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RESUMEN
l. Introduccién

La técnica responsable de obtener informacion deohjeto lejano sin
contacto fisico con éste, se llama Teledeteccidta #cnica ha demostrado
ser una alternativa muy ventajosa frente a otrdeaoé cuya adquisicion de
datos es mas lenta y costosa. La Teledetecciorserssores a bordo de
satélites, para medir la radiacion emitida por daperficies terrestres en
diferentes partes del espectro electromagnéticojamtencion de entender
mejor los procesos fisicos ocurridos en tierra,anoé o atmésfera. El
intercambio de energia superficie-atmosfera, esionas de la
evapotranspiracion, monitorizacion del efecto ineelero o estudios de
desertificacion y degradacion del suelo, son algut®las aplicaciones mas
importantes en Teledeteccion y todas ellas tienenfactor coman, el
conocimiento previo de la temperatura.

La medida precisa de la temperatura superficialres de los campos de
estudio mas interesantes en Teledeteccién. Lasfwige terrestres emiten
su radiacion maxima, siguiendo la Ley de Planckeleimtervalo espectral
llamado Infrarrojo Térmico, el cual comprende elga de longitudes de
onda desde 3 hasta gfh. Es por eso que los sensores satelitales encargad
de medir la temperatura trabajan en este intergafgectral. No obstante
obtener un valor preciso de la temperatura, reguiarconocimiento previo
de la contribucion radiativa atmosférica y de laséridad de la superficie.

Un preciso conocimiento de la emisividad es funddaiea la hora de

obtener la temperatura de una superficie, espesimbnen la llamada

ventana atmosférica situada entre los §ui¥ En este intervalo espectral la
contribucién atmosférica es débil, permitiendo ek@ de la radiacion

superficial de forma casi transparente. Por tahédeeto de la emisividad es
mucho mas importante en la medida de la temperedali@ada por aquellos

sensores que operen en dicha ventana. El conotongeciso de la

emisividad superficial no es sencillo, este parémeéaria en su magnitud
con la longitud de onda o con el tipo de compogiciél suelo, pero también
han aparecido estudios que demostraron que lavisiaidi variaba con la

humedad del suelo o con la geometria de observaigda superficie. La

presente Tesis centra su meta en el estudio deslati@pia de la emisividad

térmica de suelos inorganicos no vegetados bajeretifes niveles de

humedad. Los objetivos estipulados para llevaiba dicho estudio fueron:



Coleccionar un conjunto de muestras de suelos amicgs sin
vegetacion, lo suficientemente representativo dedlferentes tipos
de texturas presentes en la Tierra, con la findlida realizar un
estudio de la anisotropia de la emisividad térmrcéuso.

Dado que dicho estudio esta basado en medidasnu@ocanalizar
qué efectos tiene en la precision de la emisividatenida la
contribucién radiativa de atmésfera y elementosucidantes,
evaluando cual es el mejor método de obtenciéntinde dicha
contribucién radiativa envolvente.

Una vez estipulada la metodologia para llevar a talbbtencion de
la emisividad, analizar como varia, tanto acimutabmo
cenitalmente, en condiciones de secado completsteFarmente
estudiar la evolucion de dicha anisotropia, a ne&edige aumenta el
nivel de humedad en el suelo.

Estudiar la incertidumbre producida al obteneefageratura de una
superficie mediante un algoritmo dependiente deerf@sividad,
cuando se ignoran efectos angulares y de humedidesnisividad
de los suelos inorganicos no vegetados. Tambidstselia el error
obtenido en el flujo de onda larga, pardmetro ingie en la
obtencion del intercambio de energia entre superfiatmosfera.

Finalmente se intentard obtener una expresion ndgitengue ayude
a predecir el valor de la emisividad de un suelsnddo, previo

conocimiento de la humedad y la geometria de ohsim.

Metodologia

Un total de 13 muestras componen el conjunto déosurorganicos no
vegetados seleccionados para llevar a cabo eliestada anisotropia de la
emisividad térmica. Estos suelos representan desdepunto de vista
textural, al 75% de los suelos minerales del mufukron extraidos de los
primeros 15 cm de la superficie (el llamado horieoh), y en funcién de su
densidad aparente, fue necesario obtener hastay.1Zakprocedencia de
cada uno de estos suelos fue muy diversa, cincellde proceden de
Espafa, otros cinco de Estados Unidos y los tretaures de Brasil. Los
resultados del analisis edafolégico mostraron gaaruestras utilizadas en
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este estudio abarcaban intervalos de composicidaorsé arenosa entre el
14% y el 100% vy limosa y arcillosa entre el 0%-548& 13 suelos se
clasifican en 9 de las 12 texturas definidas parighgulo de textura del
United States Department of Agriculturdesde el punto de vista
mineraldgico las muestras de suelos desnudosagkilizabarcan un intervalo
de cuarzo entre el 0% y el 100%. Y son considerasaganicas dado que
su materia organica nunca supera el 9%.

El presente estudio intenta analizar la anisotrdpika emisividad térmica en
condiciones de campo, por tanto la medida sobrenlasstras se realizan a
una distancia suficientemente pequefia para veestefnente afectadas por
el tamafio de la particula del suelo. Asi pues messuelos fueron
tamizados a un tamafo de particula no superiob arl, puesto que segun
el estudio Lagouardet al. (1995), la variacion angular de la temperatura de
brillo de un suelo cuyo tamafio de la particula sige5 cm, puede verse
afectada por efectos de sombreado del sol. En casnbél mismo estudio se
observd que para un suelo tamizado a tamafios dieybarinferiores a
dichos valores, el efecto de la variacibn anguéfadtemperatura de brillo
solo era posible si se tenian en cuenta anisotrggiala emisividad del
suelo.

Una vez completamente secas, las muestras fuesstasuen un recipiente
circular de 52 cm de diametro y 10 cm de alturauiAlgeron saturadas
mediante inundacién por un periodo de 24 horasyangasado este tiempo
el proceso de secado se realiz6 de forma natuaiartdose medidas de
emisividad sobre la muestra (como se verd posteeioie) a diferentes
niveles de humedad, desde la saturacion hastarglletm secado. Durante
el proceso de secado algunas muestras arcillodasogas, presentaron
grietas, las cuales fueron selladas siempre queoladiciones de humedad
del suelo lo permitieron, en caso contrario no @maron medidas de
emisividad para evitar posibles efectos de cavidad.

La medida de la humedad en las muestras se reakziiante un sensor
TDR, modelo Delta-T SM200. Este sensor permiteradatena medida de la
humedad del suelo con una precision de +0.83nth precision ratificada
mediante una calibracion hecha por nosotros endédro. Las medidas de
humedad se realizaron pinchando a diferentes putdgos superficie del
suelo antes y después de la medida de la emisivigadh superficie.
Ademas, el proceso de saturacion y secado de lastras se realiz6 varias



veces para obtener una reproducibilidad de lodtaelms, aparte de obtener
nuevos puntos intermedios de humedad.

Centrandonos ahora en la obtencion de la emisiyisiadgnedida directa es
de extrema dificultad puesto que se necesita corlaceemperatura de la
superficie en los primeros micrémetros del sueloy En dia es muy dificil

medir dicha temperatura con los termémetros deactmtexistentes, por
tanto se pensd en una medida alternativa de laivishaid basada en la
obtencion de su valor relativo entre su valor nadiuna configuracién

angular dada. Es decir el cociente entre ambaswitiaides, que desde el
punto de vista radiativo se traduce en la medidailsinea de la radiancia
emitida por una superficie en una configuracion &gulos cenital y

acimutal, la radiancia de la dicha superficie pgroadir (dngulo cenital y
acimutal iguales a cero) y la medida hemisférictadadiancia envolvente a
la muestra de suelo. Una vez obtenido el valotivelale la emisividad a
una configuraciéon dada obtener su valor absolutinegle, tan solo hay que
multiplicar dicho valor relativo por el valor abat a nadir. Este valor
absoluto a nadir se puede obtener facilmente cenmétodos actuales
conocidos, como el de la caja (Ruleioal. 1997; Miraet al. 2007) o el TES

(Temperature and Emissivity Separatimethod, Miraet al. 2009).

La medida relativa de la emisividad se llevé aocabn la ayuda de dos
radidbmetros térmicos multiespectrales modelo CIME#Ectronique CE 312-
2B. Dichos radidmetros demostraron ser capacesedé ta temperatura de
una superficie con una precision d0.19 °C. Ambos radidmetros se
dispusieron en los brazos de un goniémetro, dedagae eran capaces de
medir la radiancia procedente de una superficieos cbnfiguraciones
angulares distintas, aunque una de ellas siempr&afdel nadir. La medida
de la radiancia hemisférica descendente estuvougaldpa a estas dos
medidas de superficie, tomandose cada 18 minusts.iiervalo de tiempo
supuso fluctuaciones en dicha radiancia hemisfétata%, lo cual suponia
cometer un error poco significativo sobre la emiksid relativa £0.0005).

Las medidas de radiancia angulares se realizarom f@gulos cenitales
desde 10° hasta 70°, en intervalos de 10°. Y pagalds acimutales de 0°,
120° y 240°, girando para ello la muestra 120° cgda Se gir6 la muestra,
y no el conjunto gonidmetro-radiometros, con lalittad de medir mas
rapidamente y a su vez mantener el mismo pasajelvemte (incidencia

solar y elementos circundantes) a distintos angedo#tales. De este modo
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cualquier variacién en la emisividad relativa aidies acimuts, puede ser
atribuida exclusivamente a la muestra.

Como se coment6 anteriormente, la medida de lame@i envolvente a la
muestra, estuvo subyugada, tomandose cada 18 minuolas medidas
angulares sobre el suelo. También se comentd gqile dietardo en su
medida no supuso errores importantes en el valal fde emisividad
relativa. No obstante, dado que dicho parametraeapatanto en el
numerador como en el denominador de la expresioriademisividad
relativa, se consideré oportuno realizar una coag)é@n de los métodos
conocidos, para obtener in situ dicha radiancia in@todos de medida in
situ a comparar fueron cuatro. Dos de ellos serbasn medidas directas a
la atmdsfera a 53° respecto la vertical (aproxigracde Kondratyev;
Kondratyev, 1969) y midiendo hacia la vertical, tmlicando
posteriormente dicha medida por un factor depetgitanto del intervalo
espectral de medida como del vapor de agua atnmsf@proximacion de
Rubio, Rubio et al. 1997). Otro método consistio pgncesar un perfil
atmosférico de la zona mediante un modelo de &egrsfia radiativa con la
finalidad de obtener un valor simulado de la rad@mnhemisférica
descendente. El Ultimo método a comparar supusizautuna panel de
reflectividad difusa, capaz de medir directamemtecontribucion de los
elementos circundantes a éste (atmdsfera, edifigibsles, etc.) dada la alta
reflectividad en el infrarrojo térmico de su sujpeefdorada.

Los cuatro métodos expuestos anteriormente fueoomparados bajo tres
situaciones de entorno bien distintas: la primesédn un lugar elevado sin
casi presencia de elementos circundantes y pardiaircompletamente
despejado, el segundo entrono fue para el mismdetipejado pero en un
lugar donde la presencia de elementos circundanéesotable y el tercer y
tltimo entorno fue para el mismo lugar del primatoeno, pero bajo un
cielo cuya cobertura nubosa era muy variable. Lesultados de la
comparacion mostraron que para un lugar con minguoatribucion
envolvente y un cielo completamente despejado,cli@ro métodos son
perfectamente validos con diferencia relativaseepttas no superiores al
2%, lo cual no supone errores importantes a la tlerabtener la emisividad
relativa de un suelo desnudo. No obstante, cuangcekencia de elementos
circundantes es notable o cuando la cobertura aue®smportante, el uso
de un panel de reflectividad difusa ofrece valomdativos de la radiancia
hemisférica, hasta un 72% superior al resto de dnétdNo tener en cuenta
este incremento de la radiancia hemisférica supsokreestimar la
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emisividad relativa hasta 0.09. Por tanto el usarm@anel de reflectividad
difusa se hizo indispensable, pese a que se midina zona con minima
contribucién atmosférica y en la medida de lo gdes#le evitaron cielos con
presencia de nubes.

"I, Resultados

Antes de presentar los resultados, cabe destacar lajumetodologia
empleada para llevar a cabo la medida de la emivielativa, permitid
obtener valores de dicho parametro con un erran@dio de+0.003 en un
56% de los casos, independientemente del canalteslpaivel de humedad,
tipo de suelo o angulo de observacion. El erraaradd un valor de0.01 en
el 97% de los casos. Por tanto se decidié quecsdiios de la emisividad
superiores a 0.01 serian considerados como sigtivis, tanto con el
angulo de observacion como con el nivel de humedad.

En primer lugar se analizé la variacion de la eridsid relativa con el
angulo acimutal, para ello se calcul6 la diferenoidxima entre las
emisividades a distintos acimuts, para un anguhitaledado. Los resultados
mostraron que el 85% de los valores de estas dd&® no superaban el
0.01, error maximo estipulado para considerar gamnes en la emisividad
relativa calculada. Por tanto es factible condjie los suelos no vegetados
pueden ser considerados acimutalmente is6tropos.

El estudio de la anisotropia cenital de la emisigidelativa en suelos
inorganicos completamente secos, mostré como aglsufieneral que dicha
emisividad decrece con el aumento del angulo desitendo significativo

para todo tipo de suelo inorganico a partir de@0% independientemente
del intervalo espectral térmico en que fuera medilodescenso de la
emisividad con el angulo cenital fue modelizado plaAtee et al. (2003)

basandose en la teoria de dispersion de Mie. Ntamtes este modelo
requiere un conocimiento previo del radio mediolaeparticula, siendo

actualmente imposible obtener esta informacion amdi medidas

satelitales. Por tanto el presente estudio basdesudtados y conclusiones
en datos cuantitativos del suelo capaces de senidbs mediante medidas
hechas por satélite, como pueden ser los porcentdge componentes
texturales y minerales (Singh and Kathpalia, 200@pmiya and Fu, 2001,

Wau et al.2009) o de humedad del suelo (Mision SMOS, Keal.€2001).

Como se coment6 anteriormente, el tipo de composidel suelo o el
intervalo de espectral de medida de la emisividadjn factor importante al
VI



evaluar la magnitud de decrecimiento de la emiatvidon el angulo cenital.
Asi pues los suelos arenosos con alto contenidouarzo o yeso, son los
gue presentan un mayor descenso de la emisivida@lcdngulo, pero este
descenso viene marcado por intervalo espectral edida En toda la
ventana atmosférica el descenso de la emisividaduééos arenosos es
significativo a partir de 40°, llegando a un valor 5% mas bajos que a su
valor nadir. Sin embargo, a intervalos espectnaiés discretos, el descenso
de la emisividad de estos suelos desnudos es dispampor ejemplo la
emisividad entre 10-12m, es significativa a partir de los 50°, llegando a
descensos un 4% inferior al nadir pero entre 89 este descenso es
significativo a partir de 30°, llegando a valores 14% mas bajos que los
registrados a nadir. La explicacion de los desceteo significativos entre
8-9.4 um se encuentra en el cuarzo, este mineral presmais bandas de
reflexion llamadaseststrahlen que hacen descender la emisividad del suelo
de forma brusca. Para el caso de suelos franoossds o arcillosos, el
descenso de de la emisividad con el angulo ceedtahenos pronunciado
gue en el caso de los arenosos, especialmentelpzasos de suelos con alto
contenido en arcilla.

En resumen, cuando un suelo mineral completamete gresenta un alto
porcentaje de arcilla en su composicién textunalemisividad se vuelve

mas isotropa con el aumento cenital. Por el cdotrarmedida que el

porcentaje de arena aumenta, esta emisividad @egré@s pronunciadamente
con el angulo, siendo muy significativa a partir dalores angulares

cenitales bajos, especialmente si entre los migemdé¢l suelo arenoso hay
grandes concentraciones de cuarzo o yeso.

Sobre el efecto que tiene la humedad del sueloaeanisotropia de la
emisividad relativa, los resultados mostraron agsiohes dispares en
funcién del intervalo espectral de medida y deb tgee composicion del
suelo.

Asi pues en el caso de suelos arenosos, cuandomadad aumenta, la
anisotropia de su emisividad relativa se ve fuestéminfluenciada por el
intervalo espectral donde ha sido medida. En tadeethtana atmosférica, 8-
14 um y entre 10-12um, el efecto de la humedad no es apreciable en el
descenso de la emisividad relativa con el anguldtade no obstante en el
intervalo 8-9.4um, el descenso cenital de la emisividad relativavese
amortiguado a medida que aumenta el contenido wm agduciéndose hasta
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un 7% respecto a valores en seco y siendo sigtivicdicha reduccién a
partir de los 40°.

En el caso de suelos de textura franca, los rekdtson opuestos al caso de
suelos arenosos, la anisotropia cenital de la el se ve acentuada a
medida que aumenta el contenido en agua del ssielado significativa,
respecto a sus valores en seco, a partir de log 66h descensos de hasta
un 3% inferiores a los obtenidos en condicionededidratacion del suelo.

Por ultimo el caso de suelos arcillosos es singulagl &ngulo cenital ni el

aumento de la humedad parece afectar el comportargasi isotropico que

presenta su emisividad. Solo a partir de 60° y doa@stan completamente
secos, la emisividad relativa presente descengasisativos respecto a su
valor nadir.

En resumen, la presencia de agua retenida tanttbsermmicroporos y
macroporos de los suelos minerales estudiadogjetianhomogeneizar el
comportamiento de la anisotropia de la emisividelitiva en primera
aproximacion. Esto se observa al mitigar el deoriesito de la emisividad
relativa en suelos arenosos con alta cantidad dez@uen el intervalo
espectral 8-9.4im o en el acentuado decrecimiento de dicha emésivid
respecto a valores en seco, para el caso de dumhe®s. No obstante, la
casi isotropia en la emisividad de los suelos lestk, hace pensar que la
relacion entre dicho pardmetro y el angulo cerdalmedida asi como la
humedad, no es puramente lineal.

Una vez conocidos los efectos angulares y de huinestibre las
emisividades de los suelos sin vegetacion, se pdafa en el impacto de
dicha anisotropia en la obtencion de otros par@&mettependientes de la
emisividad. En primer término se estudié la immigei cometida sobre la
medida de la temperatura de la superficie terrestn® se tenian en cuenta
las variaciones de la emisividad del suelo debidm a@ngulo cenital y un
valor de humedad dados. Para ello se utilizd6 uoriigo split-window
dependiente de la emisividad del suelo (Galval. 2008), el cual utilizaba
las emisividades y temperaturas de brillo del brsates 31 y 32 (10-12m)
del sensor MODIS a bordo de los satélites TERRAQUA. Se estudio la
diferencia en temperatura cuando el pixel era needidhadir 0 cuando se
media a un angulo cenital de 65°, angulo maximarai@do por el sensor
MODIS. Los errores en la obtencion de la tempesatier la superficie si no
se tenia en cuenta la anisotropia cenital de laigdad del pixel, variaba
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entre 0.4 Ky 1.8 K, dependiendo del tipo de nmagpara atmdbsferas con
un contenido en vapor de agua menor a 4 cm. Adems##®0 m4s seca era
la atmosfera mas grande era el error cometidorepdgatura.

Otro pardmetro afectado por la variaciéon cenitalademisividad es el flujo
de onda larga, pardmetro indispensable al estatliatercambio de energia
entre superficie y atmdésfera, energia que entess dinciones puede llevar a
ahorrar un consumo innecesario de agua en el rkgcaultivos. Los
resultados mostraron que el error relativo cometidel flujo de onda larga,
al no considerar la variacion angular de la endsigj variaba entre el 2% vy
el 8%, dependiendo del tipo de suelo.

Finalmente con los resultados obtenidos, en eldestdel efecto de la
humedad del suelo sobre la anisotropia de la eiggsivrelativa, se llevo a
cabo una parametrizacion, resultando en que leesiXpr que mejor encaja
fue un polinomio de segundo grado. No obstantegda era obtener una
expresion global, aplicable a cualquier tipo deaimorganico, por eso se
realiz6 un analisis estadistico que relacionabadasiciente del polinomio
con los datos texturales y minerales de los swestgliados. El resultado del
analisis determin6 que los coeficientes de dicHm@mio se relacionaban,
nuevamente mediante un polinomio de grado dos,la®morcentajes de
arcilla y cuarzo en el intervalo espectral 8&#. En el intervalo 10-12m
estos coeficientes se relacionaban con los pojesnte arcilla y materia
organica. Finalmente en toda la ventana atmosfér&a4 um, los
coeficientes del polinomio se relacionaban, paeteltbs con la arcilla y el
cuarzo y el resto con la arcilla y la materia ofg&nEl error maximo
asociado a esta expresion fue el determinado anédikis de la sensibilidad
del método de obtencion de la emisividad relathv@.,01.

V. Conclusiones

Las principales conclusiones extraidas del estqdeoconforma la presente
Tesis Doctoral son:

1. Los suelos inorganicos no vegetados empleados epresente
estudio son representativos de un gran namero elesspresentes
en la Tierra, desde el punto de vista textural yemal. Por tanto los
resultados obtenidos en el estudio del efecto Hereedad del suelo
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sobre la anisotropia de la emisividad térmica deséguede ser
aplicada a un buen nimero de superficies.

2. La metodologia disefiada en este estudio para abkenesalores
relativos de la emisividad térmica de los suelosrgénicos sin
vegetacion, permitié obtener valores con un er@ximo de + 0.01.

3. La contribucién radiativa de la atmdésfera y posibklementos
envolventes a la muestra de suelo fue analizadaianted la
comparacion de cuatro métodos diferentes para etiéein situ. Los
métodos fueron comparados bajo diferentes condisiole entorno
y las conclusiones mas relevantes fueron:

o En el caso de cielos completamente despejadosiy kgar
con una presencia minima de elementos envolveluss,
cuatro métodos producen resultados similares, con
diferencias relativas no superiores al 2%. No oltsia
cuando la presencia de elementos circundantestasle®@
la presencia de nubes en el cielo es elevada,oeti@aun
panel de reflectividad difusa es la opcion masmenwlable,
puesto que tiene en cuenta dicha contribucién reddta
cometer infravaloraciones de la contribucién radat
envolvente de hasta un 72%.

o Al evaluar el efecto de dicha infravaloracién emddiancia
hemisférica descendente, sobre la precision dmisivedad
relativa de los suelos, se observaron sobreestimaside
hasta 0.09 en sus valores. Por tanto, el uso denel de
reflectividad difusa pasé de ser una opcién, anewesidad
indispensable en el presente estudio.

4. Respeto a los conclusiones sobre la anisotropite damisividad
térmica de los suelos inorgéanicos estudiados, k&s importantes
fueron:

0 La emisividad de dichos suelos puede ser considerasi

invariante acimutalmente, pero no respecto al @ngul
cenital, puesto que a partir de 60° el decrecimiel@g su
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emisividad es significativo, independientemente del
intervalo espectral de medida o la composiciorsdelo.

o No obstante, la magnitud del decrecimiento cerdtalla
emisividad, est4d fuertemente influenciado por la
composicién y el intervalo espectral de medida. La
emisividad térmica de suelos presenta un compogtami
cada vez mas isétropo frente al aumento cenitakdida
que aumenta el contenido en arcilla. Todo lo coiatra
ocurre para suelos con alto contenido en arena,
especialmente en aquellos con alto contenido emze@ua
entre sus minerales, su emisividad decrece mas
pronunciadamente con el aumento del angulo cenital,
llegando descensos relativos del 14% respectovalstes a
nadir y siendo significativa a partir de &ngulos36&, como
es el caso de la emisividad entre 818

o El efecto de la humedad sobre la anisotropia de la
emisividad térmica, también muestra una fuerte
dependencia con el tipo de suelo y el intervaleesal de
la medida. Asi pues el efecto del incremento detexddo
en agua en suelos, provoca que la emisividad dsxrez
menos pronunciadamente con el &ngulo cenital parase
de suelos arenosos (en el intervalo 84d), pero mas
pronunciadamente en el caso de suelos franco@enla
ventana atmosférica). Los suelos arcillosos sinaggtbno
muestran variacion de su emisividad muy significetj ni
con el angulo de observacion ni con la humedad.

5. También se ha demostrado que ignorar efectos aegulen la
emisividad puede acarrear errores sistematicos eeterminacion
de la temperatura terrestre entre +0.4 K y +1.8¢ethdiendo del
tipo de suelo y para atmdsferas con contenido @ervde aguar
inferior a 4cm. También se mostraron errores kalatentre el 2% vy
8% para el flujo de onda larga, lo cual puede Hevastimaciones
erréneas de los balances de energia de la superfici
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Por ultimo, comentar que a partir de los resultatkisestudio se consiguid
obtener una expresion capaz de predecir la eméglvidlativa de un suelo
desnudo si previamente se conocian tanto el argumital de observacion y
la humedad del suelo. Adicionalmente esta exprepifede ser aplicada
globalmente a un gran numero de suelos, en distipgates del intervalo
espectral térmico 8-14m, si previamente se conocen los porcentajes de

cuarzo, materia organica y arcilla
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Chapter 1

Introduction

This first chapter introduces the reader to the
emissivity concept, showing how important is
this parameter in the thermal infrared spectral
region. State of the art about emissivity
dependence of inorganic bare soils on soil
moisture and viewing geometry is exposed, and
main objectives pursued detailed at the end of
the chapter.






3 Introduction

1.1The Importance of the TIR emissivity in Remote $&ms

The technique responsible for retrieving informatifom a far object
without physical contact is calld&Remote Sensing has demonstrated to be
an advantageous alternative in place of slow amstlycdata acquisitions at
surface level. This technique uses sensors onbsatdllites, to take
measurements of the radiation at different randeth® electromagnetic
spectrum, with the aim of better understandinghedl processes that happen
at terrestrial surfaces, oceans or the atmospRem®ote Sensing technigues
are useful for a wide variety of disciplines sushBiology, Geography, or
Physics to give some examples.

Data retrievals for surface-atmosphere energy Hudgalculations,
evapotranspiration estimates, greenhouse effectitonimg, or studies of
desertification and soil degradation, are some h# tnost important
applications of Remote Sensing. All of them hawwamon factor, the land
surface temperature (LST) estimates from a sageNithich is one of the
most challenging research fields of remote sendiiegperatures from the
Earth surface can be retrieved from measurementheatspectral range
called Thermal Infrared (TIR) that covers the speutfrom 3 to 2Qum.

Retrieving an accurate value of LST needs a previpacise knowledge of
surface emissivity, especially in the so calledagpheric window, allocated
between 7 and 14m within the TIR region. Atmospheric emission from
this spectral region is weak, therefore highly $rzarent to the emitted
radiation from the surface to the satellite.

Emissivity is the relative ability of a body to d@ngind absorb energy by
radiation. It is the ratio of the energy radiatgdalparticular body at a given
temperature, to the energy radiated by a blacklabdlzge same temperature.
The knowledge of the surface emissivity, in additio be useful to retrieve

accurate values of LST, may be very helpful to ttgvegeological and land

use maps using the spectral signatures in the @giom (Rowan and Mars,

2002; Vaugharet al. 2005; Ogawat al.2008).

Emissivity varies with wavelength but it is alsgpdadent on the type of soil
(Salisbury and D’Aria, 1992; Nanni and Dematté, @0®oil composition
can be considered a relatively static factor oimet However, there are
other factors more variable that can have influeonethe TIR surface
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emissivity, some of these factors are the soil tnoes(SM) and the viewing
geometry. There are several studies focused onvdration of TIR
emissivity with SM, as well as with the viewing geetry, which analyze
these effects separately. However, there is naidy sinalyzing both effects
jointly.

1.2 Effect of soil moisture on TIR emissivity

Few studies can be found about the variation of &issivity with SM.
The first one (Van Bauel and Hillel, 1976) showedlaar increase of
emissivity with SM. Afterwards, Chegt al. (1989) agreed with the previous
conclusion for a silty-clay soil, but they obsendifierences for the increase
of emissivity if soil was just tilled, or if it wagilled and compacted.
Salisbury and D’Aria (1992) observed that emisgifietween 8 and Am
increases around 5% for an increase of 7% fovgaiér content.

The increase of TIR emissivity with SM was also eved from sensors
onboard satellites. Ogaved al. (2006), studying desert soils placed at North
of Africa and Arabic Peninsula, found a relationtvsen the emissivity
product from Moderate Resolution Imaging Spectramagéter (MODIS)
band 29 (8-9um) and SM product retrieved from Advanced Microwave
Scanning Radiometer-Earth Observing System (AMSPRxi)oard Aqua.
Mira et al. (2011) applied Temperature and Emissivity SepamalilES)
method (Gillespieet al. 1998) to five thermal spectral bands of Advanced
Spaceborne Thermal Emission and Reflection (ASTBR}wo different
places over White Sands National Monument in Newibte (USA). They
observed an increase around 4%-5% in emissivitdywoof ASTER band
11 (centered at 8.@m) for two scenes where monthly precipitation w@rie
from 0.5 mm (November, 2006) to 7.1 mm (Decemb@@g63.

At all works previously mentioned the variationTdR emissivity with SM

it has been studied for just one type of textuodl and most of them sandy
textures. This is the reason why Miea al. (2007 and 2010) carried out a
deeper study about the variation of TIR emissiwith SM for 14 samples
of inorganic bare soils (IBS), covering nine o€ ttwelve textural types
defined by the United States Department of Agrigelt (USDA). Both
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studies retrieved the TIR emissivity by means &f Box method (Rubiet
al. 1997), for different SM levels at four spectrahgas inside the 8-14m
atmospheric window using a CE 312-1 radiometer (dedet al. 2000)
with the following bands: channel 1 (8-1361), channel 2 (11.5-124m),
channel 3 (10.2-11.8m) and channel 4 (8.3-918n). Figure 1.1 shows the
results of TIR emissivity variation with soil wateontent at CE312-1
spectral channels 1 and 4 for all IBS analyzed kiyalMt al. (2007) and
(2010). They show that at all the IBS samples TitfiRssivity increases with
SM at all spectral ranges. With these data and Statistical analysis, Mira
et al. (2010) established a relationship between TIR sinity (at all four
CE 312-1 channels) and SM for any IBS, by mearth@txpression:

& =ai+biSM+Cl‘ ln(SM)+d10M+eLOM2+le+gLC (11)

where @ag; are regression coefficients for each spectral wdlain(CE 312-1,
1 to 4), OM, Q and C are the organic matter, quaintt carbonate contents
respectively, expressed as a percentage. Expre¢sidh allows for the
retrieval of TIR emissivity from an IBS if the SMales and some textural
and mineralogical parameter of the soil are preslipnown. Uncertainties
associated with this equation vary between +0.0@60.019 according to
spectral range.

1.3 Anisotropy of TIR emissivity

There are also few works related with the angulariation of TIR
emissivity for IBS. Barton and Takashima (1986) duse broadband
radiometer to measure the radiation of a sandy BBSveen 30° and 70°.
Results showed an emissivity decrease with the@sa of zenith angl®)
of around 3% from values close to nadir.
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Figure 1.1 Results of TIR emissivity variation with soil watssntent at spectral ranges
8-13.3um and 8.3-9.3um (CE312-1 channels land 4, respectively), extrattech
Figure 2 in Miraet al. (2010).
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A thoroughly study about the anisotropy of TIR esnigy can be found in
Labed and Stoll (1991), the authors analyzed thésswity at all TIR
spectral range for five IBS with different textureand (Si@), silt (Loess),
silt-loam (Lehm), clay-loam (RB) and loam (AN). Brg 1.2 (show Figures
3, 4(a) and 6(a) from Labed and Stoll (1991)). Tan result is that relative
emissivity (ratio of emissivity at a specificand at nadir) decreases with
over the whole TIR range, independently of the tgpdéBS; nevertheless,
the magnitude of the emissivity decrease dependhespectral range. For
instance, Figure 1.2 (a) shows that the decreasenidsivity for the sandy
IBS is more pronounced between 8fn than at the rest of TIR
wavelengths, nevertheless for a clay-loam IBS (f@gi.2 b) there is no
spectral effect on anisotropy of TIR emissivity daxding to authors, this
result can be extended to the rest of samplesin Ei@bed and Stoll (1991)
it is also concluded that the decrease of emigsiviith 6 is dependent on the
type of IBS at a specific spectral range, for inseaFigure 1.2 (c) shows that
the emissivity, at spectral range 10-1£n, decreases more or less
pronounced depending on texture of the IBS.

