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hallar en el polvo recogido a bordo de un barco, a 300 millas de tierra, part́ıculas
de piedra de más de una milésima de pulgada cuadrada mezcladas con materias

más finas.))

Charles Darwin a bordo del Beagle navegando por las Islas de Cabo Verde.
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1.4. Cobertura en zonas desérticas . . . . . . . . . . . . . . . . . . . . . 12

2. Motivación 17

3. Objetivos 19

4. Zona de estudio 21

5. Instrumentación 27
5.1. Cimel CE318 y PFR . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.2. FTIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.3. ZEN-R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
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Resumen

La presente tesis doctoral pretende introducir herramientas que permitan aumentar
la capacidad observacional de los aerosoles y el vapor de agua en la atmósfera con el
fin de contribuir a la mejora de la representación espacio-temporal de estos compo-
nentes atmosféricos a nivel global/regional y la estimación de sus tendencias. Esta
labor será desarrollada haciendo uso de observaciones multi-plataforma capaces
de incrementar la cobertura y la disponibilidad de información relevante de los
aerosoles atmosféricos y vapor de agua desde el punto de vista cient́ıfico. En este
trabajo se analiza, en primer lugar, la intercomparabilidad y consistencia de las
dos principales redes de observación de los aerosoles atmosféricos establecidas a
nivel global, GAW-PFR (Global Atmosphere Watch - Precision Filter Radiometer)
y NASA-AERONET (National Aeronautics and Space Administration - AErosol
RObotic NETwork). Estas dos redes se han implementado con el fin de obtener la
distribución espacio-temporal del espesor óptico de los aerosoles (AOD de las siglas
en inglés de “Aerosol Optical Depth”) y una estimación de su tamaño mediante
el Exponente de Ångström (AE). La consistencia e intercomparabilidad de las dos
redes se llevó a cabo en el Observatorio Atmosférico de Izaña, que es un centro
de calibración absoluta de ambas redes y banco de pruebas de la Comisión de
Instrumentos y Métodos de Observación (CIMO) de la Organización Meteorológica
Mundial (WMO de las siglas en inglés de “World Meteorological Organization”)
para instrumentos de teledetección de aerosoles y vapor de agua. En dicho análisis
se pudo comprobar que, a pesar de las marcadas diferencias técnicas entre ambas
redes, el AOD obtenido en las bandas espectrales de 440, 500 y 870 nm por me-
dio del fotómetro Cimel CE318, utilizado como referencia en la red AERONET,
cumpĺıa con los requerimientos de trazabilidad establecidos por la WMO, que toma
como referencia la red GAW-PFR. A continuación, y como una segunda parte
de la presente tesis doctoral, se desarrollaron dos dispositivos instrumentales: los
radiómetros ZEN-R que miden la radiancia de cielo en dirección cenital (ZSR), y
que están caracterizados por su simplicidad y robustez al carecer de partes móviles.
El primero de estos desarrollos, el ZEN-R41, fue el primer prototipo destinado
sólo a la medida de aerosoles en la columna atmosférica, mientras que el segundo
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RESUMEN

desarrollo, el ZEN-R52, es una versión mejorada que permite además obtener el
vapor de agua precipitable (PWV, de las siglas en inglés de “Precipitable Water
Vapour”) gracias a la inclusión de un canal óptico adicional en la banda espectral
centrada en 940 nm. Para hacer posible este sistema de observación relativamente
simple, hubo que desarrollar la metodoloǵıa necesaria para la obtención del AOD
(ZEN-AOD-LUT) y del PWV (ZEN-PWV-LUT), a partir de las medidas de ZSR.
Este procedimiento está basado en tablas de consultas (LUT, de las siglas en inglés
de “Look-up-table”) y fue evaluado a priori a partir de medidas de ZSR del fotóme-
tro Cimel CE318 en tres estaciones caracterizadas por la presencia de polvo mineral
pero de caracteŕısticas atmosféricas muy diferentes (Izaña, Tamanrasset y Santa
Cruz de Tenerife), obteniéndose resultados muy satisfactorios. En un segundo paso,
el sistema ZEN, compuesto por el radiómetro ZEN-R y la mencionada metodoloǵıa
LUT asociada, se evaluó en el Observatorio Atmosférico de Izaña, demostrando
la viabilidad del mismo como herramienta de teledetección de aerosoles y vapor
de agua suficientemente precisa para ser utilizado en redes desplegadas en zonas
remotas y escasamente cubiertas por las actuales redes de teledetección terrestres.
Esta última aplicación puede proporcionar información complementaria clave para
entender los procesos de emisión de polvo desértico y para mejorar las redes actua-
les de alerta temprana, entre las que se encuentra el sistema de aviso y evaluación
de tormentas de arena y polvo de la WMO (SDS-WAS, en sus siglas en inglés de
“Sand and Dust Warning Advisory and Assessment System”).
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Abstract

The present doctoral thesis aims to introduce tools that allow us to increase the
observational capacity of aerosols and water vapour in the atmosphere, in order
to contribute to the improvement of the spatio-temporal representation of the-
se atmospheric components at a global/regional level and the estimation of its
tendencies. This work will be developed by making use of multi-platform obser-
vations capable of increasing the coverage and availability of relevant information
on atmospheric aerosols and water vapour from a scientific point of view. This
work analyzes, firstly, the intercomparison and consistency of the two main ground-
based networks of observation of atmospheric aerosols established at a global level,
GAW-PFR (Global Atmosphere Watch - Precision Filter Radiometer) and NASA-
AERONET (National Aeronautics and Space Administration - AErosol RObotic
NETwork). These two networks have been implemented in order to obtain the
spatio-temporal distribution of the aerosol optical depth (AOD) and an estimate of
its size using the Ångström Exponent (AE). The intercomparison and consistency
was carried out at the Izaña Atmospheric Observatory, which is an absolute calibra-
tion centre for both networks and a test bed for the Commission for Instruments
and Methods of Observation (CIMO) of the World Meteorological Organization
(WMO) for aerosol and water vapour remote sensing instruments. In this analysis
it was possible to verify that, despite the marked technical differences between
both networks, the AOD, in the spectral bands of 440, 500 and 870 nm, retrie-
ved with the Cimel CE318 photometer used by AERONET, met the traceability
requirements with the GAW-PFR reference established by the WMO. Next, and
as a second part of this doctoral thesis, two instrumental devices were developed:
the ZEN-R radiometers that measure the zenith sky radiance (ZSR), which are
characterized by their simplicity and robustness as they lack mobile parts. The
first of these developments, the ZEN-R41, was the first prototype intended only
for the measurement of atmospheric aerosols in the atmospheric column, while the
second development, the ZEN-R52, is an improved version that also allows remote
sensing of precipitable water vapour (PWV) thanks to the inclusion of an additio-
nal optical channel in the spectral band centred at 940 nm. In order to make this

XV



ABSTRACT

relatively simple observation system possible, the necessary methodology had to be
developed to obtain the AOD (ZEN-AOD-LUT) and the PWV (ZEN-PWV-LUT),
from the ZSR measurements. This procedure based on look-up-table (LUT) was
pre-evaluated from ZSR measurements of the Cimel CE318 photometer at three
stations characterized by the presence of atmospheric dust, but with very different
atmospheric characteristics (Izaña, Tamanrasset and Santa Cruz de Tenerife), ob-
taining very satisfactory results. In a second step, the ZEN system, made up of the
ZEN-R radiometer and the aforementioned associated LUT methodology, was eva-
luated at the Izaña Atmospheric Observatory, showing its viability as a sufficiently
precise aerosol and water vapour remote sensing tool to be used in networks deplo-
yed in remote areas and sparsely covered by current ground-based remote sensing
networks. The latter application can provide key complementary information to
understand desert dust emission processes, and to improve current early warning
networks, in which we can find the SDS-WAS (Sand and Dust Warning Advisory
and Assessment System) of the WMO.
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Modalidad y estructura de la tesis

Esta tesis se realizará según la modalidad de “compendio de art́ıculos”. Todos
los art́ıculos han sido publicados en revistas cient́ıficas pertenecientes al primer y
segundo cuartil . Las referencias de los art́ıculos publicados son las siguientes:

1. Art́ıculo 1 : Cuevas, E., Romero-Campos, P. M., Kouremeti, N., Kazadzis,
S., Räisänen, P., Garćıa, R. D., Barreto, A., Guirado-Fuentes, C., Ramos,
R., Toledano, C., Almansa, F., and Gröbner, J.: Aerosol optical depth com-
parison between GAW-PFR and AERONET-Cimel radiometers from long-
term (2005–2015) 1 min synchronous measurements, Atmos. Meas. Tech., 12,
4309–4337, https://doi.org/10.5194/amt-12-4309-2019, 2019.

Índice de impacto (2019): 3,668.

Posición de revista: 27/93, Q2.

Base de indexación: JCR – Science Edition – Meteorology and Atmosphe-
ric Sciences.

2. Art́ıculo 2 : Almansa, A. F., Cuevas, E., Torres, B., Barreto, Á., Garćıa,
R. D., Cachorro, V. E., de Frutos, Á. M., López, C., and Ramos, R.: A
new zenith-looking narrow-band radiometer-based system (ZEN) for dust
aerosol optical depth monitoring, Atmos. Meas. Tech., 10, 565–579, https:
//doi.org/10.5194/amt-10-565-2017, 2017.

Índice de impacto (2017): 3,248.

Posición de revista: 19/86, Q1.

Base de indexación: JCR – Science Edition – Meteorology and Atmosphe-
ric Sciences.

3. Art́ıculo 3 : Almansa, A. F., Cuevas, E., Barreto, Á., Torres, B., Garćıa, O. E.,
Delia Garćıa, R., Velasco-Merino, C., Cachorro, V. E., Berjón, A., Mallorqúın,
M., López, C., Ramos, R., Guirado-Fuentes, C., Negrillo, R. and de Frutos,
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MODALIDAD Y ESTRUCTURA DE LA TESIS

Á. M.: Column Integrated Water Vapor and Aerosol Load Characterization
with the New ZEN-R52 Radiometer, Remote Sensing, 12(9), 1424, https:
//doi.org/10.3390/rs12091424, 2020.

Índice de impacto (2019): 4,509.

Posición de revista: 9/30, Q2.

Base de indexación: JCR – Science Edition – Remote Sensing.

La presente memoria se estructura de la siguiente manera:

En el caṕıtulo 1 se realiza una introducción general sobre los aerosoles y el vapor de
agua, se presenta las principales técnicas de medida, las principales redes radiométri-
cas existentes, aśı como su cobertura en las regiones desérticas. Los caṕıtulos 2 y 3
muestran la motivación y los objetivos respectivamente. En el caṕıtulo 4 se realiza
una descripción en términos de AOD (de las siglas en inglés de “Aerosol Optical
Depth”) y PWV (de las siglas en inglés de “Precipitable Water Vapour”) de las
localizaciones donde se llevó a cabo el estudio.

En el caṕıtulo 5 se describe la instrumentación utilizada en este estudio: los radióme-
tros ZEN-R, que son los nuevos desarrollos a evaluar, el PFR como instrumento
de referencia mundial de AOD, el Cimel CE318, como instrumento de referencia
para las medidas de radiancia y AOD con el que se comparará los radiómetros
ZEN, y por último el FTIR (espectrómetro de infrarrojos basado en transformada
de Fourier) como instrumento de referencia para el PWV.

Los métodos empleados en el sistema ZEN se especifican en el caṕıtulo 6. En él se
describen brevemente el modelo de transferencia radiativa libradtran utilizado para
la simulación de la ZSR, se muestra el proceso de calibración de los dispositivos en
radiancia de los radiómetros, y por último se explican detalladamente los métodos
de estimación de AOD y PWV, aśı como el algoritmo de control de calidad del
sistema ZEN.

En el caṕıtulo 7 se muestran cada uno de los art́ıculos publicados acompañados de
un resumen en español aśı como un resumen gráfico y las conclusiones generales de
cada art́ıculo. El orden en que son presentados no sigue un criterio cronológico sino
en base a la coherencia de los resultados mostrados. Conforme a esto, se distinguen
dos partes claramente diferenciadas: la primera parte representada por el art́ıculo 1,
que muestra una comparación exhaustiva del AOD entre las dos redes fotométricas
más importantes, GAW-PFR y AERONET; y una segunda parte representada por
los art́ıculos 2 y 3, en la que se muestran los principales resultados de AOD y PWV
obtenidos con el sistema ZEN en sus diferentes versiones.

Por último, en los caṕıtulos 8 y 9 se indican las conclusiones finales de este trabajo
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y las posibles ĺıneas futuras respectivamente.
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1. Introducción

1.1. Los aerosoles y el vapor de agua en la atmósfera

Los aerosoles son part́ıculas materiales suspendidas en la atmósfera, una mezcla
compleja de compuestos sólidos o ĺıquidos, orgánicos o inorgánicos, con diferentes
tamaños, formas (figura 1.1) y composición qúımica (Boucher, 2015; Lenoble et al.,
2013). Se tratan de entidades únicas en cuanto a su complejidad y su importante
impacto radiativo (IPCC, 2013, y referencias en su interior), que también tienen
un efecto en la salud (Schwartz et al., 1996; Davidson et al., 2005; Dominguez-
Rodriguez et al., 2017), en el medio ambiente y los ecosistemas tanto terrestres como
marinos (Koren et al., 2006; Ben-Ami et al., 2010; Abouchami et al., 2013; Ravelo-
Pérez et al., 2016) y en la sociedad y economı́a a través de su impacto sobre factores
como la visibilidad (White and Roberts, 1977; Xiao et al., 2014), la productividad
primaria (Jickells et al., 2005; Lu et al., 2017), la precipitación (Twomey, 1977;
Albrecht, 1989; Stevens and Feingold, 2009) o la producción energética (Neher
et al., 2017).

Los aerosoles se encuentran en la atmósfera en concentraciones traza y con una alta
variabilidad espacio-temporal en cuanto a concentraciones y naturaleza (Seinfeld
and Pandis, 2016). Su compleja distribución geográfica depende de la compleja
localización de sus fuentes (altamente variable), su ciclo de vida, y la dinámica
atmosférica.

Pueden tener un origen natural, como el polvo mineral, el aerosol marino, el biológico
(fragmentos de plantas, pólenes o esporas), y las part́ıculas de origen volcánico, o
antropogénico, como los productos de la quema de combustibles fósiles. Existen
otros, como los sulfatos o el holĺın, que pueden compartir ambos oŕıgenes, natural
y antropogénico. En la troposfera, una fracción significativa de los aerosoles es de
tipo antropogénico. Este último tipo de aerosol es más pequeño y absorbente que el
de origen natural, estimando su contribución al espesor óptico de aerosoles (AOD,
de las siglas en inglés de “Aerosol Optical Depth”) (Ångström, 1929, 1961, 1964;

1



1.1. Los aerosoles y el vapor de agua INTRODUCCIÓN

Figura 1.1: Imagen de diferentes aerosoles atmosféricos tomadas por medio de un micros-
copio electrónico de barrido (SEM) (extráıdo de Valsan et al., 2016). En ella se representan
ejemplos de diferentes variedades de esporas (a-d), esporas con recubrimiento marino
(e,f), polvo mineral (g) y aerosol marino (h,i).

WMO, 1986, 1994; Wehrli, 2000) medio global (en 550 nm) en un 20-40 % (IPCC,
2013).

Los aerosoles en la atmósfera sufren procesos de condensación, coagulación, reac-
ciones qúımicas entre compuestos o activación en condiciones de sobresaturación
que constituyen las gotas de niebla o lluvia. El ciclo de vida del aerosol en la
atmósfera finaliza con el proceso de deposición. Esta deposición, entendida como
la eliminación de los aerosoles en la atmósfera, se puede llevar a cabo por dos pro-
cesos, dependiendo de la ausencia o no de precipitación: deposición seca y húmeda
(Boucher, 2015). La eficiencia de estos mecanismos depende fuertemente del ta-
maño, composición qúımica y propiedades termodinámicas de las part́ıculas. En
particular, las part́ıculas más gruesas suelen tener un tiempo de vida más breve,
ya que el proceso de “cáıda del aerosol” viene fundamentalmente gobernado por la
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INTRODUCCIÓN 1.1. Los aerosoles y el vapor de agua

ley de Stokes (Stokes, 1851), que establece que la velocidad de cáıda de la part́ıcula
aumenta con el radio de la misma.

La clasificación de los aerosoles en función de su origen no es la única posible. Otra
clasificación puede realizarse en función de su tamaño. Los aerosoles se encuentran
presentes en la atmósfera con un amplio rango de tamaños (desde conglomerados
moleculares hasta part́ıculas de decenas de micras de radio), aunque de manera
general se puede decir que la mayor parte de ellos se encuentran contenidos dentro
del intervalo de tamaños de 0,05− 10 micrómetros (o micras, µm) (Lenoble et al.,
2013). Su distribución de tamaño surge a través de complejos procesos que marcan
su dinámica de producción, transformación y lavado, en los que también interviene
la interacción con las nubes y la precipitación. De acuerdo con Whitby (1978), se
pueden identificar tres modos bien diferenciados en la distribución de tamaños de
los aerosoles (Figura 1.2):

Modo nucleación: formado por aerosoles pequeños, de pocos nanómetros
de diámetro, hasta 0,1 µm. Los aerosoles que dan lugar a este modo son
principalmente el holĺın, los sulfatos y los aerosoles orgánicos (primarios y
secundarios).

Modo acumulación: constituido por aerosoles de tamaños intermedios, con
diámetros comprendidos entre 0,1 y 1 µm. En este modo se encuentran los
aerosoles orgánicos (primarios y secundarios), los sulfatos, la sal marina fina,
el polvo mineral fino, los nitratos y el holĺın.

Modo grueso: con diámetros que oscilan entre 1 y 100 µm. Debido a su gran
tamaño son eliminados fácilmente por sedimentación gravitacional. Son gene-
rados de manera mayoritaria por procesos mecánicos, siendo principalmente
aerosoles primarios de origen natural, como el polvo mineral, la sal marina y
los aerosoles biológicos.

En lo que se refiere a su efecto radiativo, el signo de la interacción aerosol-radiación,
o efecto directo de los aerosoles en el sistema climático, depende de la naturaleza
del aerosol. A pesar de la creciente sofisticación de las técnicas de medida de
los aerosoles, aún existe una importante incertidumbre a la hora de cuantificar el
importante papel que juegan los aerosoles atmosféricos dentro del sistema climático.
Tanto es aśı, que el informe emitido en 2013 por el grupo intergubernamental de
expertos sobre el cambio climático (IPCC) ha identificado el forzamiento radiativo
de los aerosoles y las respuestas asociadas a ellos (muchas de ellas a través de
complejos bucles de retroalimentación) como una de las mayores incertidumbres en
nuestro conocimiento sobre el cambio climático. Este informe, realizado haciendo
uso de modelos y de datos observacionales, estima en −0, 9 Wm−2 el forzamiento
radiativo efectivo global promedio como consecuencia del forzamiento conjunto
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1.1. Los aerosoles y el vapor de agua INTRODUCCIÓN

Figura 1.2: Esquema idealizado de la distribución de tamaños de los aerosoles incluyendo
sus modos principales, fuentes y mecanismos de formación y eliminación (modificada de
Seinfeld and Pandis, 2016).

aerosol-radiación y aerosol-nubes, con un amplio rango de variabilidad que oscila
entre −1,9 Wm−2 y −0,1 Wm−2, lo cual explica la confianza media que se tiene
sobre este resultado. Son varios los factores que explican estos resultados. En primer
lugar, la alta variabilidad espacio-temporal en la concentración de los aerosoles y
el tiempo de vida reducido de los mismos en la atmósfera que explican, en parte,
esta alta incertidumbre. A este factor también se debe añadir que los mecanismos
f́ısicos/qúımicos/biológicos que producen los aerosoles primarios y secundarios y
su relación con las nubes son aún más complejas de lo que se esperaba, y se
pueden inducir respuestas a través de procesos de retroalimentación que pueden
llevar a amplificar o a amortiguar el forzamiento radiativo de aerosoles y nubes.
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A pesar de esta alta incertidumbre, el dato que debe ser destacado es el signo de
dicha estimación, que indica que los aerosoles atmosféricos ejercen un efecto de
enfriamiento sobre el clima. La reducción programada en las tasas de emisiones de
aerosoles de origen antropogénico fruto de las poĺıticas en curso de mejora de la
calidad del aire a nivel global nos dejan sumidos en un nuevo escenario en el que
se debe acoplar el cambio climático actual fruto de las concentraciones actuales (y
crecientes) de gases de efecto invernadero con un menor contenido de aerosoles que
pueda dar lugar a un nuevo escenario muy complejo y aún desconocido.

En lo que respecta al vapor de agua atmosférico, este es un componente atmosférico
con un potente impacto de retroalimentación positiva (calentamiento) en el sistema
climático (IPCC, 2013). Se trata del mayor contribuyente al efecto invernadero
natural (Wagner et al., 2006; Chen and Liu, 2016), y posee un papel clave en
la dinámica troposférica y el crecimiento de los aerosoles. La cantidad de este
componente atmosférico está controlada principalmente por la temperatura del aire
y no por emisiones, tal y como muestra Myhre et al. (2013). Su abundancia total
en columna se estudia a través del PWV (de las siglas en inglés de “Precipitable
Water Vapour”). Posee, al igual que los aerosoles, una gran variabilidad espacio-
temporal, por lo que su observación supone también un reto para la comunidad
cient́ıfica, no sólo en relación a estudios de cambio climático (IPCC, 2007; Allan
and Soden, 2008; Zhang et al., 2013), sino también en estudios de validación de
productos obtenidos a bordo de plataformas espaciales (Mieruch et al., 2008, 2014,
y referencias en su interior), en modelos numéricos de predicción del tiempo y en
los procesos de asimilación de productos de vapor de agua en los mismos (Kunz
et al., 2014; Jiang et al., 2015, y referencias en su interior). Por este motivo, resulta
también una variable muy compleja para su implementación en modelos climáticos,
lo cual afecta de manera importante en los procesos de representación de nubes y
precipitación de estos modelos y sus predicciones.

1.2. Técnicas de monitorización de aerosoles y vapor de agua

La observación de los aerosoles puede dividirse en dos categoŕıas: in-situ y telede-
tección (Lenoble et al., 2013).

Las técnicas de medida in-situ comprenden aquellas técnicas en las que el instru-
mento se encuentra en contacto directo con la part́ıcula de aerosol en cuestión.
Aunque se trata de técnicas extremadamente útiles para la observación de los
aerosoles, tienen por contrapartida que alteran la naturaleza del aerosol durante
los procesos de medida y recogida de la muestra.

Las técnicas de teledetección incluyen todas aquellas medidas realizadas de forma
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remota, a una distancia determinada del aerosol a medir y sin interferencia alguna
con él. En este caso, la descripción del aerosol se realiza a través del análisis de
la radiación medida por el observador que previamente ha interaccionado con el
aerosol. Se distinguen dos tipos de técnicas de teledetección en función del origen de
la radiación. Aśı, si la radiación electromagnética es emitida de manera artificial por
el observador, se dice que se trata de una técnica de teledetección activa, como la
técnica lidar o radar. Si la observación se basa en el análisis de la radiación natural,
como por ejemplo la radiación de emitida por el Sol, la técnica de teledetección se
conoce como pasiva.

Los instrumentos utilizados en teledetección pueden estar ubicados en la superficie
terrestre, o embarcados en satélites orbitando sobre nuestro planeta. Con inde-
pendencia de la posición, a partir de las medidas de ambos se pueden inferir las
propiedades de los aerosoles y del vapor de agua atmosférico. Además las medidas
desde los satélites permiten describir las propiedades radiativas de la superficie
terrestre. La caracterización realizada desde la superficie terrestre nos ofrece una
información t́ıpicamente más detallada y con una frecuencia temporal mucho más
amplia, especialmente si se compara con satélites polares, los cuales tienen una fre-
cuencia temporal limitada por su órbita (una pasada diaria sobre un determinado
lugar en el caso de satélites śıncronos al sol). Por otro lado, los satélites poseen
una mayor cobertura espacial proporcionando una visión global de la distribución
de los aerosoles y del contenido de vapor de agua en columna. Además, los senso-
res embarcados en satélites han experimentado un enorme avance en las últimas
décadas en cuanto a la tecnoloǵıa utilizada, su resolución espacial y calidad de
productos derivados. Aun aśı, continúan teniendo ciertas limitaciones que suponen
una alta incertidumbre en sus productos. La más importante surge del acopla-
miento de la reflectancia superficial y la señal que llega al sensor remoto con la
contribución de los aerosoles. El uso de diferentes geometŕıas de visión, diferentes
rangos espectrales o modelos de reflectancia superficial son posibles soluciones a
este problema, pero llevan aparejados importantes incertidumbres sobre los produc-
tos finales, en especial sobre superficies brillantes en el rango visible del espectro
electromagnético, como desiertos o superficies semiáridas (Li et al., 2009). Otras
desventajas importantes de las técnicas de teledetección desde satélite son: la conta-
minación por nubes, los importantes problemas de calibración, la deriva que sufren
los sensores o la baja resolución temporal (Li et al., 2009). Esta última representa
una limitación fundamental a la hora de monitorizar procesos rápidos de aerosoles,
como tormentas de polvo. Por este motivo, las técnicas de teledetección desde la
superficie terrestre proporcionan información importante para la monitorización
a lo largo del tiempo en un mismo lugar de aerosoles y vapor de agua, aśı como
para la validación del producto de teledetección desde satélite, y en la asimilación
y validación de modelos de aerosoles y vapor de agua en columna. La fotometŕıa
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solar/lunar aparece como una técnica útil y robusta para proporcionar información
sobre la carga de aerosoles en la columna atmosférica (Holben et al., 1998; Wehrli,
2000; Takamura et al., 1994; Barreto et al., 2016; Giles et al., 2019).

El AOD es el parámetro que mejor representa la cantidad de aerosoles en columna,
y es usado de forma generalizada para el estudio del efecto de los mismos en el
cambio climático. Se trata de la variable más completa para evaluar dicha carga
y representa el denominador común en relación a los productos procedentes de
técnicas de teledetección tanto desde superficie como de satélite, y por parte de
modelos climáticos, y de predicción de aerosoles. El AOD representa la extinción
de la radiación solar en la columna atmosférica atribuida a los aerosoles, y es un
parámetro t́ıpicamente medido en técnicas de teledetección pasiva, tanto desde
superficie (basadas en la medida de la extinción de la radiación solar/lunar/estelar
directa), como desde satélite (aplicando métodos más complejos sobre las medidas
de la radiación solar reflejada). Otro parámetro importante para la caracterización
de los aerosoles es el exponente de Ångström (AE) (Ångström, 1929, 1961, 1964), el
cual representa la variación espectral del AOD y aporta información sobre el tamaño
de las part́ıculas, siendo más bajo cuanto mayor es la part́ıcula. La curvatura
espectral de este parámetro contiene además información importante sobre la
distribución de tamaños de los aerosoles (O’Neill et al., 2001b,a, 2003; Schuster et al.,
2006), propiedad relevante para conocer los efectos radiativos de estos constituyentes
atmosféricos.

El PWV es una variable utilizada de manera generalizada para cuantificar el con-
tenido de vapor de agua en observaciones operacionales y en estudios climáticos.
Se define como el vapor de agua integrado en columna, contenido en una colum-
na vertical de sección transversal unitaria, extendida entre dos niveles espećıficos
(generalmente desde la superficie terrestre hasta el tope de la atmósfera). De las
diferentes técnicas utilizadas para monitorizar esta variable, se consideran técnicas
de referencia las siguientes metodoloǵıas, capaces de obtener el PWV con alta
precisión: a) radiómetros de microondas (Cadeddu et al., 2013), b) radiosondas de
referencia GCOS (Global Climate Observing System)-GRUAN (Reference Upper
Air Network), a las que se le aplica un algoritmo espećıfico de corrección (Dirksen
et al., 2014) o c) por medio de espectrómetros infrarrojos basados en transforma-
da de Fourier (FTIR) en superficie (Schneider et al., 2010a). Los radiómetros de
microondas son los dispositivos más adecuados para la monitorización del PWV,
al ser capaz de operar en muchas condiciones ambiente, y dar productos con alta
precisión. Sus observaciones son ampliamente utilizadas en aplicaciones meteo-
rológicas operacionales (Calpini et al., 2011) y sus datos están siendo asimilados
de modo rutinario por los modelos numéricos de predicción del tiempo, mejorando
aśı sus productos (Calpini et al., 2011). Sin embargo, su complejidad y coste hacen
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que sea una técnica que dif́ıcilmente puede proporcionar el PWV con la suficiente
resolución espacial global. Existen métodos menos precisos para la obtención de
PWV, como las radiosondas (Miloshevich et al., 2009), los sistemas de satélite para
la navegación global (GNSS, de las siglas en inglés de “Global Navigation Satellite
System”) (Bevis et al., 1992; Wang et al., 2007; Alexandrov et al., 2009), lidars Ra-
man (Mattis et al., 2002; Whiteman et al., 2010, 2012), fotómetros solares, lunares
o estelares (Halthore et al., 1997; Schmid et al., 2001; Torres et al., 2010; Barreto
et al., 2016; Pérez-Ramı́rez et al., 2012, 2014) o espectrorradiómetros (Cachorro
et al., 1998; Raptis et al., 2018). Con todos estos métodos de medida ha sido posible
ampliar la cobertura de las medidas del PWV, aunque se estima que la precisión
de éstas últimas oscila entre el 5 % y el 20 % (Schneider et al., 2010a; Raptis et al.,
2018). La red de radiosondas puede ser considerada la técnica que proporciona
una cobertura espacial más extendida, unas 1300 estaciones en todo el mundo (ver
https://www.wmo.int/pages/prog/www/OSY/Gos-components.html#upper, últi-
mo acceso: 19/11/2020) pero presenta como desventaja su baja resolución temporal
(generalmente dos observaciones diarias, como máximo).

