium
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permiUivities i , each occupying a volume fraction f with f I , if spherical
fl= I

geometry is assumed is as follows (Sihvola, 1999):

EeffEe
=

E—E,
(1 14)

Eeff+2Ee Ei+2E

where f, is the volume fraction ofthe inclusions ofthe ,th phase in the mixture, and

is its permittivity.

The mixing formula for an ordinary two-phase mixture known as Bruggeman’s formula

is expressed as follows:

E—E E—E
(1f) e eff =0 (1.15)

Ee+2EU E,+2Eefl

In the remote sensing community the Bruggeman’s formula is best known as the Polder-Van

Saten formula. Compared to the Maxwell GarneU formula (equation 1.13), the Polder-Van

Saten formula bas the special property that it treats the inclusions and the environment

symmetrically. It balances botb mixing components with respect to the unknown effective

medium, using the volume fraction ofeach component as weight (f for the inclusions and 1-f

for the environment).

1.3.3 Application to snow

Snow permittivity bas been widely studied using the dielectric mixing theory (Matzler

et al., 1984; Tiuri et al., 1984; Hallikainen et al., 1986; Ulaby et al., 1986, Mitzler, 1987,

Huining et al., 1999). Several dielectric models have been proposed to explain the effective

permittivity of snow from the known dielectric constant and volume fractions of its

constituents (ice, air and liquid water) (Tiuri et al., 1984: Hallikainen et al., 1986; Matzler,

1987, Huining et al., 1999). Both ice and water exhibit dispersion spectra which is defined as

the frequency-dependence of the perm ittivity of a dielectric material in response to a wave

propagation (see Figure 1 .8 for the case of pure water). In the case of liquid water in snow

when the frequency becomes higher, it becomes impossible for water molecules (also called

dipolar molecules) to follow the electric field in the microwave around 10 GHz (Mtzler et al.,
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1984; Hallikainen et al., 1986). This iead to a loss ofenergy known as dielectric relaxation

(Ulaby et al., 1986). Because the permiflivity indicates the strength ofthe relation between the

electric fietd and the polarization, the delay leads to a permittivity decreases (See f igure 1 .8).

The frequency at which the decrease starts to occurs is know as relaxation frequency. The

relaxation frequency of ice is in the kilohertz, whereas that for water at 0°C is around J O GHz.

The fact that the relaxation ftequency of Iiquid water in the microwave region means

that any slight presence of liquid water in snow drastically change it properties from scattering

medium to an absorbing one (Ulaby et al., 1986, Mitzler, 1987).

1.3.3.1 Dielectric constant of dry snow

1.3.3.1.1 Real part of dry snow perm ittivity

The permittivity ofdiy snow is expressed as u J E’
‘ . The real part ( E’

) gives the dispersion (scattering) factor of dry snow and the imaginary part ( E’
‘ )

represents the microwave loss (absorption) factor. The rea] part ofthe permittivity of dry snow

is independent of temperature and ftequency. It is a function of the snow density Pd

(Cumming, 1952; Tiuri et al., 1984; Hallikainen et al., 1986, Mitzlcr, 1987). The suggested

theoretical and empirical mixing models are:

(1) Hallikainen’s empirical model (Haïlikainen et al., 1986)

3
E u=11•83Pu Pu°•5 glcm

3 (1.16
E P°•5 glcrn

(2) MtzIer’s empirical model (Mtzler, 1987)

E dl+1_0365p (1.17)

(3) Tiuri’s formula:

E’d1+1.7fld+0.7p (1.18)

where Pu is the density of dry snow in g/cm3

In f igure 1 .7, we plotted the real part of dielectric constants of dry snow of different
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structure measured on the fleld by Mitzler (1987) gainst the snow density. The resuits is

compared to Hallikainen’s moUd and that ofTiuri. The resuit proves that the real part ofthe

relative dielectric constant is a near monotonic function of the density. Mtzler’s and

Hallikainens models agree well with the in situ data. Mtzlers model was used to compute the

real part of the permittivity of dry snow in MUT snow emission mode! and an improved

version of thc model (by MtzIer (1996)) was used in the microwave emission model of

layered snowpacks (MEMLS, Wiesmann and Mitzler 1999). MEMLS, model used to predict

Tb (sec chapter 5) is an important part of RA system presented in chapter 4.

>

>
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o

G)

.E- 1.41
G)
G)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Snow density [g / cm3]

f igure 1.7: Permittivity of dry snow versus snow density: Mtzler’s empirical model is

compared to Hallikainens and Tiuris models. The dots represent the snow dielectric constant

rneasured in the fleld by Mtzler in 1987 at Weissfluhjoch, Switzerland.
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1.3.3.1.2 Imaginary part of dry snow permittivity

The imag-inary part of dry snow is dependent on density, temperature, frcquency,

optical grain size and other parameters such as salinity and acidity (Huining et al. 1999). for

Ïow-frequencies, empirical and theoretical mixing models for the computation of the

imaginaiy part have been proposed (Tiuri et al., 1984; Hallikainen et aI., 1986; Tinga et al.,

1973). These models neglect the effect ofscattering (Hallikainen et al., 1987). This limitation

means that for these formulae, the dielectric constant is flot optical grain-size dependent

(Huining et aI. 1999). The suggested models for the imaginary part of dry snow are:

(1) Tiuri’s empirical (Tiuri et al., 1984).

E d(O.48Pd+°.52Pd)E ‘ice (1.19)

(2) According Hallikainen et al. (1986), by considering that ice particles in the snow are

spherical in an air background, the Polder-Van Santens formula (equation (1.15)), can be

simplifled and wriflen as follows:

E1 (E —1)

3E (E± 2Eu)
(1.20)

Setting Ed=E/—JEUrl and the relative complex permittivity ofice E,ce=Eice ‘JEice’’

rationalizing both sizes ofequation (1. 20), and ignoring second-order terms where

appropriate, yield the following results:

(E rd)2(2E ‘d+l)
E

r
‘d3E

r rf
, r r 2 (1.21)

(E •ce+2E u)[E d+2(E ) J

(3) Ting&s theoretical model (Tinga et al., 1 973)

r r
r r

E (1.22)
[(2 + f)+ E

r r
— fice)

]2

Where lice is the ice fraction. The formula is applicable at microwave frequencies (10 MHz

to 100 GHz).

The real part of the permittivity of ice is considered to be independent of both

temperature and frequency, and may be assigned the constant value E’ jcc 3. 1 8 (Ulaby et
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al., 1986; Hallikainen et al., 1987).

The imaginaly part of pure ice permiffivity Ece’ is a function of frequency,

temperature and impurity (Matzler et al., 2006, page 457) and can written as:

cx1

Eice’ ‘=—-+cx2v (1.23)

where
(0.00504+0.0062)exp(—22.1 8) (1.24)

where 8(T0IT)— I where T0 300K and

exp(b/T) 2+B2v2+exp(—9.963+0.0372.(T—273.16)) (1.25)T (exp(b/T)—1)

where T is in Kelvin, y is the frequency in GHz, 3 i=0.O2O7 K.GHz1, 32=1 .16. 1 0’ K.GHz3,

b=335 K.

Numerous investigations have shown that, at the iow-frequency limit, the Polder-Van

Santen’s model is better adapted for modelling the snow dielectric permittivity (Tsang et al.,

1982; Tiuri et al., 1984; Mitzler, 1996). This is why the model is widely used in many snow

emission models such as RUT and MEMLS (Wiesmann et Mitz1er, 1999).

The main assumption of Rallikainen’s and Matzler’s models for the real part of

dielectric constant of snow, and, the Tiuris model, Polder-Van Santen’s moUd and Ting&s

model for the imaginary part ofthe perm ittivity (which are ail Iow frequency approximations)

is that the scattering can be neglected because its effects are much smaller than the absorption

losses (Haliikainen et al., 1986; Huining et al. 1999). This limitation means that the dielectric

constant is flot dependent on snow optical grain size. When this condition is not satisfled, it is

necessary to consider other approaches. For higher frequency limits (from I $ GHz up to 90

GHz), the effective perm ittivity of dry snow should be expressed in a way that the scattering

by the snow particles is taken into account (Huining et aI. 1999). At high frequencies, when

the scaie size of the inhomogeneities is considerable compared to the wavelength, scattering

phenomena have to be taken into account this increase the imaginary part ofthe permittivity

(Tsang et al. 1985). Huining et aI. (1999) have used the strong fluctuation theory to derive the

expression ofthe effective permittivity in which the effect of scattering between ice particles is

taken into account. Snow scattering properties are discussed in Chapter 2.
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1.3.3.2 Dielectric constant ofwet snow

Liquid water appears in snow when its temperature is around 0°C. When snow is wet,

the dielectric loss in the microwave range increases drastically. The dielectric constant of wet

snow is a function of frequency, temperature, volumetric water content, snow density, ice

particle shape, and the shape ofthe water inclusions (Hallikainen et aI., 1986).

1.3.3.2.1 Liquid water dielectric and microwave radiation

The occurrence of Iiquid water in the snowpack affects it microwave signature. Snow

becomes more absorbent of microwave radiation (Ulaby et al., 1 986). This is because of the

dielectric relaxation property of snow in the microwave spectrum (Hallikainen et al., 1986).

For pure water, the dielectric relaxation is described in terms of permittivity EH2O as a

function of ftequency y , by a function know as the Debye relaxation equation (Debye,

1947).

EHo=Ew (1.26)

Figure 1.8 isa representation ofequation (1.26) corresponding to the value ofwater at

temperature T0°C, the permittivity at high frequency E88 , and at low frequencies

E54.9. Water molecules attempt to continuously reorient in a changing electric field of an

electromagnetic radiation. At low frequencies, the field changes slowly enough to allow water

molecules to reach equilibrium. At high frequencies, the water molecules orientations can no

longer follow the apptied fleld due to frictions between molecules. At frequencies higher than

I GHz, the dielectric relaxation ofthe liquid water starts to manifest itself, the real part ofthe

permittivity decreases and at the same time the imaginary part increases. Absorption of the

field’s energy leads to energy Ioss by heating (i. e., absorption and emission known as

dielectric relaxation) (Hallikainen et al., 1986; MtzIer et al., I984) The relaxation frequency

for water at T0°C is reached at frequency around v GHz (f igure 1.8)
.

,

and are know as Debye parameters for pure water (Mtzler et al. 2006).
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1.3.3.2.2 Complex perniittivity ofwet snow

For smaÏl values ofvolumetric liquid water content (W), the complex permittivity

E ‘ + J E’ can be rnodelled by a linearized mixing formula (Mtzler, 1987):

va+Eb+Ec+Ed (1.27)

where Eu is the permittivity ofthe dry snow. The terms E0, Eb, E are called Debye terms

for snow because each term follows the Dcbye relaxation spectrum (Figure 1.8). Their

expression is similar to equation (1.26). There are three terms (a, b, and c) because of shape

and orientation ofwater liquid water in the snow (Mitzler et al. 2006). This linear equation is

derived from the simplification of equation (1. 14). Details of the methods used for the

linearization can be see in Mitzler et al. (2006), at section 5.7 in pages 480 and 481.

>

w
D-

-2 C 1 2 310 10 10 10 10 10

Frequency in GHz

Figure 1.8.: Representation ofthe Debye relaxation equation: dielectric permittivity ofwater

at 0°C as a function of frequency (Mtzler 2005).
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E kk
Ek=Ek+l

.

, ; k=a,b,c (12$)
.L —iVi

The Debye parameters Ek, Ek and Vok are given by the following three relations

— W E5wEd —

Esk—

A 1
‘ k—a,b,c (1.29)

k Ed

W EwEd
E k k=a b c

—A --—l
(1.30)

Ed

Ak(E-E)
VOk=VOw 1+ SW W k=a,b,c (1.31)

Ed+Ak .(ç —Ed)

where the static permittivity E5 , the optical permittivities ç and the relaxation

frequency v0, ofliquid water at T0°C are chosen E88, E8=4.9, v0, l0 GHz

(Mitzler et al., 1984; Ulaby et al., 1986; Hallikainen et aI., 1986). According to Matzler

(1987), the modelled parameters consistent with thc measurements by Mitzler et al. (1984)

and Hallikainen et al. (1986) arc Aa0.005, Ab A 0.4975.

Equations from (1.27) to (1.3 1) are implemented in the snow emission mode!, MEMLS

to compute the permittivity of wet snow (Wiesmann et Mitz1er, 1999). The implementation

makes it possible to compute the Tb ofwet snow (sec chapter 5, figures 5.6, 5.7, 5.8: the last

two weeks ofMarch 2003).

I 4 Conclusion

We presented the physical parameters used to describe snow as a granular medium. The

changes (snow metamorphism) that affect the snow cover were also described. The basic

principles which guide the establishment of snow effective permittivity formulas (a crucial

parameter for the modelling of snow Tb) were presented. This chapter helped to understand

why snow is a porous granular multi-layered medium. Any realistic snow physical mode! takes
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into account this fact. This is why we used CROCUS, a sophisticated numerical moUd which

can simulate snow metamorphism. The second part of the chapter helped to understand the

basic theory underlining the permittivity models used in the MEMLS, which is an important

part of RA system discussed in chapter 4 and 5.

In the next chapter we discuss the scattering properties of snow and the radiative

transfer equation as weB as the signature ofvarious type ofsnow.
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Cliapter II: $now as a scattering medillm

11.1. Electromagnetism ofsnow

When electromagnetic waves are propagating in the snow, because snow is a

heterogeneous medium, any departure from a homogeneous dielectric (from air to ice) gives

risc to scattering (Ishimaru, 1978). The scattering properties of snow in the microwave region

is used to empiricaliy estimate SWE (Chang et al. 1987). In theory, the deeper the snowpack

is, the more snow crystals are availabie to scatter the upweiiing microwave radiation away

from the radiometer (Foster et ai. 2005). Dry snow has a low absorption coefficient that ailows

microwaves at iow frequency to penetrate the snow over long distances up to hundreds of

waveiengths (Ulaby et ai.,1986). Over such long paths of propagation, volume scattering

(internai multiple scattering) effects become very pronounced (Mitzier 1987). Wet snow on

the other hand, because of the presence of iiquid water, absorbs the microwaves over short

distances of about one wavelength (Uiaby et al.,1986). In this situation, the scattering is

iimited to a thin layer near the surface. This type of scattering is known as surface scattering

(Mitzler 1987). The volume scattering of snow has been studied both experimentaily and

theoretically (Hallikainen et ai., 1987; Wiesmann et ai., 199$; Mitzler 199$; Huining et al.,

1999). In this chapter we present the theoretical aspects ofthe scattering, the radiative transfer

equation and, discuss measured microwave signature ofvarious type of snow cover.

11.1.1 Scattering amplitude

Scattering is a resuit ofa local disturbance ofthe propagating incident wave (Tsang et

ai., 2000b; Ishimaru, 1978). Let us consider a scattering particie with volume Vand spatiaily

variable dielectric constant E(r)E. ‘+JE . The incident plane electromagnetic wave

(E,0) (Figure 2.1) whosç electric fleid at position r and time t is defined as (Tsang et ai., 2000b,

p. 10).

F1F10exp(jk.r—jwt) (2.1)

where w is the angular frequency, and ku/c’23t!% is the wave number, , is the
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wavelength, c is the speed of light, and k is the wave vector ofthe incident wave. Part ofthe

radiation is absorbed by the particle; another part is scaftered in various directions. At a

sufficiently large distance R from the centre ofthe scatterer, the scattered fleld E3 at position

rsR is a spherical wave ( Ishimaru, 1978):

E3(r)f (s, i)1E11
exp(jk.R—iut)

(2.2)

where the vector f (s , I) is called scattering amplitude, I and s are unit vectors in the

directions ofthe incident and scattered wave, respectively.

f(s,i)=4
1E

f{—sx[sxE(r’)]1.{E(r’)—1)exp(—jkr’.s)dV’ (23)
iv

where r’ is the position from the center ofthe scattering particle and V’ is a volume element of

the particle.

fora system consisting ofa transmitter and a receiver (f igure 2.1), also know as

bistatic system, the bistatic scattering cross section ofthe volume V is:

0b4Hf(s,1 (2.4)

Equation (2.3) is the exact far field scattering amplitude for particles of arbitrary size, shape

and inhomogeneous permittivity. The integral can only be calculated if the electrical feld

E(r’) inside the scattering volume (internai fleld) is known. Cross sections (dimension of

an area) are a measure of the probabiiity that an incident beam with a flxed direction relative

to the orientation ofthe particle and with a flxed polarization state (the direction ofthe electric

fleld), undergoes either scattering or absorption (Battaglia et al. 2006). The scattering cross

section ( u, ) which is expressed by:

uS=fub,d (2.5)

is the solid angle average of uh, . Two mechanisms change the charactcristics ofthe incident

beam when it interacts with the particles: absorption and scattering. The sum of the two is

known as extinction cross section ( u,, ):
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0e s+ °•a (2.6)

where o. is the absorption cross section and u. is the scattering cross section. The sum of

these two terms represènts attenuation due to absorption and out scattering from the original

beam.

The backscattering cross section is expressed as:

Receiver

scatterer

scattered
wavcs

(2.7)

For convenience, non-dimensional quantities are used to express the various interactions. This

is done by dividing the cross sectionsby the geometrical cross section ugEna2 of the

scaflerer. The geometric cross section 0g ofa particle is ils area projected onto a plane that is

perpendicular to the direction of incident wave i. The resulting quantities are called

efficiencies: Q0U,/Jg , Qbb”g , , Qe Te’0g and Qs0s!0g

These absorption, backscatter, bistatic, extinction and scattering efficiencies, respectively, are

Transmitter

Figure 2.1.: Scattering of plane electromagnetic wave by a particle occupying

volume V and having perm ittivity (r), the scattered field is E (r) at local

position r (Mitzler 2005).
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non-negative numbers that can exceed 1. The single scattering albedo which is the probability

that a radiation is rather scattered than absorbed is expressed as a fonction of absorption and

scattering efficiencies.

(2.8)

II. 1.2 Approximate scattering m odels

To calculate the scattering fleld, a number of approximations exist. We present the

most fundamental approximations. For a spherical scatter which is small compared to the

wavelength, the phase of the electric field inside the particle is the same everywhere. This

situation leads to Rayleigh scattering (Tsang et al., 2000b). On the other hand, if the scattering

medium can be described by a fiuctuating function, the approximation leads to the Born

approximation (Mtz1er, 2005).