It is worth to mention the works carried out by 8ob and Cuenca (1999)
and Cuenca and Sobrino (2004). In the first one,abthors analyzed the
zenithal anisotropy of emissivity for three IBS r{dg, clayey and silty
textures) with a broadband radiometer. Results edothat the relative
emissivity of sandy soil decreases as much as 28464° from nadir, and
the other two IBS decreased around 1%. Cuenca amin® (2004)
extended the results of the previous study to maerspectral ranges placed
inside the 8-14um atmospheric window. The most relevant result ftbia
second study is that sand emissivity decreasesmndrbto at6=60° from
nadir, at spectral range 849n.

There is not a deep enough study about the angotbTIR emissivity of
IBS, and it is not possible to find a work relatithgs anisotropy with the SM
effect on emissivity. For this reason the presdmsls studied the emissivity
dependence on viewing geometry and soil water cotogether.
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Figure 1.2 Results of TIR emissivity variation with zenith amgixtracted from Figures 3,
4(a) and 6(a) from Labed and Stoll (1991): a) Retasipectral emissivity of sand at different
observation angles at 8.0-13uk. b) Relative spectral emissivity of sample RB afedént
observation angles at 8.0-131B. c¢) Relative angular emissivity(8) (mean between values
atA=10.6um andA= 12.0um) of four bare soils versus the observation angle.
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1.4 Main Thesis objectives

Considering the results of previous works on emigsdependence on SM
and viewing angle, the present Thesis has purshedfdllowing main
objectives:

1.

To collect a set of IBS samples representative gifeat number of
existing textures on Earth to analyze the TIR emwiiysanisotropy
thoroughly.

Since the study is based on the measurement of radecu
emissivities, the radiative effects of the surrdngdelements and
atmosphere must be accurately evaluated and coedidéAn
analysis about which is the best method to take &ucount this
contribution has been performed.

Once stipulated the methodology to carry out theissinity
measurements, the step has been to analyze théaarguation,
both zenithal and azimuthally, of TIR emissivity filne set of IBS
under completely dry conditions.

To check the evolution of that TIR emissivity arispy when SM
is increasing from dry conditions.

Ignoring angular and soil moisture effects on TIRigsivity
involves uncertainties retrieving other emissivdgpendent
parameters such as LST or outgoing longwave radidtir instance.
These uncertainties have been analyzed to assessniportant is a
precise knowledge of emissivity in the TIR region.

From results obtained analyzing the anisotropy I6f &missivity at

different SM levels, a regression with SM, viewiaiggle and some
textural and mineralogical factors has been esfaddl in order to
quantify all these effects on emissivity.
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1.5 Thesis organization

This report has been organized in 6 chapters, tetedt as follow. Present
chapter 1 shows thestate of the artof studies about anisotropy of TIR
emissivity of mineral soils and the objectives i Chapter 2 describes

main physical properties of selected mineral saitgcifying the roughness
conditions required to carry out the anisotropydgton these soils. Water
interaction on theses soils and methodology employe take moisture

measurements is also explainedhapter 3 explains the methodology
followed to retrieve the TIR emissivity at diffeteangular configurations;

the main characteristics of multispectral thernmediometer employed to
carry out the study are also described in t€titapter 4 deals with the

radiative environment contribution to emissivity asarements, where
different methods to retrievim situ hemispherical downwelling radiance
from surrounding elements have been explained antpared, concluding

which of them is the most suitable to be appli€tapter 5 shows the

results of analyzing the anisotropy of TIR emidgiviat all mineral soils

studied, both under dry conditions and at diffenmoisture levels. Finally,

Chapter 6 summarizes the most important conclusions fronsthdy.

Additionally, copies of the papers published inemftional journals
achieved during the conduction of the present shasé included in the
annexes, those publications are referenced thraughis report.



Chapter 2

Moisture measurements on
IBS

Next chapter explains the selection of several
inorganic soils as representatives of a great
variety of soils found in Earth, given their
textural and mineralogical composition.
Roughness status under dry conditions, and
water saturation and drying process have been
also explained as well as soil moisture
retrievals.






13 Moisture measurements on IBS

2.1Inorganic bare soils

Soils cover the first meters of the thinnest antemrmal layers of Earth
surface and comprise of a continuum of differenheral size particles.
Since there exist a large variety of soils in natarmethod is needed to
classify these soils in different categories acicwydo their properties. Two
of the most important methods are: the soil taxong¢8oil Survey Staff,
2010) elaborated by National Resources Conserv&inice (NRCS) from
United States Department of Agriculture (USDA). dezond method is the
World Reference Base developed by Internationabllrof Soil Sciences
(2006) in collaboration with Food and Agricultureganization.

A set, composed of a total of 13 samples of sdihwifferent compositions
and properties, was selected to carry out the saldyt the anisotropy of
TIR emissivity at different SM levels. The TIR speen is sensitive to
radiation emitted by a surface from its first mimeters (Salisburet al,
1995), consequently our samples come from the fitstcm of surface,
called the organic-mineral A horizon. Dependingtom soil’'s bulk density it
was necessary to acquire around 17 kg of eachymple& task since the
origin of each sample is diverse: Samples B, Cn@® R come from different
places of Valencia (Spain), sample E comes fronic@a{Spain). Samples
LW (03, 13, 45 and 52) and WS come from USA, LWnirsouth of
Oklahoma (Little Washita River Experimental Watedhand WS from the
White Sands National Monument (New Mexico). SampB&sl, BR2 and
BR3 come from a rural area in S&o Paulo (Brazil).

Grain size analysis refers to inorganic compositforineral fraction) of
soils. According to USDA criterions three ranges pzfrticle sizes are
established: sand (particle diameter between On@s2amm), silt (particle
diameter between 0.002 and 0.05 mm) and clay ¢badiameter lower than
0.002 mm). Percentages of sand, silt and clay okoils were retrieved by
means of the Bouyoucos method (Bouyoucos, 1962prditg to ISO
11277:1998 regulation (ISO, 2002). Results of asialyshowed that our
samples cover ranges between 14% and 100% forassahdetween 0% and
54% for silt and clay. Table 2.1 shows the grarntylanmong other
properties of our soils. USDA criterions establishE2 different textural
classes distributed in a triangle according to ipleitcombinations of sand,
clay and silt percentages. Our soils represent ede 12 textural classes.
Figure 2.1 shows the distribution of these 13 similshe texture triangle
defined by the USDA. Textural distribution of inargc soils around the
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world is mapped in Figure 2.2, according to thigrtfzere exist sandy-clay
soils in the east part of china, silty-clay and sdils can be found in small
areas at any continent.
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Figure 2.1 Distribution of the IBS analyzed in the textunamgle defined by USDA.

Inorganic components usually make up 95% of a difynsass, and it can be
considered organic if the percentage of organidengOM) is greater than
37%. The most abundant minerals in soils are:asdie (quartz, feldspar,
etc.), carbonates, oxides and sulfates. Accordindata of Table 2.1, our
samples are considered Inorganic soils with qugudantities covering
ranges of sand fraction between 0% and 100%, OMumsoils reaches a
maximum of 8.9%.
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2.2 Roughness condition of samples

As the present study attempts to analyze in fielotkwconditions the
anisotropy of TIR emissivity of IBS under differemiater content status,
radiance measurements (chapter 3) were made \as¢ th the IBS surface.
For this reason our samples, once completely dgreveieved to particle
sizes lower than 0.5 cm. Lagouarde al. (1995) analyzed the angular
variation of brightness temperature XTfor different type of surfaces.
Measurements were made at different zenith angles iange from 0° to
180°, the zenith measurement process was carrieth @ complementary
and a perpendicular sun plane, and the completeegsowas repeated at
different sun elevations. Three of these type ofases were IBSs with
different roughness levels: a deeply ploughed wiih clod sizes up to 20-
25 cm, a second soil, ploughed and harrowed, (aitiibrating harrow)
which presented an average cold size around 4-&cda third sandy-stony
IBS, very smooth due to several perpendicular gasé@ heavy roller; for
this last soil 70% of the clod size was around P@&@ Figure 2.3 shows
results of T angular variation for these three sails.

According to the results of Lagouards al. (1995), for IBSs whose
roughness implies particle sizes of greater thah e, effects associated
with angular measurements of @re caused by sun elevation, since the
distance between surface and sensor is short entougk influenced by
sunlight or shadow parts of the clods (Figure 2.2u4d (I)). Nevertheless,
when IBS is very smooth to be considered both &erg rough, random
surface with respect to the observation angle apdrtectly flat surface at
the scale of landscape, the angular difference, grdsented a similar shape
(Figure 2.3 (1)) with no significant differenceetween measurements in the
complementary and perpendicular plane. Since acisvith this roughness
level exhibits no geometrical pattern, differenbesveen nadir and oblique
observation on J can only be attributed to the existence of angular
variations in emissivity of the IBS. Present wories to study the angular
emissivity of IBS with an almost constant roughnéparticles size no
greater than 0.5 cm). The objective is to evaldlée behavior of angular
emissivity for each textural class defined in thett with no influence of
other factors.
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2.3Moisture content in IBS

The spectral effect of water on soils is importsinte it is highly absorbent
of TIR radiation, with emissivity values close t@id therefore significantly
affecting emission of wet soils (Miret al, 2007 and 2010). Water can be
found related with soil in three ways; (jygroscopic watera molecular
film absorbed by soil directly from air and supeidily attached, it is not
useful for plants since it cannot be absorbedcépillary water, is used by
plants as hydrological reserve, this water is neiby soil micro-pores
(particle space < 25Qm); andgravitational water is retained by macro-
pores (particle space 250 um) sometimes saturating the soil, it is
percolated through soil by means of gravitationaté into deeper aquifers.

Saturation and Drying process of IBS

Completely dry and sieved IBS samples (see se@i@h were put in a
circular container with a 52 cm diameter and theyained flooded for 24
hours to get the saturation. Figure 2.4 shows thegss for IBS BR3 as an
example. Afterwards, saturation samples were fregtydried and TIR

emissivity measurements (see chapter 3) were thkém under dry and
saturated conditions as well as under different|8kéls during the drying
process. Some silt and clayey IBSs presented soawk&scduring this drying
process (Figure 2.4), the soil cracks were sealeehwnoisture conditions
allowed it. Otherwise emissivity measurements waktaken since cavity
effects (Valor and Caselles, 1996) could probaplyear.

Figure 2.4 Saturation process of an IBS sample. During drgioige silt and clayey samples
presented cracks.
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Delta-T SM20@robe

The time domain reflectometryTDR) technique allows fast and more
accurate retrievals of SM based on the large diffee between the dielectric
constant of waterk(= 80) and other soil components~ 1 for air andk = 2

to 5 for solids). TDR-based instrumentation usdsgh frequency voltaic
pulse, propagated through a transmission line (lyslimited by two steel
rods) to measure its attenuation or propagatioedpeross the soil present
between the rods. The ratio of the time propagapidise between soil and
air (t/ty) is similar to the square root of the dielectrimstant k ¥3. An
empirical relation called th&opp equatior{Toppet al, 1980; Malickiet al,
1996; Topp and Reynolds, 1998) allows the retriedfalSM given the
previous knowledge d&.

The TDR sensor used for the present study was taDeEM200 probe.
Figure 2.5 shows this sensor composed of the protbetwo 5 cm rods and
a data-logger used to simultaneously store andagisihe SM readings.
According to the manufacturer these sensors caievetthe volumetric SM
value of any soil with an uncertainty of + 0.03-m® (Delta-T Devices Ltd.,
2006).

(a) (b)

Figure 2.5Delta-T SM200: (a) probe with 5 cm rods, (b) diaigger able to store and display
simultaneously the SM readings.
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A parallel calibration was made in our laboratony test manufacturer
equations. IBS samples BR2, LWO03, E, D and LW45ewsmiected to carry
out the comparison of SM200 probe measurements %fith volumetric
values obtained multiplying IBS bulk density anddeatory SM gravimetric
measurement$Day, 1965; chapter 2 from Mira, 2010). Gravimet8
values (SM) were retrieved by measuring the weight of thé whien it is
completely dry (g and when it is wet (), measurements of wet soil are
made several times during the drying procces. Kintdle gravimetric
measurements are obtained from expression.

SMq (kg - kg™") = === (2.1)
Figure 2.6 shows calibration results, comparing &ies measured with
the SM200 Delta-T probe and SM laboratory retrigwhrough gravimetric
method explained above. It is interesting to chibek IBS samples centered
in the USDA texture triangle (LW03, BR2 and E) sh&i measured values
that match better with laboratory measurements 8wils situated in the
border of the triangle (D and LW45). Neverthelgsmdard deviationa) of
measurements in the regression shows a value 68> concluding
that the Delta-T SM200 works correctly within tiadfication uncertainty.

SM measurements were made at different pointseofB& surface samples
before and after the emissivity retrieval procesapter 3) in order to check
the possible spatial and temporal variations of iBMhe sample. The gap
time between two SM samplings was around one lawarage and standard
deviation (SD) values were calculated and the SP all@ays lower than the
Delta-T SM200 measurement error, assuring moistam@ogeneity in the
soil during the radiance measuring process. Thaswty retrieval process
was repeated at different times during the dryirfigsample, allowing
emissivity measurements at different SM values | uthtie sample was
completely dry. The sequence of soil saturationd@mwthg was repeated one
more time in order to check the validity and repradility of the results.
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TIR emissivity retrievals

This chapter explains the methodology
followed as well as the instrumentation
employed, to carry out soil emissivity retrievals
in this study. It is also included an exhaustive
laboratory calibration of the multispectral
thermal radiometer used, calibration checked by
an experimental campaign carried out in April
2009 at the National Physical Laboratory in
London, UK. The chapter ends with a
sensitivity analysis of the uncertainty produced
on emissivity retrievals, related with the
methodology.
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3.1Relative-to-nadir TIR emissivity

For a thermal sensor onboard a spatial satelliteasuring the radiance
coming from a surface within the 8-14m spectral region, the radiative
transfer equation can be modeled with three tedinect surface emission,
surface reflected environmental radiation (hemisighedownwelling
radiance), and atmospheric absorption and emissfents:

L8, 9) = [£:(8, p)B;(LST) + p; (8, ) Li]:(6, @) + Ly i(8,0)  (3.1)

where L(0,9) is the band radiance measured directly by thes@efrom
surface at zenith angbeand azimuthal anglg; B; is the Planck function for
blackbody radiance at LST;'Lis the hemispheric downwelling radiance
made up from the atmosphere and surrounding elecastibutions p(6,0)

is the hemispherical-directional band reflectari&gdemuset al., 1977),
€(0,9) is the absolute band emissivity of the surfagés the atmosphere
spectral transmisivity and'km; is the direct atmosphere emission towards
the sensor. Subscripstands for the spectral band where measuremengs hav
been taken.

However, for this study, where sensor-surface decgta are short, some
atmospheric contributions can be neglected (and L ,,=0) and reduced to
the reflected term of hemispheric downwelling rade The spectral
radiance can be modeled after Norman and Beck&56§19

Li(8,9) = (8, 9)B;(LST) + p;(6, p)Lt (3.2)

A relationship between surface emissivity and hphasical-directional
reflectance for a surface opaque to radiation arntal equilibrium can be
established by means of Kirchhoff's law (Nicodenil865) as:

£(0,90) =1—p;i(6,9) (3.3)

This relation can be applied in two cases, eitloeranisotropic radiation
over a Lambertian surface or for the inverse ditmatwith a non-
Lambertian surface receiving isotropic radiatiomnir its surroundings
(Nicodemuset al.,1977).

From Egs (3.2) and (3.3) emissivity is retrieved as

Li(6,9)-Li
g(6,9) = m (3.4)
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However, emissivities from Eq. (3.4) are often maate due to difficulties
in retrieving accurate measurements of the LSTmfwehich the B(LST) is
calculated, since this radiative temperature cpords to a thin superficial
layer of the order of a few micrometers (Salisbeiral 1995).

This problem is solved by retrieving relative-tadiravalues of €(0,4)
(Labed and Stoll, 1991), taking simultaneous mesamants of radiance at
nadir and an arbitrary angular configuration frdme surface, besides the
hemispheric radiance from the surrounding contidout Taking
measurements in a time period short enough to aigidficant changes of
LST or L'; during the measurement process, it is possibtbtain relative-
to-nadir emissivity measurements by dividing Eqg.4)3considered at a
given angle ,¢) and at nadir viewing (0,0):

€i(0,0) _ Li(6.9)-L}
£i(0,0)  1;(0,0)-L} (3:5)

gri(el (P) =
whereg;(0,9) is the relative-to-nadir emissivity ang(@,0) is the radiance

measured by the sensor at nadir viewing.

Given that Eq. (3.5) is the quotient between alisokmissivity from an
angular configuration and nadir, a previous knogeedof absolute
emissivity at nadir allows estimation of the abselualue of emissivity in
that specific angular configuration by:

£(6,9) = £(0,0)&-,(6, 9) (3.6)

Absolute emissivity values close to nadir can beieeed using several
techniques: such as the Box method (Rudtial. 1997; Miraet al. 2007) or
the TES algorithm (Gillespiet al. 1998; Miraet al. 2009).

3.2 Experimental set-up to retrie¥g0,o)

Multispectral thermal radiometer CLIMAT 312-2B

Radiances were taken with two multispectral ther@@MEL Electronique
model CLIMAT 312-2B radiometers (CE312-2; Brogniet al., 2003).
Figure 3.1(a) shows a picture of CE312-2 componendsle up by: a
computer for data storage, treatment and visuaizaif the measured data
as well as the computation of results; a power lsuppx with a buffer
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battery that could be power charged and a 6-badidmeetric sensor head
simulating 5 ASTER thermal bands (Gillesgial. 1998). The instrument
makes successive measurements of the target thvauglus spectral filters,
compensating the influence of its own temperatune reans of

measurements of its own thermal image on an augzhmairror.

CE312-2 works in six different spectral bands, ohéhem operating in the
broad range 7.7-1443m (channel 1) and the other five channels working i
narrow bands allocated within the previous broadb&m-8.7um (channel
6), 8.4-8.9um (channel 5), 8.9-9.4m (channel 4), 10.1-11.Am (channel
3) and 10.9-11.um (channel 2). Figure 3.1(b) shows a graph of sakct
response function of six CE312-2 filters.

~—

IAS
8 9

10 1" 12
Wavelength (um)

@ ()
Figure 3.1 (a) CE312-2 components. (b) Normalized spectralaese of 6 CE312-2 filters

Calibration of CE312-2

Two CE312-2 were calibrated with a thermal neackit@dy behavior
source, LandCal Blackbody Source model P80P
(http://www.landinst.com/infrared/products/p80p)dweck the accuracy and
precision of this radiometer, at 5 °C intervals.eTtihermal radiometer
calibration lies in a comparison of the blackbodi£3@2-2 temperature
measurements with the blackbody temperatures, teegis through an
external probe connected to internal surface of D&ML P8OP.
Temperatures range of the calibration covers vafums -5 °C to 45 °C
taking measurements with the CE 312-2 every 5 8t:ase.

Results in Figure 3.2 represent the comparison detw. ANDCAL P80P
thermometric temperature and CE 312-2 temperatagistered at each
radiometer spectral channel. From these resulis itoncluded that the
accuracy of channels 1 to 6 of CE 312-2 with regardhe blackbody
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temperature ist0.07 °C,+0.11 °C,+0.10 °C,+0.10 °C,+0.07 °C andt0.09
°C, respectively.
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Figure 3.2 Calibration curves of CE312-2 temperatures vs P&0peératures. Correlation
coefficient and standard deviation are also indude

The P80OP blackbody source was in turn calibratettheNational Physics
Laboratory (London, UK) during a comparison and validation DR
instruments campaign, organized by YWerking Group on Calibration and
Validation from Committee on Earth Observation SatelliiasApril 2009
(Theocharous and Fox, 2010). Results showed th@P Rjreed with the
NPL reference radiometer with an accuracy@fl9 °C at the three different
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reference temperatures of 10 °C, 20 °C and 30 Heréfore, the absolute
accuracy of CE 312-2 channels is witkit 19 °C.

&(0,0) retrieval process

Angular radiance measurements over the IBS sanwpées carried out on
the roof of the Physics Faculty of the University dalencia, Spain
(13°30'25”N, 0°25'13"W), and angular TIR emisstyi was retrieved by
means of equation (3.5). A goniometer was usedetfopn simultaneous
radiance measurements on each sample at differ@ntng directions, by
means of two identical CE 312-2 radiometers (se@r€i3.3), one at nadir
(CE1) and the second one in a given directiéf)( (CE2). This last
radiometer could be moved along the arm of the @uater varying the
field of view (FOV) over the sample, in order to asare the same area as
the nadir radiometer. Radiance measurements weden tat different
combinations of zenith and azimuth angles. Zenithles were considered
from 6=10° to 6=70° at intervals of 10°. For each zenith angle WS
emissivity was measured at three different azimuhantations turning the
samples 120° each time, instead of turning the ayoeter-radiometer
system. This process was repeated two times fdr zaith angle, so it took
around 3 minutes to finish all the measurementgs®es for a given zenithal
angle. Azimuthal rotation of the sample, instead tbhé goniometer
framework, was done to speed up data collection &ndensure that
observations were made using the same surroundingditons (i.e. solar
elevation, atmosphere contribution, etc.). In thiay any difference in
retrieving emissivity by equation (3.5) at diffeteazimuthal angles, can be
attributed exclusively to the sample.

All IBS samples were placed in a circular contaif2rcm in diameter and
10 cm in height (Figure 3.3). The container hadtipla holes in the bottom
designed for water drainage. Moreover, a sieve at@shed to the bottom
(between the holes and the sample) to avoid thedbshe finest particles.
For each soil, the measurement process startedcavdtimpletely dry sample
for which the angular radiance measurements werlorpeed. Then, the
sample was flooded allowing filtration through ttentainer, and freely air
dried. During the drying process, angular radiamogasurements were
performed at several times so that the relativeadir TIR emissivity could
be measured at different SM levels from saturationcompletely dry
conditions. For a given sample at a specific SMellethe whole set of
angular radiance measurements lasted 50 min. Timessurements were
repeated at different times during the drying oé teample, allowing
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emissivity measurements at different SM values | uthie sample was
completely dry.

Figure 3.3 Experimental ensemble used in the study duringsivaltaneous measurements
at nadir (CE1) and at viewing directiod, () (CE2).

Since we only disposed of two CE312-2, it was hatssible to
simultaneously measure the IBS radiance at nadiagiven directioné(o)
and the hemispherical radiance coming from the spimere and
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surrounding elements in Eq. (3.5), this was theaedor which we took
only Li(0,0) and L(6,§) measurements simultaneously, was measured
after the CE1(0°)-CE2(10°), CE1(0°)-CE2(30°), CE}{OE2(50°) and
CE1(0°)-CE2(70°) measurement configurations, plkace gold diffuse
reflectance panel inside the FOV of CE1 at 0°. Tihee period between
both panel measurements was less than 18 minuteish vimplied an
average L; fluctuation of +4%; this relative value was obtinfrom the
quotient of the difference between thg \alues measured before and after
the 18 minutes interval, and the average value aith bmeasurements,
multiplying all by 100.

3.3 Sensitivity analysis of,(0,0)

Uncertainties associated with(6,p) retrievals are explained in this section.
The error of relative-to-nadir emissivitye((6,¢)) was calculated as the
maximum value of three errors:

i) Propagation error through equation (3.5), assatiate CE312-2
temperature uncertainty of +0.19°C (see sectiol, &&ept in case
of L';, which is given by 4% fluctuation of the radiana® it was
measured at 18 minutes interval.

ii) Standard deviation calculated from theg@®,¢) values retrieved for
a specific 0,p) configuration, since radiance from IBS at this
configuration is measured three times.

iii) Difference between maximum and minimum values@®,¢) at a
specific 0,9), divided by four.

Figure 3.4 shows the histogram of thésg€0,p) values for all six CE312-2
spectral channels, viewing configurations and Sile Results show that
(0,p) can be retrieved in the field with an averagereof £0.003 (56 % of
values). Nevertheless, we defined a threshold oD®0n emissivity to
consider the existence of significant anisotrodeas one(0,¢) both when
it varies with@ or ¢ (at all SM levels) since almost al,(6,¢) values (97 %)
are equal to or lower than this threshold. Thudy @missivity changes
larger than +0.01 have been considered as realseitysvariations with
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viewing angle or soil moisture, well beyond theabished emissivity
measurement errors.
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Figure 3.4 Histogram of error associated to specific angatanfiguration,de,(8, ¢), for all
the IBS studied at all spectral ranges, SM contants @, ¢) configurations (almost 16700
values)

It is also interesting to analyze the effect of fluctuation one,(8,¢) over
time during the measurement process. Hemispheriavnaelling
measurements were made every 18 minutes usingdadgtise reflectance
panel, fluctuating around 4% from its average valBe we decided to
consider this fluctuation as a relative error of &ndde,(0,¢) was retrieved
when only this error was considered, from the pgagian error in equation
(3.5). Measurements were made 4@6,¢) at all CE312-2 spectral channels,
SM levels and viewing configurations. Results shiwtieat retrieved L
with a relative accuracy of 4% implies a retrieval €(0,p) with an
uncertainty of £0.0005, a value that is six timewdr than the average error
and twenty times lower than the maximuwa)(6,¢) considered. So it was
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concluded that taking simultaneous radiance meammts from an IBS at
nadir and another viewing geometry, instead of ngkisimultaneous

measurements of ‘Lis more convenient since errors associated to the
fluctuations of L; over time are not significant. However, possibiSTL

changes when IBS radiance is measured at nadia dimie later at a given
(8,9) configuration, could lead to more significantces:.






Chapter 4

Method for the atmospheric
downwelling radiance
measurement

Present chapter goes into detail about the
radiative  contribution of soil  sample
surrounding, both atmosphere and surrounding
elements. A comparison study of in situ
hemispherical downwelling radiance retrieval
methods was carried out. The comparison was
made under different environment conditions to
assess a posteriori possible effect on emissivity
retrievals.
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4 .1ln situ methods to retrieve'L

Radiative contribution from the atmosphere and iptsssurrounding
elements must be taken into account when measw®if or surface
emissivity, since surfaces are usually grey bo@ies 1), and a part of the
incident hemispheric irradiance is reflected towarthe sensor. Thus,
inaccurate measurement of;Lcan give rise to significant errors i
retrievals, since from Eg. (3.5) this radiance a@ppeat both sides of the
quotient. For this reason, a precise value ‘pfdneeded; the most exact way
to obtain L; is to measure the incoming spectral radiance fatimpossible
zenithal and azimuthal directions;(©,¢) later retrieving an integrated value
according to:

T
_ fozn do [, /2 L%(G,(p) sin@ cos 6d@

L; -
! fozndqofo/zsinecosede

(4.1)

These measurement processes takes a long time gertmemed, which is
particularly critical when retrieving, values under cloudy skies, there exist
some alternative methods to obtain kalues faster than the process of
equation (4.1). These methods are dependent on sphmoc and
surrounding conditions. For this reason, an inteqgarison study between
the different available methods were carried owtrfia-Santogt al. 2012a)

to check which of them is the most suitable to &dgymed in our study.

In situ measurements of‘lLin the present intercomparison study was
conducted using a radiometer CIMEL Electronique 3CE1, Brogniezet
al. 2003), which is a multi-spectral sensor that messthe radiance emitted
by a surface in the TIR region at four differenecypal channels: channel
1(8.0 ym - 13.3 um), channel 2 (11.5 pm - 12.4 amynnel 3 (10.2 pum -
11.3 um) and channel 4 (8.3 pm - 9.3 um). A previcalibration of the
CE312-1 thermal radiometer with a primary referenleekbody was carried
out in April 2009 at the National Physical Laborgtan London, UK,
organized by the Committee on Earth ObservatiorellBas (CEOS,
Theocharouset al. 2010). Calibration results showed an uncertaimty f
measured radiative temperatures at four CE 312ttisg) channels of: +0.5
K, £0.6 K, £0.3 K and +0.6 K, respectively.
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Kondratyev approximation

Kondratyev (1969) showed that a single measurertak@n pointing the
radiometer at a zenith angle of 53 + 3° from vaitian any azimuthal
directions, gave a close value of the hemisphedoalnwelling radiance of
the current atmosphere:

Lt kona = Li(53°) (4.2)

However, the Kondratyev approximation requires ac#g atmospheric
condition. This technique is applicable only undemogeneous skies (a sky
completely clear or overcast). Moreover this metltmbs not take into
account the possible radiative contributions framr@unding elements such
as buildings, cars, trees, etc.

Rubio approximation

Rubio et al. (1997) analyzed the angular dependence of dowimgell
atmosphere radiation. They carried out an expefiahestudy from
September 1991 to August 1992, measuring the atmospemperature for
a total of 130 atmospheric conditions, ranging frampletely clear days to
overcast days with a uniform distribution of hontal cloud layers. Rubiet
al. (1997) carried out for a fixe@ orientation, several scans of the
atmospheric temperatures, varying the zenithalnatbn 6 from 0° to 85°
with5° intervals in both descending and ascendingctions. They repeated
zenithal measurements in two perpendicular ori@mst north-south and
east-west.

Figure 4.1 shows the zenithal evolution of atmosghéemperature at
different atmospheric conditions for a fixeg Results show that the
anisotropy of atmospheric radiation is much greaterclear days than on
cloudy days. Moreover, temperature shows not saanf changes in
measurements performed close to the zenith. Refsaits Figure 4.2 show
that dependence of atmospheric radiation on thenwhi is almost
negligible. Rubiocet al. (1997) integrated all these measurements according
to Eq. (4.1) for all the 130 atmospheric conditioResults showed that
hemispherical downwelling radiance can be retrietsyd measuring the
atmospheric radiance at nadir (0°) and multiplyiihig radiance by a factor
(y), dependent on spectral range and atmospheric weper content (W, in
cm), using the following relationship:
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Lt pup = Yi(W)L; (0°) (4.3)

W is the amount of water (depth of vertical columinunit-crossectional
area) which would be obtained if all the water vapa specified column of
the atmosphere were condensed to liquid.
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Figure 4.1 Dependence of the radiative temperature of the sphvere on the zenith angle, for
measurements in the 8-i4h wave band, for days with different levels of dmess. Curves
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Rubio et al. (1997) also corrected the diffusive zenithal argilpulated by
Kondratyev (1969) from 53 + 3° to 55.4 + 1.8°.