1.3. Redes radiométricas en superficie

La Organización Mundial de Meteoroloǵıa (WMO, de las siglas en inglés de “World
Meteorological Organization”) recomienda establecer redes de medida a largo plazo
con la suficiente calidad como para evaluar los efectos climáticos de los aerosoles
atmosféricos y el vapor de agua (Myhre and Baltensperger, 2012; WMO, 2016). Hoy
en d́ıa existen diversas redes globales con esta finalidad, basadas en protocolos de
medidas programadas, con rigurosos programas para la verificación de su calidad
(en términos instrumentales y de algoritmos), y con procedimientos de intercambio
de datos estándar. Este tipo de técnicas están sujetas actualmente a procedimientos
de control y verificación de calidad estandarizados, generalmente centralizados, y
capaces de producir medidas trazables a una referencia primaria, garantizando
de esta manera la alta calidad de las medidas. También tienen la ventaja de
proporcionar medidas a largo plazo, en varias longitudes de onda y con una amplia
cobertura geográfica. Actualmente las redes radiométricas más importantes son las
siguientes:

GAW-PFR (Global Atmosphere Watch - Precision Filter Radiometer): Es-
ta red (Wehrli, 2000, 2005) surge como sucesora del programa BAPMON
(Background Air Pollution Monitoring Network) que concluye en 1989. Está
formada por 12 estaciones permanentes y 24 adicionales distribuidas por todo
el globo (Figura 1.3). Garantiza una calibración centralizada por medio de
una referencia calibrada (Wehrli, 2005), para lo cual la WMO estableció en
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2006 el WORCC (World Optical Depth Research and Calibration Center)
(WMO, 2007). Se trata de una red constituida por radiómetros PFR (Wehrli,
2000, 2005, 2008a,b), que fue establecida por la WMO para servir de refe-
rencia en las medidas de AOD. La incertidumbre en el AOD del PFR está
establecida entre 0,002 y 0,01 dependeniedo de la longitud de onda (Wehrli,
2000; Kazadzis et al., 2018b). GAW-PFR no proporciona información sobre
el PWV. Para más detalles sobre el radiómetro PFR véase la sección 5.1.

Figura 1.3: Mapa global de las localizaciones de las 24 estaciones GAW-PFR
en el año 2020 (extraida de https://community.wmo.int/activity-areas/gaw/science/
aerosol-research).

AERONET (AErosol RObotic NETwork): Se trata de una red federada, com-
puesta por diferentes redes nacionales y regionales que surge en 1998 con
el fin de validar productos de satélite y mejorar la caracterización que se
teńıa de los aerosoles proporcionando importante información sobre sus pro-
piedades ópticas (Holben et al., 1998, https://aeronet.gsfc.nasa.gov). Tam-
bién proporciona información sobre el PWV. Entre las instituciones que
colaboran para constituir esta red global destacan el programa NASA-EOS
(National Aeronautics and Space Administration Earth Observing System)
coordinado por el GSFC (Goddard Space Flight Center), PHOTONS-LOA
(Photométrie pour le Traitement Opérationnel de Normalisation Satellitai-
re, Laboratoire d’Optique Atmosphérique), AEROCAN-CARTEL (Canadian
Aeronet subnetwork, Centre d’Applications et de Recherches en Teledetec-
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tion) o RIMA-GOA-UVA (Red Ibérica de Medida fotométrica de Aerosoles,
Grupo de Óptica Atmosférica, Universidad de Valladolid). Engloban la me-
dida de la extinción de la radiación directa en onda corta para diferentes
fuentes naturales (sol y luna) y la distribución angular de la radiación difusa
solar por medio del radiómetro Cimel CE318 (Holben et al., 1998; Barreto
et al., 2016). Con más de 600 estaciones en la actualidad (Figura 1.4), es la
red de fotómetros mundial más extensa, y la única en proporcionar datos en
tiempo cuasi-real y de largo plazo. No realiza labores comparativas con la
referencia WMO, aunque proporciona datos de alta calidad caracterizados
por un procesado centralizado, distribución libre, y cobertura d́ıa/noche. Se
estima la incertidumbre en el producto de AOD de AERONET en 0,01−0,02
para instrumentos de campo, y 0,002−0, 009 para instrumentos de referencia
(Eck et al., 1999). Posee diferentes niveles de calidad. El nivel 1.0 constituye
los datos brutos sin control de calidad. El nivel 1.5 da cuenta de los datos
filtrados de nubes aplicando la calibración no definitiva, mientras que el nivel
2.0 supone datos de calidad asegurada tras aplicarle un reprocesado con la
calibración post-instalación aśı como la aplicación automática (en versión 3)
o manual (en versión 2) de ciertos criterios de calidad. Respecto al PWV,
proporciona un producto con una incertidumbre estimada del 10 % (Giles
et al., 2019).

Figura 1.4: Mapa mundial de las estaciones permanentes y temporales de AERONET
(extráıda de https://aeronet.gsfc.nasa.gov).

En relación con la calibración de ambas redes, GAW-PFR y AERONET, utilizan
medidas en estaciones de alta montaña (Mauna Loa e Izaña) con AOD muy estable
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y bajo (< 0,03) en un amplio rango de masas ópticas relativas (aproximadamente
entre 2 y 5) y en el menor tiempo posible, para calibrar instrumentos de referencia
utilizando la técnica Langley (Ångström, 1970; Shaw et al., 1973; Forgan, 1988,
1994; Schmid and Wehrli, 1995; Schmid et al., 1998; Toledano et al., 2018).

En el caso de AERONET, las calibraciones de los instrumentos de referencia por
medio de la citada técnica Langley se transfieren posteriormente a los instrumentos
de campo de la red en otras estaciones a través de procedimientos regulares de
intercomparación (Holben et al., 1998; Giles et al., 2019).

En el caso de GAW-PFR, el sistema de calibración es más complejo para garanti-
zar la trazabilidad con la referencia mundial del WORCC. El mantenimiento de
la referencia mundial por el WORCC se describe en Kazadzis et al. (2018b). Con-
siste en una tŕıada de instrumentos que miden continuamente en el PMOD/WRC
(Phisikalisch-Meteorologisches Observatorium Davos/World Radiation Center) si-
tuado en Davos (Suiza), además de tres radiómetros de transferencia portátiles
estándar adicionales ubicados en los observatorios de Mauna Loa (un instrumento)
e Izaña (dos instrumentos). Cada 6 meses, uno de los radiómetros portátiles de
transferencia estándar visita la tŕıada de referencia en el PMOD/WRC y com-
para las constantes de calibración obtenidas mediante las calibraciones Langley
realizadas en las dos estaciones de alta montaña durante 6 meses (Tabla 1 de
Kazadzis et al., 2018b) con el definido por la tŕıada. La comparación se basa en las
señales (voltajes) y no en valores de AOD. Las diferencias entre los radiómetros
de Izaña GAW-PFR y la tŕıada de referencia siempre han sido inferiores al 0,5 %,
estando dentro de la incertidumbre del método Langley, incluyendo las pequeñas
degradaciones posibles del instrumento que se pueden detectar en un peŕıodo de
6 a 12 meses. Hay que señalar que los radiómetros de transferencia GAW-PFR se
calibran de forma rutinaria utilizando la técnica Langley para el doble control de
aseguramiento de la calidad. Por lo tanto, estos radiómetros no pueden considerar-
se instrumentos de campo simples, sino radiómetros calibrados regularmente con
trazabilidad asegurada con la referencia de la tŕıada del WORCC.

El Observatorio Atmosférico de Izaña es una de las dos estaciones de calibración
Langley de ambas redes, lo que representa una ventaja al comparar los dos instru-
mentos, ya que elimina, en gran medida, los errores causados por la transferencia de
calibración. Sin embargo, existen diferencias entre las metodoloǵıas de calibración
utilizadas por ambas redes. AERONET obtiene la calibración mediante el promedio
de unas pocas constantes extraterrestres (voltaje medido por el instrumento en
ausencia de atmósfera, V0) obtenidas de calibraciones Langleys y realizadas en un
tiempo relativamente corto (el tiempo necesario para recopilar datos de al menos 10
calibraciones Langley). Sin embargo, en el caso de GAW-PFR, se realiza un ajuste
lineal temporal que incluye un mayor número de V0 obtenidas de calibraciones

11



1.4. Cobertura en zonas desérticas INTRODUCCIÓN

Langley realizadas durante 6 meses (Wehrli, 2000; Kazadzis et al., 2018a). Los
detalles de los requisitos para realizar calibraciones Langley de instrumentos de
referencia por GAW-PFR y AERONET y sus incertidumbres se analizan en detalle
en Toledano et al. (2018).

1.4. Cobertura de las técnicas de teledetección de aerosoles sobre re-
giones desérticas: impacto y caracteŕısticas del polvo mineral

La WMO establece la necesidad de realizar medidas de aerosoles atmosféricos
con cobertura global (Myhre and Baltensperger, 2012; WMO, 2016), y resalta el
hecho de que existan actualmente pocas estaciones de medida en África (cerca de
las principales zonas fuente de polvo mineral), Rusia, y gran parte de Asia, que
impiden una correcta cobertura global en regiones clave para el estudio de los
aerosoles atmosféricos (Wehrli, 2005; Myhre and Baltensperger, 2012). Cómo ya se
indicó en la subsección 1.2, este problema de escasez de datos en las regiones fuente
se ve amplificado por la alta reflectancia superficial caracteŕıstica de estas zonas,
principalmente áridas, que afecta a las medidas de teledetección desde satélite que
usan sensores pasivos en el visible (Li et al., 2009). También dificulta enormemente
los estudios de asimilación y validación de modelos de aerosoles.

Las regiones áridas del Norte de África pueden ser consideradas como la fuente
de polvo atmosférico más importante de la Tierra, emitiendo aproximadamente
una cantidad de 800 Tg/año de polvo superficial a la atmósfera (Prospero and
Mayol-Bracero, 2013). El polvo mineral es considerado un componente atmosférico
clave (Knippertz and Stuut, 2016), que ejerce un importante papel en el clima
(IPCC, 2013), la bioqúımica (Jickells et al., 2005) y la calidad del aire (Rodŕıguez
et al., 2011). La estimación del efecto climático de este componente atmosférico
supone un reto para la comunidad cient́ıfica debido a sus efectos radiativos directos
o indirectos, la falta de conocimiento actual relativa a su forma y caracteŕısticas
absorbentes, además de la inhomogeneidad espacial de las plumas de polvo durante
su transporte a diferentes escalas (Redemann et al., 2006), desde la escala local
a la hemisférica. De hecho, se conoce que estos aerosoles tienen un importante
efecto en el balance radiativo terrestre y en la microf́ısica de nubes. Un ejemplo
importante de este efecto es su impacto en el Monzón de África Occidental (WAM)
(N’Datchoh et al., 2018; Taylor et al., 2019). Por este motivo existen numerosas
campañas de medida de aerosoles en estas regiones fuente, destacando entre todas
ellas el Proyecto African Monsoon Multidisciplinary Analysis (AMMA) dedicado a
mejorar el conocimiento que disponemos del WAM y su variabilidad a escala diaria
e interanual (Redelsperger et al., 2006; Lebel et al., 2010, 2011; Galle et al., 2018).
A pesar de estos importantes esfuerzos debe reconocerse que se trata de campañas
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intensivas limitadas en el tiempo, que no ofrecen la necesaria cobertura temporal
para el estudio completo de tales fenómenos.

La composición mineralógica del polvo mineral modula su eficiencia como núcleo
de condensación nubosa o núcleo de hielo (Knippertz and Stuut, 2016) (relacionado
con su contenido en feldespatos) (Atkinson et al., 2013), en el pH de la precipitación
(relacionado con su contenido en calcita) (Loÿe-Pilot et al., 1986) o en la eficiencia
de flujos de saltación en los procesos de emisión (relacionada con el contenido
en arcillas) (Marticorena and Bergametti, 1995). No es un aerosol soluble, salvo
en caso de interacción con ciertos ácidos orgánicos (recubrimiento de sulfatos o
nitratos) o por la presencia de componentes orgánicos como los oxalatos (Erel et al.,
1993; Pehkonen et al., 1993; Siefert et al., 1994). Este factor es clave para asegurar
la biodisponibilidad de diversos nutrientes transportados en su seno.

Como otros aerosoles en la atmósfera, el polvo mineral tiene propiedades ópticas
caracterizadas por una importante dependencia espectral, desde el ultravioleta (UV)
al infrarrojo (IR). En este sentido, han aparecido diferentes técnicas y estudios
en la literatura con el objetivo de caracterizar la depencia espectral del AOD en
diferentes rangos espectrales, desde el UV al IR (Sokolik and Toon, 1996; Toledano
et al., 2009; López-Solano et al., 2018; Barreto et al., 2020). Sin embargo, mientras
que el efecto de la mayor parte de los aerosoles en el infrarrojo medio es considerado
muy débil en comparación con el visible (VIS) e UV (Kim et al., 2008), el polvo
mineral es capaz de interactuar tanto con la radiación solar como terrestre de muy
larga longitud de onda (Clarisse et al., 2013). Se trata de aerosoles compuestos
por part́ıculas altamente absorbentes y dispersoras de la radiación solar, capaz de
reemitir dicha radiación como radiación térmica. Por este motivo se puede entender
la necesidad de conocer de manera precisa sus propiedades ópticas y radiativas, y
su comportamiento espectral para la correcta modelización de su efecto radiativo
en el clima. También es importante entender que tanto sus propiedades ópticas y
radiativas como el comportamiento espectral de las mismas dependen fuertemente
de la composición, forma y distribución de tamaño, que a su vez depende del
proceso de envejecimiento del aerosol, ya que el modo grueso sufre un proceso de
deposición más efectivo durante el transporte (Knippertz and Stuut, 2016). De
manera general, podemos decir que se trata de un aerosol compuesto por part́ıculas
predominantemente grandes (radio superior a 0,6 µm, Dubovik et al., 2002), no
esféricos, y una dependencia espectral del albedo de dispersión simple (SSA) en
el rango UV-VIS muy caracteŕıstico, con valores inferiores en el UV, mostrando
una mayor absorción en este rango espectral a consecuencia de la presencia de
óxidos de hierro. También se caracteriza por valores de la parte real del ı́ndice
de refracción (n) entre 1,48 y 1,56, aśı como una parte imaginaria del ı́ndice de
refracción baja (k menor de 0,003), y una dependencia espectral marcada de este
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parámetro para longitudes de onda cortas (Dubovik et al., 2002, y referencias en
este art́ıculo). Según Hess et al. (1998), el polvo mineral lleva asociado unos valores
de AOD promedio de 0,286 (en 550 nm) y una visibilidad horizontal reducida a 19
km.

Pero no sólo preocupa el efecto radiativo del polvo mineral en el clima. Su impacto
sobre la salud humana y las actividades socio-económicas está teniendo una gran
relevancia en la actualidad. Se trata de part́ıculas de tamaño respirable, que pueden
transportar otros agentes biológicos patógenos o contaminación (Rodŕıguez et al.,
2011), que pueden penetrar en el cuerpo humano principalmente por procesos de
inhalación y que pueden ocasionar una serie de peligros para la salud humana
que aún no son completamente conocidos (WHO, 2006; Baez-Ferrer et al., 2019;
Dominguez-Rodriguez et al., 2020). La reducción de la visibilidad y sus consecuen-
cias en el transporte (Al-Hemoud et al., 2017; ICAO, 2016; Weinzierl et al., 2012),
producción de enerǵıa (Hussain et al., 2017) y producción primaria (Jickells et al.,
2005; Lu et al., 2017) constituyen los principales efectos adversos desde el punto
de vista socio-económico. Por este motivo han aparecido en las últimas décadas
numerosas iniciativas para mitigar los efectos de tormentas de polvo y arena. En
este sentido, el sistema de aviso y evaluación de tormentas de arena y polvo o
SDS-WAS (siglas en inglés de “Sand and Dust Warning Advisory and Assessment
System”) de la WMO se creó en 2007 con la finalidad de mejorar las predicción de
tales fenómenos y aumentar la información a la población en materia preventiva
para minimizar sus impactos en la salud y socio-económicos (Cuevas, 2013; Terra-
dellas et al., 2014; Nickovic et al., 2015; WMO, 2020). Este programa se nutre de
una serie de observaciones multi-plataforma (satélite y medidas en superficie, como
las realizadas dentro de las redes GAW y AERONET), muchas de ellas en tiempo
cuasi-real, en combinación con modelos numéricos. Sin embargo, adolece de limita-
ciones en las parametrizaciones de los procesos de emisión y transporte, al tiempo
que la escasez de instrumentación cerca de zonas fuentes impide mejorar nuestro
conocimiento sobre estos procesos. Al tratarse de procesos esencialmente caóticos,
resultan tremendamente sensibles a las condiciones meteorológicas iniciales, por lo
que la asimilación de las diferentes observaciones de aerosoles resulta crucial para
reducir los errores asociados en los modelos actuales.

La escasez de observaciones en el Norte de África y en Oriente Medio resulta
evidente a la vista de la figura 1.5, que muestra la localización de los fotómetros
integrantes de la red AERONET, la red de fotometŕıa más amplia que existe.
Las estaciones más importantes en cuanto a la disponibilidad de series largas de
medidas son las estaciones de Tamanrasset (Argelia), Saada (Yemen), Ouazarzate y
Oujda (Marruecos). Debido a su localización cercana a las fuentes de polvo mineral
más importantes, aśı como a la disponibilidad de instrumentación avanzada y la
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realización en la zona de diversas campañas de campo (e. g. Flamant et al., 2007;
Bou Karam et al., 2008; Cuesta et al., 2008, 2009, 2010), Tamanrasset aparece
como un emplazamiento clave en el Norte de África para la observación del polvo
mineral atmosférico (Guirado-Fuentes et al., 2014).

Figura 1.5: Localización de las estaciones de la red AERONET en el Norte de África,
sur de Europa y Oriente Medio (extráıda de https://aeronet.gsfc.nasa.gov).
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2. Motivación

Como ya hemos detallado en el caṕıtulo anterior, los aerosoles y el vapor de agua
atmosféricos, aśı como sus interacciones, juegan un papel crucial dentro del sistema
climático (Madonna et al., 2011). Por este motivo resulta esencial proporcionar una
mejor representación de la distribución geográfica y la variabilidad temporal de los
aerosoles en la atmósfera que permita mejorar la modelización o parametrizaciones
que se usan en la actualidad para representar los procesos que gobiernan su ciclo de
vida, además de realizar medidas de calidad que puedan ser utilizadas en procesos
de asimilación y validación. Son tres los informes de organismos internacionales que
abordan esta problemática y proporcionan soluciones“parciales” (Nickovic et al.,
2015; WMO, 2016, 2017). Tal y como se recoge en el informe WMO (2017), es
necesario establecer un programa de medidas que logre dar cuenta de la importante
variabilidad interanual y la heterogeneidad regional de los aerosoles en la atmósfera
con el fin de identificar, de la manera más precisa posible, las actuales tendencias
en sus concentraciones. Por otro lado, la WMO y su grupo asesor cient́ıfico sobre
aerosoles recomiendan encarecidamente no sólo mantener sino también extender
los esfuerzos de observación para cuantificar y detectar la perturbación actual en la
atmósfera (WMO, 2016). La predicción de futuros cambios atmosféricos, aśı como su
evolución requiere de información pasada y presente de composición atmosférica con
técnicas avanzadas, realizadas a largo plazo, y que deben seguir estrictos criterios
de calidad y estandarización. Este organismo destaca la importancia de realizar
medidas en estaciones situadas en la troposfera libre, con el fin de garantizar la
representatividad de las mismas en relación a la variabilidad a largo plazo en la
baja troposfera en amplias zonas. Por último, y en relación al programa SDS-WAS
y al ciclo de vida del polvo atmosférico, el informe de la WMO WWRP 2015-
5 (Nickovic et al., 2015) hace mención de la escasez de observaciones del polvo
atmosférico en las principales regiones fuentes y de cómo el desarrollo de nueva
instrumentación robusta, automática y de bajo coste podŕıa ayudar a paliar dicha
falta de observaciones. Según este informe, esta nueva instrumentación mejoraŕıa
notablemente la asimilación y validación de modelos, incrementando notablemente
la eficacia del sistema SDS-WAS.
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Cabe destacar que en los últimos años está teniendo lugar una revolución en
la aproximación y gestión/uso de las observaciones globales. Como es lógico, la
información procedente de un único tipo de plataforma por śı sólo no será suficiente
para satisfacer nuestras necesidades observacionales. El futuro y la evolución en
nuestra comprensión de los complejos mecanismos de acoplamiento en los que
aerosoles y nubes se encuentran involucrados, exigen la integración de las medidas
multi-plataforma, y de aproximaciones que incorporen sinergias entre diferentes
sensores y técnicas. Por esta razón se ha contemplado como objeto de estudio
en esta tesis, la intercomparabilidad de los datos procedentes de las dos redes
fotométricas más importantes en la actualidad, además de proponer la necesidad
de complementar las redes clásicas actuales con nuevas estaciones equipadas con
un nuevo radiómetro robusto que haga posible sus operaciones en zonas remotas.
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3. Objetivos

El principal objetivo del presente trabajo es el de introducir herramientas para la
mejora de la representación espacio-temporal de los aerosoles y vapor de agua en la
atmósfera. Es necesario conocer con la mayor precisión posible las tendencias de los
diferentes tipos de aerosoles atmosféricos y del vapor de agua a nivel global/regional
en un contexto de cambio climático y un escenario de reducción programada en
las tasas de emisiones de aerosoles de origen antropogénico fruto de las poĺıticas
para la mejora de la calidad del aire a nivel global. Para la determinación de estas
tendencias se utilizan observaciones de aerosoles y vapor de agua, realizadas en
diferentes plataformas de tal modo que dispongamos de la máxima cobertura y
disponibilidad de información de calidad desde un punto de vista cient́ıfico. En este
trabajo contribuimos a este fin mediante los tres siguientes objetivos espećıficos:

1. Comprobar la comparabilidad y consistencia entre las redes radiométricas
más importantes en la actualidad que proporcionan series largas de AOD de
las que se pueden obtener tendencias.

2. Desarrollar una nueva técnica instrumental y las metodoloǵıas correspondien-
tes que permitan favorecer la expansión de los sistemas observación terrestre
de aerosoles y vapor de agua en la columna atmosférica a zonas remotas
desérticas, aumentando aśı la cobertura espacio-temporal de las actuales
redes de medida.

3. Validar los resultados de AOD y PWV obtenidos por medio de esta nueva
técnica instrumental utilizando datos de alta calidad con instrumentos de
referencia.

Las diferentes tareas desarrolladas en la presente tesis doctoral para la consecución
de los objetivos anteriormente descritos son las siguientes:

Análisis de la trazabilidad de las medidas AERONET a largo plazo con
respecto a la referencia mundial GAW-PFR, lo que permitirá evaluar la
intercomparabilidad y consistencia de las series largas de datos de AOD y
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AE de AERONET a nivel global para estudios climáticos.

Determinación del posible impacto que supone utilizar en estas redes de
instrumentos con diferentes caracteŕısticas técnicas, diferentes referencias, y
diferentes metodoloǵıas de calibración y de cálculo del AOD y AE.

Determinación de las posibles correcciones necesarias que garanticen la in-
tercomparabilidad y consistencia entre los datos proporcionados por ambas
redes.

Desarrollo de un dispositivo instrumental relativamente simple y robusto, el
radiómetro ZEN-R, para la medida de la radiancia de cielo en la dirección
cenital o ZSR (por las siglas en inglés de “Zenith Sky Radiance”) en diferentes
bandas espectrales. Los criterios de robustez y sencillez garantizan su bajo
mantenimiento y coste económico, lo cual facilitaŕıa su implementación en
redes de observación de páıses en v́ıas de desarrollo. Las bandas espectrales
se seleccionaran en base a la influencia que ejercen los aerosoles y el vapor de
agua sobre la radiación solar en las mismas, y su similitud con las de otras
redes.

Evaluación de la ZSR medida por los radiómetros ZEN-R a partir de la
comparación con la ZSR medida con los radiómetros Cimel CE318.

Desarrollo de una metodoloǵıa que permita estimar el AOD y el PWV a
partir de la medida de la ZSR.

Aplicación y verificación de la metodoloǵıa anterior a un radiómetro Cimel-
AERONET en diferentes localizaciones caracterizadas por la presencia de
polvo mineral en su climatoloǵıa de aerosoles, comparándolo con los productos
estándar de AOD de AERONET.

Validación de los resultados de AOD y PWV obtenidos por el sistema ZEN
(dispositivo más metodoloǵıa) mediante la comparación con los datos pro-
porcionados por la red AERONET en el caso del AOD y del FTIR para el
PWV.
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4. Zona de estudio y caracteriza-
ción preliminar de las estacio-
nes utilizadas

Las regiones desérticas del Hemisferio Norte constituyen una de las fuentes más
importantes de aerosoles emitidos a la atmósfera (Bakker et al., 2019), siendo
además, una de las zonas con más déficit de observaciones de todo el planeta. En
este sentido, el polvo mineral es el principal aerosol emitido en estas regiones y
sus principales zonas fuente se localizan en el continente africano, especialmente
el desierto del Sahara, la peńınsula arábiga y el este de Asia. Se estima que el
aerosol mineral constituye el 75 % de la carga de aerosol global (Mona et al., 2012;
Kinne et al., 2006), y que las regiones áridas del Norte de África contribuyen
en aproximadamente un 70 % a las emisiones de polvo globales, valor seis veces
superior al de la siguiente fuente de polvo en importancia, Asia (Prospero and
Mayol-Bracero, 2013). Una gran cantidad del aerosol africano, una vez inyectado
en la atmósfera, viaja transportado por el viento a través del Océano Atlántico,
afectando a la costa atlántica del continente americano (Prospero and Carlson,
1972; Prospero, 1996; Prospero and Mayol-Bracero, 2013; Tsamalis et al., 2013).
Este transporte a gran escala ocurre durante todo el año, pero posee un marcado
ciclo estacional relacionado con la variabilidad en las regiones y procesos de emisión.
Según Tsamalis et al. (2013), el transporte transoceánico de polvo mineral desde
el Norte de África discurre a mayor altura (1-5 km) y desde fuentes situadas más
al norte en verano. Es en esta época del año este transporte a gran escala ocurre
en una capa en la troposfera libre, la denominada capa de aire sahariano o SAL
(de las siglas en inglés de “Saharan Air Layer”), que discurre confinada entre dos
inversiones de temperatura, lo cual explica la longevidad de estas masas de aire
y el hecho de que sus caracteŕısticas termodinámicas se mantengan relativamente
constantes con la altura en su interior (Prospero and Carlson, 1972; Karyampudi
et al., 1999; Reid et al., 2003). En invierno las intrusiones discurren a menor altura,
entre aproximadamente 0 y 3 km (Prospero and Carlson, 1972; Tsamalis et al., 2013;
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Cuevas et al., 2015). Existe también una fracción importante de este polvo mineral
emitido a la atmósfera que sigue otro tipo de trayectorias, como el transporte
hacia el Mediterráneo y Europa (Basart et al., 2009; Engelstaedter et al., 2006;
Cuevas et al., 2017), hacia el este del Mediterráneo y Oriente Medio (Engelstaedter
et al., 2006; Israelevich et al., 2003, 2012) e incluso existen evidencias de transporte
transcontinental a más largo alcance, alcanzando zonas remotas de Asia (Tanaka
et al., 2005; Engelstaedter et al., 2006) o zonas polares (Pacyna and Ottar, 1989;
Goudie and Middleton, 2001; Barkan and Alpert, 2010; Ansmann et al., 2003).

En esta Tesis se utilizan los datos de tres estaciones situadas en áreas geográfi-
cas y condiciones medioambientales muy diferentes (Figura 4.1). Dos de ellas se
encuentran en la Isla de Tenerife, situada en la región subtropical del Atlántico
Norte. La estación situada en Santa Cruz de Tenerife se encuentra dentro de la
capa de mezcla marina, caracterizada por la persistencia de los vientos Alisios
del NE en superficie, mientras que Izaña se encuentra situada en la troposfera
libre, caracterizada de manera predominante por un flujo catabático del NO-O.
Ambas estaciones, debido a su proximidad al desierto del Sáhara (∼ 350 km), se
ven afectadas por intrusiones de polvo mineral aunque de forma muy diferente
(Alonso-Pérez et al., 2007; Guirado-Fuentes, 2015), que además poseen un marca-
do ciclo estacional relacionado con la variabilidad en los mecanismos de emisión
anteriormente descrita. Estas estaciones se encuentran en una región clave para
el estudio del transporte y la deposición del polvo mineral desde las principales
zonas fuente en el Norte de África sobre el Océano Atlántico subtropical oriental.
La tercera estación, Tamanrasset (Argelia), se encuentra en el corazón del desierto
del Sáhara, en una localización clave por su cercańıa a las fuentes de polvo mineral
más importantes localizadas en Mali, Nı́ger, Argelia, Libia y Chad, con un impacto
muy reducido de la actividad industrial (Guirado-Fuentes et al., 2014).

Siguiendo la misma ĺınea de Guirado-Fuentes (2015), en este trabajo hemos analiza-
do los promedios mensuales de AOD, AE y PWV de cada una de las tres estaciones
utilizando series de más de diez años de datos (dependiendo de la estación analiza-
da) proporcionados por AERONET nivel 2.0. Además, hemos analizado el AOD
discriminando entre el modo fino y grueso gracias al algoritmo de deconvolución
espectral de O’Neill et al. (2003) proporcionado también por AERONET. Las tres
estaciones se analizan a continuación:

Estación de Izaña (Tenerife, Islas Canarias, España; 28,3◦ N, 16, 5◦ W; 2373
m s.n.m.): Esta estación perteneciente al Centro de Investigación Atmosférica
de Izaña (CIAI) de la Agencia Estatal de Meteoroloǵıa (AEMET), es una
estación subtropical de alta montaña que representa de manera predominante
condiciones atmosféricas de fondo de la baja troposfera subtropical como
consecuencia de su ubicación sobre una fuerte y cuasi-permanente capa de
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Figura 4.1: Imagen de Meteosat/TERRA mostrando una intrusión de polvo sahariano
sobre la zona de estudio el 12 de enero de 2015. Las estaciones de Izaña, Santa Cruz y
Tamanrasset se indican con estrellas amarillas (Figura extráıda de Almansa et al. (2017)).

inversión térmica resultado de procesos de subsidencia general en la troposfera
(rama descendente de la célula de Hadley) y la presencia de vientos alisios
en niveles más bajos (Carrillo et al., 2016; Cuevas et al., 2019). Sin embargo,
la proximidad al desierto del Sahara introduce una importante influencia
del polvo mineral en su climatoloǵıa de aerosoles (Rodŕıguez et al., 2011;
Rodŕıguez et al., 2015; Basart et al., 2009; Guirado-Fuentes, 2015).