In the following paragraphs we present the Rayleigh and the Born approximations. For

snow, none of these methods can be used in a general sense without neglecting important

properties. However, depending on the experimental conditions, on the snow parameters and

the wavelength, one of the above-mentioned methods may be sufficient for a quantitative

description of certain scattering properties. for example the Rayleigh theoiy can be used over

Iimited frequency range for a refrozen snow (Matzler, 1987) and a modifled Born

approximation can be used for over a limited frequency range in the case ofa dry undisturbed

snow (Mtzler, 199$; Matzler and Wiesmann, 1999).

11.1.2.1 Rayleigli scattering for small spheres

The approximate solution of the scattering for particles much smaller than the

wavelength is called Rayleigh scattering. For a sphere of radius o, it is required that the size

parameter x is suffi ciently small (Ishimaru, 1978):

circumference 2 r o
x — ka«1 (2.9)

wavetength
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where k2Tr!À is the wave number and À the wavelength in the host medium. The

electric fleld inside the particle is assumed to be equal to the external field one. A constant

field E is applied to a dielectric sphere of permittivity E in the air Ee 1 as host

medium. If the radius a is much smaller than the wavelength ( a«À ), the electric fleld

E(r’) inside the sphere is uniform and is expressed as (Tsang et al.; 2000b, p. 10):

(2.10)
E+2

Inserting equation (2.9) in (2.3), with the scatter volume v=4Tra3!3 , the scattering

amplitude becomes:

f (s i)=_a3k2{_sx[sxi]J (2.11)

where i is the unit vector describing the direction ofthe incident electric field. If we denote

the angle between the incident electric fleld and the scattering direction by X (f igure 2.2),

we get for the bistatic scattering cross section

Ubf4If(X)4 a6k412sin2X (2.12)

Figure 2.2.: Illustration ofscattering geometry; I and s are unit vectors in the

direction ofthe incident and scattered waves, respectively, O is the angle between i

and s, and is the angle between E and S. (Mtzler, 1987).

dv

I
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For the Rayleigh scattering, the upper limit of the radius of the scatterer is generaliy

taken to be a0.05, (particle 20 times smaller than the wavelength) (Ishimaru 1978). Due

to the higli power ofthe ka the Rayleigh scaflering rapidly diverges to unreaiisticaiiy large

values when ko approaches or exceeds I (f igure 2.4). When ka 1 the Rayieigh scattering

expression can no longer be used and has to be repiaced by the Mie scattering bistatic

coefficient (Figure 2.4). Mie scattering is the straightforward application of Maxwells

equations to an isotropic, homogeneous, dielectric sphere (Tsang et al., 2000b). Mie scattering

is equally applicable to spheres of ail sizes, refractive indices and for radiation at ail

wavelengths (Mitzier et al. 2005). The Mie scattering approximation (f igures 2.3 and 2.4)

cannot aiways be appiied to the snow because the snow grains are not aiways spherical and the

assumption of independent scatterers is not applicable to a medium such as snow (Mtzier,

1987).
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Figure 2.3.: Representation of ta) Scattering and (b) absorption efficiencies versus the size

parameter x ko (o is the radius of the sphere, and k =2 rr/À is the wave number, À the

wavelength in the ambient medium) ofa dielectric sphere with refractive index rn=1.7+O.lj

comparison between Mie scattering and Born approximation (Matzler, 2005).

X
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11.1.2.2 The Boni approximation

The Born approximation consists of equating the internai field ofthe scatterer to that of

the incident fleld (Tsang et ai., 2000b).

E1,(r)E1(r) (2.13)

This is applicable if the particle permittivity is close to that ofthe surrounding. Thus:

(2.14)

In the Born approximation the scattering amplitude ofa sphere with radius a is expressed as

foliows (Mtz1er, 2005):

a3k2(E—1) sink a
f(e)={—sx[sxe1Jl 2 k

d
—coskda (2.15)

(ua)

where kd=2 ksin(8!2) , k is the wave number in vacuum and O is the angle between

the difference vector k and r ( 1k=—k(i—s) (Figure 2.2). The bistatic scattering cross

section becomes:

64 12 , 2
2 . 2 4rra k E—li sin,ça

u61=4rrf(O) =sm X
k

—coskda (2.16)
(kda)

This equation is similar to the Rayleigh scattering (equation (2.12)). for ka«l the Born

approximation corresponds to Rayleigh scattering. The main difference is that the denominator

of equation (2.16) ( (kda)4 ) helps the function to converge at higher frequencies. That is

physically more realistic than Rayleigh scattering which remains frequency dependent and

diverges quickiy (f igure 2.4). For a dry snow the dielectric constants of air and ice are too

different for the Born approximation to be useful; instead, an improved Boni approximation

(sec Matzier, 199$) is used. The improved Born approximation is implemented in MEMLS in

order to compute the scattering due to hard crusts of refrozen snow.
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11.1.2.3 Semi-ernpirical formulae for flic computation ofsnow scattering coefficient

According to Wiesmann et al. (199$), the scattering coefficient of snow layer can be

expressed as a fonction ofits density f p ), its correlation length ( pc ) and its frequency (

V):

(2.17)

This equation as weB as equation (2.16) are implemented in MEMLS to compute the snow

microwave scttering coefficient (Wiesrnann et MtzIer, 1 999).

11.1.3. Absorption coefficient

Ihe absorption coefficient is the loss of intensity per unit distance in the direction of

propagation due to absorption ofmicrowave radiation (AMS, 2000). According to Hallikainen

et al. (1987) the absorption coefficient y0 ofsnow can be expressed as follows:

ya2k1mt) (2.1$)

where k2rr/À , 1m represents the imaginary part and E8ff is the effective permittivity

discussed in chapter I section 11.3.2. The absorption cross section defined above represents the

absorption coefficient for a single particle.
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11.2 Radiative transfer

The term radiative transfer describes how the radiation fleld changes from point to

point when it propagates in a given medium (Chandrasekhar 1960, MitzIer and Melsheimer

2006). The propagation of radiation through a medium is affected by absorption, emission and

scattering processes (Ishimaru, 1 978) . The radiative transfer equation (RTE) describes these

interactions mathematically. The RTE has appliçations in a wide variety of subjects including

optics, astrophysics, atmospheric science, and remote sensing. Analytic solutions to the RTE

exist for simple cases but for many natural media such as snow with complex multiple

scattering effects, numerical methods are required to solve the RTE (see Chandrasekhar 1 960,

Tsang 2000; Battaglia et al. 2006 for a variety of techniques employed in solving the RTE).

X X

Figure 2.4.: Representation of(a) extinction and (b) absorption efficiencies versus the

size parameter x = ka (a is the radius ofthe sphere, and k =2 Tr/À is the wave number,

À the wavelength in the ambient medium) ofa dielectric sphere with refractive index

m=]. 7+0. 1]: comparison between Mie and Rayleigli scattering (Mtzler, 2005).
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11.2.1 Radiance

The fundamental quantity which describes a radiation field at a given frequency y

polarization, position and in a given direction is the radiance ]. Consider a very smali area

element in the radiation field: there will be radiation energy fiowing through that area element

(figure 2.5). The flow can be quantifled by the infïnitesimai power dP. For a given

polarization state (H or V pol) within the frequency range (y, v±dv) crossing a given test area

dA in the direction, defined by the unit vector h(O,4) , within an infinitesimal solid angle

dO ofsphericai coordinates (8,) centred at position r (f igure 2.5). This power can be

expressed as:

dPI(r,h(O, 4))dv.dA.cos8df2 (2.1$)

The units in MKS are Wm2sr1Hz (watts per square-metre per steradian per hertz).

11.2.2 Radiation in thermal equilibrium

Radiation in thermal equilibrium is characterized by a single temperature T. A medium

that emits this type of radiation is calied a blackbody. The blackbody radiator is deflned as an

idealised perfectly opaque material that absorbs and ernits ail the incident radiation at ail

frequencies; reflecting and transmitting none. According to Plank’s radiation Law, the

unpoiarized radiation uniformly emitted in ail directions by a blackbody denoted B is

2hv3
I(8,cI)=B,(T)= 2 (2.19)c exp(hvIkbT)—1
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where h= 6.6256 X J0 is is Planck constant, kb= 1.38065 x ]Q-23 J/K is Boltzmann

t2kbv2
=1BvtT) 2
\c J

constant and e is the speed of light in the propagating space

d Ç2

V

X

f igure 2.5.: Geometrical situation used to define the radiance: the differential

solid angle dQsinOdOd in the spherical coordinates r, O and 4; the area

element dA is also shown (modified from Tsang et al., 2000b).

In microwave radiometry, we have hv«kbT . This condition leads to the Rayleigli

Jean approximation which, when appfied to the exponential term ofequation (2.19) leads to a

linear relationship with temperature:

(2.20)

The linearity enables us to express the radiance in terms of temperature, and this temperature

is called brightness temperature (Tb):

Tb= (2.21)
2kb V
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11.2.3 Radiation in local thermodynamic equilibrium and KirchhofTs law

Local thermodynamic equilibrium (LTE) is defined as a condition under which a

mediumTs emission of radiation is only based on its temperature (AMS, 2000). Let assume a

medium divided into N volume of temperature T whcre i=1 to N. The temperature inside

each volume is assumed to be homogeneous. Under LTE, the Tb can be expressed as (Mtzler

et al. 2006).

(2.22)

Where e, are the emissivities (non-dimensionai constant) and p is the potarization state.

The emissivity is defined as the ratio ofthe power emitted by a body at a temperature T

to the power emitted if the medium obeyed Planck’s radiation law (equation 2. 20) (AMS,

2000).

If a. is the absorptivity (i.e. the fraction fraction ofpower absorbed in volume V, ),

Kirchhoffs law states that in LTE, the absorptivity ( a, ) of the medium is equal to its

emissivity ( e. ) at the same wavelength ( ea1 for ail i=1 to N). .Energy conservation

requires that ai] radiation be absorbed somewhere, the sum:

(2.23)

thus equation 2.22 can also be written as:

a,T1 (2.24)

These absorptivities refer to the reciprocal situation ofemission (with the radiometer acting as

a transmitter). A comparison of emissivity of different snowpack is discussed in the section

11.3.2.
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11.2.4 Radïative Transfer Equation (RTE)

The reference used to write this section is Mitzler et al. (2006).

11.2.4.1 RTE for an absorbing and emitting medium

Consider a non-scattering medium which just absorbs part of incident radiation and

also emits thermal radiation. When radiation is propagating through an attenuating medium,

we a]so have emission from the medium. The reason is that a medium which is absorbing,

must also emit energy in order to maintain LTE. The RTE considers the changes that occur to

the radiance L along the propagation path s (Figure 2.6). Over an infinitesimal step ds, L

increases by emission and is reduced by absorption. The resulting differential equation is

dl (2.24)

where the absorption coefficient, y0 , and the blackboby radiance, B(s) , were deflned

above. The temperature dependence ofthe latter has been suppressed for simplicity.

_-_-—_ dA _____Ø
l1,(s,O,q) I(s+ds,8,)

f igure 2.6.: A volume element dVds.UA where

absorption and emission take place.

11.2.4.2 RTE for an absorbing, emitting ami scattering medium

Scattering contributes two terms, one for the loss of intensity caused by the radiation

scattered away from the original path, and the other for the gain of radiation scattered into the

direction ofthe observer from other directions (f igure 2.7).

dVdAds

ds
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dV = dA ds

— dA
I,,(s,O,4)) I(s+ds,9,4))

I (s,O’,4)’)

f igure 2.7.: A vo]ume element dVds.dA where

absorption, emission and scattering take place.

When the volume scattering in the path interval ds is included, we get the complete RTE.

dl (s)

cs
Yet(+j) (2.25)

The source term is

Jv(S)Ya(S)Bv(S)’f ,4)’ )I(s ,O’ ,‘ )d f2’ (2.26)

where U f2’ is the incremental solid angle representing the scattering volume associated with

the input direction 8’ , 4)’

YeYa+Ys (2.27)

where Ye j the extinction coefficient, y5 is the scattering coefficient and y0 is the

absorption coefficient. These coefficients are analogue to the extinction, scattering and

absorption coefficients defined in Section 11.1.1 ofthis chapter.

The source term (equation (2.26)) is the sum of the thermal emission (flrst term) and

the radiation scattered from other directions into the ray path under consideration (second).

The phase function p(8,4),8’,4)’) normalized by 4Xn is the probability per unit solid

angle for the radiance to be scattered from direction (0’4)’) towards direction (0,4)) . In

the Rayleigh-Jean approximation, the RTE is obtain by replacing L by Tb and B by T:

_Ye(S)Tb(5)+Ya(S)T(’ f p(o,8 ‘, ‘)Tb (s,8 ‘, 4)’)-df2’ (2.28)
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This is an integro-differential equation for Tb in the propagation direction (including

the scattering input from ail directions into the propagation direction as expressed by the

source term). The coupling of radiation propagating in different directions makes it difficuit to

find a practical solution for the RTE (Mtzler and Metsheimer, 2006).

11.2.4.3 Solutions to the RTE

Solutions to RTE form an enormous body of work. The differences are due to the

approach (approximate analyticai, nurnerical, stochastic Monte Carlo type simulations), the

degree of complexity of the input parameters (such as the angular form of the phase function

and the space dependency of attenuation coefficients), the output quantity sought (radiance

versus irradiance), etc.

11.2.4.3.1 FormaI solution of the RTE

The formai solution to the RIE at the output position S2 in the Rayieigh-Jean

approximation is given by:

Tb(s2)=Tb(si)e+f[(1 —0)T(r) fp(e, ,Q
(2.29)

where r1(s1) jsdeflnedtobezero.

T=fYe(S’)dS’ (2.30)

And

(2.31)

is the single scattering albedo analogue that defined in Section 11.1 .1.

In the case of snow emission modelling, the way the scattering phase function is

treated usually determines if the model is fuliy theoreticai or semi-empirical (combination of

theoretical and empirical model). In the RUT semi-empirical snow emission modei, a forward
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scattering is assumed to be dominant which means that loss due to scattering ofthe radiation

to other directions is neglected (the phase function is treated as a delta function which means

that p(O,q,8,cp’)zO in any direction but that of a zero scattering ang]e). A fitting

parameter is then introduced to express the fraction of forward scattered radiation (Ishimaru,

197$).

11.2.4.3.2 Exact numerical methods for the solution of the RTE

The above expression is oniy a formai solution since the source function J is

unknown because of its dependence on Tb (Mtzler and Melsheimer, 2006). The equation can,

in practice, be solved using, for example, iterative techniques such as the successive orders of

scattering methods, the discrete ordinate method (DOM), the.doubling-adding method (DAM),

vertical iteration methods and Monte Carlo techniques (Battaglia et al., 2006).

The DAM is a one-dimensional method used in determining the radiative properties of

a medium (reflection, transmission and emission) (Hovenier et al. 2004). The iteration method

solves the RTE iteratively as a series of single scallering events. A general description of this

method can be found in Goody and Young (1989). The stochastic Monte Carlo method has the

capability of treating media with irregular boundaries and geometries other than the plane

parallel (Platnick, 2000). The DOM is one of the most frequently used approaches employed

in the solution ofthe RIE. The general idea is to replace the scattering integral in the RIE by

a Gaussian quadrature sum. The angular variation is discretized into M streams associated

with M zenithal directions. The RT integro-differential equation is then reduced to a system of

coupled linear differential equations equal to the number of streams (Liou, 2002).

11.2.4.3.3 Approximate solutïon methods

Approximate solution methods are very important in microwave radiative transfer.

These are faster than accurate solutions. Generaily approximations are based on exact

methods. For example the two-stream method, a simpler version ofthe DOM was used te

establish the HUT model (Puiliainen et aI., 1999). A simpiified six-flux moUd is used to

develop the microwave emission model cf layered snowpacks (MEMLS: Wiesmann and

Mtzler, I 999), a mode I we used in the RA to prediction snow lb (see chapter 4 et 5). Other
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approximate hybrid techniques combine different methods. An example ofthis mixed method

is the Eddington approximation which is ofien used in microwave remote sensing (Battaglia et

al., 2006).

11.3 Microwave response ofsnow

11.3.1 Main contributions to snow microwave signature

figure 2.8 is a schematic representation ofthe main contributions to snow emission measured

by a spaceborne radiometer. Microwave emission from a snowpack over a ground medium

consists ofthe ernission by the underlying ground and emission/scattering by the snow itse]f

(Singh and Singh, 2001). The inclusion ofvegetation and atmosphcric emission contributions

in modelling permits the decoupling ofthese contributions from the measured signal to arrive

at an estimate ofsnow emission. This enables the use ofthe SIIOW emission model for

interpreting spaceborne Tbs.

Atmospher€

Snow

&round

Figure 2.8.: The main contributions to the microwave emission measured by a spaceborne

radiometer: (1) upward emitted sou emission contribution; (2) contribution from the

snowpack (emission/scattering); (3)combined contribution from the canopy and the

snowpack, (4) contributions from the forest canopy, (5) contributions from the atmosphere.

Canopy

Fine grains

Coorse groin —
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11.3.2 Microwaves properties of seasonal SHOW

Apart from the observation frequency and the geometry, the lb of a snowpack is

governed by parameters describing the snow properties like snow density, temperature,

correlation length, snow depth, liquid water content and stratification (Wiesmann and Mitzler,

1999). We saw in chapter 1 that the changes of the meteorological conditions determine the

deve]opment of the snowpack structure and texture. In order to understand the influence of

meteorological conditions on snow Tbs, Snow Tbs were measured by Mtzler (1994) in

different conditions. These conditions ranged from the snow-free situation followed by the

subsequent development ofthe winter snow to wet snow and finally to refrozen crust.

In the foiiowing section, we review the microwave signatures of these four main

surface types (snow-free, winter snow, wet snow and refrozen crust). These were measured by

Miitzier (1994) using a iineariy polarized microwave radiometer operating at frequencies

between 5 and 100 GHz and an incident angle of 50°at the snow station ofthe Swiss federal

Institute of Snow and Avalanche Research (SLf) at Weissfluhjoch, Switzerland.