An adequate value of thecoefficient is needed in Eq. (4.3), for this raaso
a simulation study (Garcia-Santes al. 2012b) was previously carried out
previously using the radiosounding data contaimedhe Cloudless Land
Atmosphere Radiosond€LAR) database (Galvet al. 2008), which spans
a W uniform interval from 0.02 to 5.61 cm and exi®mp to nearly 7 cm.
The CLAR database is composed of 382 atmosphedfilgs which are
distributed in three latitude ranges, 40% of théatgd at low latitudes (0°—
30°), another 40% at mid-latitudes (30°-60°), ar@®o2placed at high
latitudes (>60°). In this study only the profilegwW ranging from 0.7 to
5.5 cm were considered to simulate the same atmasptonditions found
in the experimental work of Rubiet al. (1997). The selected profiles were
introduced into the radiative transfer code (RTG)IMIRAN 4v3r (Berket
al. 1999) to simulate values of Lz, and L;(0°). According to Eq. (4.3),
from these two sets of simulated radianceg(\&) value was retrieved,
which were regressed versus the corresponding Wesalbtained from each
of the 180 atmospheric profiles. In addition to Walso depends on the
spectral range, so this process was followed afdhewing four spectral
ranges within TIR domain, which are coincidenthwthe four spectral
channels of CE 312-1 (Brogniez al. 2003): 8-13um (Chl), 11.5-12.5um
(Ch2), 10.5-11.5um (Ch3) and 8.2-9.2um (Ch2). As a result of the
described process, four empirical relationshipsewabtained to get each
channely value from the value of W previously known by atheeans:

Ve—13um = 143 — 0.04W (4.4)
V11.5-12.5 um = 1.61 — 0.09W (4.5)
Y105-115 um = 1.73 — 0.09W (4.6)
Ve2-02um = 1.44 — 0.03W (4.7)

These four relationships were validated withsitu measurements of W
carried out with a CIMEL Electronique CE 318 surjaimoeter (Holberet

al. 1998) and with t; and L;(0°) measurements taken with two CE 312-1
Validation results of equations (4.4)-(4.7) withsitu data showed that these
expressions enablevalues to be obtained with an uncertainty of £30/or
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more details, the published study of Garcia-Saetoal. (2012b) can be
found inappendix A

Atmospheric profiles

As commented above, an alternative way to retrigyealues is introducing
atmospheric profiles into a RTC to obtain a sinmedatvalue of the
atmosphere radiative contribution. In the presardys atmospheric profiles
have been used, provided by the National CentersEfwvironmental
Prediction (NCEP). These NCEP profiles, resultinggnf reanalysis
techniques (Kalnayet al. 1995), were obtained from a Web-based tool
Atmospheric Correction Parameter Calculator (Batsial. 2003), which
needs a previous specification of date, time, aodtlon to interpolate the
desired atmospheric profile temporally and spatiatithe time and place of
the measurements. NCEP profiles generated by ysigm to incorporate
satellite and ground data to characterize a glababsphere at 28 altitudes,
these profiles are sampled on a 1°x1° grid anceoeided every 6h. From
two options offered by this web-tool calculatorUse interpolated
atmospheric profile for given lat/lofigvas chosen; this option extracts a
profile from the four grid corners which surrourte: tinput location for the
two times before and after the input time, so coprefiles are interpolated
for each time resulting in the desired time prafile

Profiles obtained were processed with the MODTRAISr4code (Berket

al. 1999), which provided 1(0) values for the zenith angles: 0.0°, 11.6°,
26.1°, 40.3°, 53.7°, 65.0°, 70.0°, 75.0°, 80.0°,08&And 89.0°(the so-called
Gaussian angles, Galvet al. 2008). Finally, L ncep Was retrieved by
integrating these values following Eq. (4.1). Aating to Barsket al. (2003),
uncertainties of +6% and +2 K were assigned totikgahumidity and
atmospheric temperature, respectively, on the N@m@Rospheric profiles.
The difference of L; ncep, Obtained with the original atmospheric profilelan
that obtained with a profile modified with the pi@ys uncertainties, implies
a relative error of 20% in 'Lncep Values for all the spectral channels of
CE312-1.

Diffuse reflectance plate

According to Kubelka and Munk (1931) theory, a mates able to reflect
the spectral incoming radiance in a diffusive manifeit presents a weak
absorption for the incoming radiance which penesatto the material with
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deepness greater than its own wavelength. One @fntbst reflective
materials in the TIR region is gold, so for thisgsen a gold coated surface
which presents a roughness larger thanui¥(since TIR radiation ranges
between 8-14um), must be able to reflect TIR incoming radiancenf
surroundings (atmosphere, buildings, objects, .etn.Xhe present study a
gold diffuse panel was used with near-Lambertidmabior, able to retrieve
L'; by taking a single measurement of the reflectetiaree on the panel.
The panel model used was th&@ragold Reflectance Target IRT-94-100
(Figure 4.3), a gold rugged surface (0.5 cm deepreE#25.4 x 25.4 cfrand

1 cm of thickness.

Figure 4.3Infragold Reflectance Target IRT-94-1@bffusive gold panel.

The Gold diffusive panel also has a contributiothi® measured signal due
to the small emissivity of the gold rugged surfalieis contribution must be
removed from the direct measurements made ovepdhnel according to
Korb et al. (1996) through the expression:

l
l _ Lpanel_spanelB(Tpanel)
Ll_panel - (1_£panel) (4-8)

where Bpane. is the radiance measured directly on the paggle is its
emissivity, and Tane is the temperature of the panel that must be knmwn
calculate Planck function B(d.). A contact thermometer, with an accuracy
of £1 °C, was used to measure the temperatureeopétmel, this accuracy
implies an error in estimating*Lpane Of £0.09 Wm?srum™* for all the
channels of CE 312-1.

An intercomparison study of these four methods wasied out (Garcia-
Santoset al. 2012a). The four methods were compared under thffszent



43 Method for the atmospheric downwelling radiameasurement

conditions: (i) For a cloudless day in a locatioithva minimal contribution
of surrounding elements, (ii) for the same clousllday but in a location
with significant presence of contributive surrourglelements, and iii) in the
same location as (i) but for a day with time-chaggcloud coverage. For
more details, the published study of Garcia-Saetoal. (2012a) can be
found inappendix B

4.2 Comparison of L retrieval methods in different
environments

The first evaluation was made at two different plawith a significant
difference of surrounding elements between themuiei 4.4). The aim was
to check possible differences between methods duéhé presence of
radiative surrounding elements with temperaturesnparable to the
observed surface. Both locations chosen were lddatehe University of
Valencia’'s Burjassot campus, Spain (39°30°'25”"N1&15"W). The first
location was located at the roof of the Physicsugqroof, Figure 4.4(a)),
this site is characterized by the minimal presesfceurrounding elements
(scientific instrumentation and roves of surrougdivuildings higher than
this building). The second location was locatedr & campus library
(library, Figure 4.4(b) and (c)), where the presence absuading elements
is significantly greater than those on themof (trees, cars, and different
buildings).

The four analyzed methods to retrieve,; lwere compared using
measurements performed during four days with cloed-sky conditions,
by means of two CE 312-1 (sBaibio approximatiorin section 4.1). Figure
4.4 shows the experimental setup, wherg,de was obtained taking
radiance measurements on the diffuse reflectanoel peorrecting the panel
emissivity according to Eq. (4.8). Simultaneousty the panel radiance
measurements, the other CE312-1 took radiance measnts of the sky,
L*(0°), required in Eq. (4.3) to obtair;lz, and at 55° to obtain‘Lione.
The time period between the two consecutive radianeasurements was
around 3 minutes, short enough to consider thavétween both methods is
comparable to the panel measurements. In eachtlwmseeasurements were
performed within time intervals of 15 minutes, agrithis period of time 1;
should not change significantly considering the blgta atmospheric
conditions (cloud free, no wind).
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Figure 4.4 Experimental assemblies used to perform the irrmgianeasurements on the
diffuse reflectance panel, with a CE312-1 radiomdgteE2) mounted on a tripod and
measuring to the panel, at-<2Zenith angle. A second CE312-1 radiometer (CE1) was
mounted on a tripod for measuring the irradiancenfisky, pointing it at ©and 55. This
assembly was mounted in two different places: (@fRbthe Physics Faculty (with minimal
presence of surrounding elements), and (b) anctlgse to the University Library (with
presence of surrounding elements such as buildiregs, and cars).

Table 4.1 shows the'Laverage values measured during the 15-minutes time
interval at theroof location, for the four considered days and diffiere
methods (including the ‘Lycep retrieved from NCEP profiles and the
MODTRAN RTC). Differences between methods are thas 0.38 Wiritsr
'nm™, and mostly within the measurement errors. NCERhauk presents
the largest differences at all spectral channelth(exception of channel 3
placed at 10.2—-11,8m) with regard to the three other methods, nevirtise
these differences can be explained in terms ofethers associated to the
L' ncer methodology. From these results, it may be coreduthat, under
clear-sky conditions and in places where the suding elements have a
minimal radiative contribution, the different appoies produce comparable
results.



Method for the atmospheric downwelling radiameasurement

45

[v°0] [°0] [eT0] [9T°0] [v0] [9T°0] [90°0] [9070]

2 102 16T 622 8T or'T 9v'T €S'T T10e/TT/6
[v0l [e 0] [eT0] [eT°0] €0 [6T°0] [900] [90°0]

02 02 102 6E°C ST 18'T 99'T LT 110c/0T/5¢
[s 0] [0l [9T°0] [eT 0] [v0] (0] [oT0] [eT0]

L2 ¥4 1.2 90'€ 4 22 622 9g°¢ 11oc/or/et
[ 0] [v°0] [eT0] 910 [v0 [z°0] [900] [oT0]

L2 z€ 60°C ve'e 12 6T 16T 922 11oc/ot/et
d3ON1 A _ any 1 B _ puo | B _ joued ™| A d3ON! B _ any 1 A _ pUOM | A _ joued™ B

[wr Js w m] (W 6-€8 :7UD) ', 1 [wr Js w pm] (W TT-2°0T :€Ud) ', 1

[s0] [6T°0] [oT 0] [oT°0] [s 0] [z0] [oT0] [oT0]

4 922 €T'C e 62 62 892 1.2 TT0e/TT/0
[¥0l [¢'0] [60°0] [60°0] [s 0] [z°0] [oT0] [0T°0]

12 9C 6£C 85°¢ 9C € 1872 €8¢ 110c/0t/5e
[970] [¢°0] [eT 0] [60°0] [9°0] (0] [eT0] [oT0]

0¢ z€ GT'E LE€ g'e g'e 99'¢ €9 110c/ot/et
[5 0] [¢°0] [60°0] [60°0] [9°0] [0l [oT0] [eT°0]

L2 o€ 98¢ 1€€ v'e 9'¢ €9 69°€ TToc/ot/et
J9ON | 7 _ any | B _ puoy 1 A _ joued | A dION1 B _ any 1 A _ puoyf | A _ joued 1 R (ARAAjwuwi/pp)

[Lum is W ] (WigT-6'1T '2ud) ', 1 [[wri s w m] (Wre'eT-8 :TYD) ', 1 ared

‘UBAIB osfe SRDNYHLAOW a4yl pue sajijoid 43DN W0} paAaLial anfeA |, 3yl ‘spoyiaw nipazAfeue aaiyr ay) Buisn ‘sjaxoelq
anfi sious Jisyl yum ‘sAep 1uswainseaw Jnoj o} (Jjoo) Buipjing AeosAyd 9yl Jo Jool Byl Je painseaw saneA abelane!, 1T ajqel




46

[¥°0] (0] [eT°0] [eT 0] [¥°0] [z°0] [90°0] [90°0]
2 12 v0'¢C GZ'€ 8T ST 65T 662 T10e/11/6
[¥°0] [e°0] [¢'0] [eT 0] [ 0] [z°0] [oT 0l [90°0]
TT02/0T/S
02 02C 12 vy'e ST 8T GL'T €82 Oe/ot/Se
[s0] [¥°0] [eT°0] [eT 0] [¥°0] [e0] [90°0] [90°0]
TT0Z/0T/6T
L2 9C 062 99'¢ £ v’z 152 96'C 0c/0t/6
[s0] [s 0] [z°0] [¢'0] [0l (0] [sT0] [z°0]
TT0Z/0T/2T
L2 ee A v 12 02 102 ze fov/
FERE A _ any A _ puoy 1 B _ joued A 430N A _ any 1 A _ puoy 1 B _ joued | A
[[um (is w ] (WE'6-£'8 :#UD) ', 1 [[wm is W ] (W' TT-2°0T :€YD) ', 1
[s0] [z°0] [0T°0] [oT0l [9°0] [z°0] [oT 0l [oT 0l
TTO0Z/TT/6
€2 G2 A4 GZ'€ 62 1€ 982 99'¢ it
[0l [20] [eT 0] [0T0] [s0] [z'0] [c0] [oT0]
TT02/0T/52
12 92 152 LY'E 92 62 0¢ 88'¢ fov/
[9°0] [0l [0T 0] [oT 0] [9°0] [e0] [oT0] [oT0]
o€ ee LE'E z8'c g'e L€ G6'E AN 110c/0T/61
[s0] [z'0] [eT0] [c0] [90] [0l [eT0] [z0]
L2 0¢ 96°C (087 v'e L€ 69 oY 110e/ot/et
430N 4 andt q puo' q Isued ' 430N 4 andt q puo q loued ' (AAAA/wii/pp)
[Lwr is_w M] (Wi gT-G 1T :2ud) ', 1 [wr s _w m] (W €T-8 :TUD) ;1 aleg

Chapter 4

‘uaniB osfe SRDNVYLAOW 3y pue sajijoid d3JN Woi) PaAsLIal anfea ¥ ay L ‘spoyiaw nypazApeur 9aiy) sy} Buisn ‘siaxdeiq

amfi sious syl yum ‘sAep juswainsesw J4noy oy (Areiqi) Buiping fagugiaAiun syl 01 8sojo painseaw sanfjen abessae ! 7 z'y 9|0el




47 Method for the atmospheric downwelling radiameasurement

Things are different when the surface roughnessigsificant and the
surrounding elements cannot be avoided, for instamthien measuring in
areas with buildings or vegetation elements suctreges, which are placed
close to the surface being measured. Table 4.2stHmsame results for;L
as in Table 4.1, but from tHibrary location (see Fig. 4.4 (b) and (c)). It is
interesting to check that for a place surroundedirbgortant radiative
contributive elements, ‘L values provided by Kondratyev, Rulet al, and
NCEP methods are all close to each other showifigreinces lower than
0.48 W m?srium™* and similar to theoof location (Table 4.1), since the
time difference between the measurements atothfeandlibrary places was
less than 40 minutes (time needed to move instrtatien from one to
another place). However, panel measurements prasgighificant increase
in the library compared to theoof place (on the order of 0.95 Wfar
um™) that produces a significant difference with reg#o the rest of the
methods.

The explanation of this increase is quite simgie; panel has proven to take
into account the surrounding radiative contributiooming from close
elements. Differences betweeh_;ane.and L!; from the other methods, for all
the measurement days, show an average increa€&fdi2-1 channels 1-4
of: 0.83, 0.89, 0.95, and 1.15 Wisr'um™, respectively. These increases
mean that not taking into account the environmentrédution can lead to
an underestimation of the trué; alue at four CE 312-1 spectral channels
of 37%, 43%, 68% and 66%, respectively, for thee@salyzed in this work.
From these results it may be concluded that, unkar-sky conditions for
places where presence of surrounding elementsgeriant, measuring ‘.-
using a diffuse reflectance panel is the most resended option, since it
takes into account the radiative contributions e existing surroundings
elements.

4.3 Comparison of L; retrieval methods under a changing
cloud cover sky

A second comparison was carried out at hef location to evaluate ‘|
retrieval methods under a sky with a cloud covereggnging over time,
since clouds can probably modify; lconsiderably. The choice of theof
location was based on the minimal contributionhaf surroundings elements
as has been shown previously. The four methodseteve L were
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compared under different percentages of cloudsmieg the sky for two
different days; the first day with the presencecomulus clouds and the
second one with the presence of cirrus clouds.oll lzases clouds were
moving through the sky over time. A CE 312-1 instamt was measuring
continuously, pointing at the panel, and the othhadiometer was
simultaneously measuring pointing at the sky at &5 xond), every 30-60
min. The CE 312-1 radiometer taking measuremenibatwas pointed at
the sky at 0° to retrieve ‘Lqy, Atmospheric profiles from NCEP
(unavailable for the day with presence of cirrugrevdownloaded every 30
min and also processed. Additionally, a camera SOMAtomatic
Cloudiness Observation System located onrdwé (Serranoet al. 2013),
took a photograph of the upper hemisphere evenyjirtutes, these photos
were processed to retrieve the percentage of doudrage with an error of
+10%.

Figure 4.5 shows the evolution over time of fletrieved using each one of
the methods considered in this work at four CE BXpectral channels, for
the two measurement days. Figure 4.5(a) showsethdts for a sky with
cumulus clouds. L_Kond and Bi_Rub present large fluctuations of their values
not following the cloud coverage evolution. Shatmamges observed for
these two methods are due to the accidental pas$ageoud in front of the
radiometer’s FOV. It is shown that when the cloadut of the FOV the
measured values fall suddenly to lower values spording to clear-sky
areas (see ll:Kond values at 10:40 A.M., 11:27 AM. and 12:17 P.Mhda
Lﬂ_Rub values at 12:30 P.M. and 1:00 P.M., for instan@&us, for partial
cloud cover conditions, the Kondratyev and Rubiprapches are not able to
capture the real value ofiLsince these methods measure radiance in excess
when viewing a cloud, and by defect when they aegvng the clear sky.
Results from NCEP atmospheric profiles are alsaueresssful, since this
simulated value cannot take into account the pissen clouds, matching
up with the other methods just when the cloud cayeris lower than 10%.
On the contrary, L_pane| retrievals follow the cloud coverage evolution ove
time almost concurrently. Results from the panehsneements show that
this technique takes into account the decreaser@nease of clouds in the
sky, making its radiance values representativealfsky conditions.
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Figure 4.5 Measurements of . over time obtained with Kondratyev approximatiarigs
line), (solid line) Rubicet al. approximation(solid line), NCEP profiles with the NDORAN
code(empty squares), and the diffuse reflectarmeelfdotted line), on a day with (a)
heterogeneous sky with presence of cumulus cloamis,(b) heterogeneous sky with cirrus
clouds. Cloud coverage given in percent (dashed), liretrieved from a camera SONA
Automatic Cloudiness Observation System (Seretrad. 2013) is also presented.
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For instance, L_pane|value from 11:40 A.M. to 12:00 P.M. increases arbu
+1.46 Wm?sr'um* in the four CE 312-1 channels, for an increasB6sh
in cloud coverage. These increases can lead tartberestimation of the
true LY values at four CE 312-1 spectral channels of 589, 71% and
72%, respectively. The magnitude of that error wipend on the cloud
coverage percentage, cloud type, cloud temperatteel-or instance, Figure
4.5(b) shows the results for a sky with cirrus deywresent, where: (i) the
magnitude of the irradiance is half the irradiafmethe cumulus case, and
(i) the four methods used to measure the radignesent more comparable
values in this case, with differences to each othithin +0.32 Wni’sr
'nm™at the four CE312-1 spectral channels, being alrmg#pendent of
cloud coverage. Thus, for this type of clouds eawthodology proposed
can be used since systematic errors produced aex khan in the cumulus
case. In any case, an important conclusion is tingier changing cloud
coverage conditions, only a diffuse reflectanceepgunarantees an adequate
measurement of'L

4.4 Effects of L; inaccuracies on TIR emissivity retrievals

It has been shown in chapter 3 (section 3.3) thatrieasurements taken
every 18 minutes with a diffusive panel, fluctuat®und +4% from their

average value. This fluctuation taken as relativeréemplies that to retrieve

&(0,9) through Eq. (3.5) with an uncertainty of £0.00@5yalue six times

lower than the average error, and twenty times tothan the maximum

d&/(0,¢) must be considered.

Nevertheless, the present chapter has shown timat a1 inadequate method
can lead to significant inaccuracies i tetrievals. More specifically, not
using a diffusive panel under heterogeneous skieshen the presence of
radiative surrounding elements is important, casesestimate t, up to 72%
from its true value, depending on the spectralaegBince we used a panel
to retrieve L5, and subsequently(0) by Eq. (3.5), it is interesting to check
the effect org,(0) when L; is underestimated by the mentioned percentages
at each spectral interval. Figure 4.6 shows thterdihce between,(0,p)
retrieved through Eq. (3.5) when thé Lalue is reduced by the maximum
underestimated percentage (given for the casesky avith cumulus clouds),
ande,(0,¢) for the L; originally measured. These differences were catedl
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at each specific zenithal angle measured for &l $8mples at all CE 312-2
spectral channels and SM values. Results show thigatunderestimation
effect is important fron=20° (overestimating, more than 0.01), and the
difference increases with overestimatings, up to values close to 0.09 at
0=70°. The main conclusion from this study is thadequate measurement
of LY needs to take into account both the contributioth® surroundings, as
well as the possible presence of clouds, whichaiiqularly important in
field measurements performed continuously over \g&rgiarea, for this
reason the use of a diffusive reflectance pandddoel the best alternative.
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Figure 4.6 Difference between,(8,p) when L', measured value is reduced by the maximum
underestimated percentage, af(B,) for the L; originally measured, at each specific
zenithal angle measured for all IBS samples, CE 34@e2tral channels and SM values.






Chapter 5
Anisotropy of IBS emissivity

Next chapter shows the results of the relative-
to-nadir emissivity anisotropy study for chosen
mineral soils, both for azimuth and zenith
angles. Subsequently effect of soil moisture on
emissivity anisotropy is evaluated and a
regressed equation is implemented to calculate
an emissivity value with a previous knowledge
of soils moisture, viewing angle and some soil
compositional parameters. Chapter ends with a
simulation study that evaluates the error
retrieving the surface temperature or the
outgoing longwave flux when soil moisture and
anisotropy effects are not taken into account.
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5.1 Azimuthal variation ot

In studies of Labed and Stoll (1991), or Sobrind &uenca (1999), it is
supposed that TIR emissivity of IBS is azimuthalotropic; only in
Lagouardeet al. (1995), for a specific roughness level of a sin@s it is
shown that emissivity is unchanging with azimutheTpresent study checks
the possible azimuthal variations of our IBS sampgy means of next
reasoning.

For a given®, TIR relative emissivity was retrieved at thredfedent
azimuths (turning the IBS sample 120° each time,d®&pter 3), and from
these three, values it was calculated the difference:

Aep(6) = MAX[&,(6, p)] — min[e-(6, )] (5.1)

where MAX[e(6,0)] is the maximung, value obtained changing theangle,
and ming.(6,¢)] is the minimune, value obtained at othexr, always for the
same zenith angl@. Figure 5.1 shows the histogram of these diffezsrfor
all CE 312-2 spectral channels, at all IBS sam3&4 levels and angles.
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Figure 5.1Maximum difference between, ¢) at different azimuth angles for a specific
zenith anglé. Values ofAe/(0) are for all IBS, at the six spectral CE 312-2 clesnfor all
SM contents, and all zenith angkesalues considered (around 5500 values).
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Results from Figure 5.1 show that 85.3 %\ef6) values are lower or equal
than 0.01 (maximum error associatedstomeasurements, section 3.3 in
chapter 3) and the average value is 0.006 withandstrd deviatiors =
+0.004. So it could be concluded that IBS can besicered almost invariant
azimuthally, since changes between two differgrdrientations seldom is
greater than 0.01.

Hereafter only variation of, with 6 is considered in the present work, since
it was measured nine timeg0) (3 repetitions x 3p) an average value of
these nine measurements was retrieved and ermmeiates to this averaged
&(0) value was the greatest of:

i) Propagation error through Eqg. (3.5), associated QB312-2
temperature uncertainty of £0.19°C (see sectioh E2cept in case
of L*;, which is given by +4% fluctuation of this radiaydecause it
was measured at 18 minutes intervals.

i) Standard Deviation calculated from nigéB,e) values retrieved for
a specific @,9) configuration, since radiance from IBS at this
configuration is measured three times.

iii) Difference between maximum and minimum value.af a specific
0, divided by four.

5.2 Zenithal variation o€, under dry conditions

Figure 5.2 shows the zenithal variation epffor the thirteen IBS samples
studied at all six spectral intervals covered by31R-2 channels under dry
conditions, for additional details see publishedkvaf Garcia-Santost al.
(2012c) which can be found appendix CResults show as main conclusion
that emissivity decreases withfor all IBS studied at all spectral ranges
within the TIR region (8-14um). Nevertheless, the scale of this decreasing is
strongly affected by the spectral range and sailpmsition.

Results of Figure 5.2 lead to another importanchaion: the decrease gf
with 8 becomes significant from 60° independently on soinposition or
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spectral range where it is measured. However, amgyin detail zenithal
decrease of, at specific spectral range it is shown how imparti8S
composition is.
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Figure 5.2 Zenithal variation of relative-to-nadir emissivifgr the thirteen IBS samples
studied, under dry conditions, at all six speattennels of CE 312-2.
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8-14 um (CE 312-2 channdl 1)

Within the so calledatmospheric windowit is observed that zenithal
variation ofg; is significant from@ > 60°. Sandy samples with high quartz
content (B, BR3 and LWO03) showed significant desesa of their
emissivities from 40°, probably on account of quaeststrahlen band effect
(Elachi et. al. 2006) at 849m range. Significant falls of, from nadir range
between 1-5 %, depending on soil composition.

10-12 um (CE 312-2 channels 2 and 3)

IBSs present the lowest decrease;afith 6 respect to nadir at this spectral
range, being significant from 60° (except sampl&3Bnd LWO03, being at
50°). Emissivity falls between 1-4 % from its nadaiues.

8-9.4 um (CE 312-2 channels 4, 5 and 6)

Decrease of, with 8 acquires a great interest at spectral range 94
Results from Figure 5.2 show a variety of differeahclusions at each IBS
composition type.

Clayey and loamy-clayey IBS samples (BR1, LW52,CFand D) show
decreases of, from 60° with relative falls of 1-3 %. Loamy-sandyd
loamy-silty soils (BR2, LW13, E and LW45) show @rsficant fall of &
from 50°, with drops between 1-5 %. Finally, sasdys (WS, B, BR3 and
LWO03) give the most interesting results. Decreasfes. with 6 for these
soils are significant from 30° and present fallsitefemissivity from nadir
values up to 14%. Possibly the reason of such dsesecan be attributed to
high percentages of quartz (B, BR3 and LW03) angsggn (WS) in their
sand content. Quartz and gypsum present a chasticely molecular
absorption in TIR region, reflectivity of these mials between 7.7-94m
increases at the so callegststrahlen frequendElachi et. al. 2006).

In summary, when a mineral soil presents dehydrationditions, the

emissivity is relatively isotropic when clay is peat; on the contrary, sand
composed by quartz or gypsum makes the emissivgityldcrease with

increasing zenith angles, being significant forlasgreater than 30°.
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5.3 Effect of SM on zenithal variation of TIR

Effect of SM one,(8) shows dissimilar results at different type of IB& at
different spectral ranges. Discussions about tihidys carried out during a
whole year campaign, are exposed straightaway ittégsdy IBS textural
class (Garcia-Santast al. 2013). Additional details of this study, currently
under revision, can be foundappendix D

Sandy soils

Figure 5.3 shows graphs gfversus SM at six spectral intervals covered by
CE 312-2 channels. Results are retrieved from IBBipte B since this
sample is representative of sandy soils: WS, BRIBLAKO3.

Starting from conclusions exposed in section 5.2 dosoil under dry
conditions, when SM increase in a sandy IBS, aropgt of € shows a
strong dependence on spectral range in which itbeas measured. From
results of Figure 5.3 it can be concluded thatittoeease of SM does not
show noticeable effect on TI& at spectral ranges 8-14n and 10-12um.
However, the increase of water content produceslaction of the decrease
of & with zenith angleéd at spectral range 8-94m; the difference in the
emissivity decrease between dry and saturated thomslireaches relative
values between 1-7 % froén> 40°.

The reason of this behavior can be understood gifrdlie anisotropy study
of waterg,. In Cuenca and Sobrino (2004) it was observedshaita water
sample decreased from nadir around a 4 % at speahges 8-14um and
10-12um, and around a 6 % at 8-Qu# for a zenith anglé=60°. Decrease
of & for a sandy soil &=60° is around 2 % at spectral ranges §tfitand
10-12um, and between 4-9 % at 8-Quh. When water content increases in
an IBS, the emissivity measured is an effectivaugatomposed of, of
sandy soil and that of water weighted by the pedeggn of each one, in a
first approximation.

For instance, in sandy soils (for which water rétamnis usually lower than
40 %), it is not appreciated the effect of SMepifor a given (for instance
60°) at spectral ranges 8-ith and 10-12um, since the zenithal decrease of
¢, of water is not greater than that of the soil. ldoer, SM effect org, is
guite noticeable at 8-9.4m, since emissivity decrease of water at 60° is
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usually much lower than emissivity of sandy sotlshee same zenith angle,
resulting in a lower decreasegfwith increasing viewing angk, as long as

SM is increasing. SM effect is much noticeableGit Showing difference of

€ between saturated and dry conditions around 4 %.
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Figure 5.5 Zenithal variation of relative-to-nadir emissivifiyr IBS sample BR1 as function

of SM content at six CE 312-2 spectral channels

Nevertheless, for a clayey soil, for which emidgivilecreases witl® is
almost negligible under dry conditiorg (ecreases up to 2% &t70°, from
nadir values at all spectral ranges), increasiregwater content does not
make to decrease the emissivity more significaifthn at drier conditions;
conversely, the increase of water content in oa@yey} soil makes to
decrease its, at 6=70°, much lower than under dry conditions. Obvipus
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the relation between TIR emissivity of soil and &ats not necessarily
linear, and some behaviors can be explained lipearly in a first
approximation.

Loamy soils

Figure 5.4 shows the effect of water on IBS BR2r@spntative of loamy
soils: E, F, LW52, F, LW13, LW45, C and D, at &t €E 312-2 spectral
channels. Results show that SM produces a moreopnmed decrease ef
with 8 at all spectral ranges studied, in relation ®adhy samples behavior.
Such an accentuated decreasegofvith the increase of water content
becomes significant from = 50°. Loamy soils have a higher water retention
than sandy soils because of their texture, reachiges of 50 % (samples
D and C), therefore it is not surprising tsatat 6=60°) decreases 2 % under
dry conditions and 5 % when IBS is saturated, sweder g, anisotropy
(Cuenca and Sobrino, 2004) contributes to the &¥fecoil emissivity.

Clayey soils

Results of SM effects on zenithal valuesotan be observed in Figure 5.5
for the clayey sample BR1 at all six spectral wéds studied. The main
conclusion is that, shows a complete isotropy with increase of SMt furs

a dehydrated state and foB& 60° it is appreciated significant decreases of
zenithalg,, but this conclusion was achieved in section 5.2.

In summary, presence of water retained both by opaces and micropores
of IBS, tends to homogenize the angular behaviay. ginisotropy of water

& (Cuenca and Sobrino, 2004) mitigates the decrefisewith 6 for soils
with high quartz content at 8-94n spectral range. But that anisotropy also
produces a higher decreaseepWith 6 at all TIR region for IBS, with high
water retention capacity (usually loamy soils), ethzenithal decrease of
under dry conditions is lower than watgrdecreases. Finally, it seems that
anisotropy ofe, water cannot influence on soils with high claygestages,
being these kinds of IBS which present an almostropic behavior of
angulare, regardless the SM content.
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5.4 A global parameterization of TI& (SM, 0)

A parameterization of, varying with SM and was addressed from results
retrieved through the experimental measurementarstadoove. The model
that best fits these results at each spectral @hamd IBS sample is:

&(M,0)=a+bSM+cO+dSM?+eSM O + f 62 (5.2)

Expression (5.2) has been regressed at each IB& farmber of points
ranging from 28 to 56, the obtained average vahi€®’ and RMSE range
from 0.83 to 0.86 and from0.003 to+0.004, respectively. However, it is of
great interest to find a global expression thatla@rp howe, changes with
SM and 6 with the aim of being applicable to any bare stipe.
Consequently, variances of coefficienss - f in equation (5.2) were
evaluated, using statistical factor analysis (Fi2@D9), for all data available
in Table 2.1 about IBS samples. Results of thiisskzal analysis can be
understood in Table 5.1 and Figure 5.6, as wayafmple, for coefficiena

in the spectral channel 6 of CE312-2.

Factor analysis consists in applying to factorslisitl (one of the coefficients
a-f plus data included in Table 5.1) an extractionjcWwiprovides options
pertaining to the retention of factors, and a rotgtwhich maximizes the
loading of each variable on one of the extractedofa whilst minimizing
the loading on all other factors. After extractianjs applied a rotation,
which works through changing the absolute valueshefvariables whilst
keeping their differential values constant (Fie2®09). For the extraction
technique, factors selected to be extracted weargetivhoseigenvaluesre
greater than 1, according kaiser's recommendatioffield, 2009).