Tras analizar más de 15 años de datos (de 2004 a 2019), en este estudio se ha
obtenido la siguiente climatoloǵıa de AOD y PWV, con resultados similares
a los obtenidos por Basart et al. (2009); Guirado-Fuentes (2015) (ver figuras
4.2a, 4.2d y 4.2g). El periodo de noviembre a febrero, con un AOD500 men-
sual promedio en torno 0,02 y un AE entorno 1,0, aparece como el periodo
con condiciones más limpias. En los meses de verano la concentración de
aerosoles aumenta obteniéndose un AOD500 promedio máximo de 0,14 en
julio, dominado por el modo grueso con un AE promedio de 0,51, debido a
la presencia de polvo mineral. Además, se observa un máximo secundario en
el AOD500 en el mes de marzo, que se debe al transporte polvo mineral en
la capa de mezcla marina que puede alcanzar los 3 km de altura (Cuevas
et al., 2015; Guirado-Fuentes, 2015). Se trata de episodios cortos, esporádicos
e intensos (Querol et al., 2004) causados tormentas de polvo desencadenadas
por la actividad frontogenética desarrollada a consecuencia del fuerte gradien-
te térmico meridional de esta época del año capaz de activar masivamente
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una o diversas zonas fuente (Escudero et al., 2005; Schepanski et al., 2009;
Knippertz and Stuut, 2016). En cuanto al PWV, esta estación se caracteriza
por condiciones secas, con un PWV promedio anual de 0,38 cm, como conse-
cuencia de su altitud, con las condiciones más secas durante el invierno, con
un PWV mı́nimo en febrero (0,21 cm), mientras que los meses más húmedos
son los de verano (máximo en agosto de 0,62 cm), coincidiendo con una mayor
frecuencia de intrusiones de polvo.

Santa Cruz de Tenerife (Tenerife, Islas Canarias, España; 28,5◦ N, 16,2◦; 52
m s.n.m.): Esta es una estación urbana del CIAI (AEMET) que se encuentra
ubicada a nivel del mar, en la capa de mezcla marina. La climatoloǵıa de
aerosoles en esta estación está dominada por la combinación bien mezclada
de fracción fina de aerosoles contaminantes (de industrias, barcos y veh́ıculos)
(Rodŕıguez et al., 2008; González et al., 2011; González and Rodŕıguez, 2013;
Baldasano and Massagué, 2017) y part́ıculas marinas de modo grueso (pre-
dominando AOD675 > 0,15) con influencia de polvo mineral de primavera a
otoño (Basart et al., 2009), con valores de AOD675 altos y AE bajos.

En las figuras 4.2b, 4.2e y 4.2h se muestran los resultados de la caracterización
delAOD500, el AE y el PWV, con datos de AERONET nivel 2.0 de 2005 a 2018.
La principal caracteŕıstica de los aerosoles de esta estación es el predominio del
modo grueso sobre el fino como consecuencia de la presencia del aerosol marino
(siempre presente) y del aerosol de polvo mineral (presente esporádicamente).
En los meses de noviembre a febrero se tiene los valores de AOD más bajos,
con el promedio mensual mı́nimo en febrero (AOD500 de 0,11 y AE de 0,57).
Sin embargo, la alta desviación estándar en los datos de AOD de diciembre a
febrero (de hasta 0,07) refleja la existencia de intrusiones de polvo localizadas
a niveles bajos (por debajo de 3 km) que afectan esporádicamente a la estación
durante el invierno, de acuerdo con el patrón de transporte de masas de aire
propio de esta estación. En los meses de verano la concentración de aerosoles
aumenta obteniéndose un AOD500 promedio máximo de 0,26 en agosto y un
AE de 0,46. Además, al igual que ocurre en Izaña, también se observa un
máximo secundario en el mes de marzo en el AOD500 más acusado en este
caso, con un AOD500 promedio de 0,18 y un AE de 0,53. El valor mı́nimo
en el PWV de 1,44 cm tiene lugar en febrero y el máximo de 2,45 cm en
septiembre.

Tamanrasset (Argelia; 22,8◦ N, 5,5◦ E; 1377 m s.n.m.): Esta estación es cla-
ve para el estudio del polvo mineral ya que se encuentra en pleno desierto
del Sahara (figura 4.1) al sur de Argelia, cerca de las fuentes de polvo más
importantes de Mali, Nı́ger, Argelia, Libia y Chad, donde hay poco impacto
de actividades antropogénicas. Por este motivo la climatoloǵıa de aerosoles

24



ZONA DE ESTUDIO

Figura 4.2: Promedios mensuales de AOD500, total (ćırculos azules), modo fino (cua-
drados naranjas) y modo grueso (triángulos verdes) y las correspondientes desviaciones
estándar (barras de error) en las estación de Izaña, Santa Cruz de Tenerife y Tamanrasset
(figuras a, b y c) obtenidos de la base de datos de AERONET. En las figuras d, e y f, se
representan el promedio mensual y la desviación estándar del AE para cada estación, y
en las figuras g, h e i, se muestra lo mismo para el PWV. Todos los resultados han sido
calculados a partir de series de datos de más de 10 años proporcionados por AERONET
nivel 2.0.

de esta estación está caracterizada principalmente por la presencia de polvo
mineral (Guirado-Fuentes et al., 2011, 2014). Su clima está influenciado por
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el monzón durante el verano y los vientos del oeste durante el resto del año
(Cuesta et al., 2008). Guirado-Fuentes et al. (2014) realizaron un estudio
exhaustivo para caracterizar los aerosoles en esta estación sahariana. En este
estudio mostraron que el polvo mineral del desierto es el tipo de aerosol predo-
minante en esta estación, donde la estación seca-fŕıa (invierno) se caracteriza
por condiciones predominantes de cielo limpio (AOD440 ≈ 0,09 y AE ≈ 0,62)
y bajo PWV (≈ 0, 51 cm), mientras que en la temporada de húmeda-cálida
(verano) son frecuentes los eventos de alta turbiedad con part́ıculas de polvo
gruesas asociados a un valor AOD440 promedio de 0,39, un AE ≈ 0,28 y un
PWV ≈ 1, 06 cm.

Por otro lado, del análisis realizado en la presente tesis de los promedios
mensuales de más de 10 años (de 2006 a 2018) de datos proporcionados por
AERONET nivel 2.0 (figuras 4.2c, 4.2f y 4.2i) observamos resultados similares
a los mostrados por Guirado-Fuentes et al. (2014), con condiciones de mayor
turbiedad en la estación húmeda-cálida, con un AOD500 promedio máximo
de 0,50, con un dominio claro del modo grueso, un AE promedio de 0,13
en el mes de junio y un PWV promedio máximo en el mes de agosto de
1,38 cm. En la estación seca-fŕıa, en cambio, se observan condiciones más
limpias, con un AOD500 promedio de 0,06 y un AE promedio de 0,71, y secas,
PWV promedio de 0,33 cm, para el mes de enero.
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5. Instrumentación utilizada

5.1. Los fotómetros Cimel CE318 y PFR

En primer lugar deseamos aclarar el uso indistinto de los apelativos fotómetro y
radiómetro para estos instrumentos, que aunque no signifiquen exactamente lo
mismo, hemos mantenido por razones históricas, siendo más correcta en este caso
la designación de radiómetro. En este estudio hemos utilizado dos fotómetros
como instrumentos de referencia en la medida de AOD: el Cimel CE318 (Holben
et al., 1998), que en sus diferentes versiones es el instrumento estándar de la red
AERONET, y el PFR (Wehrli, 2005), el instrumento estándar de la red GAW-PFR.
Las caracteŕısticas principales de estos dos fotómetros se describen a continuación.

El Cimel CE318 (Holben et al., 1994, 1998), manufacturado por la compañ́ıa
Cimel Electronique, consta principalmente de una cabeza sensora montada
en un seguidor de dos ejes (un eje acimutal y otro cenital), con una unidad de
control (véase la figura 5.1). Este radiómetro realiza básicamente dos tipos
de medidas: la radiación solar directa y la radiancia de cielo, con diferentes
secuencias de medida. En la versión más reciente, la CE318-T (Barreto et al.,
2016), el dispositivo también es capaz de realizar medidas de la radiación lunar
directa. La cabeza sensora está equipada con uno o dos tipos de detectores,
un fotodiodo de silicio, sensible desde el rango espectral ultravioleta hasta
el infrarrojo cercano (de 300 a 1100 nm), que está presente en todas las
versiones, y un detector InGaAs (Arseniuro de Indio y Galio) sensible entre
800 y 1900 nm, que está presente sólo en las versiones extendidas y T del
Cimel CE318. La radiación medida por los detectores es previamente filtrada
por un conjunto de filtros ópticos pasabanda montados en una rueda dentada
accionada por un motor paso a paso. En total hay ocho filtros pasabanda
con longitudes de onda nominales centradas en 340, 380, 440, 500, 675, 870,
940 y 1020 nm, con una anchura a media altura (FWHM) de 2 nm para
340 nm, 4 nm para 380 nm, y 10 nm para el resto de los canales. En las
versiones extendidas y T, existe un filtro adicional con una longitud de onda
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nominal centrada en 1640 nm, y con 25 nm de FWHM. El sistema óptico de
la cabeza sensora queda completado con un conjunto de lentes colimadoras y
diafragmas que hacen que el campo de visión (FOV de las siglas en ingles de
“Field of View”) del instrumento sea de aproximadamente 1,3◦ (Torres et al.,
2013). Además, la cabeza sensora lleva acoplado un colimador desmontable
espećıficamente diseñado para minimizar la luz parásita en las medidas de
aureola solar (región circular con un radio de 6◦ alrededor de la posición del
sol), capaz de reducirla hasta en un factor de 10−5 a una distancia angular
3◦ (Holben et al., 1998).

Figura 5.1: Radiómetro Cimel CE318-T.

El seguimiento solar se realiza usando efemérides basadas en el tiempo, la
latitud y la longitud y se mejora utilizando un sensor de cuatro cuadrantes
presente en la cabeza sensora, que gúıa al seguidor al punto donde la intensi-
dad de la señal medida por la cabeza sensora es máxima. Según Torres et al.
(2013), el error en el apuntamiento del Cimel CE318 es menor de 0,1◦. En
los intervalos de tiempo en que el radiómetro no está midiendo, el seguidor
se coloca en posición de reposo mirando hacia abajo para limitar el posible
deterioro de los filtros ópticos por los efectos de la radiación solar. El sistema,
además, cuenta con un sensor de lluvia que hace que se mantenga en posición
de reposo en el caso que esta tenga lugar.
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Las medidas de la radiación solar directa para todos los filtros presentes se
realizan en tripletes, es decir, en secuencias de tres medidas tomadas cada
30 segundos, con una duración total de un minuto por cada triplete. Los
tripletes se efectúan cada 15 minutos entre las 9 y las 15, hora local, y con
una frecuencia variable dependiendo de la masa de aire fuera de esas horas.
Estas medidas se utilizan para obtener el AOD y PWV, con incertidumbres
t́ıpicas de AOD de entre 0,002 y 0,009 para instrumentos de referencia, mayor
para longitudes de onda más cortas, y entre 0,010 y 0,020 para instrumentos
de campo, y mayor en la radiación UV en condiciones de cielos despejados
(Eck et al., 1999; Barreto et al., 2016). El producto de PWV de AERONET
tiene una precisión de aproximadamente de entre el 5− 10 % (Torres et al.,
2010; Ortiz de Galisteo Maŕın, 2011; Giles et al., 2019).

Históricamente, las medidas de radiancia de cielo se han realizado mediante
dos secuencias distintas: la secuencia de almucantar y la secuencia de plano
principal. En la secuencia de almucantar (figura 5.2a), el ángulo acimutal
con el que apunta el fotómetro al cielo vaŕıa mientras el ángulo cenital se
mantiene constante. Esta secuencia se ejecuta en dos alas: el almucantar
derecho (ángulo azimutal desplazado hacia la derecha de la posición del sol) y
el almucantar izquierdo (ángulo de acimut desplazado hacia la izquierda de la
posición del sol). Por otro lado, en la secuencia de plano principal (figura 5.2b),
el ángulo cenital del dispositivo vaŕıa mientras el ángulo acimutal se mantiene
constante. Analizando la figura 5.2a, vemos como la secuencia de almucantar
es perfectamente simétrica, y esta simetŕıa se utiliza para realizar un filtrado
que elimina datos afectados por nubes, lo cual no se puede hacer fácilmente
con la secuencia del plano principal. Por otra parte, el plano principal permite
medir siempre a ángulos de dispersión más grandes que con el almucantar
para un mismo ángulo cenital solar. Este hecho es determinante en las horas
centrales del d́ıa, donde el rango de dispersión medido por el almucantar es
muy limitado (Torres et al., 2014) y el del plano principal siempre excede
90◦. Conscientes de las ventajas y limitaciones de ambas medidas, se ha
añadido recientemente en las versiones CE318-T la secuencia h́ıbrida (figura
5.2c), donde se realiza una nueva medida mezcla entre un almucantar y plano
principal. Esta nueva medida descrita por Sinyuk et al. (2020), permite por
un lado alcanzar ángulos de dispersión altos (similares a los que se obtienen
con el plano principal) y a la vez conservar la simetŕıa del almucantar.

Con la información aportada por estas medidas de radiancia espectral junto
con el AOD, AERONET utiliza el código desarrollado por Dubovik and King
(2000), con algunas mejoras introducidas en Dubovik et al. (2002, 2006), para
proporcionar información sobre los parámetros microf́ısicos y ópticos de los
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aerosoles. En concreto, el código ofrece como salidas primarias una detallada
distribución de tamaños, los ı́ndices de refracción espectral y el parámetro
de esfericidad (Dubovik et al., 2006). A partir de estas salidas primarias se
derivan otras propiedades del aerosol como el SSA o las funciones de fase.

(a) (b) (c)

Figura 5.2: Descripción grafica de las secuencias de medida de plano principal (a), de
almucantar (b) y de h́ıbrido (c) ejecutadas por el radiómetro Cimel CE318.

El PFR (Wehrli, 2000, 2005, 2008a,b) es un instrumento manufacturado por
PMOD/WRC que consta de un cabeza sensora y una unidad de control. Al
contrario que el Cimel CE318, esté no cuenta con un seguidor propio, por
lo que se suelen montar en seguidores comerciales que siempre apuntan al
sol (figura 5.3). La cabeza sensora tiene cuatro canales independientes con
cuatro filtros ópticos pasabanda centrados en 368, 412, 500 y 862 nm, con un
FWHM de 5 nm y cuatro fotodiodos de silicio inclinados 3◦ respecto al eje
óptico para evitar reflexiones entre los filtros y los detectores. La geometŕıa
de visión está determinada por dos diafragmas de 3 y 7 mm de diámetro,
separadas por 160 mm, que dan lugar a un FOV de 2,5◦. El sistema está
sellado herméticamente con una atmósfera interna ligeramente presurizada
(2000 hPa) con nitrógeno seco y estabilizada en temperatura con un sistema
de termostatización tipo Peltier que mantiene la temperatura de la cabeza
sensora a 20,0◦ ± 0,5◦ C para un rango de temperatura ambiente de entre
−20,0◦ y 35,0◦ C . Este sistema hace innecesarias las posibles correcciones
por temperatura a la señal de los sensores y también previene el envejeci-
miento acelerado de los filtros, asegurando la alta estabilidad del PFR. Los
detectores sólo están expuestos por cortos peŕıodos de tiempo, ya que un
obturador automático se abre cada minuto durante 10 s para realizar medi-
das de radiación solar directa, minimizando la degradación relacionada con
la exposición de los filtros. La incertidumbre esperada en el AOD depende
de la incertidumbre en la calibración y de la masa de aire (Kazadzis et al.,
2018b). El estudio realizado por Wehrli (2000) estimó la incertidumbre en
la constante de calibración del PFR entre un 0,2 % (500 nm) y un 1 % (368
nm), lo que conduce a una incertidumbre en el AOD de entre 0,002 y 0,01
para una masa óptica relativa igual a 1.
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Figura 5.3: Radiómetros PFR montados en un seguidor solar Owel en el Observatorio
Atmosférico de Izaña.

5.2. Espectrómetro FTIR

En este estudio hemos utilizado el FTIR como instrumento de referencia para la
medida de PWV.

El dispositivo FTIR tiene dos componentes principales: una óptica de entrada
montada en un seguidor solar y un espectrómetro de alta resolución, cuyo elemento
central es un interferómetro de Michelson. El FOV del instrumento es de sólo
0,07◦ (considerablemente más pequeño que el diámetro solar de 0,5◦). Al tomar los
espectros solares, el FOV del FTIR se centra automáticamente en el disco solar
por medio del sistema Camtracker (Gisi et al., 2011).

En este trabajo, solo se utilizaron los espectros solares adquiridos con la configu-
ración estándar de TCCON (Total Carbon Column Observing Network) (Wunch
et al., 2011; Schneider et al., 2010b). Estas medidas se realizan entre 4000 y 9000
cm−1 (correspondientes a longitudes de onda entre 1111 y 2500 nm) a una resolu-
ción espectral de 0,02 cm−1. Para aumentar la relación señal-ruido de las medidas,
un espectro resulta del promedio de 3 barridos individuales, por lo que la frecuencia
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de muestreo es de aproximadamente 2 minutos.

Las medidas con el FTIR comenzaron en el Observatorio Atmosférico de Izaña en
1999 como resultado de una colaboración entre el CIAI (AEMET) y el IMK-ASF
(Institut für Meteorologie und Klimaforschung - Atmosphärische Spurengase und
Fernerkundung), perteneciente al KIT (Karlsruher Institut für Technologie). Desde
entonces, dos espectrómetros FTIR han operado en el observatorio (un IFS 120M
entre 1999 y 2005, y un IFS 120 / 5HR a partir de 2005) en el marco de la red
internacional de redes de composición atmosférica para la detección de cambios
en la composición atmosférica (NDACC, (De Mazière et al., 2018)) desde 1999, y
TCCON (Wunch et al., 2011) desde 2007.

5.3. Radiómetros ZEN-R

En esta sección se presenta las caracteŕısticas más importantes de las dos versiones
del radiómetro ZEN-R. El análisis de dicho instrumento junto con la metodoloǵıa
ZEN asociada (que permite caracterizar el vapor de agua y el AOD a partir de
los datos de radiancia cenital) son el objetivo principal del presente estudio. El
ZEN-R41 (Figura 5.4a) es un radiómetro desarrollado conjuntamente por Sieltec
Canarias S.L. y el CIAI, concebido para observar el AOD a partir de medidas de
la ZSR y en diferentes bandas espectrales. Este dispositivo consta básicamente
de cuatro canales ópticos con un FOV de 3◦, equipados con cuatro fotodiodos de
silicio (350–1100 nm), y cuatro filtros ópticos de 10 nm FWHM con longitudes
de onda nominales centradas en 440, 500, 675 y 870 nm. Las medidas de ZSR se
realizan simultáneamente en todos los canales, con una frecuencia de 1 minuto
(promedio de 30 muestras). Además no necesita seguidor solar y carece de otras
partes móviles, por lo que su diseño es muy compacto y robusto.

La electrónica interna comprende un registrador de datos de 16 bits y una memoria
de 4 MB con comunicaciones Ethernet para la adquisición, visualización, descarga,
configuración y diagnóstico del instrumento. El dispositivo es capaz de procesar los
datos internamente gracias a un microcontrolador, con 16 MIPS (Microprocessor
without Interlocked Pipeline Stages) de velocidad de CPU (Central Processing
Unit) y 96 KB de memoria RAM (Random Access Memory). La alimentación y
las comunicaciones se realizan a la vez a través de un puerto PoE (Power over
Ethernet).

El ZEN-R52 (Figura 5.4b) es una versión más moderna cuyo hardware y software
se han mejorado y optimizado significativamente. En cuanto a las principales
diferencias del hardware, son notables tanto la inclusión de un nuevo canal centrado
en 940 nm para la estimación del PWV aśı como un ordenador interno más potente.
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Estas mejoras requieren de una carcasa más grande con aletas de enfriamiento.
Gracias a unas lentes con mejor recubrimiento y un tratamiento especial para las
paredes internas, la luz parásita ha sido reducida. En este caso el FOV es de 2◦.

Con respecto a las mejoras de software, vale la pena destacar la nueva interfaz
gráfica, que permite una visualización interactiva de los datos, búsquedas en su base
de datos interna, configuración del env́ıo de datos a través de FTP (File Transfer
Protocol) o HTTP (Hypertext Transfer Protocol), sincronización del tiempo a
través de servidores NTP (Network Time Protocol) y configuración del tiempo
manual interno. Además el usuario tiene la opción de cambiar los archivos de las
tablas de consulta o LUT precalculadas o cambiar los parámetros de calibración
radiométrica. También es posible acceder a la configuración del disco y a las
actualizaciones remotas de software.

(a) (b)

Figura 5.4: Radiómetros ZEN-R41 (a) y ZEN-R52 (b).

33





6. Metodoloǵıas aplicadas en el sis-
tema ZEN

6.1. Modelo de transferencia radiativa libRadtran

Para generar las tablas de consulta de las radiancias necesarias como entradas de
los métodos ZEN-AOD-LUT y ZEN-PWV-LUT (secciones 6.3 y 6.4) se utilizó
el paquete de software de transferencia radiativa libRadtran (Mayer and Kylling,
2005; Emde et al., 2016). Este paquete de software consta de un conjunto de
herramientas para el cálculo de transferencia radiativa en la atmósfera terrestre.
La principal es el programa uvspec (Mayer et al., 1997), desarrollado originalmente
para calcular la irradiancia espectral UV. Con el tiempo, la herramienta se ha
desarrollado incrementando el número de aplicaciones disponibles, permitiendo
actualmente calcular radiancias, irradiancias y flujos act́ınicos en el rango visible
e infrarrojo del espectro. LibRadtran está disponible gratuitamente bajo Licencia
Pública General en la dirección www.libradtran.org (último acceso: 21/11/2020).

LibRadtran es un software de transferencia radiativa flexible y fácil de usar gracias
a que sus archivos de entrada permiten definir múltiples parámetros de forma
sencilla. LibRadtran estructura la atmósfera en múltiples capas, considerando los
perfiles verticales de temperatura, presión y componentes atmosféricos, como gases
y aerosoles. Además ofrece la posibilidad de insertar perfiles definidos por el usuario,
por ejemplo, a partir de radiosondeos, y dispone de opciones para escalar los perfiles
para que coincidan con una cantidad integrada en la columna, como la columna de
vapor de agua o la columna de ozono. También incluye varias bibliotecas que ayudan
a describir la atmósfera y la contribución de la superficie en el campo de radiación
simulado. Por otro lado, el usuario tiene la posibilidad de elegir diferentes métodos
para resolver la ecuación de transferencia radiativa y diferentes parametrizaciones
para definir la absorción de los gases atmosféricos.
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6.2. Calibración en radiancia de los radiómetros ZEN-R

La señal de salida del instrumento viene dada en cuentas digitales (DN por las
siglas en inglés de “digital numbers”) y está relacionada con el voltaje de salida del
detector a través de la ganancia electrónica del instrumento. Debido a que los algo-
ritmos de obtención del AOD y el PWV se basan en la comparación de la radiancia
simulada con los valores medidos, la señal del instrumento debe transformarse a
unidades de radiancia (Wm−2sr−1nm−1) mediante una calibración frente a una
fuente de radiación cuya radiancia espectral sea conocida. En este estudio se utilizó
una esfera integrante calibrada espectralmente en radiancia, modelo Labsphere’s
HELIOS 4-lamps de 20′′, como fuente de calibración. La radiancia de la esfera
ponderada con el ancho de banda de un determinado canal del instrumento Lw,λn
con longitud de onda nominal, λn, vendŕıa dada por:

Lw,λn =

∫ λ2
λ1
T (λ)Ls(λ) dλ∫ λ2
λ1
T (λ) dλ

(6.1)

donde T (λ) es la función de la transmisividad del filtro óptico y Ls(λ) es la radiancia
espectral de la esfera. Suponiendo que existe una relación lineal entre la señal de
salida del instrumento y la radiancia, tenemos que (Li et al., 2008; Tao et al., 2014)

Vλn = cλnLw,λn , (6.2)

donde Vλn es la señal de salida del instrumento corregida de corriente de oscuridad,
y cλnes el coeficiente de calibración que depende de la respuesta espectral del sensor,
de la ganancia electrónica y de la transmisividad de la óptica de entrada, entre
otros factores.

Por lo general, es suficiente suponer el coeficiente de calibración como una constante,
pero existen ciertos factores que hacen que esto no sea del todo cierto. Un ejemplo
de ello es la temperatura, que tiene un impacto apreciable en los detectores de
silicio. En nuestro caso dicha influencia ha sido caracterizada para cada una de
las bandas espectrales siguiendo el procedimiento descrito por Giles et al. (2019) y
González et al. (2020).

La incertidumbre involucrada en este procedimiento de calibración ha sido estimada
en un 5 % por Walker et al. (1991), por lo que hemos asumido esta estimación como
el valor ĺımite inferior para la incertidumbre de la ZSR mediada por los instrumentos
ZEN-R.
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6.3. Método ZEN-AOD-LUT

Para estimar el AOD a partir de medidas de ZSR en condiciones libres de nubes,
utilizamos el método ZEN-AOD-LUT. En el art́ıculo 2 este método se denomina
como ZEN-LUT, puesto que en ese momento sólo se calculaba el AOD. Desde
que se empezó a calcular el PWV en el art́ıculo 3 este se renombró como ZEN-
AOD-LUT. Este método tipo LUT se basa en la comparación de las ZSR medidas,
corregidos de la distancia tierra-sol, con una LUT de ZSR simuladas en cada una
de las bandas espectrales de los radiómetros ZEN-R con una baja absorción por
gases atmosféricos (440, 500, 675 y 870 nm). Las LUT se determinaron utilizando
el software de transferencia radiativa libRadtran, descrito en la subsección 6.1. La
descripción completa del método se explica paso a paso a continuación:

1. En primer lugar, se definen los parámetros de entrada al modelo de transfe-
rencia radiativa. Estos se distinguen entre los parámetros fijos, comunes a
todas las simulaciones para un mismo lugar, y los parámetros variables. A
continuación citamos los parámetros fijos más relevantes:

Irradiancia solar extraterrestre. Se seleccionó el espectro proporcionado
por Kurucz (1992) con una resolución espectral de 1 nm.

Perfil vertical de la atmósfera. Se utilizó el modelo estándar “mid-
latitude summer” (Anderson et al., 1986) para definir el perfil vertical
de temperatura, presión y las concentraciones de gases.

Absorción molecular. En el art́ıculo 2 se utilizó la parametrización LOW-
TRAN (Pierluissi and Peng, 1985), y en el tercero se utilizó la parametri-
zación REPTRAN (Gasteiger et al., 2014). Esta última parametrización
es más precisa que LOWTRAN pero no estaba disponible en libradtran
en el momento de la publicación del art́ıculo 2.

Definición de las bandas espectrales de los instrumentos. Se utilizó una
función filtro común para las bandas espectrales centradas en 440, 500,
675 y 870 nm con un FWHM de 10 nm cada una.

Reflectancia superficial. Hemos considerado las definiciones de albedo
dadas en la biblioteca IGBP (International Geosphere-Biosphere Pro-
gramme), que se origina en el Proyecto de Propiedades de Superficie
de la NASA CERES / SARB (Clouds and the Earth’s Radiant Energy
System / Surface and Atmosphere Radiation Budget) (Loveland and
Belward, 1997).

Método de resolución de la ecuación de transferencia radiativa. Se utilizó
el código CDISORT (Buras et al., 2011), que es una versión en código C
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del programa DISORT (Discrete Ordinate Radiative Transfer) desarro-
llado por Stamnes et al. (1988), que se basa en el método de ordenadas
discretas introducido por Chandrasekhar (1960).

En cuanto a los parámetros variables tenemos la posición solar y los aerosoles.
A continuación se detalla cada uno de ellos:

Posición solar. Sólo se proporciona el ángulo cenital solar o SZA (de las
siglas en inglés de “Solar Zenith Angle”), ya que la ZSR para un cielo
sin nubes es invariable con el ángulo acimutal solar. La corrección de la
distancia tierra-sol se aplica directamente en la ZSR medida, por lo que
las ZSR simuladas sólo se calculan para la distancia media tierra-sol.

Aerosoles. Para establecer la contribución de los aerosoles, se define un
conjunto de perfiles verticales, caracterizados por una determinada con-
centración de aerosoles. Cada concentración es, en realidad, una mezcla
de concentraciones de componentes de aerosoles de la libreŕıa OPAC
(Optical Properties of Aerosols and Clouds) (Hess et al., 1998) incluida
en libradtran. Los aerosoles en OPAC se pueden definir mediante 10
componentes básicos. Estos componentes son: insolubles en agua (IN-
SO), solubles en agua (WASO), holĺın (SOOT), dos componentes de sal
marina (modo de acumulación o SSAM y modo grueso o SSCM), cuatro
componentes de polvo mineral (modo nucleación, MINM, modo de acu-
mulación, MIAM, modo grueso, MICM y mineral transportado, MITR)
y el componente sulfato (SUSO). Además, libRadtran incluye cuatro
componentes esferoides (esferoides MINM, MIAM, MITR y MICM) para
definir los aerosoles de polvo mineral. Los efectos de la humedad relativa
se tienen en cuenta para aquellos componentes que se vean afectados.
Cada componente se define por sus propiedades microf́ısicas, es decir, el
ı́ndice de refracción, tomado principalmente de D’Almeida et al. (1991)
y una distribución de tamaño log-normal (Deepak and Gerber, 1983).
Luego, a través del cálculo de dispersión de Mie (Mie, 1908; Wiscombe,
1980; Bohren and Huffman, 2008), o el método T-Matrix (Mishchenko
and Travis, 1998), en el caso de los esferoides, las propiedades ópticas
se calculan para cada componente y se normalizan a 1 part́ıcula cm−3.