11.3.21 Snow-free case

The lefi-hand graph of f igure 2.9 shows the microwave signature of snow-free bare

sou. The signature shows high emissivities (>0.7) at ail frequencies in both horizontal and

vertical potarizations. The emissivity increases with increasing frequency whule the

polarization differences eV—eh decreases. At the highest measured frequency (94 GHz), the

soil behaves nearly tike a blackbody (in the phenomenological sense that the emissivity is

roughly independent of polarization and its amplitude is greater than 0.9). The rocky soi! lias

modest water-hoiding capacity so the volumetric liquid water content and its changes are quite

small (Wiese 1996). Because ofthat, onty sma!1 changes in permittivity occur and, therefore

variations in emissivity are very sma!l.
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11.3.2.2 Winter snow

The right-hand graph of figure 2.9 shows that dr, settled winter snow is characterized

by low emissivity (less that 0$) at high frequencies. Under winter conditions (air temperature

be]ow 0°C; weak solar radiations), the snowpack grows without meit metamorphism (Mitzler

1 987). The lb of the snowpack decreases steadily with time until the snowpack reaches a

depth of about a meter. This decrease (speciaily at high frequencies) is the resuit of volume

scattering ofthe microwave radiation within the snowpack (Ulaby et al. 19$6c, MtzIer 1994).

A number of authors (Mitzler 1987; Rosenfeld et Grody 2000) noticed a drastic deviation

from the trend ofTb decreasing with increasing snowpack depth. In the middle ofwinter, lb

approached a minimum and then begin to increase despite the fact that the snow depth remains

constant or even continued to grow. Rosenfeld et Grody (2000) used a two-stream RTM

combined with resuits from dense-media radiative transfer theory to show that the reversai is

due to a decrease ofthe single scattering albedo as the snowpack ages, and that the decrease of

the single scattering albedo is reiated to the process ofmetamorphism in the snow.

11.3.2.3 Spring snow

In spring, the temperature ofthe snow is stili below 0°C. It can reach 0°C at the surface

during the day time. A layer of wet snow resuits, and it refreezes during the following night.

The thickness ofthe meiting layer increases with the season, until the whole snowpack is wet

and isothermal at 0°C. As the night time air temperature usually is often below 0°C, refreezing

ofthe surface layer is possible only during a clear night when radiative cooling dominates the

energy exchange. Wet snow shows a microwave signature similar to that ofthe snow-free case

of figure 2.9: high emissivities (> 0.8) at ail frequencies (left-hand graph of Figure 2.10).

When snow starts to melt, a smali amount of iiquid water is sufficient to reduce the penetration

depth of the microwave radiation due to the strong absorption. The high dielectric losses of

wet snow destroy the dominance of volume scattering and surface effect becomes predominant

(Ulaby et ai. I 9$6c).
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11.3.2.4 Refrozen crust

The riglit-hand graph of figure 2.10 represents the emissivity ofwet snow covered by

a 4- to 30-cm-thick layer of refrozen snow. The figure shows that, at high frequencies, the

emissivities are the iowest (< 0.6) of ail four cases. The big spherical crystals formed by meit

metamorphism are responsible for strong volume scattering ofthe refrozen crust at frequencies

above 30 GHz (Mitzler 1987). This is due to high frequency (short wavelength) Rayleigh

scattering by large snow grains that form the refrozen crust (Ulaby et al. 1986e). At low

frequencies, the near-blackbody emission behavior of wet snow dominates and yields high

emissivities (>0.9) (Wiese 1996).
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Figure 2.9.: Semi-log representation of emissivities at H and V poi. as well as their pol.

difference at 50° nadir versus frequency for rocky soi! (lefi-hand graph) and (right-hand

graph) for dry, deep snow (without meit; SWE: 25-63 cm). The error bars show the standard

deviations from the mean emissivities (from Matzler, 1994).
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SLF_WEI’ SLF...THICKCRUST

Figure 2.10: Semi-log representation of emissivities at H and V p01. as well as their p01.

difference at 500 nadir versus frequency for (lefi-hand graph) wet snow and (right-hand

graph) for snow containing thick (4-30 cm) refrozen crust on wet snow. The error bars show

the standard deviations from the mean emissivities (From Mittzler, 1994).

11.4 Conclusion

In this chapter we presented theoretical review ofthe different moUds used to compute

snow scattering coefficient. We also presented the RTE and it formai solution. We have also

discussed the different techniques used to soive the RTE in practice. We defined the emissivity

ofa medium and discussed microwave signature ofthe seasonal snow. The RTM is a crucial

part of any RA because it used to convert the predicted snow state variables into a

corresponding Tb. Accuracy ofthe Tb prediction depend on not only the input parameters but

also on the type of RTM used in the assimilation scheme. Figure 2.11 is a fiow chart that

shows how some ofthe equation discussed in chapter I and 2 are used in the snow emission

model (MEMLS) to compute the Tb.
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[FiencY I

Figure 2.11.: Computation ofTb using RTM model (MEMLS).
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Chapter III: Near-infrared digital photography to

estimate snow correlation Iengtli for microwave

emission modelling.

Ibis chapter is a copy ofa paper published in the Journal ofApplied Optics.

A. M. Toure, K. Goïta, A. Royer, C. Mtz1er, and M. Schneebeli, (200$) ‘Near-infrared digital

photography to estimate snow correlation length for microwave emission modelling,” Appl.

Opt. Vol. 47, 67236733.

111.1 introduction

There are various RTMs designed to simulate the snow emission in the microwave

range, e.g.: the Helsinki University ofTechnology snow emission model (RUT, (Pulliainen et

al., 1999)), the Microwave Emission Model ofLayered Snowpacks (MEMLS, (Wiesmann and

Mtzler, 1999)), the Dense Medium Rad iative Transfer model (DMRT, Isang et aI., 2000), and

the Strong Fluctuation Theory (SFT, (Jin, 1993; Tsang and Kong, 1981a)). RUT and DMRT

on the one hand, use the snow grain size as structure parameter, while on the other hand,

MEMLS and SfT use the correlation length to quantify the snow microwave scattering.

for practical purposes, snow hydrologists have defined the snow grain size as the

greatest diameter of prevailing grains in the snow layer (Colbeck et al., 1 990; Armstrong et

al., 1993). However, it bas been shown that using the maximum extent ofcharacteristic grains

can lead to a strong overestimation ofthe effective grain size applicable in scattering models

(Mtzler, 2002). This optical grain size corresponds to the diameter of non-contacting spheres

with the same surface area and the same ice volume as the snowpack under consideration, and

thus with the same Specific Surface Area (SSA) (Grenfeli and Warren, 1999; Legagneux et al.

2002):for example, the effective size of long needles is quite small, because the value is close

to the diameter of the needles: for disks of large diameter, the optical grain size could also be

small, depending on their thickness (Mtzler, 1997). Stellar snow crystals can have a

maximum extent of I cm, but their thickness is only 20 to 40 tm. Ihe optical grain size and

the correlation length are the appropriate parameters to describe electromagnetic wave

scattering (Mitzler, 2002). The correlation length can be understood as a measure of the
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average distance beyond which variations of the dielectric constant in one region of space

become uncorrelated with those in another region (Parwani, 2002). At a distance greater than

the correlation length, the values can be considered random. The correlation length p. 5

proportional to the optical grain size D0, and both are inversely proportional to SSA (Debye et

al., 1957).

Also in the computation of the microwave scattering of a granular medium such as

snow, the physically meanirigful structure parameters are c and D0 (Mtz1er, 2002; Mtzler,

1997; Stogryn, 1984, Lim et al., 1994, Domine et al., 200$). One way to determine these

quantities is through the measurement of SSA. Unti] recently, there was no easy way for a

practical determination of the SSA under field condition. Recause of that, there have been

some attempts to establish empirical relationships between the correlation length and the snow

grain size. The approaches are approximations based on observations made at one site. The

empirical formulae cannot be used in ail circumstances. The concept of using the scattering of

light to determine SSA and thus D0 was first speculated by Giddings and Lachapelle (1961),

and Warren and Wiscombe (1980b) found first confirmation by using the Mie4heory to

describe the optical properties of snow in the solar spectrum. The dependence of snow

reflectance on grain size was used in opticat remote sensing to map grain size in the surface

snow layer (Dozier et al., 1981, Nolin and Dozier, 2000). The fact that SSA can be directly

converted to opticai grain size was shown by (Mitcheli (2002)). The traditional method of

determining SSA involves cold-laboratory work, which is time consuming and laborious

(Legagneux et al., 2002; Kerbrat et al. 200$). Therefore an important model-input parameter

bas so far been unavailable in the fie Id.

Advances in digital camera technology have made it possible to measure the snow

reflectance using a simple digital camera fitted with an appropriate filter. An exponential

relationship was found in Matzl and Schneebeli (2006) between the SSA and the refiectance of

snow at the near infrared spectrum. They used the relationship to determine the SSA of snow

profile with an uncertainty of less than 15%. A coupled contact illumination probe and field

spectroradiometer vas used by (Painter et al., 2007) to determine the optical grain size under

field conditions with greater precision than the NIR technique. Rut the NIR technique bas

much higher spatial resolution imagery of SSA ta 1-mm-thick layer can be clearly identified)

than the spectrometer measurements technique (2 cm spatial resolution). This characteristic

makes the NIR method interesting because it can also be used to accurately determine the
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snow stratigraphy, and ]ocate ice lenses, hard crust, and thin layers in the profile (Matzl and

Schneebeli, 2006). AIl these parameters greatly influence the snow microwave emission.

Furthermore, NIR photography is simpler and more convenient for field work. The equipment

is basic; only a digital camera and the spectralon for calibration are needed. No source of

artificial light is needed.

In this study, we considered NIR technique for the determination ofthe snow SSA and

its correlation length. To check whether the NIR reflectance can be used to determine the

correlation length for use in snow microwave emission modelling, we carried out experimental

work at the snow station of the Swiss Federal Institute for Avalanche Research at

Weissfluhjoch, Davos. We performed two types ofexperiments:

1) The first was to measure the snow slab Tb at 21 and 35 GHz in different

experimental conditions, and from that we retrieved the absorption and scattering

coefficients through the inversion of the six-flux radiative transfer equations

(Wiesmann et aI., 1998).

2) The second experiment was to determine the SSA of the snow sample using near

infrared digital photography, and from that information, to compute the correlation

Iength ofthe samples.

111.2 The experiments

111.2.1 The geographical location ofthe site

The site ofthe measurements is Weissfluhjoch, Davos, Switzerland, in the DorftIli, a

locally flat area at 2540 m above sea level. Ibis is the location of the snow station for the

Swiss Federal Institute for Snow and Avalanche Research. At this station, regular weather and

snow parameter measurements are made. The measurements were conducted from 4/12/2006

to 4/22/06, i.e. just before the spring meit began.
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111.2.2 Material

We used two portable, linearly polarized radiometers operating at 21 and 35 GHz

(Table 3.1) built at the Institute ofApplied Physics, University of Bern. A blackbody box kept

at ambient temperature was used to calibrate the radiometers. An aÏuminum plate was used to

serve as perfect refiector, a 5-cm-thick blackbody plate was used to serve as a perfect absorber

ofmicrowave radiations, and a 3-cm-thick styrofoam plate was used to thermally insulate and

to hclp support the slab. The output voltage ofthe radiometers was recorded by a data logger.

The voltage is linearly related to the brightness temperature (lb). The digital camera used for

die NIR photography was a Sony Cybershot DSC-P200. The charge-coupled device (CCD)

used in the camera is sensitive to near-infrared light. A filter was placed over the CCDs to

block the visible light. The wavelength ofthe detected light is in the range of 840 and 940 nm.

The photos were taken under diffuse light with the camera placed on a tripod at approximately

one meter from the sample. When there was direct radiation, a white curtain was used to create

a diffuse light.

Table 3.1: Properties ofthe portable Dicke Radiometers.

Radiometer Radiometer

1 2

Center frequency 21 35

flGHzl

Bandwidth zlJ 0.8 0.8

{GHz]

Integration time t [SJ l-8 1-8

Sensibility [KI 0.1 0.1

3-dB beam width ç 90 90

Rom antenna pyramidal pyramidal
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111.2.3 Tb measurement procedures

The principal setup ofthe experiment is shown in Figure 3.1. The radiometers were mounted

on a frame which ailows easy variation of incidence angle and change of polarization. The

snow sample is placed on the styrofoam plate on a metal table. Between the snow and the

sample an absorber or metal plate was inserted. The samples were placed near the radiometer

antennae in order to ensure that ail the measured radiation came from the sample surface and

volume. A box at the rear contains the device for adjusting the voltage ofthe power supply, as

well as a car battery as a spare power supply in case of failure ofthe central power generator

of the snow station. The output voltages of the radiometers were recorded by a data logger

(polycorder (PC)).

Styrofoam

f igure 3.1.: Experirnental setup: the radiometer is mounted on a frame directed at

the snow sample (9 to 20 cm) which is piaced on a 3 cm-thick styrofoam plate on a

metal table (aluminum). An absorber or metal plate is inserted between the sample

and the styrofoam. The polycorder (PC) and the battery box are also shown.
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111.2.3.1 Removat of flic slab

The preparation of the snow samples was one of the most delicate tasks of the

measurement procedure. This method requires homogeneous samples of dry snow in order to

study their microwave properties as a function of their structure. To measure the Tb of the

snow, we first had to mechanically remove 70 x 60 cm blocks of snow with thicknesses

varying between 9 and 20 cm. Snow was excavated at a previously undisturbed site to ensure

that the layers were as homogeneous as possible. The snowpack was examined in order to find

layers ofsufficient thickness. Once a layer was chosen, a sample was prepared by cutting the

layer with metal plates, taking great care. to keep the stab undisturbed. The sample was then

placed on a 3-cm-thick styrofoam plate to help support the sample. Tests done by Wiesmann et

al. (1998) showed that the transmissivity ofthe styrofoam is better than 0.99 in ail conditions

for the frequency range used here. The styrofoam had the advantage of thermally insulating

the samples from the various underlying bases during handiing and measurements. In the case

of new snow, the handling was very difficult, even on the styrofoam plate, because those

samptes were likely to break apart or to show fissures, requiring the preparation of new

samples. The surface ofthe samples were then smoothed by a straight metal edge, a process

that had to be performed very accurately. The slabs were then placed on a platform in front of

the radiometers for measurements ( Figure 3.1). Thirty-three samples were used for the

experimental measurements. The radiometric measurements were taken immediately afier the

sample was extracted. Afier the radiometric measurements were finished, the snow

temperature was determined at different points near the center and the edges of the samples.

The maximum temperature difference did not exceed 2 K. The snow density was aiso

measured. The density ranged from 69 to 400 kg / m3.

111.2.3.2 Measurements

The Tbs of the snow sÏabs were measured in two different situations in order to

determine the reflectivity and the transmissivity of the samples: (a) the snow sÏab on the

aluminium plate at 450 angle of incidence, at both vertical and horizontal polarization; (b) the

snow slab on the absorber at 45° angle of incidence, at both horizontal and vertical

polarization. For calibration purposes, the sky Tb and that of the bÏackbody box at ambient

temperature were also measured. The depth at which the sample was taken was also recorded.
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111.2.4 Near infrared Photography

Before taking the near infrared (NIR) photos, the side of the stab was careftully

smoothed with a blade. The calibration targets were then placed on the sample (Figure 3.2).

Hie targets were manufactured of Spectralon standards with NIR reflectances of 50% and

99%. The distance between the camera and the profile wall was approximately one meter. To

compensate for tilting or turning of the camera with respect to the side of the slab, a

geometrical correction ofthe digital image was needed. The correction required at least three

targets inserted on the profile with a known distance from each other and known geometry

(f igure 3.2). The nearest neighbour method was used to transform the target coordinates in the

digital image congruently with their original geometry and distance (Matzl and Schneebeli,

2006). The near NIR reflectance (nir ) of the snow was calibrated with regard to the pixel

intensity ofthe targets:

nir=a+b.i (3.1)

where lis the intensity ofeach pixel and a and b are determined by a linear regression on the

pixel intensities of gray-scale standards.

Figure 3.2.: Preparation ofthe snow slab for the near infrared photograph) Four

grey-white targets are placed on a smoothed SIIOW side.
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111.2.5 Correlation of reflectance and SSA

Matzl and Schneebeli (2006) found that the corre]ation between the NIR refiectance of

the snow samples calculated from calibrated digital image and their SSA is about 90%. The

spatial resolution ofthe imagery is very high. In images covering between 0.5 m2 to 1 m2, even

layers of I mm thickness can be documented and meaured (f igure 3.3). The error increases

with increasing SSA from 3 % for SSA below 5 mm1 to about 15 % for SSA values above 25

mm1.

SSAA.e’’ (3.2)

Where nir is in %, A0.017±0.009 jnm1 and b12.222±0.842 (Matzl and

Schneebeli, 2006).

—

•4

;
j

r

Figure 3.3.: NIR photo ofa 13-cm thick inhomogeneous slab laying on a blackbody

and styrofoam slabs: the top layer is a newly fallen snow with high NIR (SSA=3$.5 /

mm), the middle layer is a refrozen snow with very low NIR (SSA=7.7 / mm) and the

bottom layer is made up ofrounded snow (SSA17.5 / mm).

111.3 Radiometric properties ofthe snow slab

The aim ofthe radiometric property studies is to understand how various Tb are related

to the emissivity (e ), reflectivity (r ) and transmissivity (t) of a snow slab and eventually

to the snow scattering and absorption coefficients.
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In order to connect the measured Tb to the snow internai scattering and the reflections

at the interfaces, we used the simple sandwich model based on the radiative transfer proposed

and deveioped by Wiesmann et al. (199$). We made two types of measurements: 1)

measurement of Tb of the snow on metal plate; and 2) measurement of Tb of the snow on

absorber.