Table 5.1 shows the result of the statistical faat@alysis for coefficierd in
the CE312-2 channel 6 (8.2-8um). First columnifitial Eigenvalue} lists
the eigenvaluesassociated with each factor before extraction;sehe
eigenvaluesrepresent the variance explained by that particlilzear
component. Sub-column title%b of variancerepresents the percentage of
variance explained by that particular factor noplaked by the other
factors. Sub-column title€€umulative % is the addition of total variance
explained by each factor. Same sub-columns ardagiesg after extraction
(column Extraction Sums of Squared Loadipgsd after rotation (column
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Rotation Sums of Squared Loadipdgsinal results of the statistical analysis
retrieved from Table 5.1 conclude that three factay clay and quartz) are
able to explain 86.6% of the total variance. Sqiee (Figure 5.6) reinforces
the decision of extracting only three factors; tpist represents the curve
drawn by theeigenvaluesof each factor. According to Field (2009) the
number of factors to be extracted is determinethbyinflexion on the curve
(when the slope becomes almost horizontal), so fgamee plot of Figure
5.6 it is easily deduced that only the three fiastors should be extracted.

Table 5.1Results of the statistical factor analysis for coe&fhta in the CE312-2 channel 6
(8.2-8.7um). First column lists theigenvaluesssociated with each factor before extraction.
Sub-column% of variancerepresents the percentage of variance explaingtidtyparticular
factor not explained by the other factors. Sub-gcwllCumulative %is the addition of total
variance explained by each factor. Same sub-collammslisplayed after extraction (column
Extraction Sums of Squared Loadipgsd after rotation (columRotation Sums of Squared
Loadings)

Initial Eigenvalues Extraction Sums of Squared Logdi Rotation Sums of Squared Loading:
Component] Total % of Cumulative Total % of Cumulative Total % of Cumulative
Variance % Variance % Variance %
a 3.6 51.2 51.2 3.6 51.2 51.2 3.0 423 42.3
Clay 1.4 20.6 71.8 1.4 20.6 71.8 1.7 23.7 66.0
Quartz 1.0 14.8 86.6 1.0 14.8 86.6 1.4 20.6 86.6)
Feldspar 4 5.9 92.4 - - - - - -
OM .3 4.3 96.7
Sand 2 3.3 100.0
Silt .0 .0 100.0

Statistical factor analysis stated that coefficiantan be parameterized in
terms of clay and quartz percentages at spectigerd.2-8.um (channel 6
of CE312-2) since these two factors explain aln83%b of the variance ia.
Subsequent factor analysis extended the conclusbnsoefficienta to
coefficientsb-f at spectral channel 6. Moreover, coefficieatsat spectral
channels 4 and 5 are also dependent on clay amtzqwaich explain a total
variance of these coefficients ranging from 82.2%/87.9%. In summary,
coefficientsa-f are dependent on clay and quartz at the speeingker8-9.4
pum by means of the expression:

a— fena-6(C,Q) = po + p1C +p2Q + p3C? +p, C Q + psQ? (5.3)

wherepo-ps are coefficients of polynomial (5.3) which valussn be found
in Table 5.2 together with’Rand RMSE of the regression, and C and Q are
the percentages of clay and quartz, respectively.
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Figure 5.6 Scree plot of coefficienq, Eq. (5.3) for CE 312-2 spectral channel 6. Plot
represents the curve drawn by #igenvalueof each factor, according to Field (2009) the
number of factors to be extracted is determinethbyinflexion on the curve (when the slope
becomes almost horizontal).

Coefficientsa-f at spectral range 10-12n (CE312-2 channels 2 and 3) were
found, after factor analysis, dependent on clay arghnic matter (OM)
contents (explaining a total variance ranging betw83.1% and 86.5%).
The expression for these coefficients, similar edypomial (5.3), is given

by:
a — fen23(C,OM) = py + p1C + p,OM + p3C% + py C OM + psOM? (5.4)

Table 5.2 summarizes results for coefficignps of Eq. (5.3) and Eq. (5.4)
at all six spectral ranges, statisticsadRd RMSE are also included.
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Factor statistical analysis of coefficients for tad range 7.7-14.gm
(CE312-2 channel 1) showed dependence of someeaf ¢, b andd) on
clay and quartz contents, following expression)(&a8d the rest coefficients
(c, e andf) showed dependence on clay and OM, following esgom (5.4).

Figure 5.7 shows the comparison between the older(®M, 0) values and
those modeled using expressions (5.2), (5.3) arl) & the six considered
spectral ranges. Results show ar&nging between 0.85 and 0.92, with an
average value of 0.88 and a RMSE ranging betwedy030Cand +0.006, with
an average of +£0.005. Considering that these RM&Elawver than the
maximum uncertainty showed when of IBS is retrieved, regardless the
azimuth angleb(+0.01), it could be concluded the{SM, 0) of IBS can be
retrieved from expressions (5.2), (5.3) and (5.4hw maximum error of
+0.01.

Values of clay content could be estimated remotelyng radar data. As
shown in Singh and Kathpalia (2007), applying a &en Algorithm
technique to radar data retrieved from Synthetierpe Radar onboard
European Remote Sensing 2, percentages of clagbtaeed with standard
errors ranging between 0.07% - 0.08%. On the dthed, OM and quartz
contents can be estimated using visible/infrardd.dss shown in Ninomiya
and Fu (2001), quartz content can be derived bynme# spectral indices
for lithologic mapping with TIR data from the Adwesd Spaceborne
Thermal Emission and Reflection radiometer (ASTER)artz minerals can
be detected using bands 10 (&), 11 (8.6um), and 12 (9.1um).
According to Ninomiya and Fu (2001), the resultapplying the indices to
level 1B ASTER TIR data sets observing a study attearious seasons
indicates that they are robust against variationatmospheric conditions
and surface temperatures. Regarding OM contengritbe estimated from
Landsat Enhanced Thematic Mapper (ETM) bands 24{@.50um) and 7
(2.08-2.35 um) following a regression equation with a coeffittieof
correlation R = 0.51 (Nanni and Dematte, 2006). Frazier and G{&Ba89)
obtained R = 0.98 for predictive OM equations, using theadtetween the
ETM’s bands 5 (1.55-1.7pm) and 4 (0.76-0.9Qum). Wu et al. (2009)
found that the highest correlation?(R 0.59) between OM of 131 soil
samples and the corresponding digital number of E&fiéctive bands was
with band 1 (0.45-0.52m).
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A last possibility is the previous knowledge ofyclguartz and OM contents
from ancillary data. In these cases the paramet#izs given in expressions
(5.2), (5.3) and (5.4), depending on the channelldc be applied to

classification-based emissivity mapping, such a&s dhe used in MODIS

(Snyderet al. 1998), SEVIRI (Trigoet al. 2008), or more recently AATSR
data (Casellest al.2012), in order to refine their algorithms.
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Figure 5.7 Self-validation of model represented by Expresg®:2), comparing,; values
measured with those calculated from the modelixasgectral ranges.2and RMSE values
of the regression are also included in each sub-plo
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5.5 Effect of emissivity anisotropy on LST and longwav
radiation flux retrievals

Implications for LST accuracy

Ignoring angular effects on emissivity when measwrLST from space
were addressed by means of a simulation studygusie of the available
split-window algorithms that present explicit degence on emissivity
(Galve et al. 2008). The proposed algorithm, based on MODIS tsglec
bands 31 and 32, retrieves a LST, corrected fromsavity and atmospheric
effects, as:

(5.5)

where &; and Tz, are brightness temperatures measured in MODISshahd
and 32, respectively;paa and a are regression coefficients that can be
found in Galveet al. (2008); coefficients. andf establish the weight of the
emissivity correction and are dependent on W; @aaddA¢ are the average
and emissivity difference of MODIS bands 31 andrggpectively.

MODIS spectral bands 31 and 32 are similar to CE3thannels 2 (10.9-
11.9pum) and 3 (10.1-11.fum), although the results may be similar for other
comparable algorithms and instruments. Since weldt-nadir emissivities
in CE312-2 channels 2 and 3 show almost the samelamvariation (see
Figures 5.2-5.5), emissivity differenae will remain almost constant at any
angle, and therefore the impact of this term on LSThegligible at any
angular configuration. However, it is not the caséh £, which uncertainty
gives the next LST error propagation:

SLST(0) = ahe(H) (5.6)

where Ag(0) is the difference between the average emissivitpes of
CE312-2 spectral channels 2 and 3 at nadir andrzangleo.

As mentioned abovey is a W-dependent parameter following a quadratic
relationship expressed in Galeeal. (2008) as:

a = 45.99 + 4.67W — 1.446W? (5.7)
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Table 5.3 shows the difference between absolutessevity at nadir and

0=65°, for all the analyzed samples, and for CE312ead channel 1 (7.7-
14 um) and channels 2 and 3 (10412). The emissivity differences in this
last case were used in Eg. (5.6) to assess théj@osapact of ignoring the

angular variation of emissivity on LST, at largeselvation angles, if

emissivity values at nadir are used instead otdreect off-nadir value.

Table 5.3 Absolute emissivity values retrieved from expressfd) in Miraet al (2010) at
spectral ranges 7.7-14m and 10-12um (third and fourth columns), for all the IBS at the
specific SM value given at the second column. Féfldl sixth columns show the maximum
difference between relative-to-nadir emissivityvetn nadir and 60° zenith angle for all IBS
at both spectral ranges selected.

IBS SM(m®m®) €7.7-14um(0°) €10-12um(0°) Ag77.14ym(65°) | A€10.12um(65°)
B 0.04 0.906 0.951 0.032 0.018
BR1 0.09 0.963 0.956 0.024 0.015
BR2 0.42 0.958 0.975 0.024 0.015
BR3 0.04 0.927 0.950 0.027 0.025
C 0.55 0.946 0.945 0.034 0.033
D 0.53 0.973 0.974 0.037 0.037
E 0.03 0.928 0.949 0.029 0.030
F 0.39 0.965 0.972 0.016 0.011
LWO03 0.37 0.952 0.973 0.009 0.007
LW13 0.42 0.961 0.975 0.012 0.011
LW45 0.43 0.956 0.976 0.035 0.037
LW52 0.03 0.934 0.949 0.024 0.022
WS 0.01 0.915 0.943 0.018 0.016

Figure 5.8 shows LST error values from equatiof)(%or different W (i.e.
for different values oft), ranging from O to 7 cm at intervals of 0.1 cror F
sandy soil LW45, LST errors reaches values up t& KLfor atmospheres
with W values lower than 3 cm, and sample LWO03 @nés LST errors
lower than +0.5 K independently on W. Overall resshow that retrieving
LST for pixels of a IBS at=65°, implies to make a systematic error between
+0.4 K and +1.8 K for an atmosphere with W valumsdr than 4 cm. For
extremely wet atmospheres @\7 cm), errors in LST are lower than +0.5 K
for each IBS studied here, being almost insignificén summary, the drier
the atmosphere is the larger the error on LSTieratls are, for a pixel
observed at a large zenith angle, if it is ignotieel angular effect of IBS
emissivity.
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Figure 5.8 LST errors obtained applying a split-window algomit (Eq. 5.5) for all IBS if
angular emissivity effect &=65° is ignoreddLST(65°) values, calculated through Eq. (5.6),
are represented for W values ranging from O to &Atimtervals of 0.1 cm.

Implications for F accuracy

Another parameter that could be affected by theulangvariation of
emissivity is the outgoing longwave radiatiori)(Fvhich can be calculated
as follows:

F' = eoT* (5.7)

whereg is the hemispherical emissivity value for the veh®IR rangeg is

the Stefan-Boltzmann constant and T is the thermadhc surface
temperature. Usually is considered not dependent on viewing angle, and
thus its value at nadir is taken as representafivike hemispherical one, but
the present work has shown that this value vari#s 2enith angle. Ignoring
this effect could lead to errors in retrieving, For this reason we have
evaluated this error studying the relative serigjtiof F' to the emissivity
angular variationy: (A¢)) following Zhanget al. (1996):

Fl-F]

Sp1(Ae) = i

100 (5.8)
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where Ae is the difference of 7.7-14.@m emissivity betweer$=0° and
0=65° (Table 5.3), k is the outgoing longwave radiation when the 7.314
um emissivity value at nadir is introduced in eqot{5.8), and F and F.

are the outgoing longwave radiation values wherssivity in Eq. (5.8) is
decreased and increasedMy respectively. Table 5.3 shows the values used
to retrieveS1(A¢) in each IBS sample. A fixed temperature value2ff B
was chosen in equation (5.8) for this sensitivitglgsis.

Table 5.4 Sensitivity of F to the emissivity angular variatiors ¢ (Ag)) retrieved from
equation (5.8) for all IBS studied.

IBS B BR1 | BR2| BR3 C D E F | Lwo3| Lw13| Lw4s| LW52] ws
S (Ag) (%) 7 5 5 6 7 8 6 3 2 2 7 5 4

Results from Table 5.4 show that accuracy'ofdh suffer variation between
2% - 8%, depending on IBS type, which may leaddaiicant errors in the
estimation of the different terms of the surfacergg balance, as shown in
the sensitivity analysis of the two-source modelgied out by Sancheat
al. (2008).

Measurements of radiation made over surfaces & Vigwing angles by

TIR sensors onboard satellites, could probably beremaffected by

atmospheric attenuation or non-linear effects giatve transfer modeling,

especially retrieving LST. But the present simwliatstudy has shown that
ignoring angular effects of surface emissivity nlegd also to significant

errors in retrieving parameters such as LST'pe#en if this parameter has
a secondary role in the radiative transfer budget.
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Conclusions

The last chapter summarizes the most important
conclusions achieved from the different studies
carried out, during the elaboration of the present
PhD Thesis.
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Conclusions

The main conclusions drawn from the analyses @hwig throughout this
Thesis report are summarized in the following:

1.

Inorganic Bare Soil (IBS) samples employed in thespnt thesis are
representative of a great number of existing teduon Earth
according to USDA classification system, and thenef the

presented results on the effect of anisotropy amMi & TIR

emissivity can be applied to a wide variety of maleoil types.

Present work studied the angular emissivity of detey dry IBS

with an almost constant roughness (particles sizgreater than 0.5
cm) and at different moisture levels. The methogplapplied to

retrieve angular emissivity allowed obtaining risfat emissivity

values with a maximum uncertainty of £0.01.

The radiative contribution from the atmosphere goaksible
surrounding elements is an important parameter wigdreving
factors such as temperature or surface emissatity,therefore must
be measured very accurately. From comparison betweer
different available methods to obtain the hemisighédownwelling
radiance at different surrounding conditions it wancluded that:

e Under clear-sky conditions and in places where the

surrounding elements have a minimal radiative doumtion,
the different approaches produce comparable resuitsfor
places where presence of surrounding elementsperiant,
measuring hemispherical downwelling radiance bymaad
a diffuse reflectance panel is the most recommeiogédn,
since it takes into account the radiative contrdng of the
existing surroundings elements.

¢ Under changing cloud coverage conditions, only feusk
reflectance panel guarantees an adequate meastiremen
the hemispherical downwelling radiance, since ketainto
account both the contribution of the surroundiragsyell as
the effects of clouds.
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An adequate value of hemispherical downwellingaade is
particularly important in field measurements sinae
underestimation of 72% of this radiative contribatimeans
an overestimation of, up to values close to 0.09.For this
reason the use of a diffusive reflectance panéhesmost
suitable alternative.

4. Regarding the anisotropy of TIR emissivity for &S| the most
important conclusions reached in this study are:

TIR emissivity of IBS can be considered almost fiesat

azimuthally, but not with zenith angle, since ernitg

decrease becomes significant beyond60° indeperydent!
soil composition or spectral range.

However, the zenithal decrease is strongly affetigdhe
spectral range and soil composition. The TIR emiigsof

IBS under dry conditions is relatively isotropic evhclay is
present at all spectral ranges studied. On theagnisandy
soils composed by quartz or gypsum present the most
significant decreases of the emissivity when insirga
zenith angles, being significant for instance,aatith angles
greater than 30° within 8-9¢mn spectral region.

The effect of soil moisture on anisotropyspfshows also a
strong dependence on IBS type and spectral rangiich

it has been measured. Soil moisture increase ayssaoils
does not show noticeable effect on T¢Ranisotropy at
spectral ranges 8-14m and 10-12im. However, at spectral
range 8-9.4um the increase of water content produces a
reduction between 1-7 % frofh> 40°0f the decrease &f
with zenith angleEffect of soil moisture increase on loamy
soil produces a more pronounced decreasewith 6 at all
spectral ranges studied, in relation to the drydgamns, that
becomes significant fromd = 50°.For clayey sample, the
main conclusion is that, shows a complete isotropy with



79

Conclusions

increase of SM and just for a dehydrated stateBan@0° it
is appreciated significant decreases of zenghal

5. A parameterization of, varying with SM and was addressed, The

model that best fits these results at each spedtainel and IBS
sample is:
&(SM,0) = a+ bSM + c6 + dSM? + eSM6 + f6?

Coefficientsa - f were evaluated, using statistical factor analysis,
they were found dependent on clay and quartz aspleetral range
8-9.4um; at spectral range 10-12n they were found dependent on
clay and organic matter contents; and for the braade 7.7-14.3
pm some of thema b and d) showed dependence on clay and
guartz contents, and the rest of the coefficieat® @ndf) showed
dependence on clay and organic matter contents.

Ignoring angular effects on emissivity when measuliST implies
to make a systematic error between +0.4 K and +K.8or
atmospheres with water content values lower thamd4 The drier
the atmosphere is, the larger the error on LSTexgtls are for a
pixel observed at a large zenith angle, if ang@fiects of IBS
emissivity are ignored. Outgoing longwave radiafiloixes can also
suffer variation between 2% - 8%, depending on @&, if the
emissivity anisotropy is not taken into accountlleg to significant
errors in the estimation of the different termstloé surface energy
balance.
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Atmospheric water vapour content is a required parameter in thermal infrared
(TIR) to carry out processes such as atmospheric correction or retrieving atmo-
spheric factors (downwelling or upwelling irradiance, transmittance of the atmo-
sphere and so on). This study proposes an alternative method to the ones already in
use to measure water vapour content from direct measurements of downwelling
atmospheric radiance in the TIR range. It was possible to estimate a linear
relationship between atmospheric water vapour and downwelling atmospheric
radiance using a simulated study, based on data from a radiosounding database.
A subsequent validation concludes that it is possible to obtain water vapour
content with an uncertainty of 0.5 cm using in situ measurements of downwelling
atmospheric radiance in the TIR range of 11.5-12.5 pm.

1. Introduction

Currently, it is possible to estimate a value of the atmospheric water vapour content
(W) using in situ measurements with instruments such as sun photometers (Estellés
et al. 2007) with an uncertainty of +0.15 cm. This direct technique usually works in
the visible or the near-infrared spectral range. It is also possible to obtain W through
satellite sensors, for instance the Medium Resolution Imaging Spectrometer (Guanter
et al. 2008), the Michelson Interferometer for Passive Atmospheric Sounding (Milz
et al. 2009) or the SCanning Imaging Absorption spectroMeter for Atmospheric
CartograpHY (Noél et al. 2004), all onboard the Environmental Satellite platform.
This study offers an alternative method to measure W if a sun photometer or satellite
data are not available. The proposed method consists of estimating ¥ with direct
measurements of the sky radiance using a radiometer working in the thermal infrared
(TIR) region of 814 um.

The original idea started from the diffusive approximation proposed by Rubio et al.
(1997), which states that the atmospheric downwelling radiance in the upper hemi-
sphere (Llatm, ;) can be obtained from a direct measurement of the sky radiance at a
nadir view (L'4m.,(0°)) by

Lzlltm,k = ’ﬂLitm,l(Oo) (1)
where /4 indicates the spectral character of the measurements and ~, is a parameter
that depends on both the spectral range of the measurements and the atmospheric
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conditions. Between the parameters -, and W exists a linear relationship that allows
determining the atmospheric water vapour content using these measurements of
radiance in the TIR region.

The aim of this study is divided into two stages. The first stage is centred on a
simulation study that determines a mathematical relation between W and ~; in four
spectral ranges in the TIR region using radiosounding data obtained from the
Cloudless Land Atmosphere Radiosounding (CLAR) database (Galve ez al. 2008).
The second stage is focused on validating the previous relationship using direct
measurements of W (in cm) and ~;.

2. Modelling a relationship between W and v,

Starting from 180 different atmospheric conditions, included in the CLAR database,
values of W were calculated from measurements of relative humidity (®) obtained for
each radiosounding (see section 2.2); on the contrary, simulated values of v, were
possible by introducing these 180 atmospherics profiles into the radiative transfer
code (RTC) MODTRAN 4v3r (Berk et al. 1999). From both the measured (#) and
simulated (vy,) values, a linear relationship was established that allows the calculation
of atmospheric water vapour content with sky radiance measurements.

2.1 CLAR database

The CLAR database is made up of radiosoundings compiled by the Atmospheric
Science Department from the University of Wyoming (Laramie, WY, USA). The
radiosoundings in the database are available through the website: http://weather.
uwyo.edu/upperair/sounding.html.

CLAR contains a total of 382 radiosounding profiles, measured in land meteor-
ological stations distributed relatively uniformly for the entire world. The profiles
were filtered to remove all those that contained clouds. A radiosounding with a layer
of more than 90% humidity and a subsequent layer of more than 85% humidity was
considered cloudy and removed. A radiosounding with more than 80% humidity in
the first 2 km was considered foggy and also removed. The CLAR database possesses
a good distribution of atmospheric water vapour content, with approximately uni-
formly distributed values up to 5.5 cm. Forty percent of the radiosoundings is located
in the low latitudes (<30°), 40% in middle latitudes (30°-60°) and the remaining 20%
in high latitudes (>60°).

Once the filtration has been done as described above, a total of 180 cloud-free
radiosoundings were chosen from the CLAR database, distributed between the
months of June and August during the years 2003-2008.

2.2 Simulated values of W and y,

Each one of the 180 radiosoundings corresponds to an atmospheric profile, with
measured values of air temperature and relative humidity, which facilitates incorpora-
tion into a RTC to obtain calculated values of W and simulated values of ~,. With
these data, it was possible to produce a graph of W versus ~;. This study introduced
atmospheric profiles into the RTC model to obtain values for W, and the atmospheric
downwelling radiance measured at a zenithal range of 0°-90°, which is independent of
azimuthal angle (Rubio 1998).
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To obtain +; in this study, the atmospheric downwelling radiance was filtered for 11
zenithal observation angles (6) corresponding to Gaussians angles (Wan and Dozier
1989), namely, 0.0°, 11.6°, 26.1°, 40.3°, 53.7°, 65.0°, 70.0°, 75.0°, 80.0°, 87.0° and
89.0°. The value of radiance at 0° corresponds to the parameter Liatm, ;(0°) in equation
(1), and the parameter L', ; at the same equation is obtained in integral form:

/2

L =2 J L}, (0)cos Osin 6.do ©)
0

atm, 4

With these two values it is possible to calculate v, from equation (1) by calculating the
ratio:
Lelltm.).

3)

7
Lelitm,/l(oo)

where v, is spectrally dependent.

In the simulation study, W was obtained from the measurements of relative
humidity (@, in %), air temperature (7,, in K) and atmospheric pressure (P, in
mbar) made by each radiosounding of the CLAR database at different altitudes.
First we calculate the saturation vapour pressure (e;, in mbar) using the
Clausius—Clapeyron equation:

L /1 1
A% a

where L = 2.453 x 10°J kg™" is the latent heat of vaporization and R, =461 J K™ ' kg™
is the gas constant for moist air. Once this parameter is calculated, the next step is to
calculate the water vapour pressure (e, in mbar) as

e=——e (5)

Now the mixing ratio is calculated as

0.622 ¢
r =
P—e
Finally, we obtain the water vapour content using the following integration:

Py
1
W= J r(z)dP 0

(6)

0

where gy = 9.8 m s 2 is the Earth’s gravity constant, z represents the altitude of the
radiosounding and P, is the atmospheric pressure at the surface level. In summary,
with the previous processes we obtain 180 values of W and the corresponding
simulated value of ~,.

Drawing on Hook et al. (2004) we assigned an uncertainty of 10% to the @ of the
radiosounding and +1 K to the 7,. These uncertainties imply a potential error of
40.5 cm in determining W and £0.3 in determining ~y, for each of the four spectral
channel of the CE 312 thermal radiometer.

Figure 1 presents W versus +;, for the 180 different atmospheric conditions in four
different thermal spectral bands corresponding to the four spectral channels of the
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Figure 1. W versus ~y, obtained from the 180 atmospheric situations extracted from the
radiosoundings database CLAR, after analysis with the RTC. The expressions of the linear
regression represented at each spectral range: () 8—14 pm, (b) 11.5-12.5 um, (¢) 10.3-11.3 pm
and (d) 8.2-9.2 um. The graphs correspond to equations (8)—(11), respectively.

multispectral radiometer CIMEL Electronique’ model CE 312 used in this study
(Brogniez et al. 2003). Those four spectral channels are located at 8-14 um (channel 1),
11.5-12.5 um (channel 2), 10.5-11.5 um (channel 3) and 8.2-9.2 um (channel 4). From the
linear regression of the graphs in figure 1, for each spectral band, it is possible to establish
a mathematical expression that relates the atmospheric water vapour content with ~;:

W = 36.4 — 2537 (8)
W =17.3 — 10.77em )
W =18.7 — 10.7vens (10)
W = 42.8 — 29.7yepa (11)

where the subscripts ‘chi’ (i = 1-4) denote the corresponding spectral channel of the
CE 312 thermal radiometer.

With the relationships obtained from figure 1, it is possible to calculate W with the
availability of an instrument that works in one of the four aforementioned spectral
bands. The relationships from equations (8)—(11) have uncertainties for W of £0.4 cm
(channel 1), 0.3 cm (channel 2), £0.2 cm (channel 3) and £0.3 cm (channel 4).

"Trade and company names are given for the benefit of the reader and imply no endorse-
ment by University of Valencia.
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The next step is to validate the previous relationships using direct measurements of
W and ~,, the latter calculated with measurements of atmospheric downwelling
radiance using equation (3).

3. Validation of modelled relation

With the aim of validating the relationships extracted from figure 1, it was decided to
take in situ measurements of Llatm, ,(0°) and Llatm, ; to calculate ~, using equation (3)
and simultaneously to take measurements of W with another instrument. These
measured values were compared to the simulated values of figure 1.

To measure the radiance Ll.‘um, 2(0°) and the hemispheric radiance Llatm, 5, WE
pointed the CE 312 radiometer to the sky and to a diffuse reflectance panel, respec-
tively. This diffuse reflectance panel (Garcia-Santos et al. 2010) has a rough gold
surface capable of reflecting the atmospheric downwelling radiance in all angular
directions, as it behaves in a Lambertian manner. The only correction applied to the
measurements of the panel is to its spectral emissivity (Korb et al. 1996) to remove the
panel contribution to the measured radiance. From measurements of thermodynamic
temperature of the panel, taken in situ with a contact thermometer, the contribution
of emissivity of the panel can be corrected by

! N Lpanel ) — SXB)v(Tpanel)

Latm,/ﬁ - (1 _ 82) (12)
where Lpanel 2 i the radiance measured directly over the panel, €; is the spectral emissivity
of the panel and B;(Tpane) is the Planck function of the panel temperature Tpapel-

Thus, the two needed radiances to calculate 7, using equation (3) are obtained. The
uncertainties associated with +; for channels 1-4 of CE 312 are £0.03, £0.04, £0.06
and £0.05, respectively.

To obtain W a CIMEL Electronique CE 318 sunphotometer was used (Holben
et al. 1998). This instrument measures the atmospheric columnar water vapour in a
channel centred at 940 nm, with an uncertainty of +0.2 cm (Bruegge et al. 1992). The
full width at half maximum of this channel is around 10 nm, and the sensor head is
equipped with a double collimator with a 1.2° field of view.

Figure 2 shows a comparison of validation results with simulated results from
figure 1 for the four spectral channels of the CE 312 thermal radiometer. Due to the
few points of validation measured, taken in the months of February, March and May,
the range of measured W was limited between 0.5 and 2.5 cm. It was therefore decided
to compare the validation and simulation values of # and -, in this range with their
corresponding errors.

4. Results and discussion

Figure 2 shows that channel 2 is the only channel with simulated values coincident with
the validation values. This is not strange because the effects of 1 are stronger in the
spectral range of 11.5-12.5 um (Varanasi 1988), which is the spectral range of channel 2
of the CE 312 thermal radiometer. It seems evident that this channel is the most sensitive
to changes of W in the atmosphere, and therefore the most suitable from which to
obtain W from measurements of atmospheric radiance in TIR region. Therefore,
focusing solely on the spectral region 11.5-12.5 um, and by considering the validation
results as satisfactory, it is possible to establish a relationship between W and ;.
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Figure 2. Comparison of validation results (VAL) and simulated values (SIMU) of W and ~;
in the four spectral channels of the CE 312 (a) channel 1, (b) channel 2, (¢) channel 3 and (d)
channel 4. For the validation case, the errors of the measurements of v, and W are included.

Considering equation (9) as the desired expression to obtain ¥, and obtaining
measurements of the atmospheric downwelling radiance with a TIR instrument as has
been explained, W can be estimated with an uncertainty of +0.3 cm, which corre-
sponds to the standard deviation. Furthermore, the difference between the calculated
value of W using equation (9) for each of the 10 validation points, and the value of W
measured directly by the sunphotometer CE 318, shows a bias of 0.4 cm. Overall, this
methodology can be used to measure W with a root mean square error of +0.5 cm.

We can conclude that there exists an expression that obtains the atmospheric water
vapour content, equation (9), and by using that expression the uncertainty in the
estimation of W is £0.5 cm.

This study could probably be improved with more validation points, which is
desired by the authors. In any case, this is the first approximation of an alternative
method to those currently in use in determining W, which may be useful to an
experimenter who has only TIR radiometers available.

5. Conclusions

In this study, an alternative method has been proposed to determine the atmospheric
water vapour content using measurements in situ of atmospheric radiance in the TIR
range. The proposed method is to use direct measurements of atmospheric down-
welling radiance related with atmospheric water vapour content using the factor ~,
present in the diffusive approximation proposed by Rubio et al. (1997). After a
comparison of simulated values, obtained from the CLAR database, with in situ
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measurements of atmospheric water vapour content and -y, for the four spectral
ranges in which the thermal radiometer CE 312 works, we come to the conclusion
that it is possible to obtain W through measurements of atmospheric downwelling
radiance in the TIR region of 11.5-12.5 um with a root mean square error of 0.5 cm.
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Evaluation of Different Methods to Retrieve the
Hemispherical Downwelling Irradiance in the
Thermal Infrared Region for Field Measurements

Vicente Garcia-Santos, Enric Valor, Vicente Caselles, Maria Mira, Joan Miquel Galve, and César Coll

Abstract—The thermal infrared hemispherical downwelling ir-
radiance (HDI) emitted by the atmosphere and surrounding ele-
ments contributes through reflection to the signal measured over
an observed surface by remote sensing. This irradiance must
be estimated in order to obtain accurate values of land-surface
temperature (LST). There are some fast methods to measure the
HDI with a single measurement pointing to the sky at a specified
viewing direction, but these methods require completely cloud-free
or cloudy skies, and they do not account for the radiative con-
tribution of surrounding elements. Another method is the use of
a diffuse reflectance panel (usually, a rough gold-coated surface)
with near-Lambertian behavior. This method considers the radia-
tive contribution of surrounding elements and can be used under
any sky condition. A third possibility is the use of atmospheric
profiles and a radiative transfer code (RTC) in order to simulate
the atmospheric signal and to calculate the HDI by integration.
This study compares the HDI estimations with these approaches,
using measurements made on four different days with a completely
clear sky and two days with a partially cloudy sky. The mea-
surements were made with a four-channel CIMEL Electronique
radiometer working in the 8—14-pm spectral range. The HDI was
also estimated by means of National Centers for Environmental
Prediction atmospheric profiles introduced in the MODTRAN
RTC. Additionally, the measurements were made at two different
places with very different environments to quantify the effect of
the contributing surroundings. Results showed that, for a clear-sky
day with a minimal contribution of the surroundings, all methods
differed from each other between 5% and 11%, depending on
the spectral range, and any of them could be used to estimate
HDI in these conditions. However, in the case of making surface
measurements in an area with significant surrounding elements
(buildings, trees, etc.), HDI values retrieved from the panel present
an increase of +3 W-m~2. um~! compared with the other
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methods; this increase, if ignored, implies to make an error in LST
ranging from +0.5 °C to +1.5 °C, depending on the spectral
range and on surface emissivity and temperature. Comparison
under heterogeneous skies with changing cloud coverage showed
also large differences between the use of panel and the other meth-
ods, reaching a maximum difference of +4.6 W-m=2 . yum~1,
which implies to make an error on LST of 4-2.2 °C. In these cases,
the use of the diffuse reflectance panel is proposed, since it is the
unique way to capture the contribution of the surroundings and
also to adequately measure HDI for sky changing conditions.

