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Resumen breve

El albedo de la superficie terrestre (SA) es una variable climatica esencial (ECV),
cobrando un papel relevante en el balance energético del planeta. Diferentes agencias
espaciales y servicios de observacion de la Tierra vienen desarrollando registros de
datos climaticos (CDR) de productos de albedo a escala global, derivados con datos
procedentes de sensores pasivos a bordo de satélites. Es, por ende, indispensable
cuantificar de manera eficiente las incertidumbres asociadas a dichos productos de
satélite, proceso que se conoce como validacion. La validaciéon también permite
establecer en qué medida los productos satisfacen los requerimientos demandados por
los usuarios. Por otra parte, la metodologia de validacion deber seguir unos protocolos
y metodologias estandarizados, que ofrezcan a su vez trazabilidad y transparencia en
dicho proceso. A nivel internacional, el subgrupo sobre validacion de productos
terrestres (LPV) del grupo de trabajo sobre calibracion y validacion (WGCV) del comité
de satélites de observacion de la Tierra (CEOS) se encarga de la coordinacion de las
actividades y estandarizacion de protocolos de validacion. E1 CEOS/WGCV LPV
establece, ademds, una jerarquia de cuatro niveles en funcién del estado de la
validacion de los productos dependiendo de varios aspectos como la representatividad
global y temporal, el uso de protocolos estandarizados, la publicacidn de los resultados
en revistas cientificas (peer-reviewed) o la actualizacion de los resultados cuando la serie
temporal se expande. El nivel mas alto en la jerarquia (nivel 4) engloba todos estos

aspectos.

Todo ello motiva el objetivo principal de esta tesis, que no es otro que el disefio
de un sistema operacional de validacion estandarizada para llegar al nivel 4, que debe
integrar las siguientes cuatro componentes: (1) registros de datos climaticos de albedo
a largo plazo derivados con datos de satélite; (2) un conjunto fiable y representativo a
nivel global de medidas in situ; (3) un protocolo de validacion estandarizado que
cuente con el acuerdo de la comunidad cientifica; y (4) una plataforma de validacion
online, de libre acceso, que genere resultados e informes de validacién estandarizados y

permita actualizar los resultados conforme la serie se expande. En el contexto de esta
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tesis se ha trabajado en cada una de estas componentes, llevando cada una al nivel

requerido para formar parte del sistema.

Respecto a la primera componente, se ha trabajado en la validacion de los
productos de albedo desarrollados en el servicio Europeo de observacion de la Tierra,
denominado Copernicus. Los desarrollos iniciales de los algoritmos de albedo se
realizaron en el contexto de la componente global del servicio de monitorizacion de la
superficie terrestre de Copernicus (CGLS), derivando posteriormente la produccion de
dichos productos al servicio de cambio climatico (C3S) de Copernicus. C3S ha
desarrollado la serie climatica mas extensa, cuya calidad e incertidumbre ha sido
evaluada en esta tesis para diferentes versiones de algoritmos y sensores utilizados.
Por otra parte, también se ha trabajado en el disefio del algoritmo que permite dar
continuidad a la serie gracias al uso de los satélites Copernicus Sentinel-3, que ofrecen

mejoras en cuanto a resolucion espacial y espectral. Se ha realizado para ello 4 estudios:

¢ El punto de partida de esta tesis fue la validacion del producto desarrollado
en CGLS para la estimacion del albedo a partir de datos del sensor Vegetation a
bordo del minisatélite PROBA (PROBA-V) a 300 m de resolucién espacial
(Roujean et al., 2018). la validacion de dichos productos se realizd sobre
Europa, mostrando distribuciones espacial y temporalmente consistentes con
los productos de NASA derivados con datos de MODIS a bordo de las
plataformas Terra y Aqua (MCD43A3 C6). La validacion directa sobre datos de
10 estaciones representativas mostré una incertidumbre (RMSD) de 0.03 con
un sesgo medio (bias) de 0.01, mostrando discrepancias similares a las
observadas en MCD43A3 C6 (RMSD=0.03, bias=0). Se demostrd, por tanto, la
viabilidad y utilidad del algoritmo.

e Ensegundo lugar se realiz6 la validacion del producto de albedo de PROBA-V
version 1 (C3S PROBA-V SA V1) que dio continuidad a la serie climatica de
albedo de C3S a 1 km de resolucion espacial (Sanchez-Zapero et al., 2020). Por
ello, dicho estudio se centré en la consistencia de los productos C3S en la
transiciéon de SPOT a PROBA, donde ambas plataformas incorporan sensores
Vegetation equivalentes espectralmente (SPOT/VGT y PROBA-V). Se demostrd

una buena continuidad asociada al cambio de satélite (sesgo medio
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tipicamente entre +2%). La mayor limitacion del producto de PROBA-V
respecto al de SPOT/VGT fue su menor nimero de observaciones validas. La
comparacion de C3S PROBA-V SA V1 con el producto MODIS de NASA
(MCD43A3 C6) mostro también una buena consistencia, con diferencias
sistematicamente positivas de hasta el 12% (PROBA-V > MODIS). La
comparacion de PROBA-V con datos in situ (20 estaciones) mostro un sesgo
positivo (11.5%), con una incertidumbre (RMSD ~ 0.4) similar a la mostrada
por MCD43A3 C6.

e El tercer estudio (Sanchez-Zapero et al.,, 2023b) presenta la validacion de 3
series climdticas con mas de 20 afios de datos usando la herramienta Surface
Albedo Validation (SALVAL) desarrollada en esta tesis (componente 4 del
sistema operacional). Las series climaticas investigadas fueron: la version 2 del
producto de albedo del servicio C3S denominada multi-sensor derivada a
partir de datos SPOT/VGT y PROBA-V (C3S V2), el producto de NASA
derivado con Terra+Aqua/MODIS (MODIS C6.1) y el producto de la
Universidad de Beijing derivado también con datos MODIS (GLASS V4). Los
resultados de validacion demostraron que los tres productos de satélite
investigados proporcionan series temporales consistentes y realistas a nivel
global, mostrando ciertas discrepancias entre ellos principalmente atribuidas a
los diferentes algoritmos utilizados y al tipo de sensor.

e Finalmente se realizo el disefio y validacion del algoritmo de albedo
desarrollado para dar continuidad a la serie climatica de C3S basada en
SPOT/VGT y PROBA-V usando datos Copernicus Sentinel-3 a 300 m de
resolucion espacial (Sanchez-Zapero et al., 2023a). Dicho algoritmo realiza un
uso sinérgico de datos de los sensores OCLI y SLSTR a bordo de los satélites
Sentinel-3. La validacién directa con datos de campo (32 estaciones) mostro
resultados similares a los productos NASA MODIS (MCD43A3 C6) pero con
un signo en la diferencias opuesto (ligeramente positivo en el caso de Sentinel-
3), con una exactitud de 0.005 (3.7%), precision de 0.016 (11.3%) e
incertidumbre de 0.032 (22.7%). Los resultados de validacion directa de

Sentinel-3 mejoraron los obtenidos por su producto C3S predecesor basado en
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PROBA-V. C3S Sentinel-3 SA alcanzé un buen acuerdo espacial y temporal en
comparacion con otros productos de satélite operacionales derivados con
MODIS (MCD43A3 C6) y PROBA-V (C3S PROBA-V SA V1). Se demostro, por
tanto, la viabilidad del algoritmo propuesto para la continuidad del CDR del
servicio C3S utilizando el uso de datos OLCI+SLSTR de Sentinel-3. La
principal limitacion del producto fue la subestimacion del albedo en la nieve y
la transicion lenta entre valores bajos y altos en eventos de nieve. Dicha
limitacion proviene de los datos de entrada (reflectividad de la superficie)
proporcionados en CGLS, que usa el clasificador IdePix de ESA, donde se
confunden los valores de nieve con valores de nube, enmascarando y filtrando

dichos valores.

La segunda componente hace referencia a un conjunto fiable y representativo de
medidas in situ a nivel global. Se ha generado una base de datos de medidas de campo
de albedo denominada Representativeness-Evaluated Albedo Stations (REALS), integrando
los datos procedentes de redes existentes de medidas tales como BSRN, FLUXNET,
NEON, EFDC, ICOS o TERN. Se ha evaluado la representatividad espacial de la
medida asociada a la estacion con el objetivo de determinar si el valor medido por la
torre (footprint) es representativo a la resolucidon espacial efectiva de los pixeles de

satélite de interés (tipicamente de 300 m a 1 km).

La tercera componente implica el desarrollo de unos protocolos y metodologias
estandarizados, bajo el consenso de la comunidad cientifica, que ofrezcan a su vez
trazabilidad y transparencia en el proceso de validacién. En el desarrollo de esta tesis
se ha ido elaborando una metodologia de validacion en colaboracién con el grupo de
trabajo del CEOS/WGCV LPV por lo que dicha metodologia no sélo es consistente con
la buenas practicas del CEOS/WGCV LPV sino que también ha contribuido a definir
criterios y métricas del protocolo de validacion del CEOS/WGCV LPV. Se presentan los
dos métodos principales y sus particularidades: i) la validacion directa, que hace
referencia a la comparacion de estimaciones de satélite con datos medidos procedentes
de estaciones terrestres; y 1ii) la validacion indirecta, también conocida como
intercomparacion de productos. Se ha definido ademds un muestreo de 720

localizaciones para la intercomparacion de productos (LANDVAL), que ha sido
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definido sobre sitios homogéneos con el objetivo de ser representativo a nivel global en

cuando a distribucion continental y por tipo de bioma.

Finalmente, se ha culminado la integracion en un sistema operacional con el
desarrollo de una plataforma de validacion online (SALVAL) que genera resultados de
validacion estandarizados (Sanchez-Zapero et al., 2023b). La herramienta SALVAL esta
disefiada para permitir a los productos de albedo alcanzar el nivel maximo (4) en la
jerarquia del CEOS/WGCV LPV, contando a su vez con una interfaz amigable para el
usuario y permitiendo un ejercicio interactivo de validacion que puede ser configurado

conforme a los requerimientos definidos por el propio usuario.

Como conclusion, se ha conseguido llevar cada una de las componentes de
validacion (series climaticas de albedo, base de datos de medidas in situ, metodologia
de validacion y herramienta online) al nivel necesario para desarrollar un sistema
operacional de validacidon estandarizada. Se han validado, ademas, los productos de
albedo desarrollados en los servicios Copernicus CGLS y C3S con los sensores pasivos a

bordo de los satélites SPOT, PROBA y Sentinel-3.
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Resumen extenso

A continuacion se proporciona un resumen extenso global de la tematica de la tesis, de
los principales resultados y de las conclusiones. En el capitulo 1 se describe el contexto, y se
introducen algunas magnitudes fundamentales, el marco de trabajo y los objetivos marcados.
La metodologia de validacion se presenta en el capitulo 2, describiendo el muestreo para la
intercomparacion (LANDVAL), la base de datos de medidas in situ (REALS) y los criterios y

métricas de validacién.

La parte de resultados (capitulo 3) incluye un resumen de los 4 articulos incluidos en

esta tesis, presentada como compendio de publicaciones:

e Roujean, J.L.,, Leon-Tavares, J., Smets, B., Claes, P., Camacho De Coca, F., Sanchez-
Zapero, J., 2018. Surface albedo and toc-r 300m products from PROBA-V instrument in
the framework of Copernicus Global Land Service. Remote Sens. Environ. 215, 57-73.

https://doi.org/10.1016/j.rse.2018.05.015

e Sanchez-Zapero, J., Camacho, F., Martinez-Sanchez, E., Lacaze, R., Carrer, D., Pinault,
F., Benhadj, 1., Mufioz-Sabater, J., 2020. Quality Assessment of PROBA-V Surface
Albedo V1 for the Continuity of the Copernicus Climate Change Service. Remote Sens.
2020, Vol. 12, Page 2596 12, 2596. https://doi.org/10.3390/rs12162596

e Sanchez-Zapero, J., Martinez-Sanchez, E., Camacho, F., Wang, Z., Carrer, D., Schaaf,
C., Garcia-Haro, F.J., Nickeson, J.,, Cosh, M., 2023b. Surface ALbedo VAlLidation
(SALVAL) Platform: Towards CEOS LPV Validation Stage 4 - Application to Three
Global Albedo Climate Data Records. Remote Sens. 2023, Vol. 15, Page 1081 15, 1081.
https://doi.org/10.3390/RS515041081

e Sanchez-Zapero, J., Camacho, F., Martinez-Sanchez, E., Gorrono, J., Leén-Tavares, J.,
Benhadj, I, Toté, C., Swinnen, E., Mufoz-Sabater, J., 2023a. Global estimates of surface
albedo from Sentinel-3 OLCI and SLSTR data for Copernicus Climate Change Service:
Algorithm and preliminary validation. Remote Sens. Environ. 287, 113460.
https://doi.org/10.1016/].RSE.2023.113460

Finalmente, en el capitulo 4 se realiza una discusién general de los resultados y se

proporcionan las conclusiones de la tesis, incluyendo las perspectivas futuras.


https://doi.org/10.1016/j.rse.2018.05.015
https://doi.org/10.3390/rs12162596
https://doi.org/10.3390/RS15041081
https://doi.org/10.1016/J.RSE.2023.113460
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1. Introduccidon

1.1. Contexto

El albedo de la superficie terrestre, que se define como la fracciéon (adimensional) de la
radiacion solar incidente que es reflejada por la superficie de la Tierra (Dickinson, 1983), esta
considerado como una ECV de acuerdo con el sistema global de observacion del clima
(GCOS) (GCOS-244"). Es una variable de vital importancia pues controla el balance
energético de la superficie y es un indicador muy sensible a cambios medioambientales
(Dickinson, 1995). Como corolario, el albedo de la superficie determina la fraccion de energia
solar que es transformada en calor o energia latente, siendo clave para caracterizar el balance
energético en el sistema Tierra-atmosfera y constituyendo una entrada indispensable para
los modelos que cuantifican la transferencia de energia entre suelo, vegetacion y atmodsfera
(Stephens et al.,, 2015). También vale la pena sefialar que los estudios de sensibilidad
climatica con modelos de circulaciéon global han confirmado la naturaleza inestable del
balance de energia con respecto a pequefios cambios en el albedo de la superficie terrestre
(Amut et al., 2007; Henderson-Sellers and Wilson, 1983; Ollinger et al., 2008). El albedo varia
en el espacio y el tiempo como resultado tanto de procesos naturales (iluminacién solar,
deshielo, crecimiento de la vegetacion) como de las actividades del ser humano sobre el
clima (Lawrence and Chase, 2007), representando un indicador de la vulnerabilidad
medioambiental del planeta. Un aumento global del albedo indicaria un enfriamiento del
planeta, pues la luz (radiacién) absorbida que lo calienta seria menor. Por el contrario, un
valor bajo de albedo apuntaria a un calentamiento del planeta, porque la mayor parte de la
luz seria absorbida por la superficie del mismo. Las mismas hipdtesis son validas a escala
regional. La dindmica estacional también aporta informacion de interés, ya que el albedo
varia notablemente a lo largo del afio. A partir de valores altos de albedo podemos
identificar la presencia de nieve o hielo en la superficie, asi como la presencia de vegetacién
en valores bajos. La variacién temporal del albedo también puede darnos informacion sobre
la fenologia de la vegetacion o cambios significativos en la superficie por otros fenémenos

como incendios, deforestacién o inundaciones.

' The 2022 GCOS Implementation Plan (GCOS-244): https://gcos.wmo.int/en/publications/gcos-
implementation-plan2022 (acceso online el 02/03/2023).



https://gcos.wmo.int/en/publications/gcos-implementation-plan2022
https://gcos.wmo.int/en/publications/gcos-implementation-plan2022
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La observacion global de manera regular del sistema climatico es un requisito clave

para avanzar en el conocimiento cientifico sobre los cambios que estd experimentando
nuestro clima. La convencion de cambio climatico de las Naciones Unidas (UNFCCC), junto
a las entidades que la componen (World Meteorological Organization (WMO), Intergovernmental
Oceanographic Commission (I0C) of the United Nations Educational Scientific and Cultural
Organization (UNESCO), United Nations Environment Programme (UNEP), International Council
for Science (ICS)) reconoce al GCOS como el organismo responsable de coordinar las
observaciones climaticas a nivel internacional. Los planes de implementacion del GCOS
establecen como requisito el monitorizar sistematicamente un conjunto de ECVs a nivel
global, entre las que esta incluido el albedo de la superficie terrestre. En el contexto de
cambio climdtico actual son necesarios, por tanto, registros globales de albedo de la
superficie a largo plazo tanto para los modelos climaticos como para modelos

biogeoquimicos, hidrologicos o meteoroldgicos.

Hay dos formas principales de monitorizar las variaciones de albedo. La primera de
ellas seria la medicion a través estaciones de flujo de manera in situ, por ejemplo, con la
instalacion de pirandmetros situados de manera opuesta que miden tanto la radiacion
incidente que llega al sensor como la que se refleja desde la superficie. Este procedimiento
estd limitado espacialmente, ya que las medidas se realizan de manera local para un
emplazamiento concreto y no podemos medir el albedo para grandes superficies (ni mucho
menos a nivel global) ni determinar la variacion espacial del mismo. La segunda seria la
teledeteccion, mediante la estimacion del albedo a través de datos procedentes de satélites.
La tecnologia actual de los satélites de observacion de la Tierra permite abordar el estudio de
forma global, con una alta continuidad tanto a nivel espacial como temporal. Gracias a la
adquisicion de datos procedentes de sensores pasivos a bordo de dichos satélites que miden
la radiacion relejada en el rango solar podemos, por ende, obtener registros globales de
albedo con una frecuencia temporal alta a diferentes resoluciones espaciales en funcién del

sensor utilizado.
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Actualmente, diferentes agencias espaciales e instituciones han implementado servicios
que ofrecen datos climaticos de albedo. El servicio precursor es el proporcionado por el Land
Processes Distributed Active Archive Center> (LP DAAC) de NASA, donde su equipo cientifico
‘Land” tiene como objetivo la monitorizacion de la cobertura terrestre explotando datos
adquiridos a través de sensores MODIS a bordo de los satélites Terra y Aqua. Por otra parte,
el programa europeo de observacion de la Tierra, Copernicus*, es dirigido conjuntamente por
la Agencia Espacial Europea (ESA) y por la Comision Europea (EC) con el objetivo de lograr
una capacidad completa, continua y auténoma de observacion de la Tierra cuyos resultados
sean accesibles libremente por la comunidad cientifica y el resto de la sociedad. Dicho
programa se agrupa en seis areas tematicas diferentes: la superficie terrestre, los océanos, la
respuesta a emergencias, la atmosfera, seguridad y, por altimo, cambio climatico. Dentro de
estas tematicas existes varios servicios que ofrecen productos de albedo, como la
componente global del servicio de monitorizacion de la superficie terrestre> (CGLS) o el
servicio de cambio climatico® (C3S). CGLS desarroll6 los primeros algoritmos y cadenas de
procesado de productos globales (SA). Posteriormente, los desarrollos de CGLS se
trasladaron a C3S, que ofrece actualmente la serie climatica mas extensa del mercado,
proporcionando registros globales de albedo derivados de satélite desde 1981 hasta la
actualidad. Existen otras iniciativas que ofrecen productos a los usuarios, como el Satellite
Application Facility on Land Surface Analysis” (LSA SAF) (Trigo et al., 2011) de la European
Organisation for the Exploitation of Meteorological Satellites® (EUMETSAT), o el proyecto
Globalbedo® de la ESA. Fuera de Europa también destacan otras iniciativas, como los
productos Global LAnd Surface Satellites'® (GLASS) (Liang et al., 2020) ofrecidos por el centro

de procesado y andlisis de datos globales de la Beijing Normal University’s (BNU).

? https://Ipdaac.usgs.gov/ (acceso online el 02/03/2023)

3 https://modis-land.gsfc.nasa.gov/ (acceso online el 02/03/2023)
* https://www.copernicus.eu/ (acceso online el 02/03/2023)

> https://land.copernicus.eu/global/ (acceso online el 02/03/2023)
® https://climate.copernicus.eu/ (acceso online el 02/03/2023)

" https://landsaf.ipma.pt/ (acceso online el 02/03/2023)

® https://www.eumetsat.int/ (acceso online el 02/03/2023)

% http://www.globalbedo.org/ (acceso online el 02/03/2023)

19 http://glass.umd.edu/ (acceso online el 02/03/2023)
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https://landsaf.ipma.pt/
https://www.eumetsat.int/
http://www.globalbedo.org/
http://glass.umd.edu/
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Dependiendo de la aplicacion y el uso de los productos de albedo, los requisitos
pueden variar a diferentes escalas tanto espaciales (que cubren un rango desde pocos metros
a 30km) como temporales (desde diario a mensual). Los requisitos locales y regionales varian
significativamente seguin el uso previsto. Sin embargo, GCOS ha especificado un conjunto de
requisitos globales que en la mayoria de ocasiones deberian satisfacer las necesidades
globales y regionales (GCOS-245"). Ademas de los requisitos referentes a la resolucion,
GCOS establece requisitos en cuanto a la estabilidad de la serie climatica y la incertidumbre
asociada a las estimaciones. A su vez, dada la multitud de productos de albedo existentes,
que presentan entre ellos discrepancias tanto temporales como espaciales (Carrer et al.,
2010a; Liu et al., 2013, 2017), los usuarios se enfrentan comunmente a situaciones complejas
pues deben conocer cudl de ellos se ajusta mejor a sus necesidades. Es, por tanto, obligatorio
cuantificar y medir de manera eficiente las incertidumbres asociadas a los productos globales
de albedo derivados mediante teledeteccion. También se debe evaluar si el producto cumple
los requisitos definidos por usuarios (fitness-for-purpose), asi como determinar en qué medida
el producto es adecuado para su aplicacion especifica (Zeng et al.,, 2015). Al proceso de
determinar la incertidumbre asociada a los productos, asi como a la evaluacion de su calidad

y cumplimiento de los requisitos es lo que conocemos como validacion.

La validacion se define como el proceso de evaluar, de manera independiente, la
calidad de los datos de los productos derivados de la salida de un sistema (Justice et al.,
2000). En términos de productos derivados de datos de satélite, la validacion es el
procedimiento de evaluar su exactitud y cuantificar sus incertidumbres a través de
comparaciones analiticas con datos de referencia. Podemos definir dos métodos diferentes de

validacion: validacion directa y validacidn indirecta.

La validacion directa consiste en la comparacion del albedo estimado a partir de
datos de satélite con medidas de campo (Lewis, P & Barnsley, 1994), siendo el método que
permite evaluar las incertidumbres, pues se puede argumentar que es considerado como la
validacion real en el campo de la teledeteccion (Mayr et al., 2019). Por lo tanto, la

disponibilidad de datos fiables in situ para la validacién directa de productos de

1 The 2022 GCOS ECVs Requirements (GCOoSs 245):
https://library.wmo.int/index.php?lvi=notice_display&id=22135#.ZACc4XbMJhE (acceso online el
02/03/2023)



https://library.wmo.int/index.php?lvl=notice_display&id=22135#.ZACc4XbMJhE
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teledeteccion es un requisito cientifico clave para que los usuarios tomen decisiones efectivas

sobre el uso y utilidad de un producto determinado (Nightingale et al., 2019).

Sin embargo, la validacion directa esta limitada espacialmente por el nimero de
estaciones disponibles, que no representan las variaciones de albedo a nivel global. Por ello,
se hace uso de la comparacion tanto cuantitativa como cualitativa entre productos de satélite,
comunmente llamada intercomparacion de productos o validacion indirecta, que se beneficia
de la representatividad espacial del estudio dado el caracter global de los productos de
satélite. La validacion indirecta consiste, por tanto, en comparar el producto de albedo
derivado con datos de satélite que estamos evaluando, usando otros productos de satélite
como referencia (Carrer et al., 2010b; Qu et al., 2014; Taberner et al., 2010). En general,
podemos concluir que la intercomparacion de productos ofrece un medio para evaluar las
discrepancias (sistematicas o aleatorias) entre productos. Dicho método es particularmente
util para encontrar desacuerdos espaciales entre productos en areas extensas y para

estratificar la validacion en diferentes tipos de cobertura terrestre o areas geograficas.

Por otra parte, la validacién puede estar condicionada y sesgada por el equipo
encargada de llevarla a cabo (p.ej., el desarrollador del producto). Es por tanto necesario
establecer unos protocolos y metodologias estandarizadas, que ofrezcan a su vez
trazabilidad y transparencia en el proceso de validacion. El CEOS/WGCV LPV™ juega un
papel clave en las actividades de validacién de productos derivados con datos satelitales,
coordinando actividades como la estandarizacion de protocolos de validacion de productos
derivados con diferentes datos o algoritmos. Cuenta con la presencia de expertos
internacionales, prestando la experiencia y conocimientos para garantizar la fiabilidad y
precision de dichos productos de acuerdo a unos estandares comunes. E1 CEOS/WGCV LPV
establece 4 niveles de jerarquia de validacién (Nightingale et al., 2011) atendiendo al nivel de

calidad del producto y de la madurez de su evaluacion (Tabla 1).

12 https://Ipvs.gsfc.nasa.gov/ (acceso online el 01/03/2023)
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Tabla 1. Jerarquia de validacion del CEOS/WGCV LPV (Fuente: https://lpvs.gsfc.nasa.gov/)
Nivel Definicion y estado actual de la validacion

0 No se ha validado. La exactitud del producto no ha sido evaluada. El producto se
considera como beta.

1 La exactitud del producto se ha evaluado para un pequefio (tipicamente < 30)
numero de localizaciones y periodos temporales por comparacion con datos in situ u
otro dato de referencia adecuado.

2 La exactitud del producto ha sido estimada sobre un conjunto significativo
(tipicamente > 30) de localizaciones y periodos de tiempo temporales por
comparacion con datos in situ u otro dato de referencia adecuado.

La consistencia temporal y espacial del producto y su consistencia con productos
similares ha sido evaluada sobre una representacion global de localizaciones y
periodos de tiempo.

Los resultados han sido publicados y revisados por pares.

3 Las incertidumbres del producto han sido completamente cuantificadas sobre un
conjunto significativo (tipicamente > 30) de localizaciones y periodos de tiempo por
comparacion con datos in situ u otro dato de referencia adecuado. Los
procedimientos de validacion siguen unas buenas practicas acordadas por la
comunidad.

La consistencia temporal y espacial del producto, y su consistencia con productos
similares, ha sido evaluada sobre una representacion global de localizaciones y
periodos de tiempo.

Los resultados han sido publicados y revisados por pares.

4 El nivel de validacion 3 se actualiza sistemdaticamente cuando se lanzan nuevas
versiones del producto, o existe una expansion inter-anual de la serie temporal.
Cuando sea apropiado para el producto, las incertidumbres se cuantifican mediante
comparacion con medidas de referencia fiduciarias en una red global de sitios y
periodos de tiempo (si estan disponibles).

Una reciente revision de la literatura ha revelado que existen muy pocos ejercicios de
validacion de productos de albedo a nivel global (Mayr et al., 2019), la mayoria de ellos
basados en observaciones de MODIS (Cescatti et al., 2012; Liang et al., 2002; Liu et al., 2013)
aunque también basados en otros sensores como PROBA-V, SPOT/VGT o EPS/AVHRR
(Lellouch et al., 2020). Este hecho otorga a los productos de albedo un nivel de validacion 3,
como maximo, de acuerdo a la jerarquia establecida por el CEOS/WGCV LPV (Tabla 1).
Ademas, los resultados de validacion existentes no son directamente comparables, ya que los
protocolos empleados son diferentes entre los diversos ejercicios en términos de
metodologias y métricas, datos de referencia y localizaciones (muestreo), cobertura espacio-

temporal y ausencia de transparencia y trazabilidad. Todas estas inconsistencias respaldan la
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necesidad de llevar las actividades de validacion de productos de albedo hacia un flujo de

trabajo de validacion operacional (Bayat et al., 2021), que alinearia todos estos diversos

aspectos. Esto permitiria, a su vez, alcanzar el maximo nivel de calidad en la jerarquia del

CEOS/WGCV LPV (nivel 4), que no ha sido alcanzado en la actualidad para productos de
albedo.

Dicho sistema operacional de validaciéon de productos globales de ECVs debe
considerar, al menos, cuatro principales componentes (Bayat et al., 2021): (1) registros de
datos climaticos o CDRs a largo plazo; (2) un conjunto fiable y representativo a nivel global
de medidas de campo; (3) un protocolo de validacién estandarizado que cuente con el
acuerdo de la comunidad cientifica; y (4) una plataforma de validacion online, de libre acceso,

que genere resultados e informes de validacion estandarizados.
1.2. Definiciones de albedo

1.2.1. Albedo estimado mediante teledeteccion

Mientras el albedo de la superficie real puede ser medido directamente por estaciones
terrestres, este no es el caso de los productos derivados con datos procedentes de
instrumentos a bordo de satélites. Existen, por tanto, varias definiciones de productos de
albedo de acuerdo al dominio de integracion direccional (Pinty et al., 2005; Schaepman-Strub
et al., 2006), considerando las dos condiciones mas extremas: la radiacion solar incidente es

completamente directa o completamente difusa.

El albedo black-sky (BSA), técnicamente conocido como factor de reflectividad
direccional hemisférica (AL-DH), es la reflectividad de la superficie cuando la iluminacién
proviene de una sola direccion. El BSA se define en ausencia de atmdsfera, y depende de la
posicién angular de la fuente de luz y de las propiedades de la superficie. Dicho modelo
considera que toda la energia proviene de radiacion solar directa. Dado que el BSA es una
funcién del angulo cenital solar (SZA), suele calcularse a una hora especifica (normalmente

al mediodia solar local).

El albedo white-sky (WSA), técnicamente conocido como el factor de reflectividad
bi-hemisférica (AL-BH), es la reflectividad de la superficie cuando la irradiancia es

isotropica. El albedo de la superficie bajo una cubierta de nubes homogéneas seria una buena
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aproximacion del WSA, dependiendo tnicamente de las propiedades de la superficie. Este

modelo considera que la iluminacidn es completamente difusa.

El albedo, ademas, suele definirse para dominios espectrales amplios o para bandas
espectrales de ancho finito. Esta definicion ha sido adoptada por los diferentes grupos
internacionales (CEOS WGCV, WMO, GCOS). Para la mayoria de aplicaciones, la cantidad
de interés no es espectral, sino de banda ancha. El albedo de banda ancha se define, por
tanto, como el ratio del flujo de radiacion reflejada e incidente en un determinado intervalo

espectral.

La cadena clésica de un algoritmo operacional para la estimacién del albedo se ilustra

en la Figura 1, y esta dividida en los 4 pasos siguientes:

1. Correccion atmosférica. Las medidas de las radiancias Top-Of-Atmosphere (TOA) que
llegan al sensor a bordo del satélite son corregidas de los efectos de la atmosfera, con
el objetivo de convertirlas en los correspondientes valores de reflectividades de la
superficie o Top-Of-Canopy (TOC). En este paso también se realiza el filtrado de los
pixeles afectados por contaminacion de nubes.

2. Inversion de la Bidirectional Reflectance Distribution Function (BRDF). Las
reflectividades TOC de cada canal espectral sirven como entrada al modelo de
inversion de la BRDF, tipicamente basado en funciones lineales. Dicho modelo
permite describir la dependencia angular de la reflectividad en todas las direcciones.

3. Integracion angular. Calculo de los albedos espectrales mediante la integracion
angular de los parametros de la BRDF.

4. Integracion espectral. Finalmente, conversion de albedo espectral a albedo de banda

ancha mediante regresion lineal.
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Figura 1: Diagrama habitual de un algoritmo para la estimacién de albedo mediante teledeteccion
basado en cuatro pasos: correccion atmosférica, inversion de la BRDF, integracién angular e
integracion espectral.

Hay que tener en cuenta que los diferentes pasos que componen la cadena de
procesado para la estimacién del albedo con datos de satélite incluyen diferencias

significativas que justifican las discrepancias entre productos. A continuacién se detalle
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punto por punto de qué manera influye cada uno de dichos aspectos en las diferencias entre

productos:
e Caracteristicas orbitales y tiempo de paso del satélite.

Las diferencias comienzan en las caracteristicas de los satélites que llevan a bordo los
sensores que nos proporcionan los datos de entrada. El tiempo de paso del satélite
determina las condiciones de iluminacion de la superficie y, por tanto, la radiancia medida

por el satélite.

El calibrado del sensor se realiza bajo unas condiciones de iluminacion especificas y la
deriva orbital puede tener un efecto importante, pues dichas condiciones de iluminacion
varian. Satélites como Terra y Aqua no tienen deriva orbital (hora de paso y orbita constante),
pero otros microsatélites como PROBA si que se ven afectados, pues no llevan ningun
sistema de propulsion a bordo, y la drbita se va degradando provocando una variacion en la
hora de paso durante su periodo de vida operacional. Por otra parte, el satélite SPOT perdio
el control de la drbita al final de su mision (desde principios de 2013 hasta mayo de 2014), de
manera que la adquisicion de las imagenes fue realizdndose de manera mas temprana (hasta
una hora al final de la mision). El incremento gradual del angulo cenital solar provocé un
incremento en el indice de vegetacion normalizado (NDVI) que relaciona los canales en el
red y NIR, como se mostrd en la intercomparacién del NDVI entre SPOT/VGT y MODIS
(Toté et al., 2017).

e Muestreo angular del sensor.

Una de las principales diferencias en la estimacion del albedo proviene del diferente
muestro angular usado para la caracterizacion de la BRDF. Todos los sensores utilizados en
los productos estudiados en esta tesis (VGT, OLCI+SLSTR; y MODIS como referencia) tienen
un amplio campo de visidn, lo que permite la observacidon de la superficie sobre diferentes

condiciones de iluminacion solar a lo largo de las diferentes pasadas del satélite.
e Exactitud geométrica y resolucion espacial del sensor.

La exactitud geométrica y los errores de geolocalizacion tienen un alto impacto en la

calidad del producto, principalmente para superficies y objetivos heterogéneos.
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Por otra parte, la resolucion efectiva del pixel pude verse afectada dependiendo de la
posicion de la adquisicidon del satélite, que varia a lo largo de la franja de observacion del
sensor junto a la point spread function de la cdmara (Meyer, 1996). Es, por tanto, una practica
habitual mezclar resoluciones espaciales diferentes, pues los productos se derivan para
ventanas de composicion de varios dias. La resolucién nativa de PROBA-V es 100 m al nadir,
y 360 m en el borde de la franja de observacién. SPOT/VGT alcanza una resolucion de 1165 m
al nadir, y de 1700 m en el borde. MODIS alcanza una resolucion espacial nominal de 250 m
para el Red y el NIR, y 500 m para el resto. Para los productos de MODIS de 250 m de
resolucion nominal al nadir, la resolucion efectiva varia entre 344 m y 835 m entre filas y
entre 292 m y 523 m entre columnas (Campagnolo and Montano, 2014). En el caso de los
productos basados en OLCI+SLSTR, cada sensor tiene una resolucidon nominal tedrica
diferente (300 m para OLCI, 500 m para SLSTR). La resolucion efectiva puede variar,
tedricamente, hasta un valor de 500 m en caso de OLCI y de hasta 800 m en caso de SLSTR.
OCLI y SLSTR se embarcan en la misma plataforma (Sentinel-3) y los dngulos de visién son

practicamente idénticos.

e Canales espectrales del sensor.

Cada sensor trabaja en diferentes rangos espectrales. Los productos Copernicus basados
en SPOT/VGT y PROBA-V se derivan con sensores VGT equivalentes espectralmente, con 4
canales. MODIS cuenta con 7 canales espectrales, tipicamente mads estrechos que los de VGT,
por lo que se esperan mayores diferencias en regiones con altas caracteristicas de absorcion
como el Red. Por otra parte, el uso sinérgico de OLCI+SLSTR permite una caracterizacion

mas completa del espectro solar, con mds 20 canales disponibles.

Hay que tener especial atencion en la respuesta espectral en el rango de transicion de la
banda de absorciéon de clorofila a la banda de reflexion de las hojas (0.68-0.72 pm)
(Trishchenko et al., 2002), conocida como Red-Edge. Los del Red en los sensores VGT (a bordo
de SPOT y PROBA) sobrepasan el limite de 0.7 pm, por lo que este solapamiento con el Red-
Edge tiene un impacto significativo en la reflectividad en el Red. Para los productos basados

en Sentinel-3, las bandas del Red-Edge se descartan.
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e Calibracidon radiométrica del sensor.

La calibracion radiométrica es necesaria para permitir la conversion de las sefiales
medidas por un sensor de satélite en unidades de radiancia absoluta. El rendimiento
radiométrico de un sensor tiende a degradarse al degradarse la orbita (Gutman et al., 1999),
tal como se ha planteado anteriormente. Los sensores VGT a bordo de SPOT, asi como los
sensores MODIS y OCLI+SLSTR tienen dispositivos de calibracion a bordo, permitiendo una
calibracion radiométrica precisa (Fougnie et al., 2000; Henry and Meygret, 2000; Xiong and
Barnes, 2006). Debido a la ausencia de dispositivos de calibracion a bordo en el caso de
PROBA-V, la calibracién radiométrica se basa tinicamente en una calibracion vicaria (Sterckx

et al., 2013), comprometiendo la estabilidad de las observaciones.

e Correccion atmosférica.

Cada cadena de procesado utiliza su propio método para correccion atmosférica y
enmascarado de nubes de acuerdo con las capacidades espaciales y espectrales de cada
sensor. Debido a las diferentes caracteristicas espectrales, la influencia de la perturbacion
atmosférica sera también diferente para los datos provenientes de SPOT/VGT, PROBA-V,
MODIS y Sentinel-3/OLCI+SLSTR.

Los productos Copernicus derivados con SPOT/VGT, PROBA-V y Sentinel-
3/OLCI+SLSTR usan el mismo método de correccion atmosférica (Simplified Method for
Atmospheric Correction) (Rahman and Dedieu, 1994). Sin embargo, dicho método se apoya en
diferentes datos auxiliares de entrada externos referentes a la caracterizacion de la atmdsfera
y el espesor Optico de los aerosoles. Sobre superficies densamente cubiertas por vegetacion,
mayores valores de espesor Optico de los aerosoles se traducen en menores valores de
reflectividad en el visible y ligeramente mayores en el NIR, aunque el efecto es mayor en el
visible. Las imagenes de MODIS se corrigen de los efectos de la dispersion y absorcién de
gases y aerosoles, asi como de los efectos adyacentes causados por la variacion de la
cobertura terrestre, los efectos de acoplamiento atmosférico y la contaminacion por nubes

delgadas (Vermote et al., 2002). Los datos de entradas para la correccion atmosférica de los
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productos de MODIS se derivan dentro del propio servicio, sin necesidad de fuentes

externas.

El enmascarado de nubes se realiza con diferentes algoritmos para cada producto,
dependiendo de las caracteristicas espectrales de cada sensor. Ademads, a mayor resolucion
espacial nativa, mayor ventaja a la hora de detectar pequenas nubes. Para SPOT/VGT y
PROBA-V, sdlo se utilizan los canales Opticos para la deteccion de nubes (Wolters et al., 2018,
2016), por lo que la deteccién de nubes es menos precisa. Es conocido que la deteccion de
nubes de la coleccién 1 de PROBA-V muestra grandes errores sobre superficies brillantes y
una gran cantidad de errores de omision en latitudes mas altas en los meses de invierno.
MODIS cuenta con bandas térmicas, lo que facilita la deteccién de nubes, nieve y hielo
(Ackerman et al., 2010). Por otra parte, los productos basados en Sentinel-3/OLCI+SLSTR
usan el clasificador IdePix proporcionado por ESA, que tiene una limitacion importante, pues

clasifica la nieve como nubes.

e Modelo de BRDF.

La reflectividad de la superficie varia en funcion de las condiciones de iluminacién y
vision por el efecto de la anisotropia de la superficie. La BRDF describe la dependencia de
cada superficie para cada pixel, por lo que la correccion de los efectos de la BRDF se
considera uno de los requerimientos mas importantes para la consistencia entre series
climaticas derivadas con diferentes sensores (Cihlar et al., 2004, 1998). Los productos de
albedo estan corregidos de los efectos de la BRDF, y estdan definidos bajo las mismas
condiciones de iluminacion, pues el albedo black-sky lo computan todos los productos al
mediodia solar local. Sin embargo, las diferencias entre productos se explican, parcialmente,
por el diferente modelo usado para parametrizar la BRDF (Carrer et al., 2010b). Por otra
parte, el rendimiento del modelo BRDF también depende del nimero de observaciones libres
de nubes disponibles durante el periodo de sintesis, asi como de la distribucién angular del
muestreo. Las mayores incertidumbres de la BRDF estdn asociadas con los objetivos de nieve
para los cuales ninguno de estos modelos BRDF paramétricos era adecuado (Maignan et al.,

2004).
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La mayoria de productos de albedo operacionales se basan en modelos semi-
empiricos basados en descriptores de la BRDF (paso 2), que han sido desarrollados durante
las ultimas décadas para modelar la BRDF de un gran nimero de sensores Opticos (Barnsley
et al.,, 1994; Hu et al., 1997; Lucht et al., 2000; Roujean et al., 1992; Strahler, 1997; Wanner et
al.,, 1997, 1995). El uso de estos modelos estda ampliamente extendido, pues pueden
representar la firma direccional de la mayoria de los objetivos naturales (Breon and Maignan,
2017; Bréon and Vermote, 2012; Claverie et al., 2015; Franch et al., 2014; Los et al., 2005; Lucht
et al., 2000; Roujean et al., 1992, 2018; Roy et al., 2016; Schaaf et al., 2002; Vermote et al., 2009;
Wanner et al., 1995). El enfoque se basa en una descomposicion del factor de reflectividad
bidireccional en una serie de funciones (kernels) que estan asociadas a los procesos
dominantes de dispersion de la luz (p.ej., efectos geométricos o volumétricos), una
separacion entre suelo y vegetacion, o la conjuncion entre medios dpticamente gruesos y
delgados (Lucht and Roujean, 2000). Tanto las mediciones in situ como los experimentos
numéricos han apoyado el uso de modelos basados en kernels, usados para la mayoria de
sensores a bordo de satélites que ofrecen sistemas de adquisicion multi-angulares. Ejemplos
tipicos de estos sensores son los histéricos POLDER, SeaWiFS, VGT, MODIS o MERIS (Baret
et al., 2007; Justice et al., 1998; Leroy et al., 1997; Muller et al., 2011; Samain et al., 2006;
Strahler et al., 1999; Wanner et al., 1997). Estos métodos ofrecen un buen compromiso entre
calidad de los resultados, facilidad de implementacion y tiempo de computacidn, siendo una
solucién pragmatica y robusta. Esto explica que sean los mas utilizados en contextos

operacionales para el desarrollo de productos de albedo.

Existen modelos mas rigurosos desde un punto de vista tedrico, que tratan el modelo
de transferencia radiativa en un sistema que trata la atmosfera y la superficie de forma
simultdnea. Ejemplos de estos algoritmos se aplicaron a MISR (Diner et al., 2008, 1998) y
METEOSAT (Pinty et al., 2000a, 2000b). La caracteristica comtn de estos algoritmos es la
correccion y explotacion de las variaciones en la geometria del sensor solar que ocurren
como una funcién de la orbita del satélite, el disefio del sensor, la posicién geografica del
objetivo y la hora del afio. También existen métodos puramente basados en la observacion
para la descripcion e inversion de la BRDF, como el método de agrupamiento angular

utilizado para la generacion del producto GLASS (Zhao et al., 2013). Otras investigaciones se
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centraron en métodos para obtener albedos de banda ancha directamente a partir de

reflectividades TOA (Liang, 2003).

e Conversion a banda ancha.

Los productos se definen, habitualmente, en tres rangos espectrales de banda ancha
que representan las cantidades mas demandadas de albedo: todo el espectro solar o albedo
de onda corta (300-4000 nm), el visible (400-700 nm) y el infra-rojo cercano (NIR) (700-3000
nm). En realidad, cualquier cambio en el albedo de onda corta (solar) puede ser tenue debido
a la compensacion entre el albedo de la superficie del infrarrojo cercano y el visible de banda
ancha. Esto justifica plenamente la estimacion de los tres productos de albedo de banda
ancha, aunque cada uno podria derivarse de los otros dos. Cabe destacar que el rango
espectral de la banda ancha visible coincide con el rango de la radiacién fotosintéticamente
activa (PAR). Como la vegetacion absorbe la mayor parte de la radiacion PAR, el albedo PAR
es particularmente sensible al verdor. Por otro lado, el albedo del infrarrojo cercano es alto
para la vegetacion frondosa y bajo para el material lefioso en comparacion con el albedo

visible.

Los productos de albedo de banda ancha se computan a partir de los albedos
espectrales de las diferentes bandas de los sensores, que difieren en niimero de bandas y
respuestas espectrales. Ademads, lo albedos de banda ancha se definen, tedricamente, en

regiones ligeramente diferente dependiendo del servicio (Copernicus, NASA).

1.2.2. Albedo bajo iluminacién real

El albedo de la superficie terrestre bajo iluminacién real, conocido como albedo
blue-sky, solo puede medirse mediante la instalacion de la instrumentacion in situ
apropiada. Los conjuntos de datos de albedo de referencia se pueden derivar a partir de la
relacién entre la irradiancia reflejada e incidente en la superficie. Esto se consigue a través de
pirandmetros, que integran la radiacion incidente que alcanza el sensor desde el hemisferio

completo. El concepto de “albedémetro” se concibe mediante el acoplamiento de dos de
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estos instrumentos, que miden simultaneamente la irradiancia del cielo y la reflectancia de la

superficie.

En la practica, el albedo blue-sky suele aproximarse a partir de una combinacion lineal
de los albedos BSA (iluminaciéon completamente directa) y WSA (iluminacion
completamente difusa), ponderados por la fraccion de radiacién difusa (Lucht et al., 2000;
Pinty et al., 2005). Dicha cantidad depende, por tanto, de la posicion solar, de las condiciones

atmosféricas y de las propiedades de la superficie.
Blue_sky albedo = (1 — dif(6s))BSA(6s) + dif(s)WSA Eq.1
donde dif (65) es la proporcién de radiacion difusa a un determinado SZA (6s).

La expresion anterior es valida para condiciones libres de nieve. Sin embargo, los
efectos de la dispersion multiple y la anisotropia de la iluminacion difusa deben ser
considerados de manera mas cuidadosa para zonas cubiertas de nieve debido a los altos
valores de reflectividad sobre la nieve y al gran angulo cenital solar a altas latitudes.
Entonces, se deberia usar una expresiéon mads compleja del albedo blue-sky para areas

cubiertas de nieve (Roman et al., 2010).

1.3. Marco de Trabajo

Esta tesis doctoral ha sido desarrollada en la empresa Earth Observation LABoratory'
(EOLAB). EOLAB esta especializada en proveer servicios técnicos relacionados con la
observacion de la Tierra para la observacion de la vegetacion y las variables de radiacion en
cuatro dreas principales: (i) disefio de algoritmos para estimar variables geo-biofisicas a
partir de datos de teledeteccion, (ii) evaluacion de la calidad de productos de teledeteccion,
(iif) adquisiciones y procesamiento de medidas terrestres, y (iv) consultoria para la
asimilacion de productos de teledeteccion en diferentes aplicaciones. EOLAB esta
estrechamente relacionada con la Universidad de Valencia, pues surgié como spin-off da la
misma y colabora activamente en la formacion de estudiantes de master y doctorado en la

empresa.

3 EOLAB Spain S.L. url: https://eolab.es/ (acceso online el 01/03/2023)
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EOLAB destaca a nivel europeo por su posicionamiento en actividades de validacién
en el programa Copernicus, habiendo trabajado en el desarrollo de algoritmos y validacion de
productos geo-biofisicos en el programa Global Monitoring for Environment and Security
(GMES), precursor de Copernicus. Desde los inicios de los servicios de monitorizaciéon de la
superficie terrestre (CGLS) y cambio climatico (C3S) de Copernicus, la empresa es responsable
de evaluar la calidad de los productos biofisicos de radiacion de la superficie (incluyendo el
albedo) y otros parametros de vegetacion. El CGLS, coordinado por el Joint Research Centre
(JRC) de la comision europea (EC), produce sistematicamente una serie de productos geo-
biofisicos de calidad, en tiempo casi real, que informan sobre el estado y la evolucion de la
superficie terrestre a escala global y a medias y bajas resoluciones espaciales (desde 300 m a 1
km). Los productos pueden ser usados para monitorizar la vegetacion, el ciclo del agua, el
balance energético o la presencia de hielo. Dicho servicio forma parte de la componente de la
superficie terrestre de Copernicus, siendo operacional desde el afio 2013. Por otra parte, el
C3S, implementado por el Centro Europeo de Previsiones Meteoroldgicas a Plazo Medio
(ECMWEF), proporciona informacion fiable sobre el clima con observaciones in situ, datos de
satélite y actividades de re-analisis, contando con herramientas para permitir estrategias de
mitigacion y adaptacion al cambio climatico por parte de los responsables politicos y
agencias privadas. Cabe destacar que CGLS inicialmente desarroll6 las cadenas de procesado
de productos de albedo con datos de SPOT/VGT, posteriormente adaptandolas a PROBA-V.
La produccién de dichos productos se trasladé definitivamente al servicio C3S, que produce
series climaticas o CDRs de diferentes ECVs. C3S ha extendido la serie climatica de albedo
derivada con SPOT/VGT (1998-2014) y PROBA-V (2014-2020) hacia el pasado con datos de
NOAA/AVHRR (periodo 1981-2005), y continuard la produccién tras el fin de PROBA-V
(Junio 2020) gracias a las adquisiciones que Sentinel-3 ofrece desde mediados de 2018 en
adelante. La actividad en los servicios Copernicus ha permitido la definicion de los diferentes
protocolos y métricas para la validacion de productos de albedo, asi como la aplicacién de
los mismos para evaluar la calidad cientifica de varios productos (ver lista de informes en
Anexo I). En este contexto se han realizado las 4 publicaciones en la presente tesis: Anexo II
(Roujean et al., 2018), Anexo III (Sanchez-Zapero et al., 2020), Anexo IV (Sanchez-Zapero et
al.,, 2023b) y Anexo V (Sanchez-Zapero et al., 2023a).
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A nivel internacional, la compafia viene participando activamente en el CEOS/WGCV
LPV (Camacho, 2019), contribuyendo al desarrollo de protocolos de validacion de diferentes
variables. El director de la empresa, Fernando Camacho, ha ejercido de chair (2019-2022) y
vice chair (2016-2019) del grupo. Desde 2023, el autor de esta tesis esta coliderando el
CEOS/WGCV LPV en el area tematica de la radiacion de la superficie, que incluye al
producto de albedo. Por este motivo, la presente tesis se enmarca plenamente en la
consecucion de los objetivos prioritarios del CEOS/WGCV LPV, habiendo contribuido al
desarrollo del protocolo de validacion de productos globales (Wang et al.,, 2019), que ha
logrado el acuerdo de métricas de expertos internacionales y agencias. También se ha
realizado el desarrollo de un sistema estandarizado de validacion operacional, respaldado
por el CEOS/WGCV LPV y dando lugar a la publicacion (Sanchez-Zapero et al., 2023b)
incluida en el Anexo IV . Dicha publicaciéon ha presentado también la validacién e

intercomparacion de 3 CDRs de albedo (C3S V2, NASA MCD43A3 C6.1, BNU GLASS V4).

1.4. Motivacion y objetivos

Se ha determinado que existe una clara necesidad de cuantificar y medir de manera
eficiente las incertidumbres asociadas a los productos globales de albedo derivados con
datos de satélite, lo que se conoce como validacién. La validacion debe permitir, también,
evaluar en qué medida el producto satisface los requerimientos del usuario. Dicha validacién
debe estar estandarizada a nivel metodoldgico, ofreciendo transparencia y trazabilidad en su
proceso. Todo ello impulsa la necesidad de desarrollar un sistema operacional para una
validacion estandarizada de productos de albedo que permita, a su vez, alcanzar el nivel de
validacion mads alto (nivel 4) en la jerarquia del CEOS/WGCV LPV, lo que representaria un
hito sin precedentes en el area de validacién de productos globales de albedo. Como se ha
comentado, dicho sistema debe considerar, al menos, cuatro principales componentes (Bayat
et al.,, 2021): (1) registros de datos climaticos de albedo derivados de satélite; (2) un conjunto
fiable y representativo a nivel global de medidas in situ; (3) un protocolo de validacién
estandarizado que cuente con el acuerdo de la comunidad cientifica; y (4) una plataforma de
validacion online, de libre acceso, que genere resultados e informes de validacion

estandarizados.
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Respecto a la primera componente, los registros climaticos de albedo los ofrecen los
diferentes servicios o agencias. Actualmente en el contexto Europeo, el servicio C3S ha
venido desarrollando una serie climdtica muy extensa, cuya calidad e incertidumbre
asociada a las estimaciones debe ser evaluada. Por otra parte, se debe dar continuidad a
dicho CDR gracias a la disponibilidad de datos de satélites de nueva generacion (Sentinel-3),

que ofrecen mejoras en cuanto a resolucion espacial y espectral.

En cuanto al conjunto fiable y representativo de medidas in situ a nivel global, hay
multitud de redes que cuentan con la instrumentacion apropiada para la mediciéon del
albedo de la superficie terrestre, pero no estan directamente disefiadas especificamente para
la validacion de productos de albedo y dichos datos deben ser homogeneizados y tratados
previamente. Por otra parte, los trabajos de validacion previamente desarrollados se centran
en un numero muy limitado de estaciones y periodos temporales por lo que hay una clara
necesidad de establecer una red que sea lo mas representativa a nivel global. Ademas, es
necesario evaluar la representatividad espacial de la medida in situ, que depende de la
heterogeneidad de la superficie alrededor de la torre (Roman et al., 2009, 2010; Wang et al.,
2012, 2014), para determinar si el valor medido por la estacion puede representar un drea
equivalente al pixel de satélite, que suele rondar entre 300 m y 1 km para productos globales

con los satélites y sensores actuales.

La tercera componente implica el desarrollo de unos protocolos y metodologias
estandarizados, bajo el consenso de la comunidad cientifica, que ofrezcan a su vez
trazabilidad y transparencia en el proceso de validaciéon. La estandarizacion de protocolos
estd coordinada internacionalmente por el CEOS/WGCV LPV y previamente al desarrollo de

esta tesis no existia un protocolo de buenas practicas de validacion de productos de albedo.

Finalmente, el desarrollo de una plataforma de validacién online que genere resultados
de validacion estandarizados representaria un hito sin precedentes en la validacion de
productos globales de albedo derivados con datos satelitales. Se pretende desarrollar la
herramienta SALVAL que integre todas estas componentes para un sistema de validaciéon

operacional (ver Figura 2).
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Figura 2: Diagrama de la herramienta de operacional de validacion SALVAL, que ofrece resultados de
validacion estandarizados integrando el protocolo de validacion, productos de satélite, datos de campo
y requerimientos de usuario.

El presente trabajo tiene, por tanto, los siguientes objetivos, que estan directamente
relacionados con el desarrollo de una metodologia de validacion de producto de albedo y el
desarrollo de un sistema operacional de validacion estandarizada, que integra 4
componentes (metodologia, series climaticas de albedo, datos de campo y herramienta

online):

e OBJETIVO 1: Desarrollo y propuesta de una metodologia propia para la validacion
estandarizada de productos globales de albedo de la superficie terrestre a diferentes
resoluciones.

o Dicha metodologia deberd tratar y desarrollar las métricas necesarias para evaluar
la incertidumbre del producto, considerando los diferentes requerimientos
expresados por los organismos internacionales (GCOS, WMO).

o Dicha metodologia debe estar estandarizada y contar con el consenso internacional

de expertos, desarrolladores de productos y agencias, por lo que se pretende que
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sirva como contribucion al protocolo de validacion desarrollado por el
CEOS/WGCV LPV.

o En cuanto a la intercomparacion, se pretende desarrollar estrategias de muestreo
comin sobre un conjunto representativo de localizaciones a nivel global,
permitiendo que los distintos ejercicios de validacion indirecta sean comparables
entre si, dando valor al concepto de estandarizacion.

OBJETIVO 2: Evaluar la calidad cientifica, asi como determinar la exactitud y la

incertidumbre asociada a los productos de albedo a escala global desarrollados dentro

del programa Copernicus, que se derivan con diferentes sensores satelitales a diferentes
resoluciones espaciales.

o  En primer lugar se trabajara en la validacion de los prototipos desarrollados en el
programa CGLS, que serviran de base para la migracion al servicio C3S.

o Seguidamente se pretende validar la primera version de los productos de albedo
desarrollados en C3S, con el foco en la transicion de SPOT/VGT a PROBA-V.

o Se validara también la segunda version de la serie climatica C3S, que incorpora el
concepto ‘multi-sensor’ para hacer la serie mas consistente entre sensores.

o Finalmente, se pretende trabajar en el desarrollo y validacion de productos C3S de
albedo con datos de los satélites Copernicus Sentinel-3, haciendo un uso sinérgico
de sus sensores OLCI y SLSTR, para la continuidad de la serie climatica de albedo.

OBTETIVO 3: Desarrollo de una base de datos de medidas in situ de albedo que sea

fiable, integrando datos procesados de redes o iniciativas existente.

o Se pretende integrar datos del maximo niimero de estaciones posibles, para que el
resultado de la validacion sea lo mas representativo posible a nivel global.

o  Se evaluara la representatividad espacial de la medida, asegurando que dicha
medicion sea equivalente a la resolucion espacial del pixel de satélite de interés.
OBJETIVO 4: Desarrollo de una herramienta de software semi-automadtica, que permita
alcanzar una validacion operacional continuada en el tiempo a medida que la serie
temporal de los productos se expande o se desarrollan nuevas versiones (nivel 4 de

validacion de acuerdo a la jerarquia del CEOS/WGCV LPV).
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o Dicha herramienta debera permitir a los productos de albedo alcanzar el nivel
maximo (4) en la jerarquia del CEOS/WGCV LPV, contando con el respaldo del
mismo.

o La herramienta debera contar con una interfaz amigable para el usuario,
permitiendo un ejercicio interactivo de validacion que podra ser configurado en
base a los requerimientos del propio usuario (fitness-for-purpose).

o La herramienta debe integrar una base de datos de productos y datos in situ
existentes y permitir al usuario o desarrollador de producto introducir nuevos

productos para ser evaluados.
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2. Protocolo de validacion

Nota: Este capitulo se basa, en parte, en la aportacion que se ha hecho al
protocolo de validacion de productos globales de albedo (Wang et al., 2019) que se ha
desarrollado el contexto del CEOS/WGCV LPV: Global Surface Albedo Product

Validation Best Practices Protocol. Version 1.0.

Referencia: Wang, Z., Schaaf, C., Lattanzio, A., Carrer, D., Grant, I, Roman, M.,
Camacho, F., Yang, Y. Sanchez-Zapero, J., 2019. Global Surface Albedo Product

Validation Best Practices Protocol. Version 1.0. In Z. Wang, J. Nickeson & M. Roman
(Eds.), Good Practices for Satellite-Derived Land Product Validation (p. 45): Land
Product Validation Subgroup (WGCV/CEQOS). [WWW Document]. https://doi.org/doi:

10.5067/DOC/CEOSWGCV/LPV/ALBEDO.001

Asi mismo, las métricas y protocolos de validacion incorporados en el protocolo
CEOS/WGCV LPV, se han ido testando y poniendo en practica en el programa CGLS y
C3S, donde durante el periodo de la tesis doctoral se ha trabajado en la validacion de
los productos de albedo y reflectividad de la superficie. Asi mismo, este capitulo
incorpora también métricas y andlisis adicionales que se han realizado en los informes
de validacién de los productos de albedo generados en dichos proyectos (ver listado de

informes en Anexo I).

La validacion se basa en dos principales enfoques: validacion directa (estimacion
de satélite versus medida in situ) y validacién indirecta o intercomparacién de
productos. Para la validacion directa entre estimaciones de satélite y medidas reales de
albedo, es necesario generar los albedos blue-sky (Lewis, P & Barnsley, 1994) de satélite
a partir de los valores estimados de BSA y WSA en la banda ancha de onda corta (AL-
DH-BB y AL-BH-BB), ponderados por la fraccion de difusa medida en la estacion
terrestre (ver Eq.1). La intercomparacion entre productos, por otra parte, debe tener en
cuenta las diferencias en cuanto a caracteristicas espaciales y temporales de los
diferentes conjuntos de datos. Es, por ello, necesario definir un mismo soporte tanto

espacial como temporal para la intercomparacion. Es recomendable realizar la



https://doi.org/doi:%2010.5067/DOC/CEOSWGCV/LPV/ALBEDO.001
https://doi.org/doi:%2010.5067/DOC/CEOSWGCV/LPV/ALBEDO.001

30l Pagina Resumen extenso
Protocolo de validacidn

comparacion de productos ponderando tipicamente una ventana de 3x3 pixeles, que

reduce las incertidumbres asociadas tanto a los errores de geo-localizacion como a la

resolucion efectiva del pixel (Camacho et al., 2013; Sanchez et al., 2015).