111.3.1 Brightness temperature ofthe snow on metal plate

Figure 3.4a presents the situation ofa snow slab with thickness d, on a metal plate. The

upwelling brightness temperature Tb,net is composed ofthe emitted snow radiation, caused by

the physical snow temperature , of the sky radiation Tb51 that is reflected from the slab

(total reflectivity r,,,ej ), and of Tb that is transmitted through the snow siab and reflected by

the metal plate. The upwelling Tb ofthe snow on the metal plate is:

Tb1( I —r,) +r T5 (33)

where r,et is the total reflectivity ofthe snow on the metal plate. This reflectivity which

includes the internai refiectivity ofthe slab and that ofthe interface can be expressed as

follows:

rfl,e(=ri+(I+ri)Rrne, (3.4)

where R,,ei isa function of internai transmissivity (t ) and reflectivity (r ) and ofthe interface

reflectivity ofthe air/snow interface (r1 ):

r+t21 I —r)1
2 —1

(3.5)
i—ri1—r1t 1—r?
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Figure 3.4,: ‘Principle of snow sample measurements: (a) measurement of brightness

temperature of snow on metal plate, (b) measurement of brightness temperature of

snow on absorber. Corresponding values of blackbody radiation were also rneasured.

111.3.2 Brightness temperature ofthe snow on absorber

Similar to the case ofthe snow on metal plate, the upwelling Tb ofthe snow on

absorber Tbabs is (Figure 3.4b):

Tbb=(l — tabs)Tsnow ObSTS (3.6)

where it is assumed that the snow and absorber temperature are the same and rhS is the total

reflectivity ofthe snow on the absorber, includingthe internai reflectivity ofthe siab (r ) and

that ofthe interface air/snow ( r )•

rUbS—rI+(1—rI) Rabs
(3.7)

where RabS is expressed as foilows:

—I
r+rt l—tr.

R
=

abs 2 —1
l—rr.-— r.t l—rr.

, I I

snow

Tab s

snow

sky

Metal plate (r:=1)

u

ta)

(3.8)

The interna] reflectivities (r ) and transmissivities (t ) can becomputed from the measured

Tbrner and Tbabs jf r is known. If the snow interface is considered smooth, r. can be
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computed using the FresneI reflectivity formula at the given incidence angle, polarization and

dielectric slab permittivity E . To get the values of r and t , we just need to solve the system

of equations [(3 .4)-(3 .5)-(3 .7)-(3 .8)].

To iink the slab internai reflectivity r and transmissivity t of our samples on one hand, to the

internai scattering and absorption coefficients on the other, we used the six-flux mode!

proposed by Wiesmann et al. (199$). The six flux model is a simplified RTM that helps to

account for ail the radiation that is propagating in the snow slab. It is a model that reduces the

radiation at a given polarization to six flux streams along and opposed to the three principle

axes ofthe slab. The horizontal fluxes represent the trapped radiation whose internai incidence

angle O is larger than the critical angle for total reflection O

9>O=arcsin ‘fï7 (3.9)

where r is the relative perm ittivity ofthe slab.

The vertical fluxes represent the radiation which does flot undergo total reflection; this is the

radiation that interacts with the space above the snowpack. In the case of plane-parallel and

isotropic siabs, the six-flux model isreduced to the well-known two-flux mode!, and the 2-flux

absorption coefficient Y’a and scattering coefficient Y’ , can be written in terms of six-flux

parameters

yya(1+4c(ya+2c)’) (3.10)

Yb+4Ya+2c)’ (3.11)

Ya is the six-flux absorption coefficient, Yb the six-flux backscattering coefficient and y is the

corner scattering coefficient (the coefficient for coupling between the vertical and horizontal

fluxes). Wiesmann et al. (1998) have also established that, fora snow layer ofthickness d

the internai reflectivity ( r ) and transmissivity ( t ) can be expressed as:

r=r0(l_t)(l_rt)1 (3.12)

and
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-1

tto(i-r)ti-rt)
(3.13)

where t0 , the one-way transrnissivity ofthe slab is

t0=exp(—yd/(cos&)) (3.14)

and r0 , the reflectivities of infinite slab thickness

rO=ybtyQ+yb
)1 (3.15)

is a function ofthe ofthe 2-flux absorption, scattering coefficients (Y’a and y’,, ) and the

damping coefficient y which can also be expressed as a function of ‘a and y’,,

(3.16)

For an isotropic scattering the total scattering coefficient Y, is given by the sum:

(3.17)
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and the ratio 2YiYb can be expressed as foiiows:

2/yb=x/11—x) (3.1$)

where x is

x((&—1)!c)”2 (3.19)

From equations (3.10) to (3.19), we have the full picture ofhow the internai reflectivity r and

transmissivity t are )inked to the six-flux scattering coefficients Yb , ‘ and y .We soived the

system ofequations from (3.10)to (3.19) to derive the scattering coefficients (see figure 3.5).
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111.4 Resulis and discussion

figure 3.6 shows a trend for SSA to increase with decreasing density. The plot shows

characteristic SSA—density clusters for newly fallen snow (density, p< 200 kg m shown in

triangles), rounded grain (200 <p< 300kg. m shown in fihled circles) and for compacted

rounded grain snow ( p> 300kg. m shown in diamonds). The same clusters were also found

by (Matzl and Schneebeli (2006)), and it is assumed that this loose relationship is due to the

fact that metamorphism and sintering often have an impact on both SSA and density at the

same time. In fact, (Kerbrat et al. 200$) have shown that the SSA is not correlated to snow

density. The loose relation which seems to suggest a correlation between SSA and density is

f igure 3.5.: Computation of 6-flux scattering coefficients ofthe

snow samples
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due to a side effect; that on average when the snowpack increases in density, its SSA

decreases. That is not aiways the case. (Rosenfeld and Grody (2000)) have also demonstrated

that from mid-season, an internai restructuring ofthe snow occurs that can dramaticafly affect

the SSA even though the total mass of individual particles, as weli as the total density of the

snowpack, remain constant.

The representation of the scattering coefficient at 21 GRz and 35 GIIz at vertical

polarization versus SSA (figure 3.7a, b), shows an exponential decreasing of the scattering

coefficient with the snow specific surface. The correlation coefficients between the scattering

coefficient at 21 GHz and 35 GHz at vertical polarization and the SSA are respectively -0.57

and -0.64. New snow with high SSA has Iow scattering coefficient, and scttled snow with

rounded grains bas low SSA and high scattering coefficient. Samples 15 and 19, taken at the

bottom of the snowpack and made up of coarse grains, have very low SSA and very high

scattering coefficient. The same trend can be seen at horizontal polarization (c, d). The

correiation coefficients between the scattering coefficient at 21 GHz and 35 GHz at horizontal

polarization and the SSA are respectively -0.64 and -0.77.

f igure 3.8 is the representation ofthe scattering coefficient at 21 GHz and 35 GHz at

vertical polarization (8a, b) and at 21 GHz and 35 GHz at horizontal polarization ($c, d) versus

snow density. As expected there is no correlation between the scattering coefficients and the

snow density. Denser samples are not aiways characterized by larger scattering coefficients.

According to Debyc et aI. (1957) and Mtzler (2002), the relation between correlation

length (pc ) and the SSA is as follows:

pc=4 (3.20)

where is the volume fraction ofthe ice ( p is the density ofthe snow and

Pice9T7 kg/m3 is the density of ice).

We used the formula to convert the SSA derived from the NIR photography into the

correlation length. The representations of the pc versus the scattering coefficient at 21 GHz

and 35 GHz at vertical polarization (Figure 3.9a, b) show increasing scattering coefficient with

pc. Coarse snow grains have high correlation lengths which translate into high scattering

coefficients. The same trend can also be seen for the scattering coefficients at 21 GIIz and 35

GHz at horizontal polarization (Figure 3.9c, U).
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figure 3.6.: Scatterplot of SSA and snow mean density. Three different types of

snow are distinguished: snow with density p<200 kg.m3 (shown as triangles),

density 200<p<300 kg.m3 (shown as flhled circles) and snow with density p>300

kg.m3 (shown as diamonds).

Similar results were found by Wiesmann et al. (1998) on samples collected during the

winters 1994/1995 and 1995/]996 using the same methodology to extract the scattering

coefficient and cold lab measurements to determine the pc. The plots of correlation length

versus scattering coefficients at vertical and horizontal polarization of the samples with

densities above 200 kg.m3 are fitted with a power law fit:

(3.21)
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figure 3.7.: Representation ofthe scattering coefficient at (a) 21 GHz vertical polarization,

(b) 35 GHz vertical polarization, (c) 21 GHz horizontal polarization, (d) 35 GHz horizontal

polarization versus the SSA. Samples with density p<200 kg.m3 are shown as triangles.

Samples with density p>200 kg.m3 are shown in fihled circles. The numbers on the right of

the symbols indicate the sample’s number. The solid une is the exponential fit ofthe dense

samples.

The fits are shown by the solid les. The parameters d2 and C3
, (p represents the

vertical or horizontal polarization) and their equivalent found by Wiesmann et al. (199$)

(d2wie, c2wie) are provided in Table 3.2. The pc we found are in the same range as those of

Wiesmann et al. (199$) but our scattering coefficients are in genera] higher than those found

by them. The power law fits (figure 3.9) of Wiesmann et al. (1998) are steeper compared to

those ofour data. The first possible reason for these discrepancies between our data and that of

Wiesmann et al. (199$), especially at 21 GHz and horizontal polarization could be due to a

mechanical damage ofthe radiometer antenna at 21 GHz. The antenna used to shake slightly
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when a change in polarization from vertical to horizontal was made. The discrepancies could

also corne from the fact that there was a difference between our experimental set up and that of

Wiesmann et al. (1998). They used a metal frame of the same size as the samples to hold

together the 5110W slabs. Using the frame reduces the edge effects because the frame acts tike a

mirror for radiation hitting the edge, and thus simulates a targer sample. More importantly,

most of our samples were made up of very hard densified snow and the values of pc are

mostty concentrated between 0.1 and 0.2 mm. The 2005/2006 winter season was exceptional.

The snow depth was about 2 m. The average snow depth usually recorded in the area is 1.5 m

(Weise, 1996; Latemser and Schncebeti, 2003). This means the metamorphism yielded

different types of snow grains. for snow density exceeding approximately 350 kg.m3 which is

the case of most of our samples, pore spaces are very small (due to compaction) and the

kinetic growth process is limited. “Hard” depth hoar develops (Akitaya, 1974a, Marbouty,

1960) under these conditions. Hard depth hoar crystals are comprised of sharp angular

crystals, but relatively smaller and stronger (due to higher degree of bonding) than classic

depth hoar made up of larger faceted cup shaped grains with thinner wal] (smaller pc). These

larger hotlow crystals tend to grow in Iow density snow with large pore spaces (Akitaya,

I 974a). The hard depth hoar tends to have higher pc than the classic one.

The near infrared reflectance depcnds on the optical grain size which is inversely

related to SSA. But it is independent of snow density. As already mentioned at the beginning

of this section, SSA and snow density are not correlated. Snow is a random granular medium

for which grains cannot be considered as independent scatterers (Mtzler, 1997). The snow

emission model, MEMLS is based on this principle. This is why it uses the correlation length,

a parameter that takes into account both the SSA and the snow density [Mitzler, 2002;

Matzler, 1997; Debye et al., 1957].
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Figure 3.8.: Representation ofthe scattering coefficient at (a) 21 GHz vertical

polarization, (b) 35 GHz vertical polarization, (e) 21 GHz horizontal polarization, (d) 35

GHz horizontal polarization versus snow density. The numbers on the right ofthe

symbols indicate the sample’s number.

The estimated correlation lengths from the NIR technique and measured snow parameters

including density, temperature and sample thickness were used as input parameters in MEMLS

to simulate the Tbs at 21 and 35 GHz. Figure 3.10 shows the comparison between the

measured Tb of snow sample placed on metal plate and snow emission moUd (MEMLS)

predictions. Figures (lOa) and (lOb) are the resuits for 21 GHz at vertical and horizontal

polarizations. f igures (3.10e) and (3.lOd) represent the resuits for 35 GHz at V and H

polarizations. The correlation coefficient ranges from 0.55 at 21 GHz to 0.75 at 35 GHz. There

are some discrepancies between the modelled and the measured lb. We do not think that these

discrepancies are on]y due to errors in the determination ofthe pc. The scatter especiaily at 21
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GHz can occur for several reasons, including the fact that volume scattering is stronger at 35

GHz than at 21 GHz. Furthermore, a systematic error influenced the measurements at 21 GHz

because during the measurements, the 2] GHz radiometer was less stable than the 35 GHz

instrument.

Table 3.2.: Fit parameters for the six-flux scaflering coefficient versus the correlation length

and the correlation coefficients (d2, c3, R ) compared to those determined byWiesmann et al.

(199$) (d2wje, C3je, Rwie).

requency Polarization d2, c3 R d2wie, c3wie Rwje

tm’] [mh]

21 GIIz vertical 2.967 0.975 0.83 68.3 2.95 058

horizontal 2.514 0.342 0.44 - - -

35 GIIz vertical 3.514 0.843 0.73 260.4 3.13 0.90

. horizontal 5.781 0.876 0.73 - - -

69



ta) (b)

>
N
z
(!7
LI)
CL)

G)o
Q
D)

œ
0
Q

U)

10_1

Correlation Iength (pc) [mm]

(e)

Correlation Iength (pc) [mm]
(d)

z
N

(!3
u)
CL)

eo
Q
D)e
w
O
Q

CI)

o

>
N
z 10
0
C\J

w
o
Q
D)
C

o)

Q
U)

10

1
oC

Correlation length (pc) [mm] Correlation Iength (pc) [mm]

Figure 3.9.: Double logarithmic representation of the scattering coefficients at (a) 21 GHz

vertical polarization, (b) 35 GHz vertical polarization, (c) 21 GHz horizontal polarization, (U)

35 GHz horizontal polarization versus the correlation length. Samples with a density p<200
kg.m3 are shown as triangles; samples with a density p>200 kg.m3 are shown in filled circ[es.

The numbers on the right of the symbols indicate the samples number. The solid une is the

power law fit of the dense samples and the dash une represents power law fit found by

Wiesmann et al. (1998).
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Figure 3.10.: Comparison ofmeasured Tb of snow placed on metal plate with snow emission

model (MEMLS) predictions: (a) and (b) represent the results at 21 GHz V and H

polarization; (c) and (d) represent the results at 35 GKz V and K polarization.

111.5 Conclusion

We used the relations established by Matzl and Schneebeli (2006) and Debye et ai,

(1957) respectively to link infra-red reflectances of snow to the SSA, then the SSA to the

correlation length, knowing the density ofsnow. From the measurements ofTbs at 21 and 35

GHz, we derived the scattering coefficient of the samples by invcrting the sandwich and six-

flux RTMs. We showed that the scattering coefficient increases with the length of correlation.

The reiationship can be defined by a power law.

The pc we found are in the same range as those determined by Wiesmann and al.

(1998). New snow has pc range from 0.06 to 0.08 mm, settled densified snow is between 0.08
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and 0.2 mm and the depth hoar range is between 0.2 and 0.4 mm. This confirms the theoretical

relationship (equation 3.20) established by Debye et aI (1957) that connects the snow

correlation Iength to its specific surface. The technique shows great potential in the

determination ofsnow correlation length under field conditions even though it stili needs some

improvements (i.e. elements such as uniform illumination of the snow-pit wall). The

improvement of the determination of the correlation Iength is critical in the solving of the

many-to-one relationship between the SWE and measured Tb through the data assimilation

scheme.
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Chapter IV: Synthetic radiometric data assimilation

scheme for estimatïon of SHOW Water equivalent using

the Ensemble Kalman Filter.

IV.1 Introduction

Passive microwavebased retrievals of seasonal snow parameters from satellite

observations form a 30-year global record which will continue for the foreseeable future. So

far, the passive microwave-based retrievals of seasonal snow parameters such as SVVTE from

satellite observations have been generated primarily by regression-based empirical “inversion”

methods based on snapshots in time (Chang et al., 1987). Snow parameters retrieved by such

methods are sometimes used in product-based data assimilation (Sun et al. 2004; Pulliainen et

al., 2006; Dong et al., 2007). With this type of approach, the retrieval and the forward data

assimilation do flot necessarily have consistent physics or assumptions. Consistency is much

easier to achieve when brightness temperature (Tb) are directly assimilated. This Tb

assimilation (RA) approach has been used for years to retrieve atmospheric parameters by the

operational weather forecasting community with great success (Houtekamer and Mitchell,

1998). This approach can also be an interesting way to retrieve snow physical parameters

(Durand and Margulis, 2006).

Snow RA methods require accurate predictions of the lb emitted by the snowpack.

This imposes requirements on the key elements ofthe snow RA scheme (f igure 4.1): a snow

physical mode!, a radiative transfer model (RTM) and a RA framework. In previous studies,

Durand et al. (2008) explored the requirements on snow physical model model fidelity in

order for the RTM to produce Tbs suitable for RA purposes at a local scale. Using the

MEMLS, as the RTM and the Simple Snow—Atmosphere—Soil Transfer modet (SAST, Sun et

al. 1999) as the snow physical model. The SAST, which is a very simple, three-layer energy

balance snow scheme (Durand et al. 2009), demonstrated an improvement of the simulation

ofsnow depth through the use of an ensemble Kalman filter (EnKf) scheme at this local scale

for a week-long study. Their study demonstrated that MEMLS has the ability to accurately

predict the radiance when the snow layering structure and other parameters such as correlation
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length, density, snow depth, liquid water content and temperature are accurately represented.

They also showed that the accuracy of RTMs (specially at H pot.) is highly sensitive to the

strati graphic representation of the snowpack.

While Durand et aI (2006) work demonstrated the potential of snow RA for the

retrieva] of SWE, Durand et al. (2008) demonstrated the limitations of using the SAST snow

model (three layers maximum) in the RA because of its inability to accuratety represent snow

layering which in turn can lead to large errors in the prediction ofTbs (more than 10 K).

The purpose of this chapter is to study the feasibility of a RA scheme using a snow

physical model with an un!imited number of layers for a local-scale retrieval of the SWE. In

this chapter we explore RA using a much more detailed snow model, the CROCUS (Brun et

al. 1989; Brun et al. 1992) snowpack mode! for a local scale retrieval of the SWE. The

performance ofthe EnKf for SWE estimation is assessed by assimilating synthetic (simulated)

microwave observations at GBMR-7 frequencies (18.7, 23.8, 36.5, 89 V and H polarization)

into CROCUS. CROCUS lias been used for operational avalanche forecasting in France since

1992. It simulates the physical processes inside the snowpack and its stratigraphy (up to 50

layers) including crusts and ice lenses. Ice lenses are layers that resuits from melt-refreeze

metamorphism (Mitzler et al. 1987). Using a snow model with more sophisticated physics for

a better simulation of snow stratigraphy and ice lenses shou!d improve the accuracy of the

prediction ofthe observation and hence the accuracy ofthe retrieval via RA.