Index Terms—Angular measurements, diffuse reflectance panel,
field measurements, hemispherical downwelling radiance, thermal
infrared (TIR).

I. INTRODUCTION

HE accurate measurement of land-surface temperatures

(LSTs) using thermal infrared [(TIR), 8-14 pum] remote
sensing measurements in the field needs to take into account
two important factors: 1) land-surface emissivity &g, and
2) the hemispherical downwelling irradiance (HDI) FélEM
coming from the surroundings and the atmosphere, which is,
in turn, reflected by the surface to the sensor. The land-leaving
radiance from an observed area placed at surface level (Lgy,),
considering Lambertian behavior, is

Lsur = EsurB(T) + (1 - 5sur)

where B is Planck’s radiance function for a blackbody emitting
at the kinetic temperature 7.

To correct Lg,, measurements in (1) from the emissivity
effect and to get accurate LST values, it is needed to measure
FéEM in addition to eg,.. The most exact way to obtain
FﬁEM is to measure the radiance from all possible zenithal
and azimuthal directions L*(6, ¢) and to integrate these mea-
surements. Since this measurement process takes a long time
to be performed, which is particularly critical when the sky
is partially cloudy and can be changing over time, there exist
other alternative faster methods allowing accurate measurement
of FIfIEM Hereinafter, these methods are presented.

The first method is based on taking a single measurement of
the sky at a specific direction. For example, in [1], Kondratyev
showed that a single measurement, pointing the radiometer
at a zenith angle of (53 £ 3)° measured from the vertical
(Li (53°)), at any azimuth angle, gave a close value of the

sky
hemispherical irradiance of the atmosphere

F éENI_Kond = TrLi‘ky(530)' )

0196-2892/$31.00 © 2012 IEEE
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Results from Kondratyev approximation were checked in [2]
by Rubio et al., using atmospheric radiances measured during
a whole year with a goniometer that allowed scanning the at-
mosphere in several azimuth and zenith angles. The experiment
included both clear and overcast days, and the measurements
were performed from 0° to 85° in zenithal direction and in
different azimuths. Results showed that the sky was, in all
cases, almost isotropic in the azimuthal direction and showed
a significant anisotropy in the zenithal direction. The authors
also obtained that a single measurement at a zenith angle of
(55.4 4+ 1.8)° could provide a way to obtain the atmospheric
irradiance, as stated by (2), and in agreement (within the error)
with the Kondratyev estimation. In addition, a modification
of the Kondratyev approximation was proposed in [2], which
only requires a single measurement of the sky radiance at nadir
Liky(()") and multiplying this irradiance by a coefficient ()
that depends on the TIR channel used and the atmospheric
conditions, particularly atmospheric total water vapor content

(W) [3]

K I%IEM_R,ub = VWLiky(Oo) 3)

where the values of v can vary from 1.1 to 1.7. This version
of the Kondratyev approximation is more practical in the field,
because it does not require making an accurate measurement of
the viewing zenith angle.

These two techniques are fast, but both require homogeneous
atmospheric conditions (complete cloud cover or complete
clear sky), and do not consider the possible radiative contri-
bution of the surrounding elements. Moreover, the technique
proposed by [2] needs an estimate of the water vapor con-
tent (W) to calculate v, W being the total amount of water
yielded by the vertical integration from the ground level to
the top of the atmosphere; this dependence will be explained
later.

A second method to obtain FﬁEM is the use of an at-
mospheric profile which can be introduced into a radiative
transference code (RTC) such as MODTRAN 4v3r [4]. In
this paper, atmospheric profiles resulting from reanalysis tech-
niques have been used, provided by the National Centers for
Environmental Prediction (NCEP). These profiles need to be
interpolated temporally and spatially at the time and place of
the measurements [5], using the coordinates of the desired area
and the central time of the measurement session. Simulation
procedures present also some drawbacks. NCEP profiles are
predicted from data obtained from spatial and temporal inter-
polations, whereas the atmospheric conditions not only can be
significantly different in the region nearest to the interest zone
but also can change with time. Moreover, these profiles are
representative of a 1° spatial resolution area.

The third methodology is the use of a gold diffuse panel with
high reflectance and a near-Lambertian behavior, retrieving
Fypy by measuring the reflected radiance on the panel from
any viewing direction. The advantages of this methodology are
that it can be used under any atmospheric condition and that
its measurements take into account the radiative contribution
of the surrounding elements in addition to the contribution
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of the atmosphere. Several works have made use of gold dif-
fuse surfaces as a satisfactory alternative for measuring FéEM
[6]-[14].

Different authors have made use of one or another method-
ology to estimate or calculate the HDI for different objec-
tives, such as measuring surface emissivity [7]-[15], correcting
satellite-based measurements for the atmospheric effect [16],
measuring LST in the field for validation purposes [17], or
obtaining emissivity and temperature from radiance measure-
ments using emissivity—temperature separation algorithms [18],
to give some examples. However, to our knowledge, there
is not a work in the bibliography that does the following:
1) compares the different methods to check to what extent
their estimations of FI%IEM in field are in agreement, pointing
out the applicability conditions of each one, particularly in the
case of different contributive surrounding elements, or under
changing sky conditions with different cloud coverage and
2) explains, with detail, the practical procedure to measure
FéEM using gold diffuse reflectance panels with reference to
suitable viewing angles, effect of the surroundings, or changing
skies. These are the main contributions of this paper to previ-
ously published work.

Thus, the objective of this paper is to make an evaluation
of four different methodologies to estimate FIl{EM, evaluating
possible inaccuracies retrieving LST with the use of one or
another method in field measurements. With this aim, a simple
experimental setup was designed to perform FéEM measure-
ments, from both a golden diffuse reflectance panel and the
approximations given by (2) and (3), at two different places
with a different number of surrounding elements and under
different cloud coverage of the sky. Simulated values of FIfIEM
calculated using atmospheric profiles provided by the NCEP in
the MODTRAN RTC were also included.

This paper proceeds as follows. The instrumentation is pre-
sented first in Section II. Next, Section III describes the method-
ology to compare the previous techniques to obtain FéEM
Section IV presents the results and their discussion. Finally, the
most important conclusions drawn from this study are given in
Section V.

II. INSTRUMENTATION

This work was conducted using a radiometer CIMEL Elec-
tronique (CE312-1) [19], which is a multispectral sensor that
measures the radiance emitted by a surface in the TIR region
(8-14 pm). It is composed of an optical head, which points to
the observed surface, and a data logger joined to the optical
head, which is responsible for recording the measurements. The
CE312-1 has four filters that allow us to measure in a wide
spectral interval (channel 1: 8.0-13.3 pm) and three narrow
spectral intervals located within the wide channel (channel 2:
11.5-12.4 pm; channel 3: 10.2-11.3 pm; channel 4: 8.3-
9.3 pm). The field of view (FOV) of the optical head is 10°.
A previous calibration of the CE312-1 thermal radiometer with
a primary reference blackbody carried out in April 2009 at
the National Physical Laboratory, London, U.K., organized by
the Committee on Earth Observation Satellites [20], showed
uncertainties in spectral radiance for the channels 1-4 of +0.06,
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Fig. 1.

Experimental assembly used to perform the irradiance measurements on the diffuse reflectance panel, with a CE312-1 radiometer (CE2) mounted on

a tripod and measuring to the panel, at 25° zenith angle. A second CE312-1 radiometer (CE1) was mounted on a tripod for measuring the irradiance from sky,
pointing it at 0° and 55°. This assembly was mounted in two different places: (a) Roof of the Physics Faculty (with minimal presence of surrounding elements)
and (b) and (c) close to the University Library (with presence of surrounding elements such as buildings, trees, and cars).

+0.06, +0.06, and £0.13 W -m~2 - st~ - um™~!, respectively
(or, equivalently, +0.5 K, +0.6 K, +0.3 K, and +0.6 K in
radiative temperature).

The diffuse reflectance panel Infragold Reflectance Target
IRT-94-100 from Labsphere is a gold rugged surface of 25.4 x
25.4 cm? and 1 cm of thickness. This panel has high reflectivity
in the TIR region, with CE312-1 four-channel values of 0.923,
0.925, 0.925, and 0.918, respectively. These channel reflectivity
values are the result of filtering the spectral reflectance values
provided by the manufacturer between 8 and 14 pm at 0.05-pm
steps, using the filter functions of the four CE312-1 bands, with
an error of +0.009. Consequently, following Kirchhoff’s law,
the emissivities of the panel in each channel are 0.077, 0.075,
0.075, and 0.082, respectively.

III. METHODOLOGY

In order to compare different methods to retrieve FIfIEM, a
previous characterization of the panel was made to check if it
presented Lambertian behavior. For this purpose, the CE312-1
radiometer was used mounted on a goniometer taking angular
measurements on the panel from 0° to 60° zenith angles (6),
at intervals of 10°. Three consecutive readings were made at
each zenith angle, and at the end of these three readings, the
panel was turned azimuthally 120° and 240° from its original
orientation. Thus, three azimuths for each zenith angle and
seven zenith angles that are 3 X 7 measurements were per-
formed to check the Lambertian behavior of the panel. The
zenithal variation was made with the radiometer placed 50 cm
away from the panel at nadir view; this distance was chosen
as a compromise between maintaining the radiometer’s FOV
within the panel’s area, particularly for large zenith angles, and
maximizing the distance of the radiometer from the surface, to
avoid as much as possible its own radiative contribution, taking
measurements of the maximum area possible.

Once the angular behavior of the panel was analyzed (see
Section IV-A), the four methods to retrieve Fyjp,,; were com-

pared. The HDI was obtained with the panel (FIJ_’IEM panel)
taking radiance measurements on it, regardless the azimuth
angle, and performing the correction for the panel emissivity
(see Section III-A as follows). Simultaneous to panel radiance
measurements, another identical radiometer CE312-1 took radi-
ance measurements of the atmosphere measuring the sky both
at nadir to retrieve Liky(Oo), required in (3) to obtain the HDI

using the Rubio et al. approximation [2]FéEM_Rub, and at

55° to get a value of FI%IEM Kond according to the Kondratyev
approximation through (2) [1]. The time period between two
consecutive Liky(Oc’) and Liky (55°) measurements was around

3 min, a time short enough to consider FIﬁEM retrieved between
both methods, comparable together with panel measurements.
Fig. 1 shows the experimental setup.

Additionally, Fyg,; values were calculated using atmo-
spheric profiles, provided by NCEP reanalysis [5], and the
MODTRAN 4v3r code [4]. The profiles were obtained from
the Web-based tool Atmospheric Correction Parameter Cal-
culator [22] which, with previous specification of date, time,
and location, gives values of pressure, atmospheric temperature
(T,), and relative humidity (RH), interpolated spatially and
temporally at the place and time of the radiance measurements.
Atmospheric profiles generated by NCEP incorporate satellite
and surface data to characterize a global atmosphere at 28
altitudes, and they are sampled on a 1° x 1° grid and generated
every 6 h. From two options offered by the calculator, “Use
interpolated atmospheric profile for given lat/long” was cho-
sen; this option extracts a profile from the four grid corners
which surround the input location for the two times before
and after the input time, so corner profiles are interpolated
for each time resulting in the desired time profiles (see Fig. 3
in [22]). Profiles obtained were processed with the MOD-
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TRAN code, which provided L*(6) values for the zenith angles
0.0°, 11.6°, 26.1°, 40.3°, 53.7°, 65.0°, 70.0°, 75.0°, 80.0°,
87.0°, and 89.0° (the so-called Gaussian angles, see [21]).
Finally, FIﬁEM NcEp Was retrieved integrating these values.
According to [22], uncertainties of £6% and £2 K were
assigned to RH and T, respectively, on the NCEP atmospheric
profiles. The difference of Fﬁ’IEM, obtained with the original
atmospheric profile and obtained with a profile modified with
the previous uncertainties, implies a relative error of 20% in
FéEM ~ncgp Values for all the spectral channels of CE312-1.

The four different FlﬁEM values obtained from different pro-
cedures, using a panel, with the two approximation techniques,
and by means of atmospheric profiles were compared under two
different conditions.

The first evaluation was made at two different places with
a significant difference of surrounding elements from one to
the other place. In this case, the objective was to quantify
the differences between the panel measurements and the other
approaches due to the effect of surrounding elements with
temperatures comparable to the observed surface. Both places
were located in the University of Valencia campus in Burjassot,
Spain (39° 30’ 25" N, 0° 18 15” W). The first one was located
at the roof of the Physics Faculty, hereafter called roof; in this
place, the presence of surrounding elements was minimal [sci-
entific instrumentation and the roof of surrounding buildings
a little higher than the faculty building, see Fig. 1(a)]. The
second place was located near the campus library, hereafter
library; in this place, the presence of surrounding elements
was significantly greater than those in the roof [trees, cars, and
different buildings such as the library building and the Physics
and Chemistry Faculty buildings, see Fig. 1(b) and (c)].

A second evaluation was carried out at the roof (to minimize
the effect of surroundings) for different cloud coverage condi-
tions of the sky rapidly changing. The four methods to retrieve
FéEM were compared under different percentage of clouds
occupying the sky. In this case, the objective was to quantify the
differences between the panel measurements (that capture the
contribution from the clouds) and the other approaches. Results
of both comparisons are shown and analyzed in Section IV.

A. Panel Emissivity Correction

There are some questions that must be addressed before
comparing the four methods to retrieve FIﬁEM The panel has
also a contribution to the measured signal due to the small
emissivity of the gold rugged surface (see Section II). This
contribution must be removed from the direct measurements
made over the panel according to [8]

Ltanel - 6Pan61B(Tpanel)

Ll
(1 - Epanel)

panel_corr —

“4)

where Lﬁanel is the radiance measured directly on the panel,
Epanel 18 1ts emissivity, and T},anel is the temperature of the panel

that must be known to calculate Planck function B(Tpanel)-
The HDI is obtained finally as FéEM panel = rLY A

. panel__corr®
contact thermometer, with an accuracy of +1 °C, was used
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Fig. 2. Temperature difference (AT') in the surface temperature retrieved
from remote sensing measurements using (1), when the diffuse reflectance
panel emissivity and temperature are accounted for, and when they are not,

for the measurement of FéEM using the panel. A surface temperature of 303 K
has been considered for this calculation, for a range of surface emissivities from
0.99 to 1. This graph shows the systematic error in the retrieved temperature if
the emissivity of the panel is neglected.

to measure the temperature of the panel [see Fig. 1(a)]. This
accuracy implies to make an error in estimating the radiance
emitted by the panel, through B(Tpaner), of £0.09 W -m™2 -
st . um~! for all the channels of CE 312-1. Errors associated
to panel spectral irradiance measurements were obtained from
error propagation applied to (4) due to errors of the CE 312-1
radiometers (see Section II) and of the contact thermometer.
These errors gave maximum values for channels 1-4 of £0.3,
+0.3, 40.3, and 0.4 W - m~2 - yum~1, respectively.

The impact of ignoring the panel emissivity in the mea-
surement of a surface temperature in the field (for example,
when measuring soil or vegetation temperatures) has been
estimated. The LST difference obtained from (1), when it is
used, the measurement taken directly from the panel (Lianel
multiplied by 7), or the value corrected for the panel emis-
sivity (FlfIEM panel ) fOr @ given value of surface brightness
temperature, has been calculated. Fig. 2 shows the case of a
surface with a brightness temperature of 303 K and for different
values of surface emissivity. The parameter AT = LST ¢opr —
LSTy represents the difference between the LST when the
panel emissivity is considered and corrected (LST o) and
the surface temperature when the panel emissivity is ignored
(LSTign). The difference between the LSTs increases when
the surface emissivity decreases. For instance, for a surface
emissivity of 0.9, the temperature difference is around 0.5 K,
for all the channels; however, for surface emissivities larger
than 0.94, the effect of the panel emissivity is not significant.
In any case, when the emissivity effect is corrected, a better
agreement between the measurements of the panel and the other
approaches is obtained.

B. Estimation of the v Coefficient

Another point to be considered is the selection of an adequate
value of the ~ coefficient needed in (3). Since it depends on
the channel and also on W, a previous simulation study [3]
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Fig. 3.

Panel spectral radiance measurements made for the four channels of CE 312-1, taken at three different azimuth angles, namely, 0°, 120°, and 240°, and

for zenith angles from 0° to 60° at 10° steps. Measurements were made at the roof, in cloud-free sky conditions. (Dotted line) Average value of the three azimuth

values for each zenith angle, together with its uncertainty, is also shown.

was carried out using the radiosounding data contained in the
Cloudless Land Atmosphere Radiosonde database [21], which
spans a W interval from 0.02 to 5.61 cm. For each of these
atmospheric profiles, the parameters W, Liky(Oo), and Fjipy,
were calculated, from which the  coefficient was derived. A
linear relationship was obtained between y and W (in centime-

ters) using the data for the four channels of the CE312-1

Yen1 =1.43 —0.04 W
Ych2 = 1.61 — 0.09 W
Yens =1.73 — 0.09 W

Yena =1.44 — 0.03 W. 4)

The dependence of v with W is weak, particularly for
spectral channels 1 and 4. These relationships were checked
with direct measurements of v and W. The ~ coefficients were
also determined using (3) by measuring, under cloudless sky
condition, Liky(OO) pointing the radiometer to the sky at 0°

and FéEM pointing it at 55°; while W was measured with a
sunphotometer CIMEL Electronique model CE318 [23], the
same is used in this study to retrieve the W applied to (5).
These relationships allow adjusting v from W with error values
of £0.09, +0.09, +0.16, and +0.18, for the channels 1-4 of
CE312-1, respectively. The HDI error associated to the ap-
proximation of Rubio et al. is retrieved from error propagation
through (3).

IV. RESULTS AND DISCUSSION
A. Panel Characterization

Fig. 3 shows channel radiance measurements retrieved with
(4), at three different azimuth angles (0°, 120°, and 240°) for
a zenithal variation from 0° to 60° at 10° steps. These angular
measurements were made for several days at the roof place (see
Section IIT and Fig. 1), with cloud-free sky conditions. The
measurements show a significant zenithal dependence, while
the azimuthal dependence is almost negligible. In fact, the
standard deviation of the three azimuthal values for each zenith
angle was calculated, and the maximum standard deviations ob-
tained were +0.11, +0.13, +0.11, and £0.08 W -m~2 - sr ! -
pum~! for CE312-1 channels 1-4, respectively. These deviations
are of the same order of magnitude than the measurement
uncertainty (see Section IIT). Thus, it may be concluded that the
panel shows azimuthal isotropy in radiance measurements. For
that reason, the average values of the azimuthal measurements
for each zenith angle were calculated, which are shown in
the dotted line in Fig. 3. This line shows a significant zenith
variation of the measured radiances, which is higher than the
measurement uncertainty, beyond 30°. Considering the limited
size of the panel (25.4 x 25.4 cm?) and the FOV of the ra-
diometer (see Section II), this radiance increase could be due to
a partial viewing of the surface out of the panel. Nevertheless,
radiance measurements made from 0° to 25° zenith angles are
measured most likely inside the surface of the panel. For this
reason, it was decided to make the radiance measurements
with a viewing zenith angle of 25°, regardless of the azimuthal
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TABLE 1
FéEM AVERAGE VALUES MEASURED AT THE ROOF OF THE PHYSICS FACULTY BUILDING (R0OF) FOR FOUR MEASUREMENT DAYS,
WITH THEIR ERRORS GIVEN IN BRACKETS, USING THE THREE ANALYZED IN Situ METHODS. THE FIfIEM VALUE
RETRIEVED FROM NCEP PROFILES AND THE MODTRAN RTC IS ALSO GIVEN
Date F' e (CHI: 8-13.3 pm) [Wmpm'™'] Fl v (CH2: 11.5-12.4 pm) [Wm um’'|
(dd/mmiyyyy) | F lm:M panel I F ~LHEM Kond I L3 lm:M Rub I K ~LHEM neep | F lHEM pancl I ¥ 'LH'EM Kond I F ~LHEM Rub I L3 lm:M NCEP

12/1072011 11.6 114 11.3 10.7 10.4 9.0 9.4 8.6
[+0.4] [+0.3] [+0.9] [+ 2] [+0.3] [+0.3] [+0.7] [+ 1.7]

19/10/2011 11.4 11.5 11.0 10.9 10.6 9.9 9.9 9.4
[+0.3] [+0.4] [+0.8] [+2] [+0.3] [+0.4] [+0.7] [+1.9]

25/10/2011 8.9 9.0 9.3 82 8.1 7.5 83 6.5
[£0.3] [+0.3] [£0.7] [+ 1.6] [£0.3] [£0.3] [+0.7] [+1.3]

9/112011 8.5 8.4 9.1 9.0 7.6 6.7 7.1 7.3
[+0.3] [+ 0.3] [+0.7] [+ 1.6] [+0.3] [+0.3] [+0.6] [+ 1.5]

F'yen (CH3: 10.2-11.3 pm) [Wm um’'| F'ypn (CH4: 8.3-9.3 pm) [Wmpm’ ]

12/10/2011 7.1 6.2 6.1 6.5 10.5 9.7 10.2 8.6
[£0.3] [+0.2] [+0.7] [+ 1.3] [£0.5] [%0.4] [+ 1.4] [+1.7]

19/10/2011 7.4 7.2 7.0 7.2 9.6 8.5 7.9 8.5
[+0.4] [+0.3] [+ 0.8] [+ 1.4] [+ 0.4] [+0.5] [+1.2] [+ 1.7]

25/10/2011 54 52 5.7 4.8 7.5 6.3 6.4 6.2
[+0.2] [+0.2] [+ 0.6] [£1 [+ 0.4] [+ 0.4] [+ 1.0] [+1.2]

9/11/2011 4.8 4.6 4.4 5.5 7.2 6.0 6.3 6.9
[+0.2] [+0.2] [+0.5] [+ 1.1] [+0.5] [+0.4] [+0.9] [+ 1.4]

angle. This zenith angle was chosen as a compromise between
assuring that the radiometer’s FOV was placed well within
the panel’s area and measuring the radiance from the panel
covering as much surface as possible.

B. Comparison of Methods for FéEM Measurement

The four analyzed methods for the HDI estimation were
compared using measurements performed during four days
with cloud-free sky conditions. The measurements were made
in two places (roof and library, see Fig. 1) with very different
environments, to quantify the effect of the surroundings in
the irradiance measurement (see Section III). In each case,
the measurements were performed within time intervals of
15 min, during which FéEM should not change significantly
considering the stable atmospheric conditions (cloud free, no
wind). However, possible fluctuations in FI%IEM were accounted

for as part of the measurement error 5FéEM which was
given by
OF?

5FI%IEM = mes + o? (6)
where ¢ Fp,e5 is the error given by error propagation through (4)
in the case of irradiance measurements using the panel, error
propagation through (3) in the case of irradiance measurements
using Rubio et al. approximation, or the instrumental error
given by radiometer accuracy (see Sections II and III) in the
case of the Kondratyev approximation. The quantity o is the
standard deviation of the measurements set over the 15-min

interval, accounting for possible fluctuations in FélEM

Table I shows the channel FIﬁEM average values measured
during the 15-min time interval in the roof place, with the
uncertainties calculated using (6) given in brackets, for the
four considered days and the different methods (including the
FéEM value retrieved from NCEP profiles and the MODTRAN

RTC, see Section III). Difference between FIJ-iEM_panel and the
rest of the methods was evaluated at each spectral channel by
means of retrieving the average FIJ—iEM difference of all mea-
surement days. The average differences between FIfIEM_panel

and Fjipy; gona methods on the CE 312-1 channels 1-4 are
0.03, 0.9, 0.4, and 1.1 W-m~2. um~!, respectively. Differ-
ences between FIﬁEM_panel and Féth_Rub are —0.06, 0.5,
0.4, and 1.0 W-m~2 - um~!, respectively. Finally, differences
between Fipy pane a0d Fiipy nepp are 04, 1.2, 0.18, and
1.2 W-m~2. yum~!, respectively. As shown, differences be-
tween methods are less than 1.2 W-m™2 - ym~!, and most
of them are within the measurement errors. NCEP method
presents the largest differences at all spectral channels (with
exception of channel 3 placed at 10.2-11.3 pum) with regard
to the two other methods; nevertheless, these differences are
explained in terms of the errors associated to the FéEM NCEP
methodology. Channels 4 and 2 present the largest differences
at all three FélEM retrieving methods in comparison to the
panel measurements, with an average value of 1.1 and 0.9 W -
m~2 - um~!, respectively. Taking into account the differences
between F#{EM panel and the rest methods shown earlier, for
the case of a surface with a kinetic temperature of 30 °C
and an emissivity of 0.8 in all channels, these differences on
HDI would produce a difference ranging between 0.05 °C and
0.4 °C at the four channels of CE 312-1, in the measured surface
temperature after correcting the emissivity effect with (1).
These temperature differences would decrease for increasing
emissivity; for instance, for an emissivity of 0.9 and the same
kinetic temperature, the differences in measured temperature
would be ranging between 0.01 °C and 0.2 °C. From these
results, it may be concluded that, under clear-sky conditions
and in places where the surrounding elements have a minimal
contribution, the different approaches produce comparable re-
sults in terms of surface kinetic temperatures.
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TABLE II

t

HEM AVERAGE VALUES MEASURED CLOSE TO THE UNIVERSITY LIBRARY BUILDING (L/BRARY) FOR FOUR MEASUREMENT DAYS,

WITH THEIR ERRORS GIVEN IN BRACKETS, USING THE THREE ANALYZED IN Situ METHODS. THE FéEM VALUE
RETRIEVED FROM NCEP PROFILES AND THE MODTRAN RTC Is ALSO GIVEN

Date FLHEM(CHI: 8-13.3 um) [Wm-2um-1] F¢H_EM (CH2: 11.5-12.4 um) [Wm-2um-1]
(dd/mm/yyyy) | F lm:M pancl I F rem kona I K lm:M Rub I F ~LHEM Ncer | F Hem pane I K lHEM Kond I K lm:M Rub I 3 ~LHEM NCEP
14.4 11.6 11.5 10.6 12.6 9.3 9.5 8.5
12/10/2011
[+£0.7] [+0.4] [+ 1.0] [£2] [+0.5] [+0.4] [+0.7] [+ 1.7]
19/10/2011 13.1 12.4 11.7 10.9 12.0 10.6 10.5 9.3
[£0.3] [+0.3] [+0.9] [+2] [+0.3] [+£0.3] [+0.8] [+1.9]
12.2 9.4 9.2 8.2 10.9 7.9 8.3 6.5
25/10/2011
[+0.3] [+0.5] [+0.7] [+ 1.6] [+0.3] [+£0.4] [+ 0.6] [+1.3]
11.5 9.0 9.6 9.0 10.2 7.3 7.7 7.3
9/11/2011
[+0.3] [+0.3] [+0.7] [+ 1.8] [+ 0.3] [+0.3] [+ 0.6] [+ 1.5]
FLHEM (CH3:10.2-11.3 um) [Wm-2um-1] FLHEM(CI—M: 8.3-9.3 um) [Wm-2um-1]
12/10/2011 10.0 6.5 6.2 6.5 13.3 10.0 10.3 8.5
[+0.6] [+0.4] [+ 0.8] [+ 1.3] [+0.7] [+0.5] [+ 1.5] [+ 1.7]
19/10/2011 9.3 7.9 7.5 7.1 11.5 9.1 83 8.5
[+0.2] [+0.2] [+0.8] [+ 1.4] [+0.4] [+0.4] [+1.2] [+ 1.7]
8.9 55 5.6 438 10.8 6.6 6.4 6.2
25/10/2011
310720 [£0.2] [£0.3] [+£0.6] [+ 1] [+£0.4] [=0.5] [+ 1.0] [+ 1.2]
9/112011 8.0 5.0 4.8 55 10.2 6.4 6.6 6.9
[+£0.2] [+0.2] [+ 0.6] [+ 1.1] [+0.4] [+0.4] [+ 1.0] [+ 1.4]

Things are different when the surface roughness is significant
and the surrounding elements cannot be avoided, for instance,
when measuring in areas with buildings or vegetation elements
such as trees, which are placed close to the surface being
measured. Table II shows the channel FéEM average values
measured during the 15-min interval in the /ibrary place [see
Fig. 1(b) and (c)], with the uncertainties calculated using (6)
given in brackets, for the four considered days and the different
methods (including the FéEM value retrieved from NCEP
profiles and the MODTRAN code, see Section III). In this case,
the HDI values provided by the methods of Kondratyev, Rubio
et al., and NCEP are all close to each other showing differences
lower than 1.5 W-m~2 - yum~!, similar to the roof case pre-
sented in Table I. In fact, the values of these methods are almost
the same in both tables, since the time difference between the
measurements at the roof and at the library places was less
than 40 min (the time needed to move the instrumentation
from one place to the other one). However, the measurements
performed with the panel present a significant increase in
the library place compared to the roof place (on the order of
+3 W-m 2. pum™') that produces a significant difference
between the panel results with regard to the rest of the methods,
which is beyond the measurement error. This increase is the
effect of the radiative contribution coming from the surrounding
elements to the measurement area [trees and buildings mainly,
see Fig. 1(b) and (c)]. Differences between FéEM panel and the
rest of the methods for all the measurement days show average
values of +2.6, +2.8, +3.0, and +3.6 W-m~2 - yum~!, for
channels 1-4 of CE 312-1, respectively. For a surface with a
kinetic temperature of 30 °C and an emissivity of 0.8 in all
channels, these differences on HDI would produce a difference
of +1.0 °C, +1.5 °C, +1.3 °C, and +1.3 °C for channels 1-4
of CE 312-1, respectively, in the measured surface temperature
after correcting the emissivity effect with (1). For an emissivity
of 0.9 and the same kinetic temperature, the differences in
measured temperature would be +0.5 °C, +0.7 °C, 4-0.6 °C,

and 40.6 °C, respectively. From these results, it may be
concluded that, under clear-sky conditions and in places where
the surrounding elements have a significant contribution, only
the use of a diffuse reflectance panel accounts for the radiative
contribution of the surroundings, which can produce a signif-
icant systematic error in the LST measurement, particularly
in the case of low-emissivity land surfaces. Thus, in these
cases, the use of a panel for the HDI measurement is preferable
over the other approaches to avoid these systematic errors.