Por otra parte, es necesario establecer un muestro de localizaciones comun, con
el objetivo de llevar el ejercicio a un estado de escalabilidad, trazabilidad y
estandarizacidn. De esta manera, los diferentes ejercicios pueden ser comparables entre
si, estando realizados sobre un mismo conjunto de emplazamientos. Se han definido
dos redes de localizaciones (Figura 3) para las estrategias tanto de validacion directa
como de intercomparacion de productos, tal como se describe a continuacién en los
apartados 2.1 y 2.2. Para la validacion directa se ha creado la base de datos REALS de
medidas in situ, generada a partir de datos procedentes de 99 estaciones pertenecientes
a redes existentes donde se ha realizado el test de la representatividad espacial de las
medidas proporcionadas por las estaciones de acuerdo a protocolos estandares (Roman
et al., 2010, 2009). Para la intercomparacién de productos se ha definido el muestreo
global LANDVAL, compuesto por 720 localizaciones y disefiado para representar la
variabilidad de tipos de cobertura terrestre y representatividad continental a nivel
global. LANDVAL también incluye sitios desérticos de calibracion (Lachérade et al.,

2013), utiles para la evaluacion de la precision y la estabilidad.

150°W 120°W 90°W 60°W 30°W  ©0° 30°E 60°E 90°E 120°E 150°E
Figura 3: Distribucion global de las 99 localizaciones de REALS y las 720 de LANDVAL para
la validacion directa y la intercomparacion de productos. LANDVAL se representa
diferenciando diferentes tipos de bioma: EBF significa ‘Evergreen Broadleaved forest’, DBF
‘Deciduous Broadleaved Forest’, NLF Needle-Leaf Forests’, OF ‘Other Forests’, CUL
‘CULtivated’, HER ‘"HERbaceous’, SHR ‘SHRublands’, y SBA ‘Sparse and Bare Areas’.
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2.1. Base de datos REALS

REALS es una base de datos de medidas in situ para la validaciéon directa de
productos de albedo de satélite, integrando medidas de una amplia seleccién de
estaciones. Los datos provienen de 99 estaciones con disponibilidad de medidas desde
el ano 2000 a la actualidad, procedentes de redes o iniciativas existentes, como Ground-
Based Observations for Validation (GBOV'#) de Copernicus, Flux Network (FLUXNET®),
national science foundation’s National Ecological Observatory Network (NEON'®), European
Fluxes Database Cluster (EFDCY), Integrated Carbon Observation System (ICOS®S) y
Australia’s Land Ecosystem Observatory or Terrestrial Ecosystem (TERN'"). Muchas de las
estaciones GBOV, FLUXNET y EFDC incorporan, a su vez, sus medidas en la red
Baseline Surface Radiation Network (BSRN?) y su componente norteamericana conocida
como Surface Radiation Budget (SURFRAD?!). BSRN se considera como el estandar de
calidad de acuerdo al GCOS (GCOS-154, 2011) y a las recomendaciones del
CEOS/WGCV LPV (Wang et al., 2019). Es destacable también el hecho de que 23 de las
estaciones REALS son consideradas ‘Super Sites” avalados por el CEOS/WGCV LPYV, lo
que significa que estdn bien caracterizadas a nivel de estructura y otras variables
biofisicas, siguen protocolos de medida de acuerdo a estandares establecidos y vienen
estando activas durante largos periodos de tiempo, contando con el respaldo adecuado

en cuanto a financiacion y capacidades técnicas.

La huella espacial de la medida (footprint, ver circulo en la base de la Figura 4)
depende de la altura de la torre, por lo que debe evaluarse la representatividad de la

misma a la hora de comparar con el tamano del pixel del producto derivado de satélite.

f =2H tan(HFOV) Eq.2

' https://gbov.acri.fr/ (acceso online el 16/05/2023)

™ https://fluxnet.org/ (acceso online el 16/05/2023)

1 https://www.neonscience.org/ (acceso online el 16/05/2023)

' http://www.europe-fluxdata.eu/ (acceso online el 16/05/2023)

'8 https://www.icos-cp.eu/ (acceso online el 16/05/2023)

19 https://www.tern.org.au/ (acceso online el 16/05/2023)

20 https://bsrn.awi.de/ (acceso online el 16/05/2023)

2! https://gml.noaa.gov/grad/surfrad/ (acceso online el 16/05/2023)
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https://fluxnet.org/
https://www.neonscience.org/
http://www.europe-fluxdata.eu/
https://www.icos-cp.eu/
https://www.tern.org.au/
https://bsrn.awi.de/
https://gml.noaa.gov/grad/surfrad/
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donde f [m] es el diametro de la huella circular de la medida de campo, H [m] es la
altura de la torre, y el Half Field Of View (HFOV [grados]) es la mitad del angulo de
vision del instrumento. Generalmente se usa HFOV igual a 40.5° para las medidas in

situ de albedo (Michalsky et al., 1995) como estandar para la mayoria de instrumentos.

HFOY

Figura 4: Huella espacial (footprint) de la medida de una torre de albedo.

Una de las herramientas mas eficientes para describir la representatividad
espacial es el uso de semivariogramas (Hohn, 1991). Las caracteristicas del
semivariograma pueden revelar la variabilidad espacial de la superficie y revelar los
efectos de escala asociados con los datos de teledeteccion (Roman et al., 2009, 2010;
Wang et al., 2012, 2017; Woodcock et al., 1988). Los semivariogramas pueden estimarse
a partir de imagenes de satélite de alta resolucion (p.ej., Landsat, Sentinel-2) para

diferentes periodos del afio:

_ SN (2~ Zien)?
ye(h) = 0.5 - Bt Catfuen) Eq. 3

donde yg(h) es el semivariograma estimado entre las reflectividades que estan dentro
de cierta distancia #; z,; es la reflectividad de la superficie para el pixel x; zy;, es la
reflectividad de la superficie para otro pixel a una distancia h; y N(h) es el nimero de

pixeles a una distancia h.

Es préctica habitual ajustar el semivariograma a un modelo esférico, que depende

de 3 atributos (range, sill, nugget) facilmente interpretables (Matheron, 1963):
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3
co+c-(1.5-§—0.5(§)) for0<h<a
Cot+c forh>a

ve(h) = { Eq. 4

donde el range (a) representa el tamano promedio de los elementos del paisaje, y
corresponde a la distancia a partir de la que se anula la correlacién de las propiedades
biofisicas asociadas a un punto. El sill (c) es el maximo de variancia, siendo el valor de
la ordenada del rango en el que el semivariograma se nivela en una asintota. El nugget
(co) representa el valor que tendria la variancia para una distancia h = 0, y puede ser

distinto de cero.

Se recomiendan cuatro atributos geo-estadisticos para dicha evaluaciéon (Roman
et al., 2010, 2009): Relative Coefficient of Variation (RCV), Scale Requirement Index (RSE),
Relative STrength of the spatial correlation (RST), y Relative proportion of Structural
Variation (RSV). Dichos atributos se pueden condensar en un tnico indicador de la
representatividad espacial: Standard Score (ST), mientras que aquellas situaciones
donde el estimador del semivariograma no proporcione un buen ajuste al modelo
esférico, se suele considerar el score de primer orden (RAW). Ambos indicadores son
directamente proporcionales a la representatividad y la homogeneidad relativa del
sitio, por lo que a mayor valor, mayor es la representatividad y la medida es mas

apropiada para ser comparada con el valor del pixel de satélite.

-1
ST = (|RCV|+|R§T|+|RSV| + RSE) Eq.5

RAW = |2 Rcvl_1 Eq6

La metodologia adoptada para la evaluaciéon de la representatividad espacial de
la medida en REALS se basa en la estimacion del semivariograma esférico para
diferentes resoluciones espaciales (1 km?, 1.5 km? y 3 km?). Una vez estimado el
semivariograma, se calculan los indicadores geo-estadisticos con el objetivo de
cuantificar el nivel de representatividad de las medidas asociadas a cada estacién (ST,
RAW). La evaluacion de la representatividad debe realizarse para varios periodos del
ano (época de maximo crecimiento de vegetacion, época mas arida, periodos de nieve,

periodos libres de nieve, etc.). En caso de REALS, se ha evaluado la representatividad
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para dos situaciones temporales (épocas de minimo y maximo desarrollo de

vegetacion) usando imagenes de reflectividad de la superficie de Sentinel-2 (ESA

Sentinel-2 mission, n.d.) para la banda B8 (NIR) que es la mas representativa del

espectro total de onda corta (Bonafoni and Sekertekin, 2020). La Figura 5 muestra un

ejemplo del ajuste esférico del semivariograma, y sus indicadores de representatividad

especial, para dos estaciones de la base de datos REALS situadas en USA: Desert Rock

(DRAK) vy Talladega National Forest (TALL). El resumen de los indicadores para todas

las estaciones REALS se puede encontrar en el apéndice A de la publicacion 3 incluida

en esta tesis (ver Anexo IV).
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Figura 5: Ejemplo de ajuste de semivariograma y estimadores (ST, RAW) sobre dos estaciones

en USA: Desert Rock (DRAK) y Talladega National Forest (TALL). Se muestran las imdgenes

de Google Earth y Sentinel-2 BS. Fuente: (Sanchez-Zapero et al., 2023b).

Por otra parte, se ha hecho un analisis adicional para determinar un umbral para

el indicador ST que diferencie entre sitios no representativos (hetereogéneos) y

representativos, aptos para la validacion directa. Para ello, se ha realizado un analisis
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de tres pardmetros en funcion del ST para el periodo 2000-2020: la incertidumbre
(RMSD) del producto NASA MCD43A3 C6.1 en comparacion con las medidas de in
situ, el numero de estaciones y el nimero de muestras (ver Figura 6). De acuerdo a este
andlisis, el RMSD tiende a decrecer cuando el valor ST crece debido a la mayor
homogeneidad de los sitios, pero el nimero de sitios y muestras tiende a decrecer
también. Por esta razon, se ha establecido un umbral de ST de 1.5 como filtro dentro de
la base de datos REALS ya que ofrece un buen compromiso entre RMSD (tiende a
estabilizarse a partir de este umbral) y el nimero de muestras y sitios descartados.
Dicho umbral es similar al usado en otros ejercicios de validacion (Cescatti et al., 2012;

Sanchez-Zapero et al., 2020).
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Figura 6: Evolucion del niimero de estaciones (arriba-izquierda), niimero de muestras (arriba-
derecha) y RMSD de la comparacion MCD43A3 C6.1 versus in situ (abajo) en funcion del
indicador ST para el periodo 2000-2020.
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Finalmente, cabe destacar el hecho de que la incertidumbre de la medida de
campo depende de la exactitud absoluta del instrumento y de la respuesta no ideal del
coseno asociada en sensores Opticos (Michalsky et al.,, 1995; Vijeta et al., 2021). La
mayoria de los errores asociados con la exactitud absoluta del instrumento son
similares para los flujos ascendentes y descendentes y, por lo tanto, pueden
compensarse. En general, la exactitud esperada es del orden del 4% al 7% en
condiciones de cielo despejado, y del 1% al 4% en condiciones nubladas (Cescatti et al.,
2012; Pirazzini, 2004; Pirazzini et al., 2006). La estimacion de la incertidumbre asociada
a las medidas de radiacion por un piranémetro comercial se sittia en torno al 5% (95%
de nivel de confianza) bajo condiciones ideales (Reda, 2011). Cabe destacar que la
propia incertidumbre de un piranometro comercial (en torno al 5%) ya es superior al
requisito de incertidumbre que establece el GCOS para productos de satélite (nivel

optimo requerido del 3% segun la ultima actualizacion (GCOS-245, 2022)).

2.2. Muestreo global: LANDVAL

La red de sitios LANDVAL, definida para la intercomparacion de productos,
cuenta con 720 localizaciones, de las cuales 521 proceden de la red Surface Albedo
Validation Sites (SAVS 1.0) (Loew et al., 2016), incluyendo 256 de CEOS Benchmark Land
Multisite Analysis and Intercomparison of Products (BELMANIP) version 2.1 (Weiss et
al., 2014). SAVS 1.0 fue creada en el estudio ALBEDOVAL-2 (Fell et al., 2015) en el
marco del proyecto Quality Assurance for Essential Climate Variable (QA4ECV), siendo
una base de datos estatica de mas de 2000 potenciales sitios de referencia de los cuales
se adjunta informacion auxiliar con respecto a su homogeneidad espacial y otros datos
de interés. Los criterios de seleccion escogidos se resumen en la Tabla 2, destacando
como requisito la homogeneidad en cuanto al mismo tipo de cobertura terrestre en un
radio de 5 km alrededor de la coordenada. Adicionalmente, se incluyeron 19
emplazamientos en los desiertos del Sahara y Arabia conocidos por su alta estabilidad

temporal, cominmente utilizados para la calibracion de sensores (Lachérade et al.,

22 disponible en https://savs.eumetsat.int/ (acceso online el 16/05/2023)
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2013). Finalmente, se completd la red hasta los 720 emplazamientos, utilizando los
mismos criterios de seleccidon recogidos en la Tabla 2, con el objetivo cubrir regiones
(Asia, Africa y Oceania) o tipos de cobertura (zonas de arbustos, bosques de coniferas o
de hoja caducifolia) poco muestreadas por SAVS 1.0. Para ello se hizo uso de
localizaciones de otros proyectos o redes conocidas (FP7 Imagines®, AsiaFlux?,
OzFlux®) o mediante la identificacion de coordenadas a través de la plataforma Geo-
Wiki?.

Tabla 2. Criterios de seleccion para los sitios de LANDVAL.

Parametro Umbral Comentario

Distancia a cuerpos de agua [km] 5 Evitar pixeles de agua.

Porcentaje minimo de mismo ) , ,
Evitar areas heterogéneas en cuanto al

tipo de coertura terrestre en un 60% .
. tipo de cobertura terrestre.
radio de 5 km
Tipo de cobertura mayoritaria Exclusion cuerpos de agua y areas urbanas.

Evitar dreas con una variabilidad del
300 terreno o pendiente significativa cerca
del sitio.

Rango vertical [m] maximo en
un radio de 5 km

60°S Excluir sitios sobre latitudes extremas,
Localizacion (latitud) 2 S0°N donde los productos CGLS y C3S no
proporcionan datos.

2.3. Criterios y métricas de validacion

A continuacidn, se describen los criterios de validacion, asi como los diferentes
métodos y métricas propuestos para evaluar cada uno de ellos. El resumen se detalla
en la Tabla 3. Las siguientes sub-secciones desarrollan mas en detalle la definicion de
cada criterio, asi como las recomendaciones a la hora de evaluar cada uno de ellos. Se

muestran, ademas, graficas a modo de ejemplo ilustrativo de cada uno de los criterios.

Para evaluar cada criterio, se debe usar una muestra representativa de las
condiciones globales para que el resultado sea concluyente, como LANDVAL en el

caso de la intercomparacién. Ademas, se recomienda evaluar los criterios, en la medida

2 http://www.fp7-imagines.eu/ (acceso online el 16/05/2023)
2 https://www.asiaflux.net/ (acceso online el 16/05/2023)

% https://www.ozflux.org.au/ (acceso online el 16/05/2023)
% https://www.geo-wiki.org/ (acceso online el 16/05/2023)
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de lo posible, en funcion del tipo de bioma con el objetivo de proporcionar al usuario
una informacion mas detallada de las ventajas y desventajas que tiene el producto en
funcién de la aplicacion. Asi mismo, hay un especial interés en evaluar si los productos

de albedo proporcionan valores realistas sobre superficies con nieve o hielo.

Es recomendable, ademas, concluir cada ejercicio de validacién con un resumen
de la conformidad del producto respecto a los requisitos de usuario, donde se indique
en qué medida el producto cumple con los mismos (requisitos de incertidumbre,

estabilidad, precision, resoluciones espaciales o temporales, etc.).

Tabla 3. Criterios de calidad, métricas y métodos.

Criterio Meétricas y métodos

* Mapas globales (anuales, mensuales) del porcentaje de huecos.
Thifesili Adl . Evoh'lmon ter‘nporal del porcentaje de huecos (global, regional,
por tipo de bioma).

= Distribucion de la longitud temporal de los huecos.

* Inspeccion visual de mapas globales (resolucidon reducida) y
Consistencia mapas a la maxima resolucion sobre zonas de interés.
espacial * Mapas e histogramas de residuos.
= Auto correlacion espacial (CV, MI).

* Anadlisis cualitativo de los perfiles temporales en comparacion
con datos de referencia (productos validados y datos de
campo).

* Evaluacion cuantitativa de la correlacion cruzada de series

Consistencia
temporal

temporales.

= Scatter-plots versus referencias (N, Bias, MD, R, MAR).

= Box-plots del Bias por rango de albedo.

= Scatter-plots (STD, MAD).

* Box-plots de la diferencia absoluta por rango de albedo.

* Precisién intra-anual. Histogramas de la suavidad (0) y
mediana de d.

* Precision inter-anual. Scatter-plots (STD, MAD) sobre sitios
desérticos de calibracion entre afios consecutivos.

Exactitud

Precision

Incertidumbre = Scatter-plots (RMSD).

* Pendiente/década de la regresion lineal del Bias sobre sitios

Estabilidad
desérticos de calibracion.
Test de * Evaluacion del alcance en el que el producto cumple con los
conformidad requisitos de usuario.

*N, R, MAR, Bias, MD, STD, MAD, RMSD se definen en la Tabla 4 (métricas para la evaluacion del error).



391 Pagina Resumen extenso
Protocolo de validacidn

2.3.1. Integridad (completeness)

La integridad del producto hace referencia a la proporcion de estimaciones
validas sobre un dominio de observacién en un momento dado, que a lo largo del
tiempo indica su frecuencia y continuidad. La ausencia de datos (huecos) se considera
una limitacion muy importante de cara al usuario final, y se debe principalmente a la
contaminacion de nubes, a malas condiciones atmosféricas o a problemas técnicos
durante la adquisicion de las imagenes. Es, por tanto, imperativo reportar al usuario
acerca de la integridad del producto, proporcionando informacion tanto espacial como

temporal de la ausencia de los datos.
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Figura 7: Ejemplo de resultados para evaluar la integridad. a) Distribucién global del porcentaje
de huecos del producto global C3S PROBA-V V1 para el aiio 2014; b) Evolucion temporal del
porcentaje de huecos de los productos C3S PROBA-V V1, C3S SPOT/VGT V1 y MCD43A3

C6 para el afio 2014 sobre LANDVAL; y c) histograma de la longitud (en dias) de los huecos de

los productos C3S PROBA-V V1, C3S SPOT/VGT V1 y MCD43A3 Cé6 para el periodo de
Diciembre 2013 a Mayo 2014 sobre LANDVAL. Fuente: (Sanchez-Zapero et al., 2020).
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Los mapas globales (mensuales, anuales) mostrando el porcentaje de huecos
ofrecen la mejor perspectiva espacial para identificar las zonas donde se producen la
mayor frecuencia de huecos. Un ejemplo de ello es el mapa mostrado en la Figura 7-a,
donde se observa el mapa global del porcentaje de huecos para el producto C3S

PROBA-V V1 para el ano 2014.

Asi mismo, es interesante visualizar la evolucion del porcentaje de huecos a lo
largo del tiempo, que podria estudiarse tanto de manera global (LANDVAL, ver Figura
7-b) como de manera agrupada por tipo de bioma, region o banda latitudinal. Por otra
parte, la distribucion en forma de histograma de la longitud temporal de los huecos
(Figura 7-c) permite comprender mejor el impacto de estos para monitorizar las

variaciones temporales.

2.3.2. Consistencia espacial

La consistencia espacial hace referencia al realismo y la repetitividad de las
distribuciones espaciales de los valores del producto a lo largo del globo. Para ello, el
primer test cualitativo consiste en la inspeccion visual sistematica de los mapas,
basandonos en el conocimiento cientifico de los expertos, con el objetivo de descartar
patrones andmalos o artefactos (p.ej., zonas de huecos, stripes, valores poco realistas,
etc.). La metodologia para la inspeccién visual deberia incluir la visualizacion de
mapas sobre dreas especificas (escala local) a la maxima resolucién, asi como la
visualizacion de las animaciones de los mapas globales a una resolucion reducida en
funcion de la capacidad técnica del equipo informatico utilizado para el analisis (p.ej., 1

de cada 16 pixeles).

La consistencia espacial puede ser cuantitativamente evaluada mediante la
comparacion de las distribuciones espaciales del producto bajo estudio y un producto
de referencia validado previamente. Dos productos se consideran espacialmente
consistentes cuando los residuos estdn dentro de los requerimientos de usuario en
términos de incertidumbre. Por ello, se deben generar mapas globales de los residuos

(ver Figura 8-a) entre pares de productos, lo que servird a su vez para identificar las
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areas que muestran las inconsistencias espaciales para un analisis mas profundo (p.ej.,
trayectorias temporales). Asi mismo, es conveniente generar las distribuciones globales
de los pixeles que cumplen los requisitos de usuario (ver Figura 8-c), asi como los
histogramas de los residuos (ver Figura 8-b) y los porcentajes globales de residuos que
cumplen los requisitos (ver Figura 8-d). Los residuos (g) se estiman a partir de la
relacion lineal entre dos productos (Y = a X + b + ¢). El residuo puede ser estimado,
por tanto, como € =Y — a X — b, y representa las discrepancias que quedan respecto a
la tendencia general entre ambos productos. De esta forma, las tendencias sistematicas
no se consideran, representando con mayor claridad patrones asociados a la
distribucion espacial de los valores estimados. Los histogramas de los valores de los
productos y de los residuos por tipo de bioma ofrecen, ademads, una representacion

visual de las tendencias que se producen para cada tipo de cubierta terrestre.
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Figura 8: Ejemplo de resultados para evaluar la consistencia espacial entre los productos C3S
PROBA-V y SPOT/VGT V1 a) Distribucion global de los residuos para la fecha 2014.04.23; b)
histogramas de los residuos para el periodo Diciembre 2013 — Mayo 2014 (uno por mes); c)
distribucion global de residuos entre los requisitos del proyecto C3S para la fecha 2014.04.23; y
d) porcentajes de residuos entre los requisitos C3S para el periodo Diciembre 2013 — Mayo
2014. Fuente: ‘Product Quality Assessment Report Surface Albedo v1.0 based on PROBA-V’
(ver Anexo I).
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Ademas, es recomendable analizar la auto-correlacion espacial sobre zonas
conocidas por ser homogéneas (p.ej., zonas desérticas, bosques o zonas herbaceas).
Para ello, se proponen dos indicadores espaciales: el Coeficiente de Variacion espacial
(CV) y el Indice de Moran (MI). El CV (Eq. 7) se define como la relacion entra la
desviacion estandar (o) como porcentaje de la media aritmética (X), mostrando una
interpretacion relativa del grado de la variabilidad espacial y siendo una manera
efectiva para medir la dispersion relativa en los datos (Roman et al., 2009). Por su parte,
MI (Eq. 8) ofrece una medida de la auto correlacion espacial (Moran, 1984). Presenta
valores entre -1 y 1, indicando auto correlacion espacial negativa o positiva, con valores
proximos a 0 en el caso de patrones completamente aleatorios. Por otro lado, también
se recomienda analizar estos indicadores sobre areas con gradientes de variacion

espacial para ver si el producto es capaz de reproducir dicha variabilidad.

CV =

Rila

-100% Eq.7

N  XiYjo;Xi—X)(X;—-X)

MI = —
YiXjwij YiXi—X)?

Eq. 8

donde N es el numero de unidades espaciales indexadas por iy j; X es la variable de

interés; X es la media de X; y w;j es un elemento de una matriz de pesos espaciales.

2.3.3. Consistencia temporal

La consistencia temporal hace referencia al realismo de las variaciones
temporales de un producto, y puede analizarse de manera cualitativa comparando la
serie temporal con productos de referencia o datos medidos in situ. A modo de
ejemplo, en la Figura 9-a podemos ver la evolucion temporal de varios productos de

satélite en comparacion con medidas in situ procedentes de dos estaciones FLUXNET.

Para analizar cuantitativamente la consistencia temporal entre productos, se
mide la correlacion cruzada entre las series temporales. La correlacion cruzada es el
método estandar para estimar el grado en el que dos series estan correlacionadas.
Considerando dos series x(i) e y(i), donde i=0, 1, 2, ..., N-1, la correlacién cruzada con

un retraso d se define como:
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p= Yil(x())—mx)-(y(i-d)-my)]
VZix()-mx)2,/¥i(y(i-d)—-my)?

Eq.9

donde mxy my son las medias de las correspondientes series. La correlacién cruzada se
calcula con un retraso d=0 con el objetivo de estimar la consistencia entre los perfiles
temporales de los diferentes productos usando el mismo soporte temporal.

La Figura 9-b muestra, a modo de ejemplo, los histogramas de la correlacién
cruzada entre pares de productos (C3S SPOT/VGT V1, C3S PROBA-V V1 y MCD43A3

C6), realizando dicho analisis por tipo de cobertura terrestre.
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Figura 9: Ejemplo de resultados para evaluar la consistencia temporal: a) perfiles temporales de
varios productos de albedo (C3SS SPOT/VGT V1, MCD43A3 C6, GlobAlbedo, GLASS) y
medidas de campo sobre dos estaciones FLUXNET; y b) Ejemplo de histogramas de correlacién
cruzada entre pares de productos (C3S SPOT/VGT V1, C3S PROBA-V V1 y MCD43A3 C6)
por tipo de bioma. Fuente: ‘Product Quality Assessment Report CDR VGT-based Surface
Albedo v1.0"y ‘Product Quality Assessment Report Surface Albedo v1.0 based on PROBA-V’
(ver Anexo I).
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2.3.4. Evaluacidn del error (exactitud, precision e incertidumbre)

Las definiciones de los conceptos de error, exactitud, precision e incertidumbre
han sido extraidas de la guia para expresar la incertidumbre en la medida (Lequin,

2004) del Joint Comitee for Guides in Metrology (JCGM) (JCGM, 2014).

El error (de la medida) es “el resultado de la medida menos el valor real del
mesurando”. El valor real (de una cantidad) es el “valor consistente con la definicion
de una cantidad particular dada”. Dado que normalmente no se puede determinar un
valor verdadero, en la practica se utiliza un valor verdadero convencional. El valor
verdadero convencional (de una cantidad) es el "valor atribuido a una cantidad
particular y aceptado, a veces por convencidn, que tiene una incertidumbre apropiada
para un proposito dado". Tradicionalmente, al error se le atribuyen dos componentes:
la componente aleatoria (random) y la componente sistematica (bias). El error aleatorio
es “el resultado de una medida menos el valor medio que resultaria de un ntiimero
infinito de mediciones del mismo mesurando realizadas en condiciones de
repetitividad”. Por otra parte, el error sistematico es “la diferencia entre la medida que
resultaria de un infinito nimero de medidas del mismo mesurando, llevada a cabo

sobre condiciones de repetitividad, y el valor real del mesurando”.

La exactitud es el grado de “cercania en el acuerdo entre el resultado de una
medida y un valor real del mensurando”. Comunmente, la exactitud viene
caracterizada por el bias o error sistematico entre el producto de albedo y su referencia
estimada, por lo que describe el valor medio de la desviacion respecto a la referencia.
Se obtiene mediante la diferencia media entre el producto de albedo y la referencia

estimada.

La precision o repetitividad es la “proximidad del acuerdo entre los resultados
de sucesivas mediciones del mismo mensurando realizadas en las mismas condiciones
de medicién”. Comunmente la precisién representa la dispersion de las estimaciones
del producto alrededor de su valor esperado y se puede estimar mediante la
desviacion estandar (STD) de la diferencia entre el albedo estimado y las estimaciones

de referencia correspondientes.
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La incertidumbre es un “parametro, asociado al resultado de la medida, que
caracteriza la dispersion de los valores que podria atribuirse razonablemente al
mensurando”. La incertidumbre incluye el sesgo (bias) y la precisién, y puede

estimarse mediante la Raiz de la Desviacion Cuadratica Media (RMSD).

Cabe senalar que los valores atipicos (outliers) fuertes y/o multiples afectan a las
métricas clasicas descritas anteriormente (es decir, el bizs medio y la STD); en tales
casos, seria mas adecuado usar la desviacion mediana (MD) en lugar de la media para
estimar el error sistematico, asi como la desviacién absoluta mediana (MAD) como
medida de la precision (recomendaciones CEOS/WGCV LPV). Ademds de las métricas
citadas, existen otros estadisticos muy valiosos para evaluar el acuerdo entre dos
conjuntos de datos, incluido el ajuste lineal. Para este propdsito, se propone la
regresion del eje mayor (MAR) en lugar de la regresion de minimos cuadrados
ordinarios (OLS) porque esta especificamente formulada cuando ambos conjuntos x e y

contienen errores (Harper, 2014). El conjunto de métricas se resume en la Tabla 4.

Tabla 4. Métricas para la evaluacion del error.

Estadistico Comentario

N Numero de muestras. Indicativo del alcance de la validacion

Diferencia (bias) media (y — x). Indicativo de la exactitud.

B B (%) es el valor relativo del bias entre la media de x e y.

Mediana de la diferencia (y — x). Indicativo de la exactitud (buenas
MD practicas del CEOS/WGCV LPV).
MD (%) es el MD relativo a la media de entre x e y.

Desviacion estandar de la diferencia. Indicativo de la precision.

STD STD (%) es la STD relativa a la media de entre x e y.

Mediana de la Desviacién Absoluta |y - x|. Indicativo de la precisién
MAD (buenas practicas del CEOS/WGCV LPV).
MAD (%) es el MAD relativo a la media de entre x e y.

Root Mean Square Deviation. Indicador de la incertidumbre (error total).

RMSD RMSD (%) es el RMSD relativo a la media de entre x e y.
R Coeficiente de correlacion. Indica el poder descriptivo de la prueba de
precision lineal. Se utiliza el coeficiente de Pearson.
MAR Pendiente (slope) y desplazamiento de la ordenada en el origen (offset) de

la regresion lineal. Indica algtin posible sesgo.

Las métricas recogidas en la Tabla 4 suelen reportarse junto a la grafica de
dispersion (scatter-plot) del producto a evaluar (eje y) respecto al conjunto de datos de

referencia (eje x). El andlisis se puede complementar con los box-plots de la diferencia y
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de la diferencia absoluta por rangos de albedo. Un ejemplo de todo ello se puede ver

en la Figura 10.
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Figura 10: Panel a: ejemplo de resultados para evaluar el error entre pares de productos. Scatter-
plot (izquierda) y métricas asociadas entre C3S Sentinel-3 V3 versus MCD43A3 C6 junto al
box-plot del bias para los diferentes rangos de albedo (derecha). Panel b: ejemplo de validacion
directa (scatter-plots y métricas asociadas) para los productos C3S Sentinel-3 V3 (izquierda) y
MCD43A3 Cé6(derecha). Las lineas verdes, azules y amarillas en los scatter-plots definen los

requisitos de usuario (optimal, target, threshold). Fuente: (Sanchez-Zapero et al., 2023a).

Por otra parte, hay dos aspectos de la precision que convienen ser evaluados: la

precision intra-anual y la inter-anual (ver ejemplos en Figura 11).
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Figura 11: Ejemplo de resultados para evaluar la precision de los productos C3S V2, GLASS V4
y MCD43A3 C6.1: a) precision intra-anual evaluada mediante los histogramas de la suavidad y
su valor mediano; y b) precision inter-anual evaluada con los scatter-plots entre muestras
equivalentes de arios consecutivos. Fuente: (Sanchez-Zapero et al., 2023b).

La precision intra-anual (también conocida como suavidad, 8) se corresponde
con el ruido temporal en una escala corta de tiempo. En este caso, se puede considerar
como indicador de la precisidn intra-anual la anomalia de una muestra respecto a la
interpolacién lineal de las muestras vecinas. Para calcularla, se toma cada tripleta
consecutiva de observaciones, y se calcula el valor absoluto de la diferencia entre la

observacion central P(dn:1) y la correspondiente interpolacién lineal entre los dos

extremos P(dn) y P(dn+2) (Weiss et al.,, 2007):
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P(d,)—-P(d,
8 = [P(dpsy) — P(dy) -2 PUm) (q g ) Eq. 10

dp—dp42
Es conveniente evaluar la distribuciéon de 8, tomando la mediana de los valores
de § como indicador cuantitativo de la precision intra-anual (ver ejemplo en Figura 11-
a): cuanto menor sea dicha mediana, mayor sera la precision intra-anual y mas suave

seran las series temporales del producto.

La precision inter-anual hace referencia a la dispersion de los valores de albedo
de un ano a otro, por lo que debe evaluarse sobre sitios de calibracién (Lachérade et al.,
2013). Para ello, se recomienda visualizar los scatter-plots entre afios consecutivos,
usando la STD y MAD como indicadores de la precision inter-anual (ver ejemplo en

Figura 11-b).

2.3.5. Estabilidad

Le estabilidad mide el grado en el que el error de un producto permanece
constante durante un periodo de tiempo prolongado, tipicamente una década o mas.
La estabilidad temporal también se puede definir como el cambio en el sesgo durante
un periodo de tiempo predefinido (Merchant, 2013), y puede estimarse como la

pendiente de la regresion lineal del sesgo (bias) en el tiempo (Fell et al., 2015).

Debido a la falta de datos de campo sobre sitios estables durante décadas, se
pueden seleccionar sitios de calibracion sobre zonas desérticas de reflectividad pseudo-
invariante (Lachérade et al., 2013) para la evaluacion de la estabilidad. Dado que se
esperan variaciones temporales de albedo muy pequenas o despreciables sobre estos
sitios, la variaciéon de los CDR de albedo sobre estas series temporales pueden ser
equivalentes a la evaluacion del bias sobre el tiempo (Sanchez-Zapero et al.,, 2023b). La
Figura 12 muestra un ejemplo del andlisis de estabilidad de los productos C3S V2,
GLASS V4 y MCD43A3 Cé6.1, evaluada sobre 10 afios en cuatro sitios desérticos de
calibracion. Se muestra con linea discontinua la tendencia general del producto a lo
largo del tiempo, calculando la pendiente de dicha regresiéon por década como

indicador de la estabilidad.
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Figura 12: Ejemplo de resultados para evaluar la estabilidad de los productos C3S V2, GLASS

V4 y MCD43A3 C6.1. Perfiles temporales sobre diferentes sitios de calibracién para un periodo

de 10 afios (2001-2010). Las lineas discontinuas representan la regresion lineal de la tendencia
de cada producto. Fuente: (Sanchez-Zapero et al., 2023b).
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3. Resultados

Los resultados de esta tesis corresponden a los cuatro articulos cientificos de los

que esta compuesta, anexados al final de este documento.

En primer lugar, el articulo 1 (Roujean et al., 2018) describe el algoritmo para la
estimacion del albedo a partir de datos de PROBA-V a 300 m de resolucion espacial,
que se desarroll6 en el servicio CGLS. En el contexto de la tesis se realizo la validacion
de dichos productos, siendo este el primer prototipo de estimacion de albedo que se

realizaba a 300 m.

El articulo 2 (Sanchez-Zapero et al., 2020) muestra la validacion del producto de
albedo de PROBA-V que dio continuidad a la serie climatica de albedo de C35 a 1 km
de resolucion espacial, por lo que se centrd el estudio en la consistencia de los
productos C3S en la transicion de SPOT/VGT a PROBA-V y en el periodo de

solapamiento entre ambos satélites.

El articulo 3 (Sanchez-Zapero et al., 2023b) presenta a la comunidad cientifica la
herramienta SALVAL, disefiada para que los productos de albedo puedan alcanzar un
nivel 4 de validacion estandarizada en la jerarquia de niveles del CEOS/WGCV LPV. Se
presento, ademas, la validacion de 3 series climaticas (C3S V2, MODIS Cé6.1 y GLASS

V4) usando dicha herramienta.

Finalmente, en el trabajo expuesto en el articulo 4 (Sanchez-Zapero et al., 2023a)
se trabajo en el desarrollo de los productos de albedo que van a dar continuidad a la
serie climatica de C3S usando datos de satélites Copernicus de nueva generaciéon
(Sentinel-3). Dicho articulo describe el algoritmo y la validacion preliminar del

producto.

A continuacion se proporciona un resumen de cada uno de estos articulos.
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3.1. Articulo 1: Surface albedo and toc-r 300m products from PROBA-V

instrument in the framework of Copernicus Global Land Service.

Nota: Basado en el articulo (Roujean et al., 2018), cuya copia completa se adjunta

enel AnexoIl.

Roujean, J.L., Leon-Tavares, J., Smets, B., Claes, P., Camacho, F., Sanchez-Zapero, ].,

2018. Surface albedo and toc-r 300 m products from PROBA-V instrument in the
framework of Copernicus Global Land Service. Remote Sensing of Environment, 215, 57—

73. https://doi.org/10.1016/j.rse.2018.05.015

El punto de partida de esta tesis fue la validacion de los productos de albedo
generados en el contexto del CGLS, proyecto donde se desarrolld la base de protocolos
y métricas (ver capitulo 2) de validacion, algunas de las cuales fueron incluidas
posteriormente en el protocolo de validacion de productos de albedo del CEOS/WGCV
LPV.

El instrumento PROBA-V se lanzé en 2013 ofreciendo cobertura global diaria a
las resoluciones 300 m y 1 km en tres bandas espectrales (Blue, Red, NIR) y a 600 m en
el infra-rojo de onda corta (SWIR). La mision PROBA-V es la continuacion del
programa VEGETATION que empez6 en el 2000, y ha permitido dar continuidad a las
series de productos de 1 km, ofreciendo ademads una mejora gracias a la resolucion de
300 m. El nuevo sensor VEGETATION a bordo de PROBA (PROBA-V) incorpora
camaras orientables y ofrece un amplio campo de visidn para el muestreo de la BRDF.
Este articulo presenta la metodologia y validacion de los productos de albedo de la
superficie y reflectividad TOC normalizada, disefiados para utilizar observaciones

diarias de PROBA-V en el servicio CGLS.

El algoritmo (PROBA-V Collection 300 m V1) utiliza la cadena de procesado
clasica (ver Figura 1), que realiza la discriminacion de nubes, las correcciones tanto de
atmosfera como de efectos direccionales a nivel de pixel y la integracion tanto angular
como espectral. La frecuencia temporal de produccion es de 10 dias, en base a un
compuesto temporal de 20 dias, siendo una eleccién que busca un equilibrio entre una

alta disponibilidad de escenas claras y una escala de tiempo que permita capturar los
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cambios fenoldgicos. En cuanto al catalogo de productos de albedo, se ofrecen tanto el
albedo blak-sky (BSA) como el white-sky (WSA) en tres anchos de banda diferentes
(visible, NIR y onda corta total). Se introdujo, ademads, una técnica recursiva que sirve
como relleno de huecos (gap-filling) basada en la utilizacién ponderada de una
climatologia o datos antiguos (prior). Adicionalmente, se proporciona informacion de la
calidad (Quality Flag), y la edad de la informacion (AGE), que puede ser utilizada por el

usuario para filtrar observaciones de baja calidad o con pocas observaciones.

La validacion del producto fue la actividad desarrollada en el contexto de esta
tesis. Dicha evaluacion se realizo sobre una ventana sub-continental en Europa,
cubriendo un drea que va de [65°N, 20°W] a [35°N, 30°E], generada para el afio 2014. Se
evaluaron los siguientes criterios: consistencia espacial, consistencia temporal y
evaluacion estadistica del error. Se uso el producto de NASA basado en los sensores
MODIS (MCD43A3 C6) a 500 m de resolucion espacial como producto de referencia (al
estar validado), asi como las medidas procedentes de 10 estaciones de la red EFDC
sobre emplazamientos espacialmente homogéneos. Para el andlisis estadistico y la
consistencia temporal, se definié una red de muestreo de 109 sitios homogéneos
distribuidos en la ventana europea, cubriendo las diferentes condiciones en términos

de localizacién y tipo de bioma.

Los productos de albedo PROBA-V Collection 300 m V1 y MCD43A3 C6
mostraron distribuciones espacialmente consistentes, con incertidumbres generales
(RMSD) de 0.03 para la region del visible y de onda corta total, y de 0.04 para el NIR.
Se observaron algunas discrepancias espaciales en periodos de invierno. PROBA-V
Collection 300 m V1 mostro, ademas, evoluciones temporales realistas, ajustandose a las
tendencias temporales tanto de MCD43A3 C6 como de las medidas de campo diarias.
En particular, dicho producto reprodujo correctamente tanto las transiciones suaves
como los cambios pronunciados de albedo. La validacion directa sobre datos de 10
estaciones EFDC homogéneas mostré una incertidumbre (RMSD) de 0.03 con un sesgo
medio (bias) de 0.01, mostrando discrepancias similares a las observadas en MCD43A3

C6 (bias=0, RMSD=0.032).
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El articulo demostr¢ la utilidad del algoritmo disefiado para estimar el albedo de

la superficie usando como entrada la coleccion 300 m de PROBA-V, identificando
algunas limitaciones como la presente en la mdscara de nubes de PROBA-V que
confunde en algunas ocasiones las nubes con hielo o nieve. A pesar del potencial de
este producto desarrollado en CGLS, siendo el primer prototipo de albedo que ofrecia
una resoluciéon de 300 m, la Comisiéon Europea (JRC) no lo incluy6 en su catalogo de
productos operacionales dentro del servicio, prefiriendo continuar la serie SPOT/VGT

con datos PROBA-V a 1 km de resolucion espacial.
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3.2. Articulo 2: Quality Assessment of PROBA-V Surface Albedo V1 for the

Continuity of the Copernicus Climate Change Service.

Nota: Basado en el articulo (Sanchez-Zapero et al., 2020), cuya copia completa se

adjunta en el Anexo III .

Sanchez-Zapero, J., Camacho, F., Martinez-Sanchez, E., Lacaze, R., Carrer, D., Pinault,

F., Benhadj, 1., Mufioz-Sabater, J., 2020. Quality Assessment of PROBA-V Surface
Albedo V1 for the Continuity of the Copernicus Climate Change Service. Remote
Sensing, 2020, Vol. 12, Page 2596 12, 2596. https://doi.org/10.3390/rs12162596

El servicio C3S ha generado un CDR de productos de albedo a 1 km de
resolucion espacial basado en las observaciones de SPOT/VGT (Diciembre 1999 - Mayo
2014) y PROBA-V (Diciembre 2013 — Junio 2020), habiendo heredado para ello los
algoritmos y lineas de procesado de CGLS y dando como resultado la version 1 de C35
(C3S SA V1). El principal objetivo del articulo era realizar la validacion completa del
producto C3S PROBA-V SA V1, con el principal foco en la consistencia con SPOT/VGT

para evaluar el impacto del cambio de sensor en la continuidad de la serie C3S SA V1.

La metodologia de validacion utilizada, expuesta en detalle en el capitulo 2, sigue
las recomendaciones recogidas en el protocolo de albedo del grupo CEOS/WGCV LPV
(Wang et al., 2019). Se utilizaron los 2 enfoques principales de validacion: validacion
directa e intercomparacion de productos. Para la validacion directa se usaron medidas
de albedo procedentes del servicio Copernicus GBOV, donde se analizé la
representatividad espacial de las medidas asociada a las 20 estaciones incluidas en
GBOV. Los productos de referencia utilizados fueron el producto de C3S SPOT/VGT
SA V1 (Sanchez-Zapero, 2018) y el producto de NASA coleccion 6 (MCD43A3 C6)
(Roman et al., 2009, 2010; Wang et al., 2012, 2014). La intercomparacion se realizd sobre
el muestreo global de 720 sitios homogéneos procedentes de la red LANDVAL (ver
seccion 2.2). Se evalu¢ la calidad del producto C3S PROBA-V SA V1 considerando
diferentes criterios, incluyendo la integridad, la consistencia temporal y la evaluacion
del error (exactitud, precision e incertidumbre). Se determino, ademads, el nivel en el

que los productos de satélite de albedo cumplian los requisitos de usuario en cuanto a
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incertidumbre, considerando tanto los requisitos del GCOS (Max [5%; 0.0025]) como
los internos del programa C3S (Max [10%; 0.01]).

La comparacion del producto C3S PROBA-V SA V1 (pixeles catalogados como de
‘alta calidad” segiin sus bandas de calidad o Quality Flag) mostré un sesgo positivo
respecto a los datos de campo (bias) del 11.5% para el periodo 2014-2018,
principalmente para los rangos de albedo menores (<0.2) sobre bosques. C3S PROBA-V
SA V1 y MCD43A3 C6 presentaron una incertidumbre similar (RMSD ~ 0.4) en
comparacion con datos de campo, pero mostrando un signo sistematico opuesto en las
diferencias medias. Se determin6 que un porcentaje muy bajo de pixeles cumplen los
requisitos de usuario (<25% para GCOS y <50% para C3S), por lo que se puso de
manifiesto la dificultad de los productos de satélite para cumplir con los requisitos en

cuanto a incertidumbre.

Los resultados de la intercomparacion revelaron una buena consistencia espacio-
temporal entre los productos C3S SPOT/VGT y PROBA-V SA V1, lo que asegura la
continuidad del CDR en términos de incertidumbre asociada al cambio de sensor
(sesgo medio tipicamente entre +2%). La mayor limitaciéon de PROBA-V respecto a
SPOT/VGT fue su menor nimero de observaciones validas que se debe, en parte a una
mascara de nubes mds conservadora en el caso de PROBA-V. La comparacion de C3S
PROBA-V SA V1 y MCD43A3 C6 mostr6 también una buena consistencia, con
diferencias sistematicamente positivas (PROBA-V > MODIS) del 5%, 8% y 12% para los

rangos visible, NIR y de onda corta total respectivamente.

C3S PROBA-V SA V1 mostrd una precision inter-anual alrededor del 1%, similar
a MCD43A3 C6 y mejorando los resultados de SPOT/VGT SA V1 (2-3%) ya que estos
ultimos mostraron cierta inestabilidad sobre sitios desérticos de calibraciéon. Ambos
productos C3S muestran peor precision intra-anual que MCD43A3 C6, principalmente

en el dominio espectral del NIR, donde se observ¢ cierto ruido temporal.

Finalmente, se evalud el rendimiento del uso de la capa adicional de calidad
(QFLAG) que proporciona el producto C3S PROBA-V SA V1. Se demostr6 que el uso
de esta capa adicional, en particular el bit 6 (input status) y los bits 10-11 (B2-B0

saturation status), elimina la mayoria de las estimaciones sobre nieve. En consecuencia,
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se recomendd a los usuarios evitar el uso del QFLAG para aplicaciones especificas de

nieve.

Como conclusion final, gracias a los resultados de validaciéon y su publicacion en
la revista cientifica, el producto C3S PROBA-V SA V1 alcanzé un nivel de validacion 3
en la jerarquia del CEOS/WGCV LPV. El articulo se centrd en mostrar los resultados de
validacion mas destacados para los albedos de banda ancha. El informe de validacion
generado en el proyecto C3S (‘Product Quality Assessment Report Surface Albedo v1.0
based on PROBA-V” en Anexo I) ofrece un analisis extendido incluyendo otros aspectos

como la consistencia espacial, asi como los resultados de los albedos espectrales.
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3.3. Articulo 3: Surface ALbedo VALidation (SALVAL) Platform: Towards CEOS
LPV Validation Stage 4 — Application to Three Global Albedo Climate Data

Records.

Nota: Basado en el articulo (Sanchez-Zapero et al., 2023b), cuya copia completa se

adjunta en el Anexo IV .

Sanchez-Zapero, J., Martinez-Sanchez, E., Camacho, F., Wang, Z., Carrer, D., Schaaf,

C., Garcia-Haro, F.J., Nickeson, J., Cosh, M., 2023b. Surface AlLbedo VALidation
(SALVAL) Platform: Towards CEOS LPV Validation Stage 4 — Application to Three
Global Albedo Climate Data Records. Remote Sensing, 2023, Vol. 15, Page 1081 15, 1081.
https://doi.org/10.3390/RS515041081

El trabajo expuesto en este articulo tuvo como principal objetivo el desarrollo de
SALVAL, siendo esta una herramienta de software online disefiada para validar nuevos
productos o realizar una validaciéon operacional y continuada en el tiempo de
productos existentes a medida que las series temporales se expanden o se desarrollan
nuevas versiones. Dicha herramienta tiene como objetivo alcanzar el nivel 4 de
validacion de acuerdo a la jerarquia del CEOS/WGCV LPV, permitiendo a los
productos de albedo una validacion operacional y estandarizada. Se presenta, ademas,
un ejercicio demostrativo usando SALVAL, donde se validaron y compararon tres
CDRs de albedo de diferentes servicios operacionales: C3S multi-sensor V2, NASA
MODIS MCD43A3 C6.1, y BNU GLASS V4. El objetivo del articulo, por tanto, es doble:
(1) presentar la herramienta SALVAL y sus funcionalidades, y (2) mostrar una
aplicacion de validacidn e intercomparacion sobre tres CDRs existentes de albedo (C3S

multi-sensor V2, NASA MCD43A3 C6.1 y BNU GLASS V4).

SALVAL (ver Figura 2) es una plataforma online que integra CDRs de productos
existentes del albedo sobre un muestreo global (LANDVAL), una base de datos extensa
de medidas de in situ donde se ha evaluado la representatividad espacial de la medida
(REALS, ver seccion 2.1) y la metodologia y protocolos de validacion (descritos en
detalle en el capitulo 2) aceptados por la comunidad (CEOS/WGCV LPV). Los

resultados se dividen en cuatro categorias: intercomparacion de productos, validacion
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directa, precision y estabilidad. Cada categoria incorpora diferentes criterios,
incluyendo la integridad, consistencia espacial, consistencia temporal, exactitud,
precision o la propia estabilidad. La herramienta SALVAL tiene tres funcionalidades
principales: (1) seleccionar el producto a evaluar y los productos de referencia, bien
usando los productos existentes integrados en SALVAL o afhadiendo un nuevo
producto; (2) configurar el ejercicio de validacién seleccionando varios parametros
como los requerimientos de usuario, region espectral, dominio espacial y temporal; y

(3) ejecucion del ejercicio de validacion y visualizacion interactiva de los resultados.

El ejercicio de validaciéon se configurd para un periodo de 20 anos (2000-2020),
centrandose en los albedos BSA para el ancho de banda de onda corta total para la
intercomparacion. Para la validacién directa, SALVAL si que toma ambos albedos BSA
y WSA de satélite para poder comparar con medidas in situ ponderando con la fraccion
de radiacion difusa. Respecto a los productos utilizados, tanto MCD43A3 C6.1 (Schaaf
et al.,, 2002) como C3S V2 (Carrer et al.,, 2021a, 2021b) usan la cadena de procesado
clasica (Figura 1), basandose en descriptores de la BRDF utilizando el mismo modelo
tanto para el kernel volumétrico (Ross_Thick) como para el geométrico (Li_Sparse
Reciprocal) (Lucht et al., 2000). El producto GLASS V4 (Liang et al., 2020) se basa, sin
embargo, en un método de estimacion directa usando un modelo de transferencia
radiativa. Para el periodo de estudio, NASA MCD43A3 C6.1 y GLASS se basan en el
mismo sensor (MODIS) mientras C3S V2 se basan en datos de dos sensores diferentes
(SPOT/VGT de 2000 a Mayo 2014, y PROBA-V de Mayo 2014 a 2020). C3S V2 ademas
incorpora el concepto ‘multi-sensor” en esta segunda version respecto a la V1 analizada
en el articulo anterior (seccion 3.2), incorporando un algoritmo recursivo de
composicion temporal que sirve como relleno de huecos apoyandose en la climatologia
de los parametros BRDF de SPOT/VGT. Dicha climatologia se usa como dato comun
auxiliar en todos los productos C3S SA V2 (basados en NOAA/AVHRR, SPOT/VGT,
PROBA-V), dando como resultado una mejor consistencia entre las series temporales

derivadas con sensores diferentes.

Los requisitos de usuario utilizados corresponden a los predefinidos en la

plataforma, resumidos en la Tabla 5, estando basados en revisiones existentes de
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requisitos para estimaciones de cambio climatico (Ohring et al., 2005), y en los

requerimientos del GCOS y WMO.

Tabla 5. Reguerimientos de incertidumbre y estabilidad Eredefinidos en SALVAL.

Optimal Target Threshold
Uncertainty (5%, 00025]  Max [10%, 0.01]  Max [15%, 0.015]
requirement
Stability
. Max [1%, 0.001] Max [2%, 0.002] Max [3%, 0.003]
requirement

Los resultados de la intercomparacion mostraron una integridad similar de los
diferentes productos de satélite, pero el producto MCD43A3 C6.1 es mucho mas
restrictivo si se usa la banda de calidad para descartar pixeles. El mayor porcentaje de
huecos se observa principalmente en invierno durante el hemisferio norte. Tanto la
consistencia espacial como la evaluacion del error mostré un buen acuerdo entre pares
de productos (residuos tipicamente entre +0.015), siendo la comparacion entre GLASS
V4 y MCD43A3 C6.1 la que mayor porcentaje de residuos cumplia con los requisitos
predefinidos (90% target, que se corresponde con el Max [10%, 0.01]). El anélisis de la
precision (intra en inter-anual) y la consistencia temporal también present6 resultados
satisfactorios, mostrando transiciones temporales suaves y un buen acuerdo tanto entre
productos como con las observaciones in situ, siendo el producto C3S V2 el que
manifestd algunas limitaciones (mayor ruido en la sefal y dificultades para reproducir
algunos episodios espurios de nieve). El analisis de la estabilidad revelé que todos los

productos cumplen los requisitos del GCOS (<1% para estabilidad).

La validacion directa mostrd incertidumbres similares (RMSD = 0.03) en la
comparacion de pixeles de satélite clasificados como ‘alta calidad” con las medidas in
situ procedentes de estaciones de la base de datos REALS. De nuevo, se detectd que los
requisitos de usuario en cuando a incertidumbre son dificiles de cumplir (<30% para

optimal y <50% para target, independientemente del producto evaluado).

En conclusion, los resultados de validacion demostraron que los tres productos
de satélite investigados proporcionan series temporales consistentes y realistas a nivel

global, mostrando ciertas discrepancias entre ellos principalmente asociadas al



60l Pagina Resumen extenso
Resultados

algoritmo utilizado y al tipo de sensor (ver seccion 1.2.1). Finalmente, se probo que la
plataforma SALVAL ofrece una herramienta ttil para la validacion estandarizada de
productos globales de albedo derivados con datos de satélite, permitiendo que
alcancen el nivel 4 en la jerarquia del CEOS/WGCV LPV, ofreciendo transparencia,

consistencia y trazabilidad en el proceso de validacion.
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3.4. Articulo 4: Global estimates of surface albedo from Sentinel-3 OLCI and
SLSTR data for Copernicus Climate Change Service: Algorithm and

preliminary validation.

Nota: Basado en el articulo (Sanchez-Zapero et al., 2023a), cuya copia completa se

adjuntaen el Anexo V.

Sanchez-Zapero, J., Camacho, F., Martinez-Sanchez, E., Gorrono, J., Leon-Tavares, J.,
Benhadj, I, Toté, C., Swinnen, E., Mufoz-Sabater, J., 2023a. Global estimates of surface
albedo from Sentinel-3 OLCI and SLSTR data for Copernicus Climate Change Service:
Algorithm and preliminary validation. Remote Sensing of Environment 287, 113460.
https://doi.org/10.1016/].RSE.2023.113460

Los resultados preliminares de dicho trabajo también se presentaron en el
International Geoscience and Remote Sensing Symposium (IGARSS), celebrado en Bruselas

(Bélgica) entre el 12 y 16 de Julio de 2021 (Sanchez-Zapero et al., 2021).

Sanchez-Zapero, J., Camacho, F., Leon-Tavares, J., Martinez-Sanchez, E., Gorrono, J.,
Benhadj, 1., Tote, C., Swinnen, E., Munoz-Sabater, J., 2021. Prototype for Surface
Albedo Retrieval Based on Sentinel-3 OLCI and SLSTR Data in the Framework of
Copernicus Climate Change. 2021 IEEE Int. Geosci. Remote Sens. Symp. IGARSS 2377—
2380. https://doi.org/10.1109/IGARSS547720.2021.9555099

Dicho trabajo tuvo como objetivo el desarrollo del algoritmo, cadena de
procesado y validacion preliminar del producto global de albedo a partir del uso
sinérgico de los sensores OLCI y SLSTR de los satélites Sentinel-3 (A y B). Dicho
producto se distribuye actualmente en el servicio C3S en modo pre-operacional para
dar continuidad a la serie climatica de albedo mas extensa disponible actualmente por
la comunidad internacional, pues comienza en 1981 con datos NOAA/AVHRR (Abril
1981 - Diciembre 2005), prosigue con SPOT/VGT (Diciembre 1999 - Mayo 2014) y
PROBA-V (Diciembre 2013 - Junio 2020), y continua con Sentinel-3/OLCI+SLSTR (a

partir de Julio 2018). La resolucién espacial de la serie climatica existente (4 km para



https://doi.org/10.1016/J.RSE.2023.113460
https://doi.org/10.1109/IGARSS47720.2021.9555099
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NOAA/AVHRR y 1 km para SPOT/VGT y PROBA-V) se mejora con el uso de datos
Sentinel-3 OLCI (~ 300 m) y SLSTR (~ 500 m), en respuesta a los requisitos del GCOS.

El algoritmo utilizado para la estimacion de los productos de albedo (ver
esquema general en Figura 1) parte de las reflectividades TOC de la superficie
(corregidas de efectos atmosféricos). A continuacion, se realiza la inversion del modelo
de BRDF vy, finalmente, se calcula el albedo tanto a nivel espectral (integracion angular)
como de banda ancha (integracion espectral), siendo EOLAB responsable de las

integraciones angulares y espectrales.

Respecto a los datos de entrada, se utilizaron las reflectividades TOC
proporcionadas por el servicio CGLS, que es el dato de entrada comun a las variables
biofisicas derivadas en el propio servicio. El uso sinérgico de datos de los sensores
OLCI y SLSTR nos permite la caracterizacion de todo el espectro solar, necesario para
la determinacion del albedo de banda ancha. Ambos sensores proporcionan
informacion complementaria, pues OLCI ofrece canales en la region del azul
(importante para el albedo en el visible) y SLSTR ofrece canales en el SWIR (que juegan
un papel muy importante en el albedo de banda ancha en el NIR). Los datos de ambos
sensores son ofrecidos por el CGLS en 15 canales de OLCI y 5 de SLSTR en una
proyeccion comun, a 300 m de resolucion espacial, facilitando el uso sinérgico. Se
eligieron 9 canales que cubrieron todo el espectro, 5 de OLCI (Oa03 — 442.5 nm, Oa04 -
490 nm, Oa07 — 620 nm, Oal7 — 865 nm, Oa2l — 1020 nm) y 4 de SLSTR (51 — 554.27 nm,
S2 — 659.47 nm, S5 — 1613.4 nm, S6 — 2255.7 nm). Ademas, dado que los datos de
entrada presentan una limitacion en la mdascara de nubes y nieve derivada por el
método de clasificacion IdePix proporcionado por ESA, se hizo una clasificacion de
nieve basada en el Normalized Difference Snow Index (NDSI), que permite identificar

pixeles de nieve basandose en los canales en el verde (51) y SWIR (S5) de SLSTR.

Para la caracterizacion de los descriptores de la BRDEF, se usé el procesador
Regularised BRDF inversion for Land Surface reflectance (ReBeLS), basado en la inversion
de un modelo numérico semi-empirico, similar al usado en los productos de MODIS y
otros productos previamente derivados en C3S. Dicho procesador fue inicialmente

desarrollado en CGLS (Leon-Tavares, 2020) y adaptado para las bandas OCLI y SLSTR
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requeridas en C3S para la estimacion del albedo. ReBeLS proporciona los descriptores
de la BRDF (kiso, ko1, kgeo) ¥ SUS respectivas varianzas, partiendo de las reflectividades
de la superficie junto a su geometria (configuracion angular de visidon y solar), la
informacion de calidad de las observaciones (quality flags) y datos auxiliares (prior). La
informacion auxiliar prior corresponde a una climatologia de la BRDF (Strahler et al.,
1999) de productos MODIS C6 (MCD43A1 y MCD43A2), que permite optimizar el
proceso de inversién de la BRDF (Muller et al., 2011) cuando no hay observaciones
suficientes de Sentinel-3, ofreciendo una técnica de relleno de huecos (gap-filling). Para
el modelado de la BRDF se usan los modelos de kernel mas populares (Ross_Thick para
el volumétrico, Li_Sparse Reciprocal para el geométrico (Roujean et al., 1992; Wanner et
al., 1995)), conocidos por su uso en los productos de MODIS (MCD43) y otros servicios
operacionales (Baret et al., 2013; Geiger et al., 2008; Lucht et al., 2000; Roujean et al.,
2018; Schaaf et al., 2002).