The chapter is organized in three parts: Section 2 gives a brief description ofthe EnKF,

the RTM and the snow physical model used for the scheme; the experimental design and the

datasets are described in section 3. The results and analyses are given in section 4.

IV.2 Data assimilation system

The data assimilation system consists ofthree different parts (Figure 4.1).

1) A snow physical model (CROCUS), which predicts the change of the snowpack

structure (during the so-called propagation phase).

2) A RTM (MEMLS), which simulates Tb using the predicted snowpack state parameters

and,
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3) the EnKf technique which calls both models and updates the state vector (during the

so-called analysis phase).

figure 4.1: Snow radiance assimilation scheme: This illustrates how information, models

and radiometric measurements are merged using the EnKf.

IV.2.1 Snow physical model (CROCUS)

Recently, a large number of snow-physical models have been designed to

accommodate various applications ranging from climate modelling and hydrology to research

in snow physics, snow stability and avalanche hazard forecasting. Up to 45 models are

inventoried and a concise summary oftheir characteristics is availabic in King et al. (2008).

The models disptay a wide range of complexity in coding, from tens of unes (see Grody and

Basist, 1996) to tens of thousands of unes (SNTERM, Jordan, 1991). In terms of model

structure, most of the models use a simplistic single layer approach to represent the whole

snowpack. The models use different approaches to parameterize snow albedo. Some assume

Hourly evolution
of meteorological

data

Adjustment

ObservedTb
byGBMR-7

Open-Ioop
Snow depth, SWE Snow depth, SWE
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albedo to be constant or a function 0f SflOW age only, or a function of 5110W depth only, while

others assume it to depend on several parameters, including grain size and impurity. Some

modets use fixed values for thermal parameters, while others assume that thermal parameters

change with density. Most of the models neglect the retention of snowmelt water and its

percolation. Only a few treat vapor transfer processes within the snowpack (e.g. CROCUS,

SNOWPACK (Lehning et al., 2002a; Lehning et aï., 2002b)). Most models are routinely used

independently of remote sensing techniques to predict the evolution of the snow state

parameters.

In this study we used CROCUS (Brun et al., 1989; Brun et al., 1992), a one

dimensional model in which the snowpack is represented in the model as a pile of layers

parallel to the ground. Energy exchanges are orthogonal to the siope of the ground surface.

CROCUS describes the evolution of the internaI state of the snowpack as a function of

meteorological conditions, thus predicting snow temperature, density, liquid water content,

snow type of each layer (dendricity, sphericity, size and age) and a historic variable that

indicates whetheror not there was presence of liquid water or faceted crystals before. The

thickness and number of layers are adjusted by the model in order that the numerical layers

match the in-situ observations of the niimber of layers and to keep the total number of layers

lower than 50. CROCUS simulates melting+refreezing of the snow layers, seUlement, grain

size metamorphism and percolation. It uses empirical snow metamorphism formulas

established by Brun et al. (1992) from cold laboratory works to quantify the continuous

growth of snow grain size. The meteorological forcing parameters include air temperature,

wind speed, humidity, precipitation, the type of precipitation (i.e. snowfall or rainfali), direct

downwelling shortwave radiation, downwelling longwave radiation, incoming diffuse solar

radiation, cloud cover (O for clear sky; and I for overcast sky; and intermediate values

possible). CROCUS can produce hourly snow profiles. One may also obtain hourly or daily

snow depth, SWE, bottom runoffand surface temperature (Meteo-France, 1996b). The model

have been successflilly used by Meteo-France for operational avalanche prediction in the alps

for several years since 1 992.
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IV.2.1.1 Relationship between the CROCUS snow grain size parameters and the snow

optical diameter

b describe the snow grains metamorphism, ÇROCUS uses three parametres:

dendricity, sphericity and grain size. Dendricity varies from 1 to O and describes how much of

the original precipitated crysml form is stiil present in the snow layer. Sphericity ranges from O

for completely faceted grain to I for rounded particles (Meteo France ]996b). When snow is

falling, fresh snow layers are added to the snow cover with a dendricity equals to I and a

sphericity assumcd to be equal to 0.5. When wet snow is falling, meteorological conditions

drive the model to induce a rapid wet metamorphism ofthe top-snow layers. When dendricity

reaches 0, partly branched crystals have almost disappeared. The snow is in the state of

rounded ciystals, faceted crystals or in an intermediate state, depending on the thermal history

of the layer (Meteo France, 1996b). Grain size then evolves as a function of temperature

gradients or Iiquid water content. The optical diameter of each type of grain is calculated by

CROCUS according to the following equations that relate the dendricity and sphericity to the

snow optical grain size (Do):

for the dendritic case

Do=_+[1+]xt3xN+[1_Ïx4} (4.1)

where g]=—99xdendricity (gi is, between -99 and 0), g2=99xsphericity (g2 is

between O and 99) and D0 is optical grain size in 1/10 mm.

for the non Dendritic case

(4.2)

where g]=99xspheridlly (gi is between O and 99) and g2 lODna ( D». in mm is

the maximum diameter deflned in chapter I section 1.1 .1 .2).

The determination of the dendricity and sphericity is a delicate and very subjective.

Details of the relation between these parameters and the snow parameters defined by the

International Commission ofSnow and Ice (ICSI, Colbeck et al. 1990) can be seen in Meteo

france (1996b).
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IV.2.1.2 Evolution ofdendricity, sphericity and size in dry snow

Dry snow grain metamorphism is calculated in CROCUS according to empirical formulas

(Marbouty. 1980; Brun et aï., 1989; Brun et al., 1992). The metamorphism rate does- flot

depend on the type of crystal which the snow is composed of. The rate and the type of

metamorphism involved depends only on the prevailing temperature gradient. Brun et al.

(1992) summarized the quantitative metamorphism laws that describe the rate ofthe change of

dendricity, sphericity’ and grain size as a function oftemperature and temperature gradient.

a) Case ofDendritic SHOW

a.1) Under isothermal conditions ( b T/bzI<5°/rn ), fresh snow evotves towards rounded

crystals and the growth is expressed as a function ofsnow temperature only.

bdendricity 8 —6l0
—2.10 exp (4.3)

where Tis temperature (in Kelvin), b T/b z is the vertical temperature gradient, t is the

time (days).

bsphericity —610
=10 exp

T
(4.4)

a.2) Fora high temperature gradient ( IbTIbzI>5°!rn ), fresh snow evolves towards

faceted crystals. The evolution ofthe dendricity and sphericity is described as a function of

temperature and temperature gradient.

bdendricity bsphericity
2 108. —610g bT

bt — bt —

. exp (.)

b) Case of non-dendritic snow

b.1) At low temperature gradient ( bT/bz<5°Im ). The grain growth is insignificant (
bD1/bt0 ) and, the evolution of sphericity can be described by the following

equation:
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6sphericity 109exp(_610) (4.6)

b.2) when 5<5T/6z<15°!m , the grain growth is insignificant ( t5Dmh5t=0 ). Th

sphericity evolve according to equation (4.5):

6S?herlCi
rn—2. 108 exp(

_6.103) 6T4
(47)

b.3.) At high temperature gradient ( 6 T16z> 15°Im ),
b.3.1.) if sphericity>0 then the grain growth is insignificant ( 6sizel6t=0 ), and

equation (4.7) is used to compute the evolution ofthe sphericity with time.

b.3.2.) 1f sphericily0 , According to Marbouty (1980)

6sphericity0
(4.8)

and

6size
f(T).h(P)g() (4.9)

wheref h, g and are empirical fiinctions.

IV.2.2 Radiative transfer model (RTM)

RTMs are established by soïving the radiative transfer equations (RTE) which is a

differential-integral equation (Mitz1er et aI., 2006). There are many RTMs for simulating the

snow emission. The difference between the models is based on the method and the

assumptions made in solving the RTE. The dense media radiative transfer (DMRT, Tsang et

al., 2000a) is a multi-layered snow emission model based on a theory that assumes the

snowpack to be a densely packed medium. A quasicrystalline approximation with particles

allowed to stick together to form clusters is used to compute the absorption characteristics of

the snowpack. A modified Born approximation is used to calculate the scattering coefficients.
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The model inputs includes snow depth, snow temperature, fractional volume and grain size.

The grain size used is defined as the greatest extent of prevailing grains. Another RTM that

can be used in snow RA is the Helsinki University ofTechnology model HUT, (Pulliainen et

al., 999). HUT is a semi-empirical model that treats the snowpack as a homogeneous, one

layered medium.

for this work, we have chosen the Microwave Emission Model ofLayered Snowpacks

(MEMLS; Wiesmann and MitzIer, 1999). MEMLS is a more realistic snow emission model

because it treats the snow as a multi-Iayered medium and also because it uses as input

parameter, the correlation length which is, as stated in chapter 3, the appropriate parameter to

use in the computation of scattering. The model is developed for the frequency range 5-100

GHz. It uses the six-flux theory to describe volume scattering and absorption, including

radiation trapping due to total reflection. The scattering coefficient is determined semi

empirically from measured snow samples (Wiesmann et aI., 199$), whereas the absorption

coefficient, the effective perm ittivity, refraction, and reflection at layer interfaces are based on

physical models and on measured ice dielectric properties. To extend MEMLS to coarse

grained snow, the improved Born approximation theory (Mktzler, 199$), a physicalty-based

scattering model was used to compute scattering due to hard crusts of refrozen snow and ice

lenses. The number of layers is only limited by computer time and memory. MEMLS requires,

thickness, density, temperature, liquid tvater content and correlation length for each snow

layer as inputs. The correlation Iength is the structure parameter that is rnost critical for the

determination of microwave scattering, and it is related to the specific surface of the ice-air

interface (equation 3.20). The relationship between snow grain size modelled by CROCUS

and MEMLS snow exponential correlation Ïength (Pex) bas been explored (Wiesmann et al.,

2000; MitzIer, 2002):

for dendritic SHOW,

p0.4D0 (4.10)

for non-dendritic snow,

Pex03’D0 (411)

According to Matzler (2002), the empirical equations (4.10) and (4.11) can be replaced by

the following physical equation: Pex05><Do><(lfice) , This physical equation could
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also be used to convert the snow optica] grain size into correlation length.

1V.2.3 Ensemble Kalman Filter

The Kalman filter is a filtering algorithm for a time-series of imprecise linear or non-linear

modelled data (Evensen, 2007). The technique is used in data assimilation in order to

minimize the mean squared error between modelled and measured state parameters knowing

estimates ofthe errors in the mode! and observations (Evensen, 2003; S]ater and CÏark, 2006).

Thc Ensemble Kalman lUter (EnKF) a variant ofthe classic Kalman f ilter was flrst proposed

by Evensen (1994). The difference between the EnKf and the classic Kalman lUter is that the

EnKf takes a Monte Carlo statistical approach to the solution of the Kalman filter equations

for the covariance matrices ofanalysis and background error. In RA in a LSM, this is done by

running the snow physical model several times for a given date, each time using a different set

of meteorological forcing parameters perturbed a certain number of times (replicates) by

adding random noise. further details can be seen in Houtekamer and Mitchell (1998), Evensen

(2003), HamiIl (2006) and Evensen (2007).

The EnKf technique bas wide applications across a range of earth sciences. The

method and its variants have been successfully applied to meteorological and oceanographic

problems of moderate complexity in small- to medium-sized domains (Evensen and van

Leeuwen, 1996; Houtekamer and Mitchell, 1998; HamilI et aI., 2000). Others include,

atmospheric sciences (OU et al., 2004) and hydrology (Reichie et al., 2002a; Durand and

Margulis, 2006; Andreadis and Lettenmaier, 2006). The algorithm uses a two step procedure:

1) During the propagation phase, the snow physical model computes the evolution of

an ensemble of state variables from the initial conditions until the time when an observation is

available. The evolution ofthe state matrices y[ for one ensemble member (replicate) k at

time t is expressed by (matrices and vectors are in bold font):

yF(y9, ttkr’ $k) (4.12)

where f() is the mode] operator, Yo,k is the state initial condition, Uk( is the

meteorological forcing data for replicate k and k is a white noise, which means that the

noise is flot colTelated with any other random variable and in particular is flot correlated with

past values of fl or replicate k. k is supposed to have normal probability distributions

with zero mean. The superscript ‘f’ refers to a mode] forecast.
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2) As for the analysis, the a posteriori (current time-step ) state estimate y is

computed as a linear combination of an a priori (previous time-step ) estimate and a y

weighted difference between an actual measurement ZQb. and a measurement prediction

M (y[) as (time subscripts are omitted):

yy+K[(zQbS+pk)—M(y)] (4.13)

where y is the new state vector afier the analysis step, Z0b. (The dimension of ZOb.

corresponds to ail the data in a time period for ail microwave bands) represents the

observation vector, containing ail the measured Tbs at time t , P is the measurement

random error that prevents the introduction ofcorrelations among the replicates (Burgers et ai.,

199$); p,, bas a normal probability distributions of zero mean and the measurement error

covariance matrix is C . M (y) is the conversion of the predicted snowpack structure

into Tb by a RTM. The difference tzObS+pk)—M(yk) in equation (4.13) is called the

measurement innovation, or the residual. The residual reflects the discrepancy between the

predicted measurement M (y[) and the actual measurement Z0b. . A residual of zero

means that the two are in complete agreement. K, the Kalman Gain is deflned in terms

measurement error covariance matrix C , the cross covariance of the states with the

observation prediction derived from the RTM, and C the covariance of the

observation predictions:

C
(4.14)

C is calculated from the statistics ofthe ensemble as follows.

c= (y[-y)(M (y[)-M (y)) (4.15)

where j is the mean value of ail the repiicates and n, is the number ofreplicates. C,

the covariance ofthe observation predictions is computed as foliows:
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1
(M(y)-M())2 (4.16)

k1

Both of these covariances are computed from the ensemble; C, is the measurement error

covariance detcrmined from the standard deviation ofthe measurement errors.

The propagation and update steps given by equations (4.12) and (4.13) are applied to

each ensemble member and sequentially forwarded in time so that a given a posterior estirnate

is conditioned on ail previous measurements. Looking at (4.14), we notice that as Ç

approaches a zero matrix (which means the actual measured Tb is extremely precise compared

to a non negligible variance of the predicted measurernents), the gain K weights the residual

more heavily. That means the correction of y[ would be large. On the other hand, as

approaches a zero matrix (the forecast is extremely accurate compare to measurements); the

gain K weights the residual Iess heavily; the correction is then less significant. In the end the

filtered estirnate may be significantly doser to the true state than the raw simulated state.

IV.3 Simulated experiment for verifying the assimilation scheme

The sirnulated experiments we perforrned in this chapter are airned to verif,’ certain

fundarnental properties of the RA. These simulations are built around the field measurernents

discussed in Chapter 5. The actual validation of the assimilation system with in situ is

performed in Chapter 5.

One ofthe main source of errors affecting snow physical model prediction cornes from

meteorological forcing data (Reichle et al., 2002). The truc precipitation measurements in

mountainous and northern tundra arcas tend to be undercstimated, largely bccause of wind

induced turbulence at the gauge orifice, wetting losses on the internai watts ofthc gauge, and

evaporation tosses in precipitation measurerncnts (Groisman and Legates, 1994). We assurned

that, due to these systematic errors (biases), on avcrage, the measured value was 60 % ofthe

truc precipitation. In order to obtain the truc precipitation, we corrected these systematic errors

by scaling the original precipitatiôn by a correction coefficient. We simulated snow depth and

SWE with different scenarios in CROCUS where only the precipitation arnount changes (sec

results in chapter 5 Table 5.2). The scaling factor of 1.65 was.found to give the best match

83



between the prediction of CROCUS and the in situ data. The precipitation measurements

correction is often made by following established gauge/shield specific coefficients (Yang et

aI. 1999). Because in mountainous areas, the sources of measurement errors are often

multiple; the optimum correction could flot be obtained by using such a method.

The experimental setup is designed to evaluate whether with a bias precipitation

forcing, SWE can be retrieved by assimilating Tb using the EnKf with CROCUS and

MEMLS as the physical models. Because ofthat, of ail the meteoro]ogical forcing parameters,

only the precipitation forcing is treated as an uncertain random variable. And because the

grain-size growth model is also a major source of error in snow model predictions (Durand

and Margulis, 2006), the coefficients of growth of the grain size parameters (see equations

(4,3) to (4.9)) were randomty perturbed. The standard deviation is assumed to be 0.5 mm.

(The exact value ofthe coefficient is not known. The value of 0.5 mm constitute the maximum

value of the standard deviation (Durand and Margulis, 2006)). To make sure that the RA

system was properly set up, we used synthetic or “twin” experiments (Reichle et al., 2002;

Sun et al., 2004; Durand and Margulis, 2006) described as follows:

(1) We flrst ran CROCUS with the corrected meteorological data. The derived snow

depth and SWE are considered as the “truth”. The “truc” snow states predicted by CROCUS

(output taken at 13:00 local time (LT)) were used to simulate Tbs corresponding to ail eight
Ground-Based Microwave Radiometer (GBMR-7) channels (18.7, 23.8, 36.5 and 89 at

vertical and horizontal polarization). The simulated observations were corrupted assuming that

the standard deviation of the passive microwave measurement errors can be charactcrized as
white Gaussian noise with a standard deviation of 0.5 K. The same standard deviation was

also used to compute Kalman Gain. The value of the standard deviation corresponds to the

measurement error of the GBMR-7 radiometers (Graf et al., 2003) (see specification in Table

4.1).

(2) In the second run, random errors are first added to the original (biased)
meteorological data. A certain number of replicates are obtained. CROCUS is then run with

each replicate. The true synthetically created Tbs from step (1) were assimilated on a daily

basis using CROCUS and MEMLS as the physical models driving the assimilation. The

estimated snow depth and SWE were then compared to the simulated “truth”.