C. Evaluation ofFIfIEM Under Heterogeneous Skies

A comparison of the four methods under skies with cloud
coverage changing over time was made, since clouds can
modify considerably the HDI. Measurements were taken at the
roof place for minimizing the contribution of the surroundings
as has been shown in Section IV-B, on two days, one with
the presence of cumulus clouds and the second one with the
presence of cirrus clouds; in both cases, clouds were moving
through the sky over time. The CE2 instrument was measuring
continuously pointing to the panel (with a zenith viewing angle
of 0 = 25° F; IfIEM_panel), and the radiometer CE1 was measur-

ing simultaneously pointing to the sky at 55° (FI%IEM Kond)-

FI%IEM Rub Was retrieved pointing the CEI instrument to the
sky at 0° every 30-60 min. Atmospheric profiles from NCEP
were downloaded (from Web-based tool, see [22]) and also
processed using MODTRAN (see Section III) every 30 min
(NCEP profiles were unavailable for the day with presence of
cirrus), retrieving an HDI value from each profile. Additionally,
a camera SONA Automatic Cloudiness Observation System,
located in the roof, took a photograph of the upper hemisphere
every 5 min; these photos were processed to get the cloud
coverage (in percent) with an error of £10%.

Fig. 4 shows the measurements obtained with each procedure
over time, at the four channels of CE 312-1, for the two
measurement days. The results of a sky with cumulus clouds
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Fig. 4. Measurements of FéEM over time obtained with (solid line) Kondratyev approximation, (black diamonds) Rubio ef al. approximation, (empty squares)
NCEP profiles with the MODTRAN code, and (dotted line) the diffuse reflectance panel, on a day with (a) heterogeneous sky with presence of cumulus clouds and
(b) heterogeneous sky with cirrus clouds. (Dashed line) Cloud coverage (in percent), retrieved from a camera SONA Automatic Cloudiness Observation System,

is also presented.
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[Fig. 4(a)], show that FIfIEM Kond and FéEM Rub Present large
fluctuations of their values, not following the actual evolution
of the cloud coverage. The sharp changes observed are due to
the passage of a cloud in front of the radiometer’s FOV; when
the cloud is out of the FOV, the measured values fall suddenly
to lower values corresponding to clear-sky areas. This can be
seen for FIJ_’IEM Kond 4t 10:40 A.M., 11:27 A.M., or 12:17 P.M.,

for instance, and for FéEM_Rub at 12:30 p.M. or 1:00 P.M.
Thus, in partial cloud cover conditions, the approximations of
Kondratyev and Rubio et al. are not able to capture the real
value of the HDI, since they measure in excess when viewing
a cloud and by defect when they are viewing the clear sky.
Results from NCEP atmospheric profiles are also unsuccessful,
given that this approach cannot take into account the presence
of clouds, matching up with the other methods just when the
cloud coverage is lower than 10%.

On the contrary, the HDI retrieved using the diffuse re-
flectance panel is able to follow the cloud coverage evolution
over time. These results show that the panel takes into account
the decrease and increase of clouds in the sky, being its irra-
diance values more representative of real sky conditions. For
instance, FéEM_panel value from 11:40 A.M. to 12:00 p.M.
increases around +4.6 W -m~2 - um~"' in the four CE 312-1
channels, for an increase of 56% in cloud coverage. This
increase of irradiance, considered as a systematic error if it
is not taken into account in (1) (as would happen using one
of the other three methods), introduces significant errors in
retrieving LST. For a given surface with an emissivity of 0.8
in all channels and with a kinetic temperature of 30 °C, an
error in Fjip, of —4.6 W-m~2.um~! implies making an
error in retrieving LST of —1.7 °C, —2.1 °C, —2.2 °C, and
—1.5 °C, for channels 1-4 of CE 312-1, respectively. The
magnitude of that error will depend on the cloud coverage
percentage, the cloud types present in the sky, and the cloud
temperature. For instance, Fig. 4(b) shows the results for a sky
with cirrus clouds, showing the following: 1) The magnitude
of the irradiance is half the irradiance for the cumulus case,
and 2) the three methods used to measure the irradiance present
more comparable values in this case, with differences to each
other that are within 1 W-m~2. ym~! at the four spectral
channels of CE312-1, almost independent of the cloud cover-
age (that shows values from 6% to 68% during the measure-
ments). Thus, for this type of clouds, the use of the different
methodologies would produce much lower systematic errors
than in the cumulus case. In any case, the conclusion is that,
with cloud coverage changing conditions, only the use of a
diffuse reflectance panel guarantees an adequate measurement
of the HDI to avoid significant systematic errors in the surface
temperature measurement. This is particularly important in field
measurements performed continuously over a given area.

V. SUMMARY AND CONCLUSION

TIR HDI emitted by the atmosphere must be accurately esti-
mated in order to obtain precise values of LST in the field, using
fast and reliable methods, particularly when the sky is partially
cloudy and can be changing over time. Four methods to retrieve
FIfIEM were compared at two different environments with a
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different number of surrounding elements and under different
cloud coverage of the sky: Two of them were based on taking
a single measurement of the sky at 0° (Rubio ef al. method) or
at 55° (Kondratyev method), another one is based on using a
gold diffuse panel with high reflectance and a near-Lambertian
behavior, and the last one is based on using atmospheric profiles
provided by the NCEP, interpolated temporally and spatially,
introduced in an RTC.

Previous to the comparison, a characterization of the panel
was made concluding that it shows azimuthal isotropy in ra-
diance measurements while showing a significant increase of
the measured radiances with the increase of the viewing zenith
angle. This radiance increase could be due to a partial viewing
of the surface out of the panel; for this reason, measurements
with a viewing zenith angle not larger than 25°, regardless the
azimuthal angle, were used. Moreover, the panel has also a
contribution to the measured signal due to the small emissivity
of the gold rugged surface. This contribution must be removed
from the direct measurements made on the panel with the help
of contact temperature measurements taken on the panel gold
surface.

The four methods were first compared under cloud-free sky
conditions in a place with minimal contribution of surrounding
elements. In this case, differences between methods lower
than 2 W -m~2 - yum~! were obtained, being these differences
within the measurement errors of each method. In consequence,
it may be concluded that, under clear-sky conditions and in
places where the surrounding elements have a minimal contri-
bution, the different approaches produce comparable results in
terms of HDI.

When the surface roughness is significant and the surround-
ing elements cannot be avoided, HDI values provided by the
methods of Kondratyev, Rubio et al., and from NCEP profiles
are all close to each other. However, the measurements per-
formed with the panel increase, showing a significant difference
between the panel results with regard to the rest of the methods,
which is not explained by measurement error. This increase is
the effect of the radiative contribution to the measurement area
coming from the surrounding elements. Differences between
FﬁIEM_panel and the other methods for all the measurements
days show average values of +3 W -m~2 - yum~!, for all chan-
nels of CE 312-1, which would produce a significant difference
in the retrieval of LST. Thus, under clear-sky conditions and
in places where the surrounding elements have a significant
contribution, only the use of a diffuse reflectance panel accounts
for the radiative contribution of the surroundings, avoiding
significant systematic error in the LST measurement.

The four methods were also compared under a sky with
changing cumulus cloud coverage over time, in a place with
minimal contribution of the surroundings. Results showed that
neither the methods of Kondratyev and Rubio et al. nor NCEP
atmospheric profiles are able to capture the real value of the
HDI. On the contrary, HDI retrieved using the diffuse re-
flectance panel follows the cloud coverage evolution over time,
taking into account the decrease and increase of clouds in the
whole sky, being its irradiance value more representative of real
sky conditions, which is crucial for accurate LST measurements
in the field. Nevertheless, for a sky with changing cirrus cloud
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coverage, all the methods studied to retrieve HDI presented

similar results with differences within £1 W -m~2 - yum™1, so

the magnitude of the error due to partial cloud coverage will
depend on factors such as the cloud type, cover percentage, and
temperature. However, it could be concluded that the use of a
diffuse reflectance panel is the best alternative since it ensures
an adequate measurement of HDI and takes into account both
the contributions of the surroundings as well as the possible
presence of clouds, which is particularly important in field
measurements performed continuously over a given area.

ACKNOWLEDGMENT

The authors would like to thank Dr. Estellés at the Solar
Radiation Group, Department of Earth Physics and Thermo-
dynamics, University of Valencia, for providing us with atmo-
sphere water vapor content and cloud coverage data, framed
in projects CGL2007-60648 and CGL2010-07790. They would
also like to thank three anonymous reviewers for their useful
comments and suggestions.

REFERENCES

[11 K. Y. Kondratyev, Radiation in the Atmosphere. New York: Academic,
1969.

[2] E. Rubio, V. Caselles, and C. Badenas, “Emissivity measurements of
several soils and vegetation types in the 8—14 pm wave band,” Remote
Sens. Environ., vol. 59, no. 3, pp. 490-521, Mar. 1997.

[3] V. Garcia-Santos, J. M. Galve, E. Valor, V. Caselles, and C. Coll, “Esti-
mation of atmospheric water vapour content from direct measurements of
radiance in the thermal infrared region,” Remote Sens. Lett., vol. 3, no. 1,
pp- 31-38, Jan. 2012.

[4] A. Berk, G. P. Anderson, P. K. Acharya, J. H. Chetwynd, L. S. Bernstein,
E. P. Shettle, M. W. Matthew, and S. M. Adler-Golden, MODTRAN 4
User’s Manual. Hascom AFB, MA: Air Force Res. Lab., Space Veh.
Dir., Air Force Mater. Comm., 1999, p. 95.

[5] E. Kalnay, M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin,
M. Tredell, S. Saha, G. White, J. Woollen, Y. Zhu, M. Chelliah, W. Ebis-
suzaki, W. Higgins, J. Janowiak, K. C. Mo, C. Ropelewski, J. Wang, A.
Leetmaa, R. Reynolds, R. Jenne, and D. Joseph, “NCEP/NCAR 40 year
reanalysis project,” Bull. Amer. Meteor. Soc., vol. 77, no. 3, pp. 437-471,
Mar. 1996.

[6] R. M. Narayanan, S. E. Green, and D. R. Alexander, “Soil classification
using mid-infrared off-normal active differential reflectance characteris-
tics,” Photogramm. Eng. Rem. Sens., vol. 58, no. 2, pp. 193-199, Feb.
1992.

[71 J. W. Salisbury and D. M. D’Aria, “Infrared (8—14 pm) remote sensing
of soil particle size,” Remote Sens. Environ., vol. 42, no. 2, pp. 157-165,
Nov. 1992.

[8] A. R. Korb, P. Dybwad, W. Wadsworth, and J. W. Salisbury, “Portable
Fourier transform infrared spectroradiometer for field measurements of
radiance and emissivity,” Appl. Opt., vol. 35, no. 10, pp. 1679-1692,
Apr. 1996.

[9] Rivard, P.J. Thomas, and J. Giroux, “Precise emissivity of rock samples,”
Remote Sens. Environ., vol. 54, no. 2, pp. 152-160, Nov. 1995.

[10] S.J. Hook and A. B. Khale, “The micro Fourier transform interferometer
(WFTIR)—A new field spectrometer for acquisition of infrared data of
natural surfaces,” Remote Sens. Environ., vol. 56, no. 3, pp. 172-181,
Jun. 1996.

[11] K. A. Horton, J. R. Johnson, and P. G. Lucey, “Infrared measurements
of pristine and disturbed soils 2. Environmental effects and fields data
reduction,” Remote Sens. Environ., vol. 64, no. 1, pp. 47-52, Apr. 1998.

[12] A.R. Korb, J. W. Salisbury, and D. M. D’ Aria, “Thermal-infrared remote
sensing and Kirchhoff’s law 2. Field measurements,” J. Geophys. Res.,
vol. 104, no. B7, pp. 15339-15 350, Jul. 1999.

[13] M. Hori, T. Aoki, T. Takinawa, H. Motoyoshi, A. Hachikubo, K. Sugiura,
T. J. Yasunari, H. Eide, R. Storvold, Y. Nakajima, and F. Takahashi,
“In situ measured spectral directional emissivity of snow and ice in the
8-14 pm atmospheric window,” Remote Sens. Environ., vol. 100, no. 4,
pp- 486-502, Feb. 2006.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 51, NO. 4, APRIL 2013

[14] Y. Zhang, Z. Rong, X. Hu, J. Liu, L. Zhang, Y. Li, and X. Zhang, “Field
measurements of Gobi surface emissivity using and Infragold Board at
Dunhuang calibration site of China,” in Proc. IEEE Int. Geosci. Remote
Sens. Symp., 2007, pp. 358-360.

[15] M. Mira, T.J. Schmugge, E. Valor, V. Caselles, and C. Coll, “Comparison
of thermal infrared emissivities retrieved with the two-lid box and the
TES methods with laboratory spectra,” IEEE Trans. Geosci. Remote Sens.,
vol. 47, no. 4, pp. 1012-1021, Apr. 2009.

[16] J. C.Jiménez-Munoz, J. Cristobal, J. A. Sobrino, G. Soria, M. Ninyerola,
and X. Pons, “Revision of the single-channel algorithm for land surface
temperature retrieval from Landsat thermal-infrared data,” IEEE Trans.
Geosci. Remote Sens., vol. 47, no. 1, pp. 339-349, Jan. 2009.

[17] Coll, J. M. Galve, J. M. Sanchez, and V. Caselles, “Validation of
Landsat-7/ETM+ thermal-band calibration and atmospheric correction
with ground-based measurements,” IEEE Trans. Geosci. Remote Sens.,
vol. 48, no. 1, pp. 547-555, Jan. 2010.

[18] N. Wang, H. Wu, F. Nerry, C. Li, and Z.-L. Li, “Temperature and emissiv-
ity retrievals from hyperspectral thermal infrared data using linear spectral
emissivity constraint,” IEEE Trans. Geosci. Remote Sens., vol. 49, no. 4,
pp- 1291-1303, Apr. 2011.

[19] G. Brogniez, C. Pietras, M. Legrand, P. Dubuisson, and M. Haeffelin, “A
high-accuracy multiwavelength radiometer for in situ measurements in the
thermal infrared. Part II: Behavior infield experiments,” J. Atmos. Ocean.
Tech., vol. 20, pp. 1023-1033, Jul. 2003.

[20] E. Theocharous, E. Usadi, and N. P. Fox, “CEOS comparison of IR
brightness temperature measurements in support of satellite validation.
Part I: Laboratory and ocean surface temperature comparison of radia-
tion thermometers,” Nat. Phys. Lab., Middlesex, U.K., NPL Rep. OP 3,
Jul. 2010.

[21] J. M. Galve, C. Coll, V. Caselles, and E. Valor, “An atmospheric
radiosounding database for generating land surface temperature algo-
rithms,” IEEE Trans. Geosci. Remote Sens., vol. 46, no. 5, pp. 1547-1557,
May 2008.

[22] J. A. Barsi, J. L. Barker, and J. R. Schott, “An atmospheric correction
parameter calculator for a single thermal band Earth-sensing instrument,”
in Proc. IEEE IGARSS, Toulouse, France, 2003, pp. 3014-3016.

[23] V. Estellés, J. A. Martinez-Lozano, M. P. Utrillas, and M. Campanelli,
“Columnar aerosol properties in Valencia (Spain) by ground-based Sun
photometry,” J. Geophys. Res., vol. 112, no. D11, pp. D11201-1-
D11201-9, Jun. 2007.

Vicente Garcia-Santos received the B.Sc. and M.Sc.
degrees in physics from the University of Valencia,
Burjassot, Spain, in 2007 and 2010, respectively,
where he is currently working toward the Ph.D.
degree in physics in the Thermal Remote Sensing
Group, Department of Earth Physics and Thermody-
namics, Faculty of Physics.

His research interest focuses on the physical pro-
cesses of thermal infrared remote sensing, land-
surface emissivity, and atmospheric parameter mea-
surement and characterization.

Enric Valor received the B.Sc., M.Sc., and Ph.D.
degrees in physics from the University of Valencia,
Burjassot, Spain, in 1992, 1994, and 1997, respec-
tively.

He is currently an Associate Professor of Earth
physics with the Department of Earth Physics and
Thermodynamics, Faculty of Physics, University of
Valencia. He has 20-year expertise in the physical
processes involved in temperature measurement us-
ing remote sensing techniques, which have been doc-
umented through four books, three doctoral theses,
45 papers in international journals, and 60 conference papers. His research
interest focuses on the physical processes of thermal infrared remote sensing,
emissivity measurement and characterization, atmospheric and emissivity cor-
rections, and temperature—emissivity separation algorithms.

Dr. Valor was the recipient of the Norbert Gerbier—MUMM International
Award in 2010, conferred by the Executive Council of the World Meteorologi-
cal Organization.

/|



GARCIA-SANTOS et al.: EVALUATION OF METHODS TO RETRIEVE THE HDI IN THE TIR REGION

Vicente Caselles received the B.Sc., M.Sc., and
Ph.D. degrees in physics from the University of
Valencia, Burjassot, Spain, in 1979, 1980, and 1983,
respectively.

He is currently a Professor in Earth physics and
the Head of the Thermal Remote Sensing Group,
Department of Earth Physics and Thermodynamics,
Faculty of Physics, University of Valencia. He has
34-year expertise in the physical processes involved
in both temperature measurement and evapotranspi-
ration using remote sensing techniques, which has
been documented through ten books, 20 doctoral theses, 100 papers in inter-
national journals, 60 conference papers, and 30 reports.

Dr. Caselles was the recipient of the Norbert Gerbier—MUMM International
Award in 2010, conferred by the Executive Council of the World Meteorolog-
ical Organization. He was collaborating with the European Space Agency as a
member of the Advisory Group for the Land-Surface Processes and Interactions
Mission. He was the Chairman of the Spanish Remote Sensing Society and is
currently the Manager of Human Resources and Researchers Mobility General
Direction, Spanish Ministry of Economy and Competitiveness.

Maria Mira received the B.Sc. (first-class honors),
M.Sc., and Ph.D. degrees in physics from the Uni-
versity of Valencia, Burjassot, Spain, in 2005, 2007,
and 2010, respectively.

She was a Visiting Student with New Mexico
State University, Las Cruces, from December 2007
to March 2008 and with the National Institute for
Agricultural Research (INRA), Bordeaux, France,
from September 2009 to December 2009. She is
currently a Postdoctoral Researcher with the INRA,
Avignon, France. She has published 12 papers in
international journals and more than 45 conference papers. He has participated
in more than 14 national and international projects. Her research interest
focuses on the thermal infrared remote sensing in general and the estimation
of evapotranspiration using remote sensing in particular.

2165

Joan Miquel Galve was born in Benifaio, Spain, in
July 1978. He received the B.Sc. degree in physics
and the M.Sc. degree in Earth physics and thermo-
dynamics from the University of Valencia, Burjassot,
Spain, in 2004 and 2006, respectively, where he is
currently working toward the Ph.D. degree in physics
in the Department of Earth Physics and Thermody-
namics, Faculty of Physics.

His research includes the derivation and validation
of land-surface temperatures from remote sensing
sensors in thermal infrared.

César Coll received the B.Sc., M.Sc., and Ph.D.
degrees in physics from the University of Valen-
cia, Burjassot, Spain, in 1989, 1992, and 1994,
respectively.

He is currently a Professor of Earth physics with
the Department of Earth Physics and Thermodynam-
ics, Faculty of Physics, University of Valencia. He
has published 50 papers in international journals and
70 conference papers. His research interest focuses
on the physical processes of thermal infrared (TIR)
remote sensing, atmospheric and emissivity correc-
tions, temperature—emissivity separation, and ground validation of Advanced
Along-Track Scanning Radiometer, Moderate Resolution Imaging Spectrora-
diometer, and Advanced Spaceborne Thermal Emission and Reflection Ra-
diometer TIR products.






Appendix C

“On the angular variation of thermal infrared
emissivity of inorganic soils”

Next study was published in Journal of Geophysical Research-Atmospheres
in October, 2012. This Journal has an /mpact Factor of 3.174, occupying the
position 23 of the 170 journals in Geosciences and Multidisciplinary
category according to ISI-Journal of Citation Reports Science Edition 2012.






JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, D19116, doi:10.1029/2012JD017931, 2012

On the angular variation of thermal infrared emissivity

of inorganic soils

Vicente Garcia-Santos,' Enric Valor,' Vicente Caselles,! M. Angeles Burgos,1

and César Coll'

Received 12 April 2012; revised 27 August 2012; accepted 5 September 2012; published 10 October 2012.

[11 Land surface temperature (LST), a key parameter for many environmental studies, can
be most readily estimated by using thermal infrared (TIR) sensors onboard satellites.
Accurate LST are contingent upon simultaneously accurate estimates of land surface
emissivity (&), which depend on sensor viewing angle and the anisotropy of optical and
structural properties of surfaces. In the case of inorganic bare soils (IBS), there are still few
data that quantify emissivity angular effects. The present work deals with the angular
variation of TIR emissivity for twelve IBS types, representative of nine of the twelve soil
textures found on Earth according to United States Department of Agriculture
classification. Emissivity was measured with a maximum error of +0.01, in several spectral
ranges within the atmospheric window 7.7-14.3 um, at different zenithal (#) and azimuthal
(p) angles. Results showed that ¢ of all IBS studied is almost azimuthally isotropic, and
also zenithally up to 6 = 40°, from which ¢ values decrease with the increase of 6. This
decrease is most pronounced in sandy IBS which is rich in quartz reaching a maximum

difference from nadir of +0.101 at & = 70°. On the other hand, clayey IBS did not show a
significant decrease of € up to 6 = 60°. A parameterization of the relative-to-nadir
emissivity in terms of ¢ and sand and clay percentage was established. Finally, the impact
of ignoring ¢ angular effects on the retrievals of LST, using split-window-type algorithms,
and of outgoing longwave radiation, was analyzed. Results showed systematic errors
ranging between +0.4 K to 1.3 K for atmospheres with water vapor values lower than 4
cm in the case of LST, and errors between 2%—8%, in the estimation of different terms of

the surface energy balance.

Citation: Garcia-Santos, V., E. Valor, V. Caselles, M. Angeles Burgos, and C. Coll (2012), On the angular variation of thermal
infrared emissivity of inorganic soils, J. Geophys. Res., 117, D19116, doi:10.1029/2012JD017931.

1. Introduction

[2] Land surface temperature (LST) is a key parameter,
essential for numerous studies related to terrestrial surface
processes such as the atmosphere-surface energy budget
[Sanchez et al., 2008], wildfire risk studies [Yi et al., 2009],
weather and climate predictions, or soil moisture measure-
ments [Wen et al., 2003]. An accurate LST measurement
from satellite radiometry critically depends upon corrections
for atmospheric and land surface emissivity () effects.
Emissivity and LST are coupled in a remote sensing radi-
ance measurement in the thermal infrared (TIR) spectral
domain, so the knowledge of the emissivity behavior with
respect to factors such as soil composition and texture
[Salisbury and D’Aria, 1992], soil moisture [Mira et al.,
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2007, 2010; Ogawa et al., 2006,] or viewing geometry
[Takashima and Masuda, 1987; Labed and Stoll, 1991;
Sobrino and Cuenca, 1999] are important when analyzing
satellite TIR data.

[3] In the last two decades different satellite-based sensors
have taken terrestrial measurements from different viewing
angles. Sensors such as Moderate Resolution Imaging Spec-
troradiometer (MODIS), onboard Terra and Aqua satellites
[Barnes et al., 1998], and Advanced Very High Resolution
Radiometer (AVHRR), onboard National Oceanic and Atmo-
spheric Administration 17/18 (NOAA) [Goodrum et al., 2001]
collect observations with at-sensor view up to 55° (actually 65°
at the surface due to Earth’s curvature) from nadir because of
their field-of-view (FOV) scanning. Other instruments with
large observation angles are Advanced Along-Track Scanning
Radiometer (AATSR) onboard the Environmental Satellite
(ENVISAT) [Llewellyn-Jones et al., 2001] that collects bian-
gular observations at two zenithal angles in the forward direc-
tion (close to nadir and 55°), or the Spinning Enhanced Visible
and Infrared Imager (SEVIRI) on board Meteosat Second
Generation (MSG) [Aminou et al., 1997] that can reach view-
ing angles of £50°. The knowledge of the angular effects on
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Table 1. List of Previous Studies on the Angular Variation of TIR Emissivity of IBS, Which Are Referenced in the Main Text*

IBS Number and Types

Main Findings

Barton and Takashima [1986] 1 sample beach sand

Takashima and Masuda [1987] 2 samples quartz and Sahara
dust powders
Becker et al. [1985] 3 samples quartz sand lehm
Al,O3 powders

Labed and Stoll [1991] 4 samples SiO2 sand Loam soil

Loess (silty) AN (silty)

Snyder et al. [1997] 2 samples Sand Silt-loam

Sobrino and Cuenca [1999] 3 samples Clay, sand and silt

Cuenca and Sobrino [2004] 3 samples Clay, sand and silt

12 samples Comprise 9
of the 12 textural
classes defined by USDA
texture triangle

Present study

Emissivity of a sand sample decreases by 3% with the
increase of zenith angle from nadir to 6§ = 70°.

Difference between temperatures of channels 4 and 5 of NOAA-AVHRR
are significant at different zenithal angles. This difference is attributed
to angular variation of the emissivity

Sand and loam showed a decrease of 3% and 2%, respectively. Evidence
of strong spectral effects, and important and specific roles
of the surface roughness and nature medium
on the emissivity change

Sand does not present angular dependence up to 6 = 50°. For larger
viewing angles emissivity decrease does not exceed 4.5%.

Loam soil exhibits the largest angular variation

(a decrease of 9% at § = 70°) and the effect is appreciable
at 6 = 20°. Silty soils exhibit a maximum
decrease from 6 = 0° of 3% at § = 70°.

Sand shows a decrease around 4% at spectral range 8-9 pm. This
decrease is less than 2% at 10-12 pm. Silt-loam soil
presents a decrease less than 1%.

Clay and silt show a decrease of 0.5% and 0.9%, respectively
at § = 70°. Sand shows a decrease of 2% at 8 = 70°.

Sand presents decrease around 2% at spectral ranges: 8—14 pum,
11.5-12.5 pm and 10.3—11.3 pm, but presents a pronounced
decrease (around 5%) at spectral range 8.2-9.2 yum. Clay
and silt present a decrease in emissivity of 1 and 2%,
respectively at four spectral channels. The pattern
of the curve corresponding to a specific sample is
conserved if we are operating at different wavelengths.

Emissivity decreases with the increase of zenith angle
and is azimuthally isotropic, depending on soil texture
and composition. A parameterization of the emissivity
variation with view angle is proposed for different
spectral channels. The impact of this variation on LST and outgoing
longwave radiation assessment is provided.

“The second column presents the number and soil types analyzed in each case, and the third column summarizes the main conclusions obtained.

surface thermal infrared emission can be important to evaluate
different geophysical parameters. For instance, Lagouarde
et al. [2000, 2004] during a flight campaign found a hot spot
effect in angular measurements of LST over a forest and in
an urban area, in which a significant increase in temperature
was observed at certain observation angles. This hot spot
was dependent on tree height, LAI and size of leaves, in the
case of forest, and on sunlit and shaded faces due to the
structure of buildings, in the case of the urban area, con-
cluding that this effect plays an important role when retriev-
ing LST from satellite at different view angles; moreover, this
effect can be important for understanding the relationship
between LST distributions and the surface energy budget.
Niclos et al. [2007] showed that sea surface temperature
(SST) can be more accurately measured when the emissivity
angular variation is taken into account. They obtained an
emissivity-dependent split-window equation for MODIS
Terra/Aqua sensors, which takes into account the decrease
of sea surface emissivity with viewing angle. This algorithm
was validated with in situ SST measurements with an accuracy
of +0.3 K. Chehbouni et al. [2001] showed that, under clear
sky and constant vegetation conditions, difference between
nadir and off-nadir temperature is well correlated with surface
soil moisture. Finally, Ball and Pinkerton [2006] showed the
benefit of angular measurements of basalt temperature in
volcanology studies to establish the location of the most active

parts of the lava domes and lava flows. These applications,
among others, show that accurate angular temperature mea-
surements are needed to have access to different biophysical
and geophysical quantities.

[4] Closely related to angular variations of LST are
angular variations in thermal emissivity, denoted as £(6, ¢),
where 0 represents zenith angle, and ¢ represents azimuth
angle. Previous works have analyzed these variations for
water [Rees and James, 1992; Niclos et al., 2005] showing
that it is important to select the suitable emissivity for the
accurate retrieval of SST; snow [Dozier and Warren, 1982;
Hori et al., 2006] for which emissivity is also important for
the nighttime cloud detection over cold snow/ice surfaces
needed for radiation budget studies; and vegetation [McAfee
et al., 2003; Cuenca and Sobrino, 2004] in which bright-
ness temperature (Ty) is evidently affected by a relationship
between solar illumination and viewing angle through dif-
ferential heating and shading. The present study is focused on
a specific type of surface, inorganic bare soils (IBS), which
are mineralogical soils with low organic matter (OM) content
(less than 9%). There exist few studies about the angular
variation of thermal emissivity for IBS. Table 1 summarizes
the most important conclusions drawn from these works.
Barton and Takashima [1986] used a single channel radi-
ometer to measure the radiation from the sand for zenith
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angles between 30° and 70°. Takashima and Masuda [1987]
took measurements of £(6, ¢) for a sandy soil with high
quartz content from Sahara desert on the spectral range 7—
17 pm evaluating the effect of particle size on emissivities.
Becker et al. [1985] investigated experimentally the reflec-
tance of various soils at different zenithal angles, expanding
the number of samples to a lehm agricultural soil and Al;0,
powders. Labed and Stoll [1991] dealt with the study of the
relative-to-nadir value of £(6, ¢), measured under laboratory
conditions for both sandy and silty soils, plus three agricul-
tural soils with different texture and organic content. In
addition to these soils Snyder et al. [1997] measured a rela-
tive value of (6, @) between 6 = 10° and 6 = 53°, with a
Fourier transform spectrometer in the 3—14 pm range for an
organic soil plus another one vegetated and gravel. Sobrino
and Cuenca [1999] added results of clay and grass, expand-
ing their results from the broadband 8-14 um to narrower
spectral bands [Cuenca and Sobrino, 2004].

[5] The present work extends these results limited to spe-
cific types of textural IBS to a wider range, retrieving £(6, @)
for twelve soils classified in nine of the twelve textural clas-
ses defined by the United States Department of Agriculture
(USDA) texture triangle. With this aim, experimental mea-
surements were carried out through the ensemble of a goni-
ometer together with two multispectral thermal radiometers
which allowed taking simultaneous angular measurements of
radiance from IBS in two different angular configurations.

[6] In section 2 we discuss the theory followed to obtain
£(0, o) for the studied IBS. Section 3 presents the methodo-
logical details implemented to obtain the angular measure-
ments. Section 4 presents results of £(6, ) for each IBS,
discussing the results obtained, as well as regression analyses
to retrieve the relative-to-nadir emissivity for any IBS.
Section 5 presents the impact of ignoring angular effects of
IBS emissivity on the retrieval of LST using the split-window
algorithm, and on the estimation of the outgoing longwave
radiation. Finally, conclusions are presented in section 6.

2. Theory

[7] For a thermal sensor spanning the 8-14 um atmo-
spheric window the radiative transfer can be modeled with
three terms: direct surface emission, surface reflected envi-
ronmental radiation (hemispheric downwelling radiance),
and atmospheric absorption and emission effects. However,
for this study, where sensor-surface distances are short,
atmospheric effects can be reduced to the reflected term of
hemispheric downwelling radiance. The spectral radiance
can be modeled after Norman and Becker [1995]:

Li(0,9) = (0, 9)Bi(T) + p;(0, )L} (1)

where Li(6, ¢) is the band radiance measured directly by the
sensor from surface at 8 and ¢; B; is the Planck function for
blackbody radiance at temperature T; L} is the hemispheric
downwelling radiance made up from atmosphere and sur-
rounding elements contribution, p(6, ¢) is the hemispherical-
directional band reflectance [Nicodemus et al., 1977], and
&(6, ) is absolute band emissivity of the surface. Subscript i
stands for the spectral band where measurements have been
taken.
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[8] A relationship between surface emissivity and
hemispherical-directional reflectance for a surface opaque to
radiation in thermal equilibrium can be established by means
of Kirchhoff’s law [Nicodemus, 1965] as:

£i(0,0) =1—pi(0,0) (2)

This relation can be applied in two cases, either for aniso-
tropic radiation over a Lambertian surface or for the inverse
situation, with a non-Lambertian surface receiving isotropic
radiation from its surroundings [Nicodemus et al., 1977].