La altura de todas las capas y la mezcla de componentes de aerosol pre-
sentes en cada capa, excepto la capa ĺımite, se establecieron siguiendo
las indicaciones dadas en Hess et al. (1998). En el caso de la capa ĺımite,
decidimos establecer una combinación de componentes variable según
las indicaciones dadas en el informe GADS (Global Aerosol Data Set)
(Koepke et al., 1997) para las regiones desérticas. En este informe se
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propone una mezcla de cuatro componentes diferentes, tres componentes
de polvo mineral (MINM, MIAM y MICM), más una cantidad fija de
componente soluble en agua (WASO). La proporción de los tres compo-
nentes de polvo mineral presentes en la mezcla es variable, y depende
de la concentración total de part́ıculas de polvo mineral (Nmineral). Los
tres componentes del polvo mineral están relacionados con Nmineral a
través de las siguientes expresiones:

lnNMINM ≈ 0,104 + 0,963 lnNmineral (6.3)

lnNMIAM ≈ −3,94 + 1,29 lnNmineral (6.4)

lnNMICM ≈ −13,7 + 2,06 lnNmineral (6.5)

donde NMINM , NMIAM y NMICM representan la concentración de los
componentes MINM, MIAM y MICM, respectivamente. Por tanto, ten-
dremos un perfil vertical por cada valor de Nmineral. El conjunto de
valores Nmineral conforma una tupla que denominaremos como N lut

mineral.

Las relaciones emṕıricas 6.3, 6.4 y 6.5, fueron derivadas para condicio-
nes promedio en áreas desérticas, por lo que resultan adecuadas para
describir los aerosoles en una estación como la de Tamanrasset, ubicada
en medio del desierto del Sahara, pero no para las estaciones de Izaña
y Santa Cruz de Tenerife, situadas en el océano Atlántico Norte ale-
jadas cientos de kilómetros de las fuentes de polvo mineral. En estas
dos estaciones, la presencia de grandes part́ıculas de polvo mineral se
reduce considerablemente debido a una rápida deposición de estos com-
ponentes durante su transporte desde las regiones de origen. Debido a
que no existe una definición concreta de los aerosoles en términos de
componentes OPAC para estos casos, se ha realizado una modificación
en la mezcla de componentes propuesta por Koepke et al. (1997). Esta
modificación implica el reemplazo del componente MIAM por MITR,
manteniendo la misma relación con Nmineral que MIAM, se descarta el
aporte de MICM y se mantiene la misma relación de WASO y MINM.

2. Con todos los parámetros de entrada definidos, libRadtran calcula las pro-
piedades ópticas de los componentes atmosféricos, es decir los perfiles de
extinción, el SSA, la función de fase, etc. Uno de los productos obtenidos
en este paso es el AOD asociado a cada uno de los perfiles verticales de
los aerosoles establecidos. De aqúı se deriva que la tabla de AOD, AODlut

λ ,
consta de un número de elementos definido por el producto del número de
elementos de la tupla N lut

mineral y el número de bandas espectrales.
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3. Las propiedades ópticas obtenidas en el paso anterior son utilizadas por el
modelo para calcular la LUT de ZSR computadas, ZSRlut

λ , a partir de la
resolución de la ecuación de transferencia radiativa en cada banda espectral.
Cada elemento de esta LUT estará asociado con una pareja de componentes
dados por las tuplas SZAlut y N lut

mineral para cada longitud de onda.

4. Las ZSRlut
λ se comparan con las ZSR medidas, ZSRm

λ , buscando el conjunto
de valores más próximos. Para ello se minimiza la ráız de las diferencias
cuadráticas medias normalizadas (NRMSD o εk) , es decir:

εk =

√√√√ 1

Nλ

Nλ∑
λ=1

(
ZSRm

λ (θv = 0, θs)− ZSRlut
λ,k(θv = 0, θs, N lut

mineral,k)

ZSRm
λ (θv = 0, θs)

)2

(6.6)

donde Nλ es el número total de bandas espectrales, θv es el ángulo cenital
de visión que es igual a cero, θs es el ángulo cenital solar y k es el ı́ndice
que indica un elemento determinado de la tupla N lut

mineral. El valor del ı́ndice
k que hace mı́nimo el parámetro εk, indica el valor estimado del AOD para
cada banda espectral a partir de la tabla AODlut

λ .

6.4. Método ZEN-PWV-LUT

La técnica ZEN-PWV-LUT, es una extensión del método ZEN-AOD-LUT para
la estimación del PWV. En este caso, además de los parámetros fijos y variables
descritos en la sección anterior, se ha añadido un conjunto de valores de PWV
como parámetros de entrada variables al modelo de transferencia radiativa. Esta
extensión sólo se realiza para el canal centrado en 940 nm (FWHM ≈ 10 nm), ya
que esta es la única región espectral medible por el instrumento donde el vapor de
agua absorbe la radiación de manera apreciable.

El espectro de absorción del vapor de agua en la banda centrada en 940 nm (∼
100 nm) tiene una estructura muy compleja con un alto número de ĺıneas de
absorción estrechas (del orden de miles). Modelar las ZSR para un número tan alto
de longitudes de onda requiere de un alto tiempo de computación. Para reducir el
elevado tiempo de cálculo requerido, en este estudio se ha optado por utilizar la
parametrización REPTRAN (Gasteiger et al., 2014) incluida en libRadtran con una
resolución de 15 cm−1 (REPTRAN COARSE). Con esta parametrización sólo se
requieren unas pocas longitudes de onda representativas para resolver toda la banda
espectral, reduciendo aśı el coste computacional. Además, esta parametrización
incluye el modelo MT CKD (MlawerTobinCloughKneizysDavies) (Clough et al.,
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2005) para la absorción del continuo del vapor de agua. La ZSR simulada para
toda la banda espectral se obtiene convolucionando las ZSR calculadas en las
longitudes de onda representativas con la función de transmisividad del filtro. Por
tanto, el conocimiento preciso de la función de transmisividad del filtro es un factor
importante en la determinación precisa del PWV. La contribución de los aerosoles
se estima en un paso anterior a partir del método ZEN-AOD-LUT. En este caso, los
componentes de la LUT resultante, ZSRlut

940, dependerán de los tŕıos de elementos
dados por las tuplas SZAlut, N lut

mineral y PWV lut. Una vez que se ha estimado la
concentración de aerosoles, el PWV se calcula minimizando la NRMSD entre la
ZSR medida (ZSRm

940) y la ZSR calculada (ZSRlut
940), es decir:

εk,l =

√√√√(ZSRm
940(θv = 0, θs)− ZSRlut

940,k,l(θv = 0, θs, N lut
mineral,k, PWV lut

l )

ZSRm
940(θv = 0, θs)

)2

.

(6.7)

En este caso el ı́ndice l es el ı́ndice que indica un elemento determinado de la tupla
PWV lut y análogamente que para el método ZEN-AOD-LUT el valor del ı́ndice l
que minimice el parámetro εk,l, indica el valor estimado del PWV.

6.5. Algoritmo de control de calidad de los datos del ZEN-R (ZEN-
QC)

El algoritmo ZEN-QC se desarrolló con el fin de detectar y eliminar las posibles
anomaĺıas instrumentales presentes en los datos de los radiómetros ZEN-R y los
datos afectados por nubes. Este algoritmo, esquematizado en la figura 6.1, consta
de los siguientes pasos:

1. Control de calidad de la señal: los dispositivos ZEN-R realizan 30 medidas en
un minuto, pero sólo se almacenan los valores promedio y las correspondientes
desviaciones estándar (σv) de los diferentes canales. El ruido de alta frecuencia
se elimina analizando la señal, considerando un umbral del 5 % en σv, que fue
determinado tras analizar emṕıricamente los datos bajo condiciones tanto
limpias como de alta turbiedad. También se eliminan las medidas cuya señal
exceda el valor de saturación menos un 1 % en al menos uno de los canales.

2. Verificación de la radiancia: se analizó la NRMSD entre las radiancias medidas
y estimadas utilizadas en el proceso de cálculo del AOD con el método ZEN-
AOD-LUT (sección 6.3). Se determinó un umbral del 10 % para el valor de
εk, dado en la ecuación 6.6, eliminando los datos por encima de este umbral.
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3. Control del AOD: en este caso hemos adaptado parte del algoritmo de control
de calidad de AERONET (Giles et al., 2019; Smirnov et al., 2000) al sistema
ZEN. Este consta de los siguientes pasos :

Criterio de suavidad del AOD. Se considera como datos afectados por
nubes a aquellos cuyo ritmo de cambio en el AOD500 sea superior a
0,01/minuto.

Criterio de estabilidad del AOD. Todos los datos cuya desviación estándar
en el AOD500 diario sea menor de 0,015 pasan el control de calidad de
AOD. En caso contrario los datos se someten al siguiente control.

Los datos que no superan el control anterior se someten al control 3σ en
el AOD500 diario, es decir se desecharon los datos fuera de los ĺımites
comprendidos por el promedio diario ±3 veces la desviación estándar
en el AOD500.

4. Por último, si los datos restantes de un d́ıa determinado son inferiores a tres,
o al 10 % del total (el que sea mayor), se eliminan los datos de este d́ıa.

Figura 6.1: Diagrama del algoritmo de control de calidad ZEN-QC.
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7. Resultados

En esta sección se resumen cada una de las tres publicaciones que forman parte de
esta memoria de tesis, ordenándolas en base a la coherencia de contenido. En base
a la naturaleza de su contenido, podemos distinguir dos partes: la constituida por
el art́ıculo 1 y la constituida por los art́ıculos 2 y 3. En el art́ıculo 1, el principal
objetivo fue realizar una comparación de AOD entre la red GAW-PFR que incluye
la referencia mundial de AOD, y AERONET, la más extendida espacialmente, con
un gran número de estaciones, y la más utilizada en informes técnicos y art́ıculos
cient́ıficos. Este estudio se realizó en el Observatorio Atmosférico de Izaña utilizando
exclusivamente equipos de referencia (“Masters”) de cada una de las dos redes. En
dicho art́ıculo el doctorando contribuyó activamente en la descripción de detalles no
publicados del fotómetro Cimel-AERONET, en la identificación de las diferencias
técnicas entre el Cimel-AERONET y el PFR, aśı como en tratar de cuantificar las
diferencias ocasionadas por el uso de diferentes algoritmos de procesamiento de
datos por cada una de las redes. Los resultados de este art́ıculo, que muestran una
excelente trazabilidad en el AOD del Cimel-AERONET con la referencia mundial,
dan validez al empleo del Cimel-AERONET como instrumento de referencia del
AOD. En los art́ıculos 2 y 3 se evalúan las dos versiones del radiómetro ZEN-R aśı
como las diferentes metodoloǵıas desarrolladas para el cálculo del AOD y del PWV,
comparándolos con datos de instrumentos de referencia de AERONET. En ambas
publicaciones el doctorando lideró el proceso de composición y redacción de los
art́ıculos, desarrollo de las metodoloǵıas y cálculo de los resultados, asesorado por
los directores de tesis. La utilización de la red AERONET como referencia en los
art́ıculos 2 y 3, en lugar de la referencia mundial GAW, vino impuesta por el hecho
de que las calibraciones de los equipos de referencia de la primera están accesibles
mucho antes que las de la referencia mundial, y porque las comparaciones directas en
otras estaciones utilizadas en este estudio (Santa Cruz de Tenerife, y Tamanrasset)
son sólo posibles con la red AERONET. Los excelentes resultados en la trazabilidad
del AOD de Cimel-AERONET con la referencia mundial mostrados en el art́ıculo
1, justifica la idoneidad del uso de los datos AERONET como referencia de AOD
en las diversas comparaciones de los radiómetros ZEN realizadas en los art́ıculos 2
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y 3. A continuación se exponen cada uno de ellos siguiendo el orden establecido.

7.1. Art́ıculo 1: Comparación a largo plazo (2005–2015) del espesor
óptico de aerosoles de los fotómetros GAW-PFR y AERONET-
Cimel a partir de medidas śıncronas de 1 min.

7.1.1. Resumen gráfico
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Figura 7.1: Esquema gráfico del art́ıculo 1.
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7.1.2. Resumen

En este art́ıculo presentamos una comparación exhaustiva de las medidas de AOD
proporcionadas por el radiómetro PFR de la red GAW-PFR de la WMO, que es la
referencia internacional del AOD establecida por la WMO, y el radiómetro Cimel
CE318 utilizado por AERONET, que es la red de medida de AOD más extensa
a nivel mundial y la más utilizada para la caracterización de aerosoles y para la
evaluación de modelos y observaciones satelitales. El objetivo de este estudio es
evaluar si, a pesar de las marcadas diferencias técnicas entre ambos y el número
de instrumentos utilizados en su comparación de 11 años, los datos de AOD de
Cimel-AERONET son trazables a los de GAW-PFR.

La comparación se realizó sobre una serie de datos de AOD de AERONET de 11
años en el Observatorio Atmosférico de Izaña, perteneciente al CIAI (AEMET),
utilizando un total de 15 radiómetros Cimel CE318 calibrados con la técnica Lan-
gley, 13 de ellos en el peŕıodo 2005–2009, lo que significa que durante ese periodo
de cuatro años un instrumento fue reemplazado por otro para ser calibrado aproxi-
madamente cada 4,5 meses. Sus calibraciones se realizaron durante sus respectivos
peŕıodos de tiempo de medida en el Observatorio Atmosférico de Izaña. Por lo
tanto, estas calibraciones no estaban vinculadas de ninguna manera con las de los
instrumentos que las precedieron o reemplazaron o con la referencia GAW-PFR.
Estos hechos nos llevaron a investigar la homogeneidad de la serie de datos de AOD
de AERONET y su intercomparabilidad con la serie de datos AOD mucho más ho-
mogénea de GAW-PFR (tres instrumentos en 11 años). En total se analizaron más
de 70000 pares de datos minutales śıncronos GAW-PFR y AERONET en el peŕıodo
2005-2015, para cuatro longitudes de onda comunes o“cercanas” (380, 440, 500 y
870 nm). Para tres de las bandas espectrales del GAW-PFR (368, 412 y 862 nm)
el AOD se interpoló o extrapoló a los canales del Cimel CE318 correspondientes
(380, 440 y 870 nm), utilizando la ley de Ångström (Ångström, 1929).

En primer lugar se realizó una comparación entre las versiones V2 y V3 de AE-
RONET para los canales 380, 440, 500 y 870 nm para el peŕıodo 2005-2015. Al
realizar la comparación se obtuvo un excelente acuerdo entre V2 y V3 para los
cuatro canales analizados con un coeficiente de determinación (R2) > 0,999. Esto
demuestra que los resultados de la comparación de AOD entre GAW-PFR y las
dos versiones de AERONET son muy similares.

Seguidamente se realizó la comparación del conjunto de datos GAW-PFR con
las dos versiones de AERONET (V2 y V3) en el peŕıodo 2005-2015 en términos
de trazabilidad. El concepto de trazabilidad de la WMO (WMO, 2005) aplicado
en nuestro caso para el AOD, consiste en determinar si la diferencia de AOD
de AERONET frente al proporcionado por la referencia PFR-GAW se encuentra
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dentro de los ĺımites U95, es decir:

U95 = ±
(

0,005 +
0,010

m

)
, (7.1)

donde m es la masa óptica relativa. La trazabilidad es aceptable cuando el 95 %
de las diferencias de AOD se encuentran dentro de estos ĺımites, en cuyo caso
ambas poblaciones de datos se consideran equivalentes. Al efectuar dicho análisis
se encontró una excelente trazabilidad con el AOD de AERONET (V2 y V3) para
440, 500 y 870 nm (entre el 95 y 98 % de los datos estaban dentro de los ĺımites),
aśı como buenos resultados, aunque ligeramente por debajo de los ĺımites, para 380
nm, con el 92,7 % de los datos dentro de los ĺımites U95.

A continuación se realizó un análisis detallado de las causas que podŕıan explicar
las diferencias encontradas en el AOD. Los factores analizados y los resultados
obtenidos son los siguientes:

1. Variabilidad del AOD a muy corto plazo (un minuto).

Analizando la variabilidad de AOD en un minuto se obtuvo que aproxima-
damente sólo el 0,8 % de los datos de AOD tienen una variabilidad mayor
que 0,005 en todos los rangos espectrales. Esto significa que la variabilidad
natural de AOD no es una causa que pueda explicar las diferencias de AOD
registradas entre ambos instrumentos.

2. Problema de apuntamiento solar.

El desalineamiento del seguidor solar constituye un problema grave y una
causa importante de la no trazabilidad de los pares de datos de AOD, como
aśı demuestran los datos de AOD fuera de los ĺımites de U95 desde el peŕıodo
2005-2009, como consecuencia de problemas puntuales con el seguidor solar
del radiómetro GAW-PFR. Para el peŕıodo 2010–2015, el porcentaje de pares
de datos trazables mejora hasta el 93,5 % (380 nm), 97,4 % (440 nm), 97,2 %
(500 nm) y 99,1 % (870 nm). Sin embargo, la mayoŕıa de estos casos podŕıan
identificarse y excluirse del análisis.

3. Fallo en los algoritmos de detección de nubes de ambas redes.

Según nuestras observaciones, el fallo simultáneo en el cribado de nubes por
parte de ambos algoritmos podŕıa ocurrir sólo bajo la presencia de cirros
grandes y estables. En estos casos, los radiómetros interpretan las nubes
como capas de aerosol y pueden proporcionar valores muy diferentes del
AOD real. Sin embargo, para la comparación realizada en el Observatorio
Atmosférico de Izaña, este efecto es insignificante ya que los algoritmos de
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detección de nubes GAW-PFR y AERONET proporcionan una identificación
exitosa de sol directo despejado con cielos nublados (con fracciones de cielo
despejado (FCS) < 40 %) para el 99, 75 % de los casos.

4. Errores en la medida de la presión atmosférica.

La precisión de los nuevos barómetros integrados en los nuevos radiómetros
es de aproximadamente 3 hPa. Sólo los errores en la presión atmosférica > 30
hPa pueden producir un impacto en la dispersión de Rayleigh, y estos casos
son fácilmente detectables, pudiendo descartar o corregir los valores de AOD
correspondientes. Por tanto, la no trazabilidad del AOD debido a errores en
la dispersión de Rayleigh es insignificante.

5. Incertidumbre en el ozono total en columna.

La mayor influencia, en las bandas espectrales consideradas, en lo que respec-
ta a la absorción de la radiación por parte del ozono, ocurre principalmente
en 500 nm, por lo que la incertidumbre en el ozono total en columna conside-
rado tendrá un efecto apreciable en la incertidumbre del AOD en esta banda.
El ozono total debe determinarse con una incertidumbre de ±30 unidades
Dobson (UD) o el 10 % de los valores t́ıpicos para garantizar una incertidum-
bre de absorción del ozono ±0,001 a 500 nm. En el caso de la comparación
GAW-PFR-AERONET, a pesar de que ambas redes cuentan con métodos
muy diferentes para la determinación de los valores O3 necesarios para sus
correspondientes correcciones, sólo se encontraron grandes diferencias en el
ozono total en columna (> 40 UD) en el 2,4 % de los d́ıas, lo que resultó en
una diferencia en el espesor óptico del ozono ligeramente superior a 0,001. Por
tanto, la posible contribución a los valores de AOD no trazables entre las dos
redes en la intercomparación a largo plazo llevada a cabo en el Observatorio
Atmosférico de Izaña es insignificante. Sin embargo, en estaciones de latitud
media o alta donde se pueden registrar variaciones rápidas de O3 de varias
decenas de UD, la corrección de las medidas de AOD minutal por absorción
de ozono podŕıa ser un problema a considerar en el canal de 500 nm.

6. Incertidumbre en el NO2 total en columna.

Las diferencias en el espesor óptico del NO2, que tienen su origen en las
diferencias en la cantidad de NO2 total en columna considerado entre GAW-
PFR y AERONET, es del orden de 10−3 para los canales de 380 y 440 nm,
mientras que para el canal de 500 nm es aún menor, del orden de 10−4. Por
lo tanto, las diferencias en la absorción de NO2 son insignificantes en la no
trazabilidad del AOD minutal de nuestro estudio. Sin embargo, la absorción
de NO2 podŕıa tener algún impacto en el AOD en regiones altamente con-
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taminadas, como en las grandes ciudades industriales, donde los valores de
NO2 en columna son mucho mayores que los climatológicos.

Teniendo en cuenta las correcciones para la dispersión de Rayleigh y para las
absorciones de O3 y NO2, hemos calculado el efecto combinado de todos ellos
en la no trazabilidad de los valores de AOD minutales. El mayor impacto se
produce en el canal de 380 nm, en el que el 25 % de los datos de AOD fuera de
los ĺımites U95 (≈ 2 % del total de datos comparados) se deben a diferencias
significativas en la presión y/o en la absorción de O3 y NO2. Los datos de
AOD minutales fuera de los ĺımites de U95 mediante estas correcciones son
insignificantes en el canal de 870 nm.

7. Impacto de la dispersión hacia adelante (forward scattering) del polvo en la
incertidumbre de obtención del AOD debido a los diferentes FOV utilizados
por cada instrumento.

Dado que el PFR tiene un FOV de≈ 2,5◦ (Wehrli, 2000), que es prácticamente
el doble que el del Cimel CE318 (≈ 1,3◦, Torres et al., 2013), y las medidas
de irradiancia solar directa están afectadas por la radiación proveniente de
la aureola solar, es razonable esperar que el PFR se vea más afectado por
la irradiancia circunsolar que el radiómetro Cimel CE318 cuando el AOD
es relativamente alto. Para evaluar el impacto de la irradiancia circunsolar
en el PFR y el Cimel CE318, se aplicó un modelo de transferencia radiativa
basado en Monte Carlo (Barker, 1992, 1996; Räisänen et al., 2003) actualizado
para tener en cuenta el tamaño finito del disco solar y su oscurecimiento en
los bordes (Räisänen and Lindfors, 2019). Al modelar la dispersión hacia
adelante del polvo, hemos demostrado que un porcentaje no despreciable de
los datos de AOD minutales no trazables para AOD > 0,1, que vaŕıa entre
≈ 0,3 % a 870 nm y ≈ 1,9 % a 380 nm, es causado por la diferencia de FOV.
Debido a este efecto, GAW-PFR proporciona valores de AOD, que son ≈ 3 %
más bajos a 380 nm y ≈ 2 % más bajos a 500 nm que los proporcionados
por AERONET. Sin embargo, esta subestimación del AOD solo podŕıa tener
cierta relevancia en regiones con alta presencia de polvo atmosférico si se
usan radiómetros con un FOV relativamente grande.

Finalmente, se realizó una comparación entre el AE proporcionado por GAW-PFR y
AERONET utilizando 70716 pares de datos de AOD obtenidos de los cuatro canales
comunes cercanos. Este es un cálculo de AE muy estricto, ya que es necesario que
los cuatro canales midan con precisión el AOD simultáneamente. Las diferencias
de AE son > 0,2 aumentando exponencialmente en condiciones extremadamente
limpias (AOD ≤ 0,03 y AE ≥ 1), alcanzando diferencias de AE de hasta 1,6. Sin
embargo, para estas condiciones, la carga de aerosol atmosférico es prácticamente
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nula, por lo que la caracterización del AE no tiene ninguna importancia en la
práctica. En condiciones no limpias, o con un alto contenido de polvo mineral
(AOD asociado> 0,03 y AE < 1), las diferencias de AE permanecen < 0,1.

7.1.3. Art́ıculo 1
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Carmen Guirado-Fuentes4,1, Ramón Ramos1, Carlos Toledano4, Fernando
Almansa5,1,4, and Julian Gröbner2
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Abstract. A comprehensive comparison of more than 70000 synchronous 1 min aerosol

optical depth (AOD) data from three Global Atmosphere Watch precision-filter radiome-

ters (GAW-PFR), traceable to the World AOD reference, and 15 Aerosol Robotic Network

Cimel radiometers (AERONET-Cimel), calibrated individually with the Langley plot

technique, was performed for four common or “near” wavelengths, 380, 440, 500 and

870 nm, in the period 2005–2015. The goal of this study is to assess whether, despite

the marked technical differences between both networks (AERONET, GAW-PFR) and

the number of instruments used, their long-term AOD data are comparable and consis-

tent. The percentage of data meeting the World Meteorological Organization (WMO)

traceability requirements (95% of the AOD differences of an instrument compared to the

WMO standards lie within specific limits) is > 92% at 380 nm, > 95% at 440 nm and

500 nm, and 98% at 870 nm, with the results being quite similar for both AERONET

version 2 (V2) and version 3 (V3). For the data outside these limits, the contribution
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of calibration and differences in the calculation of the optical depth contribution due

to Rayleigh scattering and O3 and NO2 absorption have a negligible impact. For AOD

> 0.1, a small but non-negligible percentage (∼ 1.9%) of the AOD data outside the

WMO limits at 380 nm can be partly assigned to the impact of dust aerosol forward

scattering on the AOD calculation due to the different field of view of the instruments.

Due to this effect the GAW-PFR provides AOD values, which are ∼ 3% lower at 380

nm and ∼ 2% lower at 500 nm compared with AERONET-Cimel. The comparison of

the Ångström exponent (AE) shows that under non-pristine conditions (AOD > 0.03

and AE < 1) the AE differences remain < 0.1. This long-term comparison shows an

excellent traceability of AERONET-Cimel AOD with the World AOD reference at 440,

500 and 870 nm channels and a fairly good agreement at 380 nm, although AOD should

be improved in the UV range.

1 Introduction

In recent decades there has been a growing interest in the role played by atmospheric
aerosols in the radiation budget and the Earth’s hydrological cycle, mainly through
their physical and optical properties (IPCC, 2013). The most comprehensive and
important parameter that accounts for the optical activity of aerosols in the atmo-
spheric column is the aerosol optical depth (AOD) (WMO, 2003, 2005). This is also
a key parameter used in atmospheric column aerosol modelling (e.g. Basart et al.,
2012; Benedetti et al., 2018; Cuevas et al., 2015; Huneeus et al., 2016) and in satellite
observations (e.g. Sayer et al., 2012, 2013; Kahn and Gaitley, 2015; Amiridis et al.,
2015). The second aerosol optical parameter in importance is the Ångström expo-
nent (AE; Ångström, 1929) that accounts for the spectral dependency of the AOD.
Since the AE is inversely related to the average size of the aerosol particles, it is a
qualitative indicator of the atmospheric aerosol particle size, and therefore a useful
parameter to assess the aerosol type (WMO, 2003). At present, two global ground-
based radiometer networks provide aerosol optical properties of the atmospheric
column using centralized data processing procedures based on their respective
standard criteria and also centralized protocols for calibration and quality control,
linking all network instruments. These are GAW-PFR (Global Atmosphere Watch
precision-filter radiometer; http://www.pmodwrc.ch/worcc/; last access: 5 Septem-
ber 2018) and AERONET-Cimel (AErosol RObotic NETwork Cimel Electronique
radiometer; https://aeronet.gsfc.nasa.gov; last access: 1 September 2018) networks.
AERONET is, in fact, a federation of ground-based remote-sensing aerosol net-
works established by NASA (National Aeronautics and Space Administration)
and PHOTONS (PHOtométrie pour le Traitement Opérationnel de Normalisation
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Satellitaire, University of Lille, Service d’Observation de l’INSU, France; Goloub
et al., 2007), complemented by other sub-networks, such as AEROCAN (Cana-
dian sun photometry network; Bokoye et al., 2001), AeroSibnet (Siberian system
for Aerosol monitoring; Sakerin et al., 2005), AeroSpan (Aerosol characterisation
via sun photometry: Australia Network; Mitchell et al., 2017), CARSNET (China
Aerosol Remote Sensing NETwork; Che et al., 2015) and RIMA (The Iberian net-
work for aerosol measurements; Toledano et al., 2011). There are other radiometer
networks that in recent years have incorporated centralized protocols for data eval-
uation and databases and performed regular intercomparisons with GAW-PFR
and AERONET-Cimel. These include, for example, SKYNET (SKYradiometer
NETwork) and its seven associated subnetworks, which use the Prede-POM sky ra-
diometer to investigate aerosol–cloud–solar radiation interactions (e.g. Campanelli
et al., 2004; Nakajima et al., 2007; Takamura and Nakajima, 2004).

The World Optical Depth Research Calibration Center (WORCC) was established
in 1996 at the Physikalisch Meteorologisches Observatorium Davos World Radia-
tion Center (PMOD-WRC). The GAW-PFR network (Wehrli,2005) was initiated
within PMOD-WRC for global and long-term atmospheric aerosol monitoring and
accurate detection of trends. Aerosol data series measured at 12 core sites away
from local and regional pollution sources that are representative of atmospheric
background conditions in different climates and environments of the planet, in addi-
tion to another 20 associated stations, are included in this global network (Kazadzis
et al., 2018a). For this reason, GAW-PFR uses the PFR, an accurate and reliable
instrument regarding its absolute response stability over time that was designed
for long-term AOD measurements (Wehrli, 2008a). The GAW-PFR was specifically
designed by WORCC for this goal following the technical specifications defined by
the World Meteorological Organization (WMO, 2003, 2016). In 2006, the Commis-
sion for Instruments and Methods of Observation (CIMO) of the WMO (WMO,
2007) recommended that the WORCC at the PMOD-WRC should be designated
as the primary WMO Reference Centre for AOD measurements (WMO, 2005).

The AERONET-Cimel network (Holben et al., 1998) was, in principle, designed
to validate satellite products and to characterize the spatio-temporal distribution
of atmospheric aerosols based on their optical properties. It is the largest surface-
based global aerosol network, with more than 84 sites with measurement series
longer than 10 years and more than 242 sites having datasets > 5 years. Cimel
radiometer data, part of AERONET, are processed centrally and freely delivered in
near real time by the NASA Goddard Space Flight Center. Both networks, although
designed to meet different objectives, are now global benchmarks for the study and
characterization of aerosol optical properties worldwide and for the evaluation of
aerosol observations made on board satellites and simulations made using models.
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Multiple studies have proliferated in recent years to obtain aerosol climatology
and to determine AOD trends in different parts of the world (e.g. Nyeki et al.,
2012; Klingmüller et al., 2016; Chedin et al., 2018). However, these networks use
radiometers with significant technical differences. Moreover, calibration methodolo-
gies, AOD calculation algorithms and data evaluation methods are also relatively
different between the two networks. Consequently, the objective of this study is to
assess whether, despite the marked differences between both networks, including
the different day-to-day maintenance and operation procedures of the respective
instruments during the study period, the long-term AOD data provided by the two
networks are comparable and consistent.