To provide a benchmark for assessing the EnKf performance, the model is run in

84



“open-loop” mode, that is, without the benefit of the passive microwave observations. The

open-Ioop simulation employed the nominal meteorological forcing data (i.e. The 40% bias

precipitation correction was flot applied) and no perturbation of initial grain size was applied.

This “open-loop” mode is simpiy the equivalent of running the CROCUS model using the

measured (uncorrected) precipitation data (it is, in fact, a standard for comparison which wiil

be used in subsequent validation chapter).

EnKf was flrst run with varying ensemble size from 5 to 100 replicates to determine

optimum ensemble size. Ail six snow variables states (thickness, temperature, density, iiquid

water content, dendricity and sphericity were updated at each measurement time (13:00 LT),

and the SWE was then computed from the snow depth and snow density.

In this test, the meteorologicai forcing data used are from the Local Scale Observation

Site (LSOS) ofthe Cold Land Processes Field Experiment-1 (CLPX-l) in Coiorado, USA (see

chapter 5). The meteorological station used was located near the GBMR-7 instrument (Graf et

ai., 2003). The data. were co]lected between I October, 2002 and 29 March, 2003 and include

wind speed, wind direction, air temperature, relative humidity, downward long-wave

radiation, downward short-wave radiation and precipitation type (i.e. Rainfail or snowfall).

The cioud cover, the type of precipitation, and the diffuse solar radiation were three other

meteorological forcing parameters needed to run CROCUS but were not measured on the

field. Those parameters where simulated as a function of the measured meteorological data

using models extracted from the SAST land surface mode! (Sun et ai. 1999).
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Table 4.1.: Technical specifications ofthe Ground Based Microwave Radiometer (GBMR-7)

(Graf et al., 2003).

Technical Specifications

Frequencies 18.7, 23.8, 36.5, 89.0 GHz

Measurement Range O K to 350 K

AbsoluteAccuracy 0.5 K (RMS)

Resolution 0.3 K min

Antenna Beam Width 10 deg. (FWHM)

Beam Efficiency 98% min

Cross Polarization 0.1% max

Side lobe level -40 dB max

Polarization V & H (23.8 GHz vertical only)

Positioner Azimuth (360 deg), Elevation (+1-90 deg)

IF Ban dwidth 200 MHz

Integration Time 0.1, 0.2, 0.5, 1.0, 5.0, and 10 seconds

IV.4 Resuits and discussion

The methodology described in section 3 was implemented. In this section, we review

the basic filter resuits ofthe EnKF estimate. We first determined the optimal ensemble size,

then evaluated the estimate of snow depth, SWE. density, and others state variables including

the temperature, the liquid water content and the optical grain size.

IV.4.1 Influence of the ensemble size

The EnKF yields error statistics using ensemble model states. The effectiveness ofthe

filter depends on the size ofthe ensemble (Siater and Clark, 2006). Because the scheme uses

the Monte Carlo principle, in theory, the EnKF converges with increasing ensemble size. We

examined the effect of ensemble size on the filter performance. We ran the filter with a

number of rep]icates varying from 5 to 100. The bias and RMSE we found for the SWE

estimate are shown in Figure 4.2. for an ensemble size of 5 replicates the bias and the RMSE
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are very high and their amplitude drops significantly when the number of replicates is

doubled. Above 15 replicates the errors do flot significantly decrease. The results show an

interesting characteristic of the RA scheme using a multi-layered snow physica] mode]. The

filter has the ability to converge at a relatively small ensemble size. A point to be made is the

choice of the replicates (flr). If tir S too small (tir <15), the inversion resuits have high static

noises. However, if tir is too large (tir >25), computer resources are wasted and, the model

becomes unsuitable for application over large data volumes.
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IV.4.2 Snow depth

SWE estimate based on

The snow depth estimated from the assimilation of synthetic (simulated) passive

microwave observations at GBMR-7 frequencies are shown in f igure 4.3. The data period

employed for RA started on I4th November 2002 when there was a significant amount of

snow on the ground. The “true’ snow depth grows steadily from November, 2002 to february,

2003. Snowmelt occurs from early March and mid-March folÏowed by a period of heavy

(b)

40 50 60
Number of replicates

figure 4.2.: Representation of ta) the bias and (b) RMSE of the

assimilation with different num bers of repi icates.
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snowfait that increased the “true” snow depth to more than 2 meters. The predicted seasonal

accumulation is consistent with the regular snowfall in the time period (see Figure 5.4). As

expected, the open-loop underestimates the snow depth and this is mainly because of the bias

in the measured precipitations. The EnKf estimate greatly improves upon the open-loop

model run. The averages ofthe true, EnKF and open-loop snow depth are 83.5 cm, 84.5 cm

and 50 cm respectively. From Table 4.2, the EnKF estimate of the snow depth bas a season

average bias of-0.9$ cm and RMSE of 6.4 cm (or RMSE of 7.7% compared to the mean snow

depth) which represents 82% reduction of the open-ioop RMSE of 36.0 cm (or 43.2%). The

bias and RMSE are even better (see Table 4.2) when the last two weeks of March (wet snow)

are excluded from the computation

Table 4.2.: The seasonal average bias and RMSE ofthe snow depth estimate compared with

‘true” estimates. Values in parenthesis represent the ratio (%) ofthe RMSE divided b)’ the

seasonal average ofthe “true” snow depth.

Bias (cm) RMSE (cm)

open-loop 32.5 36.0 (43.2%)

Open-loop without 28.60 30.6 (41.3%)

end ofMarch

EnKF -0.98 6.4 (7.7%)

EnKFwithout end 2.80 5.8 (7.8%)

of March

IV.4.3 Snow density

Figure 4.4 represents the snow density: (a) is the minimum density of ail layers, (b) is

the maximum density and (c) represents the mass mean density of ail snow layers. Minimum

density ((f igure 4.4a) shows no real difference between the truth, the open-ioop and the EnKf

density. The minimum density which corresponds to fresh new snow osciliates between 0.05

and 0. J 5 g / cm3. Estimation of the new snow density is crucial as il provides a starting point
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for subsequent density calculations. Ihe sharp drops in the minimum snow density are due to

precipitation events that add new snow with lower density layers to the snowpack. For the

mean density (Figure 4.4c), the open-Ioop underestimates the ‘true’ mean density but the

EnKF density compares favorably with the truth (F igure 4.4c). The maximum “true” and

open-loop densities are around 300 kg.m3 and the maximum density of the EnKF oscillate

between 250 kg.m3 and 350 kg.m3 (Figure 4.4b). The ice lenses that form following the

refreezing of meit snow usually have densities above 400 kg.cm3. The “true” and open-loop

are below 350 kg.m3. This suggests that CROCUS underestimates the density of ices lenses

and crusts present in the snowpack.

Eo

o
w

Dec Jan Feb Mar

Figure 4.3.: Retrieval of snow depth estimate obtained by assimilating synthetic

observations corresponding to GBMR-7 frequencies using the EnKF scheme. The

“true” is the solid une, the open-loop is the dotted une, faint dotted unes are individual

replicates, and the EnKF estimate (ensemble mean) is the dashed line.

$9



IV.4.4 Snow water equivalent

The $WE was computed using snow depth and density state. Figure 4.5 shows the

SWE estimates. The EnKF estimate overestimates the truth from November to January and at

the end ofMarch. The seasonal averages ofthe “truc”, EnKF and open-loop SWE are 151.6

mm and 157.0 mm and $1.6 mm respectively. The open-loop run (without assimilation)

largely underestimates the “truth”, mainly because of the bias in the meteorological forcing

data (precipitation). The EnKF simulation agrees better with the “truth” than the open-loop

except during the last two weeks ofMarch when the snow was wet. From Table 4.3, the EnKf

estimate has a season-average bias of-5.4 mm and RMSE of 12.3 mm (8.1 % error) which

represents a 85.2 % reduction over the open-loop RMSE of $2.7 mm (54.5%).

Table 4.3.: The season average bias and RMSE ofthe SWE estimate compared with the

“truc” estimates. Values in parenthesis reprcsent the ratio (%) ofthe RMSE div ided by the

scasonal average ofthe “truc” SWE.

Bias (mm) RMSE (mm)

open-loop 70.0 $2.7 (54.5%)

Open-loop without 60.7 66.4 (49.3%)

the end ofMarch

EnKF -5.4 12.3 (8.1%)

EnKFwithout the -3.4 6.4(4.8%)

end of Match
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f igure 4.4: Retrieval of(a) snow minimum density, (b) maximum density, (c)

average density. The true’ is represented by the solid une, the open-loop is the

dotted une, the faint dottediines are individual replicates, and the dashed une is

the EnKf estimate (ensemble mean). The ‘truth, the open-ioop and theEnKf

estimate are ail superimposed in (a).
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Figure 4.5: Retrieval ofSWE. The “truth” is the solid une, the open-loop is the dotted

une, faint dotted unes are individual replicates, and the EnKF estimate (ensemble mean)

is the dashed une.

IV.4.5 Snow optical grain sïze

Snow optical grain size was calculated using equations (4.1) and (4.2). These relate the

optical grain size to the dendricity and the sphericity simulated by CROCUS. Figure 4.6 is the

representation of the mass mean optical snow grain size. The EnKF estimate performed weIl

ftom November to early March when the snowpack was dry most ofthe time. For this period

of time, the open-loop optical grain size is higher compared to the “true” snow optical grain

size. The ‘truc” snowpack is deeper than that of the open-loop (Figure 4.3) and, both

snowpacks are subject to the same meteorological conditions (air temperature in particular).

The temperature gradient in the open-loop snowpack is higher than in the case ofthe “truth”.

That leads to a more intense constructive metamorphism resulting in much larger snow grain

400
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200

100

Dec Jan Feb Mar
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size. In March, the EnKF resuits failed to correctly simulate the “true optical grain size. The

estimate started to deteriorate afier the first week of March. The high diurnal air temperature

and low nocturnal air temperature in March (see Figure 5.5) indicates that the snowpack

underwent melt+refreeze metamorphism. During that period the EnKf failed to retrieve the

“true” optical grain size. Predicting grain growth during melt+refreeze metamorphism is a

complex task, and the theories used by CROCUS are yet to be extensively validated.
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Figure 4.6.: Retrieval ofthe mean optical grain size . The “truth” is the solid une, the

open-loop is the dotted Une and the EnKf estimate (ensemble mean) is the dashed une.

We plotted the optical grain size profiles for two different dates: The first is on

December, 2th 2002 when the snowpack was dry (f igure 4.7) and the second was on the March

25tl, 2003 when the snowpack was wet (Figure 4.8). Under dry conditions (f igure 4.7), the

filtered optical grain size grain agrees reasonably well with the “true” optical grain size

especially for settled snow (layers at depth between 35 and 65 cm). The optical grain size

Dec Jan Feb Mar
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estimate is poor on the March, 25th (figure 4.8) when most of the layers were wet. This

illustrates a crucial point: there is adequate information in the microwave signal, if applied

within the RA framework, to extract not only the grain size averaged in a simple layering

scheme (f igure 4.6), but also the grain size profile at much higher details. The many-to-one

problem of the SWE-Tb relationship can be ovcrcome by assimilation, even when the grain

size profile varies significantly with depth. However, this tends not to be the case later in the

winter, once the signal has been contaminated with liquid water.
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f igure 4.7.: Retrieved optical grain size profiles on 2/02/2003
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IV.4.6 Temperature

Optical grain size [mm]

The temperature profile is an important parameter to model because the rate of snow

grain size metamorphism depends on the temperature and temperature gradient (Brun et al

1 992). figure 4.9 shows snow temperature retrievals for the “true”, the EnKf estimate and the

open-loop. The snow minimum temperatures (figure 4.9a) oscillate between -3°C and -28°C.

There is littie difference between the filtered, open-loop and “true” minimum temperature. The

maximum snowpack temperature (f igure 4.9b) was below 0°C from December to february

and was close to 0°C for the whole month of March. The retrieved temperature is consistent

with the snow pit records in the area which indicated that at the end ofthe season, the bottom

layer ofthe snowpack was wet and the temperature close to 0°C (Tedesco, 2006c). The “true”

maximum temperature, which is usually found at the bottom ofthe snowpack, is higher than

the open-loop. The truen snowpack is deeper than the open-loop (figure 4.3), so the deeper

the snow, the more insulated that warmer snow is from the cold air. These simulated retrievals

suggest that the EnKF retrievals are able to effectively estimate the “true” temperatures within

the snowpack.
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f igure 4.8.: Retrieved optical grain size profiles on 25/03/2003.
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Figure 4.9.: Snow temperature ptedicted by EnKF: (a) the minimum temperature
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IV.4.7 Liquid water content

f igure 4.10 shows the retrieved liquid water content (LWC) of the snowpack, There

was Iiquid water at the beginning ofthe third week ofNovember (figure 4.10 b and e). From

then until Mid-January, the model did flot predict any presence of Iiquid water in the

snowpack. Liquid water occurred again at the end ofJanuaiy, at the beginning offebruary and

at the end ofMarch.

The relatively high temperature of the snowpack in March and ground truth data

suggest the snowpack may have started to undergo a process of meit metamorphism. The

snow data record (England, 2003) shows that during the period between 00H 00 LT on Mardi

25, 2003 and 12 H 00 on March 27, 2003, the temperature of tic upper part of the snow

osciliated around 0°C, with the air temperature ranging between -15°C and ±6°C. The

temperature ofthe bottom layer ofthe snowpack was aiways around 0.4°C. This suggests that

the bottom layer was wet in the iast week of Mardi. A snowpit performed on March, 29t1i

2003 (see figure 5.9) reveaied the foilowing stratigraphy from top to bottom: newly fallen

snow. followed by a melt+refrozen layer, a dry round grain layer and a wet snow layer at the

bottom of the snowpack. Tus state of snow may be the resuit of the fact that in March the

temperatures ofthe snow at the surface start to reach 0°C the during day time because the air

temperatures were above 0°C most of the time. A layer of wet snow resuits and, that wet snow

layer refreezes during the following nigit. But when the snow water retention reaches it

maximum, liquid water starts to percolate from the surface to the bottom layers; it migrates

further and further down, and at night, because of cooling, the snow surface refreezes. The

result is a thick crust Iaying on a wet layer. When new snowfall occurs the ice layer is then

covered by a new dry snow layer. Tic influence of the crust is important because it increases

the scattering and tic internai reflection of tic microwave radiation (Mitzier 1 994) Tus was

discussed in section 11.3.2.4. The inability of CROCUS to accurately predict the melt±refreeze

process and the percolation of liquid water may be responsible for the poor quality ofthe SWE

retrieval at the end ofthe season (see figure 4.5).
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Figure 4.10.: Retrieved Liquid Water Content (LWC in g.cm3) ofthe snowpack.

(a) minimum LWC for the snowpack, (b) maximum LWC for the snowpack and

(c) weighted mean density ofLWC for ail layers ofthe snowpack.
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IV.4.8 Influence of the measurements errors

The RA system takes into account Tbs measurement errors. We evaluated the effect of

the observations errors on the performance of the EnKF. The “true” Tb were degraded by the

addition of spectral vectors of random errors (whose standard deviation varied from I to 20

K). Table 4.4 sums up the resuits ofthe tests (last week ofMarch was excluded because during

this period the snow was wet). The estimation is befler for small measurement errors. The

RMSE only doubled from 7.6 mm to 15.1 mm when the errors is decupled from I K to 10 K.

For measurement errors less than l5 K the RMSE is stiil significantly better than the open

loop ($2.7 mm of Table 4.3). When the measurement error is too large the EnKF assumes that

the prediction of CROCUS+MEMLS is better than the measured Tb. The update by EnKF of

CROCUS’ prediction is negligible and that leads to a positive bias. This resuit is different from

what Durand and Margulis (2006) found. Their results show that the RA with a limited

number of snow layers is very sensitive to measurement error and that, the error must be less

than 5 K for the assimilation to be significantly better than the open-loop.

Table 4.4.: The bias and RMSE ofthe SWE estimate for different assumed values ofthe

standard deviation ofthe Tbs measurements error. Values in parenthesis are the ratio ofthe

RMSE over the seasonal mean SWE.

Measurement Bias (mm) RMSE (mm)

error (K)

-4.45 7.6 (4.55%)

2 -0.32 10.61 (6.02%)

4 -8.24 12.8 (7.66%)

5 6.71 12.0(7.18%)

10 0.62 15.1 (9.03%)

15 28.60 34.5 (20.66%)

20 43.57 50.4(30.18%)
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IV.5 Conclusion

We investigated the feasibility of RA in a multi-layered sophisticated snow physical

model using the EnKf for a local-scale determination of snow physical parameters. The

resuits of the assimilation show the possibility to assimilate the Tb using a multi-layer snow

physical model to retrieve the SWE. The advantage of using a multi-layer snow physical

model is that it allows a more detailed parameterization ofthe snow metamorphism, which can

improve the accuracy of Tb prediction achieved by the coupling of the snow physical model

and the RTM.

Analyses ofthe EnKf retrievals suggests that the EnKF is suitable for retrieving SWE

with biased meteorological forcing data. The system performance is very good in the case of

dry snow. Over a simulated snow season, the EnKf was able to estimate the SWE with an

RMSE of about 12.3 mm (8.1% error cornpared to mean SWE of 152 mm). We also assessed

the effect of ensemble size on the EnKf. The resuits show that the filter converges rapidly for

a relatively small ensemble size. The minimum number of replicates that is needed in order to

achieve accurate resuits was 20 replicates. Compared to the assimilation using the snow

physical model with a limited number of layers, this system has the advantage that it can

retrieve information about the SWE using a small ensemble size and the results are less

sensitive to measurement errors. That is important when it cornes to using the system for an

operational RA scheme to retrieve the SWE for a large data volume. An improvement of the

snow physical model is needed to make the RA system more accurate, especially its ability to

accurately simulate the melt+refreeze, thedensity ofice lenses and hard crusts.

The next step in this work is to validate the RA system using in situ data from the

CLPX-1.
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Cliapter V: Point-scale radiometric data assimilation
for estimation of SHOW Water equivalent: validation

and testing.