[9] From equations (1) and (2) emissivity is retrieved as:

L; (0 (/)) — L}
e0.p) =5 ©)
However, emissivities from equation (3) are often inaccurate
because of the difficulties in obtaining accurate measure-
ments of the surface temperature T from which the Planck’s
radiance, B(T), is calculated as this radiative temperature
corresponds to a thin superficial layer on the order of a few
micrometers.

[10] A way to avoid this problem is to calculate relative-to-
nadir values of (6, @) [Labed and Stoll, 1991], by taking two
or more measurements, one of them at nadir and the rest at an
arbitrary angular configuration, simultaneously or in a time
period short enough to avoid significant changes of T or L}
during the measurement process. It is possible to obtain relative-
to-nadir emissivity measurements by dividing equation (3)
considered at a given angle (6, ¢) and at nadir viewing (0, 0):

_ ‘51'(97 (P)

Ei(070)

“L0.0 -1 @

i

EI‘[('97 (P)

where €;(0, ) is the relative-to-nadir emissivity and L;(0, 0)
is the radiance measured by the sensor at nadir viewing.

[11] Given that equation (4) is the quotient between abso-
lute emissivity from an angular configuration and nadir, a
previous knowledge of absolute emissivity at nadir allows
estimation of the absolute value of emissivity in that specific
angular configuration by:

65(0-, (P) = 51‘(070)5”'(97 §0) (5)

Equation (5) was used in the present study to retrieve the
angular value of absolute emissivity.

3. Methodology

3.1. IBS Samples

[12] In this study we used twelve IBS samples, all with OM
content lower than 9%, and spanning a wide range of textural
compositions. Table 2 lists the textural and mineralogical
features for the twelve IBS selected to carry out the study, all
of them with a low roughness, after sieving particles size
is between 0.2 cm and 1 cm, and almost completely dry with
volumetric soil moisture values lower than 0.02 m’-m >
[Mira et al., 2007, 2010]. Figure 1 shows the distribution of
the twelve IBS in the different subclasses given by the tex-
ture triangle defined by the USDA, and according to the
International Organization for Standardization [2002]. Sam-
ples studied here present a wide percentage of sand content
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Table 2. Organic Matter (OM) Content, and Textural and Mineralogical Features of the Twelve IBS Selected for the Analysis®

Textural
Classification (%) Mineral Classification (%)

Soil Code USDA Texture Type OM (%) Sand Silt Clay Quartz Feldspar Filosilicate Hematite Calcite Gibbsite
B sand 0.10 99 0.9 0.1 95.3 2.9 - - - -
BR3 sand 1.69 92 2 6 100 - - - - -
LWwWo03 loamy sand 0.73 77 18 5 53.7 46.3 - - - -
BR2 sandy loam 1.47 69 15 16 823 16.8 0.8 - - -
E sandy loam 1.50 67 20 13 72 21.4 32 - - -
LW52 sandy clay loam 1.71 62 15 23 58.4 322 9.4 - - -
LWI13 loam 1.61 51 35 14 76 16.7 4.8 2.6 - -
F loam 3.50 50 30 20 19.9 4.5 4.1 8.7 62.9 -
BRI clay 2.93 40 6 54 37.9 - - 13.1 - 49
LW45 Silty loam 1.15 29 54 17 72.4 23.4 42 - - -
C clay loam 8.90 20 43 37 29.4 5.5 9 - 56.1 -
D Silty clay loam 4.50 14 50 35 19.3 3.5 6 8.9 62.3 -

?Additional details can be found in Mira et al. [2007, 2010].

(14-99%), the most common constituent of this sand is silica
in the form of quartz, which also spans a wide range (19—
100%); the other textures, silt and clay, present a percentage
range from 0% to 54%. Additional details about these IBS can
be found in the works of Mira et al. [2007, 2010].

[13] According to Lagouarde et al. [1995], for samples
whose texture implies particles size less than 4-5 cm, the
effects associated with angular measurements of Ty, are
caused by the emissivity of the IBS. On the other hand, in
soils with coarse granularity and presence of particles which
size is greater than 5 cm, angular effects in retrieving Ty, are
caused additionally by measuring shadowed or sunlit parts.
Present work tries to study the angular emissivity of IBS with

a roughness almost constant (particles size ranging between
0.2 and 1 cm). The objective is to evaluate the behavior of
angular emissivity for each textural class defined in the text.

3.2.

[14] Angular radiance measurements over the IBS samples
described in Table 2 were carried out on the roof of the
Physics Faculty of the University of Valencia, Spain (13°30’
25"N, 0°25'13"W) to determine the angular behavior of
thermal emissivity by means of equation (5). Radiances were
taken with two multispectral thermal radiometers CIMEL
Electronique model CE312-2 [Brogniez et al., 2003]. This
radiometer works in six different spectral bands, one of them

Instrumentation
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Figure 1. Distribution of the IBS analyzed in the texture triangle defined by USDA.
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operating in the broad range 7.7—14.3 um (channel 1) and the
other five channels working in narrow bands allocated within
the previous broadband: 8.2—8.7 um (channel 6), 8.4-8.9 um
(channel 5), 8.9-9.4 um (channel 4), 10.1-11.1 um (channel 3)
and 10.9-11.9 um (channel 2).

3.2.1. Calibration

[15] Two CE312-2 radiometers used in the experiment were
calibrated with a thermal source with near blackbody behavior,
LandCal Blackbody Source model P8OP (http://www.landinst.
com/infrared/products/p80p), for a range temperature from
0°C to 30°C, to check the accuracy and precision of this
radiometer. The P80P blackbody source in turn was cali-
brated in the National Physics Laboratory (NPL, London)
during a comparison of TIR instruments, organized by the
Committee on Earth Observation Satellites in April 2009
[Theocharous and Fox, 2010]. Results show that P8OP
agreed with the NPL reference radiometer with an accuracy
of £0.19°C at the three different reference temperatures of
10°C, 20°C and 30°C.

[16] Temperature measurements of CE312-2 against the
P8OP blackbody source were made at temperature values of
5°C, 10°C, 20°C and 30°C. Results showed that the accuracy
of channels 1 to 6 of CE 312-2 with regard to the blackbody
temperature is: £0.03°C, +0.02°C, +0.03°C, +0.018°C,
40.03°C and £0.02°C, respectively. Therefore, the absolute
accuracy of CE 312-2 channels is within 0.19°C.

[17] Measurements of L} in equation (4) were carried out
by means of a panel with high diffuse reflectivity in the TIR,
Infragold Reflectance Target (IRT-94-100) made by Lab-
sphere. It is a squared panel with dimensions 25.4 x 25.4 cm?
with a golden rough surface characterized by a high reflec-
tance. The reflectance signature filtered for the six channels
of the radiometer gives values of 0.926 (channel 1), 0.927
(channel 2), 0.926 (channel 3), 0.920 (channel 4), 0.917
(channel 5) and 0.918 (channel 6) (http://www.pro-lite.co.uk/
File/Tech_Guide - Coatings & Materials.pdf), which imply
small emissivities in all bands by virtue of Kirchhoff law.
Nevertheless, direct measurements of radiance from the
panel must be corrected by the radiative effect of this small
emissivity, to get accurate values of L}, using the following
relationship:

Lpanel,i - Epanel‘inanel,i (Tpanel>

L= (6)

1- Epaneli

where Lpaner; 18 the direct measurement of radiance from
panel, £yanel; 1S the emissivity of the panel and Tpaner is the
kinetic temperature of the golden surface which is mea-
sured by means of a contact thermometer, with an accu-
racy of +1°C. This accuracy caused an error in L}, of
+0.09 Wm 2 st ' gum~! (or £0.3 K in terms of environ-
mental effective temperature) when L} is calculated in each
of the six radiometer channels. It was decided to use a gold
diffusive panel to retrieve the L} over other methods, such
as direct sky measurements through using the diffusive
approximation [Kondratyev, 1969; Rubio et al., 1997], or the
simulation of L} values obtained by introducing atmospheric
profiles into radiative transfer codes, because in a previous
study [Garcia-Santos et al., 2012] it was observed that all
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these methods agreed under clear sky conditions, but with the
presence of clouds or surrounding elements (trees, buildings,
instrumentation, etc.) only the gold panel took into account
these radiative contributions that could lead to significant
systematic errors in retrieving emissivity or LST [Garcia-
Santos et al., 2012].

3.2.2. Angular Measurements

[18] A goniometer was used to perform the measurements
on each sample at different viewing directions, together with
two identical CE 312-2 radiometers (see Figure 2). In order
to take relative-to-nadir emissivity measurements at different
viewing angles using equation (4), radiance measurements
were performed simultaneously setting one of the radio-
meters in the goniometer at nadir, and the second one in a
viewing direction (6, ¢) (this last radiometer can be moved
along the arc of the goniometer varying the viewing angle).
With this configuration simultaneous measurements were
readily achieved ensuring the stability of sample tempera-
ture. The experimental design of the ensemble can be seen in
Figure 2, where the two radiometers are deployed to collect
simultaneous measurements at nadir (CE1) and at a different
angle (CE2).

[19] Angular measurements were taken at different com-
binations of zenith and azimuth angles. Zenith angles were
considered from 6 = 10° to § = 70° at intervals of 10°. For
each zenith angle, the IBS emissivity was measured at four
different azimuthal orientations turning the samples 90° each
time, instead of turning the goniometer-radiometer system.
This process was repeated three times for each zenith angle.
Azimuthal rotation of the sample, instead of the goniometer
framework, was done to speed data collection and to ensure
that observations were made using the same surrounding
conditions (i.e., solar elevation, atmosphere contribution,
etc.). In this way any difference in retrieving emissivity by
equation (4) at different azimuthal angles, can be attributed
exclusively to the sample.

[20] L} was measured before the CE1(0°)-CE2(10°) and
after the CE1(0°)-CE2(70°) measurement configurations,
placing the gold panel inside the FOV of CE1(0°). The period
of time between both panel measurements was 30 min, which
implied an average fluctuation of L} of 47%; this relative
value was obtained from the quotient of the difference
between the L} values measured before and after the 30 min
interval, and the average value of both measurements, given
in percentage. This fluctuation, considered as an error of L}
measurement, results in an equivalent emissivity error of
+0.0003, i.e., around £0.03%. This error is much lower than
the current accuracies in field emissivity measurements, and
thus it was deemed appropriate to take the average value of
L{ for application to equation (4).

[21] Once the relative-to-nadir emissivity for each sample
was measured, it is easy to obtain its absolute value by means
of equation (5), provided that the absolute emissivity value at
nadir is measured using one of the existing methodologies. In
the present study the absolute emissivity at nadir was obtained
by means of temperature-emissivity separation (TES) method
originally developed for the ASTER instrument [Gillespie
et al., 1998], which was adapted to the field instrumentation
taking into account that the radiometers have five bands that
essentially fit those of ASTER [Mira et al., 2009].
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Figure 2. Experimental ensemble used in the study during two simultaneous measurements at nadir

(CE1) and at zenithal angle (CE2).

[22] Errors associated with &6, ¢) were obtained through
error propagation in equation (5) by means of expression:

6€i(0,9) = \/[ft(07 0)8€,i(0 9))” + [€4(0, 9)8£:(0, 0] (7)

The term §&(0, 0) is the precision for emissivity values at
nadir derived as the standard deviation of ten individual
emissivity measurements for each IBS sample, made with
the TES method; these errors showed an average value of
40.005 at all spectral channels of CE 312-2 and for all the
samples analyzed. On the other hand, the term d&;(0, ¢) is
the error of relative-to-nadir values of emissivity that are
obtained as the maximum value of: (i) the values resulting
from error propagation in equation (4), in which errors of
each radiance measurement are given by the accuracy of the
radiometer (see section 3.2.1), except in case of L} which is

given by the standard deviation of the L} measurements
made according to the methodology (see section 3.2.2); or
(ii) the standard deviation of the three measurements made
over a sample in each angular viewing direction. Results
showed that the propagation error in equation (4), associ-
ated to accuracy of radiometers, was most of the time higher
than the standard deviation of the three measurements; in
addition, the maximum of these two errors, at a zenithal
angle for all the azimuths measured, was very similar in all
the spectral channels. As a result these values were aver-
aged, taking all azimuth and channel error values in a spe-
cific zenithal angle obtaining, together with the standard
deviation, the root-mean square deviation (RMSD) associ-
ated to &4(0, @) for each IBS. As can be seen, results given
in Table 3 show that values of RMSD are mostly lower than
+0.01, except in the case of sample B at 30°, and sample
LWO03 from 50° to 70°. Average error associated to &4(6, @)

Table 3. RMSD Obtained From the Average and Standard Deviation of d&,(0, @) for All the Azimuthal Angles and Spectral Channels in

a Specific Zenith Angle, for Each One of the IBS Studied

0(°) BR1 BR2 BR3 B C D E F LWO03 LWI13 Lw4s LW52
10 0.004 0.006 0.005 0.010 0.005 0.004 0.005 0.005 0.010 0.005 0.005 0.006
20 0.004 0.005 0.005 0.010 0.005 0.005 0.005 0.005 0.010 0.004 0.005 0.005
30 0.004 0.005 0.005 0.011 0.005 0.004 0.005 0.005 0.010 0.004 0.005 0.005
40 0.004 0.005 0.005 0.010 0.005 0.005 0.005 0.005 0.010 0.004 0.005 0.005
50 0.004 0.005 0.005 0.010 0.006 0.004 0.005 0.005 0.012 0.006 0.005 0.005
60 0.004 0.005 0.005 0.010 0.007 0.005 0.005 0.005 0.014 0.006 0.005 0.006
70 0.007 0.006 0.008 0.010 0.009 0.010 0.005 0.007 0.015 0.007 0.007 0.005
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Figure 3. ¢£,(0, ¢) for the E sample at the four azimuth angles, obtained turning azimuthally 90 degrees
each time the sample for a specific zenith angle. Results are presented along the zenithal variation.

is £0.006. Therefore we considered that only variations of
&i(0, @) larger than £0.01 imply significant changes of emis-
sivity with viewing angle.

4. Results and Discussion

4.1. Azimuthal Variation of IBS Emissivity

[23] The azimuthal dependence of the IBS relative-to-nadir
emissivity was first analyzed. &;(0, @) for the twelve samples
was retrieved, at each zenith angle, at four different azimuthal
orientations, turning the sample 90° each time. Figure 3
shows &;(0, @) for the sample E at the four azimuths along
the zenithal variation. Results show emissivity almost azi-
muthally isotropic compared to the zenithal decrease. Given
the results of Figure 3, it was calculated the standard devia-
tion of the four £,(0, @) values retrieved in each azimuth, for a
specific zenithal angle and spectral channel. Then, this stan-
dard deviation value was averaged at all six spectral channels,
since it presented a very similar value in all cases, and their

standard deviations were also calculated; with these two
values it was obtained finally the RMSD for each one of the
zenith angles studied here. Table 4 shows this last RMSD for
the twelve IBS.

[24] Results of Table 4 show that the azimuthal variation of
&i(0, @) (RMSD less than +0.01) is in general lower than the
measurement error associated (given in Table 3) with the
exception of samples BR3, from 6§ = 50° to 6 = 70°, and
LW45 at § = 50°. According to this result, azimuthal varia-
tion of £,(6, @) for a IBS (with a roughness lower than 5 mm)
could be ignored, assuming an uncertainty in the measure-
ment lower than +0.01.

4.2. Zenithal Variation of IBS Emissivity

[25] Considering the relatively low azimuthal variation of
IBS emissivity in comparison to the zenithal variation, the
relative-to-nadir emissivities at each zenith angle were calcu-
lated as the average of the values measured at all azimuthal
angles. This final &; value was multiplied by an absolute nadir
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Table 4. RMSD Obtained From the Average of the Standard Deviation Calculated for the Four Azimuth Angles and for All the Spectral

Channels in a Specific Zenith Angle®

0(°) BR1 BR2 BR3 B C D E F LWO03 Lw13 Lw4s5 Lws2
10 0.003 0.002 0.003 0.004 0.001 0.002 0.001 0.001 0.002 0.002 0.001 0.002
20 0.003 0.001 0.002 0.004 0.001 0.002 0.001 0.000 0.005 0.001 0.001 0.002
30 0.002 0.002 0.003 0.005 0.003 0.001 0.001 0.001 0.003 0.003 0.001 0.003
40 0.001 0.002 0.002 0.009 0.002 0.002 0.001 0.002 0.002 0.001 0.001 0.002
50 0.001 0.004 0.007 0.005 0.004 0.004 0.003 0.003 0.004 0.004 0.006 0.003
60 0.001 0.006 0.010 0.007 0.004 0.004 0.002 0.003 0.007 0.006 0.005 0.002
70 0.004 0.004 0.009 0.010 0.011 0.010 0.001 0.004 0.005 0.004 0.007 0.004

“Results are presented for the twelve IBS.

emissivity value calculated from TES method [Gillespie et al.,
1998] to retrieve the absolute value at a specific 6 according
to equation (5). Figures 4a—4d present the zenithal variation of
absolute emissivity, for each of the twelve IBS samples, in
all six channels of the radiometer. The errors have been cal-
culated according to equation (7). The uncertainties obtained
for all zenith angles, IBS samples and spectral channels were
lower than +0.015 in 98% of cases and lower than £0.01 in
71% of cases. So, the average value of this error for all the
channels and zenith angles for all samples was +0.009 with a
standard deviation of £0.003, being the RMSD £0.01. This
value was established as a threshold to determine if the abso-
lute emissivity of an IBS changes significantly with the zenith
angle with respect to its nadir value.

4.3. Spectral Features of &(6, ¢)

[26] Results of Figures 4a—4d show that for all the IBS, the
absolute emissivity decreases with increasing viewing angle.
The magnitude of the decrease depends on IBS texture and
composition. Analyzing the difference between the value of
&(0, @), hereafter referred as &(6), at nadir and other zenith
angles, shows that no significant angular variation is observed
for zenith angles lower than 40°, independently of IBS
composition.

[27] In the broad interval 7.7-14.3um (channel 1),
Figures 4a—4d show that difference £(0°) — &(6) becomes
significant for IBS with sand and quartz content greater than
80% and 90%, respectively (samples B and BR3, Table 2)
even for zenith angles lower than 50°. Angular effects in
emissivity must be taken into account for zenithal angles
above 60° for all IBS, independently of its textural or miner-
alogical composition. In this broad spectral range the maxi-
mum angular variation of emissivity from nadir appears at
0 = 70°, for the sandy soil B being the emissivity difference
£(0°)—£(70°) of +0.047. However, the minimum variation
obtained is +0.012 (sample C), and therefore still significant.
At 0 =60°, just IBS with high percentage of sand and quartz
(samples B, BR3, LW03 and BR2, see Table 2) show sig-
nificant differences from nadir, ranging between +0.014
and +0.028.

[28] The angular effects in the range 10—12 pm (channels 2
and 3) are negligible for zenith angles up to 60°. For IBS with
sand and quartz contents above 80% (B, BR2 and BR3), the
emissivity angular variation becomes relevant at a zenith
angle of 60°, ranging from +0.013 to +0.018. For zenith
angles of 70°, the angular effects are important for all IBS,
and are more pronounced for sandy soils with high quartz
content; at this specific zenith angle, differences range from
+0.011 to +0.036.

[29] Results for channels 4, 5 and 6, show that angular
decrease of emissivity are strongly affected by sand compo-
sition and quartz content of the IBS, being significantly large
for sandy soils with high quartz content (B and BR3), for
zenith angles above 40°. If sand and quartz contents are higher
than 50% (all samples except most clayey samples: BRI, C
and D), the angular effects become important from 50°, whose
differences from nadir range between +0.01 and +0.035. At
0 = 60° these differences increase, ranging between +0.014
and +0.051. Maximum angular variation is reached at 8 = 70°,
for sandy soils with a high quartz content (sample B). This
difference is of +0.091.

[30] In order to quantify the zenithal dependence of emis-
sivity on textural and mineralogical composition, we first
calculated an average value of &,(6) for all IBS sample data
analyzed at each specific zenith angle (12 values per angle),
with the purpose of checking possible dependences on soil
composition. Errors associated to these average values were
calculated as the root mean square of (i) the average error of
&i(0) at the specific zenithal angle derived from Table 3
values (Av(d&y)), and (ii) the standard deviation of the 12

&:(0) values (6¢,):
\/Av(8&,)* + Se2.

[31] Results are presented in Table 5. For spectral ranges
7.7-14.3 pm (CE312-2 channel 1) and 10-12 ym (CE312-2
channels 2 and 3), £;(f) shows a decrease with the increase of
0, that can be considered independent of any IBS composi-
tion, since the observed uncertainties are lower, or of the
same order than +0.01, except for 70° at the broad channel 1.
Therefore, specific values can be established to assess the
angular variation of &;(f) for every IBS. For the spectral
range 8-9.4 pum (CE312-2 channels 4, 5 and 6), averaged
values of &;(0) show uncertainties lower than +0.01 for
zenith angles lower than 30°. Nevertheless, for 6§ > 40° the
dispersion of results gave uncertainties larger than 40.01,
reaching values greater than £0.03 for § = 70°. These large
errors showed that the emissivity zenith variation has a strong
dependence with soil composition, which is addressed in the
next section.

8¢, (®)

4.4. Parameterization of £,;(0)

[32] A parameterization of the angular variation of emis-
sivity was addressed from the results shown in Table 5. First,
considering that the relative emissivity values are very sim-
ilar for the spectral ranges 7.7-14.3 pym and 10-12 pum, a
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Figure 4a. Absolute angular emissivity values obtained for the IBS samples B, BR3 and LW03, and for the
six spectral channels of the radiometer. First column of graphs shows results for channel 1 (black dots) that
extends over 7.7-14.3 m, and for channels 2 (blue dots) and 3 (red dots) that are placed within the 1012 m
region. Second column of graphs shows the results for channels 4 (green dots), 5 (purple dots) and 6 (orange
dots) that are allocated in the 8-9.5 m interval. The errors shown have been calculated using equation (7).

single relationship was derived for these spectral ranges that
define the relative emissivity as a function of observation
angle 0 (in degrees):

e(0)=1-87x107 > 9)
The regression presents a determination coefficient of R* =
0.993 and a RMSE = £0.001. Taking into account also the

uncertainties in those channels given by equation (8), the
final error using the parameterization of equation (9) ranges

from +0.002 (at 6 = 10°-20°) to £0.009 (at 8 = 70°), with
an average value of £0.004.

[33] As mentioned previously, in the spectral range 8—
9.4 um &;(0) shows great discrepancies for 6§ > 40° consid-
ering the different types of IBS (see Figures 4a—4d and
Table 5). Consequently, a parameterization that includes the
IBS textural and mineralogical composition was set up. In a
first step, the relevant parameters for the relative emissivity
variation with viewing angle were assessed, by using a
principal component analysis [Field, 2009] for all data
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Figure 4b. Absolute angular emissivity values obtained for the IBS samples BR2, E and LW52, and for the
six spectral channels of the radiometer. First column of graphs shows results for channel 1 (black dots) that
extends over 7.7-14.3 m, and for channels 2 (blue dots) and 3 (red dots) that are placed within the 10-12 m
region. Second column of graphs shows the results for channels 4 (green dots), 5 (purple dots) and 6 (orange
dots) that are allocated in the 89.5 m interval. The errors shown have been calculated using equation (7).

available in Table 1 about IBS samples (except mineralogi-
cal data, excluding quartz and feldspar, since there was no
complete information for all the samples), plus the measured
values of &;. The most interesting statistical results are
summarized in Figure 5.

[34] Figure 5a shows the Scree Plot, which according to
Field [2009] shows how many factors are necessary to rep-
resent the total variance of data introduced. This quantity of

factors is given by the number of components at which the
slope becomes almost horizontal. Scree Plot presented here
(see Figure 5a) shows that only four factors are enough.
Results of the Total Variance Explained matrix (Field
[2009], not included here) show that the first four factors
represent a 90% of the variance.

[35] Once fixed how many factors are necessary, it is
needed to know which ones are the most relevant, since
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Figure 4c. Absolute angular emissivity values obtained for the IBS samples F, LW13 and LW45, and for the
six spectral channels of the radiometer. First column of graphs shows results for channel 1 (black dots) that
extends over 7.7-14.3 m, and for channels 2 (blue dots) and 3 (red dots) that are placed within the 10-12 m
region. Second column of graphs shows the results for channels 4 (green dots), 5 (purple dots) and 6 (orange
dots) that are allocated in the 8-9.5 m interval. The errors shown have been calculated using equation (7).

during the PCA it was applied an extraction of those factors
whose Eigenvalues were greater than 1, according to Kaiser’s
recommendation [Field, 2009]. PCA found only two factors
to be extracted, &, and 6, both represented in axes of rotated
space, Figure 5b. The reason of this extraction is because &;
explains the 60.5% of the total variance, being the most sig-
nificant factor and 0 is the second most significant, explain-
ing a 16% of the total variance, different from that explained

by &;. To select the two other factors, the plot of components
in rotated space (Figure 5b) is used. This plot represents the
correlation degree of each component to relative-to-nadir
emissivity. According to Field [2009], values lower than
40.5 are not well correlated with the component of interest,
and all factors greater than +0.5 could be taken into account.
In Figure 5b, the factors to take under consideration for the
relative-to-nadir emissivity are sand and quartz (negatively
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Figure 4d. Absolute angular emissivity values obtained for the IBS samples BR1, C and D, and for the six
spectral channels of the radiometer. First column of graphs shows results for channel 1 (black dots) that extends
over 7.7-14.3 m, and for channels 2 (blue dots) and 3 (red dots) that are placed within the 10—-12 m region.
Second column of graphs shows the results for channels 4 (green dots), 5 (purple dots) and 6 (orange dots) that
are allocated in the 8-9.5 m interval. The errors shown have been calculated using equation (7).

correlated), which would be expected because the common
constituent of sand of our IBS samples is silica in the form of
quartz, and silt, clay and OM (positively correlated).Sand is
the most correlated factor with &, followed by OM, Clay and
Quartz, it is obvious that sand should be the first factor
selected. Deciding to select which one will be the last factor
is difficult because OM and Clay present similar correlation
with ¢, for this reason the parameterization was made
including first OM and finally substituting OM by clay.

Comparison between observed ¢&;(0) values and those
parameterized at the three considered spectral ranges showed
that including clay results are slightly better than choose OM.
Results showed a correlation coefficient (R?) ranging
between 0.97 and 0.98 and a RMSE ranging between
40.003—%0.005 for the case of clay and a R? ranging
between 0.95 and 0.96 and a RMSE ranging between
£0.005—=+0.006 for the case of OM. Finally, sand and clay
were the two factors chosen, the model to calculate the
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Figure 5. (a) Scree Plot of components that shows the number of components needed to explain most of
the variance. (b) Plot of components in rotated space, which shows the correlation of the relevant compo-
nents to relative-to-nadir emissivity. (See main text for details.)

relative-to-nadir emissivity obtained considering these para-
meters is:

€:(0,S,C) = a;(0) + bi(0)S + ¢;(0)C + d;(0)S?
+ ¢,(0)SC + £;(8)C? (10)

where i represents the spectral range (8.9-9.4 um, 8.4-8.9 um
or 82-8.7 ym), S and C are sand and clay percentage,
respectively and parameters a(f) to f(#) are quadratic zenith
angle-dependent polynomials:

a;(0) = ag;i + a1,0 + ay0*
bi(60) = bo; + b1 + by0?

i(0) = coi + il + 20’
(0) = doi + dy;0 + doi6®

(0) = e + €10 + ext”
Si(0) = foi + 116 +fii92

(11)

2

Coefficients of polynomials in (11) are given in Table 6 for
each spectral range, together with the determination coeffi-
cients and RMSE of the regressions.

[36] Values of S and C contents could be estimated
remotely using radar data. As shown in Singh and Kathpalia
[2007], applying a Genetic Algorithm technique to radar data
retrieved from Synthetic Aperture Radar onboard European
Remote Sensing 2, percentages of S and C are obtained with
an standard error ranging between 0.07%—0.18%. Another
possibility is to have a previous knowledge of S and C con-
tent from ancillary data. In these cases the parameterizations
given above (equations (9) to (11), depending on the channel)
could be applied to classification-based emissivity mapping,
such as the one used in MODIS [Snyder et al., 1998], SEVIRI
[Trigo et al., 2008], or more recently AATSR data [Caselles
et al., 2012], in order to refine their algorithms.

[37] Figure 6 shows the comparison between the observed
£:(0) values and those modeled using equation (10) at the
three considered spectral ranges. Results show an average
correlation of 0.98 and an average RMSE of £0.004. Con-
sidering also error propagation in equation (10), the final
uncertainty showed an average value for all three spectral

Table 5. Averaged Relative-to-Nadir Emissivity Values at Each Zenith Angle (6) for the Six Spectral Channels of CE312-2, for All the

IBS*
2 chl(a) 2 ch2(6) &r ch3(9) & ch4(6) & chS(G) & ché(a)

) 7.7-14.3 pm 10.9-11.9 ym 10.1-11.1 pgm 8.9-9.4 um 8.4-8.9 um 8.2-8.7 um
10 1.000 0.999 1.000 1.000 0.999 1.001

+ (0.006) + (0.005) + (0.006) + (0.006) + (0.006) + (0.006)
20 1.000 0.999 1.000 1.000 0.998 1.000

+ (0.006) + (0.006) + (0.006) + (0.006) + (0.007) + (0.007)
30 0.998 0.998 0.999 0.996 0.995 0.996

+ (0.006) + (0.006) + (0.006) + (0.008) + (0.009) + (0.010)
40 0.995 0.996 0.996 0.992 0.990 0.991

+ (0.007) + (0.006) + (0.006) +(0.012) + (0.012) + (0.013)
50 0.991 0.994 0.993 0.985 0.983 0.981

+ (0.008) + (0.007) + (0.007) + (0.017) + (0.017) + (0.019)
60 0.984 0.989 0.988 0.98 0.97 0.97

+ (0.010) + (0.008) + (0.008) + (0.02) + (0.02) + (0.03)
70 0.972 0.979 0.978 0.96 0.96 0.95

+(0.014) + (0.010) + (0.010) + (0.04) + (0.04) + (0.04)

“Errors obtained with equation (8) are included in parentheses. From 6 > 40° and for channels 4, 5 and 6 of CE 312-2, the relative emissivity presents

errors greater than 0.01.
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Table 6. Coefficients for the Quadratic Zenith-Dependent Polynomials a(6) to f(#) Included in Equation (10), Together With R* and

RMSE Regression Parameters

a(0) b(0) c(0) d(o) e(0) f(6)

Channel 4 8.9-9.4 um

0 —0.00004 51077 1.2-107¢ —4-107° —1.2-1071° ~1.6:1078
0 0.0009 —5-107° —0.000018 51078 —4-1078 1.9-1077
Offset 0.991 —0.000014 0.0003 31077 —3-107° —7-1077
R? 0.990 0.965 0.993 0.979 0.098 0.998
RMSE 0.006 0.00017 0.0002 1.2-107¢ 4-107° 1.4-107°
Channel 5 8.4-8.9 um

6 —0.00005 7-1077 1.4-107¢ —6:107° —3-107° ~1.6:1078
0 0.0012 —0.000019 —0.00002 1.5-1077 1.4-1077 1.4-1077
Offset 0.9833 0.0003 0.0005 —1.7-107° —6-107° —1.4-107°
R? 0.985 0.953 0.989 0.966 0.412 0.996
RMSE 0.008 0.0002 0.0003 1.6-107°¢ 4-107° 2:107¢
Channel 6 8.2-8.7 um

6 —0.00005 71077 1.6-10°¢ —6:107° —3-107° —2-107%
0 0.0012 —0.000019 —0.00002 1.4-1077 1.1-1077 1.5-1077
Offset 0.985 0.0002 0.0005 —1.4-107° —6-107° —5-107"
R? 0.992 0.972 0.994 0.979 0.395 0.997
RMSE 0.008 0.00019 0.0002 14-107° 4-107° 2-107°

ranges of £0.009 for § = 10° to 50°, at & = 60° the average
error was £0.011, and at 8 = 70° it was £0.013. The average
error for all spectral channels and zenith angles was +0.01,
so this error could be considered as final error for results
retrieved with equation (10).