Respecto a la integracion angular, se ofrecen los albedos tanto BSA como WSA
para cada uno de los nueve canales seleccionados. BSA se calcula al mediodia solar
mientras que WSA es el albedo compuesto tinicamente por iluminacion isotrépica
difusa (en ausencia de componente directa). En lugar de calcular directamente las
integrales respecto a los angulos, se usa el mismo método pragmatico usado en los
productos MODIS que se basa en una representacion polindmica de dichos albedos

(Strahler et al., 1999).

Posteriormente, se realiza la integracion espectral mediante una transformacion
lineal, considerando en el cdlculo del albedo espectral coeficientes disefiados
especificamente para situaciones de nieve y para observaciones libres de nieve. La
metodologia para la generacion de estos coeficientes se basa en una regresion lineal
sobre un conjunto de valores espectrales de bases de datos de albedo y su respectivo
espectro (Liang, 2001). El algoritmo disefiado en este articulo incorpora mejoras
respecto a lo ya existente, pues disefia especificamente coeficientes para BSA y WSA a
diferencia de los productos previos en C3S o los basados en MODIS MCD43, que hacen
el cdlculo de coeficientes tinicamente para BSA (aplicando los mismos a WSA). Otra

mejora en este paso del algoritmo es la representatividad de la base de datos utilizada



641 Pagina Resumen extenso
Resultados
para la generacion de los coeficientes, pues considera una representacion global de las

propiedades atmosféricas y tipos de bioma.

Con el objetivo de hacer una evaluacion inicial del prototipo, el servicio C3S
generd un conjunto de datos de prueba de 10 meses (Julio 2018 — Abril 2019). Se evalu6
la consistencia temporal del producto y se determind el error (exactitud, precision e
incertidumbre) mediante validacion directa e indirecta. También se realizo el test de
conformidad de los requisitos de usuario (GCOS, WMO, C3S) en cuanto a la
incertidumbre. Para la validacion directa se us6 un conjunto de datos in situ procedente
de 32 estaciones homogéneas (incluidas en REALS), donde se ha evaluado la
representatividad espacial de las medidas. También se realizé la intercomparacion con
NASA MODIS MCD43A3 C6 y con C3S PROBA-V SA V1 (para evaluar la continuidad
del servicio C3S), realizada sobre el muestro global de sitios LANDVAL.
Adicionalmente se evalu6 el rendimiento del producto basado en Sentinel-3 sobre
pixeles de nieve, utilizando como referencia el producto MCD43A3 C6 dada su
demostrada efectividad para reproducir el albedo en estas condiciones (Wang et al.,

2012, 2014).

La comparacion con datos de campo mostro resultados similares a MCD43A3 C6
pero con un signo opuesto en la diferencias (ligeramente positivo en el caso de
Sentinel-3), con una exactitud de 0.005 (3.7%), precision de 0.016 (11.3%) e
incertidumbre de 0.032 (22.7%). Los resultados de validacion del producto C3S basado
en Sentinel-3 mejoraron los resultados de validacion directa obtenidos con el producto
C3S PROBA-V V1. Esta validacién preliminar mostro, en términos de consistencia
espacial y temporal, que los productos C3S Sentinel-3 alcanzaron un buen acuerdo en
comparacion con otros productos de satélite operacionales derivados con MODIS

(MCD43A3 C6) y PROBA-V (C3S PROBA-V SA V1).

Se demostrd, por tanto, la viabilidad del algoritmo propuesto para la continuidad
del CDR del servicio C3S utilizando el uso de datos OLCI+SLSTR de Sentinel-3. La
principal limitacion del producto de albedo C3S de Sentinel-3 fue la subestimacion del
albedo en la nieve y la transicion lenta entre valores bajos y altos en eventos de nieve.

Dicha limitacidon proviene de los datos de entrada proporcionados en CGLS, que usa el
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clasificador IdePix de la ESA, donde se confunden los valores de nieve con valores de

nube, enmascarando y filtrando dichos valores.

NOTA ADICIONAL: Posteriormente al desarrollo del algoritmo se detecté un

error de geolocalizacion en el producto de entrada (Sentinel-3 TOC V1) al algoritmo de
albedo, que es proporcionado por el servicio CGLS?. Dicho servicio ha trabajado en la
correccidon de dicho error y estd actualmente generando una nueva version corregida
(Sentinel-3 TOC V2). Una vez estén disponibles los datos de entrada corregidos se
espera hacer un reprocesado del producto C3S de albedo basado en Sentinel-3 asi como

una validacion completa y extendida del mismo.

2’ Noticia  publicada por CGLS sobre el error de geolocalicacion:

https://land.copernicus.eu/global/content/geolocation-issue-sentinel-3-based-vegetation-
products (acceso online el 11/07/2023).
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4.  Discusion general y conclusiones

El trabajo realizado en esta tesis ha dado respuesta a los cuatro principales

objetivos planteados inicialmente (ver seccidon 1.4). La consecucion de dichos objetivos

permite alcanzar el principal propdsito de la tesis, que es el desarrollo de un sistema

operacional de validacion estandarizada de productos globales de albedo integrando

cuatro componentes principales: metodologia de validacién respaldada por el consenso

de la comunidad (CEOS/WGCV LPV), series climaticas de albedo, datos in situ

espacialmente representativos y desarrollo de herramienta de validacion online. Se

establecieron diferentes sub-objetivos para cada uno de las cuatro componentes, tal

como se desarrolla a continuacion.

= OBJETIVO 1: Desarrollo y propuesta de una metodologia propia para la

validacion estandarizada de productos globales de albedo de la superficie

terrestre a diferentes resoluciones.

Dicho objetivo se ha alcanzado con el desarrollo de la metodologia de validacion

descrita en el capitulo 2.

Se han desarrollado las métricas para evaluar diferentes criterios como la
integridad, consistencia espacial, consistencia temporal, evaluacion del error
(exactitud, precision, incertidumbre) y estabilidad. Se ha dado respuesta a
los requerimientos expresados por organismos internacionales (CGOS,
WMO).

Dicha metodologia ha contribuido al protocolo de validaciéon de productos
globales de albedo desarrollado por el CEOS/WGCV LPV (Wang et al., 2019)
convirtiéndose en un estandar, al contar con el consenso de la comunidad
(expertos internacionales en validacion, desarrolladores de productos y
agencias).

Se ha desarrollado un muestro representativo de localizaciones a nivel global
(LANDVAL, ver seccion 2.2) para la intercomparacion de productos,

permitiendo que los distintos ejercicios de validacion indirecta sean
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comparables entre si, dando valor al concepto de estandarizacion y
trazabilidad. Dicho muestreo ha sido usado tanto en los informes de
validacion realizados en CGLS y C3S (ver listado en Anexo I) como en los
articulos de validacion global incluidos en esta tesis (Sanchez-Zapero et al.,
2023b, 2023a, 2020). Cabe destacar ademas que también se ha extendido el
uso de LANDVAL dentro de los servicios CGLS y C3S para la validacion de
otros productos globales como indices de vegetacion (NDVI) o pardmetros
biofisicos de vegetacion (LAL FAPAR, FCOVER)(Fuster et al., 2020).

e El muestreo LANDVAL para la intercomparacion (720 sitios), junto a la
creacion de la extensa base de datos REALS (99 estaciones, ver seccion 2.1)
permite al ejercicio de validacion alcanzar un nivel 3 de acuerdo a la
jerarquia del CEOS/WGCV LPV (ver Tabla 1), pues la incertidumbre se
cuantifica sobre un nuimero de estaciones significativo y la consistencia
espacial y temporal con productos de satélite se determina sobre un conjunto
representativo a nivel global de localizaciones, permitiendo caracterizar

adecuadamente la estructura de la incertidumbre de los productos.

=>» OBJETIVO 2: Evaluar la calidad cientifica, asi como determinar la exactitud y
la incertidumbre asociada a los productos de albedo a escala global
desarrollados dentro del programa Copernicus, que se derivan con diferentes

sensores satelitales a diferentes resoluciones espaciales.

Esta tesis ha contribuido de manera notoria a la validacion y el desarrollo de
algoritmos para la estimacién del albedo dentro del programa Copernicus. Se ha
evaluado la calidad cientifica (validaciéon) y monitorizado dicha calidad anualmente
para diferentes productos tanto de albedo como de reflectividad de la superficie.
Ademads de haber realizado una validacién completa de cada versién de producto (o
evolucion del algoritmo) y sensor (ver listado de informes de validacion en Anexo I), se

han realizado las cuatro publicaciones incluidas en esta tesis.

e En el articulo 1 se realizd la validacién del primer prototipo desarrollado en

el programa CGLS para estimar el albedo a partir de datos PROBA-V a 300
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m de resolucién espacial (Roujean et al, 2018). Para la validacién del

prototipo se proceso y genero el producto sobre una ventana sub-continental

en Europa para el ano 2014. Se hizo una intercomparacion con productos de

NASA basados en MODIS (MCD43A3 C6) y una validacién directa con datos

in situ de 10 estaciones homogéneas (EFDC).

O

El analisis visual de los mapas reveld patrones espaciales consistentes,
con una notable integridad explicada en el beneficio del uso de un
compuesto temporal recursivo.

Se demostr6 que el producto basado en PROBA-V es consistente
espacialmente con el basado en MODIS sobre la ventana Europea, con la
mayoria de residuos entre +0.025 para el visible y +0.05 para el NIR y
onda corta total. Cabe resaltar que se descartaron los pixeles de nieve
dadas las diferentes estrategias temporales de composicion entre
productos.

La consistencia temporal revelé que el producto de PROBA-V es capaz
de reproducir los cambios de albedo tanto sobre superficies naturales
(p-¢j., bosques) como en zonas de cultivos, observados tanto en el
producto referencia (MCD43A3 C6) como en la observaciones in situ.
Solo en un 40% de casos sobre bosques de coniferas se observaron
trayectorias temporales inconsistentes en el dominio NIR (que afecta
también al de onda corta total). PROBA-V presentd6 ademas mejor
integridad (menos huecos) que MCD43A3 Cé6.

Los episodios de nieve se reprodujeron por PROBA-V correctamente en
un 70% de casos en comparacion con MCD43A3 C6 y las observaciones
in situ. Los eventos no reproducidos, principalmente de poca duracion,
se pueden explicar por la discriminacién entre pixeles de nieve o libres
de nieve sobre la amplia ventana de composicién temporal del producto.
La validacion directa de PROBA-V reveld una incertidumbre (RMSD) de
0.03, siendo idéntica a la obtenida por MDC43A3 C6. PROBA-V mostrd
un sesgo medio positivo de 0.01 (9%), mostrando MCD43A3 C6 mejores

resultados (diferencias medias en torno a cero y relacion lineal 6ptima).
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A pesar de los buenos resultados, se vio que muy pocos pixeles
cumplian con los requerimientos de incertidumbre del GCOS (5.9% y
9.2% para PROBA-V y MODIS), lo que evidencia las dificultades de los
productos de satélite para satisfacer dichos requisitos.

o Los resultados de validacion demostraron el buen rendimiento general
del prototipo, pero también evidenciaron algunas limitaciones esperadas
por los datos de entrada PROBA-V. Se observd dificultad para
reproducir algunos eventos de nieve debida a la mascara de nubes de
PROBA-V, que confunde en ocasiones hielo/nieve con nubes. Cabe
destacar que PROBA-V no tiene banda térmica (a diferencia de MODIS),
de gran utilidad para la deteccion de hielo y nieve.

En el articulo 2 se validé la primera version (V1) de los productos de albedo
desarrollados en C3S con datos PROBA-V (Sanchez-Zapero et al., 2020).
Dicho analisis se centro en la transicion de SPOT/VGT a PROBA-V dentro de
C3S, comparando ambos productos para el periodo de solapamiento de los
satélites. Los otros conjuntos de datos de referencia fueron el producto
MCD43A3 C6 derivado con datos MODIS y las medidas in situ procedentes
de GBOV (20 estaciones, donde se evalud la representatividad espacial de
sus medidas).

o La validacién directa con datos medidos por estaciones terrestres mostrd
que PROBA-V SA V1 tiene una exactitud (MD = +18.2%) similar a
SPOT/VGT V1 y peor a que MCD43A3 C6 (MD = -11.2%), mostrando
signos opuestos. El signo positivo y sistematico de PROBA-V fue
observado principalmente en bosques (albedo < 0.2) y puede deberse, en
parte, en el hecho de que el kernel Roujean (Roujean et al., 1992) usado
para caracterizar la componente geométrica de la BRDF puede presentar
limitaciones sobre algunos tipos de cubierta, especialmente sobre
bosques densos (Aisheng Wu et al., 1995; Chen and Cihlar, 1997; Liu et
al., 2010). Se hizo uso de la banda de calidad auxiliar para descartar

estimaciones de baja calidad, que elimina la mayoria de pixeles de nieve
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en el caso de PROBA-V, por lo que el ejercicio es practicamente
equivalente a una validacion sobre condiciones libres de nieve.

o Los productos de satélite ofrecieron un porcentaje bajo de pixeles que
satisfacen los requisitos en cuanto a incertidumbre expresados tantos
por el GCOS (<25% de pixeles para Max [5%; 0.0025]) como C3S (<50%
para Max [10%; 0.01]). Hay que tener en cuenta que ya los datos de
campo presentan incertidumbres en torno al 5% bajo condiciones ideales
(Reda, 2011), por lo que dichos requisitos son muy demandantes para
productos de satélite.

o Laintercomparacion de productos determind la buena consistencia en la
version 1 de C3S asociada al cambio de sensor de SPOT/VGT a PROBA-
V, con un sesgo medio tipicamente entre +2%. La comparacion con
MCD43A3 C6 mostr6 peor consistencia espacio-temporal, con
diferencias medias de hasta el 13%. Las diferencias existentes entre
diferentes productos se asocian a los diferentes aspectos de la cadena de
procesado:

i. PROBA-V se diseio para ser equivalente espectralmente a
SPOT/VGT, lo que explica la buena consistencia entre ellos.
MODIS tiene bandas equivalentes espectralmente a ellos, pero de
un ancho de banda menor dando resultado a diferencias en
regiones como el visible, con una alta absorciéon en vegetacion
densa.

ii. Cada satélite usa un método diferente de discriminacion de nubes,
correccion atmosférica y clasificacion de nieve. PROBA-V usa un
algoritmo de deteccion de nubes mas conservador (Iannone et al.,
2017), lo que se traslada en mayor cantidad de huecos comparado
con SPOT/VGT.

iii. Las discrepancias entre productos también estan asociadas al uso
de diferentes modelos usados en la parametrizacion de la BRDF
(Carrer et al., 2010b) y a los diferentes periodos de composicidn,

que dependen ademds del numero de observaciones libres de
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nubes usadas en cada estimacion. También se esperan mayores
diferencias en la nieve asociadas tanto al periodo de composicion
como a los modelos de BRDF, que no estan propiamente
diseniados para estos objetivos (Maignan et al., 2004).

iv. Las diferentes técnicas de compuestos temporales también
influyen en la integridad de los productos. C3S SPOT/VGT V1 usa
un compuesto temporal recursivo (Carrer et al., 2018), lo que
mejora la continuidad espacio-temporal comparado con C3S
PROBA-V V1 y MCD43A3 C6.

v. El dltimo paso de la cadena de procesado hace referencia a la
conversion a banda ancha. Los productos C3S (PROBA-V y
SPOT/VGT) de banda ancha se definen para una misma region
espectral, lo que contribuye a un mejor acuerdo. MCD43A3 C6 se
define para anchos de banda ligeramente diferentes.

vi. Como punto adicional, C35 PROBA-V V1 mostré cierto ruido
temporal en la region del NIR, teniendo un impacto directo en la
precision intra-anual, que es ligeramente inferior al resto de
productos.

o La publicaciéon de este articulo representdé un hito en cuanto a la
validacion de productos de albedo, pues se habian publicado muy pocos
ejercicios de validacion sobre condiciones globales y periodos de tiempo
representativos hasta la fecha, basados principalmente en MODIS
(Cescatti et al., 2012; Liang et al., 2002; Liu et al., 2013). C3S PROBA-V
SA V1 alcanzé un nivel de validacion 3 en la jerarquia del CEOS/WGCV
LPV gracias a esta publicacion.

El articulo 3 presentd un ejercicio de validacidon de tres series climaticas de

albedo: C3S multi-sensor V2, NASA MCD43A3 C6.1 y BNU GLASS V4

(Sanchez-Zapero et al., 2023b). C3S V2 incorpora el concepto ‘multi-sensor’

para hacer la serie mas consistente entre cambios de sensor (NOAA/AVHRR,

SPOT/VGT y PROBA-V). Se hizo uso de la herramienta SALVAL para la

generacion de los resultados de validacidn, realizando la validacion directa
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sobre la extensa red REALS. Los resultados de validacion demostraron que

los 3 productos ofrecen CDRs fiables y altamente consistentes entre ellos a

escala global.

o La validacion directa mostrd un bias positivo en torno al 10% en el caso
de C3S V2, en linea con lo observado previamente para la version
anterior C3S V1 (Lellouch et al.,, 2020; Sanchez-Zapero et al., 2020).
GLASS V4 y MCD43A3 C6.1 mostraron un signo negativo en las
diferencias, contrario a lo observado en C3S V2, pero ofreciendo una
exactitud algo mejor (bias en torno al -6%).

o De nuevo, la validacion directa puso de manifiesto la dificultad de los
productos de satélite para satisfacer los requisitos de usuario
establecidos actualmente en cuanto a incertidumbre. Tipicamente,
menos del 20% de pixeles de satélite cumplen con el requisito del GCOS
(Max [5%, 0.0025]). Por el contrario, los tres productos cumplieron
ampliamente dichos requisitos en cuando a estabilidad (Max [1%,
0.001]).

o Los tres productos evaluados mostraron una notable integridad debido
a las diferentes técnicas incorporadas para mejorar este aspecto: un
algoritmo back-up en MCD43A3 C6 para observaciones calificadas de
baja calidad (potencialmente contaminadas con nubes), un algoritmo de
composicion temporal recursivo en caso de C3S V2 que usa una
climatologia de la BRDF como dato ‘a priori’, y técnicas de relleno de
huecos (gap-filling) en el caso de GLASS V4. Cuando se usan las bandas
de calidad para descartar pixeles, MCD43A3 C6.1 es el producto con
peor integridad.

o En términos de consistencia espacial, todas las combinaciones entre
pares de productos cumplieron con un alto porcentaje de casos (>70%)
entre los requerimientos 6ptimos de consistencia. El mejor acuerdo se
observo entre MCD43A3 C6.1 y GLASS V4, lo que se explica en parte a
que estan derivados con datos del mismo sensor (Gu et al., 2021). Se

observaron mayores diferencias sobre zonas al norte y dreas
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ecuatoriales, que pueden deberse a una posible contaminacion de nubes
o a diferencias significativas sobre pixeles de nieve (en el caso del norte).
Los tres productos mostraron un buen acuerdo temporal, tanto entre si
como en la comparacion con medidas in situ.

La evaluacion del error entre pares de productos también reveld un
mejor acuerdo en la comparativa de GLASS V4 con MCD43A3 C6.1,
ambos basados en MODIS. C3S V2 mostrd mayores errores comparados
con ambos productos basados en MODIS, pero con resultados
satisfactorios (diferencias sistematicamente positivas en torno al 10%).
Como conclusion de la intercomparacion, el uso de diferentes sensores
es el factor mas importante que contribuye a la diferencia entre
productos. Sin embargo el resto de factores de la cadena de procesado
también contribuye a las diferencias (modelo de BRDF, composicion

temporal o diferencias en la integracion tanto angular como espectral).

Finalmente, en el articulo 4 se trabajo en el desarrollo y validacion de

productos C3S de albedo con datos de satélite de nueva generacion Sentinel-

3 (C3S Sentinel-3 SA V3), mediante el uso sinérgico de sus sensores OLCI y

SLSTR, para la continuidad de la serie climatica de albedo (Sanchez-Zapero

et al., 2023a).

O

El algoritmo sigue los pases descritos en la Figura 1, partiendo de las
reflectividades de la superficie generadas en CGLS en una proyeccion
comun a 300 m de resolucion espacial con el objetivo de facilitar la
integracion de datos de las diferentes fuentes (OLCI y SLSTR). Los
siguientes pasos son la inversién del modelo BRDF (que hace uso de un
algoritmo temporal recursivo utilizando climatologia de MODIS como
dato auxiliar), la integracién angular y la conversiéon a banda ancha.
Dado que se detectaron dos limitaciones en los datos de entrada
(reflectividades de la superficie), se realizaron dos adaptaciones para
mitigar efectos negativos en el producto final:

i.  El procesador IdePix porporcionado por la misiéon Sentinel-3 de la

ESA (utilizado por la cadena de pre-procesado de CGLS) no
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identifica correctamente los pixeles de nieve o el hielo,
confundiéndolos o enmascarandolos como nubes. Esto da como
resultado una carencia de pixeles puros de nieve ingeridos como
datos de entrada al procesador BRDF. Se propuso, por tanto una
regla alternativa para identificar la nieve basandose en el indice
NDSI. A dichos pixeles identificados como nieve se le aplicaron
tiltrados menos restrictivos con el objetivo tener mas datos de
entrada puros de nieve.
Las radiancias de los canales en el SWIR de SLSTR estan afectadas
por errores de calibracion radiométrica, por lo que ESA
proporciond unos coeficientes de calibracion para corregir estos
efectos (S3_MPC, 2021). Dichos coeficientes no fueron tenidos en
cuenta por CGLS, propagando errores a las reflectividades de la
superficie. Para mitigar esto, los coeficientes de calibracion fueron
aplicados directamente a los albedos espectrales de los canales S5

y 56 de SLSTR.

La validacion preliminar mostré resultados prometedores sobre un

conjunto global de datos limitado temporalmente (10 meses). Se evalud

la consistencia temporal del producto y se determind el error (exactitud,

precisiéon e incertidumbre) mediante validacion directa (32 estaciones

REALS) e indirecta (productos MCD43A3 C6 y C3S PROBA-V SA V1,

para evaluar la continuidad del servicio C3S). Ademds se compard

Sentinel-3 SA V3 con MCD43A3 C6 sobre pixeles nieve, ya que este

altimo ha demostrado previamente buena calidad para periodos de

nieve (Wang et al., 2014, 2012).

i.

La consistencia temporal del producto basado en Sentinel-3 fue
buena tanto con los productos de referencia como con las medidas
in situ, reproduciendo bien situaciones tanto para periodos de
albedo estable como para variaciones estacionales. Sin embargo,
Sentinel-3 SA V3 tiende a reproducir menor niimero de eventos de

nieve o proporciona transiciones madas lentas para periodos de
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valores bajos (libre de nieve) a altos de albedo (nieve) comparado
con MCD43A3 C6 y las medidas in situ. Esto se debe a la baja
disponibilidad de datos de entrada para observaciones de nieve; si
no hay suficientes observaciones, el modelo no puede reaccionar
inmediatamente.

Se determin¢ el error respecto al producto C3S PROBA-V SA V1,
mostrando altas correlaciones, una exactitud tipicamente menor al
5% (con signo negativo: Sentinel-3 < PROBA-V), y una
incertidumbre (RMSD) en torno a 0.05. Tipicamente, entre un 20% y
un 40% de casos (dependiendo del tipo de albedo y region
espectral) cumplian los requerimientos de incertidumbre de GCOS,
y sobre un 50% los requerimientos de C3S.

La comparacion con MCD43A3 C6 mostro diferencias positivas para
pixeles libres de nieve, y negativas para observaciones de nieve. De
nuevo, entre un 20% y 40% de casos (dependiendo del tipo de
albedo y region espectral) cumplian los requerimientos de
incertidumbre de GCOS, y mas de un 50% los requerimientos de
C3S.

La comparacion de Sentinel-3 SA V3 con MCD43A3 Cé6 sobre nieve
mostrd diferencias medias negativas: -5% para el visible y hasta del
-25% para el NIR y onda corta total. Se observé ademds gran
dispersion para los valores de albedo intermedios, como
consecuencia de la heterogeneidad sub-pixel (Jin et al., 2003) debido
a mezcla entre zonas de nieve y libres de nieve debido a procesos
como el deshielo. Las diferencias en los periodos de composicion
también juegan un papel clave en las grandes diferencias en la nieve
(Wang et al., 2012).

La validacién directa mostré que Sentinel-3 SA V3 proporciond una
exactitud (MD=6.3%) ligeramente inferior a MCD42A3 C6 (MD=-
3.3%), con diferente signo en las diferencias. PROBA-V SA V1

mostré6 mayores diferencias (MD=15.8%), en linea con ejercicios
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anteriores (Sanchez-Zapero et al., 2020). Los tres productos
mostraron precision en incertidumbre similar, siendo MCD43A3 C6
el que proporcioné ligeramente mejores resultados (MAD=8.6%,
RMSD=0.029).

o La principal limitacion del producto es la subestimacion de albedo en la
nieve (de -14% a -35% comparado con MCD43A3 C6) y la transicion
lenta de valores bajos (libres de nieve) a altos (pixeles puros de nieve).
La regla de decision alternativa basada en el NDSI para aumentar la
adquisicion de datos de nieve (dada la limitacion de IdePix) junto al uso
recursivo de climatologia BRDF de MODIS en la inversion de la BRDF
puede, en parte, corregir las limitaciones en nieve.

Cabe destacar el hecho de que todos los ejercicios de validacion pusieron de

manifiesto la dificultad que tienen los productos de satélite de cumplir con

los requisitos de usuario existentes en cuanto a la incertidumbre (p.ej., 5% de
requisito por parte del GCOS). Dichos requisitos han sido actualizados
recientemente, estableciendo un nuevo nivel dptimo de incertidumbre del

3% (GCOS-245, 2022), siendo mas demandante que el anterior e incluso

superior a la incertidumbre asociada a las medida de estaciones terrestres

(5% de error en condiciones ideales (Reda, 2011)).

= OBTETIVO 3: Desarrollo de una base de datos de medidas in situ de albedo

que sea fiable, integrando datos procesados de redes o iniciativas existente.

El desarrollo de la red REALS (ver seccion 2.1) ha dado solucion este objetivo.

Se han integrado datos de un ntimero extenso de estaciones (99) con el
objetivo de que el resultado de la validacion sea lo mas representativo
posible a nivel global. Hay que tener en cuenta que el CEOS/WGCV LPV
establece un minimo numero de estaciones de 30 para que el resultado sea
estadisticamente significativo para llegar a un nivel 3 (ver Tabla 1). REALS,
con 99 estaciones, supera largamente estos minimos requeridos

Se ha evaluado la representatividad espacial de la medida usando

metodologias y estandares internacionales (Roman et al., 2010, 2009)
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recogidos en el protocolo del CEOS/WGCV LPV, asegurando que dicha
medicion sea equivalente a la resolucion espacial del pixel de satélite de
interés. En el caso de REALS, se ha evaluado la representatividad a 1 km?, lo
que es compatible para los productos globales existentes basados en VGT (1

km), MODIS (500 m) o Sentinel-3 (300 m).

= OBJETIVO 4: Desarrollo de una herramienta de software semi-automatica,
que permita alcanzar una validacion estandarizada operacional continuada
en el tiempo a medida que la serie temporal de los productos se expande o se

desarrollan nuevas versiones (nivel 4 de validacion de acuerdo a la jerarquia

del CEOS/WGCV LPV).

El desarrollo de la herramienta SALVAL, cuya presentacion de funcionalidades a
la comunidad se ha realizado en el articulo 3 (Sanchez-Zapero et al.,, 2023b), ha

constituido la consecucién de dicho objetivo.

e SALVAL permite a los productos de albedo alcanzar el nivel maximo de
validacion (4) en la jerarquia del CEOS/WGCV LPV, contando con el
respaldo del mismo. Este hecho constituye un hito que no se habia alcanzado
en el campo de la validaciéon de productos globales de albedo. Como hito
adicional, SALVAL esta incluida dentro de las herramientas de validacion
incluidas en el portal de validacion y calibracion del CEOS?* (CEOS Cal/Val
portal) gestionado por ESA.

e Gracias a su interfaz de usuario amigable, SALVAL permite una validacion
interactiva y posibilita configurar cada ejercicio de acuerdo a los
requerimientos del propio usuario (fitness-for-purpose).

e La herramienta cuenta con una base de datos extensa tanto de productos de
satélite existentes como de datos de medidas in situ. Ademads, permite la

funcionalidad adicional de importar directamente un producto de nuevo

% https://calvalportal.ceos.org/salval (acceso online el 03/05/2023)
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desarrollo con el objetivo de obtener de manera automatizada y

estandarizada la validacion del mismo.

= PERSPECTIVAS FUTURAS: Se seguira trabajando en las cuatro dareas
principales:

e A nivel de metodologias de validacion, el autor de esta tesis ha sido
designado por el grupo del CEOS/WGCV LPV para co-liderar el area
dedicada a la validacion de los productos de radiacion de Ila
superficie/albedo, coordinando las actividades a nivel internacional como la
definiciéon y estandarizacion de protocolos. A nivel metodoldgico este
apartado estd completo tras la realizacion del protocolo de validacion
aunque hay criterios que requieren mayores esfuerzos como la estabilidad,
que ha recibido menos atencién por parte de los estudios de validacion
actuales. También se estd trabajando en un cddigo que nos permita hacer un
muestro global (LANVAL V2) que permita establecer un ntmero de
localizaciones definidas por el usuario y que sea representativo a nivel global
no sdlo en cuanto a localizaciones y zonas continentales (como LANDVAL)
sino también por ecorregiones.

e A nivel de productos de satélite, se seguird trabajando en el programa C3S,
donde se van a hacer dos actividades principales como responsables del
desarrollo y validacion de los productos de albedo en dicho servicio:
reprocesado del producto basado en unos datos de entrada mejorados de
Sentinel-3 y validacién completa sobre un periodo temporal extendido. En
base a la validacién completa se estableceran unas evoluciones para mejorar
el producto. Por otra parte, gracias a SALVAL se podra ir realizando
actualizaciones de la validacion, permitiendo atribuir al producto el nivel 4
en la jerarquia del CEOS/WGCV LPV.

e En cuanto a la base de datos de medias in situ para la validacion directa, se
espera ampliar el nimero de estaciones, principalmente sobre las zonas

menos representadas actualmente por REALS (Sudamérica, Africa o Asia,



791 Pagina Resumen extenso

Discusidn general y conclusiones

ver Figura 3). Las resoluciones medias de los sensores actuales (300 — 500 m)

van a ser mejoradas con los futuros satélites de nueva generaciéon (p.ej.,

Sentinel-3 Next Generation), permitiendo ser menos restrictivos con la

evaluacion de la representatividad espacial de la medida y pudiendo incluir
mas estaciones a la base de datos.

e Finalmente, se promovera el uso de SALVAL a través de la comunidad
internacional por medio del CEOS/WGCV LPV con el objetivo no sdlo de
fomentar la estandarizacion de resultados de validacion sino de mejorar la
herramienta basdndonos en la experiencia y retroalimentacion de los
usuarios. Se hara una actualizacion periddica (anualmente) tanto de la base
de medidas in situ como de productos de satélite, incluyendo nuevos
productos (p.ej., Sentinel-3) y extendiendo las series temporales de los ya

existentes.
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Anexo I - Listado informes disponible online
publicados en proyectos

Copernicus Global Land Service (fecha acceso: 03.05.2023)

e Documentos de validacion de albedo:

O

O

O

Camacho, F., Sanchez, ]. QUALITY ASSESSMENT REPORT Surface Albedo -
Version 1 SPOT/VGT. Issue 1.10 (date 08.01.2015). Gio Global Land
Component - Lot I "Operation of the Global Land Component” Framework

Service Contract N° 388533 (JRCO). Available online at
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/GIOGL1 VR SAV1 11.10.pdf

Sanchez-Zapero, ]. SCIENTIFIC QUALITY EVALUATION PROBA-V Surface

Albedo Collection 1 km Version 1 (2017 year). Issue 11.00 (date 05.06.2018).
Copernicus Global Land Operations “Vegetation and Energy” ” CGLOPS-1”

Framework Service Contract N° 199494 (JRC). Available online at

https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/ CGLOPS1 SQE2017 SAlkm-

V1 I1.00.pdf
Smets, B., Sdnchez-Zapero, ]. PRODUCT USER MANUAL Surface Albedo

collection 1 km Version 1. Issue 11.40 (date 28.06.2018). Copernicus Global
Land Operations “Vegetation and Energy” "CGLOPS-1” Framework Service
Contract N° 199494 (JRO). Available online at

https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1 PUM SAlkm-

V1 11.40.pdf
Sanchez-Zapero, ]J., de la Madrid, L., Camacho, F. VALIDATION REPORT

Surface Albedo (SA) from PROBA-V Collection 1 km Version 1.5. Issue 12.21
(date 20.07.2018). Copernicus Global Land Operations “Vegetation and Energy”
”CGLOPS-1” Framework Service Contract N° 199494 (JRC). Available online at

https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/ CGLOPS1 SQE2018 SAlkm-

V1 11.00.pdf

Sanchez-Zapero, |. SCIENTIFIC QUALITY EVALUATION PROBA-V Surface

Albedo Collection 1 km Version 1 (2018 year). Issue 11.00 (date 07.08.2019).

Copernicus Global Land Operations “Vegetation and Energy” ” CGLOPS-1”


https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/GIOGL1_VR_SAV1_I1.10.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_SQE2017_SA1km-V1_I1.00.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_SQE2017_SA1km-V1_I1.00.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_PUM_SA1km-V1_I1.40.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_PUM_SA1km-V1_I1.40.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_SQE2018_SA1km-V1_I1.00.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_SQE2018_SA1km-V1_I1.00.pdf
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Framework Service Contract N° 199494 (JRC). Available online at

https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS]1 SQE2018 SAlkm-

V1 11.00.pdf

Documentos de validacion de reflectividad de la superficie (TOC reflectance):

O

Sanchez-Zapero, ]. SCIENTIFIC QUALITY EVALUATION PROBA-V TOC-R

Collection 1 km Version 1. Issue 11.00 (date 30.04.2018). Copernicus Global
Land Operations “Vegetation and Energy” ” CGLOPS-1” Framework Service
Contract N° 199494 (JRO). Available online at

https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1 SQE2017 TOCR1km

-V1 11.00.pdf
Smets, B., Ceamanos, ]., Sdnchez-Zapero, ]. PRODUCT USER MANUAL Top

Of Canopy Reflectances (TOC-R) Collection 1 km Version 1.5. Issue 12.20
(date 26.06.2018). Copernicus Global Land Operations “Vegetation and Energy”
” CGLOPS-1” Framework Service Contract N° 199494 (JRC). Available online at

https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1 PUM TOCR1km-

V1.5 12.20.pdf
Sanchez-Zapero, ]., de la Madrid, L., Camacho, F. QUALITY ASSESSMENT

REPORT Normalized Top-Of-Canopy Reflectance (TOC-R) from PROBA-V
Collection 1 km Version 1.5. Issue 12.21 (date 20.07.2018). Available online at

https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/ CGLOPST QAR TOCRI1km-

PROBAV-V1.5 12.21.pdf
Sanchez-Zapero. ], Martinez-Sanchez, E. Camacho, F. QUALITY

ASSESSMENT REPORT Sentinel-3 Top Of Canopy (TOC) Reflectance
Collection 300 m Version 1. Issue 11.30 (date 28.07.2022). Available online at

https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/ CGLOPS1 QAR S3-TOCr300m-

vl I11.30 Core.pdf

Copernicus Climate Chance Service (fecha acceso: 03.05.2023)

Documentos de albedo AVHRR V1:

o Sénchez-Zapero, ]., Ledén-Tavares, ]J.,, Toté, C. Product Quality Assurance

Document CDR AVHRR-based Surface Albedo v1.0. Issue v1.1 (date


https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_SQE2018_SA1km-V1_I1.00.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_SQE2018_SA1km-V1_I1.00.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_SQE2017_TOCR1km-V1_I1.00.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_SQE2017_TOCR1km-V1_I1.00.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_PUM_TOCR1km-V1.5_I2.20.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_PUM_TOCR1km-V1.5_I2.20.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_QAR_TOCR1km-PROBAV-V1.5_I2.21.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_QAR_TOCR1km-PROBAV-V1.5_I2.21.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_QAR_S3-TOCr300m-v1_I1.30_Core.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_QAR_S3-TOCr300m-v1_I1.30_Core.pdf
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12.09.2019). Official reference number service contract:

2018/C3S_312b_Lot5_VITO/SC1. Available online at https://datastore.copernicus-

climate.eu/documents/satellite-albedo/D2.2.1-

v1.0 POAD CDR SA AVHRR v1.0 PRODUCTS vl1.1.pdf

Sanchez-Zapero, J., Camacho, F., Ledn-Tavares, J. Product Quality Assessment

Report CDR AVHRR-based Surface Albedo v1.0. Issue v1.0.1 (date 19.11.2019).
Official reference number service contract: 2018/C3S_312b_Lot5 VITO/SCI1.

Available online at https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.1-

v1.0 POAR CDR SA AVHRR v1.0 PRODUCTS v1.0.1.pdf

e Documentos de albedo SPOT/VGT V1:

O

Sanchez-Zapero, ]. Product Quality Assessment Report CDR VGT-based
Surface Albedo v1.0. Issue v1.0 (date 10.12.2018). Official reference number
service contract: 2018/C3S_312b_Lot5_VITO/SC1. Available online at

https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.2-

v1.0 POAR CDR SA SPOT-VGT v1.0 PRODUCTS v1.0.pdf

Sanchez-Zapero, J., Camacho, F., Ledn-Tavares, ]J., Toté, C. Product Quality

Assurance Document CDR VGT-based Surface Albedo v1.0. Issue v1.1 (date
03.12.2019). Official reference number service contract:

2018/C3S_312b_Lot5 VITO/SC1. Available online at https://datastore.copernicus-

climate.eu/documents/satellite-albedo/D2.2.2-v1.1 POAD CDR SA SPOT-

VGT v1.0 PRODUCTS v1.1.pdf

e Documentos de albedo PROBA-V V1:

O

Sanchez-Zapero, ].,, Camacho, F. Product Quality Assessment Report Surface

Albedo v1.0 based on PROBA-V. Issue v1.1 (date 19.12.2019). Official reference
number service contract: 2018/C3S_312b_Lot5 VITO/SC1. Available online at

https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.3-v1.0 POAR CDR-

ICDR SA PROBAV v1.0 PRODUCTS vl.1.pdf

Sanchez-Zapero, J., Ledn-Tavares, J., Toté, C. Product Quality Assurance
Document Surface Albedo V1 based on PROBA-V. Issue v1.2 (date
19.12.2019). Official reference number service contract:

2018/C3S_312b_Lot5_VITO/SC1. Available online at https://datastore.copernicus-

climate.eu/documents/satellite-albedo/D2.2.3-v1.1 PQAD CDR-

ICDR SA PROBAV v1.0 PRODUCTS v1.2.pdf



https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.1-v1.0_PQAD_CDR_SA_AVHRR_v1.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.1-v1.0_PQAD_CDR_SA_AVHRR_v1.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.1-v1.0_PQAD_CDR_SA_AVHRR_v1.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.1-v1.0_PQAR_CDR_SA_AVHRR_v1.0_PRODUCTS_v1.0.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.1-v1.0_PQAR_CDR_SA_AVHRR_v1.0_PRODUCTS_v1.0.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.2-v1.0_PQAR_CDR_SA_SPOT-VGT_v1.0_PRODUCTS_v1.0.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.2-v1.0_PQAR_CDR_SA_SPOT-VGT_v1.0_PRODUCTS_v1.0.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.2-v1.1_PQAD_CDR_SA_SPOT-VGT_v1.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.2-v1.1_PQAD_CDR_SA_SPOT-VGT_v1.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.2-v1.1_PQAD_CDR_SA_SPOT-VGT_v1.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.3-v1.0_PQAR_CDR-ICDR_SA_PROBAV_v1.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.3-v1.0_PQAR_CDR-ICDR_SA_PROBAV_v1.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.3-v1.1_PQAD_CDR-ICDR_SA_PROBAV_v1.0_PRODUCTS_v1.2.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.3-v1.1_PQAD_CDR-ICDR_SA_PROBAV_v1.0_PRODUCTS_v1.2.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.3-v1.1_PQAD_CDR-ICDR_SA_PROBAV_v1.0_PRODUCTS_v1.2.pdf
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Documentos de albedo multi-sensor V2:

O

Sanchez-Zapero, ]., Camacho, F. Product Quality Assurance Document Mullti-

sensor CDR surface albedo v2.0. Issue v1.1 (date 03.12.2020). Official reference
number service contract: 2018/C3S_312b_Lot5_VITO/SC1. Available online at

https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.4-

v2.0 POAD CDR SA MULTI SENSOR v2.0 PRODUCTS v1.1.pdf

Sanchez-Zapero, ]., Martinez-Sanchez, E., Camacho, F., Le6n-Tavares, J. Product

Quality Assessment Report Multi-sensor Surface Albedo v2.0. Issue v1.1 (date
21.06.2021). Official reference number service contract:

2018/C3S_312b_Lot5_VITO/SC1. Available online at https://datastore.copernicus-

climate.eu/documents/satellite-albedo/D2.3.4-

v2.0 POAR CDR SA MULTI SENSOR v2.0 PRODUCTS v1.1.pdf

Documentos de albedo Sentinel-3 V3:

o Séanchez-Zapero, ], Gorrono, ], Martinez-Sanchez, E. Camacho, F., Leodn-

Tavares, ]J.,, Benhadj, I, Toté, C. Algorithm Theoretical Basis Document
CDR/ICDR Sentinel-3 Surface Albedo v3.0. Issue v1.1 (date 22.06.2021). Official
reference number service contract: 2020/ COP_059 VITO_Albedo. Available

online at https://datastore.copernicus-climate.eu/documents/satellite-albedo/C3S COP 059 D-

02 ATBD CDR-ICDR SA SENTINEL3 v3.0 PRODUCTS v1.1.pdf

Sanchez-Zapero, ]J., Martinez-Sanchez, E., Toté, C. Preliminary Product Quality

Assessment Report CDR/ICDR Sentinel-3 Surface Albedo v3.0. Issue v1.1 (date
23.06.2021). Official reference number service contract:

2020/COP_059_VITO Albedo. Available online at https:/datastore.copernicus-

climate.eu/documents/satellite-albedo/C3S COP 059 D-03 POAR CDR-

ICDR SA SENTINEL3 v3.0 PRODUCTS vl.1.pdf



https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.4-v2.0_PQAD_CDR_SA_MULTI_SENSOR_v2.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.2.4-v2.0_PQAD_CDR_SA_MULTI_SENSOR_v2.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.4-v2.0_PQAR_CDR_SA_MULTI_SENSOR_v2.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.4-v2.0_PQAR_CDR_SA_MULTI_SENSOR_v2.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.4-v2.0_PQAR_CDR_SA_MULTI_SENSOR_v2.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/C3S_COP_059_D-02_ATBD_CDR-ICDR_SA_SENTINEL3_v3.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/C3S_COP_059_D-02_ATBD_CDR-ICDR_SA_SENTINEL3_v3.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/C3S_COP_059_D-03_PQAR_CDR-ICDR_SA_SENTINEL3_v3.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/C3S_COP_059_D-03_PQAR_CDR-ICDR_SA_SENTINEL3_v3.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/C3S_COP_059_D-03_PQAR_CDR-ICDR_SA_SENTINEL3_v3.0_PRODUCTS_v1.1.pdf
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ARTICLE INFO ABSTRACT

Keywords: PROBA-V instrument launched in 2013 is offering a global daily coverage at pixel resolutions of 333 m and 1 km

Albedo in three spectral bands (BLUE, RED, NIR) and 600 m for shortwave infrared (SWIR). The PROBA-V mission is the

Vegetation follow-on of the VEGETATION program started in 2000, which allowed generating long-term series at 1 km pixel

:ftellite . resolution. The PROBA-V products belong to the Copemicus Global Land Service portfolio (http://land.
ime series

copernicus.eu/global/). The sensor design of PROBA-V with oriented cameras offers a wide field of view
(FOV) for sampling the BRDF (Bidirectional Reflectance Distribution Function). This paper details the metho-
dology implemented at the premises of VITO (Flemish Institute for Technological Research) with the aim to
disseminate routinely from PROBA-V daily observations for both surface albedo (SA) and top-of-canopy cor-
rected reflectance (TOC-R) products. The method classically operates a selection of cloudless scenes, performs
atmospheric corrections, and finally applies a correction of directional effects on a pixel per pixel basis. The
synthesis period is the decade and the composite period is 20 days. Such choice is a pointwise sampling as being
a trade-off between the availability of clear scenes and the timescale for phenology. Regarding the albedo
catalogue, a narrow-band to broadband conversion is stipulated. A recurrent technique serves for gap-filling
based on the spread of weighed a priori data. Additional information concerns the quality flag and the age of the
product. Preliminary accuracy assessment is performed through a comparison with the Moderate Imaging
Spectroradiometer (MODIS) Collection 6. Dependable spatial consistency is reached except for wintertime with
deviations in terms of rmse (root mean square errors) about 0.03 for visible and shortwave domains, and 0.04 for
near infrared. Besides, both PROBA-V and MODIS C6 exhibit close time profiles, marked by smoothness or rapid
transitions. Results over 10 confidence sites reveals mse values of 0.032 and bias of 0.01 over the 2014 full
annual cycle.

1. Introduction

Land surface albedo is the cornerstone for characterizing the energy
balance in the coupled surface-atmosphere system and also constitutes
an indispensable input quantity for soil-vegetation-atmosphere transfer
models. It yields an Essential Climate Variable (ECV) as established by
the Global Climate Observing System (GCOS) (GCOS, 2016) with given
guidelines for its long-term validation (http://www.qadecv.eu/ecv/
albedo). Knowing the surface albedo, the net radiation at the surface
can be estimated and besides the whole energy budget. Heretofore,
three spectral broadband ranges, namely the solar spectrum
(400-3000 nm), the visible (400-700 nm) and the near- and shortwave-
infrared (700-3000 nm), were deemed the relevant quantities. Actually,

any change in the short-wave (solar) albedo can be tenuous because of
the counter-balancing between broadband visible and near infrared
surface albedo. This fully justifies the dissemination of the three
broadband albedo products although one could be derived from the two
others. Noteworthy, the spectral range for visible broadband is
matching with PAR (Photosynthetically Active Radiation) range to
depict the carbon budget. As vegetation absorbs most of the PAR ra-
diation, therefore PAR albedo is particularly sensitive to greenness. On
the other hand, near-infrared albedo is high for leafy vegetation and
low for woody material comparatively to visible albedo.

Actually, there exists variant definition of albedo products ac-
cording to the domain of directional integration (Schaepman-Strub
et al., 2006). It notably places a regard to the fraction of direct versus
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diffuse solar radiation. The salient albedo products are the Directional-
Hemispherical Reflectance (DHR) - also called Black Sky Albedo (BSA) -
and the Bi-Hemispherical Reflectance (BHR) - also called White Sky
Albedo (WSA). Their combination relative to the ratio of sky irradiance
leads to the so-called Blue Sky Albedo. Actually, the Blue-Sky Albedo is
the true albedo to be measured in situ.

The resolution of 333m offered by PROBA-V sensor will prompt
new applications in domains encompassing agriculture, forestry, land
use, land cover, hydrology and weather forecasts areas. The point-wise
spatial-temporal resolutions of PROBA-V is also prone to leverage geo-
engineering activities in order to dampen the effects of a changing
climate. The Copernicus Global Land Service (CGLS) operates “a multi-
purpose service component” that offers a series of bio-geophysical pro-
ducts on the status and evolution of land surface at global scale (http://
land.copernicus.eu/global). Timely production and delivery of set of
parameters exacerbate the constitution of long term series of satellite-
based products elaborated in a coherent manner. The primary objective
of CGLS is to continuously monitor the status of land territories and to
supply reliable geo-information to decision makers, businesses and ci-
tizens to define environmental policies and take right actions. ImagineS
(Implementing Multi-scale Agricultural Indicators Exploiting Sentinels)
project from FP7 (Framework Program Seventh) was at the root of the
development of cutting-edge retrieval methods of key biophysical
variables, amongst which the land surface albedo. The algorithm to
measure the land surface albedo from PROBA-V is a trimmed metho-
dology previously implemented in operational for Meteosat Second
Generation (MSG) (e.g. Geiger et al., 2008). The insurance of the con-
tinuity with past product from SPOT/VEGETATION at 1km is enacted
by the follow-on dissemination of 1km PROBA-V product, owing to
CGLS. The algorithm has been fine-tuned with time for the purpose of
an enhanced efficient computation and service requirements.

The paper first reviews the background theory about the kernel-
driven BRDF (Bidirectional Reflectance Distribution Function) ap-
proach. The BRDF model parameters serve to estimate both spectral
albedos and TOC-R. A narrow- to broadband conversion is then per-
formed. If most satellite projects adopted the kernel-based approach, a
variant was operated for MISR (Multi-angle Imaging Spectro-
Radiometer), further assessed in terms of noise (Lucht and Lewis,
2000), then of added-value for MODIS (Jin et al., 2002) and also in
virtue of its potential to map snow albedo (Stroeve and Nolin, 2002).
Whilst a surface albedo product is useful for surface energy balance and
radiation forcing at surface level, TOC reflectance normalized to geo-
metry of reference is more inclined to serve for the monitoring of the
surface resources and the derivation of vegetation indices. Section 2
presents the instrument, the calibration accuracy, the levels of data
processing and quality. Section 3 tells about the methodology im-
plemented. Section 4 details the tools and criteria for products eva-
luation. Section 5 provides a preliminary assessment of the products
quality. Section 6 concludes the study and stresses future prospects.

2. Characteristics of PROBA-V instrument
2.1. Principle of measurement

PROBA-V payload named VGT was launched in 2013 for 7 years and
is fully comparable to the previously VEGETATION sensor embarked on
SPOT (Satellite Probatoire d'Observation de la Terre). It is a multi-
spectral push-broom spectrometer. The payload consists of three iden-
tical cameras, equipped with a very compact Three Mirror Anastigmat
(TMA) telescope. Each TMA has a FOV of 34° with four spectral bands.
The limit of view zenith angle is 75° (e.g. http://proba-v.vgt.vito.be/
sites/proba-v.vgt.vito.be/files/Product User_Manual.pdf). Three spec-
tral bands belong to the visible range (460 nm for Blue, 658 nm for Red
and 834 nm for NIR) plus a SWIR band (1610 nm). VGT is restricted to
imaging land and dedicated calibration zones. Each camera owes its
own land sea mask that allows removing the sea pixels. About 14 near
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polar orbits per day are registered. PROBA-V flies at 820 km altitude.
The swath width of 2250 km ensures a daily coverage of land masses
above 35° latitude with however a limitation to 75° North and 56°
South. About 90% daily coverage is obtained in the equatorial zones.
The Ground Sampling Distance is 100 m (VNIR) and 200m (SWIR) at
nadir and 360 m (VNIR) and 690 m (SWIR) at the edge of the swath.

2.2. Data preprocessing and performances

The images are projected in the grid plate carrée for Level 1-b and
the geodetic datum is WGS84. The pixel co-ordinates are given for the
center of the pixel. For details on the radiometric performances of
PROBA-V, we will refer the reader to the dedicated link (https://earth.
esa.int/web/sppa/mission-performance/esa-3rd-party-missions/proba-
v/products-and-algorithms/products-information). To be outlined here
that the PROBA-V S1 Top of Canopy (TOC) reflectance values are
synthesis of the pixels from the three cameras having harmonized
spectral responses functions. Daily PROBA-V composites (S1) of TOC
reflectance, at a spatial resolution of 333 m, are the primary sensor data
serving as input for both TOC-R and surface albedo algorithms. Note
that official references to PROBA-V products indicate 300 m although
the true resolution is 333 m. In case of multiple observations per day,
the maximum of Normalized Difference Vegetation Index (NDVI) enacts
a criterion of selection. The current PROBA-V cloud detection method
(implemented in collection 1, C1) identifies the presence of clouds
based on land cover class, climatology background surface reflectance
per pixel and a set of decision rules (Sterckx et al. (2014), Dierckx et al.,
2014, Wolters et al., 2017). The cloud mask is majorly inherited from
VEGETATION. The Digital Elevation Model is from GTOPO30 (U.S.
Geological Survey). The columnar water vapor and ozone contents, also
the atmospheric pressure, are input fields issued from the numerical
weather prediction model of the European Centre for Medium-Range
Weather Forecasts (ECMWF). The ground segment of PROBA-V applies
an atmospheric correction on a pixel-per-pixel basis for cloud-free
pixels. The atmospheric correction is performed using the SMAC
(Simplified Method for Atmospheric Correction) software (Rahman and
Dedieu, 1994). SMAC considers linear parameterizations for the ab-
sorption and scattering components of molecules and aerosols based on
the physics of the 6S code. These relationships include tunable coeffi-
cients depending on aerosol type and PROBA-V channels. However, a
continental type is taken everywhere whereas the aerosol optical depth
(AOD) at the wavelength of 550 nm is prescribed as a function of lati-
tude. The S1 TOC PROBA-V reflectance is distributed with the Status
Map (SM), which tells about the quality of the product (radiometry
quality, cloud mask, etc.) (see Table 1). A land sea mask (LSM) is used
to delineate the coastline. Note that for time being, the inner water
bodies are not masked by the application of LSM.

3. Methodology description
3.1. Algorithm overview

The operational processing scheme of the land surface albedo and
TOC-R algorithm is depicted in the flow chart of Fig. 1. It encompasses
three successive steps: the spectral TOC reflectance values serve as the
input quantities for the inversion of a linear kernel-driven BRDF model,
which allows taking into account the angular dependence of the re-
flectance factor. A well-established approach for an operational com-
putation of the surface albedo is based on semi-empirical BRDF kernel
model. Such category of models has received a great deal of attention
and effort from the optical remote sensing community in the last dec-
ades (Roujean et al., 1992; Barnsley et al., 1994; Wanner et al., 1995;
Strahler, 1994; Hu et al, 1997). The approach is based on a decom-
position of the bi-directional reflectance factor into a number of kernel
functions which are associated to the dominant light scattering pro-
cesses, e.g. geometric and volumetric effects, a separation between the
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Table 1
Explanation of the pixel quality indicators in the Status Map Dataset. Bits in-
dicated with an asterisk are only available for Level2A data.

Bit Description Value Key
Bits 0-2 Cloud/Ice Snow/Shadow Flag 000 Clear

001 Shadow

010 Undefined

011 Cloud

100 Ice
Bit 3 Land/Sea 0 Sea

1 Land
Bit 4 Radiometry quality SWIR flag 0 Bad

1 Good
Bit 5 Radiometry quality NIR flag 0 Bad

1 Good
Bit 6 Radiometry quality RED flag 0 Bad

1 Good
Bit 7 Radiometry quality BLUE flag 0 Bad

1 Good
Bit 8* SWIR coverage 0 No

1 Yes
Bit 9* NIR coverage 0 No

1 Yes
Bit 10* RED coverage 0 No

1 Yes
Bit 11* BLUE coverage 0 No

1 Yes

$1TOC 333M BLUE, RED, NIR
$1TOC 666M SWIR

v

- Solar geometry

Viewing geometry VNIR |

BRDF model
inversion

'\
I Viewing geometry SWIR ]

v

| BRDF parameters BLUE, RED, NIR, SWIR |

Angular integration

al albedo

Spectral integration

'

[ Broadband albedo Vis, NIR, SW |

Fig. 1. Flow chart of the algorithm for BRDF model inversion and albedo and
TOC-R determination.

soil and vegetation, or the conjunction between media which are op-
tically thick and thin (Lucht and Roujean, 2000).

The kernel-based approach was adopted to map the surface albedo
for a number of space-borne sensors like POLDER, SeaWiFS, VEGETA-
TION, MODIS and MERIS (e.g., Leroy et al., 1997; Justice et al., 1998;
Wanner et al., 1997; Strahler et al., 1999; Samain et al., 2006; Baret
et al., 2007; Muller et al., 2012). The Top-Of-Canopy Reflectance (TOC-
R) product is however not always an output product. A TOC-R product
is deemed relevant to capture the seasonal cycles of the vegetation
mostly as a combination of the spectral signatures to derive in fine the
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vegetation indices, which justifies the effort here.

S1 TOC (daily synthesis) products are inputs data valid for each
pixel (available from http://www.vito-eodata.be). All land target are
considered, snow and ice cover inclusive, at the exception of inner seas.
The input data sets therefore resume to:

e TOC BLUE, RED, NIR at 1/3 km (VNIR) and SWIR at 2/3 km (SWIR)

e Radiometric quality flag for bands BLUE, RED, NIR, SWIR from
Status Map (SM)

e Viewing and solar azimuth angles [0, 360°]

e Viewing Zenith Angles (VZA) and Viewing Azimuth Angles (VAA)
are different for VNIR and SWIR

The latitudinal information is foremost ancillary information to
estimate the value of the solar zenith angle. This latter corresponds here
to noontime in the case of directional albedo and at 10 AM for TOC-R.
The semi-empirical BRDF model of Roujean et al. (1992) further ad-
justed to the measurements reads:

m-1
R 604, 9) = Y, ki By 0.9 J =1 n
i=0 (€))]
where nrepresents the set of surface reflectance values, m stands for the
number of kernels, equal to two here to account for the geometric and
volume scattering kernels of Roujean et al. (1992), whereas k; are the
model parameters and f; are the angular kernel functions. The angle ¢ is
the relative azimuth between the directions of illumination and scan-
ning. The angles 6, and 6, stand for the solar and viewing zenith angles,
respectively. The algorithm first estimates the Black-Sky Albedo (BSA)
or Directional-Hemispherical Reflectance (DHR) and White-Sky Albedo
(WSA) or Bi-directional-Hemispherical Reflectance (BHR) in the four
instrument channels by using the retrieved BRDF coefficients from Eq.
(1). In the inversion procedure, a weight w; is assigned to each re-
flectance value, which is scaled as the inverse of the uncertainty on this
reflectance value (e.g. Press et al., 1995). This uncertainty estimate is
inherited from a statistical analysis of atmospherically corrected sa-
tellite scenes (see Geiger et al., 2008).
The solution to the linear least square inverse problem is stated as.

R = Fk. 2

The reflectance vector b, = Rw; is the solution of the following
equation.

(ATA)k = ATb. ©)

The design matrix A; = F,w; tailors the uncertainty covariance
matrix:

Cy = (ATA)L, ()]

Provided few PROBA-V measurements and poor angular sampling
scenario, more robust techniques like singular value decomposition
(SVD) and QR-decomposition are advised to minimize numerical errors.
The system can be better conditioned by adding constraints (e.g., Li
et al., 2001; Hagolle et al., 2004; Pokrovsky et al., 2003). A priori in-
formation is given on the BRDF coefficients in terms of the first and
second moments (average and standard deviation, respectively) of their
a priori probability distribution function (PDF). That is:

ki = kiap * Gyp [Ki] (5)
Therefore, Eq. (3) is rewritten in the form.
(ATA + ¢ Yk = ATb + ' kgp ©)

The covariance matrix C,, for a priori information reduces to di-
agonal matrix terms by making the assumption of uncorrelated a priori
information. Such matrix reads:

Cap s Ci?(l 3§ A)(lo—nn)/Al %)
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Fig. 2. Effective temporal weight function in the recursive composition scheme.

where the quantity t, — t;, measures the elapsed time between two
successive runs of the algorithm, with At=10 days. The characteristic
time scale A is the full width at half mean of the weighing function
(Fig. 2). Based on Eq. (7), the BRDF model inversion assigns less im-
portance to observations as they get away from day t,. Once the BRDF
from the vector k is known, the spectral albedo values are computerized
by performing an angular integral of the kernel functions, f;. Finally, a
spectral integration of the spectral albedo leads to broadband albedos.
For more about the algorithm, we will refer the reader to the im-
plemented method for Spinning Enhanced Visible and InfraRed Imager
(SEVIRI) onboard MSG (Meteosat Second Generation) as described in
Geiger et al. (2008) from which the algorithm is basically derived.

3.2. Uncertainty estimate

The uncertainty estimate reports on the model performance by
paying attention to the angular sampling and to the number of data. Itis
assumed that the probability distribution functions (PDF) of the errors
of the TOC reflectance values are Gaussian and mutually uncorrelated.
Using linear expressions, the albedo uncertainty estimate is obtained by
propagating those of the model parameters as shown in Eq. (8) with the
appropriate angular kernel integrals, I:

olal = JFGI ®

Any residual cloud contamination will have an impact in the con-
tribution of outliers in the PDF of the TOC reflectance errors, then on
inversion results and surface albedo quality. To be outlined Eq. (8)
remains valid for TOC-R.