The WMO has defined the GAW-PFR Triad (three Master PFR instruments) as the
worldwide reference for AOD measurements (WMO, 2005). Based on this concept,
an instrument provides traceable measurements of AOD to this WMO reference
when this instrument can demonstrate an unbroken chain of calibrations between
itself and the GAW-PFR Triad with AOD measurements within specified limits of
the GAWPFR reference. This can either be achieved by a direct comparison to the
GAW-PFR Triad (Kazadzis et al., 2018a) or by using a portable transfer standard
radiometer as presented in this study. Several comparisons between AERONET-
Cimel, GAW-PFR and other radiometers have been carried out in different places
(Barreto et al., 2016; Kazadzis et al., 2014, 2018b; Kim et al., 2008; McArthur
et al., 2003; Mitchell and Forgan, 2003; Nyeki et al., 2015; Schmid et al., 1999;
Toledano et al., 2012). However, these comparisons have been performed during field
intercomparison campaigns or during relatively short periods of time, thus they are
not representative of a large variety of atmospheric conditions. In addition, the type
of instrument maintenance and the number and qualifications of staff serving them
during campaigns is generally of a higher quality compared to that of the instrument
daily operation in unattended mode. This might cause an improvement in the
instrument performance during intensive campaigns compared to the operational
mode.

The growing interest in the analysis of long-term AOD and AE data series for
climatological purposes requires an assessment of their quality assurance and long-
term intercomparability. This is the first study to analyse the long-term traceability
of AERONET-Cimel with respect to GAW-PFR and therefore to assess the validity
of the long AOD and AE AERONET-Cimel data series for climatological and
climate change studies under specific quality control requirements.

GAW-PFR has a comprehensive calibration system (Kazadzis et al., 2018a; Schmid
and Wehrli, 1995) that is transferred by a worldwide suite of reference instruments.
AERONET-Cimel does not have a WMO-CIMO linked reference and, as described
by Holben et al. (1998), Eck et al. (1999) and Toledano et al. (2018), is based on
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maintaining reference AERONET radiometers based on the Langley calibration
technique at Izaña, Spain, and Mauna Loa, USA. Calibration of all other instru-
ments is based on raw voltage ratio comparisons with reference instruments at
dedicated sites (Carpentras, France; Washington D.C., USA; Valladolid, Spain).
There are few places in the world where synchronous observations of these two
networks are available for long time periods and variable AOD conditions. The
Izaña Observatory (IZO; Tenerife, Canary Islands) is one of them. The GAW-
PFR measurements started at Izaña Observatory in 2001 (Wehrli, 2005), while
AERONET-Cimel started in 2003 (Goloub et al., 2007). Since 2005, synchronous
measurements (1 min values) that have been evaluated following the calibration
procedures of each of the networks are available.

In addition, the Izaña Observatory is one of the two places in the world (the other is
Mauna Loa, Hawaii, USA) where sun calibrations are performed using the Langley
plot technique for both AERONET-Cimel and GAW-PFR reference instruments
(Toledano et al., 2018) because of stable and very low AOD conditions during many
days each year. Consequently, the instruments compared at the Izaña Observatory
have been calibrated under the same environmental conditions, and therefore AOD
differences can be directly linked with calibration principles, AOD post-processing
and other instrumental differences. In this work, we analyse and evaluate the
comparison of 11 years (2005–2015) of 1 min synchronous observations of AOD with
AERONET-Cimel and GAW-PFR in four common or “near” wavelengths, assessing
the results and explaining the possible causes of these differences. Some preliminary
technical details on the traceability between GAW-PFR and AERONET-Cimel
were reported in a technical report by Romero-Campos et al. (2017).

In Sect. 2 the facility in which this long-term comparison has been carried out is
described. The technical characteristics of the AERONET-Cimel and GAW-PFR
instruments are shown in Sect. 3, with special emphasis on the technical and
methodological differences of both networks. Section 4 describes the methodology
followed in this intercomparison based on the concept of WMO-GAW traceability.
Results are given in Sect. 5. A summary and conclusions are provided in Sect.
6. The Supplement contains case analyses of inaccurate calibration and cloud
contamination, some additional results of the comparison between PFR and Cimel
with AERONET version 3 (V3), complementary information of the very short
natural AOD variability, and the simulations performed with the Monte Carlo model
to evaluate the impact of dust forward-scattering radiation on AOD determination.
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2 Site description

Izaña Observatory (28.3◦ N, 16.5◦ W; 2373 ma.s.l.) is located in Tenerife (Canary
Islands, Spain) and is managed by the Izaña Atmospheric Research Center (IARC),
which is part of the State Meteorological Agency of Spain (AEMET). It is a
suitable place for long-term studies of aerosol optical properties under contrasting
atmospheric and meteorological conditions. This is because IZO is located in the
free troposphere (FT) above the temperature inversion caused by the trade wind
regime in lower levels and general subsidence associated with the branch of the decay
of Hadley’s cell aloft (Carrillo et al., 2016). This meteorological feature favours,
during most of the year, the presence of pristine skies and clean air, representative
of atmospheric background conditions (Cuevas et al., 2013; Rodŕıguez et al., 2009).
On the other hand, its proximity to the African continent makes it a privileged
site for observing and characterizing the Saharan Air Layer (SAL), which normally
presents a high burden of desert mineral dust, especially during the summer months
(Basart et al., 2009; Cuevas et al., 2015; Rodŕıguez et al., 2011). At that time of
the year, the SAL impacts the subtropical free troposphere over the North Atlantic
with large interannual (Rodŕıguez et al., 2015) and sharp intraseasonal (Cuevas et
al., 2017a) variability. The contrasting atmospheric conditions that occur at IZO
allow the comparison of the two networks, which can be performed under a wide
range of AOD values: mostly for pristine conditions (AOD≤ 0.03) but also for
relatively high turbidity (AOD> 0.6) linked with dust-aerosol-related intrusions.
In addition, the location offers the possibility of observing rapid changes in AOD,
going from pristine conditions to dusty skies and vice versa in a matter of a few
hours, especially in the summer period. The periodical presence of a dust-laden
SAL allows us to evaluate the impact that the dust forward scattering into the
field of view has on AOD retrieval. All this defines IZO as an excellent atmospheric
aerosol natural laboratory to compare the performance of different radiometers
measuring AOD. One of the first international AOD intercomparison campaigns
was carried out at IZO in April 1984 (WMO, 1986), promoted and coordinated by
PMOD-WRC.

The privileged conditions of pristine skies that characterize IZO during many days
of the year have allowed this observatory to become a calibration site for the GAW-
PFR and AERONET-Cimel networks since 2001 and 2003, respectively, where
the extraterrestrial constants are determined with direct sun observations using
the Langley plot technique (Toledano et al., 2018). Note that the extraterrestrial
constant (calibration constant) is the signal the instrument would read outside
the atmosphere at a normalized Earth–sun distance. In addition, since July 2014,
IZO has also been designated by the WMO as a CIMO (WMO, 2014) test bed
for aerosols and water vapour remote-sensing instruments. IZO is a station of
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the Baseline Surface Radiation Network (BSRN) (Driemel et al., 2018; Garćıa et
al., 2019). Details of IZO facilities, measurement programmes and main research
activities can be found in Cuevas et al. (2017b).

3 GAW-PFR and AERONET-Cimel radiometers

The two types of radiometers intercompared in this study are Cimel CE318-N
(Holben et al., 1998), hereinafter referred to as Cimel, the standard instrument of
AERONET until the recent appearance of CE318-T (Barreto et al., 2016), and the
PFR (Wehrli, 2005), the standard instrument of the GAW-PFR network. The main
features of these two radiometers are described in Table 1. The Cimel (Holben et
al., 1994, 1998) is a radiometer equipped with a two-axis robot that performs two
types of basic radiation measurements: direct solar irradiance and sky (radiance)
observations, thanks to an automatic pointing robot that executes the observation
sequences that have been scheduled. The robot performs automatic pointing to
the sun by stepping azimuth and zenith motors using ephemeris based on time,
latitude and longitude. Additionally, a four-quadrant detector is used to improve
the sun tracking before each scheduled measurement sequence. This sensor guides
the robot to the point where the intensity of the signal channel is at a maximum.
Diffuse-sky measurements are also performed by Cimel to infer aerosol optical and
microphysical properties. Two different routines are executed: almucantar (varying
the azimuth angle keeping constant the zenith angle) and principal plane (varying
the zenith angle keeping constant the azimuth angle). The ability of Cimel to
perform both direct and diffuse-sky measurements makes it necessary to use a
specific robot rather than a simple sun tracker. The field-of-view angle (FOV) of
the instrument is 1.29◦ (hereafter ∼ 1.3◦) (Torres et al., 2013). The wavelengths
in which the measurements are sequentially made by a single detector depend on
the interference filters that each version of the radiometer has installed in the filter
wheel, which is located inside the sensor head and which is moved by a stepper
motor. The Cimel versions used in this study have at least eight interference filters
centred at 340, 380, 440, 500, 675, 870, 940, and 1020 nm and a 10 nm full-width-
at-half-maximum (FWHM) bandwidth, except for 340 and 380 nm which have 2
and 4 nm FWHM, respectively. Solar irradiance is measured with a Silicon detector
in these channels. The possible deterioration of the interference filters is reduced
since they are only exposed to the sun during three consecutive 1 s direct sun
measurements per channel, this cycle being scheduled every ∼ 15 min. The rest of
the time the Cimel is taking sky radiance measurements or at rest position looking
downwards.

The PFR (Wehrli, 2000, 2005, 2008a, b) is designed for continuous and automated
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Table 1: Main features of the GAW-PFR (PFR;Wehrli, 2000, 2005, 2008a, b) and
AERONET-Cimel (Holben et al., 1994, 1998; Torres et al., 2013) radiometers used
in this study.

GAW-PFR AERONET-Cimel

Type of instru-
ment

Standard version Standard version

Reference instrument

Type of observa-
tion

Automatic continuous di-
rect sun irradiance

Automatic sun-sky tracking

Available stan-
dard channels

368, 412, 500, 862 nm 340, 380, 440, 500, 675, 870, 1020,
1640 nm

FWHM 5 nm 2 nm (340 nm), 4 nm (380 nm), 10
nm (VIS-NIR), 25 nm (1640 nm)

AOD uncertainty ± 0.01 0.002-0.009, spectrally dependent,
with the higher errors in the UV
(Reference instruments) (Eck et al.,
1999)

FOV (FWHM) 2.5◦ (1.2◦ plateau, 0.7◦

slope)
1.3◦ (slope angle unknown)

Sun Tracker Any sun tracker with a res-
olution of at least 0.08◦

Robot specifically designed by
CIMEL and controlled in conjunc-
tion with the radiometer

Temperature con-
trol and correc-
tion

Temperature controlled
20◦C±0.5◦C

Temperature correction to 1020 nm
is applied in V2. Corrections from
filter-specific temperature charac-
terization in V3 for VIS and NIR
spectral bands (Giles et al., 2019)

Power Grid Solar panels and grids

Data transmis-
sion

Local PC/FTP Local PC/FTP

Satellite transmission

Calibration Comparison with reference
triad.

At least 10 good morning Langleys
plots

Additional in situ long-
term Langleys

operation under a broad range of weather conditions. It accurately measures direct
solar radiation transmitted in four independent narrow wavelength channels cen-
tred at 368, 412, 500 and 862 nm, with a 5 nm FWHM bandwidth. The FOV of the
instrument is 2.5◦ and the slope angle is 0.7◦. Dielectric interference filters manu-
factured by the ion-assisted deposition technique are used to assure significantly
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larger stability in comparison to the one manufactured by classic soft coatings. The
PFR was designed for long-term stable measurements; therefore, the instrument is
hermetically sealed with an internal atmosphere that is slightly pressurized (2000
hPa) with dry nitrogen and is stabilized in temperature with a Peltier-type ther-
mostatic system maintaining the temperature of the detector head at 20◦C±0.5◦C.
This system makes corrections of the sensitivity for temperature unnecessary and
also prevents accelerated ageing of filters, ensuring the high stability of the PFR.
The PFR is mounted on a sun tracker, which is always pointing at the sun without
any active optimization. The detectors are only exposed for short time periods,
since an automated shutter opens every minute for 10 s for sun measurements,
minimizing degradation related to the filter exposure.

The expected uncertainty of AOD in the four channels of the PFR radiometer is
from 0.004 (862 nm) up to 0.01 (368 nm) (Wehrli, 2000). For the Cimel radiometer,
the expected uncertainty of the level 2 AOD product is between 0.002 and 0.009
for reference instruments, larger for shorter wavelengths, between 0.01 and 0.02 for
field instruments, and larger in the UV under the conditions of clear skies (Eck et
al., 1999; Barreto et al., 2016). It should be taken into account that, in general, in
the UV range the AOD uncertainty is higher (Carlund et al., 2017).

In relation to the calibration of both networks, GAW and AERONET, they use
measurements at high mountain stations with very stable and low AOD over 1
d in which consecutive measurements can be performed over a wide range of
optical air mass (approximately between 2 and 5) in the shortest possible time,
in order to calibrate reference instruments using the Langley plot technique. In
the case of AERONET-Cimel these calibrations are subsequently transferred to
the field instruments of the network in other sites through regular intercomparison
campaigns. In the case of the GAW-PFR, the calibration system is more complex
in order to ensure traceability with the WORCC world reference. The maintenance
of the AOD standard by the WORCC laboratory is described in Kazadzis et
al. (2018b). It consists of a triad of instruments that measure continuously and
three additional standard portable transfer radiometers located at Mauna Loa
(one instrument) and Izaña (two instruments) observatories. Every 6 months, one
of the portable transfer standard radiometers visits the reference triad based at
PMODWRC (Davos) and compares the calibration constants defined by the 6-
month Langley calibrations in the two high mountain stations (Table 1 of Kazadzis
et al., 2018b) with the one defined by the triad. The comparison is based on the
signals (voltages) and not on AOD values. The differences between the Izaña GAW-
PFR radiometers and the reference triad have been always lower than 0.5%, being
within the uncertainty of the Langley method, plus the small possible instrument
degradations that can be detected in a 6–12-month period. Such degradations are
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quite small and are accounted for in the calibration analysis since extraterrestrial
constants are linearly interpolated between two triad visits for every 6-month
period. Additionally, the Izaña GAW-PFR “field” radiometers are calibrated on a
routine basis using the Langley plot technique for double-checking quality assurance.
Therefore, these radiometers cannot be considered simple field instruments but as
regularly calibrated radiometers with assured traceability with the WORCC triad
reference.

IZO is one of the two sites of Langley plot calibration of both networks, which
represents an advantage when comparing the two instruments, eliminating, to a
large extent, errors caused by the calibration transfer. However, there are differences
between the calibration methodologies used by both networks. AERONET obtains
the calibration by means of the average of a few extraterrestrial constants (V0)
obtained from Langleys and performed over a relatively short time (the time needed
to collect data from at least 10 morning Langley plots). However, PFR-related
Langleys are calculated by temporal linear fit to a larger number of extraterrestrial
constants, V0, obtained from Langley plots performed over 6 months (Wehrli, 2000;
Kazadzis et al., 2018a). Details of requirements for performing Langley calibrations
of reference instruments by GAW-PFR and AERONET and their uncertainties are
analysed in detail by Toledano et al. (2018).

4 Data and methodology used in this study

The AOD at each wavelength is obtained from the Beer– Bouguer–Lambert law
(Thomason et al., 1982; WMO, 2003) for radiometers collecting spectral direct sun
measurements:

I(λ) = I0(λ) exp−τm, (1)

where I(λ) is the direct sun signal at ground level at wavelength λ, I0(λ) is the
extraterrestrial signal of the instrument corrected by the Earth–sun distance and
m is the optical air mass in the measurement path (Kasten and Young, 1989). A
detailed description of how AOD is obtained and the determination of extraterres-
trial constants by GAW-PFR and AERONET is provided by Holben et al. (1994),
Holben et al. (1998), Holben et al. (2001), Toledano et al. (2018), Wehrli (2000)
and Wehrli (2008b).

4.1 GAW-PFR and AERONET-Cimel data

GAW-PFR provides AOD values every 1 min as an average of 10 sequential mea-
surements with a total duration of less than 1 s (20 ms for each channel), then
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dark current is measured, going into sleep mode until the next minute. AERONET-
Cimel takes a sequence of three separate measurements (1 s per filter) in 1 min
interval (each one every 30 s). This sequence of measurements is called “triplet”
and it is performed every ∼ 15 min for air masses lower than 2 and with higher
frequency for lower solar elevations. Therefore, AERONET-Cimel provides AOD
values for each triplet at least every ∼ 15 min. Note that AERONET-Cimel per-
forms AOD measurements interspersed with sky radiance measurements, whose
duration varies throughout the day, and therefore the AOD measurements are not
necessarily provided at full minutes. We consider the 1 min data as synchronous
when GAW-PFR and AERONET-Cimel AOD data were obtained with a difference
of ∼ 30 s.

GAW-PFR and AERONET-Cimel instruments use the same time reference. The
synchronization between the PC and GAW-PFR data logger was performed every
12 h since 2005 and improved to 6 h after 2013 using network time protocol (NTP)
servers via the internet. From 2005 to 2012 the time of the AERONET-Cimel
reference instruments was checked manually once a day using a handheld GPS.
From 2012 onwards, the time was adjusted automatically three times a day using
the ASTWIN Cimel software. In turn, the PC time is adjusted through the AEMET
internal time server every 15 min. The AOD comparison has been performed using
1 min synchronous data from the four closest channels of both instruments in the
period 2005–2015 (more than 70000 data pairs in each channel). Thus, in the case of
GAW-PFR, the four available channels of 368, 412, 500 and 862 nm were analysed,
while in the case of AERONET-Cimel only the 380, 440, 500 and 870 nm channels
were considered (Table 1). For the 500 nm channel, the nominal wavelengths of the
two networks differ by a maximum of 1.8 nm. However, the nominal wavelengths
in the rest of the compared channels present higher differences. Therefore, the
AOD values of the original GAW-PFR 368, 412 and 862 nm channels have been
interpolated or extrapolated to the corresponding AERONET-Cimel channels (380,
440 and 870 nm), using the Ångström power law and the GAW-PFR AE calculated
from the four PFR AOD measurements.

Synchronous AE data provided by both instruments have also been compared (see
Sect. 5.5). GAW-PFR determines AE using all four PFR wavelengths (Nyeki et al.,
2015), while AERONET-Cimel uses different wavelength ranges (340–440, 380–500,
440–675, 440–870 and 500–870 nm) (Eck et al., 1999). As a consequence, we have
calculated a new AE for the Cimel radiometer using the four channel equivalent
to those of the PFR.

In this study we have used the two versions of the AERONET database. Version 2
(V2) has been used so far in many scientific publications in high-impact journals
and version 3 (V3) has been released just recently (Giles et al., 2019). In Sect. 5.1, a
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comparison of V2 and V3 is presented. A total of 3 GAW-PFR and 15 AERONET-
Cimel instruments have been used in this intercomparison study covering the period
2005–2015. Their corresponding reference numbers are shown in Table 2.

Table 2: GAW-PFR and AERONET-Cimel instrument numbers used in this study
in the period 2005–2015. Data from reference Cimel no. 398 were not upgraded to
level 2 in V3 during the period 12 July–15 September 2008.

Instruments used
in this study

Period 2005-2009 Period 2010-2015

GAW-PFR 2 instruments: no. 6, no. 25 2 instruments: no. 6, no. 21

AERONET-
Cimel

13 instruments: no. 25, no. 44, no.
45, no. 79, no. 117, no. 140, no. 244,
no. 245, no. 380, no. 382, no. 383,
no. 398, no. 421

5 instruments: no. 244, no.
347, no. 380, no. 421, no.
548

4.2 Cloud filtering

The data matching in our comparison analysis was performed with synchronous
1 min AOD values of both networks labelled with quality control (QC) flags that
guarantee proven quality data not affected by the presence of clouds. In the case of
the AERONET-Cimel network, the selected AOD data are level 2 data from both
V2 and V3 AERONET databases, which have been cloud filtered by the Smirnov
algorithm (Smirnov et al., 2000), based on the triplet method with a second-order
temporal derivative constraint (McArthur et al., 2003), and visually screened in V2.
The cloud screening in AERONET V3 has been completely automated and notably
improved, especially by refining the triplet variability and cirrus cloud detection
and removal (Giles et al., 2019). These two cloud screening methods are able to
detect rapid changes in the atmosphere and remove those measurements in which
AOD variability within the triplet is higher than the following criteria:

– AOD triplet variability > MAX {0.02 or 0.03×AOD} at all wavelengths (V2)

– AOD triplet variability > MAX {0.01 or 0.015×AOD} at 675, 870 and 1020
nm simultaneously (V3)

The selection of these thresholds ensures the triplet average does not exceed 0.02
(V2) or 0.01 (V3) within 1 min in the case of low AOD conditions.

GAW-PFR cloud screening algorithms also use the Smirnov triplet measurement
and the second-order derivative check but add a test for optically thick clouds with
AOD500 nm > 2 (Kazadzis et al., 2018b). In the case of the GAW-PFR network
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(Wehrli, 2008a) the flags take the value 0 for cloudless conditions, no wavelength
crossings and sun pointing within certain limits. More details are provided in
Kazadzis et al. (2018a) for all of the selected records.

4.3 WMO traceability criteria

The criterion for traceability used in this study follows the recommendation of the
WMO (WMO, 2005), which states that 95% of the AOD measurements fall within
the specified acceptance limits, taking the PFR as a reference:

U95 = ± (0.005 + 0.010/m) , (2)

where m is the optical air mass. Note that the U95 range is larger for smaller optical
air mass. The acceptance limits proposed by WMO take into account, on the one
hand, the uncertainty inherent in the calculations of the AOD and, on the other
hand, the uncertainty associated with the calibration of the instrument. The latter,
for the case of instruments with finite field-of-view direct transmissions, such as the
PFR and the Cimel, is dominated by the influence of the top-of-the-atmosphere
signal determined by Langley plot measurements, divided by the optical air mass.
The first term of Eq. (2) (0.005) represents the maximum tolerance for the uncer-
tainty due to the atmospheric parameters used for the AOD calculation (additional
atmospheric trace gas corrections and Rayleigh scattering). The second term de-
scribes the calibration-related relative uncertainties. The WMO recommends an
upper limit for the calibration uncertainty of 1%.

4.4 Modelling the impact of near-forward scattering on the AOD mea-
sured by the PFR and Cimel radiometers

In order to study the impact of near-forward scattering on the irradiance measured
by the PFR and Cimel instruments, a forward Monte Carlo model (Barker, 1992,
1996; Räisänen et al., 2003) was employed. For the present work, the model was
updated to account for the finite width of the solar disk (Räisänen and Lindfors,
2019). The starting point of each photon was selected randomly within the solar
disk, assuming a disk half-width of 0.267◦ and the impact of limb darkening on the
intensity distribution was included following Böhm-Vitense (1989). Some diagnos-
tics were also added to keep track of the distribution of downwelling photons at the
surface with respect to the angular distance from the centre of the sun. Gaseous
absorption was accounted for following Freidenreich and Ramaswamy (1999), while
the Rayleigh scattering optical depth was computed using Bodhaine et al. (1999).

63



7.1. Art́ıculo 1 RESULTADOS

5 Results

5.1 Comparison of long-term AERONET V2 and V3 datasets at Izaña
site

Since V3 has been released recently (Giles et al., 2019), we present a comparison
between V2 and V3 for the Cimel channels 380, 440, 500 and 870 nm for the
period 2005–2015. The results indicate that for the Izaña site the agreement and
consistency between the two AERONET versions is very high for the four channels
(R2 > 0.999), in full agreement with the results of the V2–V3 comparison reported by
Giles et al. (2019). It follows that the results of the AOD comparison between GAW-
PFR and the two versions of AERONET are very similar, as shown throughout
this work. A detailed description of AERONET V3 and its improvements with
respect to V2 is given in Giles et al. (2019). As such, improvements depend on
aerosol type, according to the changes introduced in V3, high mountain sites such
as Izaña, characterized by low background AOD values or, alternatively, by the
presence of dust (no pollution or biomass burning aerosols), show that the AOD
differences between V2 and V3 are expected to be minimal, as is confirmed in this
study (Fig. 1).

However, it should be noted that AERONET V3 does not restrict the calculation of
AOD to optical air masses lower than 5.0 (Giles et al., 2019), as V2 does. This results
in an increase in the number of solar measurements occurring in the early morning
and the late evening. Consequently, the GAW-PFR comparisons with AERONET
V3 consisted of ∼ 9000 more data pairs than the GAW-PFR comparison with V2
(see Supplement S1).

5.2 AERONET-Cimel AOD comparison with GAW-PFR data

The comparison with GAW-PFR AOD shows that the AOD from AERONET-
Cimel radiometers meet the WMO traceability criteria (“traceable AOD data”
from now on) at the 440, 500 and 870 nm channels. The lowest agreement is found
in the UV channel (380 nm), with 92.7% of the data, and the highest in the infrared
channel (870 nm), with 98.0% for V2 (Fig. 2; Table 3), because this channel is
less affected by trace gas absorption. Almost identical results are obtained for V3
(Supplement S1 and S2.1). However, in the first half of the comparison period
(2005–2009) there were some mechanical problems in the solar tracker that the
GAW-PFR was mounted on, which caused sporadic problems in sun pointing. This
finding was confirmed with data from the four-quadrant silicon detector (Wehrli,
2008a) that showed diurnal variation in the PFR sensors position up to 0.3◦. From
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Figure 1: AERONET version 3 (V3) versus version 2 (V2) AOD 1 min data scatterplot at
Izaña Observatory for the period 2005–2015: (a) 380 nm, (b) 440 nm, (c) 500 nm and (d)
870 nm. The corresponding equations of the linear fits, the coefficients of determination
(R2), mean bias (MB), root-mean-square error (RMSE) and the number of data pairs
(N) used are included in each legend.

2010 onwards, the PFR was mounted on an upgraded solar tracker with higher
performance and precision. This reduced problems in sun pointing, which were
the main cause of most of the AOD discrepancies between PFR and Cimel, and
therefore not attributable to the instruments themselves. In addition, since 2010,
Cimel no. 244 has been in continuous operation (for most of the time) at the Izaña
Observatory, greatly simplifying calibration procedures and the corresponding data
evaluation and minimizing errors of calibration uncertainties introduced by the
use of a high number of radiometers in the intercomparison. During the 2010–
2015 period, the fraction of traceable AOD measurements of the total between the
AERONET-Cimel radiometer and the GAW-PFR improves to 93.46% in the 380
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nm channel and this percentage rises to 99.07% for the 870 nm channel. Despite the
technical differences between both radiometers described above and the different
calibration protocols, cloud screening, and data processing algorithms, the data
series of both instruments can be considered equivalent, except for 380 nm, according
to the WMO traceability criteria defined previously (Eq. 2). This explains the
excellent agreement in the long-term AOD climatology shown for GAW-PFR and
AERONET-Cimel in Toledano et al. (2018).

Figure 2: The 1 min AOD data differences between AERONET-Cimel (V2) and GAW-
PFR for (a) 380 nm (70838 data pairs), (b) 440 nm (71645 data pairs), (c) 500 nm
(70 833 data pairs) and (d) 870 nm (71660 data pairs) for the period 2005–2015. Black
dots correspond to the U95 limits. A small number of outliers are out of the ∼ 0.06
AOD difference range. Black arrows indicate a change of reference AERONET-Cimel
radiometer and red arrows indicate a change of the GAW-PFR instrument.

We have compared the percentages of AERONET-Cimel AOD V2 data meeting
the WMO criteria for the four interpolated GAW-PFR channels with those of
AERONET V3 (Table 3). A more detailed statistical evaluation for different sce-
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Table 3: Percentage of AERONET-Cimel (V2 and V3) 1 min AOD data meeting
the WMO criteria for the four interpolated GAW-PFR channels for the period
2005–2015.

Channel (nm) V2 (%) V3 (%)

380 92.7 92.3
440 95.7 95.2
500 95.8 95.7
870 98.0 97.8

narios of aerosol loading (three ranges of AOD) and aerosol size (three ranges of
AE) for each compared channel has been performed (see Table 4). We observe that
the poorest agreement is obtained at the shorter wavelength channels (440 nm and
especially 380 nm). Kazadzis et al. (2018b) also found a decrease in the percentage
of AOD meeting the WMO criteria for 368 and 412 nm spectral bands during the
Fourth WMO Filter Radiometer Comparison for aerosol optical depth measure-
ments. As these authors pointed out, the shorter the wavelength, the poorer the
agreement due to several reasons: AOD in the UV suffers from out-of-band leakage
or at least different blocking of the filters, small differences in central wavelength
or FWHM have a larger impact, the Rayleigh correction is more critical, and NO2

absorptions are treated differently. Regarding the effect of the aerosol load and
particle size on the AOD differences, our results confirm the decrease in agreement
between the two instruments for very large particles is coincident with almost pure
dust (AE ≤ 0.3) and high turbidity conditions (AOD> 0.1). However, it should
be noted that the percentage of data pairs in these situations is relatively low (e.g.
6% for AOD> 0.1 and 3.2% for AE< 0.25 at 380 nm) with respect to the total
data (Table 4). A similar result was reported by Kim et al. (2008), who attributed
these discrepancies to the possible spatial and temporal variability of aerosols under
larger optical depths, in addition to the effect of the different FOV of both radiome-
ters. In our case, and according to previous studies on AOD climatology at IZO
(Barreto et al., 2014), the presence of high mineral dust burden when the station is
within the SAL does not necessarily imply lower atmospheric stability conditions
resulting in daily AOD means with greater standard deviation. For these reasons,
we assumed that the different FOV of these instruments is the main cause of part
of the AOD 1 min differences outside the U95 limits under high AOD conditions.
This issue is specifically addressed in Sect. 5.3.