Vi Introduction

The two biggest sources ofuncertainty in a CROCUS run are: (1) the snow depth (due

to poor precipitation measurements) and (2) grain size parameterization (due to complex and

hard-to-model grain size physics, which are stiil flot fully understood); both sources of errors

are taking into account in the RA system presented in chapter 4. The main objective of this

chapter is to test the assimilation framework established in chapter 4 to detcrmine snow depth

and its water equivalent by assimilating local-scale GBMR-7 observations at 18.7, 36.5 and 89

GHz collected during the NASA CLPX-1, which took place during the 2002- 2003 season, in

Colorado, USA. Before the assimilation of the measured Tbs was performed, we fïrst tested

whether realistic estimate ofTb can be obtained by running a snow emission model (MEMLS)

given data provided by a snow physical model (CROCUS).

The outline ofthis chapter is as follows: Section 2 is concerned with the description of

the methodology. Section 3 describes the area of interest and the dataset characteristics.

Section 4 is dedicated to the results and discussion.

V.2 Validation ofthe assimilation scheme; overview

In order to estimate the truc” precipitation, we used the method described in chapter 4

section 3 to correct the systematic errors due to precipitation gauge undercatch. In chapter 4

we simulated an experimental setup to show that, even with a bias precipitation forcing, SWE

can be retrieved by assimilating synthetic Tb observations using the EnKf. In this chapter, we

test the assimilation scheme using in situ Tb. The flowchart in figure 4.1 shows the

methodology followed. We flrst run CROCUS with the measured (biased precipitation)

meteorological data. A second run was performed by forcing CROCUS with corrected

meteorological data. The snow emission model, MEMLS is then run using outputs from

CROCUS to simulate Tbs. The results are compared with in situ GBMR-7 measurements.
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Finally measured GBMR-7 Tb (at ail frequencies and at both polarization) were assimilated

using the EnKf into CROCUS to estimate snow depth and SWE.

V.3 Experim entai site anti dataset

V.3.1 Geographical location ofthe site

We used meteorological, snowpit and microwave Tb measurements coiiected during

the NASA CLPX-1 in North centrai Colorado and South centra] Wyoming, in USA. The

NASA CLPXl was a multi-sensor, multi-scale approach to providing a comprehensive data

set necessary to understand water fluxes, storage, and transformations at regional and global

scales. A set of nested study areas, ranging from I ha to 1 60,000 km2, was used to provide the

framework necessary to permit a detailed examination of coid land processes, modeiling, and

measurernents over a wide range ofphysiographic conditions and spatial scales (Figure 5.1).

Snow data were collected at the Local Scale Observation Site (LSOS). The LSOS is a

1 00 x 100 m study site Iocated within the I km X I km CLPX fraser Intensive Study Area

(iSA), near the Fraser experimental forest headquarters facility (39°50’49”N, I 05°5440”W;

f igure 5.1). The stucly area has fiat topography containing a uniforrn pine forest, a

discontinuous pine forest, and a small clearing (figure 5.2). Figure 5.3 shows the location of

ail scan fields observed with the radiometer, the snowpit areas and the locations of the

meteoroiogical station, the precipitation gauge, and the soi] sensors. Table 5.1 sums up the

spatial, temporal coverage and resolution of the CLPX-1 meteorological, radiometric and

snow pit measurements at the LSOS site.

Snow data including the snow depth at the pit location. the SVTE, snow density, snow

temperature (minimum, maximum, and at the base and surface of the snowpack). snow

stratigraphy, and snow grain size for different layers (Cime et al., 2003) were sampled at

different locations within the site and various dates (li-15 December 2002, 19-25 February

2003, and 25-30 March 2003).

Snow grain size was determined as minimum, mean and maximum dimensions of

representative smal], medium and large grains in each layer using a microscope with $ x 30

optics. In February 2003, the measured snow grain sizes ranged between 0.05 and 0.1 mm in
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the upper part 0f the snowpack for fresh new snow and between 3 and 4 mm for the bottom

layer (depth hoar). Snow pit data collected from 21 to 24 february 2003 re\’ealed the presence

of ice crusts in the snowpack. These ice crusts resuit from meft-refreeze metamorphism of

snow (Tedesco et al.. 2006a). As we stated earlier in chapter 3, the measured grain size is flot

the appropriate parameter to use in the cornputation of microwave scattering (Mtzler, 2002).

We used empirical formulae established by Durand et al. (2008) to convert the measured grain

size into optical grain size.
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Figure 5.1.: Nested study areas for the Cold Land Processes f ield Experiment-l (CLPX-1).
The map limits describe the Large Regional Study Area (4.5 x 3.5 degrees) in north central
Colorado and south central Wyoming (outer square). The SmaII Regional Study Area (2.5 x
1 .5 degrees) boundaries are also shown. Within that area are the three 25-km x 25-km study
areas: North Park, Rabbit Ears, and fraser. Each ofthese three areas contains four 1-km x 1-
km Intensive Study Areas (flot shown) .(From http://www.nohrsc.nws.gov/—cline/clpx.htmI).
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Tbs at the LSOS were also rneasured using the GBMR-7 (Graf et aI., 2003).

Observation were made at 550 incidence angle on different dates (10-13 December, 1$-26

February, and 25 Mardi) at three different frequencies (18.7, 36.5 and $9.0 GHz) and at

vertical and horizontal polarizations (see technical specifications in Table 4.1). Meteorological

forcing data are the sanie as those used in chapter 4.
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figure 5.2.: Layout of the l-ha Local Scale Observation Site (LSOS) (Ïocated in the

Fraser area) for Intensive Observation Periods (TOP) 3 and 4 (february and March,

2003) (Grafi et al. 2003).
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Figure 5.3.: Overview ofthe observation site: detail ofthe “open area” shown in Figure

5.2, including the area observed by the GBMR-7. The oyais show the location of ail

scan fields observed by the GBMR-7 (From Graf et al., 2003).



Table 5.1: Summary ofthe spatial, temporal coverage and resolution ofthe CLPX-1

meteorological, radiometric and snow pit measurements at the LSOS site, Colorado, USA.

Spatïal Temporal coverage and resolution Parameters
coverage

Meteorological LSOS at Fraser, From Î October 2002 resolution of 10 wind speed and

Data Colorado, USA to 29 Match 2003 min direction, air
temp., humidity,
downward long-,
and short-wave
radiation,
precipitation

Snow Pit Data GBMR-7 snow 13, 27 Nov 2002, density, snow
pit temperature,

11-15 Dec 2002 stratigraphy,
SWE, grain size,

4, 22 Jan 2003 sou moisture.

2,3,6,7,9, 10,21,25
Feb 2003

1 1 Mac 2003

LSOS (10P3) 19- 24 Feb 03 11:0010 15: 30

LSOS (10P4) 2, 26, 28-30 Mar 03

Radiometer 10-13 Dec 02 12:30 to 15:30 Tb at 18.7, 36.5,

Observations 1 8-26 Feb 03 and 89 GHz
25 Match 03 (V/H- pol.)

V.3.2 Meteorological forcing: Precipitation and air temperature

Figure 5.4 shows the precipitation and air temperature data co]lected in the area of

interest. There were significant snowfalls from November, 2002 to March, 2003. The

average daily temperature in October was above 0°C. The snow that feu in October would

have melted before the beginning of the month of November because of the high air

temperatures. Cold November and December temperatures were followed by relatively

warm temperatures during the month of January 2003. The temperatures in January were
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greater than 0°C over 2$ days. There was an alternation of warm (>0°C) diurnal

temperatures and cold nocturnal temperatures (<0°C). This has an impact on the snowpack

internai structure. When day temperatures rise above zero during wintcr, the snowpack is

stiil at temperatures below 0°C but can reach 0°C at the surface during day time. A layer of

wet snow resuits and it refreezes during the following night, creating a refrozen layer made

of ice lenses (Mtzler, 1 987). The presence of ice lenses was noticed in the stratigraphy

data by Tedesco et al. (2006e) and Durand et al. (200$). Ice lenses have a significant

influence on the snow Tb as they amp1it’ the scattering (Mtzler 1994). in Februa;y, the

temperatures were much colder, with maximum temperatures greater than 0°C on only 5

days.
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f igure 5.4.: Evolution ofdaily air temperature and precipitation measured at the LSOS

site during 2002-2003; zero degree Celsius is indicated with a dashed horizontal une.
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V.4 Resu]ts and discussion

V.4.1 Snow depth and SWE simulation using CROCUS

In figure 5.5 the simutated snow depth and SWE simulations with CROCUS using

measured meteorological forcing data are compared to in situ data. The CROCUS simulations

which have been forced with measured meteorological data underestimates snow depth and

SWE. The seasonally-integrated snow depth bias and RMSE are respectively -15.0 cm and

16.7 cm (22.2% error relative to the seasonally averaged in-situ data) and, the seasonally

integrated SWE bias and RMSE are 6.4 cm and 7.0 cm (53.3%) rcspectively (Table 5.2). The

correlation coefficient between the in situ and simulated snow depth is 96% and that of in situ

and predicted SWE is 98%. This shows that, while the magnitude of snow depth was flot

predicted very successfully, CROCUS was able to follow the trends of snow depth and SWE

fair]y ciosely. The underestirnation of snow depth and SWE may corne either from the

irnperfect parameterization of snow dynamics in CROCUS and/or errors in meteorological

forcing data. CROCUS simulations represent a period starting in October before the flrst

snowfall until the end ofMarch (using hourly meteorological forcing data). Because CROCUS

is necessarily a function of prior snow accumulation the errors in estimated snow depth

propagate over a long period oftime. CROCUS is also very sensitive to parameters that affect

the energy ba]ance of the snowpack (King et al., 2008). These parameters are: snow albedo,

snow liquid watcr retention, sensible and latent heat fluxes of snow and rain-snow type

criterion. To understand the main causes of the underestimation of snow depth and SWE by

CROCUS we studied the sensitivity ofthe model to these pararneters.

i) Sensitivity to albedo parameterization: Albedo or refiectivity of snow strongly

depends on the snow optical grain size (Dozier et al., 1981; Nolin and Dozier, 2000; Mitchell

2002). Tue physically based calculation of albedo used in CROCUS requires computing the

metarnorphism of the diffèrent snow layers. We ran diffèrent scenarios in CROCUS where

only the calculation ofthe albedo diffèrs: nrn 1, constant albedo; mn #2, albedo dependence

on age and run 3, albedo dependence on grain size. For each case, CROCUS stili greatly

underestimates the snow depth and SWE. This led us te conclude that the choice ofthe moUd

in the parameterization ofthe albedo is not the main source of error in the simulation ofthe

snow depth and SWE.
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ii) Sensitivlly to the parameterization of turbulent fluxes: The transmission of heat

to the snowpack is governed by the turbulence processes including convective and latent heat

exchange from the air layer above the snow surface (Singh et Singh, 2001). In most

parameterizations of turbulent fluxes, roughness is a key parameter that strongly affects the

calculated fluxes (King et aï., 200$). We simulated snow depth and SWE with different

scenarios inCROCUS, where only roughness changes from 10_1 to 10’ m. We did flot find any

significant improvernent of snow depth or SWE simulation.

iii) Sensitivity to the snow-rain criterion: Snowfall and rainfall occur over a range of

temperature. The vertical profile of temperature and humidity in the atrnosphere and the

precipitation rate determine the temperature at which snow flakes meit and turn to ram drops

(King et al., 200$). In CROCUS, separation between snow and ram is deduced from the air

temperature when direct observations cf the precipitation type are not available. We studied

the sensitivity of CROCUS to the snow-rain typing criterion by running the mode] where the

only parametric change was the typing criterion of snow-rain (see Chap.4 section 3). We

noticed some slight variation ofsnow depth depending on the value ofthe chosen temperature

but the variations were flot significant enough to explain the magnitude ofthe underestimation

ofsnow parameters by CROCUS when the original precipitation data were used.

from the Sensitivity study ofthese parameters we found that even thougli the choice of

parameters values can affect the accuracy of CROCUS, they are flot the main reason for the

underestimation of the snow depth and SWE. These resuits led us to hypothesize that the

underprediction cornes from error in the precipitation measurements. We then simulated snow

depth and SWE with different scenarios in CROCUS where only the precipitation amount

changes. The results ofthe tests are summarized in Table 5.2. We found that the best match of

CROCUS prediction with the in situ data (f igures 5.5a and 5.5b) is obtained when the

original precipitation is corrected by adding 65% precipitation to the original measured

precipitation (basïcally the original precipitation was scaled by 1 .65).

The solid lines in f igures 5.5a and 5.5b show simulated snow depth and SWE using

the corrected precipitation data compared to measured snow depth and SWE. The model

underestimate the snow depth in midNovember. From December to early January, the

prediction ofthe compaction rate is quite good. The correlation coefficient between the in situ

and predicted snow depth is 97% (i.e marginal increase relative to the case cf uncorrected

precipitation). The seasonally-integrated (last two weeks cf March are excluded because the
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snow was wet) snow depth bias and RMSE are -15.2 cm and 18.50 (25.6%). The moUd adds

new snowfall when there is new snowfall, and the predicted compaction trends closely match

the measured data. However, from mid-January, the moUd consistently underpredicts the

compaction rate of snow. As a resuit, the simulated and measured snow depths become

increasingly divergent. The bias becomes greater in March. Heavy snowfalls occurred at the

endofMarch and high air temperatures (see f igure 5.5) caused the snowpack to undergo meit

freeze metamorphism. The combination of heavy snowfalls and melting events at the end of

March was poorly handled by CROCUS. The solid une in Figure 5.5b represents the

prediction of SWE by CROCUS in the case of forcing with corrected precipitation. The

correÏation coefficient between the in situ and the predicted SWE is 98%. Compared to

uncorrected case the prediction of SWE bas improved (compare, for example, the statistics of

the 0% row with the 65% row in table 5.2). When the last two week ofMarch are excluded

(wet snow), the seasonally-integrated bias and RMSE ofthe “true’t SWE are 0.14 cm and 1.5

cm (9.2%) respectively. Therelative RMSEimproved from 53% when CROCUS was forced

wïth biased precipitation to 9.2 %. The model underestimates the SWE from November to

December and overestimates the SWE at the end March. F rom January to the end offebruary

the predicted SWE closely follows the in situ data while during the same period, the model

overestimates snow depth. The underprediction of snow depth could resuit from the fact that

the compaction of new snow is not accurately simulated by CROCUS. CROCUS can predict

tbe way the snowpack layering (see the plots ofoptical grain size versus depth in Figure 5.12)

evolves throughout the course of the winter. Layering present in the modelled snowpack can

then be visually compared to the snowpack in situ observations. The accuracy ofthe prediction

ofthe layering wiII flot be discussed in this study because ofthe lack ofdetailed snow profile

measurements during the entire season.

110



Table 5.2: Results ofdifferent runs of CROCUS forced with precipitation data corrected with

varying coefficients. The values in parenthesis represent the ratio of RMSE to the seasonally

averaged snow depth or SWE expressed as a percentage. The computations over season

exclude thelast two weeks ofMarch.

Snowdepth SWE

Coeff. of Bias (cm) RMSE (cm) Bias (cm) RMSE (cm)

correction

0% 15.0 16.7(22.2%) 6.4 7.0(53%)

25% 4.0 6.5 (8.9%) 4.3 4.8 (30.4%)

50% -7.1 10.3 (14.3%) 2.1 2.5 (16%)

65% -15.2 18.5 (25.6%) 0.14 1.5 (9.2%)

75% -17.7 21.3 (29.5%) -0.3 1.6(10.4%)

100% -29.1 33.6 (46.5%) -0.32 4.1 (25.6%)
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Figure 5.5.: Evolution of(a) snow depth, (b) SWE simulated by CROCUS.

forced with meteorological data from the LSOS (Fraser area, Colorado, USA).

112



V.4.2 Temporal behavior ofTb from CROCUS+MEMLS coupling.

Microwave are sensitive to snow parameters that are difficult to measure (crust,

correlation length, liquid water content, etc.) (Mtzler et al.,1987). figure 5.6 shows the

measured and the CROCUS+MEMLS simulatcd Tbs at 18.7 GHz and at 55°incidence angle

from November 2002 to March 2003. CROCUS outputs are twice a day; the first at 24:00 LT

and the second at 13:00 LI. Recause the GBMR-7 lb were measured between 12:00 LT and

15:00 LT, Tbs at H and V polarizations were calculated from simulated snow profile at 13:00

LI each day. The ground temperature is assumed equal to the temperature ofthe lowest layer.
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Figure 5.6.: Measured compared to modelled Tbs (18.7 GHz and 55° incidence angle).

“corrected” and “biased” refer to CROCUS+MEMLS runs using corrected and biased

precipitation values.

Dec Jan Feb Mar
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for both the biased and corrected cases, the Tb variation can be roughly partitioned

into three time periods: the first period, from November to the end of the third week of

January is characterized by Tbs decreasing with time. The second period. from the last week

of January to early March is characterized by stable Tbs with some spikes. The third period

which goes from mid-March to the end ofthe season is characterized by high Tbs. During the

first period, heavy snowfalls occurred and the snow depth increased. The Tbs decrease steadily

from values around 270 K to reach a Ïow point at about 210 K and 240 K for the biased and

corrected cases respectively. During this first period oftime, the simulated Tbs for both cases

are close to the in situ data (the Jatter being acquired from the 10 to 13th December). The bias

at both V and H p0!. is within +7 K for both cases. During the second period, Tbs are stable

for both cases with some spikes. For the corrected case, the bias is -0.11 K at H p0!. and

reaches 15.6 K at V p0!.. for the biased-case simulations, the bias is 20.8 K at H p0! and

reaches 39.5 K at V pol.. finally during the third period, Tbs jump from about 240 K to more

than 270 K for the corrected-case simulations, and from 210 K to about 270 K for the biased

case simulations. The polarization difference for the modelled Tbs is less than 10 K for both

cases and <- 20 K for the measured Tbs. While the simulations associated with the corrected

case compare more favorably with the in-situ data than the simulations associated with the

biased case, thcre clearly remain large differences associated with vertically polarized Tbs.

f igure 5.7 represents the simulated Tbs at 36.5 GHz at both H and V polarizations. The

three periods deflned above can also be identified here. During the first period Tbs drop

signiflcantiy from about 240 K to I $0 K for the corrected-case simulations and from about

260 K to 150 K for the biased-case simulations. The model performed poorly for both cases in

December, especiaily at V pol.. For the corrected-case simulations, the bias is 8.8 K at H pol

and reaches 33.2 K at V poT. For the biased-case simulations , the bias at V polis -l K at H pol

and is about 17 K at V pot.. The second period is more or less stable (with some spikes) at

around 180 K for the corrected-case simulations and 150 K for the biased-case simulations.

for the corrected-case simulations, the bias is — 6.7 K at H p01 and 10 K at V pol. for the

biased-case simulations, the bias is 15 K at H pot. and 40.5 K at V pol.. During the third

period, Tbs jump from about 1 60 K to 270 K for bias-case simulations and from about 200 K

to 270 K for corrected-case simulations. The predicted polarization difference for both cases is

<5 K compared to <—20 K for the in situ data.