3.3. Age of the product

The accumulation of information over days is mandatory for polar
orbiting systems. The longer is the composite period, the more data to
be stored for further exploitation. This is a trade-off process. Herein,
PROBA-V land surface albedo and TOC-R products are reduced to 20-
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Table 2
Albedo product quality flag information.
Bit Description Value Key
Bits 0-1 Land Sea Mask 00 Sea
01 Land
10 Corrupted
11 Inland water
Bit 2 Input data 0 No
1 Yes
Bit 3 Majority Rule for snow or snow-free 0 No
1 Yes
Bit 4 A Priori Information 0 No
1 Yes
Bit5 Snow 0 No
1 Yes
Bit 6 Aerosol correction [ Climatology
1 Near real time
Bit 7 Algorithm Failure 0 No
1 Yes

days composite period against 30-days for 1 km VEGETATION program
because the 333 m resolution of PROBA-V permits a better cloud re-
moval. The product frequency is still 10 days. The synthetic period ends
at days 10, 20, and last day of the month (Fig. 3). The true age of the
product, Z Age, is given to the user per pixel as a novelty. It is the
median date value of clear sky dates over the composite period.
Smoothness is slightly enhanced by assigning weight to the a priori
information. Duration of cloudiness entails the propagation of a priori
information and gap-filling.

3.4. Quality flag

The Quality Flag (Q-Flag) integrates all uncertainty assessments that
led to the elaboration of the product (see Table 2). It reports merely
information about a priori, snow coverage, and land pixel. If snow
pixels are present during the composite period, the majority rule will
apply. It means snow and snow-free pixels will compete in number to
make an unmerged albedo product. The Bit 3 informs the user about the
procedure application, with the risk for a merged albedo according to
snow detection. The Bit 4 indicates that less than three observations
were available. A priori estimate is reported in this case as a remedy to
the gap-filling procedure. The Bit 6 is always O since a climatology is
hitherto adopted for aerosol compound.

3.5. Narrow to broadband conversion

The narrow to broadband conversion is approximated as a weighted
sum of the integrand at discrete values of the integration variable. The
SWIR channel shows a coarser resolution compared to other channels
and therefore a same SWIR pixel may be considered for neighboring
pixels of other channels. Broadband albedo estimate at spectral interval
y is derived from the spectral quantities by applying a linear transfor-
mation where a, and az stand for broadband and spectral albedos, re-
spectively. Viz:

ay = coy + Z Cprag
8 9)

Day 28/29/30/31 Day 10 Day 20 Day 28/29/30/31 Fig. 3. lllustration of the achievement
-- o | I (= = omom OfZ Age information.
Py "

S 5 .’ 20 days period A
to

13... w0 9 0
< T —, »

e?” '/-l//;

Z Aae = median value of clear pixels
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Table 3
Narrow- to broadband conversion coefficients for PROBA-V channels and uncertainty estimates.
Broad-band NDVI Coy cpy, Blue cp, Red cp, NIR cp, SWIR RMSE
Visible [0.4-0.7 pm] [-1,1] 0.0010 0,5039 0,4923 - - 0.0067
< 0.2 & snow 0.0284 0,5736 0,3837 - - 0.0199
Near Infrared [0.7 - 4 pm)] [-1,1] 0.0140 & 0.0068 0.5677 0.3481 0.0135
< 0.2 & snow 0.0212 - 0.0438 0.5509 0.3633 0.0128
Total [0.3-4 pm] (=-1,1] 0.0097 0.1863 0.2212 0.3434 0.1817 0.0089
< 0.2 & snow 0.0248 0.1196 0.2764 0.3566 0.07 0.0154
Table 4
Uncertainty metrics for product validation.
Gaussian Statistics Comment
Scatter plot of ground versus product Quali of ag

N: Number of samples
RMSE: Root Mean Square Error

Indicative of the power of the validation

Indicates the Accuracy (Total Error).

RMSE computed between ground and product values should be compared to the RMSE value corresponding to ground measurements.

Relative values between the average of x and y were also computed.

B: MeanBias

Difference between average values of ground and product. Indicative of accuracy and possible offset.

Relative values between the average of x and y were also computed.

S: Standard deviation

R% Correlation coefficient

Major Axis Regression (slope, offset)
p-Value

% GCOS requirements

Indicates some possible bias

Percentage of pixels hing the GCOS

Standard deviation of the pair differences. Indicates precision.
Indicates descriptive power of the linear accuracy test. Pearson coefficient was used.

Test on whether the slope is significantly different to 1 (Null hypothesis: slope = 1). (p > 0.05 accepted)

q

* The GCOS requirements on accuracy were used: Max(5%; 0.0025). Furthermore, an additional target level of Max(10%; 0.005) was used.

Table 5
Summary of the Quality Assessment procedure.
Quality Criteri Product evaluated  Reference Product Coverage
Spatial Consistency ~ PROBA-V SA MODIS C6 European
Collection 300 m Region

Visual inspection of global maps.
Difference maps & global Scatter-plots (R?, RMSE, Bias,

Scattering).
Temporal PROBA-V SA MODIS C6 Ground EUVAL
Consistency Collection 300 m measurements Validation sites

Qualitative inspection of temporal variations.

Overall Statistical PROBA-V SA MODIS C6 EUVAL (section
Consistency Collection 300 m 0)
Scatter-plots (R?, RMSE, Bias, Scattering) between pair of
products.
Accuracy PROBA-V SA Ground Validation sites
Assessment Collection 300 m measurements
(Error) & MODIS C6

Scatter-plots, Pearson's correlation, Root Mean Square Error
(RMSE), bias, linear fit (offset and slope, MAR).

with coefficients ¢,, and cg, shown in Table 3. Three different broad-
band albedo intervals are considered: the total short-wave range from
300 nm to 4000 nm (BB), the visible wavelength range from 400 nm to
700 nm (VI), as well as the near infrared range from 700 nm to 4000 nm
(NI). Negative NDVI values combining RED and NIR PROBA-V channels
served to distinguish snow from snow-free pixels. The values in Table 3
were initially determined by van Leeuwen and Roujean (2002) for
VEGETATION, further adapted to PROBA-V by VITO. Linear relation-
ships were calibrated using synthetic data sets generated by the SAIL
(Scattering by Arbitrarily Inclined Leaves) radiation transfer code
(Verhoef, 1984), plus ASTER spectral library (Hook, 1998). They hold
for both DHR (AL-DH) and BHR (AL-BH) products by assuming a
spectral irradiance regardless to atmospheric effects. The errors of the
spectral albedo estimates are supposed uncorrelated (see Table 3).

61

4. Tools of quality protocol for accuracy assessment
4.1. Information on product distribution

The processing chain is operated at the premises of VITO within the
context of the EU Copernicus Global Land Service (CGLS). New land
surface albedo and TOC-R products are proposed every ten days. They
are distributed within three days after the last scene acquisition. For
time being, they are available from the year 2014. The products are
distributed as global files, combining the relevant layers into one single
multi-band netCDF4-CF1.6 compliant format. To keep the file sizes to a
reasonable size, not all layers are combined into one single file. Instead
the TOC-R products are provided per band as well as the albedo pro-
ducts. The products can be downloaded from http://land.copernicus.
eu/global and can be reformatted, cropped or subset through an on-line
customization tool.

4.2. Methodology for quality assessment of the product

Preliminary Quality Assessment of the PROBA-V 1 Collection 300 m
was focused on the surface albedo product merely. The evaluation is
carried on over a European region covering the area from 35° to 65° of
latitude and from —20° to 30" of longitude. The harnessing lumps to-
gether a cross-comparison with MODIS C6 products and then a direct
validation using available ground observations coming from European
Fluxes Data Cluster (EFDC) stations. The following main criteria were
devised: spatial consistency, temporal consistency, and statistical as-
sessment of discrepancies with similar products and accuracy. Surface
albedo products receive regularly updated specifications (e.g. GCOS,
2016) as it is the case for an ECV (Essential Climate Variable). For
surface albedo values lower than 0.05, the accuracy required is 0.0025.
Therefore, a relative accuracy of 5% is still considered. Additional re-
quirements come from the “WMO Rolling Requirement Review” that
aids the setting of the priorities to be agreed by WMO (World
Meteorological Organization) members and their space agencies. The
GCOS requirements are only partly consistent with this process in that
they provide only target but not “breakthrough” or “threshold” (i.e.
minimum) requirements. But GCOS provides requirements on stability
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Fig. 4. Location of the 109 selected European validation (EUVAL) sites and their classification into the main biome type. Red square delineates the region under
study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

10 20

Selected 10 EFDC sites for Accuracy Assessment providing field albedo and diffuse measurements. The typical tower height used in this study is 10 m and then the

footprint of the albedo measurements is 127 m (see Roman et al., 2009).

Code Site name Country Land Cover Lat (deg) Lon (deg) Diffuse Method
CZ-BK1 Bily Kriz Forest Czech Rep. NLF 49.50472 18.54111 Direct
DE-Obe Oberbirenburg Germany NLF 50.78362 13.71963 Indirect
ES-CPa Cortes de Pallas Spain Shrublands 39.22417 -0.90305 Direct
ES-LMa Majadas del Tietar Spain Savanna 39.9415 - 5.77336 Direct
FR-Pue Puechabon France EBF 43.74139 3.595833 Direct
IT-Col Collelongo Italy BDF 41.84936 13.58814 Direct
IT-MBo Monte Bondone Italy Herbaceous 46.01468 11.04583 Direct
IT-Tor Torgnon Italy Shrublands 45.84444 7.578055 Indirect
DE-Tha Tharandt Germany Mixed Forest 50.96361 13.56694 Direct
PL-Brd Brody” Poland Crop 52.43418 16.29952 Direct

# For PL-Brd Cropland site. Only Leaf-Off season (fall and winter) was considered for the accuracy assessment, due to the spatial homogeneity is not ensured during

the Leaf-On season (spring and summer).

Table 7

Additional 7 EFDC sites for temporal realism.
Code Site name Country Land Cover  Lat (deg) Lon (deg)
DE-Akm  Anklam Germany  Shrublands  53.866170  13.683420
ES-ES El Saler-Sueca Spain Crop 39.275550 -0.315278
IT-CAl Castel d'Assol Italy Crop 42.38041 12.02656
IT-CA2 Castel d'Asso2 Italy Crop 42.37722 12.02604
IT-CA3 Castel d'Asso 3 Italy Crop 42.38 12.0222
DE-Kli Klingenberg Germany  Crop 50.89288 13.52251
PL-Tuc Tuczno Poland Wetland 53.192944  16.097472

that are not currently included in the WMO requirements database. The
“WMO Observing Requirements Database” specifies requirements on
the surface albedo for climatologic applications at three uncertainty
quality levels: Goal (5%), Breakthrough (7%) and Threshold (10%).
Quality Assessment exercise follows here a procedure with pre-
valent protocols and metrics defined to be consistent with the re-
commendations of the Land Product Validation (LPV) group of the
Committee on Earth Observation Satellite (CEOS) for the validation of
satellite-derived land products. Spatial consistency mirrors the level of
truth and repeatability of the spatial distribution of retrievals in the lack
of spurious patterns or other artifacts (e.g., missing values, stripes,
unrealistic low values, etc.). It is achieved through systematic visual
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inspection analysis of the global maps, using the maps difference at a
monthly basis. Temporal consistency reports on the degree of realism of
the temporal variations. Temporal courses of satellite products were
investigated over the confident sites of the EUVAL network and other
selected stations. This supposes high frequency data are available like
daily ground observations. Statistical analysis was performed over a
selection of representative European sites for validation (EUVAL) based
on uncertainties metrics associated to the scatter-plots between pairs of
products (Table 4). To be outlined that only sites that are spatially re-
presentative at the kilometer scale were put in valor. Table 5 sum-
marizes the number of validation metrics used to verify the consistency
between PROBA-V SA Collection 300 m for the whole 2014 year, using
as references MODIS C6 product and ground data coming from EFDC
stations.

A trimmed analysis of the spatial and statistical consistency was
performed at 1km resolution. PROBA-V SA 300 m products were re-
sampled using an average value over a 3 x 3 pixels window (from 1/
3 km to 1 km spatial resolution). MODIS C6 data were re-sampled using
an average over 2 X 2pixels window (from 1/2km to 1 km). Twofold
analysis based on temporal consistency and accuracy assessment relied
on the native spatial resolution of each product. The comparison is
carried on 10-days periods defined as the closest to the center of the
temporal composite window, being 20 days (PROBA-V SA 300 m) and
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Fig. 5. Maps of AL-DH (Left side) and AL-DH error estimates (right side) for several spectral domains and selected dates: AL-DH-BB for 2014.04.10 (Top), AL-DH-NI

for 2014.06.10 (Middle) and AL-DH-VI for 2014.08.10 (Bottom).

16days (MODIS C6). Only pixels with Z Age values beyond 10 days
have been retained. This offers more realistic results of comparison by
discarding products from sensors too far away in time. The date as-
signed to a PROBA-V pixel was established as the date given in the
product file name - ending the composite window frame - less the Z Age
value.

4.3. Data sets for validation

4.3.1. PROBA-V data sets

The quality assessment is performed against a data set of PROBA-V
SA V1 Collection 300 m images covering 15 tiles encompassing a wide
European region from 35° to 65° of latitude and from —20° to 30" of
longitude. The dataset is available at 10days frequency covering the
whole year 2014. For each tile, files in HDF5 format were considered
with the content of black-sky and white-sky albedos in visible, NIR and
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shortwave domains, plus ancillary information (error estimate, Quality
Flag, Z_Age).

4.3.2. MODIS collection 6

For the cross-comparison, it is considered the MODIS BRDF/Albedo
(MCD43A3) Collection 6 (DOL https://doi.org/10.5067 /MODIS/
MCD43A3.006) at 500-meter spatial resolution, which achieved vali-
dation stage 3 in the CEOS/LPV hierarchy (Wang et al., 2018). Col-
lection 6 provides improved quality compared with previous Collection
5, as well as more retrieval at high latitudes from use of all available
observations. Only high quality MODIS products were retained for
further analysis. It includes notably both directional hemispherical re-
flectance (black-sky albedo) at local solar noon and bi-hemispherical
reflectance (white-sky albedo) for three broad-bands (visible:
0.3-0.7 um, NIR: 0.7-5.0pm, and Total: 0.3-5.0 pm). The MCD43A3
albedo quantities are disseminated on a sinusoidal grid, with temporal
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Fig. 6. Maps of ALDH Z_Age for several dates. From Top to Bottom and from Left to Right: 2014.01.20, 2014.03.20, 2014.05.20, 2014.07.20, 2017.09.20 and

2014.11.20.

composite period of 16 days. Both Terra and Aqua data are used in the
generation of this product. As a quick remind, MODIS albedo algorithm
uses atmospherically corrected reflectance data (MODO09 product with
flags about “cloud”, “cirrus high” and “aerosol high”) to best fit the
kernel-driven BRDF model Ross Thick Li Sparse-Reciprocal (RTLSR)
(Lucht and Lewis, 2000). Only periods with 7 clear observations lead to
full inversion. Otherwise it makes use of a backup algorithm with prior
information for a magnitude inversion in the MODIS BRDF products. A
gap filling occurs for less than three clear observations. To be outlined
here that the MODIS albedo team provides separated snow-free gap
filled products: https://www.umb.edu/spectralmass/terra_aqua_modis/
v006,/mcd43gf cmg gap_filled_snow free_products (Sun et al., 2017).
Integrating BRDF model parameters lead to spectral albedos further
converted into broadband albedos (Liang et al., 1999). A well-behaved
agreement (r* = 0.82) was found between the comparison of mean
yearly MODIS albedo Collection 5 retrievals with ground measurements

taken at 53 FLUXNET homogeneous sites (Cescatti et al., 2012).

4.3.3. Sites selection from European validation (EUVAL)

The temporal and statistical consistency was computed over 109
sites from the European Validation (EUVAL) network (Fig. 4). Only
homogeneous sites covering at least 3 km® were deemed dependable
based on previous study based on the biome type classification
(GLC2000 (e.g. https://land.copernicus.eu/global/sites/cgls.vito.be/
files/products/GIOGL1_QAR LAI300m-V1 11.10.pdf). The percentage
of EUVAL sites per main biome is decomposed as follows: 14.37% for
Broadleaf Forest, 21.56% for Needle-leaf forest, 32.68% for Cultivated
areas, 9.8% for Shrublands, 11.76% for Herbaceous, and 9.80% for bare
soils.

4.3.4. Accuracy assessment from EFDC
The accuracy assessment of PROBA-V SA Collection 300 m products
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Fig. 7. AL-DH-VI difference maps (left side) and associated scatter plots (right side) between PROBA-V SA Collection 300 m and MODIS C6 products for the 20th
March 2014 (Top) and 20th July 2014 (Bottom). Pixels with error estimates > 0.15 and Z_Age values > 10 days in cases of PROBA-V product were not considered for

the analysis.

finally prevails with stations from the European Fluxes Database Cluster
(EFDC) (http://gaia.agraria.unitus.it/home/log-in/). These latter are
coping with the mandatory criteria aforementioned. Land cover char-
acteristics were obtained at the spatial resolution of 500 m based on
Google Earth™ for sites matching first the requirement of homogeneity
around the tower flux (Romdan et al., 2009). Both daily and noon
measurements were harnessed. Different strategies have been applied
to the ground measurements in order to fairly match with satellite data,
which depends on the instrument. In case of PROBA-V, the value of the
composite period is assigned to the true date. In case of MODIS C6, the
composite period is 16 days and the date corresponds to the center of
the 16-day composite period (9th day). A composite value is therefore
built only if 70% at least of daily ground measurements are available.
Table 6 displays the list of 10 homogeneous sites used in this study.
Most of the EFDC stations measure the diffuse down-welling shortwave
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radiation information. If not then estimate of diffuse radiation was
performed in using the aerosol optical depth from the nearest
AERONET station and the MODTRAN code. In addition, the ground
information from 7 EFDC (Table 7) was only used to appraise the
temporal shape as the diffuse fraction was not available.

5. Results of quality assessment
5.1. Product content

Spatially consistency of pattern distribution of surface albedo and
associated error estimates are conspicuous from Fig. 5. The complete-
ness of the mapping is a benefit from the recursive temporal scheme.
Consistent values of Z Age were found for the whole region during the
year 2014, with values typically ranging between 5 and 15 (see Fig. 6).



110 I Pagina
Surface albedo
instrument in

and toc-r

J.-L. Roujean et al.

300m
the framework of Copernicus

Anexo II
products from PROBA-V
Global Land Service

Remote Sensing of Environment 215 (2018) 57-73

‘i':::' PROBA-V 300m — MODIS C6 (2014.3.20) Z_AGE<10 & PV ERR<0.15
5 10 15 20, 25

Y -15. =10 -5 ]
=

0.1

0075 3

0.05

0.025
o

0025

AL—DH-NI Difference
5:

-005 3
0,075

-0.1
v #

N o
lru [

0.075 3

8
g 0.05 8
s
= Qoo
s of
=
+ o
B | 0025 ¥
1
< g-oos 3
0.075 o)
E
-0.1 |
VS

20140320 (ZAge<10, Err<0.15)

8 [N=e016897 ' e
MAR.: y=~0.00+0.98x PR A
Mean(y)=0.20 S

8 | ®RGCOS=10.7 .
R 0.6
o XTarget=21.2
|
<
Z o4f ]
2
:
-l‘ 0'2 i .>10h ]
<
[
0.0 L L L
0.0 0.2 0.8

0.4 0.6
AL-DH~-NI MODIS C6
Ri=0.83 RMSE=0.022 (10.7%) B=-0.008 (3.6%) $=0.02

20140720 (ZAge<10, Err<0.15)

8 N=5300700

MAR.: y=0.00+1.08x
Mean(y)=0.26

0.6 - %GCOS=4.8
XTarget=9.6

0.2f m

AL—-DH-NI PV ALB300
[=]
>

0.0 L
0.0 0.2 0.4 0.6
AL-DH-NI MQODIS C6
R'=0.75 RMSE=0.031 (12.3%) B=0.020 (8.1%)

0.8

$=0.02

Fig. 8. Idem Fig. 7 for AL-DH-NL

As expected, higher Z Age values were encountered for scenarios suf-
fering from persistent cloud coverage (wintertime period and Northern
latitudes).

5.2. Spatial consistency analysis

The set of Figs. 7-9 shows deviations in geographic distribution and
scatter plots between PROBA-V Collection 300 m and MODIS C6 black-
sky albedo products at mid-March and mid-July 2014. Snow flagged
pixels were discarded from the analysis due to differences of strategy
between the two sensors. For PROBA-V, rare pixels with error field >
0.15 were removed from the analysis as it is known possible residual
cloud contamination with this first PROBA-V collection. Salient feature
is the good spatial consistency that exists in visible domain (Fig. 7),
with only differences of + 0.025 in reflectance units. Also, dependable
correlations (R? between 0.64 and 0.93) and mean bias close to zero are

evidenced. A slight tendency noticed with PROBA-V is lower values
obtained for a low albedo (< 0.1), and higher values for a high albedo
(> 0.1). This is a general trend observed if one excerpts the months of
January and December 2014. As for NIR domain (Fig. 8), a good con-
sistency is also reached with almost all differences within + 0.05. The
tendency is rather a random bias between PROBA-V SA Collection
300m and MODIS C6, with opposite signs of the bias at some places for
different periods. A good statistical rendering is obtained (R* around
0.8, RMSE between 0.02 and 0.03). Finally, the upshots of analysis for
shortwave products (Fig. 9) closely follow the ones for NIR with
nevertheless higher values compared to MODIS C6 products for all
dates and regions again with the exception of northern latitudes and
winter time situations.
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Fig. 9. Idem Fig. 7 for AL-DH-BB.

5.3. Temporal consistency analysis

Temporal profiles of PROBA-V and MODIS C6 of black-sky and
white-sky albedo products were analyzed for the 109 EUVAL sites and
over 17 ground stations where ground measurements were available.
Results are displayed for the three spectral ranges and the nominal
spatial resolution of the product (333m for PROBA V, 500m for
MODIS) (Fig. 10).

Vertical bars of PROBA-V Collection 300 m correspond to the un-
certainty assessment in the generation of the associated albedo product.
Blue-sky albedos are shown whenever daily ground observations are
available. Main lesson learned is that for Broadleaf Forests, PROBA-V
well captures the rapid seasonality of albedo from dense to low vege-
tation coverage, providing reliable and smooth trajectories. Only over
some sparse situations (a ratio of 25%), unexpected instabilities not
observed in reference products were observed in case of Broadleaf
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Forests (see Asturias site during August-September). Although it is
prevalent in NIR, the shape also affects the shortwave band by spectral
construction. Over Needle-leaf Forests, unexpected variations (as
compared with reference products) in around 40% of cases were found
for some period (see B2.1#244 during July and Cazorla NP during
August-September). As for Cropland sites, close patterns are noticed
between sensors. To be outlined that PROBA-V well mimics the dy-
namic of surface albedo in link to phenological status. Such findings
were deemed consistent with MODIS C6 temporal variations and with
daily ground observations whenever available (see El SalerSueca, Castel
d'Asso2). Smoother transitions are conspicuous in the case of PROBA-V
due to the beneficial effect of a priori information that precludes dodgy
scenarios. Over Herbaceous and Shrublands, compliant temporal tra-
jectories are noticeable between sensor products and also ground daily
observations (e.g. Anklam site and Semi-arid Almeria site). Error esti-
mates were found generally concurring in magnitude with albedo
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Asturias, Spain. Broadleaf Deci Forest (43.15N, 5.63W)
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Fig. 10. Temporal profile of PROBA-V SA Collection 300 m (continuous line), and MODIS C6 (dashed line) AL-DH-BB (grey) and AL-DH-NI (yellow) and AL-DH-VI
(blue) albedos over several selected sites. Vertical bars correspond to the associated error of PROBA-V SA Collection 300 m products. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

retrievals, excepted during the wintertime periods due to the occur-
rence of snow and grazing solar angles. MODIS C6 shows major gaps,
which limits the comparison with PROBA-V. The snow episodes were
correctly reported by PROBA-V in 70% of cases as compared to MODIS
or ground daily observations (e.g. B2.1#259). Unreported snow events
may explain by the choice of the majority rule to segregate snow or

snow-free pixels over the spanning composite window.
5.4. Blue-sky albedo

Blue-sky albedo is a genuine product from the point of view of in
situ measurement, although not yet included in the Copernicus GLS.
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Fig. 11. Temporal profiles of PROBA-V SA Collection 300 m (blue), MODIS C6 (green) and ground measurements (red points) Blue-Sky albedos. Vertical bars
correspond to the PROBA-V errors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Black-sky (Top) and White-Sky (Bottom) PROBA-V SA Collection 300 m versus MODIS C6 albedo products scatter-plots over all EUVAL sites during the
2014 year for PAR (left), NIR (center) and shortwave (right) domains. The terms B and S represent the mean and the standard deviation of the difference. Continuous
black line corresponds to 1:1 line and dashed lines to GCOS uncertainty levels. Red line corresponds to the Major Axis Regression (MAR). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Over stationary targets

like forests (e.g. Billy Kriz Forest, Tharandt),

PROBA V products seems efficient for the reproduction, ditto MODIS C6
(Fig. 11). PROBA-V albedo shows however a slight seasonality in the

bias, with larger values

during the summer season. Over sites marked

by topography (Monte Bondone, Torgnon), PROBA-V better agrees with

70

ground data. The surges in albedo values due to snow events in Monte
Bondone and Torgnon were well captured by PROBA-V SA product. The
case of Brody sites with crops also reveals the performance of PROBA-V

product (Fig. 11).
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Relevant statistics between PROBA-V SA Collection 300 m versus MODIS C6 Albedos products over EUVAL sites for the 2014 year. p-value corresponds to the test on

whether the slope is significantly different to 1.

PROBA-V SA Collection 300 m vs MODIS C6
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Bias -0.007
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Slope (MAR) 0.95
p-Value < 0.001
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0.045
-0.0
1.07

< 0.001
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Fig. 13. Accuracy Assessment of PROBA-V SA Collection 300m (left) and
MODIS MCD43A3 C6 (right) blue-sky albedo satellite products versus ground
values coming from European stations during the 2014 year for Snow Free
conditions. The terms B and S represent the mean and the standard deviation of
the difference. Continuous black line corresponds to 1:1 line and dashed lines to
GCOS uncertainty levels. Red line corresponds to the Major Axis Regression
(MAR). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

5.5. Overall statistical consistency and accuracy assessment

The overall consistency of the PROBA-V SA Collection 300m with
reference MODIS C6 is resumed here with EUVAL sites for year 2014
(Fig. 12, Table 8).

For visible range, good overall consistency between PROBA-V and
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MODIS C6 was found, with RMSE values around 0.03. It means PROBA-
V is less than MODIS for low albedo values, mainly black-sky albedo.
Slight negative bias (—0.007, 11%) was found for black-sky albedo,
whereas the opposite trend (positive bias of 0.006, 9%) was observed
for white-sky albedo. For the NIR, very good consistency was found,
with RMSE values around 0.04 and very low negative mean bias (2.4%
for AL-DH and 0.8% for AL-BH). Similar good results were found for
Broad Band, showing low RMSE values of around 0.03 and low positive
mean bias (< 8%). Different slopes were observed. This is reliant to the
spectral albedo: slope < 1 for PAR, slope > 1 for Broad Band, with
different trend in the slope for NIR. Opposite trends were observed
depending on the albedo type (slope > 1 for AL-DH and slope < 1 for
AL-BH). In all cases, slopes significantly differed to 1 with statistical
significance (p-value < 0.05). To go further in the investigation of the
appropriateness of the satellite albedo products (diagnosing “blue-sky”
albedo), scatter plots versus field measurements were produced for the
whole 2014year over 10 EFDC sites of different vegetation types
(Fig. 13, Table 9). Note that the number of samples (N = 286 in case of
PROBA-V against N = 228 in case of MODIS C6) indicates the better
completeness of PROBA-V, as already observed on the temporal profiles
(Fig. 11), on which PROBA-V provides large number of retrievals.
Overall accuracy of RMSE = 0.032 was found for PROBA-V SA Col-
lection 300 m products, showing the same result in terms of RMSE as
MODIS C6. Slight positive mean bias of 0.01 (9%) of PROBA-V SA
Collection 300m was found, showing improved results in case of
MODIS C6, with no bias and relationship very close to the 1:1 line. In
spite of positive results, the low percentage of pixels within GCOS re-
quirements (5.9% in case of PROBA-V and 9.2% in case of MODIS C6)
outlines the difficulty to achieve the requirements.

5.6. TOC-R product

Alongside developments on surface albedo, the normalized re-
flectance TOC-R appears as a surrogate for any application not ne-
cessarily reliant on the radiation transfer and energy budget. Such
product targets a broad category of users eager to consider PROBA-V
radiometry to catch up the phenology. A product like TOC-R is difficult
to validate because it relies to a specific geometry serving for reference
that should be obtained from ground using narrow field of view. In the
case of PROBA-V, the TOC-R product required by users corresponds to a
reflectance that would be measured at 10 AM local time. In practice,
such virtual reflectance is obtained by using the adjusted BRDF coef-
ficients to simulate it. In the case of MODIS, the strategy is different
since the distributed normalized reflectance is a nadir BRDF-Adjusted
Reflectance (NBAR). Furthermore, PROBA-V and MODIS spectra are not
matching. Therefore, the option herein was to rather cross-compare
NDVI products elaborated from TOC-R (PROBA-V) or NBAR (MODIS).
To be noticed that the spatial resolution of PROBA-V is 300 m against
500m for MODIS. Fig. 14 shows for the whole year 2014 the NDVI
temporal profiles for varied land units belonging to different locations
(France, Spain, Italy, UK, Tunisia).
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Table 9

Relevant statistics of the Accuracy Assessment of PROBA-V SA Collection 300 m
(left) and MODIS MCD43A3 C6 (right) blue-sky albedo satellite products versus
ground values coming from European stations during the 2014 year for Snow
Free conditions. p-value corresponds to the test on whether the slope is sig-
nificantly different to 1.

EFDC SITES (2014)

PROBA-V SA Collection 300 m MCD43A3 C6

Correlation (R?) 0.55 0.60

Bias 0.011 0.000

RMSE 0.032 0.032

Offset (MAR) 0.01 0.00

Slope (MAR) 1.01 0.99

p-value 0.784 0.919
%optimal (GCOS) 5.9 9.2

Twofold PROBA-V NDVI profiles are shown whenever considering
the end of the composite period given in file name or accounting for
Z_Age information. Significant shift in time is noticed. The cross-com-
parison with MODIS remains qualitative as long it is not the same
spatial resolution. The cultivated site of Barrax (Spain) mirrors the same
seasonal patterns for all plotted NDVI, with closest profile to MODIS C6
using PROBA-V Z Age. Missing data are conspicuous for MODIS due to
discarding data based on Quality Assurance. The NDVI of Chimbolton
(UK) is garbled by cloudiness. But despite two sensors (TERRA and
AQUA) against one sensor for PROBA-V, MODIS displays less and more
erratic NDVI products. The site of Merguellil (Tunisia) with crops re-
veals a good correlation between MODIS and PROBA-V (using Z_Age)
except at the onset where a bias is noticed. MODIS NDVI is above
PROBA-V during winter months. Same conclusion applies for the de-
ciduous forest of Harth (France) and the rice crop of Albufera (Spain).
This remains valid for the cropped area of Castellaro (Italy) where
PROBA-V NDVI shows at the onset a first vegetation peak not clearly
depicted by MODIS C6. It follows shared features for a plateau and the
decay.

6. Summary and future prospects

An initiative was undertaken to provide operational global esti-
mates of the surface albedo (SA) and TOC-R 300m and 1 km fields in
the framework of the Global Land Service (GLS) of Copernicus. It is
represented by the PROBA-V Collection 1. From the outcomes of the
present study, it clearly offers a great potential in agricultural area for
instance. It is glimpsed that product would improve owing to a better
cloud detection, particularly ice cloud removal - at the contrary of
MODIS no thermal band exists for PROBA V - and aerosol signal cor-
rection. The occurrence to have ice cloud flagged as snow was noticed
and can at least be solved by a temporal filter. Besides, the analysis was
performed for snow free conditions because of the different strategy of
temporal sampling between the two sensor systems. Therefore, the
cross-comparison was limited to data sets ingestion beyond a value of
0.5 typically. The narrow to broadband conversion process also re-
presents a possible source of future improvement for PROBA-V.

Time and space good consistency are noticed between the two
sensors, with overall discrepancies (RMSE) of 0.03 for PAR and short-
wave domains, and around 0.04 for NIR. PROBA-V Collection 300 m
displayed reliable temporal trajectories, matching with temporal trend
from MODIS C6 and daily ground observations. Smooth transitions may
prevail as well as surges in albedo values, to be reasonably reproduced.
The accuracy assessment performed over 10 EFDC homogeneous targets
shows overall uncertainty (RMSE) of 0.032 with a mean bias of 0.01,
which is about the same order as MODIS C6. Although this new pro-
duction presents some spurious variability on short time scales, the
comparison against MODIS C6 is deemed quite promising at this stage.
It will even offer enhanced perspectives with next PROBA-V

300m
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Fig. 14. Temporal profiles of PROBA-V TOC-R Collection 300 m using the date
of the end of the composite period given in file name (blue) and the date cor-
rected from Z_age (red). The Nadir BRDF-Adjusted Reflectance MODIS C6
(MCD43A4) is reported (green). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Collections, owing to users feedbacks. The TOCR-R product was ana-
lyzed through NDVI for cross-comparing with MODIS. The Z Age field
improves the matching between the two sensors. Less number of out-
liers is noticed for PROBA-V due to the recurrent strategy applied. The
existing bias with MODIS for the wintertime quiescent period is due to
the use of a slant path as reference in the case of PROBA-V, which seems
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to offer more dynamic on the phenology.
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Abstract: The Copernicus Climate Change Service (C3S) includes estimates of Essential Climate
Variables (ECVs) as a series of Climate Data Records (CDRs) derived from satellite data. The C3S
Surface Albedo (SA) v1.0 CDR is composed of observations from National Oceanic and Atmospheric
Administration (NOAA) Very High Resolution Radiometers (AVHRR) (1981-2005), and VEGETATION
sensors onboard Satellites for the Observation of the Earth (SPOT/VGT) (1998-2014) and Project for
Onboard Autonomy satellite (PROBA-V) (2014-2020), and will continue with Sentinel-3 (from 2020
onwards). The goal of this study is to assess the uncertainties associated with the C35S PROBA-V SA
v1.0 product, with a focus on the transition from SPOT/VGT to PROBA-V. The methodology followed
the good practices recommended by the Land Product Validation sub-group (LPV) of the Working
Group on Calibration and Validation (WGCV) of the Committee on Earth Observing Satellites (CEOS)
for the validation of satellite-derived global albedo products. Several performance criteria were
evaluated, including an intercomparison with National Aeronautics and Space Agency (NASA)
MCD43A3 C6 products. C3S PROBA-V SA v1.0 and MCD43A3 C6 showed similar completeness but
had higher fractions of missing data than C3S SPOT/VGT SA v1.0. C3S PROBA-V SA v1.0 showed
similar precision (~1%) to MCD43A3 C6, improving the results of SPOT/VGT SA v1.0 (2-3%), but C3S
PROBA-V SA v1.0 provided residual noise in the near-infrared (NIR). Good spatio-temporal continuity
between C3S PROBA-V and SPOT/VGT SA v1.0 products was found with a mean bias between +2%.
The comparison with MCD43A3 C6 showed positive mean biases (5%, 8%, and 12% for visible, NIR
and total shortwave, respectively). The accuracy assessment with ground measurements showed a
median error of 18.4% with systematic overestimation (positive bias of 11.5%). The percentage of
PROBA-V retrievals complying with the C3S target requirements was 28.6%.

Keywords: surface albedo; validation; PROBA-V; C3S; CEOS LPV; SPOT/VGT; MCD43
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1. Introduction

The land surface albedo, which is defined as the ratio of the radiant flux reflected from the Earth’s
land surface to the incident flux, is a key forcing parameter controlling the planetary radiative energy
budget and the partitioning of the radiative energy between the atmosphere and surface. The surface
albedo varies in space and time as a result of both natural processes (e.g., solar illumination, snowfall,
and vegetation growth) and human activities (e.g., the clearing and replanting of forests, the sowing
and harvesting of crops, and the burning and grazing of rangelands) and is a sensitive indicator of
environmental vulnerability [1]. Consequently, a long-term record of the surface albedo for the global
landmass is required by climate, biogeochemical, hydrological, and weather forecast, models at a
range of spatial (from a few meters to 30 km) and temporal (from daily to monthly) scales, and it is
therefore, mandatory to quantitatively, and efficiency assess the uncertainties in SA measurement
using these products.

The European’s Union funded C3S [2] provides key indicators on climate change drivers by means
of combining the observations of the climate system with the latest science to develop authoritative,
quality-assured information about the past, current and future states of the climate. The C3S portfolio
includes consistent estimates of multiple Essential Climate Variables (ECVs), including the surface
albedo, which is primarily based on satellite data and provided as a series of gridded CDRs. In the frame
of C3S, SA products have been derived from the data collected by NOAA/AVHRR (1981-2005) and
SPOT/VGT (1998-2014). The Project for Onboard Autonomy satellite (PROBA-V) satellite [3], which
was launched on May 2013 for seven years, was designed to bridge the gap in space-borne vegetation
observation between SPOT/VGT (March 1998-May 2014) and the Sentinel-3 satellites. PROBA-V is
comparable to the VGT sensors on SPOT platforms. In C3S, the PROBA-V SA v1.0 products are
generated with the aim to extend the CDRs based on AVHRR and VGT observations over time. The
algorithms for these C3S SA products were designed by Meteo-France based on previous research
conducted within the Satellite Application Facility for Land Surface Analysis (LSA SAF) program
of EUMETSAT [4,5]. Meteo-France developed the SA algorithms, Refs. [6-9] based on MSG/SEVIRI
and MetOp/AVHRR within the EUMETSAT LSA SAF program, and were later adapted to these other
sensors in C3S and Copernicus Global Land Service (CGLS) [10]. These products are generated by the
processing line infrastructure implemented by VITO and openly distributed through the C3S Climate
Data Store (CDS) [11].

Within the C3S CDS, a framework for the Evaluation and Quality Control (EQC) of climate
data products derived from satellite and in situ observations to be catalogued was developed [12].
Validation, or quality assessment, is one of the main components defined in this EQC framework,
and it is defined as the process of independently assessing the quality of the data products derived
from the system outputs [13]. In terms of satellite-derived land products, validation is the procedure
to assess their accuracy and quantify their uncertainties via analytical comparisons with reference
data. Validation also constitutes the means of guaranteeing the compliance of products with user
requirements, and helps end-users understand to what extent the product is suitable for their specific
applications [14]. Based on previous validation works, mainly based on NASA products [15-19],
but also on EUMETSAT [7], the CEOS WGCV LPV sub-group [20] has defined the global albedo product
validation good practices [21]. Two main validation approaches have been defined: (i) The quantitative
and qualitative product-to-product validation approach, which is referred to as satellite product
intercomparison (i.e., indirect validation); and (ii) the direct point-to-pixel validation, which involves
comparisons of satellite products with the albedo measured from in situ tower-based instruments
(i.e., direct validation).

Indirect validation is helpful because most validation metrics cannot be computed using ground
data, due to the limitations of ground measurements in terms of global conditions. Indirect validation
approach mainly consists of comparing satellite-derived albedo products, particularly new products,
with heritage albedo products [7,22-28]. In general, product intercomparison offers a means of
assessing the discrepancies (systematic or random) between products. This method is particularly
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valuable for finding spatial disagreements between products over large areas and for a wide range
of cover types. However, this approach does not yield absolute validation results, and satellite
product intercomparisons alone are insufficient to validate a new product. Then, direct validation
enables the assessment of uncertainties, and it may be argued that only such methods can be seen
as actual validation in the field of remote sensing [29]. Direct validation consists of comparing
satellite retrievals with in-situ albedo measurements [30]. It is, therefore, mandatory to evaluate
the spatial representativeness of ground albedo measurements, which depends on the land surface
heterogeneity [31-34].

As the PROBA-V mission is arriving at the end of its lifetime, the aim of this paper is to perform the
full quality assessment of PROBA-V based C3S SA v1.0 products. To achieve that, the main objectives
are the following;:

1.  To evaluate the product completeness and spatio-temporal consistency of C3S PROBA-V SA
v1.0 products over global conditions compared to SPOT/VGT SA v1.0 (and MCD43A3 C6 for
benchmarking) to verify the continuity of the C3S time series;

2. To assess the precision of C3S PROBA-V SA v1.0 and to intercompare it with reference satellite
products (C3S SPOT/VGT SA v1.0 and MCD43A3 C6);

3. To assess the accuracy and the associated uncertainties of the products via direct validation with
ground measurements; and

4. To assess the compliance of the product with regards to climate user requirements.

The remainder of this paper is structured as follows: Sections 2 and 3 describe the datasets used
in the study, which are for satellite-based products and ground data, respectively; Section 4 presents
the validation methodology; Sections 5 and 6 gather and discuss the intercomparison and validation
results, respectively; and the conclusions are summarized in Section 7.

2. Remote Sensing Surface Albedo Products

The main features of the three SA products investigated in this work (C3S PROBA-V SA v1.0,
C3S SPOT/VGT SA v1.0 and MCD43A3 C6) are summarized in Table 1. The information of the
spectral characteristics of the four optical bands of the VEGETATION sensors onboard the PROBA and
SPOT satellites, and its equivalent Moderate resolution Imaging Spectroradiometer (MODIS) bands,

is provided in Table 2.
Table 1. Characteristics of the global remote sensing SA products under study. GSD stands for Ground
Sampling Distance.
3 BRDF Model:
Product 7;telhte Volumetric qu‘,‘: n;y iod /P GS]:; Reference
ensor /Geometrical Kemels /Comp051 e Ierio rojection
C3s :
PROBA-V PROBA Ross_Thick 10 days 1 km ) 35]
/VEGETATION /Roujean /30 days /Plate Carrée o
SAv1.0
£=9 SPOT Ross_Thick 10 days 1km
SEOTRCT EGETATION Li.S . Reci 1 20d A S late Carré 3¢l
SA v1.0 A% /Li_Sparse_Reciproca / ays /Plate Carrée
NASA TERRA+AQUA Ross_Thick Daily 500 m 137]

MCD43A3 C6 /MODIS /Li_Sparse_Reciprocal /16 days /Sinusoidal
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Table 2. Spectral characteristics of PROBA-V, and its equivalent channels in the VGT-2 and

MODIS sensors.
PROBA-V VGT-2 MODIS
A Center Width Aciviyin Center Width Korouiyin Center Width
(nm) (nm) (nm) (nm) (nm) (nm)
Blue BO 463 46 BO 458 37 Band3 489 20
Red B2 655 79 B2 653 74 Band1 645 50
NIR B3 845 144 B3 838 109 Band2 858.5 35
SWIR MIR 1600 73 MIR 1635 101 Band6 1639 24

The quality flag information of each product was used to filter low-quality pixels (Table 3). For the
C3S PROBA-V SA v1.0 products, the land pixels showing an input status “out of range” or “invalid”
or “saturated” in the B2 and B0 channels were discarded. The SPOT/VGT SA v1.0 pixels where the
algorithm failed were not considered in the validation exercise. Additionally, two ancillary variables
were also taken into account: The uncertainty (ERR) and the mean age (AGE, in number of days)
of the observations that are used to produce the SA. The SPOT/VGT SA v1.0 pixels with associated
uncertainty greater than 0.2 and an AGE greater than 20 were discarded. For MODIS C6, the quality
flags are given in the MCD43A2 product, and those pixels with fewer than seven valid observations
were discarded.

Table 3. Quality flag (QFLAG) information used to filter pixels flagged as ‘low-quality’.

Product Quality Control Used to Discard Pixels

Sea (bit 1)
Input status out of range or invalid (bit 6)
B2 saturated (bit 10)
B0 saturated (bit 11)

Sea and continental water (bits 0-1 of QFLAG)
Algorithm Failed (bit 6 of QFLAG)
ERR > 0.2
AGE >20

BRDF_Albedo_Band_Quality_Band1-7:
Magnitude inversion (number of observations lower than 7)

C3S PROBA-V SA v1.0

C3S SPOT/VGT SA v1.0

MCD43A2 C6

2.1. Evaluated Dataset: C3S SA v1.0 Based on PROBA-V Data

PROBA-V has operated since May 2013 at an altitude of 820 km in a sun-synchronous orbit
with a local overpass time at launch of 10:45 a.m. However, because the satellite has no onboard
propellant, this local overpass time gradually differs from the at-launch value [3]. The payload consists
of three identical cameras, which are equipped with a very compact Three Mirror Anastigmat telescope.
Each camera has two focal planes, one for the short-wave infrared (SWIR) and one for the visible
and near-infrared (VNIR) bands, with a slightly different off-nadir along track viewing direction.
PROBA-V observes four spectral bands: Blue (called BO: centered at 0.463 um), Red (B1: 0.655 um),
NIR (B2: 0.845 um), and SWIR (MIR: 1.600 um). The target on the ground is imaged at different times
and with different viewing angles. This specific technical concept makes the angular configurations of
the observations in the VNIR and SWIR bands different, and hence, different angular information is
provided. Observations are taken at resolutions from 100 to 180 m at nadir and up to 350 m and 660 m
at the swath extremes for the VNIR and SWIR channels, respectively [38]. The final PROBA-V data [39],
disseminated by the PROBA-V Ground Segment at 100 m, 300 m and 1 km resolutions, have been
available on [40] since the end of 2013.
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The C3S PROBA-V SA v1.0 products (example in Figure 1) are freely available in the C3S
CDS[11]. They also provide Directional-Hemispherical albedos (AL-DH)—also called Black-Sky Albedo
(BSA)—and the Bi-Hemispherical albedos (AL-BH)—also called White-Sky Albedo (WSA)—in three
broadband spectral domains (visible [VI: 0.4-0.7 um], NIR [NI: 0.7-4 um] and total shortwave
[BB: 0.3-4 um]). These broadband albedos are taken from the CGLS [10]. In addition, the spectral
AL-DH and AL-BH albedos in the four spectral channels (see Table 2) are made available in the C3S.
These products have been produced every 10 days from the end of 2013 onwards, with the production
dates on the 3rd, 13th, and 23rd of each month and delivered with a 12 day lag in near real-time.
The spatial resolution of the grid is 1/112°, resulting in a pixel size of approximately 1 km at the equator.
Apart from the layers corresponding to albedo retrievals, the ancillary layers corresponding to their
respective errors (ERRs), the associated quality flag (QFLAG) and the number of valid observations
during the synthesis period (NMOD) are provided. The information of each layer is described in the
Product User Guide and Specification (PUGS) document [41].
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Figure 1. Global distribution of PROBA-V SA v1.0 black-sky albedo values in the total shortwave
(AL-DH-BB) on 23 September 2014.

The methodology, which is described in the Algorithm Theoretical Basis Document (ATBD) [35],
follows the approach of separating the atmospheric correction, directional reflectance normalization,
and albedo determination. First, the top-of-atmosphere (TOA) data are processed to obtain the
cloud-free top-of-canopy (TOC) reflectances. Then, the spectral TOC reflectances acquired under
different solar-viewing configurations during the synthesis period are normalized by inverting a linear
kernel-driven model [42]. The synthesis period is 30 day and a semi-Gaussian weighting function with
the maximum weight on the last observation of the period was selected for near real-time production.
Then, the spectral albedos are computed using the angular integration of the kernel functions with the
retrieved parameters for each pixel. Finally, the broadband albedo is defined as a linear combination of
the spectral albedo values in the available spectral channels. The narrow to broadband conversion
coefficients are applied both for the black-sky and for the white-sky albedos.

2.2. C3S SA v1.0 Based on SPOT/VGT Data

C3S SPOT/VGT SA v1.0, which is available from C3S CDS [11], provides a CDR of the global
black-sky and white-sky albedo estimates for the period from 1999 to 2014 at a ground sampling
distance of 1/112° and a temporal frequency of 10 days using a compositing window of 20 days.
The dates of production are the 10th, 20th and 30th of each month. As for PROBA-V, the albedo
quantities are provided for the three broadband domains (visible [0.4-0.7 um], NIR [0.7-4 um] and
total shortwave [0.3-4 um]) and in the four spectral channels (see Table 2) of the VEGETATION sensors.
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The albedo products are based on the data acquired by the VEGETATION-1 and VEGETATION-2
sensors aboard the SPOT-4 and SPOT-5 satellites, respectively.

The retrieval algorithm [6,7,9] was developed based on the previous developments of the SA
products [6-9] based on MSG/SEVIRI and Metop/AVHRR in the framework of the EUMETSAT LSA
SAF project [4], and it was later adapted here to these other sensors in CGLS and C3S [43]. The input
data were Collection 3 of SPOT/VGT, which corrects the bug previously detected regarding the incorrect
calculation of the Sun-Earth distance of Collection 2, includes improved cloud and snow/ice detection,
and revises the absolute radiometric calibration for the entire archive [44]. The main differences with
the C3S PROBA-V SA v1.0 algorithm are related to the use of a different Bidirectional Reflectance
Distribution Function (BRDF) model and temporal composite scheme. PROBA-V SA v1.0 implemented
the Ross_Thick kernel for volumetric scattering and the Roujean kernel for geometric scattering [42],
whereas SPOT/VGT SA v1.0 implemented the Ross_Thick kernel [42] for volumetric scattering and the
Li_Sparse_Reciprocal kernel for geometrical scattering [45]. The synthesis period of PROBA-V SA v1.0
is 30 days using a semi-Gaussian weighting function. The SPOT/VGT SA v1.0 retrieval methodology
uses a 20-day temporal composite, meaning that each surface albedo product is built from the valid
SPOT/VGT observations corresponding to the 20-day period preceding the calculation date. At the
BRDF inversion step, the previous inversion result is used as a priori information. Hence, a recursive
temporal composition of the information over a longer time period (approximately three times longer
than the production period) can be achieved to guarantee the coherence and spatial completeness of
the product. The “age” (AGE parameter in the output product) of the clear-sky observations exploited
in the recursive inversion scheme is an important piece of information for potential applications, and
is therefore, also made available to users. This age corresponds to the mean age with respect to the
date of the calculation of the clear observations considered for the albedo calculation. More details are
given in the ATBD [36].

Sanchez-Zapero et al. [46] showed that the C3S SPOT/VGT SA v1.0 products were good quality
based on most of the criteria evaluated, reaching validated stage 1 in the CEOS LPV hierarchy.
However, two main limitations were found: (i) Some temporal noise existed at the short-time scale;
and (ii) the product was not able to capture some snow events, showing large uncertainties (>0.2)
in those cases. Comparisons with ground measurements (461 samples, 2000-2005 period) from
15 FLUXNET stations showed similar overall uncertainty (RMSD = 0.05) as other satellite products
(MCD43A3 C6, GlobAlbedo, and GLASS), but a positive bias (14%) was found.

2.3. NASA MCD43 Cé6 Based on MODIS Data

The MODIS BRDF/Albedo (MCD43A3) Collection 6 (C6) dataset, which is available from [47],
provides both directional albedo at local solar noon and bi-hemispherical albedo for MODIS bands 1-7
and for three broadbands (visible [0.3-0.7 um], NIR [0.7-5.0 um], and total shortwave [0.3-5.0 um]).
The MCD43A3 albedo quantities are delivered at a resolution of 500 m in a sinusoidal projection. They
have been produced every day since 2000 with a synthesis period of 16 days. Data from both Terra and
Aqua satellites are used in the generation of this product.

The MODIS albedo algorithm uses atmospherically corrected reflectance data (MODO09 product)
to establish the best fit to a linear kernel-driven BRDF model, with the exception of the observations
flagged as “cloud”, “cirrus high” or “aerosol high”. Like for C3S SPOT/VGT SA v1.0, the parametric
BRDF model uses the Ross_Thick kernel for volumetric scattering and the Li_Sparse_Reciprocal kernel
for geometrical scattering [45,48]. A full retrieval of the model is attempted if there are seven or more
high-quality observations well distributed over the viewing hemisphere during the 16 day synthesis
period. When the number of observations is strictly less than seven and strictly greater than two,
or if observations are not well sampled or do not well fit the BRDF model, a back-up algorithm with
prior information is used. Then, a fill value is stored if the number of observations is strictly less than
three, and the separated snow-free gap-filled products are also accessible [49]. Then, the BRDF model
parameters are used for estimating spectral albedos from angular integration. The broadband albedos
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are computed using the spectral to broadband conversion approach [50]. The MCD43 C6 products use
an improved back-up database, which is pixel-based updated from the latest full inversion as opposed
to the land cover-based database used in the previous Collection 5.

MCD43A3 SA products have reached CEOS LPV validation stage 3 [51]. Sdnchez-Zapero et al. [46]
reported an overall uncertainty (RMSD) of 0.053 and a low negative bias (—11.9%) of MCD43A3 C6
compared with the ground data from 15 FLUXNET homogeneous sites for the 2000-2005 period
(653 samples), and a slight overall uncertainty (RMSD = 0.032) was reported compared with European
FLUXNET measurements over snow-free conditions [52]. Existing studies of the previous collection
5 indicate that the accuracy of the MODIS shortwave broadband albedo meets the requirements (<5%)
for both snow-free and snow-covered surfaces [31-34].

3. Ground Dataset

3.1. Ground-Based Observations for Validation (GBOV) Database

The CGLS GBOV [53] initiative aims at facilitating the use of observations from operational
ground-based monitoring networks and their comparison to Earth Observation (EO) products. In the
case of the SA, GBOV provides the Reference Measurements (RMs) and upscaled Land Products
(LPs) based on the RM data [54,55] from over 24 sites coming from different networks, such as BSRN,
FLUXNET, or SURFRAD. Currently, the GBOV database is made available for the 2012-2018 period [53].
The RM GBOV data corresponds to blue-sky albedo, which is defined as the fraction between the
downward and the upward shortwave radiative flux. The diffuse fraction is also included in the
RM dataset.

The innovative approach for the generation of GBOV LPs could be very useful for the validation
of satellite SA products since it can be applied to both homogeneous and heterogeneous land surfaces.
However, we can expect large discrepancies over heterogeneous sites compared to homogeneous
sites [54,56]. The CEOS LPV albedo validation protocol [21] recommends the use of ground values
measured at the flux tower (i.e., the RM) for the direct validation of EO products. For those reasons,
GBOV RMs are used in this study for the accuracy assessment. Note that RMs are provided daily in the
GBOV database with a typical temporal step of 30 or 1 min depending on the station. The estimation of
the uncertainty associated with a solar radiation measurement by a commercial pyranometer is around
5% (at a 95% confidence level) for daily values under ideal conditions [57]. Since satellite products are
defined to provide SA retrievals at solar local noon, the RMs used in this study have been taken at the
same time. For this study, the concomitant period to PROBA-V was used (i.e., 2014-2018). The main
characteristics of the 20 GBOV sites providing the RMs at solar local noon for the period under study
are summarized in Table 4.

3.2. Analysis of the Spatial Representativeness of Tower Measurements

The reference albedo measured from towers covers a circular footprint that varies with the tower
height. It is unlikely that the footprint of the ground measurements exactly matches the satellite pixel
sizes. Then, the spatial representativeness of the tower-based measurements should be evaluated to
minimize the issues associated with spatial representativeness in the point-to-pixel comparison [31,32].

The semivariogram [58,59] is one of the most efficient tools for describing spatial representativeness.
Semivariograms were computed for the stations under evaluation using Sentinel-2 surface reflectances
at a spatial resolution of 10 m near-nadir. Two different periods (leaf-off and leaf-on) periods during
the year were considered to evaluate the spatial representativeness of the region around the ground
tower. The spatial attributes (e.g., the range, sill and nugget) were computed by fitting the variogram
estimator to an isotropic spherical model [60], and they can reveal the spatial variability of land
surfaces and the scaling effects associated with remotely sensed data [31-34,61-63]. The methodology
adopted in this study for the estimation of the geostatistical indexes is based on the comparison of the
variogram model parameters retrieved at different spatial resolutions (i.e., from 1.0 km? to 1.5 km?
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squared subsets). Four different geostatistical attributes were used [16,32]: The relative coefficient of
variation (Rcy), the scale requirement index (Rgg), the relative strength of the spatial correlation (Rgt)
and the relative proportion of the structural variation (Rsy).

Table 4. Characteristics of the 20 GBOV sites providing data during the 2014-2018 period.

. Lat Lon
# Site ID Name Country Network Land Cover (deg) (deg)
1 USA_BND  Bondyville USA SURFRAD Croplands 40.052 -88.373
2 USA_BAO  Boulder USA BSRN Croplands 40.050  —105.004
3 BEL_BRA  Brasschaat Belgium  FLUXNET Mixed Forest 51.309 4521
4 NET_CAB Cabauw Netherlands BSRN Grasslands 51.971 4927
5 AUS_CLP  Calperum Australia ~ FLUXNET Shrublands —-34.003  140.588
6 USA_DRA  Desert Rock USA SURFRAD Bare Soil 36.624  -116.019
7 USA_FPK  Fort Peck USA SURFRAD Grasslands 48308  -105.102
8 GER_GEB Gebesee Germany  FLUXNET Croplands 51.100 10.914
9 NAM_GOB  Gobabeb Namibia BRSN Bare Soil —23.561 15.042
10 USA_GCM Ggorgg(m USA SURFRAD  Decidous Broadleaf 34.255 —-89.873
11  FRA_GRI Grignon France FLUXNET Croplands 48.844 1.952
12 FRA_GUY  Guyaflux gzi}r;c:; FLUXNET  Evergreen Broadleaf 5.279 -52.925
13 GER_HAI Hainich Germany FLUXNET Mixed Forest 51.070 10.450
14  USA_NRF Niwot Ridge USA FLUXNET Evergreen Needelleaf ~ 40.033  -105.546
15  ITA_REN Renon Italy FLUXNET Evergreen Needelleaf — 46.587 11.434
16  USA_PSU Rock Springs USA SURFRAD  Decidous Broadleaf 40.720 —-77.931
17  USA_SFS  Sioux Falls USA SURFRAD Croplands 43.730 —96.620
18, USASGR  oouthem USA  FLUXNET Croplands 36.606  —97.489

Great Plains
19  USA_TBL e . USA SURFRAD  Bare soil and Rocks 40.125 105237
Mountain

20 AUS_TMB Tumbarumba Australia FLUXNET  Evergreen Broadleaf —35.657 148.152

The four geostatistical attributes can be combined in a compact metric (STscore [31,32], see
Equation (1)), which represents a spatial representativeness score using Rgsg as the primary marker and
the others like secondary weights. When the spherical variogram model does not provide a good fit to
the variogram estimator, another indicator (RAWscoe [31,32], see Equation (2) could be used to provide
a spatial representativeness score, which is only based on the Rcy,.

=1

Rey| + [Rst| + R
[Revl ST svl +RSE) )

3

S Tscor(' = (

RAWscore = |2 RCVI_1 (2)

Both scores are directly proportional to the site representativeness. We consider that sites are
heterogeneous or not spatially representative when both scores are lower than 2.0 (see Table 5) because
large differences, due to spatial heterogeneity, are expected for scores below this threshold [16].
Based on it, the ground measurements coming from Boulder (USA_BAO), Renon (ITA_REN), Rock
Springs (USA_PSU) and Table Mountain (USA_TBL) sites are not used for the accuracy assessment
during the leaf-off seasonal period. In addition, the Cabauw (NET_CAB), Goodwin Creek (USA_GCM)
and Gobabeb (NAM_GOB) sites were discarded during leaf-on seasonal period. Figure 2 shows two
examples of sites of stations spatially representative (top side), and two examples of not spatially
representative (bottom side).
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Table 5. Geospatial statistics of the 20 selected GBOV sites for the accuracy assessment.