In general, the agreement obtained with the 1 min AOD data is slightly lower
than that obtained during short campaigns, such as those reported by Barreto et
al. (2016) at IZO (5566 data pairs), with agreement of > 99% for AOD870 nm and
AOD500 nm. However, our results for AOD500 nm (> 95% of 70833 data pairs) are
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Table 4: Percentage of AERONET-Cimel 1 min AOD data (V2) meeting the WMO
criteria for the four compared channels and different AOD and AE scenarios for
the period 2005–2015. The last row corresponds to the total percentages for the
sub-period 2010–2015. AOD and AE traceability > 95% are marked in bold. The
number of data pairs is in brackets.

Percentage of data
within WMO limits

380 nm 440 nm 500 nm 870 nm

AOD≤0.05 94.4 (57008) 96.8
(59130)

97.0
(58572)

98.5
(60191)

0.05<AOD≤0.10 91.0 (4723) 93.1 (4850) 92.8 (4817) 94.2 (4908)
AOD>0.10 75.0 (3938) 86.5 (4615) 85.1 (4466) 95.9 (5118)
AE≤0.25 73.1 (2145) 82.3 (2417) 80.1 (2351) 96.2 (2824)
0.25<AE≤0.6 91.2 (5407) 96.2 (5810) 96.0 (5691) 97.9 (5911)
AE>0.6 94.6 (55114) 96.9

(57089)
97.0

(56504)
98.7

(58146)
Total 2005-2015 92.7 (65669) 95.7

(68595)
95.8

(67855)
98.0

(70217)
Total 2010-2015 93.5 (41977) 97.4

(43745)
97.2

(43627)
99.1

(44498)

significantly better than those observed by Kazadzis et al. (2014) (∼ 48% of 468
data pairs) covering a relatively narrow range of AOD. In addition, short-term
campaigns usually cover a small range of AOD, and instruments are carefully and
frequently supervised. On the contrary, during our intercomparison over a period of
11 years, the operation of the instruments can be considered the normal operation
of such a system. An additional interesting aspect of this study is that it is not
a simple intercomparison exercise between two instruments but a comparison of
a number of instruments that acted as reference instruments for the AERONET
Europe network.

In the first period (2005–2009), a total of 13 Cimel radiometers were used, while
in the second period (2010–2015) 5 Cimel radiometers were used, and for much of
this period Cimel no. 244 was operating as the permanent AERONET reference
instrument at IZO. Once the most important causes of non-traceability in the first
period, which were associated with a poor pointing of GAW-PFR due to problems
in the sun tracker, were discounted, we can conclude that there are no significant
differences in the percentages of traceable data between the two periods. This means
that the continuous change of reference Cimel instruments used in the 2005–2009
period did not have a significant impact on AOD data comparison differences. This
provides proof of the consistency and homogeneity of the long AERONET-Cimel
AOD data series and their comparability with the GAW-PFR AOD data series,
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regardless of the number of instruments used to generate these data series. In our
study, with a number of comparison data pairs 1 or 2 orders of magnitude higher
than those used in short campaigns, the results shown in Table 4 can be considered
fairly good.

In addition to the traceability scores, we have introduced some basic skill scores
corresponding to the AOD intercomparison between GAW-PFR and AERONET-
Cimel for the period 2005–2015 (Table 5) to be in line with previous studies
that have performed short-term comparisons between these two instruments. The
definitions of the used skill scores can be found in Huijnen and Eskes (2012).
The Pearson’s correlation coefficient (r) values of the Cimel–PFR 1 min AOD
data pairs are higher than 0.99 in all channels. Concerning mean bias (MB) and
root-mean-square error (RMSE) associated with AOD differences, our results show
quite similar skill scores to those found at Mauna Loa, USA, for AOD500 nm (Kim
et al., 2008), although the number of data pairs used at IZO (∼ 71000) is much
higher and the AOD range of our study is much larger than that of the comparison
performed at Mauna Loa. Kim et al. (2008) summarize results of previous short-
term intensive studies (McArthur et al., 2003; Mitchell and Forgan, 2003; Kim
et al., 2005; Schmid et al., 1999) carried out at stations where the radiometers
were calibrated by intercomparison with reference instruments. These results show
MB values to be within 0.01 bias, 1 order of magnitude larger than at the Mauna
Loa and Izaña Observatories, highlighting the importance of having well-calibrated
instruments to carry out these type of comparisons. For the period 2010–2015 (not
shown here), as expected, the RMSE and the Pearson’s correlation improve slightly
compared to the whole period 2005–2015.

Table 5: Basic skill scores from the AOD intercomparison between GAW-PFR
and AERONET-Cimel V2 for the period 2005–2015. The skill score definitions are
found in Huijnen and Eskes (2012).

Period 2005-2015

Wavelengths (nm) 380 440 500 870
Mean bias (MB) -0.0026 -0.0018 -0.0021 -0.0001
Modified normalized mean bias (MNMB) -0.1301 -0.1046 -0.1474 0.0129
Fractional gross error (FGE) 0.1727 0.1546 0.1918 0.1837
Root-mean-square error (RMSE) 0.0081 0.0070 0.0064 0.0049
Pearson’s correlation coefficient (r) 0.9910 0.9925 0.9939 0.9949
Number of data pairs 70838 71645 70833 71660

In relation to the comparison between GAW-PFR and AERONET-Cimel V3, we
have calculated the percentage of AERONET-Cimel 1 min AOD data (V3) meeting
the WMO criteria for optical air mass > 5.0 for the period 2005–2015 (Supplement
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S2.2). The results are somewhat poorer than for optical air mass < 5.0, since the
solar elevation is very low. Only for the 870 nm channel does 95% of the data meet
with the WMO criteria, although the percentages of data in the 440 and 500 nm
channels are close to this value. This would be the main reason to find slightly
poorer traceability results with all V3 data compared to those found with V2 for
which the AOD data are limited to optical air mass < 5.0.

5.3 Non-traceability assessment

As presented in Table 3, data outside the WMO traceability criteria vary from 2%
for 870 nm up to 7.3% for 380 nm. In this section, the different possible causes of
non-traceability in AOD are evaluated and, if possible, quantitatively estimated. In
order to assess the relevance and quantitative impact of these causes and estimate
errors derived from a nonperfect AOD data synchronization, we first made an
analysis on the natural variability of AOD in a very short time period (1 min)
shown below.

5.3.1 Short-term AOD variability

In order to determine the variability of AOD within 1 min, we have performed
two independent analyses with AOD data from the PFR (at 368 and 501 nm)
and Cimel (at 380 and 500 nm) channels during 1 year (2013). On the one hand,
and taking into account that GAW-PFR provides AOD every minute, we have
calculated all the AOD differences for each channel in the successive minutes. So
we have the variation in AOD from 1 min to the next one during a whole year.
On the other hand, for AERONET-Cimel, we have taken advantage of the triplets,
since each triplet consists of three successive measurements made in 1 min. In this
case, the strategy has been to calculate the standard deviation of the triplet AOD
measurements during a whole year.

The results obtained of the AOD variability in 1 min from PFR data are very
similar and consistent to those obtained with Cimel. Less than ∼ 0.8% of the
AOD data show variability higher than 0.005 in all wavelength ranges. It should be
noted that the possible instrumental noise is included in this variability, so that the
actual natural AOD variability would be, in any case, lower than that expressed in
Table 6. The percentage of data with 1 min AOD variability for all four GAW-PFR
channels is given in Supplement S3.1.

We have also determined the percentage of 1 min AOD data from the Cimel
triplets (from 2013), whose diurnal range of variation is AODmax−AODmin > 0.015,
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Table 6: Percentage of AOD data with variability within 1 min of less than 0.01
and 0.005, using AOD data from GAW-PFR (at 368 and 501 nm) and AERONET-
Cimel (at 380 and 500 nm), respectively, for 2013. A total of ∼ 32000 data pairs
per channel have been used from GAW-PFR and 20117 triplets (60351 individual
AOD measurements) from Cimel no. 244 have been used to calculate the AOD
variability.

GAW-PFR
Percentage of data with 1 min AOD variability (%)

368 nm 501 nm

<0.01 99.8 99.91
<0.005 99.21 99.35

AERONET-Cimel
Percentage of data with 1 min AOD variability (%)

380 nm 500 nm

<0.01 99.87 99.99
<0.005 99.82 99.42

for several AOD intervals. Note that this value is half of the WMO traceability
interval when m = 1 (maximum possible interval) (see Eq. 2). The results shown
in Supplement S3.2 indicate that the 1 min AOD variability is responsible for
only 0.11% (0.01%) of 1 min Cimel AOD values outside the WMO limits in the
[0–0.03] AOD range (pristine conditions) for 380 nm (500 nm). The AOD variability
maximizes in the 0.1–1 AOD range causing 2.31% and 1.69% of the AOD data
outside WMO limits for 380 and 500 nm, respectively. This last scenario corresponds,
as expected, to changes of air masses, such as transitions from pristine to dusty
conditions and vice versa, or to the sharp onset and disappearance of very sporadic
biomass burning plumes. In any case, the AOD data with 1 min variability exceeding
0.02 (V2) or 0.01 (V3) are filtered by AERONET (see Sect. 4.2) and therefore are
not included in the GAW-PFR and AERONET-Cimel comparison.

These results indicate that the natural AOD variability is very low, thus the non-
ideal measurement synchronization cannot explain the percentages of non-traceable
AOD cases shown in Tables 3 and 4.

5.3.2 Uncertainties of GAW-PFR channel interpolation to AERONET-
Cimel channels

The interpolation of the CIMEL AODs to the PFR AOD wavelengths can be one of
the sources of uncertainty in this comparison assessment. The greatest uncertainty
arises in the extrapolation of the AOD412 nm of the PFR to the Cimel wavelength
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440 nm. Using the Ångström formula we have calculated that for an uncertainty
of ± 0.5 in the AE the introduced uncertainty in the AOD extrapolation from 412
to 440 nm is ∼ 5% (i.e. 0.005 for AOD412 nm = 0.1). The introduced uncertainty
in AOD extrapolation is reduced to ∼ 2% for an uncertainty of ±0.3 in AE. For
all other AOD interpolations the errors are smaller.

5.3.3 Calibration-related errors

As described in Sect. 3, the calibration procedures of the AERONET-Cimel and
GAW-PFR radiometers are different. While in the case of GAW-PFR frequent
calibrations are established throughout the year and the calibration value is linearly
interpolated in time, in AERONET-Cimel a constant calibration value is assumed
in the intermediate period between two consecutive calibrations carried out on
an annual basis. The typical calibration uncertainty for a single Langley plot is
0.7%-0.9% (at the 95% confidence level) and it is reduced to 0.4% in the case of IZO
when averaging at least 10 Langley-derived extraterrestrial constants (which is the
normal procedure) (Toledano et al., 2018). Regarding the GAW-PFR radiometers
operated at IZO, a direct yearly comparison of the Langley-based V0 with the
reference triad at PMOD-WRC showed differences lower than 1% for all channels
for the 2005–2015 period.

An insufficiently accurate determination of the calibration constant results in a
fictitious AOD diurnal evolution presenting a concave or convex characteristic curve
due to the calibration error dependence on solar air mass. The largest error occurs
in the middle part of the day (lower air masses), mainly on clean days with very
low aerosol load (< 0.02 in 500 nm), as reported by Romero and Cuevas (2002)
and Cachorro et al. (2004) and can be derived from Eq. (2). According to Cachorro
et al. (2004, 2008), fictitious differences of up to 0.06 between the minimum and
the maximum AOD can be recorded in a day with constant AOD as a result of
a non-accurate calibration or non-cleaned instruments. However, these fictitious
differences in AOD depend on the related calibration magnitude errors.

We have represented the AOD differences between GAW-PFR and AERONET-
Cimel versus optical air mass for the four channels for pristine conditions (AOD500 nm

≤ 0.03) for both V2 and V3 (see Supplement S4). It should be noted that although
the few outliers are evenly distributed throughout the whole air mass range, they
are not equally distributed with respect to the zero of the AOD difference, but
there is a bias with positive large outliers (higher Cimel AOD), already reported
by Nyeki et al. (2013), and small negative outliers for optical air mass lower than
2.
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Figure 3: AOD diurnal range variation (maximum value minus minimum value of AOD
in 1 d) at 380 nm corresponding to AOD outliers (non-traceable AOD) under pristine
conditions (AODCimel-500 nm ≤ 0.03) in the period 2005–2015 for AERONET V2 (a)
and V3 (b).

The total percentage of AOD traceable data pairs under pristine conditions (AOD500 nm

≤ 0.03) is very high for all wavelengths (> 97.7%) falling within the U95 limits
(Table 7), except for 380 nm. There is no dependence on 1 min AOD differences
with optical air mass for 440, 500 and 870 nm and a slight dependence for 380 nm
(Table 7) with a higher percentage of AOD differences outside the U95 limits at
lower optical air masses. For the extended range of optical air mass > 5 in V3, the
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AOD differences do not increase with optical air mass (Supplement S5). The lower
traceability at 380 nm for low air masses is especially clear in V3, with 92.9% of
traceable data (see Supplement S5). This result is consistent with the fact that the
highest uncertainty in the determination of the calibration constants is observed
in the UV range and the lowest uncertainty in the near-infrared channel (Eck et
al., 1999; Jaros lawski et al., 2003; Toledano et al., 2018). This is attributable to an
imperfect calibration or to very small changes in the filters’ transmittance, which
can only be detectable in extreme conditions: UV range, very low optical air mass
and pristine conditions. According to Toledano et al. (2018), the greatest variance
in the extraterrestrial constant in the UV channel could be due to a number of
factors: (1) higher AOD variability at the shorter wavelengths, (2) filter blocking
issues or (3) temperature effects affecting AERONET-Cimel instruments that have
not been accounted for in the UV range.

Table 7: Percentage of 1 min AOD data (V2) meeting the WMO criteria for
each wavelength for different optical air mass intervals under pristine conditions
(AOD500 nm ≤ 0.03) in the period 2005–2015. See Supplement S5 for equivalent
results with V3.

Percentage of AOD
differences within the
U95 limits

Total 1 ≤ m < 2 2 ≤ m < 3 3 ≤ m < 4 4 ≤ m < 5

AOD500 nm ≤ 0.03 (%) (%) (%) (%) (%)

380 nm 95.8 94.5 96.0 97.4 97.2
440 nm 97.9 97.9 97.7 98.2 97.7
500 nm 98.3 98.4 98.1 98.6 98.4
870 nm 99.2 99.4 99.3 99.2 98.6

The correct cause attribution of each outlier would require manual inspection
and additional specific information on instrumental checking and maintenance
information that is not always available. We have investigated in more detail the
origin of the outliers and whether one of the two instruments predominantly caused
them. Thus, we have calculated for the non-traceable AOD data the diurnal range of
AOD variation (maximum value minus minimum value of AOD over 1d) at 380 nm
for each instrument under pristine conditions (Fig. 3), using Cimel AOD500 nm daily
mean < 0.03 to select the pristine days. According to this approach, the instrument
that shows the highest daytime AOD range is the one that is responsible for the
outlier. As the wavelength increases, both the number of outliers and the magnitude
thereof decreases significantly (Supplement S6). Then, we identified those outliers
with a diurnal AOD range higher than 25% of the mean daily AOD value and
investigated their possible causes. A total of 51 cases for GAW-PFR and 81 cases
for AERONET Cimel V3 were obtained and analysed in detail, using auxiliary
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information, such as 1 min in situ meteorological data, 5 min all-sky images, 1 min
BSRN data and satellite imagery (not shown here). We obtained the percentage of
AOD outliers of GAW-PFR and AERONET Cimel (V3) for which a certain cause
has been identified, such as calibration uncertainties, cloud screening algorithm
failures, mixture of the two previous causes, poor sun pointing or poorly defined
causes (electronic problems, humidity inside the lenses, filter dirtiness, obstruction
of the lenses collimators, insects on the optics outside, etc.) (see Supplement S7).

From the analysis of these cases, under the conditions described above, it should
be noted that ∼ 44% of the cases with fictitious AOD diurnal cycles were due to
small uncertainties in the calibration of AERONET-Cimel (V3), while for this same
cause ∼8% of cases were identified in GAW-PFR. Some examples of AOD non-
traceability for both AERONET-Cimel and GAW-PFR in the ∼ 380 nm channel
are shown in Supplement S8. The fictitious diurnal AOD cycle is mainly visible in
the UV channels, as shown in the examples reported in Supplement S9, where the
convex or concave diurnal AOD curvature symmetrical at noon provides a hint of
calibration inaccuracies. Note that the fictitious diurnal AOD can be more easily
identified under very low AOD conditions. We should emphasize that the rare
finding of small calibration inaccuracies in a high mountain site with pristine skies
and a stable atmosphere does not detract from the quality of any instrument as they
often measure near or below the detection limit. Simply, these small inaccuracies
are the result of limitations in the photometric measurement technique.

5.3.4 Differences in cloud screening and sun tracking

We have examined the effect that the presence of clouds might have on AOD
differences and the percentage of cases outside the U95 limits. The impact of clouds
on AOD differences only occurs when both GAW-PFR and AERONET-Cimel cloud
screening algorithms fail to identify clouds in the direct sun path. In order to assess
the impact that cloud conditions might cause on AOD traceability, we have used
the concept of daily fractions of clear sky (FCS), which has been applied before to
solar radiation data at IZO (Garćıa et al., 2014). FCS represents the percentage of
observed sunshine hours in a day with respect to the maximum possible sunshine
hours in that day. The higher the daily FCS, the higher the clear sky percentage
we have on that day. The percentages of traceable and non-traceable AOD data
versus FCS values grouped into five intervals are shown in Table 8.

It should be emphasized that the number of cases linked with FCS between 0%
and 60% are less than 2% of the total cases. As the fraction of clear sky increases,
the percentage of traceable AOD data significantly exceeds the number of non-
traceable AOD data. The percentage of traceable data is especially large (> 90%)
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Table 8: Percentage of AOD data within the U95 limits for each channel and five
daily fractions of clear sky (FCS) intervals. In brackets, the relative frequency of
each FCS interval is given for AERONET V2 and V3, respectively. In bold are the
percentages of V3 that are greater than those of V2.

380 nm 440 nm 500 nm 870 nm
V2 V3 V2 V3 V2 V3 V2 V3

0% ≤ FCS < 20% 47.6 44.4 43.5 44.4 47.6 44.4 87.0 92.6
(0.03%) (0.04%)
20% ≤ FCS < 40% 69.3 76.6 73.3 82.2 73.6 80.8 86.3 94.1
(0.22%) (0.22%)
40% ≤ FCS < 60% 79.1 77.5 87.8 84.8 88.8 87.2 91.9 92.0
(1.08%) (1.09%)
60% ≤ FCS < 80% 88.4 89.6 93.9 93.9 93.4 94.4 97.8 97.6
(7.10%) (7.17%)
FCS ≥ 80% 93.3 92.8 96.2 95.6 96.2 96.1 98.3 98.1
(91.6%) (91.5%)

when FCS> 80% (almost clear skies).

This is the FCS range in which a significant percentage of days with cases presenting
scattered clouds are recorded, which qualitatively confirms that V3 has introduced
more efficient cloud screening than V2. However, the real impact of clouds on AOD
traceability at IZO is very low due to its special characteristics as a high mountain
station with very little cloudiness. Therefore, in practice, the possible impact of
clouds on the non-traceability of AOD data pairs is insignificant at IZO. GAW-PFR
and AERONET-Cimel cloud screening algorithms provide successful identification
of clear direct sun conditions during cloudy skies (FCS< 40%) for 99.75% of the
cases, excluding those with very thin clouds.

In the particular case of Izaña, there are two specific cloud scenarios in which cloud
screening algorithms could fail, resulting in non-AOD traceability: (1) cirrus clouds
(see Supplement S10) and (2) low clouds (stratocumulus), which sometimes exceed
the observatory height level (see Supplement S11). As can be deduced from the
analysis of these cloud cases, the impact of the different types of clouds on AOD
retrieval is very complex and further specific investigations are required in order to
understand the reasons behind failures in the GAW-PFR and AERONET-Cimel
cloud screening algorithms.
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5.3.5 Rayleigh scattering, absorption by O3 and NO2

In this section, we evaluate the possible impact on the 1 min AOD data outside the
U95 limits due to the different processing of each network regarding the correction
by Rayleigh scattering and by the light absorption of column O3 and NO2. Although
GAW-PFR and AERONET-Cimel use spectral channels with weak absorption by
atmospheric gases, AOD can only be determined if optical depth contributions from
those gases are well estimated and subtracted from the total optical depth (τ). GAW-
PFR and AERONET-Cimel separate the contributions of the molecules (Rayleigh
scattering, τR), aerosols (τa, in this study referred to as AOD) and absorbing gases,
i.e. total column ozone (τO3) and nitrogen dioxide (τNO2), due to their different
optical air masses at low solar elevation:

I(λ) = I0(λ) exp−(τRmR + τama + τO3mO3 + τNO2mNO2). (3)

Thus, AOD can be derived as follows:

AOD =
1

ma

(
ln
I0(λ)

I(λ)
− τRmR − τO3mO3 − τNO2mNO2

)
. (4)

Rayleigh scattering

The Rayleigh-scattering contribution to total optical depth would be as follows:

τR = δR
mR

ma

, (5)

where mR is written, according to Kasten and Young (1989), as follows:

mR =
1

sin θ + 0.50572(θ + 6.07995)(−1.6364)
, (6)

and ma, according to Kasten (1966), has the following expression:

ma =
1

sin θ + 0.0548(θ + 2.65)(−1.452)
, (7)

where θ is the sun elevation and δR can be expressed as follows (Bodhaine et al.,
1999):
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Figure 4: (a) The 1 min pressure data (hPa) from GAW-PFR and 6 h pressure data
at Izaña Observatory from the National Centers for Environmental Prediction (NCEP)
and the National Center for Atmospheric Research (NCAR) reanalysis for the case of
AERONET-Cimel and (b) corresponding 1 min ∆τR caused by pressure differences in
the period 2005–2015.

δR(λ) = 0.00864λ−(3.916+0.074λ+ 0.050
λ

) P

P0

, (8)

where P0 = 1013.25 hPa, λ is the wavelength in microns (µ) and P is the pressure in
hPa at the measurement site. The depolarization factor recommended by (Young,
1980) is already included in Eq. (8). From Eq. (8), we can derive the differences in

78



RESULTADOS 7.1. Art́ıculo 1

τR contribution as follows (∆τR):

∆τR =
(

0.00864λ−(3.916+0.074λ+ 0.050
λ

) 1

1013.25

mR

ma

)
(PPFR − PCimel). (9)

Accordingly, the main τR from GAW-PFR and AERONET-Cimel can arise from
the different way the two instruments obtain atmospheric pressure (PPFR and
PCimel, respectively). While AERONET-Cimel obtains the site station pressure
from the National Centers for Environmental Prediction (NCEP) and the National
Center for Atmospheric Research (NCAR) reanalysis at standard levels, GAW-PFR
has a solidstate pressure transducer in the control box to read barometric pressure
simultaneously with each PFR measurement. As Giles et al. (2019) have stated,
the expected error in the station pressure PCimel is generally < 2 hPa, provided
the elevation of the station is well known and the weather conditions are stable. In
order to assess this possible difference, we have compared the 1 min synchronous
pressure data of both instruments and the corresponding 1 min ∆τR from Eq.
(9). Note that, in practice, this comparison is performed at 6 h intervals since the
NCEP–NCAR reanalysis data are available routinely with this temporal resolution
(Kalnay et al., 1996). The results are depicted in Fig. 4.

The results indicate that most of the 1 min pressure differences are within ±5 hPa
(Fig. 4a), resulting in 1 min ∆τR data within ± 0.001. However, when pressure
differences are significantly higher, such as those registered at the end of 2014
(> 30 hPa) (Fig. 4a), ∆τR increases significantly (∼ 0.01) (Fig. 4b). However,
it should be noted that only 99 AOD data pairs have been registered for which
the pressure difference between PFR and Cimel is greater than 20 hPa at 870
and 440 nm and one AOD data pair at 500 and 380 nm channels. Taking into
account that the accuracy of the new barometers built into new radiometers is ∼ 3
hPa, only dramatic barometer malfunctioning could cause τR > 0.01. As stated by
Kazadzis et al. (2018b), the use of erroneous pressure values can lead to wavelength-
dependent AOD errors and to large errors in AE. However, these flagrant barometer
malfunctions are quickly detected and easily corrected if there are other pressure
measurements at the station, as is the case at Izaña.

Differences in O3 absorption

The O3 optical depth is determined with the following expression:

τO3(λ) = σO3(λ)
O3

1000

mO3

ma

, (10)
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where O3 is expressed in Dobson units (DU) and the absorption coefficients (σO3(λ))
take the following values (Gueymard, 1995): 0.0026 cm-1 (440 nm), 0.03150 cm-1

(500 nm) and 0.00133 cm-1 (870 nm). The ozone absorption is at a maximum in
the 500 nm channel and zero in the 380 nm channel. GAW-PFR uses for mO3 the
following expression (Komhyr, 1980):

mO3 =
R + h√

(R + h)2 − (R + r)2(cos θ)2
, (11)

where R = 6370 km is the mean radius of the Earth, r = 2.370 km is the altitude
of the station, h = 22 km is the estimated height of the ozone layer and θ is the
solar elevation. However, AERONET-Cimel uses an updated expression (Komhyr
et al., 1989) in which h is not fixed and takes a value in function of the latitude and
the absorption coefficients are obtained for each particular filter using the spectral
response provided by the manufacturer.

For most of the period covered in this study, measured total ozone values from
the GAW Izaña station were used to calculate τO3 (Wehrli, 2008a). If no Brewer
data is available, data retrieved from the Total Ozone Mapping Spectrometer
(TOMS) satellite sensor was used. Nowadays, GAWPFR uses ozone data from
AURA satellite overpass observations with the Ozone Monitoring Instrument (OMI)
(McPeters et al., 2015) for daily operations (Kazadzis et al., 2018b). Concerning
AERONET-Cimel V2, a NASA TOMS 1◦×1.25◦ resolution O3 climatology is used.
From Eq. (10), the differences in O3 optical depth ∆τO3 can be derived as follows:

∆τO3 = σO3(λ)
1

1000

mO3(O3PFR −O3Cimel)

ma

. (12)

The largest influence of total ozone data uncertainty in τO3 occurs at 500 nm (Fig.
5). According to Wehrli (2008b) and Kazadzis et al. (2018b), total ozone needs
to be determined to ±30 DU or 10% of typical values to ensure an uncertainty
of ∼ 0.001 in τO3 at 500 nm. In the case of the GAW-PFR– AERONET-Cimel
comparison and due to the very different method in which both networks obtained
O3 values for their corresponding corrections, the ozone differences found on some
days (1761 out of 71965 d; 2.4%) are very large (> 40 DU), exceeding a difference
in the ozone optical depth of 0.001. Even so, the potential contribution to AOD
differences outside the U95 limits between the two networks is negligible. Total
O3 over IZO shows a relatively small amplitude throughout the year but both
surface ozone concentrations and column ozone amounts could sharply increase
under the influence of cut-off lows injecting air from the high mid-troposphere into
the lower subtropical troposphere, which is not uncommon in spring and the first
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Figure 5: (a) Total O3 used by GAW-PFR (measured Brewer O3 values from IZO, OMI
O3 overpass or Brewer O3 climatology) and AERONET-Cimel (TOMS O3 climatology)
and (b) ∆τO3(λ) caused by differences in daily total O3 between the two instruments in
the period 2005–2015.

half of summer (Cuevas et al., 2015; Kentarchos et al., 2000). In addition, the upper
and middle troposphere could be enriched in ozone through exchange processes
in the upper troposphere–lower stratosphere (UTLS) due to the presence of the
subtropical jet (mainly from February to April) (Rodriguez-Franco and Cuevas,
2013). However, if we wanted to repeat this traceability study of 1 min AOD data
at middle- or high-latitude stations where sharp O3 variations (several tens of DU)
could be registered in a few hours, the correction of 1 min AOD measurements by
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τO3 might be a challenging issue.

Differences in NO2 absorption

AERONET-Cimel applies a correction by absorption of NO2, but GAW-PFR does
not include this correction. AERONET-Cimel V2 obtains daily total NO2 data
from a 0.25◦ × 0.25◦ resolution NO2 monthly climatology obtained from the ESA
Scanning Imaging Absorption SpectroMeter for Atmospheric CHartographY (SCIA-
MACHY) (Eskes and Boersma, 2003). AERONET-Cimel V3 uses a geographic and
temporally dependent multiyear monthly climatology from the Ozone Monitor-
ing Instrument (OMI) NO2 concentration (Giles et al., 2019). In order to assess
the contribution to AERONET-Cimel 1 min AOD data non-traceability by NO2

absorption, we have to estimate the NO2 optical depth (τNO2(λ)) of AERONET-
Cimel since GAW-PFR does not perform this correction. Analogous to ∆τO3 , the
differences in nitrogen dioxide optical depth 1 ∆τNO2 can be obtained from the
following equation:

∆τNO2 = σNO2(λ)
1

1000

mNO2

ma

(−NO2Cimel), (13)

where ma is given by Eq. (7), NO2Cimel (DU) is the daily total NO2 used by
AERONET-Cimel and σNO2(λ) is the NO2 absorption (Gueymard, 1995) weighted
by the specific filter response: 15.6 cm-1 (380 nm), 12.3 cm-1 (440 nm) and 4.62
cm-1 (500 nm). Finally mNO2 has the following expression (Gueymard, 1995):

mNO2 =
1

sin θ + 602.30(90− θ)0.5(27.96 + θ)−3.4536
. (14)

In Fig. 6a the total NO2 used by AERONET-Cimel to evaluate σNO2(λ) is depicted.
Figure 6b shows the ∆τNO2 caused by differences in daily total NO2 between GAW-
PFR and AERONET-Cimel. ∆τNO2 is of the order of 10-3 for the 380 and 440 nm
channels, while for the 500 nm channel it is of the order of 10-4. However, it should
be noted that an impact on AOD calculation is expected when replicating similar
analysis in highly NO2 polluted regions. Such cases include large industrial cities
from East Asia and Central and Eastern Europe (e.g. Chubarova et al., 2016).