Figure 5.8 represents the simulated Tbs at 89.0 GHz at both H and V polarizations
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compared to the in situ data. The three periods deflned above can also be identified here. For

the corrected-case simulations, The seasonally average bias is about 2.4 K and -10.9 K at V

and H pol respectively. For the bias-case simulations, the seasonally average bias is about 7.7

K and-5.3 K at V and H pol respectively. During the first pcriod, the Tbs decrease from 240 K

for both case to approximately 180 and 160 K for the conected-case simulations and the bias

case simulations respectively. During the second period, the Tbs were stable (with some

spikes) around 200 K and 1 80 K for he corrected-case simulations and the the bias-case

simulations respectively. During the third, the Tbs jump from 200 K to about 270 K.

b

(‘:5

f igure 5.7.: Measured compared to modelled Tbs (36.5 GHz and 55° incidence angle).

“corrected” and biased refer to CROCUS+MEMLS run using corrected and biased

precipitation values.

Dec Jan Feb Mar
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The CROCUS±MEMLS generated Tbs for the J 8.7 and 36.5 GHz frequencies using

the corrected precipitation data are in better agreement with the in-situ observation than the

case when biased precipitation data are used. This better agreement is, in fact, more

manifested only during the February measuring period.

At 89 GHz, There is no significant difference between both the corrected and the

biased-cases at the beginning and the end of the season. At ail frequencies,

CROCUS+MEMLS underprediction of the potarization difference ranges between 25% and

75%. The possible reason for the discrepancies bctween the measured and the simulated

polarization difference could corne from the fact that CROCUS underestimates snow density

(especially that of the crust, thin layers and ice lenses). It is known that the presence of ice

]ayers or lenses within a snowpack can change its Tb by up to 50 K (Matzler et al. 1987;

Durand et al., 200$). The prediction of CROCUS+MEMLS forced with corrected

precipitations agrces better with the in situ data. But the bias is stili high (especially at 36.5

GHz). During the second time period discussed above, CROCUS+MEMLS Tb predictions for

the biased-case simulations are Iower than the corrected-based simulations even though the

snowpack in the former case is deeper than that in the latter. This is contrary to the common

belief(Chang et aI., 1987, Foster et al. 1999, Foster et al. 2005) that, the deeper the snowpack,

the more ctystals are available to scatter the upwelling microwave radiations. The snowpack

conditions associated with the two cases snowpacks are subject to the same meteorological

conditions (especially the same air temperature) but because the biased-case snowpack is

shallower than the corrected-case, the biased-case snowpack is subject to much greater

temperature gradient. A larger temperature gradient leads to more intense constructive

metamorphism responsible for the formation of coarse snow grains. Large grains amplify the

microwave out scattering which reduces the Tbs.

Wiesmann et aÏ. (2000) found similar winter season partition ofthe time-series ofsnow

Tbs in a study which combined CROCUS to MEMLS and, SNTHERM to MEMLS to

simulate snow emissivities in the swiss Alps. They also identifled three majors periods on the

basis of the liquid water content of the snow: dry winter snow period, melt-refrozen snow

period (at the beginning ofthe spring) and wet snow period at the end ofthe season. The flrst

period is dorninated by volume scattering due to a dry fresh snow layer (at the surface),

densified snow layer (in the middle) and depth hoar (at the bottom). The second and third

periods are dominated by absorption ofwet snow in alternation with strong volume scattering
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by refrozen crusts (see Figure 5.10 for an example ofsnow layering in the late spring period).

At high frequencies (89 GHz), pcnetration depths are small. The microwave signal is

accordingly dominated by snowfall events as weB as changes in the top layers structure and

liquid water content (i.e. it is radiatively dominated by absorption and blackbody emission)

(sec f igure 5. 9 for examples ofwetness ofthe late spring snowpack).
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f igure 5.8.: Measured compared to modetled Tbs (89 GHz and 55° incidence angle).

“corrected” and biased refer to CROCUS+MEMLS run using corrected and biased

precipitation values.
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figure 5.9.: Snow wetness (w) profiles collected at snow pits #3 (March 26, 28 and 30,

2003) and #4 March(25, 27, and 29, 2003) (f rom Tedesco et aI., 2006e).
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f igure 5.10.: Photography ofsnow pit #4 on March 29, 2003. The total snow depth was 60

cm (Graf et al., 2003). Different types ofsnow layers can be identified: the top layer is fresh

snow + two meit-refrozen layers (grey color) sandwiching a rounded-grain dry layer wet

snow layer at the bottom.
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V.4.3 GBMR-7 radiance assimilation

In-situ Tb observations were sparse in time. There were only fourteen days in the

whole season when Tb observations were available: from 0th to 3th December 2002, from

l$’’ to 26thfebruary, 2003 and on March, 25t 2003 (Table 5.1). The Tb observations were at

18.7, 36.5, and 89 GHz (V+H-pol.). The assimilation of ail six channels (three frequencies, ail

at V and H pol.) was only performed on those 14 days when the observations were available.

CROCUS simulations (forced by biased meteorological data) were employed to model the

winter data period starting from November 14th1, 2002. The mode! predicted the evolution of

the snowpack, until GBMR-7 Tb observations became available (from 10 to 13g’ December

and from 8th to 26th february). At these times, the Iatest observations data were used to update

predictions of CROCUS using the EnKf. The estimated snow depth and SWE were then

compared with the in situ snowpit observations.

f igure 5.11 shows the estimate of snow depth and SWE, compared to the open-loop

and the in situ data. As expected, the open-loop greatly underestimates the snow depth and

SWE. from November to December 9, the EnKF estimates closely follow the open-loop

because there were no RA performed during this period oftime. From December 10 on, when

the measured Tbs became available, the EnKf estimate improved significantly. At the end of

March when the snow was mostly wet (see Figure 5.9), the EnKF overestimated the snow

depth and SWE. Table 5.3 sums up the snow depth and SWE bias and RMSE of the EnKf

estimate and open-loop simulations. When the period from the flrst day of assimilation (Dec

IOth) and the last day of assimilation (on feb, 26th) is considered, the open-loop bias is of 15.0

cm and the RMSE is 16.67 cm which is 23% of the seasonally-averaged snow depth. The

SWE bias is 6.4 cm and the RMSE is 7.0 cm (44.3%). TheEnKF snow depth estimate bias is

-8.1 cm and the RMSE is 11.60cm (16.1%). The SWE bias is 0.14cm and the RMSE is 1.32

cm (8.3%) (Table 5.3 ), The latter results represents a 78.7% improvement over the open-loop

RMSE of 7.0 cm. At the end ofMarch the simulations without the benefit ofTb observations,

deteriorate because, we believe CROCUS does not accurately predict the density of crust and

thin layer that resuits from melt+refreeze metamorphism (Wiesmann et al., 2000).
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Table 5.3: Rias and RMSE ofsnow depth and SWE estimate from the assimilation GBMR-7

Tb observations and the open-toop simulation. The values in parenthesis represent the ratio of

RMSE to the seasonal average snow depth or SWE (expressed as a percentage). The averaging

period is limited to those days which were bracketed by the Dec., lOth and feb., 26 Tb

measurements.

Open-ioop EnKF estimate

Bias (cm) RMSE (cm) Rias (cm) Rlvf SE (cm)

Snow depth 15.0 16.7 (23%) -8.1 11.60 (16.1%)

SWE 6.4 7.0(44.3%) 0.14 1.32(8.3%)

The EnKF snow depth and SWE retrievals are better compared to the stand-alone

CROCUS’s run with corrected precipitation (Figure 5.1 1). The latter seasonally-integrated

snow depth and SWE RMSE are 25.6% and 9.2% respectively (see Table 5.2) compared to the

former case snow depth and SWE RMSE which are 16.1% and 8.3% respectively (see Table

5.3). These resuits suggest that the RA can overcome flot only significant biases in

precipitation forcing data but aiso errors due to the imperfect parameterization of snow

physical model.

Durand et al. (2008) found that, for a RA to be accurate the coupled LSM+RTM must

be abte to predict the Tbs with an accuracy of+ 5 K. And for this target to be reached the LSM

must predict ice tayer dcnsity within + 40 kg/m3; ice layer correlation Iength within ± 0.17

mm, snow correlation iength within + 0.016 mm andsnow density within + 34 kg/m It was

flot possible to assess how accurateiy CROCUS was abte to predict these parameters because

of the lack of relevant and accurate in situ data. For exam pie, the grain size measured during

the CLPX-l did flot correspond to the actual snow optical grain size. The method used to

estimate the grain size was the one proposed by snow hydrologists: the observer is advised to

obtain ‘a more or less homogeneous mass of snow and record the average size of its

prevaiÏing or characteristic grains, the size ofthe grain or particle being its greatest extension

(diameter) measured in mitÏimetre” (Colbeck et al. 1990, Armstrong et al. 1993). As stated in

chapter 3 such a definition should flot be used to estimate snow optical grain size. A

meaningful comparison between the predicted (optical) and and observed ( Dmox ) grain size
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was flot possible. In point offact, an empirical formula established by Durand et al. (200$) had

to be used to convert the measured grain size into optical grain size. Figure 5.12 shows the

vertical distribution ofsnow optical grain size compared to the estimated average optical grain

size on feb, 24 when the SflOW was dry. The EnKF estimate of the optical grain size was

doser to the in situ estimate except ofthe bottom layer grains. The bottom layer average grain

size is signiflcantiy larger than the predicted optical grain size.

Even though CROCUS+MEMLS does flot predict the Tb measurement for ail channels

within the range of error required by Durand et al. (2008), the EnKF is stili able to update the

snow depth and SWE fairly well. A detailed study of CROCUS prediction accuracy for snow

state variables such as correlation length, ice density and snow density grain size and Iiquid

water content is necessary in order to understand the reason why RA using CROCUS as the

snow model actually works.
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Figure 5.11.: Estimates of (a) snow depth, (b) SWE obtained by assimilating

measured GBMR-7 Tbs using the EnKF scheme with CROCUS+MEMLS as the
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V.5 Conclusion

We assumed that the main source of errors in snow models is the bias in precipitation

data. We tested the assumption by first running CROCUS forced with biased precipitation

data. The resuits show that while the magnitude ofthe snow depth and SWE are flot predicted

very successfully, CROCUS was able to simulate the trends fairly closely. We found that when

the precipitation is corrected by scaling the original precipitation by a coefficient of 1 .65, the

model prediction of snow SWE improves. The seasonally-integrated RMSE of the SWE was

9.2% compared to 53% when CROCUS was forced with biased precipitation.

The snow model, CROCUS was then coupled with the snow ernission model, MEMLS

to predict the snowpack Tb. The results were then compared to in situ snowpit measurements.

We simulated snow Tb by forcing CROCUS+MEMLS with measured and corrected

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Grain size [mml

Figure 5.12.: Snow optical grain size profiles simulated on 24/02/2003.

123



precipitation. We found that the prediction of CROCUS+MEMLS forced with corrected

precipitation compared better with the ground truth data at the two lower frequencies and for

both polarizations in the case ofearly springtime measurements and no significant difference

between both cases at higher frequencies. CROCUS+MEMLS forced with biased precipitation

was unable to successfully predict the magnitude of the Tbs during the same time period. The

seasonal evolution of the snow Tb can be divided in three periods: The first period (early in

the winter season) is dominated by volume scattering by dry snow, the second (mid-season) is

characterized by strong absorption ofwet snow in atternation with strong volume scattering by

refrozen surface crusts. The third period is characterized by high emissivity due to increasing

microwave absorption caused by the presence of Iiquid water in the snowpack. The

polarization difference is underpredicted by 25% to 75% mainly, we believe, because of poor

simulation by CROCUS ofthe crusts, and other thin layer densities. At 18.7 and 36.5 GHz,

during the second period, Tb for the biased-case simulations was lower than corrected

precipitation case. We believe that this was because the snowpack in the former case was

subject to a much higher temperature gradient which lead to a more intense temperature

gradient (or constructive) metamorphi.sm. The constructive metamorphism is responsible for

the formation of large coarse snow grains known as depth hoar which amplifies the snow

microwave scattering leading to low Tbs. We assimilated local-scale Tb observations using

CROCUS as the snow physical model to retrieve the SWE. Two of the main source of errors

in CROCUS (precipitation bias and the uncertainty in optical grain size) were perturbed as

part of the assimilation scheme. The resuits of the RA using EnKF showed that thre is an

advantage to assimilation cven if the meteorological data do flot disptay large biases. Detailed

study of the state variable prediction accuracy is necessary in other to better understand the

influence ofthe different physical mechanisms.
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Conclusion and recommendations

The objcctive ofthe studies presented in chapter 3 to 5 was to assess the feasibility ofa

RA scheme using a sophisticated snow model for the retrieval of snow physical parameters.

The question addressed inthis work is focussed on the SWE retrieval accuracy achievable

using an assimilation scheme tied to a snow mode! with a more realistic number of layers.

In Chapter 3 we proposed a practical method of determining snow correlation length.

CROCUS and MEMLS use different parameters to characterize snow optical grain size. The

empirical formula used to convert the dendricity and sphericity (CROCUS’s representation of

optical grain size) into correlation length could introduce errors into the RTM. A study by

Durand et al. (200$) showed that for a RA to be accurate, the RTM must predict the

observation with an accuracy of± 5 K and in order for the lb prediction to be that accurate,

the correlation !ength, must be predicted to within ±0.016 mm. b have this kind ofaccuracy,

it cou!d be necessaiy to find a way to represent the optical grain size in CROCUS and

MEMLS by the same parameter. The work in chapter 3 which proposed a new practical way of

determining the correlation length of snow using its specific surface derived from snow near

infrared reflectance is a step in that direction. The introduction in CROCUS ofthe snow SSA

and its evolution wil! remove the need to use empirica! formulae to convert dendricity and

sphericity into correlation length.

In Chapter 4, the performance of the EnKF for SWE estimation was assessed by

assimi!ating multi-band and dual polarization microwave Tb simulations and the predictions of

a snow physics model (CROCUS). CROCUS bas a realistic stratigraphic and ice layer

modetling scheme. Our work builds on previous methods that used a snow physics model with

a limited number of layers. RA methods require accurate predictions of the Tb emitted by the

snowpack. It bas been shown that the accuracy of RTMs is sensitive to the stratigraphic

representation ofthe snowpack (Durand et al., 2008). One goal ofthe study was to investigate

whether a sophisticated snow physical mode! cou!d be used in a RA scheme to retrieve snow

depth and SWE. The EnKf runs were performed with a small ensemble size. The snow model

was forced with perturbed precipitation inputs to represent systematic errors introduced in

model!ing. The EnKf was able to retrieve the “truc’ SWE values with a seasonally-integrated

RMSE ofonly 1.2 cm ($.l%). The RA approach a!so enab!ed the extraction ofthe grain size

profile. This shows that the many-to-one problem of SWE-Tb relationship can be overcome by
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RA, even when the grain size profile varies significantly with depth.

In Chapter 5, the validation of the RA system was performed using a point-scale Tb

observations from the CLPX-l GI3MR-7. We first predicted snow Tb (at 18.7, 36.5, and 89

GHz (V and H pol.) by coupling CROCUS to the snow emission model (MEMLS). Tbs from

the coupled models with corrected precipitation exhibited different levels of agreement with

the in situ measurements and the polarization differences were underpredicted by about 25 ¾

to 75% mainly because of poor simulation by CROCUS of crusts, and ice lenses density. We

then assimilated the GBMR-7 Tbs for ail three frequencies at both V and H p01.. The EnKF

was able to accuratety retrieve the SWE for periods of time bounded by the Tb measurement

windows.

Some improvements are nevertheless needed to make the system more accurate: 1)

CROCUS can simulate ice layers and stratigraphy (that play an important role in emitted

microwave radiance). but it does not accurately predict the density of ice lenses. This aspect of

the mode! may need some improvements. More tests are also needed to determine whether the

snow model is able to accurately predict the exact location of ice lenses. For that, a more

detailed season-long snowpit analysis is needed. 2) The integration of an SSA model in

CROCUS might he!p to reduce errors in the prediction of the corre!ation length. 3) More

testing is needed to understand the behavior ofthe assimilation scheme especially when meit

refreeze occurs during the season. The dataset coltected in 200$ by researchers from Centre

d’applications et de recherches en télédétection (CARTEL) at the, Université de Sherbrooke

may be useful for such investigations. 4) The latest version of CROCUS is coup led with the

Soil-Biosphere-Atmosphere (ISBA) model to take into account the ground flux. This

improved estimate of lower boundary fluxes might he!p improve the prediction of Tb in the

coupled CROCUS+MEMLS mode!. 5) f inally integration of a forest canopy emission model

is needed in order to assimilate spaceborne Tb observations. The modularity ofthe the current

assimilation scheme al!ows for easy incorporation offorest canopy model to take into account

the transmissivity and emissivity of a forest canopy. A boreal forest model (Kurvonen and

Hallikainen, 1997) which only requires the stem volume [m3/haj and the vegetation

temperature as input can be used for satellite measurements over boreal regions.

In this study, the system was validated on a local scale. The computational expenses

vil! certainly be an important issue when it cornes to apply the system on a macroscale. It is

possible to dctermine a maximum number of layers 50 that the model can be computationally
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efficient to the extent that it can be implemented for macroscale application. More research is

needed to devetop a macroscale multi-layered snow model with optimal number of layer that

can reflect the spatial variability, and can replicate those snowpack layer features which are the

more influential in the prediction of snow Tb.
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