Footprint Seasonal Rcy Rsk (%) Rgr (%) Rsy STecoe  RAWacore

B sitelD  n) T Period (%) %)

1 usaEND 15 =00 S5 B%  om w0 1% 108
2 USABAO a8 ool 00 000 2 ates  4m 2%
s BLERA 5 200 D% 006 om e o7t 3%
4 NELCAB 23 (S 50 o o mm 16 1%
s ABGF m Rl U0 mm 2@ e 2@ 4%
6 USALDRA 126 ssel;?cl)fl 1888 235 6.0 83.9 167 265
P DSAEK 0% oo ow o M 1@ s
5 GRGEB 7% oot USn 0 sa5 s 114 2oe
o NAMGOB 10 (20l 2 Hp 0% w® 1w 18
W UsAGM 16 (Rl o 7y w7 0% 1
1 RAGR & o ue  am 417 o0 16 4n
12 FRA_GUY 253 Sse';‘f;ﬁ 072 7.85 247 -1.98 1045 69.33
B GERHAL s =0 TD G0 tes 7w wom 7w
u UsANR w2 ool oF 08 Ty s s 7w
5 MAREN 12 00 W 2@ o w096 2w 2m
16 GARU 16 o000 Sl B% oae  aass om 9w
v WASS 3 ool S s 73 iam 10 2%
B usasor 1 oot U0 X% 0h wem 1m0 4
5 DEANEL D6 e ges em 69 coon 1% 286
20 AUSTMB 884 oMl g4 00 0.06 727 1165 272

season
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GER_HAI (Leaf-on) AUS-TMB (Single season)

0.8

0.4

USA_PSU (Leaf-off)

Figure 2. Sentinel-2 surface reflectance (Band 8A) images (3 km X 3 km) at a spatial resolution of 10 m
centered over a selection of 4 GBOV sites (a) GER_HAI, (b) AUS_TMB, (c) ITA_REN, (d) USA_PSU).
STscore and RAWicore, indicators of the spatial representativeness, are displayed in the plots.

4. Quality Assessment Methodology

4.1. Uncertainty Requirements

The accuracy assessment results were analyzed against predefined uncertainty levels based on a
review of the existing user requirements from the Global Climate Observing System (GCOS), the World
Meteorological Organization (WMO) and the key performance indicators of C3S.

In the last update of the GCOS requirements [64], there is a distinction between the products
targeted for “adaptation” and “modelling” applications that results in different needs for the horizontal
resolution. Modelling requirements (i.e., uncertainty Max [5%; 0.0025], see Table 6) are the focus
of this study since modelling is the main application targeted. Other requirements come from the
WMO [65], which aids in the setting of the priorities to be agreed upon by WMO members and their
space agencies for enhancing the space-based GCOS system. The WMO specifies the requirements for
the SA for climatologic applications at three quality levels (Table 6): Threshold (minimum requirement),
breakthrough (significant improvement) and goal (optimum, no further improvement required).
The stated “goal” WMO uncertainty requirement of 5% is, thus, equivalent to the GCOS requirement in
relative terms. Apart from the GCOS and WMO, the Key Performance Indicator (KPI) of the maximum
accuracy being between 10% and 0.01 was defined in the C3S program [66].

Table 6. GCOS, WMO and C3S SA uncertainty requirements.

GCos WMO 35 KPI
Goal: 5%
Surface Albedo Max (5%; 0.0025) Breakthrough: 10% Max (10%; 0.01)
requirements

Threshold: 20%

Based on the existing requirements, three different levels (i.e., optimal, target and threshold) are
predefined in this study (Table 7) with the aim to verify whether the results fit the purpose (Table 6).
The optimal level (Max [5%, 0.0025]) was selected according to the GCOS uncertainty requirement and
is equivalent to the WMO goal. The target level (Max [10%, 0.01]) is equivalent to the C3S KPI and
partly equivalent to the WMO breakthrough level. Finally, the threshold level (Max [20%, 0.02]) was
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adopted from the WMO. Poor performances of the product correspond to values above the threshold
level (minimum requirement). Figure 3 displays the selected uncertainty levels as a function of the
product values.

Table 7. Predefined uncertainty requirement levels used for SA validation.

Optimal Target Threshold

Surface Albedo

0 0, 0,
Thacevtainty Requiremenis Max [5%, 0.0025] Max [10%, 0.01] Max [20%, 0.02]

02
0.18 =
0.16 O Threshold @ Target M Optimal
0.14
012
01
008
0.06
0.04
0,02

Uncertainty

0 0.1 0.2 03 04 05 0.6 0.7 08 0.9 1

surface albedo

Figure 3. Uncertainty levels as a function of SA values.
4.2. Validation Methods

The validation methodology follows the CEOS LPV good practice protocol for the validation
of satellite-derived albedo products [21], and the validation metrics are presented in Section 4.2.1.
The different strategies for product intercomparison and direct validation are described in Sections 4.2.2
and 4.2.3, respectively.

Figure 4 shows the global distribution of the sampling used in this study. The product
intercomparison is evaluated over a 725-site land validation network (LANDVAL) of sites [67],
which is designed to globally represent the variability of land surface types, and was used as the
spatial sampling to evaluate these criteria. This network also includes 20 well-known desert calibration
sites [26] for the precision evaluation, due to their high temporal stability. For the direct validation,
the 20 selected GBOV homogeneous stations with available ground data (see Table 5) were used.

1

o LANDVAL = | . : r
| * LANDVAL calibration si Y 3
* GRQ = ‘
e =50 ey T = EQ) EkE) :

Figure 4. Global distribution of the 725 LANDVAL (including 20 desert calibration sites) and 20
GBOV sites.
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4.2.1. Validation Metrics

The definitions of the completeness, precision, uncertainty and accuracy (Table 8), which are
applicable to SA validation, are drawn from the experimental recommendations of the Joint Committee
for Guides in Metrology (JCGM) regarding the expression of uncertainty in measurement [68] and

from the GCOS [64].
Table 8. Validation metrics for product validation.
Quantity Validation Metric
Gap size distribution (spatial and temporal)
Completeness Gap length
Precisi Median 3-point difference (intra-annual precision)
recison Median absolute deviation (inter-annual precision)
Accura Median Error
¥ Box-plots of the bias per albedo range
Uncertainty Root mean square deviation (RMSD)

Scatter-plots of match-ups (MAR Linear models and correlation)

Completeness is the proportion of valid retrievals over an observation domain at any given time.
It is, therefore, mandatory to document the completeness of the product (i.e., the distribution in space
and time of missing data).

Two aspects of the precision, which is also called the repeatability, are evaluated: The intra-annual
and inter-annual precision. The intra-annual precision (smoothness or § function) corresponds to the
temporal noise assumed to have no serial correlation within a season. The § function is computed
for each triplet of consecutive observations [69,70] as the absolute value of the difference between
the center and the corresponding linear interpolation between the two extremes, and the median of
the & values is provided as an indicator of the intra-annual precision of satellite albedo products [21].
The inter-annual precision (i.e., the dispersion of the albedo values from year to year) was assessed
over the 20 desert calibration sites between two consecutive years, and the median absolute deviation
is provided as an indicator of the inter-annual precision [21].

Accuracy is the degree of “closeness of the agreement between the result of a measurement
and a true value of the measurand” [68]. Commonly, accuracy is used to describe systematic errors
and measure statistical bias, but the best practice is to provide the median error as an indicator of
accuracy [21].

Uncertainty is a “parameter, associated with the result of a measurement, that characterizes the
dispersion of the values that could reasonably be attributed to the measurand” [68]. Uncertainty
includes the bias and precision errors and can be estimated by the Root Mean Square Deviation
(RMSD). Additionally, the linear model fits are used to quantify the goodness of fit. For this purpose,
Major Axis Regressions (MARs) were computed instead of Ordinary Least Squares (OLS) because it
is specifically formulated to handle errors in both the x and y variables [71]. Other metrics are used,
such as the number of samples (N), which is indicative of the power of the validation; or the correlation
coefficient (R, estimated as the Pearson coefficient), which indicates the descriptive power of the linear
accuracy test. The percentage of pixels within the predefined uncertainty levels (Table 7, Figure 3) is
also quantified.

4.2.2. Satellite Product Intercomparison

The intercomparison of satellite products must account for the differences in the spatial and
temporal characteristics of the different datasets. Consequently, a spatial support area and temporal
support period were defined consistent with the C3S SA characteristics (Table 1). Thus, the MCD43A4
C6 products were re-sampled to Plate Carrée using a 1 km spatial sampling grid. Satellite products
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were compared using the closest date of their different temporal composites, using the 10 day temporal
frequency of C3S SA products.

The completeness and precision of the different products were evaluated and compared, as well as
the temporal consistency among the several products, which was qualitatively assessed per biome type.
The uncertainty estimates from the intercomparisons provided an overall figure of the spatio-temporal
consistency between products. Scatter-plots and the associated metrics between pairs of products were
analyzed and complemented with box-plots of the bias per bin albedo value. Our analysis focuses on
the consistency during the 6-month overlap period between PROBA-V SA v1.0 and SPOT/VGT SA
v1.0, whereas the intercomparison with MCD43A3 C6 was conducted using one year (2014) of data.

4.2.3. Ground-Based Validation

The main steps in the accuracy assessment of albedo products include the generation of
blue-sky albedo [30] for a direct comparison with in-situ measurements and the test of the spatial
representativeness of the in situ albedometer footprints for the satellite pixel resolution of interest
according to in situ measurements standards [31,32]. Consequently, a careful selection of ground points
and the characterization of their spatial representativeness are crucial for a meaningful point-to-pixel
comparison, as presented in Section 3.2. For the first step, the blue-sky albedo from a satellite is
estimated from the retrieved AL-DH-BB and AL-BH-BB satellite EO product under study, and weighted
by the fraction of diffuse down-welling shortwave radiation from the ground station [30]. The next step
is the careful selection of the homogeneous sites, which are similar to the footprints of the satellite pixel
resolution of interest. The accuracy assessment of the SA satellite products was performed against the
measurements coming from the 20 selected GBOV homogeneous stations presented in Section 3.

The study here was extended to the period from 2014 to 2018 to have the maximum concomitant
samples from the GBOV dataset to PROBA-V observations. The accuracy assessment of MCD43A3 C6
for the same period and sampling was performed for benchmarking. This exercise was carried outata
resolution of 1 km, which is equivalent to one pixel in the case of PROBA-V SA v1.0, and averages
of 2 x 2 pixels in the case of MCD43A3 Cé. The 10 day frequency of C3S products was used as temporal
sampling, and the average values of the daily ground data were computed to compare with satellite
estimations during the corresponding temporal composite window of each product (see Table 1).
This analysis was performed over the best quality pixels of C3S PROBA-V SA v1.0 and MCD43A3 C6,
according to QFLAGs (Table 3).

5. Results
5.1. Satellite Product Intercomparison

5.1.1. Product Completeness

The global map of the percentage of gaps (i.e., values with missing data) during one whole year
of data (2014) for the PROBA-V SA v1.0 products (Figure 5) shows poor spatio-temporal continuity
over latitudes higher than 45° north and over the equatorial belt, with a percentage of missing values
up to 100% in some pixels over these areas. Note that the information from the quality flags was not
considered here in the computation of the gaps (i.e., a gap or missing value corresponds to a fill value
in the product). C3S products are not provided over areas out of the region from latitudes of 60°S to
75°N.

The temporal evolution of missing values (Figure 6a) shows the highest percentage of missing
PROBA-V SA v1.0 values during wintertime in the northern hemisphere. The percentage of missing
values ranges, on average, from approximately 12% (July and August 2014) to 32% (January and
December 2014). PROBA-V SA v1.0 shows a similar temporal trend of missing data to MCD43A3 Cé.
Better completeness was found for SPOT/VGT SA v1.0 with almost no missing data during the months
from March to May and a percentage up to 10% in wintertime in the northern hemisphere.
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Figure 5. Percentage of gaps (%) during the year 2014 for the C35S PROBA-V SA v1.0 product considering

all land pixels.
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Figure 6. Temporal variations of missing values for the year 2014 (a), and distribution of the temporal

length of the missing values from December 2013 to May 2014 (b). Computation over LANDVAL sites
for C3S PROBA-V SA v1.0 (purple), SPOT/VGT SA v1.0 (blue) and MCD43A3 C6 (green).

The distribution of the temporal length of the missing values (Figure 6b) allows one to better
understand the impact of the gaps for monitoring the temporal variations. PROBA-V SA v1.0 shows
that approximately 65% of the gaps are shorter than 30 days and approximately 35% are shorter than
10 days (time resolution of the product). Similarly, typically, approximately 35-40% of the SPOT/VGT
SA v1.0 gaps are shorter than 10 days, and approximately 75% of gaps are shorter than 30 days during
the overlap period between SPOT/VGT and PROBA-V. MCD43A3 C6 has a shorter length of gaps,
with approximately 40% of the gaps corresponding to 5 days.

5.1.2. Temporal Consistency

The temporal profiles of the different SA products (PROBA-V SA v1.0, SPOT/VGT SA v1.0 and
MCD43A3 C6) in the three broadband domains (visible, NIR, and total shortwave) were analyzed over
the 725 LANDVAL sites for each main biome type (Figure 7). The analytical focus of the transition
between SPOT/VGT and PROBA-V and the 2013-2014 period was represented. All the satellite products
are displayed at the center of their temporal composite windows (30 days in the case of PROVA-V
SA v1.0, 20 days in the case of SPOT/VGT SA v1.0 and 16 days in the case of MCD43A3 C6). Note
that the information of the PROBA-V SA v1.0 QFLAG was also displayed in these graphs: Filled
dots correspond to pixels flagged as good quality, and unfilled dots correspond to pixels flagged as
low-quality (land pixels with bit 6, 10 or 11 to 1) according to Table 3.



1321 Pagina

Quality Assessment

Continuity of the Copernicus

Remote Sens. 2020, 12,2596

of PROBA-V

Surface

Anexo III

Albedo V1

for

Climate Change Service

LANDVAL#423 LOS_FIEROS (14.55S, 60.61W) — EBF

the

150f 34

LANDVAL$81 BELMANIP_00081 {35.79N, 93.49W) — DBF

015

) Mmﬁ(/\_w
000 -

Jeald Marl3 Nl S Sepli Mevld  knl4 Norlé Meyld i4 Septid Nould Jeald  Marl3  Nayld  Jdi3 Septl3 Mewld  enld Narld Meyld Mi4 Sepuid Navls
04E E 04E E
Z 03F = 2 03f 3
I x: v
82 T o= P = 202 M
Z
o1E E o1E E
00 00
13 il Nend A3 fend medd metd Nelt Ueie ie Spis Keds A3 3 Mot A3 Gpnl hend mie Male eie aie  Semie News
04 0.30
- 025F 3
: 30w :
I o2p E F 05 T S
) <R L Y 0.10E &
2orE E Ed
005E E
) 0.00
S el Nl ) Send Rend meid Nend Wee wie  Swd wode S WS Nepd ) Send fend weid Neld Mete wie  Sed wode

— PROBA-Y V1

()

— SPOT/VGT VI

— MCD43A3 C6

— PROBA-V VI _SPOT/VGT VI _ NCD43A3 C6

(b)

LANDVAL#245 BELMANIP_00411 (62.61N, 122.15E) — Needle—Leaf F. LANDVAL#192 BELMANIP_00332 (29.83N, 74.87E) — Cultivated
1.0
o8f- 3
0.15 3
s s
T 080 = g
'3 04F E % e .:'/': 7
02F 3 a8 3
00 000
Ral3 a3 Mepd MI3 S N3 kmie Naib Mens mie  Semis Mo B3 a3 M) st g3 M Amie Naid Meyle Nie Semie heds
08 03
Fy E 04F E
2 \., oo o3t 2 o SR
i i
3 04 V] | B 302 = g
el E 2
; 01 E 3
00 00
i3 a3 Mopd A3 Gl Mead Eeie Neie Meis aie femie Mate 3 G Nepd A3 Gl hoad Emie Male Meis a4 femie Nee
08 04
05 e 03 =
5 o) 8
I osl E oz /\/\'Nww
i 1 -~ \/” \/Ma Ty
2 o2f B 2ok =
00 00

w413 w3 Nesd sl

— PROBA-V V1 __ SPOT/VGT VI

()

Sepn3 Mevd it Nod Nete e

— NCD43A3 C6

Sepie Noule

LANDVAL#8 ARM_CART_PONCA (36.77N, 97.13W) — Shrubs

3 W3 mad a3 Sepnd head  senid Nad Neyte e

— PROBA-V V1 _SPOT/VGT VI _ MCD43A3 C6

Sepis Noule

(d

LANDVAL#525 Sudand! (21.74N, 28.22) — Bare Areas

0. 05
s 015 - ? Qe =
% 010 Z 05
5 :
2 005 = E N E
0.00 0.1 =
Jeald  MartY  MNayld  Jd13 Sephi3 Newld  enld  Norld Meyld  ui4 Sepié Neuld Jenid  Morl3  Noyl3  AIS Septi3 Merl3  Jeeld  Marid Mopid Mie Septid Navid
s 08
04 = (= :
2z =
I o3g TosR e~ aghtes
5 3 N
é 02E = é 05 =
01f = LS E
2
el Va3 Mol Gar) gl Reuid  Emi4 Narle Neyls G4 Sepid Nads Seni3 W3 Noyls A3 Septid Norl3  Josie  Marle  Vogla die Septie Naue
04
06= 3
803 g B o5t g
3 0250 A ettt s, csn S § o e
Lo E = 2038 E
00

— PROBA-V V1 __ SPOT/VGT VI

(e)

Figure 7. SA time series of the C3S PROBA-V SA v1.0, C3S SPOT/VGT SA v1.0 and MCD43A3
C6 broadband black-sky albedos for selected LANDVAL sites (a) Evergreen Broadleaf Forest,
(b) Broadleaved Deciduous Forest, (c) Needle-leaf Forest, (d) cultivate, (e) shrublands/herbaceous/sparse
vegetation, and (f) bare areas during the 2013-2014 period. Information on the sites is shown at the top
of the corresponding figures. In the case of PROBA-V, filled dots correspond to ‘good quality” pixels,
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and unfilled dots correspond to pixels flagged as ‘low-quality” according to QFLAG (Table 3).
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For evergreen broadleaved forests, some temporal noise was observed in all satellite products.
However, PROBA-V SA v1.0 and MCD43A3 C6 seem to provide less noise (i.e., flatter temporal
trajectories) than SPOT/VGT SA v1.0, which seems to be more realistic for this biome type. For the rest
of the biomes, the PROBA-V SA v1.0 profiles follow the temporal trends of SPOT/VGT SA v1.0 and
MCD43A3 C6. The presence of rapid changes due to snow events, the occurrence of stable profiles
and the phenological changes were consistent among the three datasets. However, PROBA-V SA v1.0
displays slightly large variability compared to other satellite products in the NIR domain (also affecting
the total spectrum). Note that the use of the C35S PROBA-V SA v1.0 Quality Flag in northern latitudes
removes valid snow observations in most cases.

A seasonality effect was observed with the sign of the bias between C3S PROBA-V SA v1.0 and
SPOT/VGT SA v1.0 during the short overlap period over desert areas for the NIR and total spectrum.
PROBA-V SA v1.0 tends to provide slightly higher values than SPOT/VGT SA v1.0 from December
2013 to February 2014, and the opposite trend was found from March 2014 to May 2014. Additionally,
the SPOT/VGT SA v1.0 temporal trajectories show some temporal noise over desert sites, which is not
observed for the other satellite products (PROBA-V SA v1.0 and MCD43A3 C6).

5.1.3. Spatio-Temporal Consistency

The overall spatio-temporal consistency between PROBA-V SA v1.0 and the reference products is
assessed over the LANDVAL network sites considering all good quality observations according to the
quality flags (see Table 3).

e PROBA-V SA v1.0 versus SPOT/VGT SA v1.0 (overlap period)

For the visible domain (Figure 8a—d and Table 9), PROBA-V SA v1.0 tends to provide slightly lower
values than SPOT/VGT SA v1.0, with small negative mean biases of —2.2% and —2.8% for black-sky
and white sky albedos, respectively. Optimal lineal regression relationships from the MAR were
found (offset ~0 and slope close to 1). Worse results were found in terms of the RMSD (uncertainty),
with values of approximately 0.05 (~35%).

Table 9. Main performance statistics of C3S PROBA-V SA v1.0 versus SPOT/VGT SA v1.0 broadband
albedo products over all LANDVAL sites during December 2103 to May 2014 period. The computation
was performed over good quality pixels according to PROBA-V and SPOT/VGT QFLAGs.

PROBA-V SA v1.0 vs. SPOT/VGT SA v1.0 (Dec 2013-May 2014)
AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-DH-NI AL-BH-BB

Median_Err 0.01 0.014 0.01 0.013 0.02 0.014
(Median_Err %) (8%) (5%) (4.7%) (10%) (6.3%) (5.9%)
Bias —0.003 0.007 0.002 —0.024 0.007 0.002
(Bias %) (2.2%) (2.3%) (0.9%) (2.8%) (2.4%) (1.0%)
RMSD 0.044 0.031 0.032 0.047 0.037 0.036
(RMSD %) (35.3%) (10.5%) (14.5%) (36.1%) (11.7%) (152%)

For the near-infrared (Figure 8b—e and Table 9), positive biases (PROBA-V SA v1.0 > SPOT/VGT
SA v1.0) of 2.3-2.4% were found, with an RMSD of approximately 10% and high correlations (>0.94).
PROBA-V SA v1.0 tends to provide higher values than SPOT/VGT SA v1.0 for albedo values lower
than 0.5 and the opposite trend for albedo values higher than 0.5 (typically snow cases). In all cases,
a median bias close to zero was found, which was within the optimal level of consistency.
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Figure 8. Top: C3S PROBA-V SA v1.0 versus C3S SPOT/VGT SA v1.0 products’ scatter-plots, where the
dashed lines correspond to the optimal, target and predefined threshold uncertainty levels around
the 1:1 relation (continuous line). Bottom: Box-plots of the bias per bin albedo range, where red bars
indicate the median values, blue boxes stretch from the 25th percentile to the 75th percentile of the
data and whiskers include 99.3% of the coverage data (+2.7 0). Outliers are not displayed. The green,
blue and orange lines correspond to optimal, target and threshold uncertainty levels, respectively.
Computation over all LANDVAL sites for the December 2013-May 2014 period over good quality pixels
according to the quality flags (Table 3) for AL-DH-VI (a,d), AL-DH-NII (b,e), and AL-DH-BB (c,f).

Remarkably low mean biases (<1%) were found for the total shortwave (Figure 8c—f and Table 9),
as well as high correlations (>0.93). Total uncertainties (RMSD) of 0.03 (~15%) were found. A systematic
positive bias was found for almost all ranges, except for values lower than 0.1 and higher than 0.7,
with the median bias typically within the optimal (GCOS) level of consistency (Table 6).

e PROBA-V SA v1.0 versus MCD43A3 C6 (2014 year)

Positive bias (PROBA-V SA v1.0 > MCD43A3 C6) of ~5% was found for the visible domain
(Figure 9a—d and Table 10) with uncertainties (RMSD) lower than 0.05. Box-plots show slight median
positive bias for albedo ranges up to 0.4, which is the range where most of the samples are located in
this spectral domain. Large discrepancies were found for the highest ranges, mainly affected by snow
cases, with a tendency towards the negative sign of the bias.

PROBA-V SA v1.0 tends to provide higher values than MCD43A3 C6 (~8-9%) for the near-infrared
(Figure 9b—e and Table 10), with overall RMSD of approximately 14-15%. PROBA-V SA v1.0 tends to
provide higher values than MCD43A3 C6 for albedo values lower than 0.5, and the opposite trend for
albedo values higher than 0.5.
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Figure 9. Top: C3S PROBA-V SA v1.0 versus MCD43A3 C6 products scatter-plots, where the dashed
lines correspond to the optimal, target and predefined threshold uncertainty levels around the 1:1
relation (continuous line). Bottom: Box-plots of the bias per bin albedo range, where red bars indicate
the median values, blue boxes stretch from the 25th percentile to the 75th percentile of the data and
whiskers include 99.3% of the coverage data (+2.7 ¢). Outliers are not displayed. The green, blue
and orange lines correspond to the optimal, target and threshold uncertainty levels, respectively.
Computation over all LANDVAL sites during the year 2014 over good quality pixels according to the
quality flags for AL-DH-VI (a,d), ALI-NI (b,e), and AL-DH-BB (c,f).

Table 10. Main performance statistics of C3S PROBA-V SA v1.0 versus MCD43A3 C6 broadband
albedo products over all LANDVAL sites during the year 2014. The computation was performed over
good quality pixels according to PROBA-V and MCD43A2 QFLAGs.

PROBA-V SA v1.0 vs. MCD43A3 C6 (2014)

AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-BH-NI AL-BH-BB

Median_Err 0.011 0.025 0.027 0.012 0.029 0.031
(Median_Err %)  (9.8%) (9%) (13.4%) (10.1%) (9.9%) (14.5%)

Bias 0.006 0.024 0.024 0.006 0.029 0.029
(Bias %) (5.3%) (8.4%) (11.9%) (5.1%) (9.6%) (13.3%)

RMSD 0.048 0.039 0.044 0.048 0.045 0.048
(RMSD %) (43.3%) (14%) (215%) (41.4%) (15.1%) (22.2%)

1.0

The worse performance in the comparison PROBA-V SA v1.0 versus MCD43A3 C6 was found for
the total spectrum (Figure 9c—f and Table 10), with a large positive bias of ~12-13%. As observed for
the NIR, PROBA-V tends to provide higher values than MODIS C6 for albedo values lower than 0.5
and the opposite trend for albedo values higher than 0.5 (i.e., snow cases).
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e  Compliance with user requirements

The compliance matrix of C35S PROBA-V SA v1.0 versus the reference products (SPOT/VGT

SA v1.0 and MCD43A3) with predefined uncertainty levels based on different user requirements is
presented in Table 11.

Table 11. Compliance matrix (percentage of pixels filing the predefined uncertainty levels) of C3S
PROBA-V SA v1.0 versus SPOT/VGT SA v1.0 (December 2103 to May 2014 period) and MCD43A3 C6

(2014 year) broadband albedo products. Computation over LANDVAL sites for good quality pixels
according to QFLAGs (Table 3).

PROBA-V SA v1.0 vs. SPOT/VGT SA v1.0 (December 2013-May 2014)
AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-BH-NI AL-BH-BB

% optimal (GCOS) 28.9 48.6 50.2 239 399 41.8
% target (C3S KPI) 62.9 76.8 78.5 51:3 68.5 69.9
% threshold 83.1 2.6 88.1 72.8 90.2 82.6

PROBA-V SA v1.0 vs. MCD43A3 C6 (2014 year)
AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-BH-NI AL-BH-BB

% optimal (GCOS) 20.4 245 6.5 209 229 6.7
% target (C3S KPI) 555 504 248 52.7 464 23
% threshold 83.5 78.7 50.7 80.5 774 49.8

5.1.4. Intra-Annual Precision

The Probability Density Functions (PDFs) of the intra-annual precision (the so-called smoothness)
are analyzed (Figure 10). The computation was performed over LANDVAL sites during the overlap
period between SPOT/VGT, PROBA-V and MODIS products (i.e., December 2013-May 2014 period).
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Figure 10. Histograms of the § function (smoothness) for black-sky C3S PROBA-V SA v1.0, C3S
SPOT/VGT SA v1.0 and MCD43A3 C6 for visible (a), NIR (b) and total shortwave (c). Computation over

LANDVAL sites during the overlap period (December 2013-May 2014 period). The median & values
are presented for each product.

The three products present similar distributions of the smoothness (). Most of the delta values are
below 0.01, which demonstrates the high stability over a short time scale for the albedo products. Inall
satellite products, worse intra-annual precision (i.e., higher § values) was found for white-sky albedos
compared with equivalent black-sky albedos. The median & values (Table 12), which are indicative of
the intra-annual precision, show improved results (i.e., lower 6 values) of PROBA-V SA v1.0 compared
to SPOT/VGT SA v1.0 for visible and total shortwave and worse performance for NIR. Both C3S
products provide much worse intra-annual precision than MODIS Cé.
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Table 12. Intra-annual precision indicator (Median of the 3-point difference) of the C3S PROBA-V SA
v1.0, C3S SPOT/VGT SA v1.0 and MCD43A3 C6 products. Computation over LANDVAL sites during
the overlap period (December 2013-May 2014 period).

Median of 3-Point Difference (i.e., Median & Values)
AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-BH-NI AL-BH-BB

PROBA-V SA v1.0 0.0026 0.0052 0.0035 0.0039 0.0074 0.0050
SPOT/VGT SA v1.0 0.0042 0.0047 0.0041 0.0057 0.0063 0.0055
MCD43A3 C6 0.0012 0.0022 0.0016 0.0018 0.0032 0.0023

5.1.5. Inter-Annual Precision

PROBA-V SA v1.0 black-sky albedo shows an inter-annual precision of approximately 1%, showing
improved results compared to SPOT/VGT SA v1.0 (2-3%). MCD43A3 C6 provides better inter-annual
precision, with median absolute deviations lower than 1%. As observed for the intra-annual precision,
all products provided worse results for white-sky albedos compared to black-sky albedos (Table 13).

Table 13. The median absolute deviation between two consecutive years of the PROBA-V SA v1.0,
SPOT/VGT SA v1.0 and MCD43A3 C6 products. Computation over desert calibration sites.

Inter-Annual Precision (Median Absolute Deviation)

AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-BH-NI AL-BH-BB

P'S‘I(:?IIA(')V 0004(12%) 0.006(11%) 0004 (09%)  0.004 (13%)  0.008 (13%)  0.006 (1.2%)
SPS(ZT‘{Y (();T 0008(2.6%)  0012(2%)  0009(2%)  0.011 (37%) 002 (33%)  0.014 (3%)

MCD43A3Cé6  0.003(0.9%)  0.005(0.8%)  0.004 (0.8%)  0.003 (1.2%)  0.006 (1.1%)  0.005 (1.1%)

5.2. Ground-Based Direct Validation

To investigate the accuracy of C3S PROBA-V SA v1.0 and MCD43A3 C6 satellite albedo products,
scatter plots versus field measurements (GBOV RM) were produced for the 2014-2018 period over 20
homogeneous sites (see Section 3) with different vegetation types. Figure 11 and Table 14 show the
scatter-plots, and relevant statistics from the direct validation exercise, whilst Table 15 summarizes the
compliance of both satellite products with user requirements (predefined in Section 4.1). The relevant
statistics per biome type are presented in Tables 16 and 17 for PROBA-V SA v1.0 and MCD43A3 C6,
and the scatter-plots per biome type can be found in Appendix A. The temporal trajectories of both
PROBA-V SA v1.0 and MCD43A3 C6 compared to the daily GBOV RMs are presented in Appendix B.

C3S PROBA-V SA v1.0 shows an overall accuracy (median error) of 18.2%, with a tendency to
overestimate ground values (positive bias of 11.5%). This positive bias was mainly observed for
low albedo values (up to 0.2, forest sites) showing an offset of 0.07 and a slope of 0.7 in the MAR
relationship. MCD43A3 C6 provides a lower median error of 11.2% with a negative mean bias of
=5.9%. C3S PROBA-V SA v1.0 products provide similar results in terms of uncertainty (RMSD of
22.4%) than MCD43A3 C6 (RMSD of 24.8%).
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Figure 11. Direct validation of the best quality pixels of the C3S PROBA-V SA v1.0 (a) and MODIS
MCD43A3 C6 (b) blue-sky albedo satellite products versus the ground measurements (RMs) at 20
GBOV stations during the 2014-2018 period. The continuous black lines correspond to the 1:1 lines
and the dashed lines correspond to the optimal (GCOS uncertainty requirement), target (C3S KPI) and
predefined threshold levels. The red lines correspond to the Major Axis Regression (MAR).

Table 14. Relevant statistics of the direct validation of the best quality pixels (Table 3) of the C3S
PROBA-V SA v1.0 and MODIS MCD43A3 C6 blue-sky albedo satellite products versus the GBOV
ground values coming from 20 GBOV stations during the 2014-2018 period.

PROBA-V SA v1.0 MCD43A3 C6

Median Error (Median Error %) 0.032 (18.2%) 0.018 (11.2%)
Bias (Bias %) 0.020 (11.5%) —0.010 (5.9%)

RMSD (RMSD %) 0.04 (22.4%) 0.04 (24.8%)

Note that 15.5% of the 1715 PROBA-V SA v1.0 samples achieved the optimal predefined level (i.e.,
GCOS requirements) and 28.6% of the target level (i.e., C3S KPI), as shown in Table 15. Slightly improved
results were found for MCD43A3 C6 (23.7% and 45.5% of the optimal and target levels, respectively).

Per biome type, PROBA-V SA v1.0 provides a large positive bias for forest (22.4%) and desert
(10.4%) sites compared to crop (7.4%) and grassland/shrubland (4.2%) sites. MCD43A3 Cé systematically
provides a large negative bias for most biome cases (croplands, grassland/shrublands and desert)
except for forests, where a low positive bias was found (2.8%).

Table 15. Compliance matrix of the direct validation of the C35 PROBA-V SA v1.0 and MODIS

MCD43A3 C6 blue-sky albedo satellite retrievals (best quality pixels, Table 3) versus ground values
(N = 643) from 20 GBOV stations during the 2014-2018 period. N stands for the number of samples.

PROBA-V SA v1.0 MCD43A3 Cé
% optimal (GCOS) 15.5 237
% target (C3S KPI) 28.6 455
% threshold 4.2 58.0
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Table 16. Relevant statistics per main biome type and the compliance matrix of the direct validation of
the C3S PROBA-V SA v1.0 blue-sky albedo satellite retrievals (best quality pixels, Table 3) versus the
ground values (RMs) from 20 GBOV stations during the 2014-2018 period.

PROBA-V SA v1.0 vs. GBOV RM

Forest Crops Grass/Shrubs Desert
Number of Samples (stations) 608 (8) 488 (6) 316 (3) 303 (3)
Median Error (Median Error %) 0.037 (27.0%) 0.036 (18.3%) 0.015 (7.8%) 0.037 (16.7%)
Bias (Bias %) 0.030 (22.4%) 0.014 (7.4%) 0.008 (4.2%) 0.023 (10.4%)
RMSD (RMSD %) 0.044 (32.6%) 0.044 (22.4%) 0.024 (12.2%) 0.038 (17.2%)
% optimal (GCOS) 6.1 124 389 15.5
% target (C3S KPI) 13.8 258 59.5 304
% threshold 229 387 75.3 63.4

Table 17. Relevant statistics per main biome type and the compliance matrix of the direct validation of
the MCD43A3 C6 blue-sky albedo satellite retrievals (best quality pixels, Table 3) versus the ground
values (RMs) from 20 GBOV stations during the 20142018 period. N stands for the number of samples.

MCD43A3 C6 vs. GBOV RM

Forest Crops Grass/Shrubs Desert
Number of Samples (stations) 608 (8) 488 (6) 316 (3) 303 (3)
Median Error (Median Error %) 0.015 (12.1%) 0.021 (11.3%) 0.020 (11.5%) 0.017 (8.4%)
Bias (Bias %) 0.003 (2.8%) —0.012 (6.7%) —0.027 (15.3%) —0.013 (6.5%)
RMSD (RMSD %) 0.031 (25.2%) 0.051 (28.0%) 0.042 (24.1%) 0.036 (17.8%)
% optimal (GCOS) 215 254 184 30.7
% target (C3S KPI) 41.1 445 434 58.1
% threshold 589 53.5 52.8 68.6

6. Discussion

C3S SA v1.0 based on PROBA-V provides continuity to the CDRs of global albedo products
in the C3S from December 2013 onwards. Previously, SA products were derived from SPOT/VGT
(1998-2014) and NOAA/AVHRR (1981-2005) data. Good spatio-temporal consistency in the transition
from SPOT/VGT to PROBA-V for both black-sky and white-sky albedos, with mean biases below +3%
for the overlap period, was found. However, the comparison of C3S PROBA-V SA v1.0 with MCD43A3
C6 SA showed lower spatio-temporal consistency between satellite products with mean biases up to
13%. C3S PROBA-V SA v1.0 (and MCD43A3 C6) displayed more gaps (typically between 10% and
20%) than C3S SPOT/VGT v1.0.

Different aspects of the retrieval methodology play important roles in the existing discrepancies
between the satellite products under study (C3S PROBA-V SA v1.0, C3 SPOT/VGT SA v1.0 and
MCD43A3 C6) starting from the different input data and different atmospheric correction methods;
including the BRDF parameterization, temporal compositing and angular integration; and finalizing
with the narrow to broadband conversion.

Regarding the input data, each sensor works in different spectral channels (see Table 2).
The SPOT/VGT and PROBA-V channels provide very similar spectral characteristics in the Blue,
Red and NIR bands, whereas significant differences are found for the SWIR channel. The central
wavelengths of the MODIS spectral bands are comparable to the corresponding bands for PROBA-V
and VGT, albeit the MODIS spectral bands are narrower. These differences could translate into
reflectance discrepancies in regions with high absorption features like in the visible domain, where
large uncertainty values were found between pairs of products.

Each satellite processing chain uses its own method for cloud/shadow screening and atmospheric
correction according to the spatial, spectral and directional capabilities of each instrument. Cloud
or snow contamination is the main reason for missing data in the EO products derived from optical
onboard satellite sensors. The conservative PROBA-V cloud detection algorithm [72] is one of the



1401 Pagina Anexo III
Quality Assessment of PROBA-V Surface Albedo V1 for the
Continuity of the Copernicus Climate Change Service

Remote Sens. 2020, 12, 2596 23 0f 34

reasons for the higher fraction of missing data of PROBA-V SA v1.0 products compared to SPOT/VGT
SA v1.0.

Discrepancies between different albedo estimates can also be attributed to the different BRDF
models used [7]. Moreover, the performance of the BRDF model for good clear-sky observations also
depends on the number of available looks during the synthesis period and the angular distribution of
the sampling. Large BRDF uncertainties are associated with snow targets (as observed for the highest
albedo ranges) for which none of these parametric BRDF models were well suited [73]. PROBA-V,
SPOT/VGT and MODIS are wide-FOV sensors on polar-orbiting platforms, and a low impact of
discrepancies is expected, due to different sun-view configurations. However, the different compositing
periods (see Table 1) could play an important role in the differences between satellite products, mainly
in rapid SA variations, such as snow events. Different techniques for temporal composite approaches
also affect the completeness of EO satellite products. SPOT/VGT SA v1.0 uses a recursive temporal
composition approach [9], which is the main reason for the improved completeness compared to the
other satellite products (C3S PROBA-V SA v1.0 and MCD43A3 C6) that are computed using classical
composite schemes based on predefined temporal windows.

In the last step, the broadband albedos are defined using slightly different spectral regions. The
same broadband spectral regions are defined in both C3S PROBA-V SA v1.0 and SPOT/VGT SA v1.0
products, which contribute to a better agreement, whereas the MCD43A3 C6 broadband albedos are
slightly differently defined.

In addition, the temporal noise (i.e., large temporal variability) observed for C3S PROBA-V SA
v1.0 in the NIR domain through the qualitative inspection of the temporal variations (see Section 5.1.2)
has a strong relationship with the precision, since low intra-annual precision was found compared to
both reference EO products in this spectral range. In terms of the inter-annual precision, improved
results were found for C3S PROBA-V SA v1.0 (~1%) compared to C3S SA v1.0 based on SPOT/VGT SA
data (2%).

Regarding the accuracy with the ground measurements, PROBA-V SA v1.0 provided a similar
accuracy (bias of 11.5%) to that found for C3S SPOT/VGT SA v1.0 during the validation exercise [44],
where a positive bias (14%) was also reported for a different sampling (i.e., different stations and dates).
PROBA-V SA v1.0 also provided a slightly worse accuracy (median error of 18.2%) than MCD43A3
C6 (median error of 11.2%). PROBA-V SA v1.0 tends to overestimate the ground values, whereas
MCD43A3 C6 showed the opposite sign of the mean bias. The positive bias of PROBA-V SA v1.0
was mainly observed for forest sites (SA < 0.2) explained in the fact that the Roujean kernel [42] for
geometrical scattering may not fit some cover types well, especially dense forest canopies, where it
showed a weak hotspot effect [74-76]. The negative bias of MCD43A3 C6 is mainly influenced by
some outliers detected in Gobabeb (bare soil) and Cabaw (grassland). For the Cabaw case, the lower
MCD43A3 C6 values are explained by the persistent cloudiness at the MODIS overpass times [56]. It is
important to note that only the satellite retrievals classified as the best quality, according to QFLAGs
(Table 3), were used in the direct validation. As observed in the temporal consistency, the use of
QFLAGs removes most of the valid snow retrievals in the case of PROBA-V. Then, this exercise is almost
equivalent to snow-free conditions, which is more convenient for assessing the uncertainty of satellite
EO products, since it is expected that the spatial representativeness of the pixels dropped during the fall
and winter months as a consequence of the increased sub-pixel heterogeneity, due to processes, such
as non-uniform patterns of snowmelt [77]. The positive bias of C3S PROBA-V SA v1.0is consistent
with previous studies performed on the CGLS, where a positive bias of approximately 22% was
found compared to ground measurements over 17 stations [27], and a positive bias of approximately
14% was found compared to National Ecological Observatory Network (NEON) ground data [78].
The accuracy assessment of MCD43A3 C6 was also consistent with that previously reported when
comparing the combined TERRA+AQUA albedo product with eight field stations during the spring
and summer months of 2003 and 2004 (i.e., equivalent to snow-free conditions), where an accuracy
of 0.013 was reported in terms of the absolute bias [79]. It should be noted that the estimation of the
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uncertainty of ground reference data is around 5% under ideal conditions [58]. Thus, fiducial reference
measurements must be characterized with highly calibrated instrumentation at dedicated cal/val sites
to better estimate the satellite product uncertainty budget.

The compliance of satellite EO products versus ground data with user requirements showed a
low percentage of pixels within GCOS (only <25%) and C3S (<50%) requirements, which indicates the
difficulties of achieving these requirements using current products. To further improve the compliance
with requirements, it is recommended that EO programs provide the uncertainties associated with the
processing chain, mainly related to the sensor calibration and atmospheric correction. In that way, the
steps providing higher error can be improved. However, the comparison between satellite C3S SA v1.0
products showed an overall good spatio-temporal consistency in the comparison of SPOT/VGT versus
PROBA-V during the 6-month overlapping period (December 2013-May 2014), with typically more
than 60% of the samples within the C3S target requirements for the visible domain, and more than 75%
of the samples within the requirements for the NIR and total shortwave.

7. Conclusions

This paper presents the quality assessment results of C3S PROBA-V SA v1.0 products (broadband
albedos) through intercomparison with reference satellite products (C3S SPOT/VGT SA v1.0 and
MCD43 C6) at the global scale and the direct validation with a representative amount of ground
data (1715 samples) across different biomes types (eight stations over forests, six over crops, three
over grassland/shrubs, and three over desert). This validation exercise is a novelty in the literature,
since very few global and temporally representative SA validation exercises have been published [21],
and they are mainly based on MODIS observations [15-17]. The validation methodology adopted the
guidelines, protocols and metrics defined by the CEOS LPV best practices for the validation of global
albedo satellite products [21]. Additional results, such as the comparison of the spectral albedos or the
presentation of the satellite products intercomparison per biome type, are not shown in this manuscript
for the sake of brevity; however, they can be found in the product quality assessment report [66].

The main conclusions are the following.

e The good spatio-temporal consistency of C3S PROBA-V and SPOT/VGT SA v1.0 products assures
the continuity of the CDRs in terms of the uncertainty between products. However, C3S PROBA-V
SA v1.0 (and MCD32A3 C6) provides low numbers of valid retrievals compared to C3S SPOT/VGT
SAv1.0.

e  (C3SPROBA-V SA v1.0 shows similar inter-annual precision (~1%) to MCD43A3 C6, improving
the results of SPOT/VGT SA v1.0 (2-3%), since they provide some temporal instability over desert
calibration targets. Both C3S products provide lower intra-annual precision than MCD43A3 C6,
mainly in the NIR domain where some temporal noise was found.

e The accuracy of the C3S PROBA-V SA v1.0 best quality retrievals with respect to the ground data
over a five-year period (2014-2018) showed systematic positive overestimation, which was mainly
observed for the lowest albedo ranges (SA < 0.2) over forest sites. Similar uncertainty (RMSD~ 0.4)
was found for MCD43A3 C6 products using the same sampling, showing the opposite sign for the
mean bias.

e Few current satellite EO albedo products comply with the GCOS, C3S and WMO
uncertainty requirements.
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Additionally, it is important to remark that the use of PROBA-V QFLAGs (bit 6, input status;
and bits 10-11, B2-B0 saturation status) removes most of the valid snow retrievals. Therefore, masking
out data by means of the QFLAGs is not recommended for snow applications (users should ignore the
information of QFLAGs over snow targets for specific applications).

Based on these results, C35 PROBA-V SA v1.0 has reached validation stage 3 in the validation
hierarchy of the CEOS LPV [20]. The continuity of the C3S SA CDR time series will be ensured using
Sentinel-3 OLCI and SLSTR data, and the algorithm and design of the processing chain are currently
being developed. C3S is also developing multi-sensor albedo products combining NOAA/AVHRR,
SPOT/VGT and PROBA-V input data. The long-term CDRs, provided by the Copernicus Climate
Change Service from 1981 to the present (with the aim of extending to the future), are an added extra
compared with the existing EO programs, providing the longest and state-of-the-art albedo products.
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The following abbreviations are used in this manuscript:

AL-DH Directional-Hemispherical ALbedos

AL-BH Bi-Hemispherical Albedos

ATBD Algorithm Theoretical Basis Document
AVHRR Advanced Very High Resolution Radiometer
BB total shortwave

BRDF Bidirectional Reflectance Distribution Function
BSA Black-Sky Albedo

BSRN Baseline Surface Radiation Network

CDR Climate Data Records

CDs Climate Data Store of C3S

CEOS Committee on Earth Observing Satellites
CGLS Copernicus Global Land Service

C3S Copernicus Climate Change Service

Coé Collection 6 of MODIS products

ECV Essential Climate Variables

EO Earth Observation

EQC Evaluation and Quality Control

EUMETSAT European Organization for the Exploitation of Meteorological Satellites

FLUXNET FLUXes NETwork (network of regional networks)
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NASA
NEON
NIR (or NI)
NOAA
OLCI

OLS

LP
PROBA-V
PUGS
QFLAG

R

RM
RMSD
RTLSR

SA

SEVIRI
SLSTR
SPOT
SURFRAD

TOA
TOC
VGT

VNIR
WGCV
WMO
WSA

Ground-Based Observations for Validation

Global Climate Observing System

Global Land Surface Satellite

Ground Sampling Distance

Joint Committee for Guides in Metrology

Key Performance Indicator

LAND VAlLidation network

Satellite Application Facility for Land Surface Analysis
Land Product Validation sub-group

Major Axis Regression

TERRA+AQUA MODIS BRDF/Albedo/NBAR Product
Polar-orbiting Meteorological satellites

Mid InfraRed

MODerate resolution Imaging Spectroradiometer
Meteosat Second Generation

Number of samples

National Aeronautics and Space Agency

National Ecological Observatory Network
Near-Infrared

National Oceanic and Atmospheric Administration
Ocean and Land Colour Instrument

Ordinary Least Squares

Land Products

Project for Onboard Autonomy satellite, the V standing for vegetation
Product User Guide and Specification document
Quality FLAG

Correlation coefficient

Reference Measurements

Root Mean Square Deviation

Ross Thick kernel and Li Sparse-Reciprocal kernels
Surface Albedo

Spinning Enhanced Visible and Infrared Imager
Sea and Land Surface Temperature Radiometer
Satellites for the Observation of the Earth

Surface Radiation budget

Short-Wave InfraRed

Top-Of-Atmosphere

Top-Of-Canopy

VeGeTation sensor

Visible domain

Visible and Near-InfRared

Working Group on Calibration and Validation
World Meteorological Organization

White-Sky Albedo
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Appendix A. Ground-Based Direct Validation per Biome Type
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Figure Al. Direct validation per biome type (a) Forest, (b) Crops, (c) grass/shrublands, and (d) desert)
of the C3S PROBA-V SA v1.0 blue-sky albedo best quality pixels versus the ground measurements
(RMs) at 20 GBOV stations during the 2014-2018 period. The continuous black lines correspond to the
1:1 lines and the dashed lines correspond to the optimal (GCOS uncertainty requirement), target (C3S
KPI) and predefined threshold levels. The red lines correspond to the Major Axis Regression (MAR).
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Figure A2. Direct validation per biome type (a) Forest, (b) Crops, (c) grass/shrublands, and (d) desert)
of the MCD43A3 C6 blue-sky albedo best quality pixels versus the ground measurements (RMs) at 20
GBOV stations during the 2014-2018 period. The continuous black lines correspond to the 1:1 lines
and the dashed lines correspond to the optimal (GCOS uncertainty requirement), target (C3S KPI) and
predefined threshold levels. The red lines correspond to the Major Axis Regression (MAR).
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Appendix B. Temporal Realism of Blue-Sky Albedos over Gbov Sites
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Figure A3. Time series of the blue-sky C35 PROBA-V SA v1.0 and MCD43A3 Cé satellite albedos and
GBOV RMs for the selected sites during the 2014-2018 period. In the case of PROBA-V, the filled dots
correspond to ‘good quality’ pixels, and the unfilled dots correspond to pixels flagged as ‘low-quality’
according to the QFLAGs (Table 3).
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Abstract: The Surface ALbedo VALidation (SALVAL) online platform is designed to allow producers
of satellite-based albedo products to move to operational validation systems. The SALVAL tool
integrates long-term satellite products, global in situ datasets, and community-agreed-upon vali-
dation protocols into an online and interactive platform. The SALVAL tool, available on the ESA
Cal/Val portal, was developed by EOLAB under the framework outlined by the Committee on
Earth Observation Satellites (CEOS) Working Group on Calibration and Validation (WGCV) Land
Product Validation (LPV) subgroup, and provides transparency, consistency, and traceability to the
validation process. In this demonstration, three satellite-based albedo climate data records from
different operational services were validated and intercompared using the SALVAL platform: (1) the
Climate Change Service (C3S) multi-sensor product, (2) the NASA MODIS MCD43A3 product (C6.1)
and (3) Beijing Normal University’s Global LAnd Surface Satellites (GLASS) version 4 products. This
work demonstrates that the three satellite albedo datasets enable long-term reliable and consistent
retrievals at the global scale, with some discrepancies between them associated with the retrieval
processing chain. The three satellite albedo products show similar uncertainties (RMSD = 0.03) when
comparing the best quality retrievals with ground measurements. The SALVAL platform has proven
to be a useful tool to validate and intercompare albedo datasets, allowing them to reach stage 4 of the
CEOS LPV validation hierarchy.

Keywords: surface albedo; validation; MODIS; MCD43; C3S; SPOT/VGT, PROBA-V; GLASS;
CEOS LPV

1. Introduction

Land Surface Albedo (SA), defined as the ratio of the radiant flux reflected from the
Earth’s land surface to the incident flux on it, is a parameter of critical importance in
understanding both climate and vegetation dynamics [1], and plays a significant role in
quantifying the surface energy balance and parameterizing global and regional climate
models [2]. SA, established as an Essential Climate Variable (ECV) by the Global Climate

Remote Sens. 2023, 15, 1081. https:/ /doi.org/10.3390/rs15041081

https:/ / www.mdpi.com/journal /remotesensing



1531 Pagina Anexo IV

Surface ALbedo
LPV Validation

Remote Sens. 2023, 15, 1081

VALidation (SALVAL) Platform: Towards CEOS
Stage 4 —Application to Three Global Albedo CDRs

20f38

Observing System (GCOS) [3], connects the land surface and climate system through the
regulation of the shortwave energy exchange [4-6].

Many SA products derived from satellites have been developed and made avail-
able to the user community over the last 40 years [7,8] thanks to the availability of well-
characterized and calibrated satellite data, and pressing demands from the user commu-
nity to have access to consistent and ready to use products. The current state-of-the-art
method for the computation of surface albedo is to use a Bidirectional Reflectance Dis-
tribution Function (BRDF) kernel-based approach for the development of hemispherical
albedo products from a number of multi-angular space-borne sensors. This approach
is a pragmatic and cost-effective solution to the surface brightness inversion problem of
operational programs that are constrained by the need to process extensive amounts of
satellite data in near real time. Such an approach was adopted for near real time retrieval
of albedo from ADEOS/POLDER [9], Terra + Aqua/MODIS [10,11], MSG/SEVIRI, and
MetOp/AVHRR [12-16] in the framework of the Land Surface Analysis Satellite Applica-
tion Facility (LSA SAF) [17,18], from SPOT/VGT and PROBA-V in Copernicus Global Land
Service (CGLS) [19] and Copernicus Climate Change Service (C3S) [14,20], and recently
adopted for Sentinel-3 data [21] in the C3S.

Due to the multitude of albedo products available, users face a complex situation
because of the spatial and temporal discrepancies among them [13,22-24]. Therefore,
product quality needs to be assessed, the product’s compliance with requirements must
be known, and the user should know to what extent a product is suitable for their specific
application [25]. Thus, the availability of reliable in situ data for direct validation of remote
sensing ECV products is a key scientific requisite for users to make effective decisions [26]
about the utility of a given ECV.

The Land Product Validation (LPV) subgroup [27] of the Committee for Earth Ob-
servation Satellites (CEOS) Working Group on Calibration and Validation (WGCV) (the
so-called CEOS LPV) coordinates the quantitative validation of satellite-derived land prod-
ucts, focusing on standardized intercomparisons and evaluation across products from
different satellites, algorithms, and agency sources. Validation is defined as the process of
independently assessing and evaluating the quality of the data products from the system
outputs [28]. In terms of satellite-based land products, validation refers to the assessment
and quantification of their accuracy and uncertainties via analytical comparisons with
reference datasets. In 2019, the CEOS LPV subgroup compiled a global surface albedo
product validation best practices protocol [29], a community-agreed-upon document on
validation best practices for satellite-based albedo products. The validation protocol is
mainly based on two strategies: comparison of satellite products versus in situ data (direct
validation) and intercomparison of satellite products (indirect validation).

A hierarchical approach that identifies four land product validation stages (Table 1)
was adopted by CEOS LPV, following CEOS validation principles [30]. Stage 3 implies
that uncertainties are evaluated over a significant set of locations (>30), using community
consensus protocols, where spatial and temporal consistency is evaluated over globally
representative locations. Stage 4 includes systematic and regular update of stage 3 valida-
tion results when new product versions are released, or as the time series expands. Stage 4
implies an operational validation that ensures time series are systematically validated.

A current review of the literature revealed only a few long-term global SA validation
exercises [31]. Among them, global albedo products from MODIS observations [22,32,33],
PROBA-V [24], SPOT/VGT, and EPS/AVHRR [15] were validated to the CEOS LPV stage
3 hierarchy level. However, in most cases, the existing validation results are not directly
comparable, as validation practices are rather diverse in terms of methods, reference data
and locations, lack of traceability and transparency, spatiotemporal coverage, scaling,
metrics and target accuracies, resulting in a considerable lack of consistency in validation
outputs [8]. These inconsistencies support the movement of the future validation activities
into an operational validation workflow that would align all the various aspects, thus
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allowing for consistent and traceable validation of the existing satellite-based albedo
products.

Table 1. The CEOS LPV validation stages [27].

Stage Description
0 No validation. Product accuracy has not been assessed. Product considered beta.
1 Product accuracy is assessed from a small (typically < 30) set of locations and time

periods by comparison with in situ or other suitable reference data.

Product accuracy is estimated over a significant (typically > 30) set of locations and time
periods by comparison with reference in situ or other suitable reference data.

2 Spatial and temporal consistency of the product, and its consistency with similar
products, has been evaluated over globally representative locations and time periods.
Results are published in the peer-reviewed literature.

Uncertainties in the product and its associated structure are well quantified over a
significant (typically > 30) set of locations and time periods representing global
conditions by comparison with reference in situ or other suitable reference data.

3 Validation procedures follow community-agreed-upon good practices.
Spatial and temporal consistency of the product, and its consistency with similar
products, has been evaluated over globally representative locations and time periods.
Results are published in the peer-reviewed literature.

Validation results for stage 3 are systematically updated when new product versions are
released or as the inter-annual time series expands.

4 When appropriate for the product, uncertainties in the product are quantified using
fiducial reference measurements over a global network of sites and time periods (if
available).

An operational validation workflow to validate remote sensing global terrestrial ECV
products should consider, at least, four key components [8]: (1) the long-term Climate Data
Records (CDRs) of satellite-based ECVs; (2) a set of representative, reliable, and globally
distributed in situ measurements; (3) a suitable standard assessment framework based on
community-agreed-upon validation best practice protocols; and (4) an online validation
platform that provides open-access tools to generate standardized validation reports.

In this context, the Surface ALbedo VALidation (SALVAL) web tool [34] has been
developed, integrating these four key components, in order to facilitate the evaluation
of global albedo products derived from satellite data in accordance with the CEOS LPV
validation good practice [29]. The main objectives of the SALVAL tool are: (i) to provide
transparency and traceability (i.e., reproducibility) to the validation process; (ii) to integrate
the protocols and metrics from the CEOS LPV albedo product validation best practices
document [29] into a tool within which the user can analyze the different validation
criteria; (iii) to provide a platform where new versions or new products can be consistently
evaluated; and (iv) to facilitate the update of validation results and to achieve CEOS LPV
validation stage 4. The SALVAL tool currently includes existing CDRs and a representative
network of ground observations, and, additionally, it also allows for user-friendly result
updates for new products or periods.

The objective of this paper is two-fold: (1) to introduce the SALVAL tool and func-
tionalities; and (2) to show an application of validation and intercomparison of three
existing surface albedo CDRs: the NASA’s MCD43A3 Collection 6.1 (C6.1), C3S SPOT/VGT
and PROBA-V V2, and Beijing Normal University’s (BNU) GLASS albedo products. The
remainder of this paper is structured as follows: Section 2 describes the functionalities
of the SALVAL tool; Section 3 presents the specifications and validation results from an
intercomparison and validation exercise including these three remote sensing SA products;
and Sections 4 and 5 discuss the results and provide the conclusions, respectively.
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2. Methods and Datasets: The SALVAL Tool
2.1. Validation Methodology

The validation methodology follows the CEOS LPV best practices protocol for the
validation of satellite-derived albedo products [29]. The methods are divided into four cat-
egories: product intercomparison, direct validation, precision, and stability. Each category
has several sub-criteria, including completeness, spatial consistency, temporal consistency,
accuracy, precision, and stability. Table 2 describes the validation methods associated with
each criterion. The definitions of the completeness, precision, uncertainty, and accuracy
are drawn from the experimental recommendations of the Joint Committee for Guides in
Metrology (JCGM) regarding the expression of uncertainty in measurement [35] and from
the GCOS [36]. The summary of accuracy, precision, and uncertainty (APU) validation
metrics is provided in Table 3. The SALVAL tool allows users the possibility of directly
visualizing the results by category and criteria, or they can generate a validation report
document of the results.

Table 2. Summary of SALVAL validation methods.

Category Criteria Methods

Completeness Gap size distribution (spatial and temporal) and gap length.
Spatial Mean residual and mean difference maps, percentage of cases within
consistency requirements
Product inter-
: Temporal ; ; ;
comparison consistency Temporal profiles and histograms of cross-correlation
Overall Product histograms, difference histograms, scatterplots (APU validation
. metrics) and box plots of bias and Root Mean Square Deviation (RMSD)
analysis :
per bin
Temporal : : .
Direct realism Temporal evolution of the satellite-derived products vs ground data
idati

o Overall analysis Scatterplots (APU validation metrics)

Intra-@ual Median 3-point difference (smoothness)
. precision

Precision

Inter—gn.nual Median absolute deviation over desert calibration sites
precision
Stability Stability Slope of the 10-year linear regression over desert calibration sites

The validation exercise is based on two main approaches: indirect validation (i.e.,
satellite product intercomparison) and direct validation. The indirect validation offers
a means of assessing the discrepancies (systematic or random) between products and
allows the evaluation of the metrics at a global scale due to the limited availability of
ground measurements. For satellite-derived albedo, direct validation involves comparison
of satellite products with the albedo measured from in situ tower-based instruments. Direct
validation enables the assessment of uncertainties, and it may be argued that only such
methods can be considered actual validation in the field of remote sensing [23]. SALVAL
uses two different sampling strategies for product intercomparison and direct validation,
as described below. The list of sites is available at the CEOS Cal/Val portal [37].

The quantitative and qualitative product-to-product intercomparisons are performed
over the 720-site land validation (LANDVAL) network [17,28] (shown in Figure 1), which
was designed to globally represent the variability of land surface types. This network
also includes 19 well-known desert calibration sites [29] for the precision and stability
evaluation. Product intercomparison of different satellite products needs a common spatial
and temporal sampling. The comparison is performed at 3 km x 3 km spatial support area
with the aim of reducing the co-registration errors between products and differences in
their sensor point spread function which determines the actual footprint of the data [38,39].
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The temporal frequency used corresponds to that of the products under evaluation, which
are compared with the closest date of the reference satellite products.

Table 3. APU validation metrics.