Taking into account the corrections for Rayleigh scattering and for the absorptions
by O3 and NO2, we have calculated the additional traceable AOD data (Table 9).
This percentage is at a maximum at 380 nm with 1.3% (V2) and 1.7% (V3) of
the whole dataset. The 870 nm channel is only affected by the Rayleigh correction
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Figure 6: (a) NO2 monthly climatology obtained from the ESA SCanning Imaging
Absorption SpectroMeter for Atmospheric CHartographY (SCIAMACHY), used by
AERONET-Cimel at IZO, and (b) ∆τNO2 caused by differences in daily total NO2 be-
tween GAW-PFR and AERONET-Cimel in the period 2005–2015. Note that GAW-PFR
does not take into account the correction for the NO2 absorption.

component, and therefore the increment of traceable data after the mentioned
corrections is minimal.
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Table 9: Percentage (%) of additional traceable AERONET-Cimel AOD 1 min
data (V2 and V3) after correcting for pressure and total column O3 and NO2 for
the period 2005–2015.

Increment (%) of traceable AOD data
after P, O3 and NO2 corrections

Channel V2 V3

380 nm 1.3 1.7
440 nm 0.2 0.3
500 nm 0.3 0.1
870 nm ∼ 0.0 ∼ 0.1

5.4 GAW PFR and AERONET-Cimel comparison under high AOD con-
ditions: the impact of dust forward scattering for different FOVs

When we present the AOD differences between AERONET-Cimel and GAW-
PFR versus AOD (GAW-PFR) for AOD > 0.1 (dusty conditions), we note that
AERONET-Cimel shows slightly higher AOD values than GAW-PFR (Fig. 7).
Similar results for V3 are shown in S12. In fact, the percentage of data outside
the U95 limits increases as AOD increases (Table 10), thus for dust-related aerosol
conditions (AOD500 nm > 0.3) the percentage of AOD data outside the U95 limits
is > 50% for 380 and 440 nm (Table 10, percentages in brackets). Similar results
are found when using AERONET V3 (see Supplement S13). Taking into account
the number of data compared with the total cases, these results show a small but
non-negligible percentage of AOD differences outside the U95 limits for AOD >
0.1, ranging from ∼ 0.3% at 870 to ∼ 1.9% at 380 nm (Table 10).

Table 10: Percentage of AERONET V2 AOD data outside the U95 limits at 380,
440, 500 and 870 nm channels and for three AOD500 nm thresholds with respect to
all data and with respect to all data for each AOD interval (in brackets).

Percentage of AOD data outside the U95 limits (%)
AOD500nm > 0.1 AOD500nm > 0.2 AOD500 nm > 0.3

380 nm 1.9 (25.0) 1.2 (47.2) 0.5 (59.8)
440 nm 1.0 (13.5) 0.8 (32.0) 0.5 (57.6)
500 nm 0.6 (8.0) 0.5 (18.7) 0.3 (39.3)
870 nm 0.3 (4.1) 0.2 (6.4) 0.1 (14.0)

Aerosol forward scattering within the FOV of various instruments and calculated
AOD was investigated some decades ago by Grassl (1971), who determined that at
AOD = 1 and the circumsolar radiation increases the incoming radiation by > 10%.
Russell et al. (2004), using dust and marine aerosols data, quantified the effect of

84



RESULTADOS 7.1. Art́ıculo 1

diffuse light for common sun photometer FOV. They reported that the correction
to AOD is negligible (< 1% of AOD) for sun photometers with narrow FOV (<
2◦), which is greater than the Cimel FOV and slightly smaller than the PFR FOV
(2.5◦). Sinyuk et al. (2012) assessed the impact of the forward-scattering aerosol on
the uncertainty of the AERONET AOD, concluding that only dust aerosol with
high AOD and low solar elevation could cause a significant bias in AOD (> 0.01).

GAW-PFR has double the FOV (2.5◦; Wehrli, 2000) compared to the AERONET-
Cimel (1.3◦±4.8%; Torres et al., 2013), so it is reasonable to expect that it is
more affected by the circumsolar radiation than the AERONET-Cimel radiometer.
Taking advantage of the fact that Saharan dust intrusions regularly affect IZO,
we provide a detailed analysis on the impact that dust forward scattering causes
on the AOD retrieval of the two radiometers with different FOV, explaining the
AOD differences under moderate-to-high dust load (AOD > 0.1) conditions. For
this purpose we have used a forward Monte Carlo model (see Sect. 4.4) with which
we perform simulations that include accurate dust aerosol near-forward-scattering
effects.

Dust aerosol single-scattering properties were computed using Mie theory, assuming
a refractive index of 1.47+0.0025i at the wavelengths of 380, 440 and 500 nm
and 1.46+0.012i at 870 nm, based on AERONET measurements at IZO. Seven
values of aerosol effective radius (re) in the range 0.2 to 3.0 µm were considered
and a lognormal size distribution with a geometric standard deviation of 2 was
assumed. A middle-latitude summer atmospheric profile starting from the Izaña
altitude (2.4 km a.s.l.) was assumed, with the aerosol layer located at 5–6 km a.s.l.
(typical of summertime). A spectrally uniform surface albedo of 0.11 was employed.
Computations were performed for nine AOD values (AOD = 0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.8 and 1.0) and for five solar elevation angles (θ = 80, 60, 45, 30 and
20◦). The Monte Carlo model assumes a plane-parallel atmosphere, so the air mass
factor is m = 1/ sin θ. A total of 10 million photons were used for each case and
wavelength.

Supplement S14 shows the ratio of scattered to direct radiation for cases with AOD
up to 0.5. The ratio increases with increasing re, as the aerosol forward-scattering
peak grows stronger. In the case of Saharan dust intrusions at IZO, the median
re determined from both AERONET data inversion and the in situ aerodynamic
particle sizer (APS) analyser is ∼ 1.5 µm. This value agrees with the dust size
distribution found during SAMUM-2 during long-range transport regime (Weinzierl
et al., 2011). For this particle size, the ratio of scattered to direct radiation is ∼ 3
times larger for FOV of 2.5◦ than FOV of 1.3◦.

The error in the retrieved AOD due to scattered radiation within the instrument
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Figure 7: Actual AOD differences between AERONET-Cimel V2 and GAW-PFR versus
AODPFR at (a) 380 nm (b) and 500 nm for the period 2005–2015. The fitting line has
been calculated with those data points with AOD > 0.1 and Cimel–PFR AOD difference
> 0. The number of data used in the plots is indicated in the legend. The percentage of
non-traceable AOD data with these conditions is ∼ 24% for 380 nm and ∼ 8% for 500 nm.
Note that some traceable (black) points show larger AOD differences than non-traceable
(red) points because of the air mass dependence of the WMO traceability criterion.
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FOV was evaluated by comparing the apparent AODs, defined as follows:

AODapp,PFR = − 1

m
ln

FPFR
FPFR(AOD = 0)

, (15)

AODapp,Cimel = − 1

m
ln

FCimel
FCimel(AOD = 0)

, (16)

with the true AOD

AODtrue = − 1

m
ln

Fdir
Fdir(AOD = 0)

, (17)

where Fdir is the irradiance due to direct (i.e. non-scattered) radiation and FPFR

(FCimel) is the total irradiance that would be measured by the PFR (Cimel) ra-
diometer, considering the instrument FOV and the FOV angular function. The
relative error in AOD depends strongly on the particle size but it is fairly constant
for each re value considered (see Supplement S15). For re ∼ 1.5 µm, the relative
error in AOD at 380 nm (500 nm) is ∼ 1.6% (1.0%) for Cimel and ∼ 5% (∼ 3%)
for PFR. These errors are in good agreement with those estimated by Russell et
al. (2004) and slightly higher than the relative AOD error of 0.7% due to coarse
dust aerosol forward scattering reported by Eck et al. (1999).

The Monte Carlo simulated relative differences in retrieved AOD (in percentage)
that would result from the scattered radiation within the FOV of the PFR and
Cimel instruments and the difference in retrieved AOD between PFR and Cimel
as a function of the AOD retrieved with PFR, for 380 and 500 nm, are shown in
Fig. 8. The main results of these simulations are that (1) the higher FOV of the
PFR, compared to that of the Cimel, results in lower AOD values for the PFR and
(2) the fractional AOD difference related to the different FOVs of PFR and Cimel
is fairly constant for any aerosol effective radius but increases with increasing the
effective radius. This fact might explain at least some of the systematic differences
seen in Fig. 7. Note that, as lower AOD values derived from the PFR are expected
based on its larger FOV, the linear fits in Fig. 7 have been calculated for those data
points with the Cimel–PFR AOD differences > 0. In this way, we discard those
pairs of AOD data, whose difference is not only due to the different FOV between
both instruments, thus obtaining a better approximation to quantify this effect.

The slopes of the fitting lines of the Cimel–PFR AOD differences versus PFR AOD
for AOD> 0.1 (dusty conditions) are 2.7% for 380 nm and 2.3% for 500 nm (Fig. 7),
which are quite consistent with the percentage differences of AOD between Cimel
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Figure 8: (a, b) The simulated relative differences in retrieved AOD (in percentage)
that would result from the scattered radiation within the FOV of the PFR and Cimel
instruments. The red (blue) dots show the differences between the AOD that would be
retrieved using PFR (Cimel) and the actual AOD and the grey dots show the difference
between PFR and Cimel at the (a) 380 nm and (b) 500 nm wavelengths. (c, d) The
difference in retrieved AOD between PFR and Cimel, plotted as a function of the AOD
retrieved with PFR, for seven values of aerosol effective radius between 0.2 and 3.0 µm
at (c) 380 and (d) 500 nm.

and PFR for an effective radius of 1.5 µm (Fig. 8a and 8b). These percentages
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correspond to absolute AOD differences of 0.016 at 380 nm and 0.011 at 500 nm
for AOD = 0.5 (Fig. 8c and d), which are of sufficient magnitude to cause an
appreciable number of 1 min AOD data outside the U95 limits, as indicated in
Table 10.

Figure 9: The same as Fig. 7 after correcting the PFR AOD data by adding + 3.3 % at
380 nm and + 2.2 % at 500 nm to the 1 min PFR AOD data > 0.1.

If we apply the corresponding corrections to the 1 min AOD PFR data > 0.1
assuming an effective radius of 1.5 µm, +3.3% at 380 nm and +2.2% at 500 nm,
it turns out that the slopes of the fitting lines of the Cimel–PFR AOD differences
versus PFR AOD become practically zero (Fig. 9). Moreover, the number of AOD
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data outside the U95 limits is reduced by approximately 53% for 380 nm and by
13% for 500 nm. It must be taken into account that the percentage of AOD data
for AOD > 0.1 outside the U95 limits, before the corrections, is only 8% at 500 nm,
while at 380 nm it is a significant value (24%).

This AOD “correction” reduces the Cimel–PFR AOD differences substantially but
does not eliminate them completely. The main reason is the inherent limitation
of data correction using the percentage difference in AOD obtained by model
simulation for a fixed effective radius. We have assumed an effective radius of 1.5
µm but, in reality, the radius of dust particles varies. A reasonable range of dust
particle radii is between 0.1 and 3 µm (Balkanski et al., 1996; Denjean et al., 2016;
Mahowald et al., 2014). So, depending on the distance from the dust source to IZO
and the size of the emitted dust, the effective radius could vary slightly between
dust episodes. As can be seen in Fig. 8a and b, the percentage differences in AOD
between Cimel and PFR for a 1–2 µm effective radius interval, i.e. the Cimel–PFR
AOD relative difference at 380 nm (500 nm), might change between ∼ -1.8% (-1.1%)
to -4.9% (3.3%).

A similar analysis has been carried out for AERONET V3 (see Supplement S16),
where we observe that the corrections obtained are not as good as those obtained
for V2. The effect of FOV on AOD retrieval should be taken into account for those
radiometers with a relatively high FOV (> 3◦) measuring in regions with relatively
high AOD (> 0.2) for most of the year, as is the case in many sites in northern
Africa, the Middle East and East Asia (Basart et al., 2009; Cuevas et al., 2015;
Eck et al., 1999; Kim et al., 2007). This effect leads to AOD underestimation, and
the variable number of high AOD episodes in each season of the year might affect
the AOD long-term trends. AOD measurements under these conditions would be
especially affected for optical air mass < 3.

5.5 Ångström exponent comparison

We have performed a comparison of the AE provided by GAW-PFR and AERONET-
Cimel, using the AOD data obtained from the four common channels (380, 440,
500 and 870 nm) with a total of 70716 data pairs in both cases. The PFR-AOD
values have been ordered from lowest to highest by grouping them in intervals of
500 values for which the averages (and corresponding standard deviations) of the
Cimel–PFR AE differences have been calculated (Fig. 10a). We proceeded with
the PFR-AE values in a similar way (Fig. 10b).

AE differences > 0.2 increase exponentially for AOD < 0.02, reaching AE differences
of up to 1.6 under pristine conditions (Fig. 10a). For very low AOD the provided
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Figure 10: (a) Cimel–PFR AE mean absolute differences (and corresponding standard
deviations) versus PFR mean AOD500 nm in 500 data intervals (b) and versus PFR mean
AE in 500 data intervals. AE has been computed for both PFR and Cimel using the four
common channels (380, 440, 500 and 870 nm).

instrument’s uncertainty is the source of the sharp increase in AE and, at the same
time, AE becomes very sensitive to slight AOD changes. However, for AOD < 0.02
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the atmospheric aerosol load is practically zero and so its characterization with
AE has relatively minor importance in practice.

In addition, the AE differences remain < 0.1 when AEPFR values are < 1 (Fig. 10b),
which shows that these differences are small in most of the possible atmospheric
scenarios. For 1 < AEPFR < 1.2 the AE differences increase slightly to values < 0.2
and for AEPFR > 1.2 (very fine particles or pristine conditions) the AE differences
increase sharply to reach values of ∼ 1.2. In our case, the non-pristine conditions,
or those with a high content of mineral dust, have associated AOD > 0.03 and
AE < 1, where the AE differences remain < 0.1. In the case of pristine conditions,
AOD ± 0.03 and AE ≥ 1, the AE differences can reach a maximum of 1.6. Wagner
and Silva (2008) estimated the usual maximum AE error via error propagation
using a pair of spectral channels in which AOD is measured. Their results show
that for clean optical conditions (AOD440 nm = 0.06) the maximum AE error is
1.17 and for hazy conditions (AOD440 nm = 0.17) the error is 0.17, assuming an
underlying AE of 1.5. These values decrease to 0.73 and 0.11, respectively, if AE =
0. The AE differences found between GAW-PFR and AERONET-Cimel lie within
the estimated errors reported by Wagner and Silva (2008).

In any case, as in our study, the AE has been determined from AOD measured in
the four common channels of GAW-PFR and AERONET-Cimel, we estimated the
uncertainty in the calculation of the AE for three typical aerosol scenarios at Izaña.
Following the methodology shown by Wagner and Silva (2008), the AE uncertainty
estimations have been calculated using AOD measurements at four wavelengths
and AOD uncertainty error propagation (Table 11). The AE derived from more
than two wavelengths is less affected by AOD uncertainties than AE calculated
with pairs of wavelengths, since the latter are calculated from the ratio of AOD at
two channels (Cachorro et al., 2008).

Table 11: Uncertainty in AE determination for three typical atmospheric situations.

Uncertainty in AE

Normal pristine conditions ≥ 1
AOD500 nm = 0.03 and AE = 1.4
Hazy conditions ≥ 0.2
AOD500 nm = 0.14 and AE = 1.15
Strong dust intrusion ∼ 0
AOD500 nm = 0.3 and AE = 0.3

The AE differences of our study (Fig. 10) are within the AE uncertainty estimated
for each type of atmospheric condition (pristine, hazy and heavily dust loaded).
However, although AE is a quantitative parameter, it is only used in a qualitative
way to estimate the range of sizes (fine, medium, coarse) of the predominant aerosol
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in the inevitable mixture of aerosols that we observe. With this parameter, together
with the information that is available in the measurement site about the most
frequent types of aerosols and their concentration, we can estimate the type of
aerosols that are being measured. There are many publications with different
thresholds of AE and AOD in order to classify different types of aerosols (e.g.
Basart et al., 2009; Cuevas et al., 2015; Dubovik et al., 2002; Guirado et al., 2014;
Holben et al., 2001; Kim et al., 2007; Todd et al., 2007; Toledano et al., 2007;
Wang et al., 2004). However, there is no consensus on these thresholds since at
each site there are different mixtures of aerosols and each type of aerosol shows
specific frequencies of appearance and different concentrations. An alternative way
of analysing the degree of agreement in AE between GAW-PFR and AERONET-
Cimel is to verify to what extent both networks provide the same information
regarding the type of aerosol they observe in a certain site.

Considering the AE criteria established by Cuevas et al. (2015) and Berjón et
al. (2019), we have identified the following four main categories according to the
AEPFR and AECimel values:

1. AEPFR and AECimel > 0.6: pristine conditions.

2. 0.25 < AEPFR and AECimel ≤ 0.6: hazy, mineral dust being the main aerosol
component.

3. AEPFR and AECimel ≤ 0.25: pure dust.

4. AEPFR and AECimel: does not fit any of the previous categories.

In 94.9% of the cases, GAW-PFR and AERONET-Cimel V2 match the AE intervals
of each aerosol scenario. Similar results (93.4%) were obtained when comparing with
AERONET V3. Most of the agreement (> 80%) occurs in the predominant scenario
of pristine conditions despite the AE uncertainty under pristine conditions being
≥ 1. See Supplement S17 for more details. Note that the choice of these categories
is not relevant since this is only used to examine the long-term agreement in AE
between GAW-PFR and AERONET-Cimel in different atmospheric conditions.

6 Summary and conclusions

While GAW-PFR is the WMO-defined global AOD reference, being directly linked
to WMO-CIMO, and was specifically designed to detect long-term AOD trends,
AERONET-Cimel is the densest AOD measurement network globally, and the
network most frequently used for aerosol characterization and for model and satellite
observation evaluation.
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An AERONET-Cimel 11-year AOD data series at IZO was obtained using a large
number of radiometers. A total of 13 reference instruments were used in the period
2005–2009, which means that approximately every 4.5 months an instrument was
replaced by another one to be calibrated. Their calibrations were performed during
their respective measurement time periods at IZO. Therefore, these calibrations
were not in any way linked with those of the instruments that preceded or replaced
them or with GAW-PFR reference. These facts led us to investigate the homogeneity
of the AERONET-Cimel AOD data series and their intercomparability with the
much more homogeneous AOD data series from GAW-PFR (three instruments
in 11 years). The traceability concept for AOD suggested by WMO consists in
determining whether the AOD difference of the AERONET CIMELs versus the
GAW PFRs lies within the U95 limits. We have used uncertainty limits for AOD
traceability established by WMO (2005) for these type of instruments with finite
FOV. The acceptable traceability is when 95% of the absolute AOD differences lie
within these limits, in which case both data populations are considered equivalent.
It should be clarified that “traceability” is not used in a strict meteorological
sense. This study has addressed the comparison of the GAW-PFR dataset with
the two versions of AERONET (V2 and V3) in the period 2005–2015. An excellent
agreement between V2 and V3 for the four analysed channels (R2 > 0.999) has
been obtained.

More than 70000 synchronous GAW-PFR and AERONET-Cimel 1 min data pairs
in each channel in the period 2005–2015 were analysed. An excellent traceability
of AOD from the AERONET-Cimel (V2 and V3) is found for 440, 500 and 870
nm as well as fairly good results for 380 nm. The lowest percentage of traceable
AOD data is registered at 380 nm, with 92.7% of the 1 min data within the WMO
limits, and the highest at 870 nm, with 98.0% of the data within the same limits.

The different possible causes of non-traceability in AOD were investigated as follows:

– Absolute AOD measurements synchronization.

Analysing 1 min AOD variability, we concluded that its impact on the AOD
differences is quite small, as only ∼ 0.8% of the AOD data have a variability
larger than 0.005 in all spectral ranges.

– Sun tracking misalignments.

Sun tracking misalignments constitute a serious problem and a major cause of
non-traceability of AOD data pairs, as demonstrated by the AOD data outside
the U95 limits from the period 2005–2009, as a consequence of episodic prob-
lems with the sun tracker of the GAW-PFR radiometer. For the 2010–2015
period the percentage of traceable data pairs improves to 93.5% (380 nm),
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97.4% (440 nm), 97.2% (500 nm) and 99.1% (870 nm). However, most of
these cases could be identified and excluded from the analysis.

– Cloud screening failure by both network algorithms.

According to our observations, the simultaneous failure of both cloud screening
algorithms might occur only under the presence of large and stable cirrus.
In these cases, the radiometers interpret these clouds as aerosol layers and
might provide values very different from the real AOD. For the comparison
at IZO, however, this effect is negligible since GAW-PFR and AERONET-
Cimel cloud screening algorithms provide successful cloud identification of
clear direct sun conditions during cloudy skies (FCS < 40%) for 99.75% of
the cases.

– Pressure-measurement-related errors.

Since the accuracy of the new barometers built into new radiometers is about
3 hPa and only errors in atmospheric pressure > 30 hPa might produce an
impact on Rayleigh scattering, the AOD non-traceability due to errors in
Rayleigh scattering is negligible.

– Total column ozone input uncertainty.

The largest influence of total ozone data uncertainty on ozone absorption
occurs mainly at 500 nm. Total ozone needs to be determined to ±30 DU or
10% of typical values to ensure an uncertainty of ±0.001 ozone absorption
at 500 nm. In the case of the GAW-PFR– AERONET-Cimel comparison,
despite the very different methods in which both networks obtained values
for their corresponding corrections, large ozone differences were found (> 40
DU) only on 2.4% of the days, resulting in a difference in the ozone optical
depth slightly above ∼ 0.001. The potential contribution to non-traceable
AOD values between the two networks is negligible. However, at middle- or
high-latitude stations where fast O3 variations of several tens of DU might be
registered, the correction of 1 min AOD measurements by ozone absorption
might be an issue to be considered.

– Total column NO2 input uncertainty.

The differences in NO2 absorption caused by differences in daily total NO2

between GAW-PFR and AERONET-Cimel is of the order of 10-3 for 380
and 440 nm channels, while for 500 nm channel it is even lower, of the order
of 10-4. Therefore, differences in NO2 absorption are negligible in the 1 min
AOD nontraceability of our study. However, NO2 absorption might have some
impact on AOD in highly polluted regions, such as in large industrial cities,
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where column NO2 values are much larger than the climatological ones.

Taking into account the corrections for Rayleigh scattering and for the ab-
sorptions by O3 and NO2, we have calculated the combined effect of all of
them on the non-traceability of the 1 min AOD values. The highest impact
occurs in the 380 nm channel, in which 25% of the AOD data outside the U95

limits (∼ 2% of the total compared data) are due to significant differences in
pressure and in O3 and NO2 absorption. The 1 min AOD data outside the
U95 limits by these corrections is negligible in the 870 nm channel.

– Impact of dust forward scattering in AOD retrieval uncertainty for different
instrument FOVs.

Since GAW-PFR has almost double the FOV (∼ 2.5◦) compared to the
AERONET-Cimel (∼ 1.3◦) and direct solar irradiance measurements are
biased by the amount of aureole radiation that is assumed to be direct solar
radiation, it is reasonable to expect that the GAW-PFR is more affected by
the circumsolar irradiance than the AERONET-Cimel radiometer when AOD
is relatively high. Modelling the dust forward scattering we have shown that
a non-negligible percentage of the nontraceable 1 min AOD data for AOD
> 0.1, ranging from ∼ 0.3% at 870 nm to ∼ 1.9% at 380 nm is caused by
the different FOV. Due to this effect, the GAW-PFR provides AOD values,
which are ∼ 3% lower at 380 nm and ∼ 2% lower at 500 nm compared with
AERONET-Cimel. However, AOD underestimation could only have some
relevance in dusty regions if radiometers with relatively large FOV are used.

A comparison of the AE provided by GAW-PFR and AERONET-Cimel has been
performed using AOD data obtained from the four nearby common channels with a
total of 70716 data pairs in both cases. This is a very strict AE calculation since it
is necessary that AOD be accurately measured by the four channels simultaneously.
AE differences > 0.2 increase exponentially under very pristine conditions (AOD ≤
0.03 and AE≥ 1), reaching AE differences of up to 1.6. However, for these conditions
the atmospheric aerosol load is practically zero and so its characterization with AE
does not have any importance in practice. Under non-pristine conditions or those
with a high mineral dust content (associated AOD > 0.03 and AE < 1), the AE
differences remain < 0.1.

Summarizing, we have presented for the first time a long-term (2005–2015) 1 min
AOD comparison among different types of radiometers belonging to different aerosol
global networks. This comparison is a very demanding test of both GAW-PFR
and AERONET-Cimel validated AOD datasets since aerosol scenarios correspond
to extreme conditions: either very low aerosol loading, a “pristine” scenario that
reveals small uncertainties in the calibration and in the cloud screening, or large
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dust load, which leads to a significant increase in the forward-scattering aerosol
with AOD, resulting in a slightly higher AOD underestimation by the GAW-PFR.
From this comprehensive comparison, we can conclude that both AOD datasets
are representative of the same AOD population, which is a remarkable fact for the
global aerosol community. It should be noted that AOD traceability at 380 nm
(92.7%) does not reach 95% of the common data, the percentage recommended
by WMO U95 criterion, so more efforts should be made to improve AOD in the
UV range. In this study we have also investigated the data that are outside of the
WMO U95 limits in order to understand their causes and to be eventually able
to correct the small inconsistencies detected in instrumental and methodological
aspects in the future.

Our results suggest that WMO-CIMO traceability limits could be redefined as a
function of wavelength and the recommended radiometer FOV range should be
reconsidered. The widely deployed AERONET-Cimel and GAW-PFR datasets play
a crucial role in understanding long-term AOD changes and detecting trends, so it
would be desirable for both networks to be linked to the same WMO-GAW-related
reference.
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Russell, P., Livingston, J., Dubovik, O., Ramirez, S., Wang, J., Redemann, J., Schmid,
B., Box, M., and Holben, B.: Sunlight transmission through desert dust and marine
aerosols: Diffuse light corrections to Sun photometry and pyrheliometry, J. Geophys.
Res.-Atmos., 109, D08207, https://doi.org/10.1029/2003JD004292, 2004.

Sakerin, S. M., Kabanov, D., Panchenk, M., Pol’kin, V., Holben, B., Smirnov, A., Beresnev,
S., Gorda, S., Kornienko, G., Nikolashkin, S., Poddubnyi, V., and Tashchilin, M.:
Monitoring of atmospheric aerosol in the Asian part of Russia in 2004 within the
framework of AEROSIBNET program, Atmos. Ocean. Opt., 18, 871–878, 2005.

Sayer, A. M., Hsu, N. C., Bettenhausen, C., Jeong, M.-J., Holben, B. N., and Zhang,
J.: Global and regional evaluation of over-land spectral aerosol optical depth re-
trievals from SeaWiFS, Atmos. Meas. Tech., 5, 1761–1778, https://doi.org/10.5194/
amt-5-1761-2012, 2012.

Sayer, A. M., Hsu, N. C., Bettenhausen, C., and Jeong, M.: Validation and uncertainty
estimates for MODIS Collection 6 “Deep Blue” aerosol data, J. Geophys. Res.-
Atmos., 118, 7864–7872, https://doi.org/10.1002/jgrd.50600, 2013.

Schmid, B. and Wehrli, C.: Comparison of Sun photometer calibration by use of the
Langley technique and the standard lamp, Appl. Opt., 34, 4500–4512, https://doi.
org/10.1364/AO.34.004500, 1995.

Schmid, B., Michalsky, J., Halthore, R., Beauharnois, M., Harrison, L., Livingston, J.,
Russell, P., Holben, B., Eck, T., and Smirnov, A.: Comparison of aerosol optical
depth from four solar radiometers during the fall 1997 ARM intensive observation
period, Geophys. Res. Lett., 26, 2725–2728, https://doi.org/10.1029/1999GL900513,
1999.

107

https://doi.org/10.5194/acp-15-7471-2015
https://doi.org/10.5194/acp-15-7471-2015
https://doi.org/10.1002/jgrd.50839
https://doi.org/10.1029/2003JD004292
https://doi.org/10.5194/amt-5-1761-2012
https://doi.org/10.5194/amt-5-1761-2012
https://doi.org/10.1002/jgrd.50600
https://doi.org/10.1364/AO.34.004500
https://doi.org/10.1364/AO.34.004500
https://doi.org/10.1029/1999GL900513


7.1. Art́ıculo 1 RESULTADOS

Sinyuk, A., Holben, B. N., Smirnov, A., Eck, T. F., Slutsker, I., Schafer, J. S., Giles,
D. M., and Sorokin, M.: Assessment of error in aerosol optical depth measured
by AERONET due to aerosol forward scattering, Geophys. Res. Lett., 39, L25806,
https://doi.org/10.1029/2012GL053894, 2012.

Smirnov, A., Holben, B., Eck, T., Dubovik, O., and Slutsker, I.: Cloud-screening and
quality control algorithms for the AERONET database, Remote Sens. Environ., 73,
337–349, https://doi.org/10.1016/S0034-4257(00)00109-7, 2000.

Takamura, T. and Nakajima, T.: Overview of SKYNET and its activities, Opt. Pura
Apl., 37, 3303–3308, 2004.

Thomason, L., Herman, B. M., Schotland, R. M., and Reagan, J. A.: Extraterrestrial solar
flux measurement limitations due to a Beer’s law assumption and uncertainty in
local time, Appl. Opt., 21, 1191–1195, https://doi.org/10.1364/AO.21.001191, 1982.

Todd, M. C., Washington, R., Martins, J. V., Dubovik, O., Lizcano, G., M’bainayel, S.,
and Engelstaedter, S.: Mineral dust emission from the Bodélé Depression, northern
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7.1.4. Conclusiones

Como conclusión principal, podemos afirmar que el conjunto de datos de AOD
proporcionados por AERONET y GAW-PFR, son representativos de la misma
población de AOD para las bandas espectrales iguales o próximas a 440, 500 y 870
nm. Para 380 nm, la trazabilidad no llega al 95 % de los datos comunes, por lo que
deben realizarse más esfuerzos para mejorar las medidas de AOD en este rango.