5. Implications for LST and Longwave Radiation
Retrieval Accuracy

5.1.

[38] The impact of ignoring angular effects on emissivity
when measuring LST from space were addressed using one
of the available split-window algorithms that present explicit
dependence on emissivity. To this end, the algorithm pro-
posed by Galve et al. [2008] for the MODIS spectral bands
31 and 32 were used, these bands are similar to CE312-2
channels 2 (10.9-11.9 pym) and 3 (10.1-11.1 pm) in this
study, although the results may be similar for other compa-
rable algorithms and instruments. This algorithm gives LST
corrected for emissivity and atmospheric effects as:

Implications for LST Accuracy

LST = T31 +ao+ a1 (T31 — T3) + ax(T31 — Taz)2

+a(l — &) - BAE (12)

where T3; and Ts, are brightness temperatures measured in
MODIS bands 31 and 32, respectively; ay, a; and a, are
regression coefficients that can be found in Galve et al.
[2008]; coefficients « and (3 determine the weight of the
emissivity correction and are dependent on atmospheric
water vapor content or precipitable water (W in cm); and ¢
and A¢ are the average and emissivity difference in MODIS
at bands 31 and 32, respectively.

[39] Since relative-to-nadir emissivities in CE312-2 chan-
nels 2 and 3 show almost the same angular variation (see
Table 4), the emissivity difference Az will remain almost
constant at any angle, and thus the impact in this term should

be negligible. However, this is not the case for the average
emissivity term &, for which error propagation gives:

SLST(0) = a[l - AW] (13)

where Ae(0) is the difference between the average emissivity
values of CE312-2 spectral channels 2 and 3 at nadir and at a
zenith angle §. As mentioned above, o is a W-dependent
parameter following a quadratic relationship [Galve et al.,
2008]:

a=45.99 + 4.67W — 1.446W>.
45.99 + 4.6 1.446 W2 14

[40] Table 7 shows the variation of absolute emissivity
between nadir values and the values at 8 = 40° and 6 = 65°,
respectively, for all the analyzed samples, and for CE312-2
channels 2 and 3. The emissivity differences between 0° and
40° are generally small, but this is not the case for viewing
angles of 65°. The emissivity differences in this last case
were used in equation (13) to assess the possible impact of
ignoring the angular variation of emissivity on LST, at large
observation angles, if emissivity values at nadir are used
instead of the correct off-nadir value. The results are shown
in Figure 7, in which error values are represented for different
W (i.e., for different values of «), ranging from 0 to 7 cm at
intervals of 0.1 cm. For sandy soil BR3, LST errors reaches
values up to +1.3 K for drier atmospheres, and sample LW52
presents LST errors lower than +0.5 K independently of W.
Overall results show that retrieving LST for pixels of a IBS at
0 =65°, implies to make a systematic error between +0.4 and
+1.3 K for an atmosphere with W values lower than 4 cm. For
wet atmospheres (W > 6 cm), errors in LST are lower than
+0.5 K for each IBS studied here, and for extremely wet
atmospheres (W > 7 cm), errors can be considered not sig-
nificant, taking values lower than +0.1 K for each IBS. In
summary, drier atmospheres have the largest effect in LST
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Figure 6. Self-validation of model represented by equation
(10), comparing &;; values measured with those calculated from
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Table 7. Averaged Emissivity Values of CE312-2 Channels 2 and
3 for the Twelve IBS Samples at Zenith Angles 0°, 40° and 65°°

0=0° 0 = 40° 0= 65°
Soil Code ¢ o £ o e o Ae(40°) Ae(65°)
B 0.945 0.000 0.939 0.004 0.926 0.006 0.005 0.018
BR1 0.962 0.003 0.960 0.004 0.948 0.007 0.002 0.014
E 0.968 0.003 0.965 0.005 0.956 0.007 0.003 0.012
C 0.970 0.002 0.969 0.004 0.958 0.007 0.001 0.012
LW45 0959 0.001 0.955 0.004 0.942 0.006 0.003 0.016
LWO03  0.969 0.001 0.964 0.004 0.951 0.007 0.006 0.019
LW 13 0958 0.002 0.953 0.004 0.941 0.006 0.005 0.017
LW 52 0.955 0.002 0.951 0.004 0.947 0.006 0.004 0.009
D 0.960 0.002 0.959 0.004 0.945 0.006 0.001 0.015
F 0.950 0.002 0.946 0.004 0.936 0.006 0.004 0.014
BR2 0.980 0.009 0.979 0.010 0.965 0.011 0.001 0.015
BR3 0.990 0.010 0.983 0.011 0.962 0.012 0.006 0.027

“The right column of each averaged emissivity is the averaged emissivity
error associated at both channels for a given 6. The last two columns are the
difference of averaged emissivity at nadir and at zenith angles 40° and 65°,
respectively.

retrieval accuracy, for a pixel observed at a large zenith
angle, if it is ignored the angular effect of IBS emissivity.

5.2. Implications for Longwave Radiation Accuracy

[41] Another parameter that could be affected by the
angular variation of the emissivity is the outgoing longwave
radiation (FT), which can be calculated as follows:

F' = eoT? (15)
where ¢ is the hemispherical emissivity value for the whole
TIR range, o is the Stefan-Boltzmann constant and T is the
thermodynamic surface temperature. Usually ¢ is considered
Lambertian and its value at nadir is taken as the hemi-
spherical one, but the present work has shown that this value
varies with the zenith angle. Ignoring this effect could lead
to errors in retrieving F'. For this reason we have evaluated

e ——B —8-BRI  —E
—eC ——LW45  —e—LWO03
14
——LWI3  —Lws2 D
1 ——F -&-BR2 BR3

SLST(0)(K)

W (cm)

Figure 7. LST errors obtained applying split-window algo-
rithm (equation (11)) for the twelve IBS if angular emissivity
effect at = 65° is ignored. SLST(65°) values, calculated
through equation (12), are represented for W values ranging
from 0 to 7 cm at intervals of 0.1 cm.

15 of 18



D19116

GARCIA-SANTOS ET AL.: ANGULAR EMISSIVITY OF INORGANIC SOILS

D19116

Table 8. Sensitivity of F' to the Emissivity Angular Variation (Sg:(A¢)) Retrieved From Equation (16) for the Twelve IBS Studied®

IBS Sample B BRI E C LW45  LWO03  LWI3  LWs2 D F BR2 BR3
e17143m (0°) 0878 0945 0958 0917  0.962 0.937 0.954 0.934 0948 0974 0938 0907
A£(0°-65%) 0034 0016 0015 0034 0014 0.020 0.010 0.021 0016 0010 0018  0.034
Sei(Aé) (%) 8 3 3 7 3 4 2 5 3 2 4 8

“The table presents the values of nadir absolute emissivity in the spectral range 7.7-14.3 um (first row), the difference of 7.7-14.3 um emissivity between
6 =0° and 0 = 65° (second row), and the relative sensitivity values of F' (third row).

this error studying the relative sensitivity of F' to the emis-
sivity angular variation (Sm(A¢)) following Zhan et al
[1996]:

Fl —F!

F

Spi(Ag) = 100 (16)

where Ae¢ is the difference of 7.7-14.3 pum emissivity
between 6 = 0° and 6 = 65°, Fg is the outgoing longwave
radiation when the 7.7-14.3 pm emissivity value at nadir is
introduced in (15), and F! and F! are the outgoing longwave
radiation values when emissivity in (15) is decreased and
increased by Ag, respectively. Table 8 shows the values
used to retrieve Spmi(Ae) in each IBS sample. A fixed tem-
perature value of 320 K was chosen in (15) for this sensi-
tivity analysis.

[42] Results from Table 8 show that accuracy of F' can
suffer variation between 2%—-8%, depending on the type of
IBS, which may lead to significant errors in the estimation of
the different terms of the surface energy balance, as shown in
the sensitivity analysis of the two-source models carried out
by Sdnchez et al. [2008]. Measurements of radiation made
over surfaces at high viewing angles by TIR sensors onboard
satellites, could probably be more affected by atmospheric
attenuation or nonlinear effects in radiative transfer model-
ing, especially retrieving LST. But the present study has
shown that ignoring angular effects of surface emissivity may
lead also to significant errors in retrieving parameters such as
LST or F', even if this parameter has a secondary role in the
radiative transfer budget.

6. Conclusions

[43] Angular effects in TIR radiance measurements may
have consequences for the retrieval of accurate LSTs or the
outgoing longwave radiation, F', for instance. In the case of
IBS, with organic matter content less than 9% and low
roughness with a particle size between 0.2 and 1 cm, angular
effects are mainly associated with the IBS emissivity. The
present study measured the TIR emissivity of twelve differ-
ent IBS samples, completely dry, and representative of a
wide range of surface textures. Uncertainties associated to the
methodology were lower than +0.015 in the 98% of the cases
and lower than +0.01 in the 71% of cases, being the average
value of £0.009 and the standard deviation of £0.003. So a
threshold of +0.01 was established to consider that the
absolute emissivity of an IBS changes significantly with the
observation angle respect to its nadir value.

[44] The emissivity of the analyzed samples presents a low
azimuthal variation, and the zenithal emissivity change is
also small for viewing angles lower than 40°, from which
emissivity decreases significantly. The most influential fac-
tors in the decrease of emissivity are sand and quartz content.

For all sensors operating within the spectral range 7.7—
14.3 pm, emissivity of IBS with sand and quartz content
larger than 80% change significantly at zenith angles larger
than 60°, showing differences from the nadir value ranging
from +0.011 to +0.101. In the specific spectral range 8-9.4
pm, this angular decrease of emissivity must be considered
from zenith angles larger than 40°. On the other hand, clayey
samples do not show significant decrease in emissivity with
the increase of the zenith angle, in fact samples with a clay
content ranging from 35% to 54%, and a sand content lower
than 40%, present a negligible decrease in emissivity for
zenith angles lower than 70°.

[45] Results also showed that the decrease of emissivity
with increasing viewing angles can be considered indepen-
dent of textural and mineralogical IBS composition at the
broadband 7.7-14.3 um, and at the spectral channels within
10-12 pm. This work established a single zenith-dependent
relationship for these spectral ranges between relative-to-
nadir emissivity and zenith viewing angle with a maximum
uncertainty of +0.009. However, in the spectral domain 8-
9.4 um, the decrease of emissivity is also dependent on IBS
textural composition. A principal component analysis
showed that sand and clay are the most influential factors,
explaining a 90% of the variance. Sand is the main factor
responsible to make the IBS emissivity decreases with the
increase of 0, on the other hand emissivity of clayey soils
remains almost constant with zenithal variation. It was pos-
sible to establish a relationship of relative-to-nadir emissivity
as function of sand and clay percentage for an IBS, in which
coefficients are zenithal-dependent quadratic polynomials.
This relationship allows retrieving a relative-to-nadir emis-
sivity value with a maximum error of +0.01. The absolute
emissivity value can be obtained later by multiplying the
relative-to-nadir value by the absolute emissivity value at
nadir, which can be retrieved using different methods.

[46] Finally, the impact of ignoring angular effects of
emissivity on parameters such as LST or F' from satellite
data was assessed. LST retrievals using an emissivity-
dependent split-window algorithm applied to MODIS ther-
mal bands 31 and 32, showed that for pixels measured at
zenith angles larger than 65°, ignoring the angular depen-
dence of emissivity could produce systematic errors on LST
ranging from +0.4 K to +1.3 K, depending on the type of soil
and for atmospheres with a water vapor content lower than
4 cm. Accuracy of F' retrieved from satellite can suffer var-
iation between +2%—+8%, depending on the type of IBS if
the zenithal decrease of the TIR emissivity is not taken into
account in the final hemispherical value of the emissivity.
These inaccuracies in F! may lead to significant errors in the
estimation of the different terms of the surface energy bal-
ance. TIR radiance measurements made over surfaces at high
viewing angles could probably be more affected by atmo-
spheric attenuation or nonlinear effects in radiative transfer
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modeling. But ignoring angular effects of surface emissivity
may lead to inaccuracies retrieving parameters such as LST
or F', even if this parameter has a secondary role in the
radiative transfer budget.

[47] Although most current moderate-resolution opera-
tional TIR instruments have at-satellite view angles up to 55
degrees, the view angle relative to the vertical at surface level
(that is what actually is being measured in this study) might
be larger depending on surface orientation and considering
Earth’s curvature, and in that case the emissivity angular
effect could be significant as shown by the obtained mea-
surements. It will be even more critical to account for this
effect in future TIR instruments as long as their spatial reso-
lutions are improved (for instance the HyspIRI mission will
have a spatial resolution of 60 m [Roberts et al., 2012]). The
angular effects on soil emissivity may also be important for
high spatial resolution instruments onboard airplanes, or also
for field radiometers deployed viewing the surface with large
observation angles. The results obtained in the present work
will contribute to improve the accuracy and understanding of
the measurements carried out by these range of instruments.
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ABSTRACT

Emissivity is influenced by different factors, theesent study deals with the effect of the
soil moisture (SM) content on the zenith@)l Yariation of ratio-to-nadir emissivity4, for

a wide variety of inorganic bare soils. To retrieyea goniometer assembly was used,
together with two identical CIMEL CE312-2 radionmstevorking at six spectral bands
within  7.7-14.3 um, performing simultaneous radiance measurementsdiféérent
combinations of zenith and azimuth angles. Reslitaved that the effect of SM upon
&(0) is different depending on the spectral range temtural composition of the sample.
Sandy soils showed a decrease; () from nadir of 0.132 fof > 40° at 8-9.4um under
dry conditions, but this decrease was reduced @83with the increase of SM. Clayey
samples did not present dependence(6j with SM. Loamy texture samples presented a
more sharply decrease ©(0) with the increase of SM, reaching differencesveein nadir
values and 70° up to 6%, at all spectral rangediexiu Finally, a parameterization gf
with SM and6 was derived allowing to obtain ratio-to-nadir esingties with an accuracy

of £0.011.
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Index Terms: Angular emissivity, bare soil, rems¢@sing, soil moisture, thermal infrared.

l. INTRODUCTION

Emissivity €) is a characteristic property of natural land acef that is coupled with land
surface temperature (LST) in a radiance measurenmenbe thermal infrared (TIR)
spectral domain. LST plays a key role in numeroespg@ysical processes such as long-
wave surface energy fluxes in the atmosphere-stirfaterface, for instance. For this
reason, a good knowledge of surface thermal enitigsand its influencing physical
variables are needed. Factors such as soil congosinhd texture [1], soil moisture (SM)
[2] or viewing geometry [3] must be taken into asebwhen analyzing satellite TIR data,
since their influence oais significant.

Recently, the effects of SM and viewing geometrytbarmale for a wide variety of
inorganic bare soils (IBS) with different texturdeave been analyzed separately [2-3].
Regarding SM, it was observed in general an inereds with SM that was more notable
for sandy soils, and in the 8i8n spectral range [2]. In relation to the angulaiataon of

€, results from [3] showed thatof dry IBS is almost azimuthally isotropic, andcoeases

in the zenithal direction beyond 40°, with the nmaxm variation observed on sandy soils

rich in quartz and within 8-9.4m.

The main objective of the present paper is to stimdy effect produced by SM on the
anisotropy of thermak, extending the results obtained in the study edrmout in a

previous work [3], by combining the effect of SMdaviewing angle for the same samples.
In section 1l IBS samples and instrumentation gmesented together with the

methodology followed to measure the radiance d&m@iht angles, and SM measurements.
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Section Il shows the retrievals of ratio-to-naldand emissivity «) for different viewing
angles and SM values at each IBS, and the resoésned are discussed. Section IV uses
these results to retrieve an empirical regressidheoratio-to-nadir emissivity for any IBS

as a function of SM an@l Finally, conclusions are presented in section V.
Il. EXPERIMENTAL SETUP

Twelve IBS samples were chosen to evaluate thatiami of TIRg, with SM and viewing
angles according to different soil texture. Tabldsts the textural and mineralogical

features for the IBS selected to carry out theystud
INSERT TABLE |

Radiances were taken with a multispectral thermdiometer CIMEL Electronique model
CE312-2 [4], working in six different spectral band.7-14.3um (channel 1), 8.2-8.[dm
(channel 6), 8.4-8.2m (channel 5), 8.9-9.4m (channel 4), 10.1-11m (channel 3) and
10.9-11.9um (channel 2) with an uncertainty temperature 6f@3 K, £ 0.02 K, £ 0.03 K,

+ 0.018 K, + 0.03 K and + 0.02 K, for channels 1 @orespectively, obtained after
comparison with temperatures from a reference bladi whose values presented a
maximum bias of -0.19 K with regard to a referet@nsfer radiometer. Ratio-to-nadir
was retrieved taking two simultaneous radiance oreasents, one at nadir and another at
an arbitrary angular configuratiof,®), by means of equation:

i(6,9) _ Li(6,9)-L}
£(0,0) £;(0,0)-L} 1)

eri(e' (P) =
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where L' is the spectral hemispherical downwelling radiameasured by means of a
gold diffuse reflectance panel ([3], [5]), which svplaced inside the FOV of CE1 at 0°.
The time interval between two consecutive panelsmesanents was less than 18 minutes.
Given that Eq. (1) is the quotient between absolateissivity from an angular
configuration and nadir, a previous knowledge o$ddlite emissivity at nadir allows

estimation of the absolute value of emissivityhattspecific angular configuration.

To retrieveg, values, radiance measurements over the sampletale¥a simultaneously
using a goniometer in which the two CE312-2 raditargewere placed (see Figure 1), one
at nadir (CE1), and the second one in a specifecton 0,9) (CE2). The latter radiometer
could be moved along the arm of the goniometeringrthe field of view over the sample,
in order to measure the same area as the nadomatkr. Radiance measurements were
taken at different combinations of zenith and azhmangles. Zenith angles were
considered fromp=10° to 6=70° at intervals of 10°. For each zenith angles iBS
emissivity was measured at three different azimushantations turning the samples 120°

each time. Azimuthal rotation was repeated two ntiones for each zenith angle.

Each IBS samples was placed in a circular contéb@erm in diameter and 10 cm height
(Fig.1) which had multiple holes in its bottom, deed for allowing the water drainage.
Moreover, a sieve was attached to the bottom (lmtveles and sample) to avoid the loss
of the finest particles. Samples were flooded alhawfiltration through the container and

straightaway freely air dried.

Radiance measurement process started with a calypldty sample and they were

performed at several times during the drying precefter saturation, so the ratio-to-nadir
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band emissivity could be measured at different 8Mells. If soil cracks appeared during
the drying process, they were removed when possille sequence of soil saturation and
drying was repeated one more time in order to chieeksalidity and reproducibility of the

results.

Volumetric SM content from moist IBS samples, watrieved with a Delta-T SM200
sensor which has a calibration uncertainty0f03 n?-m*. SM was measured puncturing
the rods (5 cm long) of the SM200, at different ni®i of the IBS surface. SM
measurements were taken before and after eachi ssdiance measurements, in order to
check possible spatial and temporal variationsMfis the sample. Standard deviation of

all these SM measurements was always lower #8e08 n?-nm>,

Il. RESULTS ANDDISCUSSIONS

The uncertainty in the ratio-to-nadir band emiggiviei(SM,9,p), associated to a specific
angular direction€, ¢) was chosen as the maximum of three values: @yame of the
three values obtained for a singbe ¢) configuration, which were calculated by applying
error propagation to Eq. (1) with radiance uncettas given by the radiometer calibration
errors; (ii) standard deviation of these thegevalues; (iii) difference between maximum
and minimum values af;; at specific §, ¢), divided by four. Results showed that 97% of
d&i(SM,0, @) ranged from +0.001 to +0.010. The azimuthal déeeece ofg,; in all cases
was less than the maximum emissivity error (£0.0&6hcluding that,; of an IBS can be
retrieved, regardless thgangle, with a maximum uncertainty of +0.010, fospsecifico
and SM content. The emissivity variation was mageificant in terms of zenith angle and

SM content. Figure 2 show the ratio-to-nadir emigsgivariation with SM for different
5
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zenith angles, at channels 1 (7.7-14n3), 3 (10.1-11.2um) and 5 (8.4-8.9m) of CE312-

2, and for the samples: B (representative of sasmiyples BR3, WS and LWO03), F
(representative of loamy textures samples BR2, L\1.3and C), BR1 and LW45 (as
unique clayey and sitly samples, respectivelysummarize the observed behavior in all
samples. Conclusions driven from channel 3 databeaextended to channel 2 (10.9-11.9

um), and from band 5 to channels 4 (8.9191) and 6 (8.2-8.am).
INSERT FIGURE 2

Results show that angular effect of SMa(®) exhibits different behavior as a function of
the spectral range and textural composition ofgaeple. Sandy soils show significant
decreases ¢fi(SM,0) at 8-9.4um for 6 > 30°, independently of SM. Under dry conditions,
&i(SM, 0) presents maximum decreases for sandy soils fradir manging between 0.021
(at6=30°) to 0.132 (a6=70°), for sample B at SM=0.04m". &,(SM, ) of sandy soils
decrease from nadir in a less notable way undercamditions, but it is still significant for

6 > 30°, ranging between 0.019 @t30°) to 0.093 (a6=70°), for sample B at SM=0.28
m®-m*>. It is possible that increasing soil water contesults in a decrease of the spectral
contrast of emissivity, because water is strondigogbing in the region of the quartz
reststrahlen bands [1], thus reducing the effedafjudrtz. Sample WS presents abundant
content of gypsum (99%), which has a weak absorptiache spectral region 848n [6],

So it is expected that water content acts with ggpsimilarly than with quartz at the
reststrahlen bands. The decrease;afith 6 remains constant at spectral range 1Qui2
regardless of water content in the soil, beingifigant only for® > 60°. This decrease has

an average value of 0.0126t60°, and 0.019 &=70°. Finally,e; of sandy soils (B, WS,
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BR3 and LWO03) at broad spectral range 7.7-1drBalso shows constant decrease with
independently of SM, but at this spectral rapgéecreases significantly fér> 50°, with

an average decrease of 0.012650°, 0.019 §=60°) and 0.029670°).

Clayey IBS BR1 shows a decreasesoWwith 6 nearly independent on both SM and the
spectral ranges studied, being significant 6or 50°, with a maximum decrease gf

(under dry conditions) of 0.013 f6+50°, 0.014 §=60°) and 0.0166&70°).

Soil LW45 shows a similar behavior @p(SM,0) as sandy soils, probably because the
presence of high quartz content in its sand peagentAt 8-9.4um and under dry
conditions, significant decrease gf(SM,0) from nadir, begins aé=40° ranging from
0.0110=40°) to 0.059 §=70°). For high SM values, decreasespfSM,0) from nadir is
significant for6 > 50°, ranging between 0.018=60°) and 0.0366&70°). At spectral
ranges 10-12um and 7.7-14.3um, decrease of; from nadir is independent on SM
content, reaching significant differences of 0.@h4d 0.017 (a®=60°) and 0.023 and 0.028

(at6=70°), respectively.

For the rest of IBS samples with loamy texturesZBRV13, F, D and C), the observed
behavior is opposite to that of sandy soils,decreases witlh more sharply with the
increase of water content. Our results agreed tvidke of [3] under dry conditions, but the
decrease of; with 6 is more notable with the increase of SM, beingisicant at all
spectral ranges fdr > 50°. ¢; has an average decrease respect to nadir of (08%58°),

0.0200=60°) and 0.0356&70°), at all spectral ranges studied when IB&ifarated.
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It is known that emissivity of water decreases véitmore than 7% from its nadir value
[7]. Given the presence of OM content in those IB8kich is the principal storage of
plant available water due to the high percentageaiér-stable aggregates, water content
retained by these samples is usually greater tbasandy soils, so angular behavior of
water emissivity probably influenced the decrease,owith 6 for high SM contents at

spectral ranges 8-914m, 10-12um and broadband range 7.7-1418.

V. PARAMETERIZATION OF¢;(SM, 6)

A parameterization o€; varying simultaneously with SM ang@l was derived from all
measurements. The IBS samples were split into t@ops. The first one was composed of
seven samples (WS, B, F, LW45, C, D and BR1) regmasg the full ranges of textural
and mineralogical parameters, as well as OM. Dathisfirst group of samples were used
to set up the parameterization. The other IBS sesn(lBR3, LW03, BR2, LW13 and

LW52) were used to validate the parameterizatiodehobtained from the first group.
The model that best fits the measurements is:
sn-(SM,B) = ai+biSM+ci9+dl-SM2 + e; SM9+ﬁ92 (2)

where variance of coefficienss - f; in (2) were evaluated, using statistical factoalgsis,

for all data available in Table | following the pexdure used in [3].

The coefficientsy - fi are dependent on clay and quartz content at thetrsph range 8-9.4

pm (CE 312-2 channels 4, 5 and 6) by means of thatem:

a _f8—9.4um(CJQ) = po +p1Q + p2C + p3 CQ + p,C? (3
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wherepo-ps are coefficients of the polynomial given in eqaat(3), whose values can be

found in Table Il, C and Q are the percentagedayf and quartz, respectively.

Coefficientss - f; at spectral range 10-12n (CE312-2 channels 2 and 3) were found to be

dependent on clay and OM content, following:
a — fio-12 um(C,OM) = py + p1OM + p,C + p3COM + p,C? 4)

For the broad range 7.7-1418n (CE312-2 channel 1), coefficients b and d were
dependent on clay and quartz contents, followingaggn (3), while coefficients, e andf
showed dependence on clay and OM, following Eq.Tdble Il summarizes the values for
coefficientspo-ps of (3) and (4) at all six spectral ranges; stais and RMSE are also

included.

INSERT TABLE Il

Figure 3 shows the comparison between the obsep(&d, 0) values measured for the
IBS samples BR3, LW03, BR2, LW13 and LW5 and theskies modeled for the same
samples using expressions (2), (3) and (4) at theetconsidered spectral ranges (see
section 1lI) Comparison was made fop 30°, since at this zenith angle a decreasg; of
from nadir greater than 0.01 is observed. Resthitsved R ranging between 0.65 and

0.84, and RMSE ranging between +0.005 and +0.011.

Estimation of clay, OM and quartz contents needmdefjuations (2)-(4) from remote
sensing data was discussed in the works [2-3]. Werofpossibility is the previous

knowledge of clay, quartz and OM contents from kargi data. In these cases the



188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

parameterizations given in expressions (2), (3) @&)d depending on spectral channel,
could be applied to classification-based emissivitgpping, such as the one used in
MODIS, SEVIRI, or more recently AATSR data, in orde refine their algorithms. In
relation to the SM estimations for equation (2gyticould be obtained from recent sensors
such as the Microwave Imaging Radiometer by Apertaynthesis (MIRAS) aboard the
Soil Moisture and Ocean Salinity (SMOS) mission, [8f the Advanced Microwave
Scanning Radiometer (AMSR-E) on board the EOS-Aqlaform [9], with spatial
resolutions of 40 km (SMOS) and 56 km (AMSR-E), angbected accuracies of +0.04

me-m.

CONCLUSIONS

Angular effects of emissivity under controlled SMntents were assessed for a wide
variety of IBS according their textural classificat Ratio-to-nadir emissivity values were
retrieved taking two simultaneous radiance measenésn one at nadir and another one at
an angular directiond(¢), with a maximum uncertainty of £0.01. Resultswsbkd that the
effect of SM onei(SM,0) exhibits three different behaviors as a functadrthe spectral
range and textural composition of the sample. lmdg soils (B, BR3, WS and LWO03)
and the silty soil LW45g,; decreases significantly with under dry conditions reaching
differences up to 0.132 (sample @8570°) from nadir values, but decreasingepfSM,0)
with zenith angle is less notable when SM increastesould be explained with the
increase of water content in the soil, which resirta decrease of the spectral contrast of
emissivity, because water is strongly absorbinghi@ region of the quartz retstrahlen

bands. It is expected that water content interatis gypsum (sample WS) similarly as

10
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quartz at reststrahlen bands. At spectral rangeé4d 4.3 um and 10-12um, decrease of
€i(SM,0) with zenith angle for sandy soils is significaior 6 > 50°; however it is
independent on water content. Clayey IBS showealmost constant fall of, with 6 at all
spectral ranges studied, regardless the SM conbaig the decreases ef with 6
significant for observation angles greater than. $ially loamy IBS samples presented
an opposite behavior to that of sandy sajsdecreasing witld more sharply with the
increase of SM at all six spectral ranges studietl reaching differences from 0.011 for

dry soils to 0.035 under saturated conditions.

In summary, the effect of SM og;(SM,0) reduces its angular contrast under dry
conditions up to 0.07 when sandy solil is saturédbedause sandy soils are very poor water
retainers) and counteracting the quartz and gyp®ststrahlen effects at 8-Qun. On the
other hand, SM makes the decrease,(¢5M,0) with 6 more noticeable for loamy soils
(which are very good water retainers due the praseri OM) because the decrease of
water emissivity with observation angle, that megah differences from its nadir value up

to 0.04 aB=70°.

Finally, a parameterization af with SM and® was obtained allowing to obtain with a
maximum accuracy of £0.011, by means of a quadpatignomial whose coefficients are

dependent on percentages of clay and quartz anc@ntént at spectral range 8-Qus,

10-12pm and 7.7-14.3um.
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269 TABLES

270 TABLE |. ORGANIC MATTER (OM) CONTENT, AND TEXTURAL AND MINERALOGICAL

271 FEATURES OF THE ELEVENBS SELECTED FOR THE ANALYSIS

Textural classificatior]
(%)

code| (%) S L C Q F Fi H Ca Gi G

Soil | OM Mineral classification (%)

B 0.1 99 0.9 0.1] 953 29 - - - - -
BR3 | 1.69 92 2 6 100 - - - - - -
WS | 0.21 100 0 0 1 - - - - - 99
LWO03| 0.73 a4 18 5 53.7 46.3 - - - - -
BR2 | 1.47 69 15 16| 823 16.8 0.8 - - - -
LwW52| 1.71 62 15 23| 584 322 94 - - - -
LW13| 1.61 51 35 14 76 167 48 2.6 - - -

F 3.5 50 30 201 199 45 41 87 629 -

BR1| 2.93 40 6 54| 37.9 - - 131 - 49 -
Lw45| 1.15 29 54 17| 724 234 4.2 - - - -
C 8.9 20 43 37| 294 55 9 - 56.1 - -

D 4.5 14 50 35| 193 35 6 89 623 - -

272

273  Textural parameters S, L and C are percentagesamd, ssilt and clay, respectively.
274  Mineralogical parameters Q, F, Fi, H, Ca, Gi andr& respectively percentages of quartz,
275  feldspar, filosilicates, hematite, calcite, gibbsaind gypsum.

276

277
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FIGURE CAPTIONS

Figure 1. Experimental ensemble used in the study for twaukameous measurements at
nadir (CE1) and at viewing directiof,¢) (CE2).

Figure 2. Angular variation of(0), for 6=10°-70° at 10° intervals, for soil samples B,
BR1, LW45 and F, as function of SM content for sg@achannels 1, 3 and 5 of CE312-2.
Uncertainty associated &10) is the standard deviation of 9 measurementsp@&titeons at

a specific ,¢) configuration x 3 differenp angles). Legend of top left-corner graph can
be applied to the other ones.

Figure 3. Validation of model represented by Eqgs. (2), (3) #4), comparing;; values
measured for samples samples BR3, LWO03, BR2, LWIBLAV5 with those calculated
from the model, at three spectral range’s.BVISE and BIAS values of the regression are

also included in each plot.

16



Figure 1.
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