Statistics Comment
N Number of samples. Indicative of the strength of the validation.
B Mean Bias. Difference between average values of x and y. Indicative of accuracy and offset.

Bias (%) is the relative mean bias between the average of x and y.

Median (i.e., 50th percentile) deviation between x and y. MD is the CEOS LPV good practice reporting of the
MD accuracy.
MD (%) is the relative MD between the average of x and y.

Standard deviation of the pair differences. Indicates precision.
STD (%) is the relative STD between the average of x and y.

Median (i.e., 50th percentile) absolute deviation between x and y. MAD is the CEOS LPV good practice
MAD indicator of precision.
MAD (%) is the relative MAD between the average of x and y.

Root Mean Square Deviation. RMSD is the square root of the average of squared errors between x and y. The
RMSD RMSD is the CEOS LPV good practice reporting of uncertainty.
RMSD (%) is the relative RMSD between the average of x and y.

STD

R Correlation coefficient. Indicates descriptive power of the linear accuracy test.
Pearson coefficient is used.
MAR Slope and offset of the Major Axis Regression (MAR) linear fit. Indicates possible bias.

150°W120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E

Figure 1. Global distribution of 99 REALS and 720 LANDVAL (including 19 desert calibration) sites
used for product intercomparison and direct validation, respectively. LADNVAL are displayed as
per biome type: EBF stands for evergreen broadleaved forest, DBF for deciduous broadleaved forest,
NLF for needle-leaf forests, OF for other forests, CUL for cultivated, HER for herbaceous, SHR for
shrublands, and SBA for sparse and bare areas.

The 99 sites of the Representativeness-Evaluated ALbedo Stations (REALS) dataset
(also depicted in Figure 1) are used for the direct point-to-pixel validation (see Section 2.3).
In order to compare tower in situ measurements to satellite-based albedo products, the
generation of clear blue-sky satellite albedo [40] is performed as the weighted average of
black-sky and white-sky retrieved albedos by the fraction of diffuse downwelling shortwave
radiation from the ground station at a particular illumination and atmospheric condition.
The test of spatial representativeness of the in situ albedometer footprints was performed for
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the satellite pixel resolution of interest according to in situ measurement standards [41,42].
This exercise is usually performed at a resolution of 1 km considering only sites that are
homogeneous over a footprint area of at least a 1 km? around the albedo in situ station. More
details about the test of the spatial representativeness can be found below in Section 2.3.
Temporal averages of daily ground data are computed to allow comparison with satellite
products generated in composited time intervals.

It is important to highlight the fact that the sampling of LANDVAL and REALS
sites allows the validation exercise to reach CEOS LPV stage 3, as uncertainties can be
quantified over a significant set of in situ stations (99 REALS) and the spatial and temporal
consistency with similar satellite datasets can be evaluated over globally representative
locations (LANDVAL).

2.2. Satellite Datasets

Currently, the SALVAL platform incorporates satellite-based albedo datasets from
existing programs, such as NASA MODIS [43], Copernicus C3S [20], BNU GLASS [44], or
GlobAlbedo [45]. Additionally, the tool also allows for importing either a new product
dataset or expanding the temporal coverage of existing products.

In this work, we selected three satellite-based CDRs with around 20 years of data from
existing operational programs: NASA MCD43A3 C6.1, C3S multi-sensor V2, and BNU
GLASS. These products include the total shortwave domain [0.3 um, 4 um], which is the
most relevant albedo quantity in terms of energy budget. The total shortwave domain
also includes visible [0.4 um, 0.7 um] and near-infrared [0.7 um, 4 um]. Additionally,
different definitions of satellite albedo products exist according to the domain of directional
integration [46]: the directional-hemispherical reflectance (DHR) or black-sky albedo (BSA
or AL-DH), and the bi-hemispherical reflectance (BHR) or white-sky albedo (WSA or AL-
BH). BSA is defined as the ratio of the radiant flux for light reflected by a unit surface area
into the view hemisphere to the illumination radiant flux, when the surface is illuminated
with a parallel beam of light from a single direction [47]. WSA is the ratio of the radiant flux
reflected from a unit surface area into the whole hemisphere to the incident radiant flux
of hemispherical angular extent [48]. The combination of both BSA and WSA in relation
to the proportion of sky irradiance provides the actual albedo value, also called blue-sky
albedo [40].

The three satellite albedo products provide both BSA at local solar noon and WSA for
three broadband ranges (visible, NIR, and total shortwave).

2.2.1. NASA MCD43A3 Cé6.1

The MODIS BRDF/Albedo MCD43A3 C6.1 dataset, available from the LPDAAC [49],
produces albedo quantities at a resolution of 500 m in a sinusoidal projection. These quanti-
ties have been produced daily since 2000 with a synthesis period of 16 days, using data
from both the Terra and Aqua satellites. The MODIS albedo algorithm uses atmospherically
corrected cloud-free reflectance data (the MOD/MYDO09 product) to establish the best fit
to a linear kernel-driven BRDF model. Observations flagged as “cloud”, “cirrus high” or
“aerosol high”, or “very high solar zenith angles” are not utilized. The parametric BRDF
model uses the Ross_Thick kernel for volumetric scattering and the Li_Sparse_Reciprocal
kernel for geometrical scattering [47,50]. A full retrieval of the model is attempted if there
are at least seven or more high-quality observations that are well-distributed over the
viewing hemisphere during the 16-day synthesis period. When the number of observations
is strictly less than 7 and strictly greater than 2, or if observations are not well sampled
or do not fit the BRDF model well, though the number of observations is larger than 7, a
backup algorithm (magnitude inversion) with prior information is used and the values are
designated with a lower quality flag. A fill value is stored if the number of observations
is strictly less than 3. Snow and snow-free albedos are processed separately depending
on the ground condition of the day of interest. In addition, products at 30 arc second and
0.05 degree resolutions on a geographic lat/lon projection are also available for ease of use
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by modelers. Separate 30 arc second snow-free gap-filled products (MCD43GF) are also
accessible [51]. The BRDF model parameters are then used for estimating spectral albedos
from angular integration. The broadband albedos are then computed using the spectral to
broadband conversion approach [52]. The MCD43 C6.1 products use an improved backup
database [53], which is pixel-based, updated from the latest high quality full inversion,
as opposed to the land cover-based BRDF database used in the previous Collection 5. In
this work, the updated C6.1 version is being used, which incorporates the latest improved
calibration coefficients and surface reflectance values.

MCD43A3 C6.1 SA products have reached CEOS LPV validation stage 3 [53]. Existing
studies of the previous MCD43 Collections 5 and 6 indicate that the accuracy of the MODIS
shortwave broadband albedo met the GCOS accuracy requirements (Max [5%, 0.0025]) for
both snow-free and snow-covered surfaces [41,42,54,55].

2.2.2. C3S Multi-Sensor V2

The C3S V2 products, which are available in the C3S Climate Data Store (CDS, [56]),
provide a CDR of global albedo estimates in a nearly 40-year record of satellite observations
from 1981 to 2020, using multiple input datasets: NOAA/AVHRR from 1981 to 2005
(around 4 km pixel size), SPOT/VGT from 1998 to 2014 (1 km pixel size), and PROBA-V
from 2014 to 2020 (1 km pixel size). The temporal frequency of the products is 10 days,
built with a compositing window of 20 days. The dates of production are the 10th, 20th,
and final days of each month.

C3S V2 version builds on V1 [57] and adds a multi-sensor aspect to the albedo prod-
ucts delivered so far. The retrieval algorithm [14,58] uses Top-of-Canopy (TOC) reflectance
resulting from both the harmonized pixel classification approach (cloud, snow, and shadow
pixels) and the Simplified Method for Atmospheric Correction (SMAC) algorithm [59], to
improve satellite cross-consistency. Additionally, a spectral harmonization is performed, by
creating TOC reflectance values as if they had been acquired with SPOT/VGT. The harmo-
nized TOC reflectance values are processed to determine the coefficients of a semi-empirical
kernel-based reflectance model, which accounts for the complete angular dependence of the
bi-directional reflectance factor. This inversion step is performed using prior information
and a climatology of surface BRDF. To estimate albedo using a multi-sensor time series, a
second harmonization was conducted, using BRDF climatology data from SPOT/VGT. The
algorithm [14] relies on a similar method to that of previous versions (Kalman filters and
BRDF model fit) but with the addition of a reference BRDF (climatology derived from VGT
BRDF) to (i) reduce the gaps in the time series, and (ii) introduce multi-sensor information
in each albedo estimation to increase homogeneity among the datasets derived from each
sensor. In the final steps, the spectral albedo values are determined from the angular inte-
grals of the model functions using the retrieved parameter, and the narrow-to-broadband
conversion is performed with a linear regression formula. A different set of narrow-to-
broadband conversion coefficients is applied for snow-free pixels and for pixels flagged as
“snow /ice” in the input data status map.

An independent scientific quality assessment of the C3S multi-sensor V2 products was
performed [60], considering the whole CDR (1981-2020), achieving CEOS LPV validation
stage 2. The V2 time series was demonstrated to be more consistent compared with V1 when
changing input data in the transitions from AVHRR to SPOT/VGT and from SPOT/VGT to
PROBA-V. Direct validation results of SPOT/VGT SA V2 showed positive bias (12.5%) and
overall uncertainty (RMSD) of 0.048 in the comparison with albedo measurements from
15 homogeneous FLUXNET stations (20002005 period). The comparison of C3S PROBA-
V SA V2 with field data for 20 homogeneous sites from the Copernicus Ground-Based
Observations for Validation (GBOV) program (2014-2018 period) also showed positive bias
(9.1%) and RMSD of 0.039
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2.2.3. BNU GLASS V4

The Global LAnd Surface Satellites [61] (GLASS) product suite provides albedo prod-
ucts from 1981 to 2019 with a temporal resolution of 8 days, and is available from BNU [44].
Products from 1981 to 1999 are derived from AVHRR data, with a spatial resolution of 0.05°
in the global Climate Modelling Grid (CMG) projection. The GLASS albedo products from
2000 to 2019 are derived from MODIS data, with a spatial resolution of 1 km in a tile-based
sinusoidal projection.

The GLASS albedo products are generated in two steps. First, the albedo is directly
retrieved from remote sensing data by employing the second simulation of a satellite signal
in the solar spectrum (6S) atmospheric radiative transfer model (RTM) to simulate the TOA
directional reflectance, calculating the broadband albedos based on the POLDER BRDF
dataset, and then establishing a relationship between the TOA reflectance and surface
broadband albedo using an angular bin regression method [62]. Intermediate products
from this first step are merged to generate a unique and gap-filled final product based
on the Statistics-based Temporal Filtering (STF) algorithm [63]. Additionally, the current
version 4 data have been improved with respect to previous versions: the snow /ice BRDF
model has been updated [64] and a water surface BRDF model has been adopted for the
ocean surface as well as for mixed pixels of water/sea ice [65].

The preliminary evaluation of the GLASS albedo product [22] showed that it is a
gapless, long-term, continuous and self-consistent dataset with an accuracy similar to that
of the MODIS MCD43 C5 product. Recent validation efforts for version 4 [61] showed
that products are consistent with MODIS MCD43A3 C6 over snow-free pixels, and overall
uncertainty (RMSD) of 0.052 was found in comparison with tower-based observations from
53 spatially homogeneous global sites. The RMSD was reduced to 0.037 for snow-free pixels.

2.2.4. Summary and Quality Flags

Table 4 summarizes the main features of the three SA products used in this study. Both
MCD43A3 and C3S are based on a BRDF model resulting from the combination of two of the
same models for defining the volumetric (Ross_Thick) and geometric (Li_Sparse_Reciprocal)
kernels [47]. Unlike the MCD43A3 and C3S albedo products, which are based on inversions
of BRDF model parameters, the GLASS albedo products are based on the direct-estimation
method and represent surface albedo under general clear-sky atmospheric conditions.

Table 4. Characteristics of the global remote sensing SA products under study. GSD stands for the
Ground Sampling Distance.

Satellite Broadband Frequency GSD
Firodiice /Sensor Mihsdulogy Definition /Period /Projection BRferance
BRDF model "
NASA TERRA + inversion and wisible [0.0-0.7 1] Daily ) 500 m :
MCD43A3 C6.1 aQua latjspoctial  Tal0Z o0 ] ol /16d /Sinusoidal (0]
f /MODIS angular/spectra SW [0.3-5.0 pm] ays inusoida
integration
10 days
SPOT .BRDF, ndel visible [0.4-0.7 um] /20 days using 1km
/VGT inversion and g =q
C35V2 NIR [0.7-4 pm] prior /Plate [14,58]
PROBA angular/spectral ; A
JVGT ioyubion total SW [0.3-4.0 pm] climatology Carrée
BRDF
TERRA + visible [0.3-0.7 pm] 8d 1k
GLASS V4 AQUA RTM + gap-filling NIR [0.7-5.0 um] o ;‘YS . m dal [61]
/MODIS total SW [0.3-5.0 um] ays nusol

(*) MCD43A3 C6.1 products are produced daily but are ingested into the SALVAL tool at a temporal frequency of
5days.

The production frequency of C3S V2 and GLASS V4 is 10 and 8 days, respectively.
MCD43A3 Cé6.1 products are originally produced daily, but are ingested into the SALVAL
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platform at a temporal frequency of 5 days, due to the limitations in memory storage and
processing capabilities of the server.

The quality flag information for each product was used to filter low quality pixels
(Table 5), and the SALVAL tool provides the results for both cases of “best quality” retrievals,
and all retrieved valid pixels (quality flag not considered).

Table 5. Quality flag information used to filter pixels flagged as “low quality”.

Product Quality Control Used as “Best Quality” Quality Control Used to Discard Pixels
MCD43A2 C6.1 Full BRDF inversion Magnitude inversion
Land (bits 0-1 QFLAG) Sea and continental water (bits 0-1 QFLAG)
38 V2 Normally processed (bit 7 QFLAG) Algorithm Failed (bit 7 QFLAG)
ERR < 0.2 ERR > 0.2
AGE <20 AGE >20
GLASS V4 Overall uncertainty ‘best quality’ Overall uncertainty ‘acceptable’, ‘with uncertainty

or ‘fill value’

For MCD43A3 only “best quality” full BRDF inversions were considered, and magni-
tude BRDF inversions were discarded. Higher confidence is expected for a “full inversion”
retrieval that is performed under good sampling of the viewing and illumination geometry
for a grid location. The “magnitude inversion” is a backup algorithm, which performs
generally well, but relies on prior estimates of the BRDF when insufficient observations are
available to fully sample the viewing and illumination geometry. On the other hand, the
C3S V2 pixels where the algorithm failed were not considered in this validation exercise.
Additionally, two ancillary variables were also considered: the uncertainty (ERR) and
the mean age (AGE, in number of days) of the observations used to produce the SA. The
C3S V2 pixels with associated uncertainty of greater than 0.2 and an AGE greater than 20
were discarded, indicating excessive use of prior information [60]. Finally, in the case of
GLASS V4, only pixels classified as “good overall uncertainty” were considered as “best
quality”, while pixels flagged as “acceptable”, “with uncertainty” or “fill value” resulting
from gap-filling methods were not considered.

2.3. Representativeness-Evaluated ALbedo Stations (REALS) Dataset

REALS is a database of sites with the objective to generate an extensive in situ dataset
for direct validation purposes. The database has been defined as a combination of 99 sites
with availability of ground data in the 2000-2020 period from existing networks and ini-
tiatives, such as Ground-Based Observations for Validation (GBOV) [66], Flux Network
(FLUXNET) [67], the National Science Foundation’s National Ecological Observatory Net-
work (NEON) [68], European Fluxes Database Cluster (EFDC) [69], Integrated Carbon
Observation System (ICOS) [70], and Australia’s Land Ecosystem Observatory or Terrestrial
Ecosystem (TERN) [71]. Some GBOV, FLUXNET, and EFDC sites incorporate measure-
ments from the Baseline Surface Radiation Network (BSRN) [72] and its U.S. component
known as the Surface Radiation Budget (SURFRAD) Network [73]. BSRN is considered
the gold standard of albedo measurements according to the GCOS [36] and CEOS LPV
albedo best practices protocol [29]. It is worth noting that 23 of these REALS sites are
considered “Super Sites” endorsed by the CEOS LPV subgroup, meaning that they are well-
characterized (canopy structure and biogeophysical variables) following well-established
protocols, and are active in long-term operation, supported by appropriate funding and
infrastructural capacity.

The albedo measured from a tower covers a circular footprint (dependent upon the
tower height) that should be ideally equivalent to the pixel size of satellite estimation.
However, satellite footprints are often much larger than the tower footprints. For that
reason, the representativeness of the measurement, both within the tower footprint and
in the surrounding landscape, is evaluated through geostatistical indices based on a semi-
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variogram model [74,75], following current state-of-the-art protocols [33,41,42] and CEOS
LPV recommendations. Four different geostatistical attributes have been used for this
evaluation: relative coefficient of variation (Rcy), scale requirement index (Rsg), relative
strength of the spatial correlation (Rst), and relative proportion of structural variation (Rgy).
They are combined in a condensed indicator of spatial representativeness: the standard
score (ST, see Equation (1)). For those situations where the semivariogram estimator does
not provide a good fit with a semi-spherical variogram, the first order score (RAW, see
Equation (2)) can be adopted to evaluate the spatial representativeness [41]. Both scores are
directly proportional to the representativeness or relative homogeneity of a site, so a higher
score means that a ground site (point) is more suitable to be comparable to satellite-based
measurements (pixel). Note that the cover does not have to be uniform, and can be a
heterogeneous landscape, as long as that heterogeneous landscape is similar both within
the tower footprint and the surrounding landscape.

Rst| + [R. -
ST — (IRCV|+| st/ + [Rsv| +RSE) 1)

3

RAW = |2 Rey|[™! @

The methodology adopted for the evaluation of the representativeness of the sites is
based on the estimation of the spherical semivariogram for different spatial resolutions (1,
1.5, and 3 km?). When the semivariogram has been estimated, geostatistical indices are
calculated in order to quantify the level of representativeness of a site.

The spatial representativeness is estimated for each site of the REALS sites in different
temporal conditions (leaf-off season and leaf-on season) using high-resolution Sentinel-
2 imagery [76] for the B8 band, which is the most spectrally representative of the total
shortwave [77]. Figure 2 shows an example of variogram fitting and ST estimation over two
different sites of the REALS database, Desert Rock (DRAK) and Talladega National Forest
(TALL). These results show more homogeneity or spatial representativeness in the case of
TALL (ST = 8) in the leaf-on period than in DRAK (no seasonality) (ST = 0.96). Appendix A
describes the ST summary of the REALS sites.

In order to choose a ST threshold for filtering non-representative or differing hetero-
geneous sites, an analysis of the variation in RMSD (uncertainty) of number of sites and
samples between the NASA MCD43A3 C6.1 product and REALS sites was performed
for the available period (2000-2020). Figure 3 shows the evolution of number of sites,
number of samples, and RMSD as function of the ST score for the comparison between
the MCD43A3 C6.1 satellite-derived product and REALS in situ measurements for the
2000-2020 period. According to the results, the RMSD tends to decrease when the ST
threshold increases, but the numbers of sites and samples decrease. For this reason, a
threshold of 1.5 for ST was selected as the filter in the REALS database because the RMSD
tends to be stable at this score and the number of sites and samples discarded is reasonable.
This threshold is similar to that used in previous works [24,33].
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Figure 2. Example of variogram fitting and ST estimation over two different sites, Desert Rock
(DRAK) and Talladega National Forest (TALL).

The main characteristics of REALS sites and ST scores for each site are summarized in

Appendix A.

2.4. SALVAL Functionalities and Configuration

The SALVAL tool has three main functionalities: (i) to select both the product to
be evaluated and the reference products based on existing datasets or importing a new
test candidate product; (ii) to configure the validation exercise by selecting a set of user
requirements, spectral region, spatial domain, and temporal domain of the study; and
(iii) to run the validation exercise according to the previously set configuration, based on
the protocols and metrics implemented from the CEOS LPV albedo protocol [29]. More
information about the use of the tool can be found in the SALVAL user guide [34] or in
Appendix B.

After the selection of the products to be evaluated, SALVAL requires the configuration
of the validation exercise. Different sets of configurations should be introduced by the
user, such as the period, the albedo type (black-sky or white-sky albedo) for product
intercomparison, the user requirements for the evaluation of stability and accuracy, and the
spatial region of the study (global or continental region).

The stability and accuracy results were evaluated against three predefined requirement
levels (optimal, target, and threshold), which are used for both BSA and WSA products
in all spectral broadband domains. We used default values within the SALVAL tool
(Table 6), which are based on a review of the existing user requirements for measuring
global climate change [78], and from the Global Climate Observing System (GCOS) [36]
and the World Meteorological Organization (WMO) [79]. The optimal accuracy level (Max
[5%, 0.0025]) was selected according to the GCOS uncertainty threshold and is equivalent
to the WMO goal. The target level is equivalent to the WMO breakthrough level, which
is an intermediate level between “goal” and “threshold” (i.e., if achieved, would result in
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a significant improvement for the targeted application). The breakthrough level may be
considered as an optimum, from a cost-benefit point of view, when planning or designing
observing systems. Poor performances of the product correspond to values above the
threshold levels (WMO minimum requirement). Figure 4 displays the selected uncertainty
levels as a function of the product values.
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Figure 3. Evolution of Number of sites (top left), Number of samples (top right), and RMSD (bottom)
of the comparison of MCD43A3 C6.1 versus REALS sites as a function of the ST score in the 2000-2020

period.

In the recent update of GCOS requirements [80], a new goal uncertainty level of 3%
was defined. The SALVAL platform allows modifying the predefined requirements as a
function of the user needs.

Table 6. Predefined accuracy and stability requirement levels used for SA validation.

Optimal Target Threshold
Accuracy requirement Max [5%, 0.0025] Max [10%, 0.01] Max [15%, 0.015]
Stability requirement Max [1%, 0.001] Max [2%, 0.002] Max [3%, 0.003]
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Figure 4. Stability (left) and Accuracy (right) requirement levels as a function of SA values.

The defined temporal domain is the 20-year period from 2000 to 2019. For this period,
NASA MCD43A3 C6.1 and GLASS are based on MODIS data whereas C3S multi-sensor
V2 products are based on input data from two different platforms (SPOT/VGT for 2000
to May 2014, and PROBA-V from May 2014 to 2019). The whole period is used for direct
validation with ground data, and 10 years (2001-2010) is used for the stability evaluation.
Product intercomparison and completeness are based on five years (2001-2005) of data, as
the SALVAL platform is restricted for those exercises due to computational constraints. The
spatial domain covers the whole globe and retrievals from all LANDVAL and REALS sites
are included in the analysis.

Results are displayed for total shortwave black-sky albedo (AL-DH-BB) for product
intercomparison. For the direct evaluation with in situ measurements, the SALVAL platform
computes satellite blue-sky albedos as the weighted average of total shortwave black-sky
and white-sky albedos by the fraction of diffuse downwelling shortwave radiation from
the ground station.

3. Results
3.1. Product Completeness

The three products (C3S V2, GLASS V4, and MCD43A3 C6.1) show a similar spatial
distribution of missing data when all pixels are considered (left side in Figure 5), with
gaps mainly located at northern regions. However, when quality flags (see Table 5) are
used (right side in Figure 5), MCD43A3 C6.1 is more restrictive, if only pixels based on
high-quality full BRDF inversions are considered, compared to C3S V3 and GLASS V4.

The temporal evolution of missing values (Figure 6) is displayed at the different
temporal resolutions being used in this effort (i.e., 10, 8, and 5 days for C3S, GLASS, and
MCD43A3, respectively) showing similar trends, with the highest percentage of missing
data during wintertime in the northern hemisphere (December and January). Products
based on MODIS (MCD43A3 C6.1 and GLASS V4) and VGT (C3S V2) show maximum
percentages of LANVAL missing data, typically around 20% and 10%, respectively. When
only best quality observations are considered according to quality flags, the most (around
80%) missing values are found for MCD43A3 C6.1, and around 30% missing values are
found for the other products (C3S V2 and GLASS V4) that incorporate gap-filling techniques
in their algorithms.
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Figure 5. Global maps of the percentage of missing values for C3S V2 (top), GLASS V4 (center), and
MCD43A3 C6.1 (bottom) for all pixels (left), and only best quality pixels (right) in the 2003 year,
evaluated over the 720 LANDVAL sites.

3.2. Spatial Consistency

The spatial consistency is quantitatively assessed through the global distribution of
residuals between pair of products. The residual represents the remaining discrepancies
regarding the general trend between products, which means that systematic differences are
not considered, depicting more clearly the patterns associated with the spatial distribution
of retrievals [81]. Two products are considered spatially consistent when the residual lies
within predefined uncertainty requirements. Figure 7 shows the spatial distribution of
residuals (average value for 2001-2005 period) between pairs of evaluated products (C3S
V2, GLASS V4 and MCD43A3 C6.1). The percentages of residuals within the predefined
requirements are summarized in Table 7.
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Figure 6. Temporal evolution of the percentage of LANDVAL missing data in the 2003 for C3S V2
(red), GLASS V4 (green), and MCD43A3 C6.1 (blue) considering all pixels (top), and only best quality
pixels (bottom) according to quality flags.

Table 7. Percentage of mean residuals between pair of products (C3S V2, GLASS V4 and MCD43A3
C6.1) within each level of uncertainty requirements. Evaluation in the 2001-2005 period over LAND-
VAL sites using best quality total shortwave black-sky albedo (AL-DH-BB) retrievals.

Residual Optimal Target Threshold Non-Compliance
C35V2vs. GLASS V4 83.5% 98.1% 99.7% 0.3%
C35 V2 vs. MCD43A3 C61 72.8% 91.8% 95.4% 4.6%
GLASS V4 vs. MCD43A3 C61 89.6% 94.5% 94.9% 5.1%

Most residuals between pairs of products are within £0.015, demonstrating overall
good spatial consistency among them. The comparison between GLASS and MCD43A3
shows the higher percentage (around 90%) of evaluated samples within optimal require-
ments. The comparison of C3S and GLASS seems to display the better spatial consistency,
with 98% of cases within target level and almost no non-compliant cases (0.3%). The results
show that, in all comparisons, more than 90% of residuals are within target requirements,
and typically less than 5% of cases are non-compliant.

3.3. Temporal Consistency

To assess the realism of the seasonal and inter-annual temporal variations, examples
of temporal profiles of C3S V2, GLASS V4, and MCD43A3 Cé.1 satellite products are
qualitatively compared with ground data over REALS sites. It should be noted that two
different time periods are displayed due to the different input data used to retrieve C3S V2
products: 2001-2005 (Figure 8, SPOT/VGT) and 2014-2019 (Figure 9, PROBA-V).
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Figure 7. Global spatial distribution of average residuals (left) and number of residuals that reach
the requirements (right) for C3S V2 vs. GLASS V4 (top), C3SV2 vs. MCD43A3 C6.1 (middle), and
GLASS V4 vs. MCD43A3 C6.1 (bottom). Evaluation in the 2001-2005 period with a 10-day temporal
frequency over LANDVAL sites using best quality total shortwave black-sky albedo (AL-DH-BB)

retrievals.
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Figure 8. Examples of albedo temporal variations in C3S V2 (red), GLASS V4 (green), and MCD43A3
C6.1 (blue) satellite products (all quality pixels not just high quality) and ground data (black dots)
from 4 REALS sites during the 2001-2005 period.
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Figure 9. Examples of albedo temporal variations in C3S V2 (red), GLASS V4 (green), and MCD43A3
C6.1 (blue) satellite products (all quality pixels not just high quality) and ground data (black dots)
from 4 REALS sites during the 2014-2019 period.
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Good temporal agreement is found between satellite products and ground data over
forest sites in the 2001-2005 period, properly reproducing the different situations: rapid
changes due to snow events (CA_Oas, RU_Fyo), stable values over long periods (NL_Loo,
RU_Fyo), and variation due to phenological changes (AUS_TUMB). C3S V2 products based
on SPOT /VGT typically tend to provide higher values than ground data (and other satellite
products) for most snow-free cases. GLASS V4 shows, on the other hand, some unexpected
peaks (e.g., NL_Loo in January 2004) which are not captured by the other satellite products
and ground data.

Good temporal agreement is also found between satellite retrievals and in situ data in
the 20142019 period for different biome types, following similar temporal trajectories. C3S
V2 (based on PROBA-V for this period) shows an overestimation compared with ground
truth and the other satellite products for USA_SFSD (cropland) and SCBI (forest) sites, but
better accordance with ground data over AUS_CPRM (grassland) and AU_ASM (forest)
than GLASS V4 and MCD43A3 Cé.

The snow episodes were correctly reported by the three satellite products in most
cases but MCD43A3 C6.1 reaches typically higher values, which are more consistent with
daily ground observations. Some spurious events (e.g., February 2015 and 2016 in SCBI)
were not captured by C3S V2, which could be attributed to its larger temporal composite
and lower production frequency, and to the more conservative approach of the PROBA-V
cloud-masking algorithm [24,82].

3.4. Intra-Annual Precision

Intra-annual precision (so-called smoothness) corresponds to temporal noise assumed
to have no serial correlation within a season and is quantitatively assessed as the anomaly
between the product value for one date and the linear estimate based on its neighbors [83].
Figure 10 shows the Probability Density Function (PDF) of the intra-annual precision
for C3S V2, GLASS V4, and MCD43A3 C6.1 products. The median values (indicative of
intra-annual precision) of each product are summarized in Table 8.

Smoothness
— C38SVGTV2 —GLASSV4 — MCD43A3 C6.1
\ Median 3 = 0.0022 Median & = 0.0014 Median 5 =0.0008
o\

Frequency (%)
8 8 8

=
o

0001 0002 0003 0004 0005 0006 0007 0008 0009 001
Smoothness &

Figure 10. Histogram of the smoothness (8) for C3S V2 (red), GLASS V4 (green), and MCD43A3
C6.1 (blue) total shortwave black-sky albedo products. Evaluation in the 2001-2005 period over
LANDVAL sites considering all pixels.
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C3S VGTV2 456

Table 8. Summary of median § for C35 V2, GLASS V4, and MCD43A3 C6.1 total shortwave black-sky
albedo products. Evaluation in the 2001-2005 period over LANDVAL sites considering all pixels.

Satellite Product Median &
C3SV2 0.0022
GLASS V4 0.0014
MCD43A3 Cé6.1 0.0008

Smoothness histograms reveal that most values are below 0.005, which demonstrates
that the three satellite products show high precision. The temporal resolution of each
product directly impacts their smoothness, as MCD43A3 C6.1 (smoothness calculated
at 5 days temporal step rather than the actual daily temporal resolution) shows better
intra-annual precision than GLASS V4 (8 days) and C3S V2 (10 days).

3.5. Inter-Annual Precision

Inter-annual precision (Figure 11, Table 9) for each satellite product under study
is assessed by comparison of retrievals for consecutive years over 19 desert calibration
sites [84] during 5 years of data (2001-2005). The best inter-annual precision (i.e., MAD,
CEOS LPV best practice) is observed for GLASS V4 (MAD = 0.002, 0.55%), while the
C3S VGT V2 product provides the worst results (MAD = 0.007, 1.64%), with median
absolute deviations of 1.64%. MCD43A3 C6.1 shows intra-annual precision better than 1%

(MAD = 0.004, 0.84%).
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Figure 11. Scatterplots (X-Axis: retrieval for a given date, Y-axis: retrieval for equivalent date
of the following year) of the inter-annual precision of C3S V2 (top left), GLASS V4 (top right),
and MCD43A3 C6.1 (bottom) products. Evaluation for total shortwave black-sky retrievals over
LANDVAL sites in the 2001-2005 period considering all pixels.
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Table 9. Inter-annual precision indicator (median absolute deviation between two consecutive years)
of C3S V2, GLASS V4, and MCD43A3 C6.1 products. Evaluation for total shortwave black-sky albedo
retrievals over LANDVAL sites in the 2001-2005 period considering all pixels.

C3S V2 GLASS V4 MCD43A3 C6.1
Inter-annual precision: 0.007 0.002 0.004
median absolute deviation (1.64%) (0.55%) (0.84%)

3.6. Owverall Spatio-Temporal Consistency

The overall consistency between a pair of satellite products is evaluated by reporting
several metrics indicative of the goodness of the fit, such as accuracy (mean bias, B, and
median deviation, MD), precision (standard deviation, STD, and median absolute deviation,
MAD) and uncertainty (RMSD). Scatterplots (Figure 12) and validation metrics between
products are computed over LANDVAL sites for the period of 2001-2005 and two different
postulates: taking into account all pixels (Table 10) and only considering best quality pixels
(Table 11).

AL-DH-BB: all pixels AL-DH-BB: best quality pixels
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Figure 12. Scatterplots of C3S V2 vs. GLASS V4 (top), C3S V2 vs. MCD43A3 C6.1 (middle), and
GLASS V4 vs. MCD43A3 C6.1 (bottom) for all pixels (left) and best quality pixels (right) for black-sky
total shortwave retrievals in the 20012005 period over LANDVAL sites.
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Table 10. Summary of the main statistics for scatterplots between C3S V2 vs. GLASS V4, C3S V2 vs.
MCD43A3 C6.1, and GLASS V4 vs. MCD43A3 C6.1 for black-sky total shortwave retrievals in the
2001-2005 period over LANDVAL sites. All quality pixels are taken into account.

C3S V2 vs. C3S V2 vs. GLASS V4 vs.
GLASS V4 MCD43A3 C6.1 MCD43A3 Cé6.1
N 122086 115912 145694
R 0.91 0.89 094
MAR y = 0.87x + 0.04 y =0.83x + 0.05 y =096x +0.01
B 0.017 (8.1%) 0.015 (7.1%) —0.001 (—0.3%)
MD 0.024 (11.4%) 0.024 (11.2%) <0.001 (0.2%)
STD 0.052 (24.8%) 0.062 (28.7%) 0.043 (21.0%)
MAD 0.027 (12.7%) 0.027 (12.8%) 0.006 (3.0%)
RMSD 0.055 (26.1%) 0.064 (29.6%) 0.043 (21.0%)
%Optimal 10.2 9.6 61.8
Y%Target 284 29.4 83.7
%Threshold 49.4 49.7 90.9

Table 11. Summary of the main statistics for scatterplots between C3S V2 vs. GLASS V4, C3S V2 vs.
MCD43A3 C6.1, and GLASS V4 vs. MCD43A3 C6.1 for black-sky total shortwave retrievals in the
2001-2005 period over LANDVAL sites. Only best quality pixels are taken into account.

C3S V2vs. C3S V2 vs. GLASS V4 vs.
GLASS V4 MCD43A3 Cé6.1 MCD43A3 Cé6.1
N 102857 52954 69280
R 0.90 0.99 097
MAR y =0.94x + 0.03 y =1.03x + 0.02 y=1.01x+0.00
B 0.021 (11.0%) 0.022 (10.6%) >—0.001 (—0.0%)
MD 0.025 (13.0%) 0.022 (10.3%) —0.001 (—0.5%)
STD 0.037 (19.5%) 0.013 (6.2%) 0.026 (12.4%)
MAD 0.026 (13.5%) 0.022 (10.3%) 0.005 (2.3%)
RMSD 0.042 (22.4%) 0.026 (12.3%) 0.026 (12.4%)
%Optimal 98 124 775
Y%Target 28.7 43.1 95.8
%Threshold 50.6 70.4 98.7

The best agreement in terms of accuracy and uncertainty is found between MCD43A3
C6.1 and GLASS V4, with almost no bias and RMSD of 0.043 (21%). Improved results
are found when considering best quality retrievals (RMSD of 0.026 (12.4%)). The C3S V2
product tends to provide systematically higher values compared to MODIS-based products
(MCD43A3 C6.1 and GLASS V4), with mean bias of 7-8% (0.015-0.017) and MD of 11%
(0.024) when all pixels are considered. The uncertainty between C3S V2 and the MODIS-
based products significantly improves when only best quality retrievals are considered
(mainly in the comparison with MCD43A3 C6.1) but a large bias is found, indicating
systematic positive differences.

3.7. Stability

Stability is the extent to which a product remains constant over a long period, typically
a decade or more [36]. Temporal stability can be also defined as the change in bias over a
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predefined time period [85], and stability can be estimated as the slope of a linear regression
for the bias over time [86]. In SALVAL implementation, pseudo-invariant desert calibration
sites [84] are used for stability evaluation, and the slope of albedo values per decade is
provided as an indicator of stability. As desert sites are supposed to experience very little
temporal variation, variation in albedo time series can be considered to be equivalent to
evaluation of the bias over time.

Figure 13 displays some examples of C3S V2, GLASS V4, and MCD43A3 C6.1 temporal
profiles in the 2001-2010 period for some selected desert calibration sites. The box plots of
the decadal slopes over all calibration sites are displayed in Figure 14. The three products
show some seasonality that could be attributed to changes in illumination, but no deviations
at the long-term scale. Furthermore, C3S V2 shows more noise in the signal compared
with GLASS V4 and MCD43A3 C6.1, as previously revealed in its worst intra-annual (see
Section 3.4) and inter-annual (see Section 3.5) precision. This noise could be partly attributed
to the BRDF climatology data used as prior information in the C3S V2 algorithm, which
presents the same behavior. Median slopes in all calibration sites revealed no deviation
for C3S V2 and GLASS V4 and a very slight positive slope (i.e., 0.003, which is equivalent
to 0.6%) for MCD43A3 C6.1, largely fulfilling the GCOS requirements in terms of stability
(1%).

3.8. Direct Validation

Direct validation involves the comparison of satellite retrievals with albedo measured
from tower-based instruments (REALS dataset). Figure 15 shows the scatterplots between
blue-sky satellite albedo quantities and REALS during the 2000-2019 period, taking into
account all quality pixels (left side), and only best quality pixels (right side), where most
of the outliers are removed. The main statistics resulting from the direct validation are
summarized in Table 12 (all pixels) and Table 13 (best quality pixels).

The overall accuracy (median error) of C3S V2 is 15%, with a systematic tendency
to provide higher values than ground measurements (mean bias of 12.2%). GLASS V4
and MCD43A3 C6.1 show betters results, and an opposite sign of differences (mean bias
of —2.5%). In terms of overall uncertainty, the three satellite products provide similar
results in the comparison with in situ data, with RMSD of around 0.04 when all pixels are
considered in the comparison, and RMSD around 0.03 when only best quality retrievals are
contemplated. However, C3S V2 shows a lower percentage of cases within the predefined
accuracy levels than GLASS V4 and MCD43A3 C6.1.

The MAR relationship of the best quality pixels indicates a tendency of all satellite
products to overestimate ground data for the lowest albedo values (mainly dominated by
forests) and the opposite trend for higher albedo values (sparse vegetation), with slopes
lower than 0.7 in the line comparing results to other validation studies over a significant
set of locations [15,24,33].
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Figure 13. Examples of temporal profiles of C3S V2 (red), GLASS V4 (green), and MCD43A3 C6.1
(blue) for black-sky total shortwave albedos over calibration sites of LANDVAL in the 2001-2010
period for best quality pixels. Dashed lines represent the linear regression of each product trend.
Mean slope value corresponds to the mean slope considering all calibration sites.
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Figure 14. Box plots of the slope per decade (2001-2010) for C3S V2 (red), GLASS V4 (green) and
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are represented by rhombus. Red lines/crosses represent median/mean values. Computation over
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Figure 15. Direct validation of C3S V2 (top), GLASS V4 (middle), and MCD43A3 C6.1 (bottom)
blue-sky albedo satellite products vs. REALS ground values during the 2000-2019 period for all
pixels (left) and only best quality pixels (right). Green, blue, red, and orange points represent forest,
crop, shrublands /herbaceous, and desert biome types, respectively.
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Table 12. Summary of the main statistics for the direct validation of C3S V2, GLASS V4, and
MCD43A3 C6.1 satellite blue-sky albedo products vs. blue-sky albedo ground values from the REALS
dataset in the 20002019 period. All pixels were taken into account.

C3S V2 GLASS V4 MCD43A3 Cé6.1
N 12067 12067 12067
R 0.63 0.61 0.60
MAR y = 0.68x + 0.06 y =0.93x + 0.01 y = 1.05x—0.01
B 0.017 (12.2%) —0.003 (—2.5%) —0.003 (—2.5%)
MD 0.021 (14.9%) <0.001 (—0.1%) —0.002 (—1.2%)
STD 0.040 (27.8%) 0.043 (32.7%) 0.047 (35.2%)
MAD 0.029 (20.4%) 0.017 (13.2%) 0.017 (13.2%)
RMSD 0.043 (30.4%) 0.043 (32.8%) 0.047 (35.3%)
%Optimal 12.6 20.6 18.1
Y%Target 24.5 38.3 37.0
%Threshold 46.8 63.1 64.7

Table 13. Summary of the main statistics for the direct validation of C3S V2, GLASS V4, and
MCD43A3 C6.1 satellite blue-sky albedo products vs. blue-sky albedo ground values from the REALS
dataset in the 20002019 period. Only best quality pixels were taken into account.

C3S V2 GLASS V4 MCD43A3 Cé.1
N 4598 4598 4598
R 0.68 0.74 076
MAR y =0.66x + 0.06 y =0.61x + 0.04 y =0.65x + 0.04
B 0.014 (9.7%) —0.008 (—6.2%) —0.008 (—5.7%)
MD 0.017 (11.7%) —0.004 (—2.9%) —0.005 (—3.8%)
STD 0.032 (22.2%) 0.030 (22.3%) 0.029 (21.6%)
MAD 0.024 (16.7%) 0.013 (10.1%) 0.015 (11.3%)
RMSD 0.035 (24.2%) 0.031 (23.2%) 0.030 (22.4%)
%Optimal 16.8 275 20.9
Y%Target 322 48.1 43.3
%Threshold 56.8 72.0 734

4. Discussion

The three products under study (MCD43A3 C6.1, C3S V2, and CLASS V4) show
remarkably good completeness, with missing data mainly located over northern regions
and wintertime, typically affected by persistent clouds. The three products introduce
different techniques to improve the spatiotemporal continuity: a poorer quality back-up
algorithm is used in the case of MCD43A3 C6.1, a prior climatology of BRDF data is used
in the case of C3S V2, and gap-filling techniques are used in the case of GLASS. When
considering best quality pixels, MCD43A3 C6.1 is the most restrictive product, as only full
retrievals of the model are provided when at least 50% of high-quality observations are
well-distributed over the viewing hemisphere during the 16-day synthesis period.

In terms of spatial consistency (i.e., residuals), all combinations between pairs of
products largely meet uncertainty requirements, with more than 70% of global cases
achieving optimal level of consistency (residuals typically lower than 0.015). As expected,
the best spatial consistency between pairs of products was found between MCD43A3 C6.1
and GLASS, as they are based on data from the same MODIS instruments on board Terra
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and Aqua, whereas C3S products are retrieved using SPOT/VGT or PROBA-V depending
on the temporal range. Different spectral response functions among the instruments show
dissimilarities in band location, band width, and response percentage of input signal over
similar spectral channels [87]. The main discrepancies are typically located over equatorial
areas and northern regions, which can be explained by cloud contamination and differences
in the pre-processing chain. The underestimation of C3S products over snow targets [60] is
another reason for the discrepancies over northern areas.

The three satellite products provide good temporal agreement among them and in
comparison with in situ data. The better temporal resolution of MCD43A3 C6.1 allows
us to capture smoother temporal variations than is possible from C3S V2 and GLASS V4,
despite the incorporation of gap-filling techniques in the C3S and GLASS algorithms, and
the inclusion of a temporal smoothing method in GLASS V4.

The evaluation of the APU metrics from the indirect evaluation also indicated that
the best agreement is found between GLASS V4 and MCD43A3 C6.1. More than 77.5% of
best quality observations lie within the optimal uncertainty level (Max [5%, 0.0025]) when
the same sensor is used (i.e., GLASS V4 versus MCD43A3 C6.1). C3S V2 provides larger
differences from both MODIS-based products, but satisfactory results, with systematically
higher values of around 10%.

As a corollary, we can conclude that the use of a different sensor is the most important
factor contributing to discrepancies among products. Nevertheless, the inversion algorithm
is another contributing factor to differences between products. C3S V2 and MCD43A3 C6.1
make use of semi-empirical linear kernel-driven models to first retrieve BRDF coefficients
and then compute surface albedo by angular and spectral integration. By comparison,
GLASS adopts the angular bin and STF algorithm, and incorporates improvements in the
inversion of snow and ice using an asymptotic radiative transfer model [88]. Additionally,
the different spectral integration approach also contributes to differences between products.
MODIS and GLASS adopt the same broadband albedo range and narrow-to-broadband
conversion algorithm [89]. C3S products are computed over slightly different broadband
albedo intervals and a different conversion algorithm [14].

The direct validation showed systematic positive bias of around 10% for C3S (SPOT/
VGT and PROBA-V) V2 products for the period under study (2000-2019), in line with that
found for previous C3S V1 versions [15,24], where positive bias of 11.5% was also reported.
GLASS V4 and MCD43A3 C6.1 showed the opposite sign of differences, but improved
results (with mean bias of around 6% and median deviation of 3%).

The comparison of satellite-based surface albedo estimates versus ground measure-
ments indicates the difficulty in complying with existing user uncertainty requirements.
Typically, less than 20% of satellite-based best quality retrievals actually achieve the GCOS
target (Max [5%, 0.0025]) and the WMO goal requirements in terms of accuracy. By com-
parison, the three satellite products investigated largely accomplished stability optimal
requirements (Max [1%, 0.001]).

5. Conclusions

This paper demonstrates the functionality of the SALVAL online platform to validate
currently available operational albedo products. A validation and intercomparison exercise
was conducted on three long-term global products generated by C3S, MODIS, and GLASS.
Completeness, spatiotemporal consistency, precision, and accuracy were evaluated. Results
from the SALVAL tool indicate that the three datasets under evaluation provide long-term
reliable and highly consistent retrievals at a global scale. Discrepancies between products
are primarily associated with differences in the retrieval processing chain: different input
data sensors, pre-processing and atmospheric corrections, and inversion algorithms.

The CEOS LPV validation stage assigned to these global satellite albedo products is
currently stage 3, which means that direct validation with in situ data or other reference
datasets is performed over a significant set of locations and time periods representing
global conditions. Thanks to the availability of the SALVAL online platform, the four
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main components [8] for an operational validation system of satellite-based surface albedo
products have been integrated: long term satellite products, a global in situ dataset, the
CEOS LPV validation best practices protocol, and an online validation platform. The
SALVAL tool provides the potential functionality to achieve CEOS LPV validation stage 4
as it is also designed to accommodate regular updates of the validation results, providing
albedo ECVs the readiness level for ongoing operational validation.

SALVAL provides transparency, consistency, and traceability to the validation process.
The tool is available within the CEOS Cal/Val Portal [90], and offers a way to contribute to
and collaborate with the greater the scientific community, thus allowing new products or
ground reference datasets to be incorporated into the tool.
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Abbreviations

The following abbreviations are used in this manuscript:
ADEOS ADvanced Earth Observing Satellite

AL-BH Bi-Hemispherical ALbedos

AL-DH Directional-Hemispherical Albedos

APU Accuracy, Precision and Uncertainty
AVHRR Advanced Very High Resolution Radiometer
B Mean Bias

BHR Bi-Hemispherical Reflectance

BNU Beijing Normal University’s

BRDF Bidirectional Reflectance Distribution Function
BSA Black-Sky Albedo

BSRN Baseline Surface Radiation Network

c3s Copernicus Climate Change Service
Cal/Val Calibration/Validation

CDR Climate Data Record

CDs Climate Data Store

CEOS Committee on Earth Observation Satellites
CGLS Copernicus Global Land Service

CMG Climate Modelling Grid

CUL CULtivated

DBF Deciduous Broadleaved Forest

DHR Directional-Hemispherical Reflectance
EBF Evergreen Broadleaved Forest

ECV Essential Climate Variable

EFDC European Fluxes Database Cluster

EOLAB Earth Observation LABoratory
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R
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SALVAL
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SBA
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EUMETSAT Polar System
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Global Climate Observing System
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Ground Sampling Distance
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Land Processes Distributed Active Archive Center
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National Oceanic and Atmospheric Administration
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Project for Onboard Autonomy satellite, the V standing for vegetation
Correlation coefficient

Relative Coefficient of Variation
Representativeness-Evaluated ALbedo Stations
Root Mean Square Deviation

Scale REequirement index

Relative STrength of the spatial correlation

Relative proportion of Structural Variation
Radiative Transfer Model

Surface Albedo

Surface ALbedo VALidation tool

First order score

Sparse and Bare Areas

Spinning Enhanced Visible and Infrared Imager
SHRublands

Simplified Method for Atmospheric Correction
Satellites for the Observation of the Earth
STandard score
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Appendix A. REALS Sites’ Characteristics and ST Scores
Table Al. Characteristics and ST scores of REALS sites.
D Code Latitude  Longitude Name Network Class Fabes  wuST
1T USABOND 4005192 8837300 Bondville SURFRAD, GBOV Croplands 152 158
2 USABAOR 4005005 ~105.00387 Boulder BSRN, GBOV Croplands 129 298
3 BEL_BRAS 5130761 151981 Brasschaat FLUXNET, GBOV(LPV SuperSite) Forest 1936 1042
1 NET.CABA 5197100 192700 Cabauw BSRN, GBOV Grass/shrib 1386 6.65
5  AUSCPRM  —3400270 14058771 Calperum OZF LUX*SUPI s V(LY Grass/shrub 272 283
6  USA_DRAK 3662418 —1160199 Desert Rock SURFRAD, GBOV Desert 0.96 0.96
7  USAFPEK 4830783 10510170 Fort Peck SURFRAD, GBOV Grass/shrub 1.85 1.60
8 GER GEBE 5110010 1091430 Gebesee FLUXNET, GBOV Croplands 1.08 12
9 NAM_GOBA 2356184 15.04131 Gobabeb BSRN, GBOV(LPV SuperSite) Desert 0.95 0.87
10 USAGCMK 3425505 —89.87360 Goodwin Creek SURFRAD, GBOV Forest 292 1.96
11 FRAGRIG 4884420 1.95191 Grignon FLUXNET, GBOV Croplands 1.04 1.05
12 FRAGUYA 527877 5292486 Guyaflux FLUXNET, GBOV(LPV SuperSite) Forest 547 547
13 GER HAIN 5107920 1045220 Hainich FLUXNET, GBOV(LPV SuperSite) Forest 6.8 1817
14 USANRFT 4003287 1055469  Niwot Ridge Forest FLUXNET, GBOV Forest 106 n/a
15  ITARENO 4658690 1143370 Renon FLUXNET, GBOV Forest 145 179
16 USAPSUS 4072012 —77.93085 Rock Springs SURFRAD, GBOV Forest 1.04 2.9
17 USA SFSD 4373403 9662331 Sioux Falls SurfRad SURFRAD, GBOV Croplands 185 211
18 USASGP 3660575 —97.48876 Souttern {sreat SURFRAD, GBOV Croplands 102 0.80
19  USATBLN  40.12498 10523680 Table Mountain SURFRAD, GBOV Desert 2240 2240
20 AUSTUMB  —3565652 14815163 Tumbarumba Omux'gfpﬁggfo" LV Forest 1165 11.65
21 LENO 3185388 8816122 Lenoir Landing NEON Forest 2.3 19
2 TALL 3295046 —g73gpy  Telladega National NEON(LPV SuperSite) Forest 103.65 8.00
23 BONA 6515401 14750258 Caribou-Poker NEON Forest n/a 278
24 DEJU 63.88112 —145.75136 Delta Junction NEON Forest n/a 3.77
25 HEAL 63.87569 14921334 Healy NEON Grass/shrub n/a 142
26 TOOL 68.66109 14937047 Toolik NEON Grass/shrub n/a 128
Santa Rita
27 SRER 3191068 ~11083549 Experimental NEON Grass/shrub. 592 129
Range
28 SOAP 3703337 ~11926219 Soaproot Saddle NEON Forest 1948 10.58
29 TEAK 37.00583 ~119.00602 Lower Teakettle NEON Forest 2517 846
Central Plains
30 CPER 14081550 1047456 Experimental NEON (LPV SuperSite) Grass/shrub 112 0.98
Range
Niwot Ridge
31 NIWO 4005425 ~10558237  Mountain Research NEON Forest 071 0.88
Station
32 STER 104619 ~103.02930 Sterling NEON Croplands 1.05 0.92
Disney Wildemess
33 DSNY 2812504 8143620 y Wilder NEON Croplands 134 151
Ordway-Swisher ” "
34 0SBS 2968927 —81.99343 Bhologat Sintion NEON(LPV SuperSite) Forest 0.65 0.61
35 RC 3119484 8446861 Jones Ecological NEON Forest 1299 18
IE - oo Research Center OIS - .
Konza Prairie
36 KONA 3911044 9661295 Biological NEON Grass/shrub 1.60 126

Station—Relocatable
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Table Al. Cont.
D Code Latitude  Longitude Name Network Class 1w el
Konza Prairie R 2
37 KONZ 39.10077 —96.56309 Biological Station NEON Grass/shrub 437 1.26
The University of
38 UKFS 39.04043 —95.19215 Kansas Field NEON Forest 0.55 10.60
Station
Smithsonian
39 SERC 38.89008 —76.56001 Environmental NEON Forest 2.64 413
Research Center
40 HARV 4253690 —72.17266 Harvard Forest NEON(LPV SuperSite) Forest 40.01 6.32
41 UNDE 4623388 —89.53725 UNDERC NEON Forest 229 2.08
Bartlett
42 BART 4406388 —71.28731 Experimental NEON(LPV SuperSite) Forest 6.50 3.04
Forest
43 JORN 3259068 —106.84254 Jornada LTER NEON Grass/shrub 0.83 1.04
Dakota Coteau 5
44 DCFS 47.16165 —99.10656 Field School NEON Grass/shrub 0.87 118
Northern Great
45 NOGP 46.76972 —100.91535 Plains Research NEON Grass/shrub 1.74 143
Laboratory
y i Klemme Range S
46 OAES 3541059 —99.05879 Resesich Station NEON Grass/shrub 1.04 141
47 GUAN 1796955 —66.86870 Guanica Forest NEON(LPV SuperSite) Forest 9.75 9.75
48 LAJA 1802125 —67.07690  Lajas Experimental NEON Grass/shrub 135 123
Great Smoky
49 GRSM 35.68896 —83.50195 Mountains NEON Forest 7.39 427
National Park
50 ORNL 35.96412 —84.28260 Oak Ridge NEON(LPV SuperSite) Forest 13.12 1.46
51 MOAB 38.24833 —109.38827 Moab NEON(LPV SuperSite) Grass/shrub 043 119
52 ONAQ 40.17759 —11245244 Onaqui NEON Grass/shrub 1.30 1.59
4 Mountain Lake "
53 MLBS 37.37828 —80.52484 Biological Station NEON(LPV SuperSite) Forest 741 1.55
Smithsonian
54 SCBI 38.89292 —78.1395 Conservation NEON (LPV SuperSite) Forest 251 13.86
Biology Institute
55 ABBY 4576243 —121.24700 Abby Road NEON Forest 242 7.30
Wind River
56 WREF 45.82049 —121.95191 Experimental NEON Forest 6.17 5.76
Forest
57 STH 4550894 pomesy.  ‘Stelptaldtand NEON(LPV SuperSite) Forest 6.4 184
58 TREE 4549369 —89.58571 Treehaven NEON Forest 8.10 6.44
59 AT-Neu 47.11667 11.3175 Neustift FLUXNET Grass/shrub 1.14 1.86
Ontario—
Groundhog River,
60 CA-Gro 48.2167 —82.1556 Boreal Mixedwood FLUXNET Forest 6.32 491
Forest
Saskatchewan—
61 CA-Oas 53.62889 —106.19779 Western Boreal, FLUXNET Forest 27.82 9.18
Mature Aspen
%aesskatchg(v)vanl—
tern Boreal,
62 CA-Obs 5398717 ~105.11779 N e FLUXNET Forest 7.98 323
Spruce
Quebec—Eastem
63 CA-Qfo 49.6925 —74.34206 Boreal, Mature FLUXNET Forest 140 147
Black Spruce
64 CZ-BK1 4950208 18.53688 Bily Kriz forest FLUXNET(LPV SuperSite) Forest 4.63 7.4
65 DE-Lnf 51.32822 10.3678 Leinefelde FLUXNET Forest 13.88 3.06
66 DE-Tha 5096256 13.56515 Tharandt FLUXNET(LPV SuperSite) Forest 5.51 2.86
67 FR-Gri 48.84422 1.95191 Grignon FLUXNET Croplands n/a n/a
68 FR-LBr 471711 —0.7693 Le Bray FLUXNET Forest 10.82 1.59
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Table Al. Cont.
D Code Latitude Longitude Name Network Class Lea%—roff Leasf’-rOn
69 FR-Pue 437413 3.5957 Puechabon FLUXNET(LPV SuperSite) Forest 12 12
70 GH-Ank 5.26854 —2.69421 Ankasa FLUXNET Forest 1771 17.71
71 IT-Col 41.84936 13.58814 Collelongo FLUXNET(LPV SuperSite) Forest 1.63 1.4
72 IT-MBo 4601468 11.04583 Monte Bondone FLUXNET Grass/shrub 203 1.26
73 IT-SR2 4373202 10.29091 San Rossore 2 FLUXNET Forest 13.04 12.66
74 NL-Hor 5224035 5.0713 Horstermeer FLUXNET Grass/shrub 0.60 0.60
75 NL-Loo 52.16658 5.74356 Loobos FLUXNET(LPV SuperSite) Forest 29.14 1.55
76 RU-Fyo 5646153 32.92208 Fyodorovskoye FLUXNET(LPV SuperSite) Forest 1798 11973
77 SN-Dhr 1540278 —15.43222 Dahra FLUXNET(LPV SuperSite) Grass /shrub 1.03 0.83
Metolius mature
78 US-Me2 44,4523 —121.5574 Stloea e FLUXNET Forest 0.79 218
79 Us-UMd 45.5625 —84.6975 UMBS Disturbance FLUXNET Forest 0.69 0.80
80 US-Var 38.4133 —120.9507 Vaira Ranch- Ione FLUXNET Grass/shrub 484 258
81 ES-Cpa 3922417 —0.90305 Cortes de Pallas EFDC Grass/shrub 6.88 470
82 ES-ES2 39.27556 —0.31528 ElSaler-Sueca EFDC Croplands 5.36 4.68
83 ES-LMa 39.9415 57733 Las Majadas del EFDC Grass/Shrub 166 124
84 DE-HoH 52.08656 11.22235 Hohes Holz 1COS (LPV SuperSite) Forest 6.95 5.8
85 SE-Svb 6425611 19.7745 Svartberget ICOS (LPV SuperSite) Forest 111 111
86 Fl-Hyy 61.84741 24.29477 Hyytiala FLUXNET (LPV SuperSite) Forest 137 137
87 DE-RuS 5086591 6.44714 Selhausen Juelich FLUXNET, ICOS (LPV SuperSite) Croplands 1.8 140
Alice Sprin, 5
88 AU_ASM —22.2828 133.2493 Mfﬁer 85 TERN (LPV SuperSite) Forest 888 6.78
Boyaginj Wand :
89 AU_Boy —32477093 11693856 Yf‘g‘“‘ 1“a§“d % TERN (SuperSite) Forest 0.72 0.33
90 AU_Cum —33.61528 150.72361 Cumberland Plain TERN (LPV SuperSite) Forest 6.18 1.04
91 AU_DRF —16.23819 14542715 Daintree Rainforest TERN (SuperSite) Forest 13.17 453
_ Gingin Banksi )
92 AU_Gin —31.37635 11571377 “‘8“ : I fand e TERN (SuperSite) Forest 174 0.97
93 AUGWW 301914 12065416 Greatetem TERN (LPV SuperSite) Forest 2387 179
94 AU_LiS —13.17904 130.79455 Litchfield Savanna TERN (LPV SuperSite) Forest 3474 7.66
95 AU_RCR —_17.11747 14563014 Robeoncrex TERN (LPV SuperSite) Forest 17.90 28.67
96 AU_SPU 27.38806 15287778 Samford TERN (SuperSite) Forest 1449 171
= : i Peri-Urban P ; ;
Warra Tall )
97 AU_Wir —43,09502 146.65452 Eﬁypt TERN (LPV SuperSite) Forest 3.76 3.30
‘Wombat
98 AU_WSE —37.0222 144.0944 Stringybark TERN (LPV SuperSite) Forest 834 13.02
Eucalypt
99 AU_WDE —36.6732 145.0294 Whroo Dry TERN (SuperSite) Forest 115 91.64
Eucalypt

(*) For those cases, RAW score (see Equation (2)) was adopted due to the semivariogram estimator does not

provide a good fit with a semi-spherical variogram (i.e., ST score cannot be computed).

Appendix B. Using the SALVAL Tool

Follow these steps to start using SALVAL. More technical details about tool functional-
ities, satellite reference products, in situ datasets, etc., can be found in the SALVAL user

guide [34].

(1) Sign up to start using the SALVAL Tool.
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Sign Up

Sign Up for Free

. No soy un robot B

reCAPTCHA
Srimedad Termeos

GET STARTED

Figure Al. Snapshot of SALVAL configuration step 1. “*” stands for mandatory fields.

(2) Specify the product being validated and the reference products. Select from the
existing database of products or import new products.

CGLS_VGT_V1
ot Relerence Prosces Fercd Ao Type equeriments patial Region C35.VGT V2
Select the product to be evaluated C3s_PBV_V1
€35 PBY V2
e v — 2 €35_53.va
C3S_VGT_V4
GlobAlbedo
MCD43A3_C6

GLASS V4

e

Figure A2. Snapshot of SALVAL configuration step 2.

(3) Define the input product: time period, albedo type, requirements, and spatial
coverage.
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Select the period Select the albedo type
Since To Albedo type
02 24 2000 8 02 24 2005 B Directional (black sky) N

Available period: from 2000-02-24 to 20140531

I OEBF ®DBF @XLF OOF oCUL @SHR ®HER osHA

Figure A3. Snapshot of SALVAL configuration step 3.

(4) Visualize the validation results for different criteria, or generate a standardized vali-
dation report in PDF.

0o—0 0 0 0 0O

Product Reference Products Period Albedo Type Requeriments Spatial Region Outputs

Select the validation type

oo
Generate VR (PDF)

Product: CGLS_VGT_V1 Date Since: 2000-02-24 Date To: 2005-02-24

Reference Products:
MCD43A3_C6, MCD43A3_C61

Albedo Type: Directional (black sky) Spatial Region: Global

Figure A4. Snapshot of SALVAL configuration step 4.

(5) Enjoy the interactive validation process (see below Direct Validation type results).

References

1. Dickinson, R.E. Land processes in climate models. Remote Sens. Environ. 1995, 51, 27-38. [CrossRef]

2. Liang,S. A direct algorithm for estimating land surface broadband albedos from MODIS imagery. IEEE Trans. Geosci. Remote Sens.
2003, 41, 136-145. [CrossRef]

3. WMO; United Nations Educational, Scientific and Cultural Organization; Intergovernmental Oceanographic Commission; United
Nations Environment Programme; International Science Council. The 2022 GCOS Implementation Plan (GCOS-244). Available
online: https:/ /gcos.wmo.int/en/publications / gcos-implementation-plan2022 (accessed on 10 November 2022).



186 |1 Pagina Anexo IV
Surface ALbedo VALidation (SALVAL) Platform: Towards CEOS
LPV Validation Stage 4 —Application to Three Global Albedo CDRs

Remote Sens. 2023, 15,1081 35 of 38

4. Zhou, Y.; Wang, D.; Liang, S.; Yu, Y.; He, T. Assessment of the Suomi NPP VIIRS Land Surface Albedo Data Using Station
Measurements and High-Resolution Albedo Maps. Remote Sens. 2016, 8, 137. [CrossRef]

5. Wang, D.; Liang, S.; Zhou, Y.; He, T.; Yu, Y. A New Method for Retrieving Daily Land Surface Albedo from VIIRS Data. IEEE
Trans. Geosci. Remote Sens. 2017, 55, 1765-1775. [CrossRef]

6. Wang, D; Liang, S.; He, T.; Yu, Y. Direct estimation of land surface albedo from VIIRS data: Algorithm improvement and
preliminary validation. J. Geophys. Res. Atmos. 2013, 118, 12577-12586. [CrossRef]

7.  Balsamo, G.; Agusti-Panareda, A.; Albergel, C.; Arduini, G.; Beljaars, A.; Bidlot, J.; Bousserez, N.; Boussetta, S.; Brown, A.; Buizza,
R.; et al. Satellite and In Situ Observations for Advancing Global Earth Surface Modelling: A Review. Reniote Sens. 2018, 10, 2038.
[CrossRef]

8.  Bayat, B.; Camacho, F.; Nickeson, J.; Cosh, M.; Bolten, J.; Vereecken, H.; Montzka, C. Toward operational validation systems for
global satellite-based terrestrial essential climate variables. Int. |. Appl. Earth Obs. Geoinf. 2021, 95, 102240. [CrossRef]

9.  Leroy, M.; Deuzg, ].L.; Bréon, EM.; Hautecoeur, O.; Herman, M.; Buriez, ].C.; Tanré, D.; Bouffies, S.; Chazette, P.; Roujean, J.L.
Retrieval of atmospheric properties and surface bidirectional reflectances over land from POLDER/ADEOS. |. Geophys. Res.
Atmos. 1997, 102, 17023-17037. [CrossRef]

10. Schaaf, C.B; Gao, F,; Strahler, A.H.; Lucht, W, Li, X.; Tsang, T.; Strugnell, N.C.; Zhang, X.; Jin, Y.; Muller, ].P; et al. First operational
BRDE, albedo nadir reflectance products from MODIS. Remote Sens. Environ. 2002, 83, 135-148. [CrossRef]

11. Strahler, A.H.; Muller, J.-P.; MODIS Science Team Members. MODIS BRDF/Albedo Product: Algorithm Theoretical Basis
Document Version 5.0. Available online: https://modis.gsfc.nasa.gov/data/atbd /atbd_mod09.pdf (accessed on 15 February
2023).

12.  Geiger, B.; Carrer, D.; Franchistéguy, L.; Roujean, J.L.; Meurey, C. Land surface albedo derived on a daily basis from meteosat
second generation observations. IEEE Trans. Geosci. Remote Sens. 2008, 46, 3841-3856. [ CrossRef]

13. Carrer, D.; Roujean, J.L.; Meurey, C. Comparing operational MSG /SEVIRI Land Surface albedo products from Land SAF with
ground measurements and MODIS. IEEE Trans. Geosci. Remote Sens. 2010, 48, 1714-1728. [CrossRef]

14. Carrer, D.; Pinault, E; Lellouch, G.; Trigo, LF,; Benhadj, I.; Camacho, E; Ceamanos, X.; Moparthy, S.; Munoz-Sabater, J.; Schiiller, L.;
etal. Surface Albedo Retrieval from 40-Years of Earth Observations through the EUMETSAT /LSA SAF and EU/C3S Programmes:
The Versatile Algorithm of PYALUS. Remote Sens. 2021, 13, 372. [CrossRef]

15. Lellouch, G.; Carrer, D.; Vincent, C.; Pardé, M.; Frietas, S.C.; Trigo, LF. Evaluation of Two Global Land Surface Albedo Datasets
Distributed by the Copernicus Climate Change Service and the EUMETSAT LSA-SAF. Renote Sens. 2020, 12, 1888. [CrossRef]

16. Carrer, D.; Moparthy, S.; Lellouch, G.; Ceamanos, X.; Pinault, F; Freitas, S.C.; Trigo, LE. Land surface albedo derived on a ten daily
basis from Meteosat Second Generation Observations: The NRT and climate data record collections from the EUMETSAT LSA
SAF. Remote Sens. 2018, 10, 1262. [CrossRef]

17. Trigo, L.E; Dacamara, C.C.; Viterbo, P.; Roujean, J.-L.; Olesen, E; Barroso, C.; Camacho-de-Coca, F.; Carrer, D.; Freitas, S.C.;
Garcia-Haro, J.; et al. The Satellite Application Facility for Land Surface Analysis. Int. ]. Remote Sens. 2011, 32, 2725-2744.

[CrossRef]

18. Land Surface Analysis (LSA-SAF) of EUMETSAT. Available online: https:/ /landsaf.ipma.pt/en/ (accessed on 10 November
2022).

19. Copernicus Global Land Service (CGLS) portal. Available online: https:/ /land.copernicus.eu/global/index.html (accessed on 10
November 2022).

20. Copernicus Climate Change Service (C3S). Available online: https://climate.copernicus.eu/ (accessed on 10 November 2022).

21. Sanchez-Zapero, J.; Camacho, F.; Leon-Tavares, ].; Martinez-Sanchez, E.; Gorrono, J.; Benhadj, I.; Tote, C.; Swinnen, E.; Munoz-
Sabater, J. Prototype for Surface Albedo Retrieval Based on Sentinel-3 OLCI and SLSTR Data in the Framework of Copernicus
Climate Change. In Proceedings of the 2021 IEEE International Geoscience and Remote Sensing Symposium IGARSS, Brussels,
Belgium, 11-16 July 2021; pp. 2377-2380.

22. Liu, Q; Wang, L.; Qu, Y,; Liu, N.; Liu, S.; Tang, H.; Liang, S. Preliminary evaluation of the long-term GLASS albedo product. Int. J.
Digit. Earth 2013, 6, 69-95. [CrossRef]

23. Liu, Y.; Wang, Z.; Sun, Q.; Erb, AM,; Li, Z; Schaaf, C.B.; Zhang, X.; Roman, M.O.; Scott, RL.; Zhang, Q.; et al. Evaluation of the
VIIRS BRDF, Albedo and NBAR products suite and an assessment of continuity with the long term MODIS record. Renote Sens.
Environ. 2017, 201, 256-274. [CrossRef]

24. Sanchez-Zapero, J.; Camacho, F; Martinez-Sanchez, E.; Lacaze, R.; Carrer, D.; Pinault, E; Benhadj, I.; Mufioz-Sabater, J. Quality
Assessment of PROBA-V Surface Albedo V1 for the Continuity of the Copernicus Climate Change Service. Remote Sens. 2020, 12,
2596. [CrossRef]

25. Zeng,Y.;Su, Z; Calvet, ].C.; Manninen, T.; Swinnen, E.; Schulz, ].; Roebeling, R.; Poli, P;; Tan, D.; Riiheld, A.; et al. Analysis of
current validation practices in Europe for space-based climate data records of essential climate variables. Int. J. Appl. Earth Obs.
Geoinf. 2015, 42, 150-161. [CrossRef]

26. Nightingale, ].; Mittaz, ].PD.; Douglas, S.; Dee, D.; Ryder, J.; Taylor, M.; Old, C.; Dieval, C.; Fouron, C.; Duveau, G; et al. Ten
Priority Science Gaps in Assessing Climate Data Record Quality. Renote Sens. 2019, 11, 986. [CrossRef]

27. LPV (Land Product Validation). Subgroup CEOS Validation Hierarchy 2019. Available online: https:/ /Ipvs.gsfc.nasa.gov/
(accessed on 2 March 2022).



187 | Pagina Anexo IV
Surface ALbedo VALidation (SALVAL) Platform: Towards CEOS
LPV Validation Stage 4 —Application to Three Global Albedo CDRs

Remote Sens. 2023, 15,1081 36 0f 38

28. Justice, C.; Belward, A.; Morisette, J.; Lewis, P; Privette, J.; Baret, F. Developments in the’validation’of satellite sensor products for
the study of the land surface. Int. J. Remote Sens. 2000, 21, 3383-3390. [CrossRef]

29. Wang, Z.; Schaaf, C.; Lattanzio, A.; Carrer, D.; Grant, I.; Roman, M.; Camacho, F.; Yang, Y.; Sanchez-Zapero, ]. Global Surface
Albedo Product Validation Best Practices Protocol. Version 1.0. In Good Practices for Satellite-Derived Land Product Validation
(p. 45): Land Product Validation Subgroup (WGCV/CEOS); Wang, Z., Nickeson, J., Roman, M., Eds.; Available online: https:
/ /lpvs.gsfc.nasa.gov/PDF /CEOS_ALBEDO_Protocol_20190307_v1.pdf (accessed on 1 March 2022).

30. Nightingale, J.; Schaepman-Strub, G.; Nickeson, J.; Baret, F.; Herold, M. Assessing Satellite-Derived Land Product Quality for
Earth System Science Applications: Overview of the CEOS LPV Sub-Group. In Proceedings of the 34th International Symposium
on Remote Sensing of Environment, Sydney, NSW, Australia, 10-15 April 2011.

31. Mayr, S.; Kuenzer, C.; Gessner, U.; Klein, I.; Rutzinger, M. Validation of Earth Observation Time-Series: A Review for Large-Area
and Temporally Dense Land Surface Products. Renote Sens. 2019, 11, 2616. [CrossRef]

32. Liang, S; Fang, H.; Chen, M.; Shuey, CJ.; Walthall, C.; Daughtry, C.; Morisette, ].; Schaaf, C.; Strahler, A. Validating MODIS land
surface reflectance and albedo products: Methods and preliminary results. Renote Sens. Environ. 2002, 83, 149-162. [CrossRef]

33. Cescatti, A.; Marcolla, B.; Santhana Vannan, SK; Pan, ].Y.; Roman, M.O.; Yang, X.; Ciais, P; Cook, R.B.; Law, B.E.; Matteucci, G.;
et al. Intercomparison of MODIS albedo retrievals and in situ measurements across the global FLUXNET network. Renote Sens.
Environ. 2012, 121, 323-334. [CrossRef]

34. EOLAB. Surface ALbedo VALidation (SALVAL) Tool. Available online: https:/ /salval.eolab.es/ (accessed on 10 November 2022).

35. JCGM-GUM Joint Committee for Guides in Metrology (JCGM)—Guides to the Expression of Uncertainty in Measurement (GUM).
[ISO/IEC Guide 98—Part 3, 2008]. Available online: https://www.iso.org/sites/JCGM /GUM-introd uction.htm (accessed on 10
November 2022).

36. GCOS-154 Systematic Observation Requirements for Satellite-Based Data Products for Climate. Supplemental Details to the
Satellite-Based Component of the “Implementation Plan for the GCOS in Support of the UNFCCC”. Available online: https://library.
wmo.int/doc_num.php?explnum_id=3710 (accessed on 10 April 2022).

37. SALVAL Sampling—CalValPortal. Available online: https://calvalportal.ceos.org /sampling (accessed on 19 December 2022).

38. Camacho, F; Cernicharo, J.; Lacaze, R.; Baret, F;; Weiss, M. GEOV1: LAI, FAPAR essential climate variables and FCOVER global
time series capitalizing over existing products. Part 2: Validation and intercomparison with reference products. Renote Sens.
Environ. 2013, 137, 310-329. [CrossRef]

39. Sanchez, J.; Camacho, F,; Lacaze, R.; Smets, B. Early validation of PROBA-V GEOV1 LAI, FAPAR and FCOVER products for the
continuity of the copernicus global land service. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci—ISPRS Arch. 2015, 40, 93-100.
[CrossRef]

40. Lewis, P; Barnsley, M. Influence of the sky radiance distribution on various formulations of the earth surface albedo. In
Proceedings of the 6th International Symposium on Physical Measurements and Signatures in Remote Sensing, ISPRS, Val d'Isére,
France, 17-22 January 1994; pp. 707-715.

41. Romadn, M.O.; Schaaf, C.B.; Woodcock, C.E.; Strahler, A.H.; Yang, X.; Braswell, RH.; Curtis, P.S.; Davis, KJ.; Dragoni, D.;
Goulden, M.L.; et al. The MODIS (Collection V005) BRDF /albedo product: Assessment of spatial representativeness over forested
landscapes. Remote Sens. Environ. 2009, 113, 2476-2498. [CrossRef]

42.  Roman, M.O.; Schaaf, C.B.; Lewis, P; Gao, F,; Anderson, G.P; Privette, ].L; Strahler, A.H.; Woodcock, C.E.; Barnsley, M. Assessing
the coupling between surface albedo derived from MODIS and the fraction of diffuse skylight over spatially-characterized
landscapes. Renote Sens. Environ. 2010, 114, 738-760. [CrossRef]

43. MODIS Data Products. Available online: https:/ /modis.gsfc.nasa.gov/data/dataprod/ (accessed on 10 November 2022).

44. Global LAnd Surface Satellite (GLASS). Available online: http:/ /www.glass.umd.edu/ (accessed on 1 April 2022).

45. Globalbedo Portal. Available online: http://www.globalbedo.org/ (accessed on 10 November 2022).

46. Schaepman-Strub, G.; Schaepman, M.E.; Painter, T.H.; Dangel, S.; Martonchik, ].V. Reflectance quantities in optical remote
sensing-definitions and case studies. Remote Sens. Environ. 2006, 103, 27-42. [CrossRef]

47. Lucht, W.; Schaaf, C.B.; Strahler, A.H. An algorithm for the retrieval of albedo from space using semiempirical BRDF models.
IEEE Trans. Geosci. Remote Sens. 2000, 38, 977-998. [CrossRef]

48. Shuai, Y.; Tuerhanjiang, L.; Shao, C.; Gao, F.; Zhou, Y; Xie, D.; Liu, T.; Liang, J.; Chu, N. Re-understanding of land surface albedo
and related terms in satellite-based retrievals. Big Earth Data 2020, 4, 45-67. [CrossRef]

49. Schaaf, C.; Wang, Z. MODIS/Terra+Aqua BRDF/Albedo Daily L3 Global—500m V061 [Data set]. NASA EOSDIS Land Processes
DAAC. Available online: https://lpdaac.usgs.gov /products/mcd43a3v061/ (accessed on 20 December 2022).

50. Lucht, W.; Lewis, P. Theoretical noise sensitivity of BRDF and albedo retrieval from the EOS-MODIS and MISR sensors with
respect to angular sampling. Int. |. Remote Sens. 2000, 21, 81-98. [CrossRef]

51. Sun, Q;Wang, Z;Li, Z; Erb, A.; Schaaf, C.B. Evaluation of the global MODIS 30 arc-second spatially and temporally complete
snow-free land surface albedo and reflectance anisotropy dataset. Int. J. Appl. Earth Obs. Geoinf. 2017, 58, 36-49. [CrossRef]

52. Liang, S.A.H.S.C.W. Retrieval of Land Surface Albedo from Satellite Observations: A Simulation Study. J. Appl. Meteorol. 1999, 38,
712-725. [CrossRef]

53. Wang, Z.; Schaaf, C.B.; Sun, Q.; Shuai, Y.; Roman, M.O. Capturing rapid land surface dynamics with Collection V006 MODIS
BRDF/NBAR/ Albedo (MCD43) products. Remote Sens. Environ. 2018, 207, 50-64. [CrossRef]



188 | Pagina Anexo IV
Surface ALbedo VALidation (SALVAL) Platform: Towards CEOS
LPV Validation Stage 4 —Application to Three Global Albedo CDRs

Remote Sens. 2023, 15,1081 37 of 38

54. Wang, Z.; Schaaf, C.B.; Chopping, M.].; Strahler, A.H.; Wang, ].; Roman, M.O.; Rocha, A.V,; Woodcock, C.E.; Shuai, Y. Evaluation
of Moderate-resolution Imaging Spectroradiometer (MODIS) snow albedo product (MCD43A) over tundra. Remote Sens. Environ.
2012, 117, 264-280. [CrossRef]

55. Wang, Z.; Schaaf, C.B; Strahler, A.H.; Chopping, M.].; Roman, M.O.; Shuai, Y.; Woodcock, C.E.; Hollinger, D.Y.; Fitzjarrald,
D.R. Evaluation of MODIS albedo product (MCD43A) over grassland, agriculture and forest surface types during dormant and
snow-covered periods. Remote Sens. Environ. 2014, 140, 60-77. [CrossRef]

56. Climate Data Store of Copernicus Climate Change Service. Available online: https://cds.climate.copernicus.eu/#!/home
(accessed on 10 May 2020).

57. Carrer, D.; Pinault, F; Ramon, D.; Benhadj, I; Swinnen, E. Algorithm Theoretical Basis Document (ATBD) of CDR SPOT/VGT
Surface Albedo v1.0 (Official Reference Number Service Contract: 2018/C3S_312b_Lot5_VITO/SC1). Available online:
https:/ /datastore.copernicus-climate.eu/documents/satellite-albedo/D1.3.3-v1.0_ATBD_CDR-ICDR_SA_PROBAV_v1.0
_PRODUCTS_v1.0.2.pdf (accessed on 1 November 2022).

58. Carrer, D.; Pinault, F; Bigeard, G.; Ramon, D.; Jolivet, D.; Kirches, G.; Brockmann, C.; Boettcher, M.; Benhadj, I. Algo-
rithm Theoretical Basis Document Multi sensor CDR Surface Albedo v2.0 (Official Reference Number Service Contract:
2018/C3S_312b_Lot5_VITO/SC1). Available online: https://datastore.copernicus-climate.eu/documents/satellite-albedo /
D1.3.4-v2.0_ATBD_CDR_SA_MULTI_SENSOR_v2.0_PRODUCTS_v1.1.pdf (accessed on 10 November 2022).

59. Rahman, H.; Dedieu, G. SMAC: A simplified method for the atmospheric correction of satellite measurements in the solar
spectrum. Int. J. Remote Sens. 1994, 15, 123-143. [CrossRef]

60. Sanchez-Zapero, J.; Martinez-Sanchez, E.; Camacho, F.; Leén-Tavares, ]. Product Quality Assessment Report Multi-sensor
Surface Albedo v2.0 (Official Reference Number Service Contract: 2018/C3S_312b_Lot5_VITO/SC1). Available online:
https:/ /datastore.copernicus-climate.eu/documents/satellite-albedo/D2.3.4-v2.0_PQAR_CDR_SA_MULTI_SENSOR _v2.0
_PRODUCTS_v1.1.pdf (accessed on 10 November 2022).

61. Liang, S.; Cheng, J.; Jia, K; Jiang, B.; Liu, Q.; Xiao, Z.; Yao, Y.; Yuan, W.; Zhang, X.; Zhao, X.; et al. The Global LAnd Surface
Satellite (GLASS) product suite. Bull. Am. Meteorol. Soc. 2020, 102, E323-E337. [CrossRef]

62. Qu,Y,;Liu, Q; Liang, S.; Wang, L.; Liu, N.; Liu, S. Direct-estimation algorithm for mapping daily land-surface broadband albedo
from modis data. IEEE Trans. Geosci. Remote Sens. 2014, 52, 907-919. [CrossRef]

63. Liu, N.F; Liu, Q.; Wang, L.Z; Liang, S.L.; Wen, ].G.; Qu, Y,; Liu, S.H. A statistics-based temporal filter algorithm to map
spatiotemporally continuous shortwave albedo from MODIS data. Hydrol. Earth Syst. Sci. 2013, 17, 2121-2129. [CrossRef]

64. Qu,Y,; Liang, S.; Liu, Q.; Li, X; Feng, Y.; Liu, S. Estimating Arctic sea-ice shortwave albedo from MODIS data. Remote Sens.
Environ. 2016, 186, 32-46. [CrossRef]

65. Feng, Y.;Liu, Q.; Qu, Y,; Liang, S. Estimation of the Ocean Water Albedo From Remote Sensing and Meteorological Reanalysis
Data. IEEE Trans. Geosci. Remote Sens. 2016, 54, 850-868. [CrossRef]

66. Ground-Based Observations for Validation (GBOV) of Copernicus Global Land Products Site. Available online: https://land.
copernicus.eu/global /gbov (accessed on 3 November 2022).

67. FLUXNET. The Data Portal serving the FLUXNET Community. Available online: https:/ /fluxnet.org/ (accessed on 10 November
2022).

68. NSF NEON. Open Data to Understand our Ecosystems. Available online: https://www.neonscience.org/ (accessed on 10
November 2022).

69. European Fluxes Database Cluster. Available online: http://www.europe-fluxdata.eu/ (accessed on 10 November 2022).

70. ICOS—Integrated Carbon Observation System. Available online: https://www.icos-cp.eu/ (accessed on 10 November 2022).

71. TERN—Australia’s Terrestrial Ecosystem Research Network. Available online: https://www.tern.org.au/ (accessed on 10
November 2022).

72. Ohmura, A; Dutton, E.G.; Forgan, B.; Frohlich, C.; Gilgen, H.; Hegner, H.; Heimo, A.; Konig-Langlo, G.; McArthur, B.; Miiller, G.;
et al. Baseline Surface Radiation Network (BSRN/WCRP): New Precision Radiometry for Climate Research. Bull. Am. Meteorol.
Soc. 1998, 79, 2115-2136. [CrossRef]

73.  ESRL Global Monitoring Laboratory—Global Radiation and Aerosols. SURFRAD. Available online: https://gml.noaa.gov/grad/
surfrad/ (accessed on 20 December 2022).

74. Matheron, G. Principles of geostatistics. Econ. Geol. 1963, 58, 1246-1266. [CrossRef]

75. Hohn, M.E. An Introduction to Applied Geostatistics: By Edward H. Isaaks and R. Mohan Srivastava, 1989, Oxford University
Press, New York, 561 p., ISBN 0-19-505012-6, ISBN 0-19-505013-4. Comput. Geosci. 1991, 17, 471-473. [CrossRef]

76. Copernicus Sentinel-2 Mission. Available online: https:/ /sentinel.esa.int/web /sentinel/missions /sentinel-2 (accessed on 20
December 2022).

77. Bonafoni, S.; Sekertekin, A. Albedo Retrieval from Sentinel-2 by New Narrow-to-Broadband Conversion Coefficients. IEEE Geosci.
Remote Sens. Lett. 2020, 17, 1618-1622. [CrossRef]

78. Ohring, G.; Wielicki, B.; Spencer, R.; Emery, B.; Datla, R. Satellite Instrument Calibration for Measuring Global Climate Change:
Report of a Workshop. Bull. Am. Meteorol. Soc. 2005, 86, 1303-1314. [CrossRef]

79.  World Meteorological Organization (WMO) Requirements for Earth Surface Albedo. Available online: https:/ /www.wmo-sat.
info/oscar /variables/view/54 (accessed on 10 April 2020).



189 1 Pagina Anexo IV
Surface ALbedo VALidation (SALVAL) Platform: Towards CEOS
LPV Validation Stage 4 —Application to Three Global Albedo CDRs

Remote Sens. 2023, 15,1081 38 of 38

80. The 2022 GCOS ECVs Requirements (GCOS 245). Available online: https:/ /library.wmo.int/index.php?lvl=notice_display&id=
22135#.Y5eLMofMI2whttps:/ /library.wmo.int /doc_num.php?explnum_id=11318 (accessed on 20 December 2022).

81. Sanchez-Zapero, J.; Camacho, F. Product Quality Assessment Report (PQAR) of CDR and ICDR Surface Albedo v1.0 based on
PROBA-V (Official Reference Number Service Contract: 2018 /C3S_312b_Lot5_VITO/SC1). Available online: https://cds.climate.
copernicus.eu/cdsapp#! / dataset/satellite-albedo?tab=doc (accessed on 9 April 2022).

82. Iannone, RQ.; Niro, E; Goryl, P; Dransfeld, S.; Hoersch, B.; Stelzer, K.; Kirches, G.; Paperin, M.; Brockmann, C.; Gomez-Chova, L.;
etal. Proba-V cloud detection Round Robin: Validation results and recommendations. In Proceedings of the 2017 9th International
Workshop on the Analysis of Multitemporal Remote Sensing Images, MultiTemp, Bruges, Belgium, 27-29 June 2017; pp. 1-8.
[CrossRef]

83.  Weiss, M,; Baret, F.; Block, T.; Koetz, B.; Burini, A.; Scholze, B.; Lecharpentier, P; Brockmann, C.; Fernandes, R.; Plummer, S; et al.
On line validation exercise (OLIVE): A web based service for the validation of medium resolution land products. application to
FAPAR products. Renote Sens. 2014, 6, 4190-4216. [CrossRef]

84. Lacherade, S.; Fougnie, B.; Henry, P.; Gamet, P. Cross calibration over desert sites: Description, methodology, and operational
implementation. IEEE Trans. Geosci. Remote Sens. 2013, 51, 1098-1113. [CrossRef]

85.  Merchant, C.J. Thermal remote sensing of sea surface temperature. Therm. Infrared Remote Sens. Sens. Methods Appl. 2013,17,
287-313.

86. Fell, F; Bennartz, R; Loew, A. Validation of the EUMETSAT Geostationary Surface Albedo Climate Data Record -2-
(ALBEDOVAL-2). Available online: https:/ /www.eumetsat.int/website /home /Data/TechnicalDocuments/index.html (accessed
on 12 April 2020).

87.  Gu, L.; Shuai, Y.; Shao, C.; Xie, D.; Zhang, Q.; Li, Y.; Yang, J.; Gu, L.; Shuai, Y.; Shao, C.; et al. Angle Effect on Typical Optical
Remote Sensing Indices in Vegetation Monitoring. Remote Sens. 2021, 13, 1699. [CrossRef]

88. Kokhanovsky, A.A.; Breon, EM. Validation of an analytical snow BRDF model using PARASOL multi-angular and multispectral
observations. IEEE Geosci. Remote Sens. Lett. 2012, 9,928-932. [CrossRef]

89. Liang, S. Narrowband to broadband conversions of land surface albedo I Algorithms. Remote Sens. Environ. 2001, 76, 213-238.
[CrossRef]

90. CalVal Portal: SALVAL Tool. Available online: https://calvalportal.ceos.org /salval (accessed on 14 November 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/ or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



1901 Pagina Anexo IV
Global estimates of surface albedo from Sentinel-3 OLCI and SLSTR
data for Copernicus C3S: Algorithm and preliminary validation

Anexo V - Copia de publicaciéon 4

Remote Sensing of Environment 287 (2023) 113460

Contents lists available at ScienceDirect

Remote Sensing of Environment
& e

e ¥ s
ELSEVIER journal homepage: www.elsevier.com/locate/rse

Global estimates of surface albedo from Sentinel-3 OLCI and SLSTR data for
Copernicus Climate Change Service: Algorithm and preliminary validation

Jorge Sanchez-Zapero ™ , Fernando Camacho *, Enrique Martinez-Sanchez *, Javier Gorrono *,
Jonathan Ledn-Tavares b, Iskander Benhadj b, Carolien Toté b, Else Swinnen ", Joaquin Munoz-
Sabater ©

* Earth Observation Laboratory (EOLAB), C/ Savina 8 — A4, 46980 Paterna, Valencia, Spain
b Flemish Institute for Technological Research (VITO), Remote Sensing Unit, Boeretang 200, B-2400 Mol, Belgium

¢ European Centre for Medium-R Weather F (ECMWF), Shinfield Road, RG2 9AX Reading, UK

ARTICLE INFO ABSTRACT

Edited by Jing M. Chen The aim of Copernicus Climate Change Service (C3S) is to supply reliable climate data in support of strategies to
adaptation and mitigation to climate change. The C3S provides access to high-quality climate data through its

Keywords: Climate Data Records (CDRs) of atmospheric, marine and land Essential Climate Variables (ECVs). Global Earth

Mbed? Surface Albedo (SA) satellite-based products are included in the land (biosphere) portfolio. SA is a magnitude

Q]g:f 'd;"; which quantifies the fraction of solar energy reflected by the surface of the Earth. This paper details the retrieval

entinel-.

methodology and preliminary validation results for global estimates of surface albedo based on Sentinel-3 ob-
servations for the C3S ECVs data (C3S SA v3.0). The retrieval algorithm exploits the synergistic use of the Ocean
and Land Colour Instrument (OLCI) and the Sea and Land Surface Temp ure Radi r (SLSTR) on-board
Sentinel-3 A and B satellites. Firstly, the atmospherically corrected reflectances are generated in the Coperni-
cus Global Land Service framework. After that, the Bidirectional Reflectance Distribution Function (BRDF)
inversion module concludes the BRDF model parameters, which are transferred to the angular integration
module in order to generate spectral albedo quantities for the selected OLCI (0a03, 0a04, 0a07, 0a17 and Oa21)
and SLSTR (S1, S2, S5 and S6) bands. At the end, the spectral integration module generates broadband albedo
quantities in three different standard broadband spectral regions (visible [0.4pim— 0.7pm ], near infrared
[0.7pm — 4pm] and total shortwave [0.3pm — 4pm]). Preliminary validation results over 10-months demon-
stration period (July 2018-April 2019) show, in terms of spatial and temporal consistency, that C3S Sentinel-3
SA global estimates reached in general good agreement as compared to other satellite operational references
derived from MODIS (MCD43A3 C6) and PROBA-V (C3S PROBA-V SA v1.0) acquisitions. The comparison with
ground data shows similar results to the MCD43A3 C6 comparisons but opposite sign in differences (marginally
positive in case of Sentinel-3), with accuracy of 0.005 (3.7%), precision of 0.016 (11.3%) and uncertainty of
0.032 (22.7%). Our results have demonstrated the feasibility to estimate global fields of SA from Sentinel-3
observations, with similar quality of existing operational products. These Sentinel-3 based SA datasets will
give the continuity to the existing C3S SA CDR, introducing improvements in terms of spatial resolution (300 m)
and spectral information (9 spectral albedos) in contrast to previous datasets based on Advanced Very High
Resolution Radiometer (AVHRR; 4 km, 4 channels) and Vegetation instruments (VGT; 1km, 4 channels).

Validation

1. Introduction Climate Observing System (GCOS) to characterize the state of the global
climate system and its evolution resulting from natural and anthropo-

Surface albedo (SA), defined as the ratio of the radiant flux reflected genic foreing (GCOS-154, 2011; GCOS-200, 2016). SA is both a forcing
from the Earth’s land surface to the incident flux, is considered a variable controlling the surface energy budget and a sensitive indicator
terrestrial Essential Climate Variable (ECV) according to the Global of environmental changes including land degradation (Dickinson,
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1995). As a corollary, it also determines the fraction of solar energy
absorbed by the surface and transformed into heat or latent energy. Land
SA is therefore a key variable for characterizing the energy balance in
the coupled surface-atmosphere system and constitutes an indispensable
input quantity for soil-vegetation-atmosphere transfer models (Stephens
etal., 2015). Also worth noting, climate sensitivity studies with Global
Circulation Models have confirmed the unsteady nature of the energy
balance with respect to small changes in Surface Albedo (Amut et al.,
2007; Henderson-Sellers and Wilson, 1983; Ollinger et al., 2008; Sellers
et al., 1995).

The albedo quantity most relevant in terms of energy budget com-
prises the shortwave domain (SW [0.3pm, 4 pm]), where the solar
downwelling radiation is more relevant (Gueymard et al., 2019). SW
domain includes the visible (VI [0.4 pm, 0.7 pm]) and near-infrared (NIR
[0.7 pm, 4 pm]. Actually, different definitions of satellite albedo prod-
ucts exist according to the domain of directional integration (Schaep-
man-Strub et al., 2006): the directional-hemispherical reflectance (DHR)
or black-sky albedo (BSA or AL-DH), and the bi-hemispherical reflec-
tance (BHR) or white-sky albedo (WSA or AL-BH). BSA is defined as the
ratio of the radiant flux for light reflected by a unit surface area into the
view hemisphere to the illumination radiant flux, when the surface is
illuminated with a parallel beam of light from a single direction (Lucht
et al., 2000). On the other hand, WSA is the ratio of the radiant flux
reflected from a unit surface area into the whole hemisphere to the
incident radiant flux of hemispherical angular extent (Shuai et al,
2020). Combining BSA and WSA in relation to the proportion of sky
irradiance, the blue-sky albedo is obtained, which is the actual albedo
value (Lewis and Barnsley, 1994).

The Climate Change Service (C3S, https://climate.copernicus.eu/) of
Copernicus European Union's Earth Observation (EO) programme aims
to provide key indicators on the drivers of climate change, combining
climate observations with the most recent science to develop and deliver
quality guaranteed information about the past, current and future
climate conditions in Europe and in the whole worldwide. In response to
GCOS, the €3S produces Climate Data Records (CDRs) of many ECVs,
including land SA. In the C3S, three broadband quantities are provided
(visible, NIR, total shortwave) in both angular integration domains
(black-sky and white-sky albedos). The existing C3S SA CDR, available
in the Climate Data Store (CDS, https://cds.climate.copernicus.eu/#!/h
ome) is based on past EO satellites time series, retrieved from the Na-
tional Oceanic and Atmospheric Administration / Advanced Very High
Resolution (NOAA/AVHRR) (Apr 1981- Dec 2005, at 4km), Satellite
Pour I'Observation de la Terre / Vegetation (SPOT/VGT) (Dec 1999 -
May 2014, at 1km) and Project for On-Board Autonomy Vegetation
(PROBA-V) (Dec 2013 - Jun 2020, at 1 km). The primary objective of
C3S is to continuously monitor the status of existing CDRs to support
adaptation and mitigation policies of the European Union by providing
consistent and authoritative information about climate change. SA is
also mandatory for the continuity other C3S ECVs, as serves as input for
the generation of Leaf Area Index (LAI) and Fraction of Absorbed
Photosynthetically Active Radiation (FAPAR) products, wich are based
on Two-stream Inversion Package (TIP) algorithm (Pinty et al., 2006).

The continuity of the SA ECV service can be ensured thanks to the
switch to measurements from Ocean and Land Colour Instrument (OLCI)
and Sea and Land Surface Temperature Radiometer (SLSTR) on-board
ESA Sentinel-3 A (S3A) and B (S3B) satellites (Mecklenburg et al.,
2018). The synergistic use of both sensors allows the characterization of
total solar spectrum, necessary for broadband albedo calculation, as
they provide complementary information. OLCI provides spectral in-
formation in blue region, which is important for VI broadband albedo
estimation. SLSTR has, however, spectral channels in SWIR domain,
playing important role in NIR broadband albedo estimation. The spatial
resolution of existing SA CDR (1 km) is also improved thanks to the
exploitation of Sentinel-3 OLCI (~ 300 m) and SLSTR (~ 500 m) data, in
response to GCOS (GCOS-200, 201 6) implementation plan actions.

A rigorous approach for SA determination from EO top-of-
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atmosphere (TOA) data consists in solving the radiative transfer prob-
lem in the coupled surface-atmosphere system simultaneously (Betts,
2009). Such method was adopted in both algorithms to retrieve SA from
both MISR (Diner et al., 1998, 2008) and Meteosat (Govaerts et al.,
2008; Pinty et al., 20004, 2000b) instruments. Other methods are based
on TOA reflectances direct conversion to broadband SA without per-
forming atmospheric correction (Liang, 2003). A robust and pragmatic
approach for surface albedo determination distinguishes different steps
in the processing chain (i.e., cloud masking and atmospheric correction,
BRDF inversion, spectral albedo calculation, and narrow-to-broadband
albedo conversion), and treats them independently. The atmospheri-
cally corrected surface reflectance values serve as the input quantities
for the inversion of a linear kemel-driven Bidirectional Reflectance
Distribution Function (BRDF) model, which allows taking into account
the angular dependence of the reflectance factor (Barnsley et al., 1994;
Hu et al., 1997; Roujean et al., 1992; Wanner et al., 1995).This approach
for retrieving surface albedo products was firstly included in the Po-
larization and Directionality of the Earth’s Reflectances (POLDER)
(Leroy et al., 1997) processing chain, then in Moderate Resolution Im-
aging Spectroradiometer (MODIS) MCD43 (Schaaf et al., 2002; Strahler
et al., 1999), Spinning Enhanced Visible and InfraRed Imager (SEVIRI)
(Carrer et al., 2010; Geiger et al., 2008), AVHRR (Lellouch et al., 2020),
and adapted to Vegetetion sensors in C3S (Carrer et al., 2021) after-
wards. This robust approach was selected in the first albedo retrieval
algorithm implementation using Sentinel-3 data in the framework of the
C3S (named as C3S SA v3.0) as it gives a good compromise between
simplicity of implementation, computation time and quality of the
outputs. This explains why it is widely used in operational contexts, such
as NASA MODIS (https://modis.gsfc.nasa.gov/), the Satellite Applica-
tion Facility for Land Surface Analysis (LSA SAF, https://landsaf.ipma.
pt/en/) program of EUMETSAT or the Copemicus Global Land Service
(CGLS, https://land.copernicus.eu/global/index.html).

On the other hand, a framework for the Evaluation and Quality
Control (EQC) of climate data products derived from satellite and in-situ
observations was developed within the C3S CDR (Nightingale et al.,
2019). Validation, or quality assessment, is one of the main components
defined in this EQC framework, and it is defined as the process of
independently assessing the quality of the data products derived from
the system outputs (Justice et al., 2000). Scientific quality assessment is
necessary to ensure the compliance of the products to user requirements,
and C3S SA v3.0 demonstration products underwent a scientific evalu-
ation before they are realised to the users.

The validation methodology follows the good practices recom-
mended by the Land Product Validation sub-group (LPV, https://Ipvs.
gsfenasa.gov/) of the Working Group on Calibration and Validation
(WGCV) of the Committee on Earth Observing Satellites (CEOS) for the
validation of satellite-derived global albedo products (Wang et al.,
2019). The validation strategy includes two different approaches, the
direct and indirect validation. The direct point-to-pixel validation (i.e.
direct validation) consists of satellite products comparisons with albedo
measured from in-situ tower-based instruments (Lewis and Bamnsley,
1994). Direct validation enables the assessment of uncertainties, and it
may be argued that only such methods can be seen as actual validation
in the field of remote sensing (Mayr et al., 2019). Product-to-product
validation approach refers to the intercomparison of satellite products
(i.e., indirect validation), which allows the evaluation of discrepancies
(systematic or random) between products and relative uncertainties.
Indirect validation is very helpful to compute metrics that cannot be
obtained with ground measurements for the limitations in terms of
representativeness and global conditions. However, indirect validation
does not provide absolute validation results, since satellite products
intercomparison alone are not enough to validate new products.

This paper describes the algorithm and preliminary validation results
over a demonstration period of 10 months (July 2018-April 2019) of the
SA retrieval algorithm based on Sentinel-3 OLCI and SLSTR data,
developed in the framework of the C3S. The paper is structured as
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follows: Sections 2 and 3 describe the input datasets and validation
methodology respectively; section 4 presents the albedo retrieval algo-
rithm, section 5 presents the quality assessment results while conclu-
sions are summarized in section 6.

2. Data
2.1. Sentinel-3 input data

2.1.1. Characteristics of Sentinel-3 OLCI and SLSTR instruments

As part of the Copernicus programme, Sentinel-3 is the third of the
Sentinel satellite series, originally dedicated to ocean and land appli-
cations including sea-ice, water quality monitoring in open-ocean,
coastal and inland areas, surface temperature, sea height, and vegeta-
tion productivity. The mission provides continuity to the observations
from Envisat space-borne missions. The first platform, Sentinel-3 A, has
been flying since 16 February 2016. The second platform, Sentinel-3 B,
was successfully launched on 25 April 2018. Sentinel-3 is a Low Earth
Orbit (LEO), with a mean altitude of 815 km and sun-synchronous, and a
local equatorial crossing time of 10:00 am.

OLCI (https://sentinels.copernicus.eu/web/sentinel /user-guide
s/sentinel-3-olci) is one of the four instruments present on the
Sentinel-3 platform. As a continuity of the Envisat MEdium Resolution
Imaging Spectrometer (MERIS), OLCI is a push-broom imaging spec-
trometer that measures solar radiation reflected by the Earth in 21
spectral bands encompassed in visible and NIR, with a high spatial
resolution of 300 m at the nadir view, and a swath width of 1270 km. It
includes five camera modules; the field of view (FOV) of each camera is
arranged in a fan-shaped configuration in the vertical plane perpen-
dicular to the platform velocity. Each camera has an individual FOV of
14.2° with a 0.6° overlap with its neighbours to cover a wide 68.5°
across-track FOV.

SLSTR  (https://sentinels.copemicus.eu/web/sentinel /user-guide
s/sentinel-3-slstr) is a conical scanning imaging radiometer employing
the along-track scanning dual-view technique to measure the radiance at
the top of the atmosphere in nine spectral channels: six solar channels
from the visible (554 nm) to the Short Wave-Infrared (SWIR) (3.74 pm),
and two in the thermal infrared (10.85 and 12.02 pm). Each scene is
observed twice: in nadir and backwards views. SLSTR is an evolution of
the Along Track Scanning Radiometer (ATSR) series and Advanced
Along Track Scanning Radiometer (AATSR) with a wider swath
(1420 km in nadir, 750 km in backwards view) and an increased spatial
resolution (~500 m for solar reflectance bands).

2.1.2. Pre-processing of Sentinel-3 OLCI and SLSTR data

Atmospherically corrected reflectances derived from OLCI and
SLSTR observation on-board of Sentinel-3 A and B satellites (PDGS,
2016) are the input for SA retrieval algorithm. These surface re-
flectances are brokered from CGLS Sentinel-3 pre-processing chain,
which is common to all Sentinel-3 based CGLS biophysical variables.
Surface reflectances are retrieved from Level 1B Sentinel-3 TOA radi-
ometry following the next steps: i) collocation and reprojection of OLCI
and SLSTR Level 1B input on the regular 300 m plate carrée grid using
the nearest neighbour resampling and S3-MPC SYN_L1C tool (https://
github.com/bedev/11c-syn-tool); ii) cloud, cloud shadow and snow
classification based on the OLCI Identification of Pixel (IdePix) pro-
pierties algorithm (S3_MPC, 2019) and the SLSTR summary cloud flag
(S3_MPC, 2021a); and iii) Atmospheric Correction (Ramon et al., 2021)
based on the Simplified Method for Atmospheric Correction (SMAC)
(Rahman and Dedieu, 1994).

The Atmospheric Correction (AC) was evaluated in the CGLS (Jolivet,
2021) following the AC intercomparison exercise approach (Doxani et al.,
2018). Sentinel-3 surface reflectances were compared to a reference
product retrieved from Aerosol Robotic Network (AERONET) aerosols
optical thickness in-situ data and the Second Simulation of the Satellite
Signal in the Solar Spectrum (6S) correction method (Vermote et al.,
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1997). The comparison of surface reflectances with reference products
from 48 AERONET sites show accuracy variability, depending on the
spectral channel, from 10 to 1.2 10 2 and precision and uncertainty
from 0.012 to 0.033. Reference product was retrieved using an accurate
radiate transfer code and inversion of the in-situ Aerosol Robotic Network
(AERONET) products for aerosols optical thickness and model.

The internal CGLS quality assessment of Sentinel-3 surface re-
flectances (Sanchez-Zapero et al., 2021b) demonstrated reliable per-
formance at global scale and spatially accordance with Sentinel-2 at
local study cases. OLCI and SLSTR equivalent channels showed good
consistency and similar temporal trends. The comparison of OLCI and
SLSTR equivalent channels surface retrievals over selected local cases of
interest (representatives of different biome types) showed also good
agreement (positive bias <5%). Observations over desert calibration
sites (Lacherade et al., 2013) from different satellites (S3A versus S3B)
were found also consistent: bias indicator typically <1% while uncer-
tainty and precision around 10%. The comparison with Radiometric
Calibration Network (RadCalNet) in-situ measurements over four
different sites showed good temporal agreement and positive bias, with
median deviation (accuracy) lower than 3% (tipically) and large dif-
ferences in the OLCI and SLSTR lower channels. However, large negative
differences were found in the comparison of SLSTR S5 and S6 channels
against RadCalNet, that could be reduced applying the vicarious cali-
bration coefficients (from —11% to —1% in S5, from —18% to 4% in S6).
In summary, the quality assessment demonstrated the reliability and
suitability of Sentinel-3 surface reflectances to produce biophysical
products. The main limitations come from the ancillary quality layers
(cloud masking and error characterization) and the underestimation in
the SWIR region (S5 and S6 SLSTR channels) (53 MPC, 2021b).

A well-known limitation of the IdePix cloud/snow algorithm is the
misidentification of snow and clouds (Tote, 2020), removing most of
snow observations when all the IdePix cloud flags (i.e., “cloud”, “clou-
d_ambiguous”, “cloud buffer”, “cloud shadow™) are applied. Conse-
quently, an alternative decision rule (see Fig. 1.) based on Normalized
Difference Snow Index (NDSI) threshold in combination with less
restrictive IdePix flags (i.e., “cloud”, “cloud_ambiguous™ has been
implemented to identify pixels likely associated with snow. The NDSI
was computed using the ground reflectance of green (S1) and SWIR (S5)
SLSTR spectral bands. A threshold of 0.42 (https: //sentinels.copernicus.
eu/web/sentinel/technical-guides/sentinel-2-msi/level-2a/algorithm)
was found useful to identify snow pixels from Sentinel-3. For snow-free
pixels (NDSI<0.42) the additional two cloud flags (“cloud shadow™,
“cloud_buffer™) were applied.

CGLS includes a total of 20 spectral bands of Sentinel-3 surface re-
flectances (15 from OLCI and 5 from SLSTR). The use of both sensors
allows covering the total shortwave range for broadband albedo calcu-
lation, as OLCI provides spectral information in blue spectral region (i.e.,
0a03 and 0a04 channels; Table 1) and SLSTR in SWIR domain (i.e., S5
and S6 channels; Table 1). In this version of the Sentinel-3 surface al-
bedo retrieval algorithm, the bands that provide less information, pre-
dominate in highly sensitive areas or are spectrally redundant were
discarded. As similar accuracy of surface reflectances was found for
equivalent OLCI and SLSTR channels (Sanchez-Zapero et al., 2021b), the
broader bands were selected for OLCI and SLSTR overlaps due to they
are more representative of broadband albedo. Furthermore, as OLCI
swath (1270 km) has 100% overlap with SLSTR swath (1420 km), SLSTR
acquisitions out of OLCI swath were not used for sake of consistency.
Table 1 summarizes the information of the 9 selected bands (central
wavelength and width) used as the input in the Sentinel-3 SA algorithm.

2.2. Validation data

2.2.1. Ground measurements

A careful selection of best in-situ reference albedo measured from
tower-based instrument is mandatory for the comparison with satellite
albedo products. For a meaningful point-to-pixel comparison, it is
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Fig. 1. Diagram for cloud screening and snow classification.

Table 1

Characteristics of Sentinel-3 OLCI (0a03, 0a04, 0a07, Oal7, Oa21) and SLSTR (S1, S2, S5, S6) channels used as input of the surface albedo retrievals.
Spectral band 0a03 0a04 0a07 0al7 0a2l S1 52 S5 S6
’ centre (nm) 4425 490 620 865 1020 554.27 659.47 1613.4 2255.7
Width (nm) 10 10 10 20 40 19.26 19.25 60.68 50.15

crucial the good characterization of the spatial representativeness
around the ground-based measurements. Homogeneous sites were
selected showing similar footprints than satellite pixel resolutions of
interests. 58 stations (see details in Annex I) were taking into account in
the evaluation of the spatial representativeness: 17 sites come from the
CGLS Ground-Based Observations for Validation (GBOV, https://gbov.
acri.fr/, which collects data from other existing networks such as ESRL
GMD, SURFRAD, BSRN, FLUXNET and OZFLUX), 25 from the National
Ecological Observatory Network (NEON, https://www.neonscience.
org/), 4 from the Integrated Carbon Observation System (ICOS, http
s://www.icos-cp.eu/) and 12 from The Environmental Resources
Network (TERN, https://www.tern.org.au/). Most of them (33 sites) are
considered ‘Super Sites’ endorsed by the CEOS LPV, as they are deeply
characterized in terms of bio-geophysical variables and canopy structure
and have infrastructural capacity to keep active in long-term operations.

The stations provide measurements from the top of ground-based
tower sites of downward shortwave radiation (SW_IN), upward short-
wave radiation (SW_OUT) and downward diffuse shortwave radiative
flux (SW_DIF). Measurements are available for each day with a temporal
frequency acquisition typically lower than 30 min. SW_IN is the sum of
the direct and diffuse downwelling (SW_DIF) components of the solar
radiation and SW_OUT is the upwelling solar radiation reflected by the
surface. The fraction of SW_OUT and SW_IN results in blue-sky albedo
measurements. A broadband albedometer consists of two pyranometers
(e.g., Kipp & Zonen CMP, CMA, CNR or SpectroSun SR-75), which
measure SW_IN and SW_OUT, respectively. SW_DIF is measured by an
independent shaded pyranometer (e.g., Eppley i-48) using a sun tracker
to shield the sensor from direct sunlight. The uncertainty of albedo
tower-based measurements depends on absolute accuracy of the pyr-
anometers and the associated non-ideal cosine response (Cescatti et al.,
2012). Most of the errors associated with the absolute accuracy of the
instrument are similar for SW_IN and SW_OUT and therefore compen-
sate. Overall the expected accuracy related to albedo measurements is in
the order of 4-7% in clear sky and 1-4% in overcast condition (Pirazzini,

2004; Pirazzini et al., 2006).

The spatial representativeness was evaluated at 1km, with aim to
ensure that ground measurements are comparable with satellite re-
trievals from different sources and spatial resolutions (Sentinel-3 at
300m, MODIS at 500m and PROBA-V at 1km). The methodology,
adopted from CEOS LPV recommendations, is based on the estimation of
geostatistical indexes (Roman et al., 2009, 2010), comparing the var-
iogram model parameters obtained at different spatial resolutions (1 km
- 1.5 km). Four geostatistical attributes were procured from variogram
model parameters (Cescatti et al., 2012; Roman et al., 2010): relative
strength of the spatial correlation (Rst), relative coefficient of variation
(Rcy), scale requirement index (Rsg), and relative proportion of strue-
tural variation (Rsy). Combining the four geostatistical attributes it is
generated the standard score (STscore, @ score of spatial representa-
tiveness which use Rgg as more weighted marker and the others like
secondary markers (see Eq. 1). In cases when semi-spherical variogram
model does not provide a good fit to the variogram estimator, the first
order score (RAWscore) could be used to provide a mark of the spatial
representativeness (Eq. 2), less recommended due to are only based on
the Rey.

-1
ST = (Rt Bl s Rl ) o

RAW.core = 2Rov|™ @

Both, ST and RAW scores are directly proportional to site spatial
homogeneity or representativeness. It is proposed to use a score
threshold of 2.0 in STscogre to decide which one is a homogeneous or
spatially representative site as large differences are expected for sites
below to this threshold (Cescatti et al., 2012; Sanchez-Zapero et al.,
2020). In case where STscogg cannot be computed, same threshold of 2.0
in RAWscore was used.

Finally, 32 sites (Fig. 2) were considered homogeneous or spatially
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representative for the comparison of satellite products at 1 km resolution The Quality Flag information (Table 3) was applied to discard re-
(see Annex II, where a summary of the main geostatistical attributes for trievals which have been flagged as low quality in case of reference
each selected site used in accuracy assessment at 1km resolution is products. For C3S SA v1.0 products, land pixels which show input status
presented). The ground stations are grouped according to the main invalid or out of range and/or saturation in blue and red channels were
biome types (26 forest, 4 grasslands, 1 croplands and 1 bare area). Note discarded. In case of MODIS C6, pixels with best quality (i.e., magnitude
that KONZ, ORNL, MLBS, STEI, AU Cum and AU GWW are not consid- inversion with number of valid observations of at least 7 days) and good
ered representative at 1km resolution during the leaf-on season and quality (full inversion) were considered for the re-sampling over C3S
USA_PSUS and USA_SFSD during the leaf-off season. Additionally, spatial grid. Then, MODIS C6 inversions with <7 days were discarded.
USA NRFT, BONA and DEJU were not used in the leaf-off season period

due to not clear images were found in the period to analyze the repre- 3. Validation methods

sentativeness of the site due to persistent cloudy or snow events.

The methods for quality assessment follow the CEOS LPV good

2.2.2. Satellite products practice protocol for the validation of satellite-derived albedo products
In this section, the main characteristics of SA products involved in (Wang et al., 2019).
the quality assessment are deseribed (Table 2). MODIS BRDF/Albedo For direct validation purposes, the in-situ albedometer footprints were

(MCD43A3) Collection 6 (C6) (Schaaf and Wang, 2015) and €38 tested in terms of spatial representativeness at the satellite evaluated pixel
PROBA-V SA v1.0 (Carrer et al., 2019) products are used as a reference. resolution, in concordance with tower-based measurements standards
They have reached CEOS LPV validation stage level three (Wang etal,  (ronyin et al., 2009, 2010) (see section 2.2.1). The next step involves the
2018), as products are evaluated over global conditions and validation  computation of satellite blue-sky albedo (Lewis and Barnsley, 1994) to
procedures followed community-agreed good practices. C3S PROBA-V compare ground measurements (direct validation). For that, the propor-
SA v1.0 validation results (SinchezZapero and Camacho, 2019)  tjon of direct and diffuse down-welling shortwave radiation measured at
showed systematic overestimation (11.5%) compared with 20 homo- the station is used to weight the corresponding BSA and WSA satellite best
geneous GBOV sites (2014-2018 period), mainly over forest sites for  quality retrievals (Table 3). Since satellite products provide BSA estima-
lower albedo ranges (SA < 0.2) (Sanchez-Zapero et al., 2020). MCD43A3 tions at the Solar Local Noon (SLN), ground measurements have been
C6 showed better accuracy and opposite sign of differences (negative  chosen at SN, too. Finally, the average of daily ground data values during
bias of —5.9%). Both reference products showed similar uncertainty the temporal composite window of satellite product (see Table 2) were
(RMSD ~0.04) in comparison with GBOV data over homogeneous sites. computed for the comparison.

Equivalent spatial and temporal support sampling must be defined The product intercomparison approach is evaluated over LAND
for intercomparison of satellite products. The comparison was per-  yAaLidation (LANDVAL) 720-site network. This selection of sites is repre-
formed at 1km spatial support area, which is the spatial resolution of  sentative of the global variability of land surface types (Fuster et al., 2020;
PROBA-V SA products. For that, Sentinel-3 (300 m resolution) average Sanchez-Zapero et al, 2020). The product comparison is also performed
values in a 3 x 3 pixels window and 2 x 2 pixels for MCD43A3 C6 per biome type, as well as for the specific case of snow targets.

(500 m resolution) were calculated. Previously, MCD43A3 C6 products The temporal consistency is evaluated through qualitative inspection
were re-located in Plate Carrée projection. Furthermore, as C3S products of temporal trajectories. The error is quantitatively characterized
temporal frequency is 10-days, it was selected as common temporal  ggsessing the Accuracy, Precision and Uncertainty (APU) metrics (see
support period. Table 4), reporting the goodness of fit between the evaluated dataset and

30°N

30°S

e .
TI0W  120W 90W  60W | 30°W 0° 30°E 60°E 90 120°E  150°E

Fig. 2. Global distribution of spatially-representative tower sites selected for direct validation.
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Table 2
Features of the global remote sensing SA products involved in the quality assessment.
Product Satellite BRDF Model: Spatial Production frequency Period available Reference
/Sensor Volumetric resolution /Composite period
/Geometrical Kernels  /Projection
1/336° 10 days
Sentinel-3 Ross_Thick July 2018 - April (Sanchez-Zapero et al,
C3S SAv3.0 B . (~300m) /20 days (recursive using BRDF MODIS Yo
/OLCI & SLSTR  /Li_Sparse Reciprocal /Plate - climatology). 2019 2021a)
PROBA Ross Thick vne 10d
oss_Thick ays é
C3S SAv1.0 A (~1km) 2014 - June 2020 (Carrer et al., 2019)
/VEGETATION /Roujean /Plate e /30 days
NASA MCD43A3 TERRA+AQUA  Ross Thick 500 m Daily 2000 . (Schaaf and Wang,
c6 /MODIS /Li_Sparse Reciprocal  /Sinusoidal /16 days prene 2015),
Table 3 Table 5
Summary of the quality flags used to discard invalid or low quality pixels. Review of uncertainty requirements (GCOS, WMO and C3S SA).
Product Quality Control Flag GCOs WMO c3s
Sea (bit 1) Goal: 5%

C3S PROBA-V SA v1.0
% Input status out of range or invalid (bit 6)

QrRLAG Saturation in Red (bit 10) and blue (bit 11) channels
BRDF Albedo Band Quality Bands 1 to 7:
MCD43A2 C6 Magnitude inversion (number of observations lower

than 7)

the corresponding reference. They are adopted from experimental rec-
ommendations of Joint Committee for Guides in Metrology (JCGM) to
the expression of uncertainty in measurement (JCGM-GUM, 2008) and
from GCOS (GCOS-154, 2011). In addition to APU metrics, other sta-
tistics including linear model fits or correlation between datasets are
used to evaluate the goodness of fit. Major Axis Regression (MAR) was
chosen as linear fit model instead of Ordinary Least Squares (OLS) due to
MAR is particularly conceived to handle error in both variables (x- and
y-axis) (Harper, 2014).

The quality assessment of the C3S Sentinel-3 SA v3.0 satellite
products is performed for a global test dataset covering the period from
June 2018 to April 2019.

For the conformity testing, a review of a user uncertainty re-
quirements (Table 5) collection was done. €3S, GCOS (GCOS-154,2011)
and World Meteorological Organization (WMO, https://space.oscar.

wmo.int/variables/view/earth_surface_albedo) requisites are
considered.
Table 4
Validation metrics.
Statistics Comment
N Number of samples. Indicative of the power of the validation
Mean Bias. Difference between average values of x and y.
B Indicative of accuracy and offset.

Bias (%) is the relative mean bias between the average of x and y.
Median deviation between x and y. CEOS LPV good practice
MD reporting the accuracy.
MD (%) is the relative MD between the average of x and y.
Standard deviation of the pair differences. Indicates precision.
STD (%) is the relative STD between the average of x and y.
Median absolute deviation between x and y. CEOS LPV good
MAD practice reporting precision.
MAD (%) is the relative MAD between the average of x and y.
Root Mean Square Deviation. RMSD is the square root of the
average of squared errors between x and y. CEOS LPV good
practice reporting uncertainty.
RMSD (%) is the relative RMSD between the average of x and y.
Correlation coefficient. Indicates descriptive power of the linear
R accuracy test.
Pearson coefficient is used.
Slope and offset of the Major Axis Regression (MAR) linear fit.
Indicates some possible bias

RMSD

MAR

Conformity

£ Percentage of pixels matching the user requirements (Table 6).

Max (5%; 0.0025) Breakthrough: 10%

Threshold: 20%

Max (10%; 0.01)

Three different conformity levels (i.e., optimal, target and threshold)
based on the existing requirements are predefined (Table 6), aiming at
verifying whether the results are fit for validation purpose. The optimal
level (Max [5%, 0.0025]) corresponds to the GCOS uncertainty
requirement (which is partly equivalent to WMO goal level). The target
level (Max [10%, 0.01]) is selected according to the C3S key perfor-
mance indicator (KPI) (which is partly equivalent to the WMO break-
through level). Lastly, the threshold level (Max [20%, 0.02]) is more
similar to WMO threshold level. When products performances are above
threshold level, it is considered as suboptimal quality.

4. Sentinel-3 albedo retrieval algorithm

4.1.1. Algorithm overview

The proposed Sentinel-3 SA retrieval approach flow diagram is
described in Fig. 3. It starts from OLCI and SLSTR surface reflectances,
which are generated in the CGLS service in a common 300 m spatial grid
aiming to facilitate the integration of both data sources. The BRDF
inversion and the albedo calculation (which involves angular and
spectral integration) are constructed in the context of the C3S, and
described in the following sections, being the outputs the spectral and
broadband albedos (and associated uncertainties), delivered every
10days (3 per month). Spectral albedos are provided for each OLCI or
SLSTR channel described in Table 1 and they are finally combined in the
last step, which is related to the narrow to broadband conversion.

4.1.2. BRDF descriptors retrieval

Land Surface reflectance values depend on the spectral wavelength,
as well as on different conditions in terms of observation, illumination
and geometry (sensor and Sun locations). The BRDF, which quantifies
the anisotropy of the reflectance, can be approximated by numerical
inversion of kernel-driven semi-empirical models (e.g. RossThick-

Table 6
Predefined levels for uncertainty requirements used in the SA validation.
Optimal Target Threshold
s“‘ﬁ':;:i:ed“ Max [5%, Max [10%, Max [20%,
3 0.0025] 0.01] 0.02]

Requirements
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Fig. 3. Flow diagram of the SA retrieval algorithm.

LiSparseReciprocal) making use of three parameters called BRDF de-
scriptors or parameters (Roujean, 2017). It is now widely accepted that
kernel-driven semi-empirical BRDF models can adequately represent the
directional signature of most natural targets (Breon and Maignan, 2017;
Bréon and Vermote, 2012; Claverie et al., 2015; Franch et al., 2014; Los
et al., 2005; Lucht et al., 2000; Roujean et al., 1992, 2018; Roy et al.,
2016; Schaaf et al., 2002; Vermote et al., 2009; Wanner et al., 1995). In
the framework of C38, the Regularised BRDF inversion for land surface
reflectance (ReBeLS) processor, initially developed within CGLS (Leon-
Tavares, 2020), was used to retrieve the BRDF model from Sentinel-3
surface reflectance data for the required OLCI and SLSTR channels
(see Table 1).

ReBeLS starts with the ingestion of surface reflectances, their asso-
ciated geometries (solar viewing/azimuth, viewing and viewing azi-
muth angles), pixel quality flags and priors auxiliary data. The priors
were built from climatology of MCD43 BRDF descriptors (Strahler etal,

1999) products (MCD43A1 and MCD43A2) and are used as auxiliary
information for the optimization of the BRDF inversion process (Muller
et al., 2011). Layers are accumulated over a predefined period of time
(for this version of the algorithm, 30 days and 365 days for near-real
time (NRT) and back processing products, respectively).

The next step is the BRDF modeling, where kemels from a semi-
empirical BRDF model are computed for each observation. ReBeLs
uses the Roujean (Roujean et al., 1992) and RossThick-LiSparse (Wanner
et al., 1995) models, which are the most popular kernel-driven semi-
empirical models to approximate the BRDF of land surface, adopted in
the operational data processing system of the MODIS MCD43 products
and other operational chains (Baret et al., 2013; Geiger et al., 2008;
Lucht et al., 2000; Roujean et al., 2018; Schaaf et al., 2002). Finally, the
BRDF inversion is performed, and BRDF descriptors that best represent
the ensemble of observations are found by solving an inverse problem
(Geiger et al., 2008; Pokrovsky et al., 2003; Roujean et al., 2018) with
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the addition of regularisation (prior) (Quaife and Lewis, 2010).

The outputs of the BRDF model inversion stage are the retrieved
RossThickLiSparse BRDF descriptors (kiso, kyor, kgeo) and their respective
variances (62, 0% kﬁ.nzk,ﬁ). An output control is also performed, and a
quality information layer is assembled to reflect availability of obser-
vations and whether (or not) the BRDF model inversion was successful
(Leon-Tavares, 2020). The quality control of BRDF retrieval is propa-
gated to final albedo products.

4.1.3. Angular integration (spectral albedo)

For albedo calculation, the BRDF angular integration over all
viewing angles is needed. Then, the spectral albedo values can be esti-
mated by computing an angular integral of the kernel functions (f;), once
the BRDF descriptors are known (k). The algorithm estimates the black-
sky and white-sky albedos to each sensor channel (Table 1) separately.
BSA is the albedo over only direct illumination component (any diffuse
component) and is function of the solar zenith angle. The BSA is
computed at local solar noon. WSA is the albedo only comprised of
isotropic diffuse illumination (in absence of direct component). As BSA
is not affected by atmospheric scattering, WSA is variable with the
intrinsic coupling between the surface and the scattering atmosphere.
Instead of directly calculating the integrals of BSA and WSA, the same
pragmatic method of polynomial representation of the BSA and WSA
integrals proposed in the MODIS albedo estimating procedure (Strahler
etal., 1999) is used.

SLSTR SWIR radiometry channels are known to suffer high radiom-
etry calibration inaccuracies, which are translated to Sentinel-3 surface
reflectances brokered from CGLS. To correct adequately the measured
radiance, vicarious calibration exercises have been performed and
multiplicative corrections are strongly advised to be applied (53 MPC,
2021b). Since ESA post launch vicarious calibration coefficients pro-
posed by the Sentinel-3 Mission Performance Centre (correction factors
in SWIR domain of 1/1.1 and 1/1.13 for S5 and S6 SLSTR channels)
were not ingested in the CGLS pre-processing chain, they were directly
applied in the computation of spectral albedos.

4.1.4. Spectral integration (broadband albedo)

The integral of spectral albedos over a defined wavelength interval
domain weighted by the spectral irradiance results in broadband albedo
quantities (Liang, 2001). Most studies calculate broadband albedos by
linear combination of available spectral albedo values in each spectral
channel (Geiger et al., 2008; Liang, 2001; Liang et al., 2003; Van
Leeuwen and Roujean, 2002) due to the approximation of the integral as
a weighted sum of the integrand at discrete values of the integration
variable. Then, the broadband albedo estimates (a,) for a certain spectral
interval (y = [4),4,]) can be computed using a linear transformation of
the spectral albedo values (a;) following the expression:

a, = coy +Z(Q,zu) 3)
J

were ¢o, and c;, refer to the linear combination coefficients.

For the C3S SA v3.0 products, a different assemblage of coefficients
was produced for both snow scenes and snow-free targets in three
different broadband spectral domains: visible (VI - [0.4pm — 0.7pm 1),
near infra-red (NI - [0.7pym — 4pm]) and total shortwave (SW or BB -
[0.3pm — 4um]).

The methodology to generate the combination coefficients applies a
linear regression over a dataset of reference spectral albedo versus its
respective broadband albedo. Both spectral and broadband albedo are
acquired from a database of simulated/measured spectral albedo and
radiative transfer simulations of downwelling irradiance.

For the generation of the linear combination coefficients, the linear
regression is trained considering global representativeness of atmo-
spheric and surface properties at global scale (i.e., a weighted linear
regression). The global representativeness of the land surfaces has been
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Table 7

Approximate percentage area of the Earth represented by the majority of 10
biome types.

Land Class % Land area Land Class % Land area
Evergreen Broadleaved Forest 6.85 Grass 9.34
Deciduous Broadleaved Forest 7.05 Crop 15.85
Needle-Leaf Forest 15.22 Bare 13.08
Other 7.66 Snow 2.54

Shrub 22.20 Urban 0.20

achieved by extracting the data information from the global land cover
classification GLC2000 (Bartholome and Belward, 2005). The aggrega-
tion per main biome was performed into 10 different classes, and the
weights in the linear regression for the generation of narrow to broad-
band coefficients are proportional to the land surface area they represent
at a global scale (see Table 7).

Canopy reflectances in the radiation spectrum (400-2500 nm) at
1 nm for forests are simulated using the PROSAIL (PROSPECT -+ SAIL)
model, which combines the SAIL canopy level bidirectional (Scattering
by Arbitrarily 82 Inclined Leaves; (Verhoef, 1984)) and the PROSPECT
leaf spectral (Jacquemoud and Baret, 1990) models. Therefore, the al-
bedo for deciduous broadleaf (DBF), needle-leaf (NLF) and evergreen
broadleaf (EBF) forest biomes are generated using this method. PROSAIL
parameters settings (Table 8) are based in similar studies (Bacour et al.,
2002; le Maire et al., 2008). General parameters include the values of
carotenoid content (Cgy)[g/em2], brown pigment content (Cbp),
equivalent water thickness (Gy)[cm] and dry matter content (Cw)[g/
cm?] for leaf properties and the leaf angle distribution type (LIDF) (set
to 2 which represent ellipsoidal distribution) for the canopy, the soil
reflectance (pso5) parameter (considering wet and dry soils) and, finally,
the BRDF hot-spot parameter. Biome specific parameterization (Table 8)
includes the chlorophyll a and b content (Cab) [ug/cm2] and structure
coefficient (N) for leaf properties, the leaf area index (LAI) and for mean
leaf angle parameter (lifda) (0° for planophile, 90° for erectophile). In
tropical forests the upper layers have a leaf angle around 35° with the
lower layers having horizontal inclination angles. The boreal forests has
vertical leaf inclination angles throughout the canopy (Huemmrich,
2013). Based on the results of latitude dependence of the different forest
types, the value of lidfa is set to 10° for EBF, 40° for DBF, and 80° for
NLF. Finally, for the solar zenith angle (SZA) the mean value of an entire
year at noontime and for the mean latitude of each biome was used.

The use of the PROSAIL radiative cannot be extended to describe any
complex surface such as bare fields with mixed vegetation. In conse-
quence, the spectral albedo characterization database for the other bi-
omes was done using different strategy. For that, the United States

Table 8
Summary of PROSAIL parameters setting.
Parameter Setting value
Carotenoid content (Cea)[jig/cm?] 8
Brown pigment content (Cpp) 0
Equivalent Water Thickness (C,)[cm] 0.01
Dry matter content (Cy)[g/cm?] 0.009

Soil reflectance (psoil) 0 (wet), 0.5 and 1 (dry)
Hot-spot parameter (s;) 0.05, 0.25 and 0.5

Leaf angle distribution type (LIDF) 2

mean leaf angle (lidfa) EBF: 10°

DBF: 40”

NLF: 80°

EBF: 5 values from 1.5 to 2.5
DBF: 5 values from 0.8 to 2.5
NLF: 5 values from 0.8 to 2.5
EBF: 5 values from 30 to 80
DBF: 5 values from 0 to 80
NLF: 5 values from 10 to 80
EBF: 1, 2, 4,6, 8, 10
DBF:0.2,05,1,2,5, 10
NLF: 0.5,1,15, 25,5,7

Structure co-efficient (N)

Chlorophyll a and b content (Cyy)[ig/cm?]

Leaf Area Index (LAI)[m?*/m?]
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Geological Survey (USGS) spectral library (USGSspeclib) (Iokaly et al.,
2017) and the Ecosystem Spaceborme Thermal Radiometer Experiment
on Space Station (ECOSTRESS) library (Meerdink et al., 2019) provides
different reflectance signatures. These data represent a conical-conical
reflectance obtained from different in-situ and airborne sources (Nic-
odemus et al., 1977; Schaepman-Strub et al., 2006). Although they do
not represent either a directional-hemispherical or bi-hemispherical
reflectances, they can be used as an approximation (Liang, 2001;
Samain et al., 2006) when the surface is near-Lambertian (i.e., spectral
albedo is equivalent to spectral reflectance) or the surface has no strong
directionality and the spectral reflectance shape is not measured under
critical areas such as hot-spot. The selection of reflectance curves in the
database discarded those spectra that were not essentially representative
of a Sentinel-3 pixel (e.g., rocks, mineral and meteorites), or spectral
ranges not representative for Sentinel-3 configuration. The use of multi-
source information including model simulations and hyperspectral li-
braries might include an impact in the generation of reference spectral
albedo dataset. Since the main goal of this dataset is to represent
worldwide variability, this multi-source differences are negligible
compared to the natural variability.

The synthetic dataset of downwelling irradiance was generated using
the Second Simulation of a Satellite Signal in the Solar Spectrum, version
1 (6SV1) (Vermote et al., 1997). The simulation was performed from
300 nm up to 2600 nm in steps of 1 nm (slightly below 6SV1 resolution).
Above that spectral range up to 4000 nm, it was set to zero to reduce
computing time since the irradiance can be considered negligible. The
parameterisation of 6SV1 was specific for each biome in terms of aerosol
optical thickness (AOT), water vapour (WV), altitude and sun zenith
angle. AOT and WV maps from March 2019 to March 2020 and an
altitude map were obtained from NASA Earth Observation (NEO,
https://neo.gsfe.nasa.gov/) at a 0.1° spatial resolution. Viewing angles
were set to nadir, ozone to 0.330 atm-cm, the atmosphere to mid-
latitude summer and aerosol type to continental.

The spectral albedo and downwelling irradiance described above
define both the simulated broadband albedo (a,) and simulated spectral
albedos in Sentinel-3 bands (a;). The latter require the further convo-
lution of the spectral albedo and downwelling irradiance by the mean
spectral response functions of OLCI (S3 CalVal Team, 2016a, 2016b) and
SLSTR (Nightingale, 2015, 2017). Then, a linear regression between

Table 9

Algorithm

Anexo IV
OLCI and SLSTR
validation

Sentinel-3
preliminary

from
and

Remote Sensing of Environment 287 (2023) 113460

them considering weights proportional to the land cover area in Table 7,
defines the coefficients that represent a VIS/NIR/BB spectral region for
both BSA and WSA albedos. The coefficients for Sentinel-3A and
Sentinel-3B satellites (Table 9) include specific coefficients for the biome
snow and for the rest of biomes (snow free, referred in the table as glob).
Since the algorithm uses observations of both satellites, the mean value
for each coefficient is used by the processing chain.

The fitting error represents the difference between the simulated
broadband albedo, the broadband albedo reconstructed using the co-
efficients in Table 9 and the Sentinel-3 band-convolved albedo. Table 10
summarizes the fitting results. It contains the level of correlation (R»)
and the weighted standard deviation of the errors (i.e. STD, considers
the weight for each biome). The levels of correlation are high
(R? > 0.99) and the residual error is low (std < 0.01) for all cases. These
values are in line with fitting results that can be found for other studies
and missions (Liang, 2001; Van Leeuwen and Roujean, 2002).

4.1.5. Uncertainty propagation

The C3S SA products include an uncertainty estimate associated to
the different broadband albedo values. This uncertainty is the result of
propagation through the retrieval chain, taking as starting point the
uncertainty of the BRDF retrieval module. This is explained as the
Sentinel-3 input does not currently include uncertainty information.
Then, we start from approximated (synthetic) surface reflectance un-
certainties in the BRDF retrieval step (Leon-Tavares, 2020), which are
taking into account the number of observations during the accumulation
period, the radiometric values and the solar and view angles. BRDF
descriptors are retrieved along with their variances, which are estimated
assuming uncorrelated errors as the diagonal of the inverse problem of
the BRDF inversion (Geiger et al., 2008).

As BRDF model parameters and spectral albedos have a linear rela-
tionship, the error covariance matrix of the model parameters is used for
standard (“1-sigma™) error estimates of the spectral albedo quantities
(Lucht and Lewis, 2000). Then, the uncertainty of the spectral albedos is
estimated by propagating the BRDF retrievals variances through the spec-
tral albedos polynomial computations. On the other hand, assuming that
the errors of the narrow to broadband linear relationship are uncorrelated
by the dependence of the spectral wavelength, the broadband albedo
quantity error estimates can be expressed by the following expression:

Sentinel-3 albedo narrowband to broadband coefficients in three predefined domains: visible (VI - [0.4 pm~0.7 pm]), near infra-red (NI - [0.7 pm—4 pm]) and total
shortwave (BB - [0.3 pm—4 pm]). Channels out of the VI and NI predefined domains are not used.

Satellite / Coy Ciy
Land cover coverage / Interc. 0203 0204 0207 0al7 0a21 s1 s2 s5 6
Albedo type
Sentinel-3A  global  ALDH-VI  0.0016 0.1732 02422 02755 o 0 0.1984 0.1048 0 0
ALDH-NI  0.0007 0 o 0 05630 00833 0 0 0.2530 0.0856
ALDH-BB  -00010 00746 02793  0.8184 00721 02975  -0.0909  —04972  0.1174 0.0294
ALBH-VI 0.0016 0.2808 02334 02079 0 0 0.1700 0.0828 0 0
AL-BH-NI ~0.0010 0 06620 00167 0 0 0.2425 0.0655
ALBH-BB  0.0002 ~00127  00.238  00.6372 01221 02202  -0.0357  -03567  0.1028 0.0351
AL-DH-VI ~0.0002  0.2060 01478  0.0438 o 0 0.2018 03111 0 0
ALDH-NI  0.0050 0 0 o 04469 02627 0 0 ~0.0997 03323
ALDH-BB  -00010 02862 06762 09336 02140 02121  -0.2979  -0.6213  0.0721 0.0943
snow AL-BH-VI ~0.0004  0.3535 01462  -0.0284 0 0 0.2660 0.2633 o 0
AL-BH-NI 0.0059 0 0 o 05288 02298 0 0 ~0.1798  0.3542
AL-BH-BB ~0.0014  -03631 09954  0.8732 02305 01757  -0.3820  —0.6845  0.0199 0.1206
ALDHVI  0.0018 0.1630 02604 02871 o o 0.1928 0.0908 0 0
ALDH-NI  0.0007 0 0 0 05616 00851 0 o 0.2527 0.0856
gobal  ALDHBB 00010 00697 02722 08215 00722 02977  -0.0955  -0.4935  0.1172 0.0293
AL-BH-VI 0.0018 0.2721 02496  0.2290 o o 0.1609 0.0631 0 0
AL-BH-NI ~0.0010 0 0 0 06605 00184 0 0 0.2427 0.0650
P ALBH-BB  0.0002 ~00105 02356  0.6439 01220 02207  -0.0411  -03579  0.1029 0.0348
AL-DH-VI ~0.0002  0.2093 01451  0.0460 0 0 0.2032 0.3068 o 0
ALDH-NI  0.0049 0 o 0 04476 02614 0 o ~0.0985 03311
aow ALDH-BB  —0.0011 ~0.3046 07006 09201 02113 02141  -0.309  -0.6007  0.0800 0.0876
AL-BH-VI ~0.0004  0.3569 01433  -00255 0 0 0.2668 0.2590 o 0
AL-BH-NI 0.0057 0 0 o 05295 02285 0 0 ~01786  0.3527
AL-BH-BB ~0.0014  -03907 10381 09135 02276 01784  -0.4260  —0.6949  0.0306 01115
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Table 10
Fitting error (STD) and correlation (R?) of C3S Sentinel-3 narrowband to broadband albedo coefficients presented in Table 9.
Land cover Param. AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-BH-NI AL-BH-BB
Global R? 0.9997 0.9962 0.9905 0.9975 0.9939 0.9961
STD 0.0012 0.0049 0.0051 0.0038 0.0061 0.0030
Snow R? 1.0000 0.9996 0.9996 1.0000 0.9993 1.0000
STD 0.0001 0.0056 0.0058 0.0007 0.0074 0.0018

3 3 7 of the fitting error (Liang, 2001).
ola) = /S (24 + 22 ) * (cyan)’ @
a- C,lyz
‘ 4.1.6. Output products

Where a, are the spectral albedo quantities; a,,; are the albedo errors The output of the processing (see Fig. 4) consists in 4 sets of products
for each spectral channel; c;, are the narrow to broadband coefficients ~ distributed as separate files. Both directional-hemispherical reflectances
for each channel (see Table 9); and 6, are the fitting errors of these (variables named DH) or bi-hemispherical reflectances (BH) are pro-
coefficients. The STD values (see Table 10) are used as an approximation ~ vided for both spectral (ALSP) and broadband (ALBB) albedos. Products
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Fig. 4. Global maps of C3S Sentinel-3 SA v3.0 AL-DH-BB (top) for 10th August 2018 and associated uncertainty (bottom).
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are almost globally produced over land covering longitudes from 180°E
to 180°W and latitudes from 80°N to 60°S on Plate Carrée regular lati-
tude/longitude projection (with the ellipsoid WGS 1984), as detailed in
the coordinates reference system variable metadata. The resolution of
the grid is 1/336°, giving respectively approximately 300 m of pixel
extent at the equator. The files of version 3.0 of Surface Albedo products
are genemted in Network Common Data Form version 4 (NetCDF4)
format, internally compressed. Metadata attributes are compliant with
climate and forecast conventions.

The ALSP-DH and ALSP-BH products contain the spectral albedos
and their corresponding uncertainties and quality flags (QFLAG), for
each OLCI (0a03, 0a04, 0a07, Oal7, Oa21) and SLSTR (S1, S2, S5, S6)
channel. Spectral albedos are finally combined using narrow to broad-
band coefficients (Table 9) to produce the ALBB-DH and ALBB-BH
products, containing the broadband albedos in the three spectral do-
mains (VI, NI, BB) and their corresponding uncertainties and QFLAG. It
should be noted that different nominal spatial resolutions are combined
when using OLCI (—~300m) and SLSTR (~500m). However, the com-
bination of observations with different footprints for BRDF inversion is a
current practice of existing albedo products based on wide FOV sensors
(Carrer et al., 2021; Schaaf and Wang, 2015). This is consequence of the
effect of effective pixel size growth at increasing the view angles
(Campagnolo and Montano, 2014). More information about the product
can be found in the product documentation (Sanchez-Zapero et al.,
2021a).

5. Quality assessment results
5.1. Temporal consistency

Sentinel-3 SA v3.0 temporal variations are analysed over the globally
representative LANDVAL network of sites for each main land cover, and
qualitatively compared with the other satellite references (C3S PROBA-
V SAv1.0, MCD43A3 C6). Fig. 5 illustrates the typical temporal trend of
the albedo products for each main biome type.

Note that Sentinel-3 SA v3.0 quality flag information is displayed in
the temporal profiles: dots represent pixels identified with ‘probability’
of snow, and crosses represent retrievals where no data is available
during the composite period. Vertical bars of Sentinel-3 SA v3.0 corre-
spond to associated error auxiliary layer. MCD43A3 C6 pixels classified
as snow according to quality product dataset (MCD43A2) are also
identified with dots.

For Evergreen Broadleaved Forest (EBF), typically located over
equatorial areas, Sentinel-3 SA v3.0 shows remarkable stable temporal
trajectories and noteworthy good completeness as a result of the use of
BRDF prior information in the model inversion. The other satellite
products (C3S SA v1.0, MCD43A3 C6) display larger number of missing
values and nosier profiles. For the other forest cases, such as Needle-Leaf
(NLF, which is mainly distributed at northern latitudes) and Deciduous
Broadleaved (DBF) Forests, Sentinel-3 SA v3.0 fit temporally well with
reference satellite products, properly reproducing the typical situations
over these cases: periods with stable values, slight changes due to sea-
sonality and rapid and large changes in magnitude due to snow events.
Note that Sentinel-3 SA v3.0 algorithm tends to identify lower number of
snow cases than MCD43A3 C6 during the common periods (see for
instance December 2018 — April 2019 in LANDVAL#233), but it can deal
with this issue providing reliable snow albedo values and improving the
completeness due to persistent cloud coverage. For long periods with
low availability of data in the transitions from snow-free to snow
coverage (e.g., November-December 2018 in LANDVAL#564), Sentinel-
3 tends to provide slower transition from low to high albedo values than
the expected trend (rapid albedo changes). This can be explained by the
low availability of input data. If observations are not available, the
model cannot react immediately.

Close temporal patterns are noticed between sensors over cultivated
areas and other biomes (herbaceous or shrublands), well reproducing
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the phenology of the crops or variations due to natural vegetation. In
case of bare areas targets, C3S Sentinel-3 SA v3.0 properly provides
stable temporal trends.

5.2. Error evaluation (product intercomparison)

The overall error between C3S Sentinel-3 SA v3.0 was evaluated
through product intercomparison with satellite references (C3S PROBA-
V SA v1.0, MCD43A3 C6). LANDVAL network of sites was used for
sampling global conditions, and the period of the study corresponds to
the availability of Sentinel-3 demonstration dataset (July 2018-April
2019).

5.2.1. Overall consistency between C3S Sentinel-3 SA v3.0 vs C3S PROBA-
Vvi.o

Scatter-plots of total shortwave BSA with associated metrics are
displayed in Fig. 6, as well as the box-plots of the difference per range
albedo value (bottom). The performance figures for both BSA and WSA
are summarized in Table 11 for the three broadband ranges.

Good correlations were found for visible domain (R = 0.92) with
almost no bias for black-sky albedos (MD ~0) and negative MD of
—4.2% for white-sky albedo. Box-plots show the slight median negative
bias (Sentinel-3 < PROBA-V) for almost all SA ranges, except for the
higher values (from 0.8 to 1, positive bias). In overall, negative bias
(MD) (Sentinel-3 < PROBA-V) of around —5% was found for NIR, with
RMSD of around 0.05 (—~15%). Similarly, Sentinel-3 SA v3.0 have a
tendency to display lower retrievals than PROBA-V SA v1.0 (MD of
—5.7% for AL-DH-BB, and — 8.4% for AL-BH-BB) for the total short-
wave, with overall uncertainties (RMSD) of around 0.05 (~ 20%). The
negative bias was found for most of the product ranges (with the
exception of albedo values higher than 0.6 in NIR and 0.8 in total
shortwave). Typically around 20% - 40% of cases are within the optimal
(GCOS) uncertainty requirements, and typically around 50% consid-
ering the target level (C3S KPI).

5.2.2. Overall consistency between C3S Sentinel-3 SA v3.0 vs MCD43A3
c6

This section shows the overall comparison of C3S Sentinel-3 SA v3.0
vs MCD43A3 C6. Scatter-plots and analysis of bias per range albedo BSA
total shortwave albedo value are displayed in Fig. 7. The summary of all
performance statistics for both BSA and WSA in all broadband ranges
(visible, NIR and total shortwave) is presented in Table 12.

Mean negative bias of —1.8% and —5.2% is observed for visible
domain (AL-DH-VI, AL-BH-VI) with positive median value (MD) of 6%
and 1.6%. Differences in the sign of the bias between mean and median
values are due to outliers over snow cases (Sentinel-3 < MCD43A3 C6),
and median values are more realistic to report the accuracy in those
cases. These outliers are due to underestimation of snow albedo values
in case of Sentinel-3 and to the slow transition between snow-free and
snow-covered seasons, as observed in the temporal consistency analysis.
For the near infrared, the accuracy of Sentinel-3 SA v3.0 compared with
MCD43A3 C6 showed, in overall, positive sign with MD of 4.2% and
7.2% for BSA and WSA. For the total shortwave, in overall, positive MD
of 6-7% was found. Box-plots clearly display the slight median positive
bias (Sentinel-3 > MCD43A3 C6) for the lower albedo values (where
most of pixels are located) and large negative for highest albedos
(typically snow cases). Regardless the uncertainty requirements, typi-
cally between 20% and 30% of cases achieved optimal (GCOS) level of
consistency, and >50% of cases within target level (C3S KPI).

5.2.3. Analysis per biome type

The Probability density function distributions of Sentinel-3 SA v3.0
(Fig. 8) albedo retrievals per main biome type are evaluated and qual-
itatively compared with reference products (MCD43A3 C6, C3S PROBA-
V SA v1.0).

C3S Sentinel-3 SA v3.0 products showed similar distribution of
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Fig. 5. Temporal profiles of C3S Sentinel-3 SA v3.0 (purple), C3S PROBA-V SA v1.0 (blue) and MCD43A3 C6 (green) for July2018-June2019 period. Examples over
one selected LANDVAL site representing the main biome types (a) EBF, b) DBF, c) NLF, d) CUL, e) HER, f) SBA). For Sentinel-3 SA v3.0, dots and crosses represent
pixels identified with ‘probability of snow’ and ‘no data available during the dekad’, respectively. In case of MCD43A3 C6, dots represent pixels classified as snow.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Top: Scatter-plots (AL-DH-VI, AL-DH-NI, AL-DH-BB) between C3S Sentinel-3 SA v3.0 (average of 3 x 3 pixels) (Y-axis) versus C3S PROBA-V SA v1.0 (one high
quality pixel) (X-axis) products from July 2018 to April 2019. Green, blue and orange dashed lines correspond to optimal, target and threshold predefined levels
around continuous black 1:1 line. MAR is represented in Red line. Bottom: Box-plots bias per range albedo value. Red bars of boxes display median values, boxes
stretch from the 25th to the 75th percentiles of the data and whiskers include 99.3% of the coverage data (+2.7 6). Outliers are not displayed. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 11

Performance statistics between C3S Sentinel-3 SA v3.0 versus C3S PROBA-V SA v1.0 products. Computation in July 2018 to April 2019 over LANDVAL.

C3S Sentinel-3 SA v3.0 versus C3S PROBA-V SA v1.0

AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-BH-NI AL-BH-BB
Correlation 0.92 0.89 0.90 0.92 0.92 0.92
S— ~0.001 ~0.022 ~0.019 ~0.008 ~0.013 ~0.023
(~0.7%) (~7.5%) (-8.3%) (~5.6%) (—4.0%) (—9.8%)
D405 <-0.001 ~0.016 ~0.013 ~0.006 ~0.009 ~0.020
(0.0%) (~5.2%) (-5.7%) (—4.2%) (—2.8%) (~8.4%)
STD (%) 0.057 0.051 0.051 0.056 0.044 0.044
(41.6%) (17.1%) (22.5%) (40.7%) (13.8%) (18.5%)
SRR 065 0.011 0.023 0.018 0.014 0.021 0.023
(8.0%) (7.5%) (7.9%) (10.2%) (6.7%) (9.6%)
0.057 0.056 0.054 0.056 0.046 0.049
RMSD (%) (41.6%) (18.6%) (24.0%) (41.1%) (14.4%) (20.9%)
MAR y=0.00 +0.99x y=—0.02+0.99x y=0.00+0.91x y=0.00 +0.97x y=-0.02+1.01x y=-0.01+0.95x
%optimal (GCOS) 25.2 336 30.2 18.3 37.7 24.0
%target (C3S KPI) 56.6 58.6 55.9 45.5 63.1 48.0

retrievals than both satellite references for most biome types in all
spectral broadband ranges, except over EBF biome type, where both C3S
products tend show values toward higher values compared with
MCD43A3 C6. Note that EBF biome type is typically mainly affected by
cloud contamination. Both C3S products also tend to provide slight
tendency to high albedo values than MCD43A3 C6 for DBF, NLF, culti-
vated and herbaceous for the total shortwave.

5.2.4. Analysis over snow

In order to better understand the uncertainties of C3S Sentinel-3 SA
v3.0 values over snow targets, they have been compared with reference
satellite PROBA-V SA v1.0 (Fig. 9, Table 13) and MCD43A3 C6 (Fig. 10,
Table 14) products over pixels classified as snow. The analysis is

performed over LANDVAL sites, and the classification of snow covered
pixels was performed using the ‘Snow BRDF Albedo’ flag of MCD43A2 C6
BRDF/albedo quality product.

The comparison with PROBA-V shows negative biases of around
—5% for visible domain and large negative bias for NIR and total
shortwave (around —25% for BSA and — 10%/—14% for WSA). Overall
uncertainties (RMSD) from 0.1 up to 0.18 are found depending of
spectral domain. Similarly, Sentinel-3 SA v3.0 tends to provide sys-
tematically lower values than MCD43A3 C6, with negative biases from
—14% (AL-BH-NI) to —35% (AL-DH-BB) and overall uncertainties
(RMSD) ranging from 0.1 to 0.2. MCD43A3 albedo has demonstrated
overall god quality during the snow-covered periods in previous works
(Wang et al., 2012, 2014) with overall RMSD lower than 0.05 and bias
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Fig. 7. Top: Scatter-plots (AL-DH-VI, AL-DH-NI, AL-DH-BB) between C3S Sentinel-3 SA v3.0 (average of 3 x 3 pixels) (Y-axis) versus MCD43A3 C6 (average of 2 x 2
good quality pixels) (X-axis) products from July 2018 to April 2019. Green, blue and orange dashed lines correspond to optimal, target and threshold predefined
levels around continuous black 1:1 line. MAR is represented in Red line. Bottom: Box-plots of bias per range albedo value. Red bars of boxes display median values,
boxes stretch from the 25th to the 75th percentiles of the data and whiskers include 99.3% of the coverage data (+2.7 6). Outliers are not displayed. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 12

Performance statistics between C3S Sentinel-3 SA v3.0 versus MCD43A3 C6 products. Computation in July 2018 to April 2019 over LANDVAL sites.

C3S Sentinel-3 SA v3.0 versus MCD43A3 SA C6

AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-BH-NI AL-BH-BB
Correlation 0.93 0.90 0.89 094 0.93 0.92
S— ~0.003 <0.001 0.001 ~0.007 0.017 0.003
(-1.8%) (0.1%) (0.6%) (~5.2%) (5.7%) (1.3%)
D405 0.008 0.012 0.015 0.002 0.022 0.013
(6.0%) (4.2%) (7.2%) (1.6%) (7.2%) (5.7%)
STD (%) 0.066 0.053 0.066 0.063 0.043 0.056
(47.1%) (18.7%) (30.8%) (44.8%) (14.4%) (25.2%)
SRR 065 0.012 0.021 0.021 0.009 0.026 0.017
(8.3%) (7.3%) (9.9%) (6.1%) (8.5%) (7.6%)
0.067 0.053 0.066 0.064 0.046 0.056
RMSD (%) (47.1%) (18.7%) (30.9%) (45.1%) (15.4%) (25.3%)
MAR y=0.02+0.85x y=0.03+0.89x y=0.04+0.80x y=0.01 +0.85x y=0.04+0.92x y=0.04+0.83x
%optimal (GCOS) 20.6 32.1 19.0 31.6 27.1 28.2
%target (C3S KPI) 54.3 59.8 422 66.2 53.2 55.7

close to zero in comparison with ground measurements. Large scattering
of values were found for intermediate albedo ranges in Fig. 9 and
Fig. 10, as expected, explained in the fact that this is consequence of the
sub-pixel heterogeneity (Jin et al., 2003) (i.e., mixed of snow-free with
snow covered areas) due to processes such as snowmelt. The different
strategy of temporal composites and sampling between the two sensor
systems is another reason of these discrepancies and large uncertainties
over snow targets are expected for longer spanning composite windows
(Wang et al.,, 2012).

5.3. Error evaluation (direct validation)

Fig. 11 shows the scatter-plots of the validation of satellite datasets

(C3S Sentinel-3 SA v3.0 and PROBA-V SA v1.0, and MCD43A3 C6)
compared with measurements from 32 ground stations. The validation
metrics are summarized in Table 15. The footprint of ground measure-
ment is homogeneous at 1 km” area (see Annex II), and the comparison
was performed using the primary resolution of PROBA-V based prod-
ucts, and average of 3 x 3 and 2 x 2 windows in case of Sentinel-3 and
MODIS based products. Temporal trends of satellite products compared
with ground measurements are displayed in Fig. 12 over a selection of
different biome types.

Sentinel-3 SA v3.0 provides slightly worse accuracy than MCD43A3
C6, and opposite sign of differences: MD = 6.3% in case of Sentinel-3 SA
v3.0, and MD =-3.3% in case of MCD43A3 C6. PROBA-V SA v1.0 pro-
vides larger positive systematic differences (MD = 15.8%), in line to that
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sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Scatter-plots (Top: AL-DH-VI, AL-DH-NI, AL-DH-BB; Bottom: AL-DH-VI, AL-DH-NI, AL-DH-BB) between C3S Sentinel-3 SA v3.0 (average of 3 x 3 pixels) (Y-
axis) versus C3S PROBA-V SA v1.0 (one high quality pixel) (X-axis) products from July 2018 to April 2019 over LANDVAL pixels classified as snow using MCD43A2
C6 snow flag. Green, blue and orange dashed lines correspond to optimal, target and threshold predefined levels around continuous black 1:1 line. MAR is repre-
sented in Red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

found in previous exercises (Sanchez-Zapero et al., 2020).
The three satellite products provided similar results in terms of
precision (STD, MAD) and overall uncertainty (RMSD). MCD43A3 C6

provided the

best

precision (MAD=8.6%) and uncertainty
(RMSD = 0.029). Worse agreement was found for PROBA-V SA v1.0
(MAD = 18.1%, RMSD =0.037), whereas intermediate results were
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Performance statistics between C3S Sentinel-3 SA v3.0 versus C3S PROBA-V SA v1.0 products. Computation in July 2018 to April 2019 over LANDVAL pixels classified

as snow using MCD43A2 C6 snow flag.

C3S Sentinel-3 SA v3.0 versus C3S PROBA-V SA v1.0 (snow)

AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-BH-NI AL-BH-BB
Correlation 0.69 0.67 0.68 0.70 072 071
Bias (%) -0.027 -0.111 —0.108 —-0.028 —-0.041 —0.063
(—5.1%) (—26.7%) (—24.8%) (—5.4%) (—9.9%) (—14.3%)
MD (%) —0.005 —-0.096 —0.094 —0.004 —-0.030 —0.050
(—0.9%) (—23.2%) (—21.6%) (—0.8%) (=7.2%) (—-11.4%)
STD (%) 0.182 0.100 0.127 0.177 0.092 0.123
(35.4%) (24.0%) (29.0%) (34.5%) (22.1%) (27.9%)
MAD (%) 0.084 0.100 0.103 0.083 0.048 0.072
(16.4%) (24.1%) (23.6%) (16.3%) (11.49%) (16.3%)
0.184 0.149 0.167 0.179 0.101 0.139
RMSD (%
) (35.8%) (35.9%) (38.2%) (35.0%) (24.2%) (31.4%)
MAR y=—0.06+1.07x y = —0.024 + 0.85x y=—-0.07 +0.92x y=-0.04+1.03x y=-0.03+0.97x y=—0.06+0.99%
Yo ptimal (GCOS) 18.5 5.0 9.6 19.1 26.6 18.3
Y%target (C3S KPI) 33.6 13.3 17.6 323 43.5 33.4
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Fig. 10. Scatter-plots (Top: AL-DH-VI, AL-DH-NI, AL-DH-BB; Bottom: AL-DH-VI, AL-DH-NI, AL-DH-BB) between C3S Sentinel-3 SA v3.0 (average of 3 x 3 pixels) (Y-
axis) versus MCD43A3 C6 (average of 2 x 2 good quality pixels) (X-axis) products from July 2018 to April 2019 over LANDVAL pixels classified as snow using
MCD43A2 C6 snow flag. Green, blue and orange dashed lines correspond to optimal, target and threshold predefined levels around continuous black 1:1 line. MAR is

represented in Red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

found for Sentinel-3 SA v3.0 (MAD = 13.9%, RMSD = 0.033).

Overall, the correlation of Sentinel-3 SA v3.0 (R = 0.61) with ground
values is similar than MCD43A3 C6 (R =0.68) and PROBA-V SA v1.0
(R=0.58). Per biome type, high correlation is found over crops
(R =0.92) but low correlations for desert (R = 0.08), forests (R = 0.14)
and grassland/shrublands (0.05) as a consequence of the low variability
of albedo values for these biome types.

C3S Sentinel-3 SA v3.0 temporal trends, as the rest of satellite
products under study, are efficient over stable targets like evergreen
forests (e.g., TALL, AU_ASM, AU_RCR, AU_WSE) or shrublands (SRER).

Smooth albedo changes due to seasonality (e.g., NET_CABA grassland
and LENO deciduous forest) are also well captured by C3S Sentinel-3 SA
v3.0, ditto PROBA-V and MCD43A3 C6. The changes in albedo values
due to snow events are generally well captured by C3S Sentinel-3 SA
v3.0 (e.g., USA TEAK), however C3S tends to underestimate albedo
snow measurements (e.g., USA SFSD). Moreover, for cases where
spurious snow events of few days are observed (e.g., KONZ), C3S
Sentinel-3 SA v3.0 (as PROBA-V v1.0) is not able to reproduce the snow
albedo rapid surges unlike MCD43A3 C6. It is also noticeable that in
some cases smooth snow transitions are observed (e.g., USA SFSD)
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Table 14

Performance statistics between C3S Sentinel-3 SA v3.0 versus MCD43A3 C6 products. Computation in July 2018 to April 2019 over LANDVAL pixels classified as snow
using MCD43A2 C6 snow flag.

C3S Sentinel-3 SA v3.0 versus MCD43A3 SA C6 (snow)

AL-DH-VI AL-DH-NI AL-DH-BB AL-BH-VI AL-BH-NI AL-BH-BB
Correlation 0.80 0.83 083 0.80 0.83 0.83
Bias (%) -0.122 -0.114 —-0.155 -0.112 —0.058 -0.117
(—23.4%) (—28.7%) (—35.2%) (—21.8%) (—14.3%) (—26.2%)
MD (%) —0.063 —-0.098 -0.136 -0.054 —0.035 —0.091
(—12.7%) (—24.7%) (—31.0%) (—10.5%) (—-8.7%) (—20.4%)
STD (%) 0.162 0.085 0.115 0.160 0.086 0.115
(31.0%) (21.3%) (26.2%) (31.1%) (21.2%) (25.9%)
MAD (%) 0.073 0.098 0.137 0.062 0.043 0.094
(13.9%) (24.8%) (31.1%) (12.0%) (10.6%) (21.0%)
0.203 0.142 0.193 0.196 0.104 0.164
RMSD (%
%) (38.8%) (35.8%) (43.9%) (38.0%) (25.5%) (36.8%)
MAR y=-0.15+1.04x y=—0.05+0.85x y=-0.09 +0.88x y=-0.13+1.03x y=—0.03+0.93x y=-0.08 +0.93x
Y%optimal (GCOS) 20.6 5.1 39 24.0 25.7 11.0
Y%target (C3S KPI) 54.3 13.0 99 41.1 46.7 217
32 sites (July 2018 - June 2019)
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Fig. 11. Direct validation of satellite albedo products (from left to right: C3S Sentinel-3 SA v3.0, C3S PROBA-V SA v1.0, MCD43A3 C6) versus ground values from
July 2018 to April 2019 at 1 km? of spatial resolution. Green, blue and orange dashed lines correspond to optimal (GCOS), target (C3S KP) and threshold predefined
uncertainty levels around continuous black 1:1 line. MAR is represented in Red line. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Sentinel-3. Then, this exercise is almost equivalent to snow-free

Table 15 conditions.

Direct validation relevant statistics of satellite albedo products (C3S Sentinel-3
SA v3.0, C3S PROBA-V SA v1.0 and MCD43A3 C6) products versus albedo

ground values at 1 km® of spatial resolution during the July 2018-April 2019

period.

C35S8-3SAv3.0 C3S PBV SA v1.0 MCD43A3 C6
Stations (N) 33 (318)
Correlation 0.61 0.58 0.68
Bias 0.004 (2.9%) 0.018 (12.6%) —0.008 (—6.5%)
MD 0.009 (6.3%) 0.023 (15.8%) —0.004 (—3.3%)
STD 0.033 (24.0%) 0.032 (22.3%) 0.027 (21.1%)
MAD 0.019 (13.9%) 0.026 (18.1%) 0.011 (8.6%)
RMSD 0.033 (24.2%) 0.037 (25.6%) 0.029 (22.1%)
Offset (MAR) 0.04 0.04 0.02
Slope (MAR) 0.76 0.85 0.75
%optimal (GCOS) 20.4 13.5 26.1
Y%target (C3S KPI) 37.4 239 53.8

whereas rapid transitions are observed in ground and MODIS albedo
values. The main explanation for that is the lack of input data over snow
which triggers the use of the prior (climatology) over some snow events.

It is important to note that only the satellite retrievals classified as
the best quality, according to QFLAGs (Table 3), were used in the direct
validation. As observed in the temporal consistency (Fig. 12), the use of
QFLAGs removes most of the valid snow retrievals in the case of

6. Summary and conclusions

The Climate Change Service of Copernicus undertook an initiative
with aim to provide operational global estimates of the surface albedo
based on Sentinel-3 OLCI and SLSTR observations, which is imple-
mented in the C3S Sentinel-3 SA v3.0 prototype. The SA C3S existing
CDR continuity is ensured thanks to the switch to Surface Albedo v3.0
algorithm. In the past, C3S CDR is based on NOAA/AVHRR (September
1981-2005), SPOT/VGT (April 1998-May 2014) and PROBA-V
(November 2013 — June 2020). C3S Sentinel-3 also provides improved
spatial resolution (300m versus 1km and 4km for Vegetation and
AHVRR sensors) and richer spectral information (nine spectral albedos
versus four) compared to previous datasets. The SA v3.0 responds to the
GCOS requirement for an improved spatial resolution (200/500m) of
satellite-based EO products.

The quality assessment is performed over a limited demonstration
test dataset covering 10 months (from July 2018 to April 2019). The
validation is performed considering global conditions, expanding the
spatial and temporal coverage of the quality assessment of initial de-
velopments of the prototype (Sanchez-Zapero et al.,, 2021). This pre-
liminary scientific evaluation demonstrated that C3S Sentinel-3 SA v3.0
pre-operational product is good enough to guarantee continuation of
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USA_SFSD cropland (43,73°N, 96,62°W) [SURFRAD,GBOV]

ST(Leaf 0n)=06.65 STiLeaf onj=2.11
Lo o8 STiLeal off)«1.85
(Lot
-
2 2
< o 2w
g Y
g s g -
@* e L
o -
WiE ais  Sepis Gmin Mevis Gwan mmie R s s meis e T e T L T T ™ ™ T ™
LENO deciduous Broadleaved f. (31.85°N, 88.16°W) [NEON] TALL evergreen needle-leaf f. (32.95°N, 87.39°W) [NEON, LPV supersite]
= STiiear :‘._:“:)z_;u &l SHitaat o= 10365
ot FAwLost am-136.73
Qi 8 o
i. g
< <
] o
w \I:)
s Augls Sepls Octls  Novis  Decls Lad febl  Merle ok Mey29 s M Asgls P Otis  Novis  Decl® pnlo Febl9  Mal9 a9 Mayl9 Jan1o
SRER shrublands (31.91°N, 110.94°W) [NEON] TEAK evergreen needle-leaf f. (37.01°N, 119.01°W) [NEON]

& STiasrei3 oot o -48
EERL | SR
- (-3
£ 5.
< 2
Vo o
3 a o

s Agls Sepls Octls  Novis  Decls  jal9 bl Marl9 A9 Maylo m19 *Sare agis Sepis Ols Novis  Owls  meid feble Maio Ar1s Maple mie

KONZ grassland (31.10°N, 95.56°W) [NEON] AU_ASM evergreen broadleaved f. (22.22°S, 133.24°E) [TERN, LPV supersite]

" STitear oot 37 o STitoarolee 38

s R Lot 00 Lewt onye3.07
(=% O am RAW(Lea! off)=3.02
3. 3
< = <
ae H

s Ala Sepls octls Novis Decls onlo febl9 Marl9 Aol May19 han19 ns Augis Sepls Oct1s Novis Dec18 Jon29 Febl9 Marl9 Ab19 Mayl9 Jun19

AU_RCR rainforest (17.12°S, 145.63°E) [TERN, LPV supersite] AU_WSE eucalypt forest (37.42°S, 144.09°E) [TERN, LPV supersite]
oz STileal on)=20.67 A STiLeal om=13.02
STiLeal off)=17.90 STiLeaf off)=8.34
eaf on)=10.77 on)=2.89
RAWI(Leaf off)=8.40 RAW(Leaf off)u2 74
o gon
3 3
Ed e
§ g
£ £
a a

WIS Agls  Sepls OIS Novls  Decls jaml9 febl9  Mal9  AbIS Mayl9 9

—— C3S SENTINEL-3V3 (3x3) —— C3S PROBA-V V1 (1x1)

—— MCD43A3 C6 (2x2)

M8 Agls  SeplS  OctiS  Novis  DeclS  jam9 febl9  Mal9  Ab9 Mayld  jnis

Ground Data e Snow X No data in dekad

Fig. 12. Temporal profiles of C3S Sentinel-3 SA v3.0 (purple), C3S PROBA-V SA v1.0 (blue) and MCD43A3 C6 (green) for July2018-June2019 period over a selection
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this article.)

PROBA-V time series, as it shows good overall consistency with other
products and similar performance against in-situ observations. Time and
space good agreements are noticed between C3S Sentinel-3 SA v3.0 and
reference satellite datasets (C3S PROBA-V SA v1.0, MCD43A3 C6), with
overall discrepancies (RMSD) of around 0.05. The comparison with
ground data shows similar accuracy than MCD43A3 C6 but opposite sign
of differences (slight positive in case of Sentinel-3), improving the ac-
curacy of C3S products based on PROBA-V.

The main drawbacks are the underestimation of snow albedo values,
the slow transition from snow-free to snow albedo values and the limited
capability to reproduce spurious snow events. This is mainly explained
due to the current limitation related to input data from the ESA Sentinel-
3 mission. In particular IdePix processor, used in the CGLS pre-
processing chain does not provide a correct identification of snow
pixels. For that, Surface Albedo v3.0 algorithm incorporated and alter-
native decision rule in the prototype based on NDSI index, that was able
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to identify large quantity of snow cases, but providing underestimation
of snow albedo values (—14% to —35% compared to MCD43A3 C6). The
consequence is the low quantity of good quality observations (based on
IdePix) ingested as input data in the BRDF retrieval. The algorithm can
deal with low availability of input data due to the use of BRDF prior
information based on MODIS BRDF climatology. Another factor that
could contribute to low accuracy over snow cases is the impact of
topography, that complicates the modeling and land surface albedo
retrieval due to shadow effects and the redistribution of incident radi-
ation (Hao et al., 2018; Schaaf et al., 1994). Therefore, users dealing
with cryosphere or hydrosphere applications (e.g., freezing/thaw,
snowfall, snow water equivalent estimations or flood hazards) should
use with caution the current version of C3S Sentinel-3 SA v3.0.

Additionally, vicarious TOA SLSTR calibration coefficients (53_MPC,
2021b) were not used in the CGLS pre-processing chain to correct the
systematic negative bias (mainly observed in S5 and S6 channels). We
applied these calibration coefficients directly to spectral albedos, and
corrected the bias compared with MCD43A3 C6 in >>10 points in relative
terms.

The shortcomings of the product (cloud/snow identification and
calibration coefficients) can be overcome with future improved input
data, which would justify the reprocessing of a new version. The current
phase of C3S land satellite-based ECVs includes two main activities: i)
the switch to new version (v2) of surface reflectances input dataset from
CGLS using an evolution of IdePix; and ii) the full quality assessment
evaluation of the products over an extended temporal coverage. The
new input dataset will include two main improvements, a better cloud
detection and snow identification due to use of new IdePix version and
the application of the TOA SLSTR calibration coefficients. We expect
that main issues related to snow albedo values will be partly solved with
the switch to surface reflectances v2in 2023. The data can be accessed
through the CDS using this link: https://eds.climate.copernicus.eu/eds
app#|/dataset/satellite-albedo?tab=overview
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Annex I. Main characteristics of the 58 evaluated ground stations with availability of data during the 2018-2019 period

# Site ID Name Country Network Land Cover Lat Lon

1 USA BOND Bondville USA SURFRAD Croplands 40.052 —88.373
2 BEL_BRAD Brasschaat Belgium GBOV/ICOS CEOS LPV SuperSite Mixed Forest 51.309 4.521

3 NET_CABS Cabauw Netherland BSRN Grasslands 51.971 4927

4 AUS_CPRM Calperum Australia GBOV/ICOS CEOS LPV SuperSite Shrublands —34.003 140.588

5 USA DRAK Desert Rock USA GBOV Bare Soil 36.624 —-116.019
6 USA FPRK Fort Peck USA GBOV Grasslands 48.308 —-105.102
Vi NAM_GOBA Gobabeb Namibia GBOV /ICOS CEOS LPV SuperSite ~ Bare Soil —23.561 15.042

8 USA_GCMK Goodwin Creek USA GBOV Decidous Broadleaf 34.255 —89.873
9 FRA_GRIG Grignon France GBOV Croplands 48.844 1.952

10 FRA_GUYA Guyaflux French Guyana ~ GBOV /ICOS CEOS LPV SuperSite  Evergreen Broadleaf 5.279 —52.925
11 GER_HAIN Hainich Germany GBOV /ICOS CEOS LPV SuperSite ~ Mixed Forest 51.070 10.450

12 USANRFT Niwot Ridge USA GBOV Evergreen Needelleaf  40.033 —105.546
13 USA _PSUS Rock Springs USA GBOV Decidous Broadleaf 40.720 —-77.931
14 USA _SFSD Sioux Falls USA SURFRAD Croplands 43.730 —96.620
15 USA _SGP Southern Great Plains USA GBOV Croplands 36.606 —97.489
16 USA_TBLN Table Mountain USA GBOV Bare soil and Rocks 40.125 —105.237
17  AUS_TUMB Tumbarumba Australia GBOV/ICOS CEOS LPV SuperSite ~ Evergreen Broadleaf —35.657 148.152
18  LENO Lenoir Landing USA NEON Deciduous Broadleaf 31.854 —88.161
19  TALL Talladega National Forest Usa NEON/ICOS CEOS LPV SuperSite ~ Needle-Leaf 32.950 —87.393
20 BONA Caribou-Poker USA NEON Needle-Leaf 65.154 —147.503
21 DEJU Delta Junction USA NEON Needle-Leaf 63.881 —145.751
22 HEAL Healy USA NEON Shrublands 63.876 —149.213
23 TOOL Toolik USA NEON Shrublands 68.66109 —149.37047
24  SRER Santa Rita Experimental Range USA NEON Shrublands 31.911 —-110.835
25  SOAP Soaproot Saddle Usa NEON Needle-Leaf 37.033 —119.262
26 TEAK Lower Teakettle USA NEON Needle-Leaf 37.006 —-119.006
27 CPER Central Plains Experimental Range USA NEON/ICOS CEOS LPV SuperSite  Grasslands 40.816 —-104.746
28 NIWO Niwot Ridge Mountain Research Station USA NEON Needle-Leaf 40.054 —105.582
29 STER Sterling USA NEON Croplands 40.462 —103.029
30 DSNY Disney Wilderness Preserve USA NEON Croplands 28.125 —81.436

(continued on next page)
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(continued)
# Site ID Name Country Network Land Cover Lat Lon
31  OSBS Ordway-Swisher Biological Station UsA NEON/ICOS CEOS LPV SuperSite ~ Needle-Leaf 29.689 —81.993
32 JERC Jones Ecological Research Center USA NEON Needle-Leaf 31.195 —84.469
33  KONA Konza Prairie Biological Station — Relocatable =~ USA NEON Grasslands 39.110 —96.613
KONZ Konza Prairie Biological Station USsA NEON Grasslands 39.10077  —96.56309
35 HARV Harvard Forest USA NEON/ICOS CEOS LPV SuperSi Decid Broadleaf 42.537 -72.173
BART Barlett Experimental Forest USA NEON Deciduous Broadleaf ~ 44.064 —71.287
37 GUAN Guanica Forest UsA NEON/ICOS CEOS LPV SuperSite  Evergreen Broadleaf 17.970 —66.869
38 ORNL Oak Ridge USA NEON/ICOS CEOS LPV SuperSi Decid Broadleaf 35.964 —84.28
39 MOAB Moab USA NEON/ICOS SuperSite Shrublands 38.248 —109.388
40 MLBS Mountain Lake Biological Station USA NEON/ICOS CEOS LPV SuperSi Decid Broadleaf 37.378 —80.525
41 SCBI Smithsonian Conservatory Biology Institute USA NEON/ICOS CEOS LPV SuperSi Decid Broadleaf 38.893 —78.140
42 STEI Steigerwaldt Land Services USA NEON/ICOS CEOS LPV SuperSi Decid Broadleaf 45.509 —89.586
43 DE-HoH Hohes Holz Germany ICOS/ICOS CEOS LPV Sup Decid Broadleaf 52.087 11.222
44  SE-Svb Svartberget Sweden 1COS/ICOS CEOS LPV SuperSite Needle-Leaf 64.256 19.775
45 FI-Hyy Hyytiala Finland 1COS/ICOS CEOS LPV SuperSite Needle-Leaf 61.847 24.295
46  DE-RuS Selhausen Juelich Germany 1COS/ICOS CEOS LPV SuperSite Croplands 50.866 6.447
47  AUASM Alice Spring Meller Australia TERN/ICOS CEOS LPV SuperSite Forest —22.283 133.249
48  AUBOY Boyaginj Wandoo Woodland Australia TERN/ICOS CEOS LPV SuperSite Forest —32.477 116.939
49 AU_Cum Cumberland Plain Australia TERN/ICOS CEOS LPV SuperSite Forest —33.615 150.724
50 AU DRF Deintree Rainforest Australia TERN/ICOS CEOS LPV SuperSite Forest -16.238 145.427
51 AU Gin Gingin Banksia Woodland Australia TERN/ICOS CEOS LPV SuperSite Forest —31.376 115713
52 AU GWW Great Western Woodlands Australia TERN/ICOS CEOS LPV SuperSite Forest —30.191 120.654
53 AU _LiS Litchfield Savanna Australia TERN/ICOS CEOS LPV SuperSite Forest -13.179 130.795
54 AURCR Robson Creek Rainforest Australia TERN/ICOS CEOS LPV SuperSite Forest -17.117 145.630
55 AU_SPU Samford Peri-Urban Australia TERN/ICOS CEOS LPV SuperSite Forest —27.388 152.878
56 AU Wrr Warra Tall Eucalypt Australia TERN/ICOS CEOS LPV SuperSite ~ Forest —43.095 146.655
57 AU WSE Wombat Stringbark Eucalypt Australia TERN/ICOS CEOS LPV SuperSite ~ Forest —-37.422 144.094
58 AU_WDE Whroo Dry Eucalypt Australia TERN/ICOS CEOS LPV SuperSite Forest —36.673 145.029

“ sites where diffuse fraction was not available for the period under study.
Annex II. Geostatistical information of the selected sites at 1 km resolution
Note: Rey, Rsg, Rst and Rgy stand for relative coefficient of variation, scale requirement index, relative strength of the spatial correlation and

relative proportion of structural variation. STscore and RAWscoge represent standard and first order scores for the spatial representativeness.
Footprint is calculated as ‘footprint =2Htan (FOV)" (Roman et al., 2009), where H is the height of the field albedometer.

# Site ID Footprint(m) Seasonal Period Rev (%) Rge (%) Rgr (%) Rev (%) STscore RAWscore
/tower height (m)
2 mLEmss 05/ 40 o N oo os  em 1o b
s Neowm 09/ 46 Leton 2o oo om  nm  ess 158
+ vaom 3/ e Thor e 2sm s aes s
12 UsANRET 242 ﬁfz’i - 2_.6 3 2 14_72 - 3?30 2 ._81 4.;6 19T03
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N~ T S T ST
16 USA_TBLN 126 /10 1-Season —22.36 79.12 NaN 13.11 NaN 2.24
17 AUS_TUMB 884 /70 1-Season 18.41 0.00 0.01 7.27 11.6539 27152
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- Site ID Footprint(m) Seasonal Period Rey (%) Rae (%) Rer (%) Rev (%) STscore RAWscore
/tower height (m)
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“ Not clear high resolution images were found to evaluate representativeness in the period.
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