Estos resultados sugieren que los ĺımites de trazabilidad de la WMO-CIMO (World
Meteorogical Organization - Commission for Instruments and Methods of Observa-
tion) podŕıan redefinirse en función de la longitud de onda y debeŕıa reconsiderarse
el rango de FOV del radiómetro recomendado. Los conjuntos de datos AERONET
y GAW-PFR, ampliamente utilizados, juegan un papel crucial en la comprensión de
los cambios de AOD a largo plazo y en la detección de tendencias, por lo que seŕıa
deseable que ambas redes estuvieran vinculadas a la misma referencia establecida
por WMO-GAW.
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7.2. Art́ıculo 2: Un nuevo sistema para la observación del espesor ópti-
co de aerosoles de polvo basado en radiómetros cenitales de banda
estrecha (ZEN).

7.2.1. Resumen gráfico
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Figura 7.2: Esquema gráfico del art́ıculo 2.

113



7.2. Art́ıculo 2 RESULTADOS

7.2.2. Resumen

En este art́ıculo presentamos los primeros resultados obtenidos con el sistema ZEN,
un sistema de teledetección pasiva desde la superficie terrestre concebido para
determinar el AOD mediante la medida de la ZSR. Dicho sistema se compone
por el radiómetro cenital ZEN-R41 y la metodoloǵıa tipo LUT ZEN-AOD-LUT.
El radiómetro ZEN-R41 tiene un diseño simplificado y sin partes móviles que lo
hacen compacto y robusto, ideal para su instalación en lugares remotos donde no
es posible llevar a cabo un mantenimiento continuo del dispositivo. El método
ZEN-AOD-LUT estima el AOD por comparación de la ZSR medida con una LUT
de ZSRs obtenida mediante modelización con un código de transferencia radiativa
(véase la sección 6.3).

Para verificar la bondad de las medidas de radiancia obtenidas con el ZEN-R41, se
realizó una comparación de ZSR entre el ZEN-R41 y el instrumento de referencia,
el fotómetro Cimel CE318, durante el año 2015 en el Observatorio Atmosférico de
Izaña. Esta comparativa mostró una alta correlación entre ambas medidas, con
un coeficiente de determinación (R2) para todas las longitudes de onda de 0,99,
aunque se observó un sesgo medio relativo (RMB) de entre el −6,3 % a 870 nm y
9,2 % a 500 nm.

Se realizó un estudio sensibilidad para estimar la influencia que tienen las principales
fuentes de error en el AOD final. Dicho estudio identificó a los errores instrumentales
y a los errores cometidos en el establecimiento de los parámetros de los aerosoles,
como los contribuyentes más importantes a la incertidumbre final del AOD. Este
análisis estimó una incertidumbre estándar combinada del AOD de hasta 0,06
en el caso de AOD500 ≈ 0,5, y 0,15 para AOD500 ≈ 1,0, siempre que los errores
instrumentales se minimicen al 5 %.

La validación de la técnica ZEN-AOD-LUT fue realizada gracias a la utilización
de los datos proporcionados por AERONET. Para dicha validación se comparó el
AOD obtenido al aplicar el método ZEN-AOD-LUT en las ZSR del Cimel CE318,
(obtenido a partir de las medidas de radiancia de cielo en la secuencia del plano prin-
cipal; véase la subsección 5.1) y el AOD proporcionado por AERONET (obtenidos
a partir de medidas de sol directa), en un periodo de un año, en tres localizaciones
distintas afectadas por episodios de intrusión de polvo mineral: Izaña y Santa
Cruz de Tenerife en las Islas Canarias y Tamanrasset en Argelia. Los resultados
mostraron una alta correlación entre los conjuntos de datos con R2 de entre 0,97
(Izaña) y 0,99 (Santa Cruz de Tenerife), y ráıces de los errores cuadráticos medios
(RMSE) de entre 0,010 (Izaña) y 0,032 (Tamanrasset).

Finalmente, se comparó el AOD obtenido con el radiómetro ZEN-R41 con el AOD
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proporcionado por AERONET en el Observatorio Atmosférico de Izaña durante el
año 2015. Dicha comparación mostró un buen acuerdo entre ambos conjuntos de
datos (R2 de 0,97), con diferencias observadas de hasta 0,15 para el AOD. Además,
se comprobó que el ZEN-R41 subestima sistemáticamente el AOD con un sesgo
promedio que vaŕıa entre −0,020 y −0,030. Estos resultados están de acuerdo con
la incertidumbre esperada para el sistema ZEN.

7.2.3. Art́ıculo 2
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César López6, and Ramón Ramos1

1Izaña Atmospheric Research Center (IARC), Meteorological State Agency of Spain
(AEMET), Santa Cruz de Tenerife, 38001, Spain

2Cimel Electronique, Paris, 75011, France

3Laboratoire d’Optique Amosphérique, UMR8518, Université des Sciences et Tech-
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Abstract. A new zenith-looking narrow-band radiometer based system (ZEN), conceived
for dust aerosol optical depth (AOD) monitoring, is presented in this paper. The ZEN
system comprises a new radiometer (ZEN-R41) and a methodology for AOD retrieval
(ZEN-LUT). ZEN-R41 has been designed to be stand alone and without moving parts,
making it a low-cost and robust instrument with low maintenance, appropriate for de-
ployment in remote and unpopulated desert areas. The ZEN-LUT method is based on
the comparison of the measured zenith sky radiance (ZSR) with a look-up table (LUT)
of computed ZSRs. The LUT is generated with the LibRadtran radiative transfer code.
The sensitivity study proved that the ZEN-LUT method is appropriate for inferring AOD
from ZSR measurements with an AOD standard uncertainty up to 0.06 for AOD500 nm

∼ 0.5 and up to 0.15 for AOD500 nm ∼ 1.0, considering instrumental errors of 5%. The
validation of the ZEN-LUT technique was performed using data from AErosol RObotic
NETwork (AERONET) Cimel Electronique 318 photometers (CE318). A comparison
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between AOD obtained by applying the ZEN-LUT method on ZSRs (inferred from CE318
diffuse-sky measurements) and AOD provided by AERONET (derived from CE318 direct-
sun measurements) was carried out at three sites characterized by a regular presence of
desert mineral dust aerosols: Izaña and Santa Cruz in the Canary Islands and Taman-
rasset in Algeria. The results show a coefficient of determination (R2) ranging from 0.99
to 0.97, and root mean square errors (RMSE) ranging from 0.010 at Izaña to 0.032 at
Tamanrasset. The comparison of ZSR values from ZEN-R41 and the CE318 showed ab-
solute relative mean bias (RMB) < 10%. ZEN-R41 AOD values inferred from ZEN-LUT
methodology were compared with AOD provided by AERONET, showing a fairly good
agreement in all wavelengths, with mean absolute AOD differences < 0.030 and R2 higher
than 0.97.

1 Introduction

Atmospheric aerosols play an important role in the environment, especially affecting
air quality and climate. Concerning the Earth’s climate, atmospheric aerosols are
one of the main drivers of climate change and the most uncertain of them (Stocker
et al., 2013). These atmospheric constituents can affect the Earth’s radiative bal-
ance by scattering and absorbing the incoming solar radiation and the outgoing
terrestrial radiation (aerosol–radiation interactions) but also by influencing cloud
formation and reflectivity (aerosol– cloud interactions; Klein et al., 2010; Hoose
and Möhler, 2012; Stocker et al., 2013). Furthermore, aerosols are not uniformly
distributed in the atmosphere, but show a high spatial and temporal variability.
For these reasons, a good knowledge of the microphysical and optical properties
of atmospheric aerosols is necessary all over the world. In this respect, aerosols
remote sensing by means of satellite and ground-based devices is normally used
to routinely monitor the aerosols columnar optical and microphysical properties,
the latter obtained by inversion techniques (i.e. Dubovik and King, 2000). Re-
garding the aerosol optical properties, the aerosol optical depth (AOD) and its
spectral dependence are the most common and important parameters for aerosol
characterization, widely used in models and satellite sensors.

Remote sensing from satellite platforms has proved to be an effective tool for global
and long-term monitoring of aerosols in the atmosphere. Early satellite sensors,
such as the Advanced Very High Resolution Radiometer (NOAA/AVHRR Stowe
et al., 1997) or TOMS (Total Ozone mapping Spectrometer; Herman et al., 1997;
Torres et al., 1998), permitted the AOD estimation spanning from 1979 to the
present. In recent years, a more advanced generation of active and passive satellite
sensors for aerosol detection have been used to estimate aerosol radiative forcing
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on a global scale, such as MODIS (Moderate Resolution Imaging Spectrometer),
MISR (Multi-angle Imaging Spectro-Radiometer), both in operation since 2000
(Tanré et al., 1997; Zhang and Reid, 2006, 2010), and CALIPSO (Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations; Winker et al., 2010). However,
as Li et al. (2009) suggested, satellite AOD retrievals are subject to important
uncertainties due to radiometric calibration, a priori assumed aerosol properties,
cloud contamination and correction of the surface effect. In particular, a reliable
determination of the ground reflectance is mandatory, because the signal measured
by the on-board sensor is the sum of the top of atmosphere (TOA) reflection and
the surface reflection. A reliable determination is especially important over bright
land surfaces like deserts, where the main dust sources are located. Moreover, the
temporal resolution of satellite-borne sensors over a specific point is quite limited
(one observation per day as maximum) and represents a high limitation for dust
storm monitoring since they develop very fast in time periods of few hours.

There are currently extensive networks of ground-based sun photometers all over the
world dedicated to aerosol monitoring. These networks are integrated by very precise
instruments, close to the 0.02 AOD accuracy suggested as a goal by the World
Meteorological Organization (WMO; Schmid et al., 1999; WMO, 1993). Among
others, the WMO GAW-PFR network (Wehrli, 2005), SKYNET (Takamura and
Nakajima , 2004), CARSNET (Che et al., 2015) and AERONET (Holben et al.,
1998) are the most important. AERONET (AErosol RObotic NETwork) is the most
widespread network using the Cimel Electronique 318 photometer as the standard
instrument (hereinafter CE318). At present, this network provides unique long-
term open-access data with aerosol optical, microphysical and radiative properties,
which constitute an important source of information for climate and environmental
sciences, since their results have been widely tested under quite different conditions
(Eck et al., 1999, 2001, 2003a, b, 2008, 2009, 2010; Holben et al., 2001). However,
in the Northern Hemisphere there is a lack of stations in desert regions, which are
the most important source of mineral dust, leading to an unsatisfactory description
of dust cycles. Although AERONET sun photometers operate automatically, they
need to be checked on a daily basis and frequently maintained by trained staff
to assure data quality. These instruments operate using a sun tracker, which is a
moving element and the origin of most of the operational problems. In addition,
the relatively high cost of sun photometers is a constraint for many developing
countries located in desert regions.

For all the above reasons, in this paper we present a new system (ZEN), composed of
the radiometer ZEN-R41 and a new methodology especially conceived to estimate
AOD from downwelling zenith sky radiance (ZSR) observations for desert dust
conditions. This system has been jointly developed by SIELTEC Canarias S.L.
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company (SIELTEC) and the Izaña Atmospheric Research Center (IARC) from
the State Meteorological Agency of Spain (AEMET). The use of ZSR as the
direct measurable magnitude simplifies the design of the radiometer ZEN-R41,
avoiding the use of sun tracker, making it more robust, automated and available at
a lower cost than classical sun photometers. However, the AOD calculation is not
as straightforward and precise as using direct-sun measurements, and some a priori
assumptions must be made about aerosol properties, and significant additional
efforts must be done in the modelling part. As made in the techniques employed
by some on-board satellites sensors (Kaufman et al., 1997; Tanré et al., 1997;
Stowe et al., 1997; Torres et al., 1998), and some previous work with ground based
instrumentation (Lindfors et al., 2013), we have developed a look-up table (LUT)-
based methodology (ZEN-LUT) specifically designed for desert aerosols to estimate
AOD. The LUTs are composed of a set of simulated ZSR and AOD values obtained
with the radiative transfer code LibRadtran (Mayer and Kylling, 2005). The AOD
is then inferred by minimizing a function which depends on the difference between
simulated and measured ZSR at all used wavelengths. In this case, the surface
albedo does not have as much influence as in the upwelling radiance measured by
satellite sensors. These characteristics make the ZEN a suitable system for aerosol
monitoring in remote desert areas, filling the current observational gaps and being
useful in the validation of satellite sensors and models dust products.

The test sites and ancillary observations used in this study are described in Sect.
2. In Sect. 3 a description of the new ZEN-R41 radiometer and a performance
comparison with CE318 are given. The AOD retrieval method, including the results
of a sensitivity study performed to examine the impact of key input parameters
as well as to assess the influence of the instrumental errors, is examined in Sect. 4.
Section 5 describes the AOD comparisons between ZEN-R41 and collocated CE318.
Finally, the main conclusions of this work are presented in Sect. 6.

2 Test sites and ancillary information

2.1 Test sites

The ZEN-LUT methodology and the ZEN-R41 instrument have been tested in
three different sites impacted by the presence of desert mineral dust (Fig. 1).

The Izaña station (Izaña, Canary Islands, Spain; 28.3◦ N, 16.5◦ W, 2373 m a.s.l.)
is a high mountain subtropical station which represents atmospheric background
conditions most of the time as a consequence of its location over a strong temper-
ature inversion layer as a result of general subsidence processes and the presence
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Figure 1: Meteosat/TERRA image showing a Saharan dust outbreak over the study
area on 12 January 2015. The Izaña, Santa Cruz and Tamanrasset sites are indicated
with yellow stars.

of cool trade winds at lower levels. However, the proximity to the Saharan desert
introduces an important influence of mineral dust on its aerosol climatology. As
Basart et al. (2009) showed, there is an enhancement of dust transport from the Sa-
hara to Izaña altitudes during summer (AOD675 nm > 0.15 and large particles with
Angström Exponent, α440-870 nm < 0.25), with AOD675 nm values < 0.15 prevailing
in the rest of the year, especially in winter, which represent ∼ 85% of the overall
conditions. Guirado (2014) also performed a detailed aerosol characterization at
Izaña. This author found predominant dust conditions associated to AOD500 nm

> 0.10 and large particles with α < 0.60. Izaña Observatory is part of the WMO
Global Atmosphere Watch programme (GAW) and the Network for the Detection
of Atmospheric Composition Change (NDACC). Izaña is an absolute sun calibra-
tion site of AERONET and a World Radiation Center (WRC) Global Atmospheric
Watch Precision Filter Radiometer (GAW/PFR) station and calibration site. The
Izaña station is also a WMO CIMO (Commission for Instruments and Methods of
Observation) Testbed for Aerosols and Water Vapour Remote Sensing Instruments
(WMO, 2014).

Santa Cruz de Tenerife station (SCO, Canary Islands, Spain; 28.5◦ N, 16.2◦ W; 52 m
a.s.l.) is an urban station located at sea level. The aerosol climatology at this station
is dominated by the well-mixed combination of fine fraction of pollution aerosols
and coarse model marine particles (prevailing AOD675 nm > 0.15) with mineral
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dust influence from spring to autumn (Basart et al., 2009), increasing AOD and
reducing α values. Following the work developed by Guirado et al. (2014), those
situations with AOD500 nm > 0.15 and α < 0.5 can be considered prevalent dust
conditions at this station.

Tamanrasset station (TAM, Algeria; 22.8◦ N, 5.5◦ E, 1377 m a.s.l.) is located in
southern Algeria in a key location near the most important dust sources of Mali,
Argelia, Lybia and Chad, where there is little impact from industrial activities.
Guirado et al. (2014) performed a thorough study to characterize aerosols at
this Saharan station. They found that desert mineral dust is the predominant
aerosol type in this station, where the dry-cool (winter) season is characterized
by prevailing clear-sky conditions (AOD440 nm ∼ 0.09 and α ∼ 0.62), while high
turbidity events with coarse dust particles are frequent during the wet-hot (summer)
season, associated to an AOD440 nm modal value of 0.15 and α ∼ 0.4.

2.2 Ancillary information

2.2.1 CE318 sun photometer and AERONET network

In this work we have used AOD data provided by AERONET (Holben et al., 1998)
to validate the results obtained with the ZEN-R41 radiometer and the ZEN-LUT
technique. AERONET also provides information about microphysical and optical
parameters, such as particle size distribution, refractive indices, single scattering
albedo (SSA) or phase function using the inversion algorithm developed by Dubovik
and King (2000); Dubovik et al. (2002, 2006).

The standard instrument used in AERONET is the CE318 sun photometer, which
performs direct-sun and diffuse-sky measurements. Direct-sun measurements per-
formed at 340, 380, 440, 500, 675, 870, 940 and 1020 nm are used to derive accurate
AOD and precipitable water vapour with typical AOD uncertainties for field instru-
ments ranging between ±0.01 and ±0.02, with the higher errors in the UV spectral
range (Eck et al., 1999). Diffuse-sky measurements with two different routines are
performed to infer the aerosol optical and microphysical properties: the almucantar
(ALM) and the principal plane (PPL).

In the ALM routine, the azimuth angle is varied while the zenith angle is kept
constant (equals to the solar zenith angle). On the other hand, in the PPL routine,
the zenith is varied while the azimuth angle is kept constant (equals to the solar
azimuth angle). The ALM measurements are performed in two wings: right (az-
imuth angle displaced towards the right of sun position) and left (azimuth angle
displaced towards the left of sun position). In a homogeneous atmosphere, the
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signal measured at both wings should be equal, so this fact can be used to detect
wrong data, such as cloudcontaminated measurements. Contrary to ALM, PPL is
not symmetric but wrong data can also be detected by checking the smoothness of
the PPL curve (Holben et al., 1998). In the present study, the CE318 ZSR values
are obtained by linear interpolation of the PPL data to the zenith position (it is not
possible to do it with ALM measurements). To detect and remove the presence of
clouds in data, we have visually checked hemispheric images in those places where
an all-sky camera was available. In case an all-sky camera was not available at
the station, a smoothness criterion was applied on the PPL curve to detect clouds.
This smoothness criterion is based on the analysis of the second derivative of the
PPL radiances with respect to the scattering angle. The data are considered cloud
contaminated if the second derivative is negative at any scattering angle between
2 and 90◦. The threshold value for this smoothness criterion is not 0 but -1×10-7,
as determined empirically.

2.2.2 SONA all-sky camera

In the present study we have checked cloud interference by means of independent
measurements from all-sky Automatic Cloud Observation System SONA cameras
developed by SIELTEC (González et al., 2012). The SONA cameras have been used
to detect and remove CE318 and ZEN-R41 cloud-contaminated ZSR data at Izaña
and Santa Cruz stations. Cloud cover detection was performed by visual inspection,
by analysing each individual hemispheric image from the total sky cameras and
identifying the presence of visible clouds around the zenith.

3 The ZEN-R41 narrow-band radiometer

The ZEN-R41 is a prototype radiometer jointly developed by SIELTEC and IARC
and designed to obtain AOD from downwelling zenith sky radiation at different
wavelengths. This prototype incorporates collimating lenses and internal baffles
to achieve a ∼ 3◦ field of view. ZEN-R41 is equipped with four silicon detectors
(350–1100 nm) and four optical filters of 10 nm FWHM with nominal wavelengths
centred in 440, 500, 675 and 870 nm. These filters are hard coated to prevent ageing
of their optical properties. The measurements, made simultaneously in the four
channels, are amplified and acquired with 16 bit resolution (65536 counts per each
level of amplification). Inside the instrument there are sensors for internal humidity
and temperature monitoring, as well as a fan for temperature homogenization and
electronic components protection. Using this internal information, ZEN-R41 signal
is temperature corrected, allowing the minimization of the temperature dependence
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of the silicon detectors. It is equipped with a small aluminum weatherproof (IP67
grade) case (white powder coated), with no moving parts and is protected by a thick
borosilicate bk7 window (see Fig. 2), preventing it from damages such as scratches
or direct impacts. The device also has a plate base which allows the instrument to
be levelled and fixed on flat and rigid surfaces. As a result, the instrument’s design
is very robust and operates in a wide temperature range, between -40 and 85◦ C.
An external blower attached to the external case is foreseen in order to facilitate
the removal of dirt, dust or any other element that may affect measurements. In
the case of remote locations, it is possible to use solar panels as a power source.

The on-board electronics comprise an internal 16 bits data logger and a 4 MB inter-
nal memory with Ethernet communications for data acquisition, display, download,
set-up and diagnosis of the instrument. On-board processing is possible through its
microcontroller board, with 16 MIPS of CPU speed and 96 KB of RAM memory,
which result in a fast user-oriented data delivery (no additional parts or components
are required) and a friendly user interface. The power and communications are
performed together through a PoE port.

Figure 2: ZEN-R41 scheme and dimensions.

The instrument can work with fixed IP or in DHCP mode. Data can be downloaded
manually or automatically and can also be sent via UDP or requested via TCP/IP
protocol. It allows ZEN-R41 to form part of a ZEN-1 network for aerosol monitoring.
This instrument can be also used independently or as a dependent sensor part of
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a weather station or other instrument which requires AOD as input.

The web interface shows alarms when these internal variables are out of the normal
ranges. All the settings and calibration factors can be entered via a web graphical
user interface. ZEN-R41 was calibrated using an integrating sphere at the IARC
facilities in order to convert the output signal into radiance units (W m-2 sr-1

nm-1). We performed a set of 10 measurements of the sphere’s radiance, in which
we observed a very low variability in ZEN-R41 digital counts (∼ 2h). Since the
uncertainty involved in this calibration procedure was established in ∼ 5% by
Walker et al. (1991) and, assuming the sphere has a perfect precision (Holben et al.,
1998), we can use this information to estimate the ZEN-R41 radiance uncertainty
in a ∼ 5%.

3.1 ZEN-R41 and CE318 radiometric comparison at Izaña

In order to check the goodness of the radiometric measurements of the ZEN-R41,
we have compared ZSR observations from this device with those provided by CE318
instruments, derived from PPL measurements. The ZSR measurements performed
in Izaña station in 2015 were cloud screened using ancillary SONA all-sky images.
In this comparison we have not included ZSR data for SZA < 20◦ and SZA >
65◦ as we have detected higher discrepancies in ZSR for such SZA ranges. In
the case of SZA < 20◦, the signal measured by ZEN-R41 device is larger than
that obtained with CE318, which might be attributed to the lower stray light
rejection and/or larger field of view of the ZEN-R41 radiometer. For SZA > 65◦,
we attribute the observed discrepancies to lower signals measured, which reduces
the signal to noise ratio, increasing the instrument’s uncertainty. We present a
basic statistics of ZSR intercomparison for the four coincident spectral bands (440,
500, 675 and 870 nm) in Table 1. ZSR measured by both instruments are highly
correlated, with coefficients of determination (R2) ∼ 0.99 for the four spectral
ranges, discarding possible nonlinearities of ZEN-R41 in the selected measurement
range. However, the relative mean bias results (RMB) showed that ZEN-R41 ZSR
slightly overestimates at 675, 500 and 440 nm, but underestimates at 870 nm. RMB
also showed a moderate variability in the measured ZSR, with values ranging from
6.3% at 870 nm to 9.2% at 500 nm, which is within the combined uncertainty of
both instruments (∼ 5%).
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Table 1: Coefficient of determination (R2), relative root mean square error (RRMSE)
in %, relative mean bias (RMB) in % and number of coincident data (N) for the
ZSR comparisons between CE318 and ZEN-R41 measurements at four different
spectral bands (440, 500, 675 and 870 nm) performed at Izaña in 2015.

Wavelength R2 RRMSE RMB N

870 0.99 4.7 -6.3 616
675 0.99 7.2 6.7 616
500 0.99 4.3 9.2 616
440 0.99 3.4 5.1 616

4 ZEN-LUT method

For estimating the AOD from downwelling ZSR measurements under cloud-free con-
ditions, we used the ZEN-LUT method. This method is based on the comparison of
measured ZSRs, corrected from earth–sun distance, with a set of simulated ZSR val-
ues at the four wavelengths available in the ZEN-R41 radiometer (440, 500, 675 and
870 nm). The LUT was determined using the LibRadtran radiative transfer model
(RTM). This model is available in a complete software package containing a suite
of tools for radiative transfer calculations in the Earth’s atmosphere (freely avail-
able from http://www.libradtran.org; Mayer and Kylling, 2005; Emde et al., 2016).
The LibRadtran structures the atmosphere as multi-layers, considering the vertical
profiles of temperature, pressure and atmospheric components, such as gases and
aerosols. A complete treatment of the absorption scattering processes offers hun-
dreds of options and input parameters to handle all the structure that has a detailed
RTM. It also includes several libraries which help to describe the atmosphere and
the ground surface contribution on the simulated radiation field. Concerning the
aerosol contribution, we have used the OPAC (Optical Properties of Aerosols and
Clouds) library (Hess et al., 1998). The aerosols in OPAC can be defined through
10 basic components. These are water insoluble (INSO), water soluble (WASO),
soot (SOOT), two sea salt components (sea salt accumulation mode or SSAM and
sea salt coarse mode or SSCM), four mineral dust components (mineral nucleus
mode, MINM, mineral accumulation mode, MIAM, mineral coarse mode, MICM,
and mineral transported, MITR) and the sulfate component (SUSO). Additionally,
LibRadtran includes four spheroid components (MINM, MIAM, MITR and MICM
spheroids) to define the mineral dust aerosols. The effects of relative humidity
are taken into account for those components affected by water. Every component
is defined by their microphysical properties, that is, the refractive index, mostly
taken from d’Almeida et al. (1991) and a log-normal size distribution (Deepak and
Gerber, 1983). Then, through Mie-scattering calculation (Wiscombe, 1980; Bohren
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and Huffman, 1983), or the T-matrix method (Mishchenko and Travis, 1998) in
the case of spheroids, the optical properties are calculated for every component
and normalized to 1 particle cm-3.

The ZSR values were calculated by using the radiative transfer equation (RTE)
solver CDISORT (Buras et al., 2011). The extraterrestrial solar flux was selected
from Kurucz (1992) with a spectral resolution of 1 nm. The midlatitude summer
standard model for the atmosphere profile and the molecular absorption, parame-
terized with the LOWTRAN band model (Pierluissi and Peng, 1985), as adopted
from the SBDART code (Ricchiazzi et al., 1998), were used. We have also used a
common normalized Gaussian filter function for the four considered spectral bands
centred in the nominal wavelength (440, 500, 675 and 870 nm). To set the surface
reflectance contribution, we have considered the albedo definitions given in the
IGBP (International Geosphere Biosphere Programme) library, which originates
from the NASA CERES/SARB Surface Properties Project (Belward and Loveland,
1996).

Concerning the solar position, only the solar zenith angle (SZA) is given as input
to the model, since the computed radiance in the zenith direction for a cloud-free
sky is invariable with the solar azimuth angle. The earth–sun distance correction is
directly applied in the measured ZSR, so the ZEN-LUT ZSRs are only simulated
for the mean earth–sun distance.

The aerosol optical properties were obtained with the OPAC library (Hess et al.,
1998) by defining the height profiles of every aerosol component present at every
layer. The height of all layers and the mix of aerosol components present at every
layer except the boundary layer were set up following the indications given in Hess
et al. (1998). In the case of the boundary layer, we decided to set the mix of aerosol
components dynamically, adopting the suggestions given in the Global Aerosol
Data Set (GADS) report (Koepke et al., 1997) for desert regions. They proposed a
mix of four different components, three mineral dust components (MINM, MIAM
and MICM), plus a certain fixed quantity of water soluble component (WASO).
The ratio of three mineral dust components present in the mixture is variable and
depends on the total mineral dust particle density (Nmineral). The three mineral
dust components are related to Nmineral through the following expressions (Koepke
et al., 1997):

ln (NMINM) ∼ 0.104 + 0.963 · ln (Nmineral), (1)

ln (NMIAM) ∼ −3.94 + 1.29 · ln (Nmineral), (2)
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ln (NMICM) ∼ −13.7 + 2.06 · ln (Nmineral), (3)

In our calculations we have used the spheroid LibRadtran definitions.

It is important to note that the empirical relationships presented on these equations
were derived for average conditions in desert areas, therefore they seem to be
appropriate to describe the actual aerosols in Tamanrasset station, located in the
middle of the Sahara desert, but not for Izaña and Santa Cruz stations, which
are located hundreds of kilometres away from the Sahara desert, over the North
Atlantic. In the latter, the presence of large mineral dust particles is considerably
reduced due to a faster deposition during its transport out of dust source regions
and to the predominance of other aerosols in the absence of Saharan intrusions.
Because there is not a comprehensive definition of aerosols in terms of OPAC
components, we propose a different mixture of components for these sites. This
mixture involves the same WASO and MINM contribution as desert-type aerosols,
but the MIAM component is replaced by MITR, keeping the same relationship
with Nmineral as MIAM, and the MICM contribution is discarded.

We have generated the LUT using a set of n values for Nmineral , ranging from 0
to 4000 particles cm-3, in order to calculate n height profiles, each one composed
of all aerosol components present in every layer (Ni(h)). Then, with these profiles,
we simulate a set of n ZSR values for each SZA, in addition to the corresponding
AOD in the ZEN-LUT.

Finally, to find out the right value for Nmineral and thus the right AOD from the
LUT, we applied an adapted version of the method described in Tanré et al. (1997),
originally designed to select the right aerosol model from satellite radiance mea-
surements. In this case, the selection is performed by finding the minimum value
of the following expression:

εl =

√√√√ 1

Nλ

Nλ∑
λ=1

(
Lmλ (θv = 0, θs)− Lcλ,l(θv = 0, θs)

Lmλ (θv = 0, θs)

)2

, (4)

where Lmλ and Lcλ,l are the measured (earth–sun distance corrected) and the com-
puted radiances in wavelength λ, Nλ is the total number of wavelengths and l is
the index indicating a value defined in the array Nmineral. θv is the viewing zenith
angle which is equal to zero and θs the solar zenith angle. Then the value of the
index l, which minimizes the quantity l, indicates the right value for Nmineral and
AOD.
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4.1 ZEN-LUT method sensitivity study

The precision and accuracy of the solution given by the presented ZEN-LUT method
are related to random and systematic errors. In the present work we have focused
on performing a sensitivity study on the main systematic errors, which can be
classified in two categories: instrumental errors, and errors made in the a priori
considered RTM inputs, causing underestimation or overestimation in the measured
and simulated ZSR, which affects the retrieved AOD. In the first category, radiance
calibration error, levelling error, misalignments of the optical parts, the effect of
the finite field of view and the stray light contribution are included. The assumed
values for surface albedo and the a priori considered mixture of aerosol components
are included in the second category.

We have performed this sensitivity study using the inputs previously defined in
Sect. 4.

This type of analysis is commonly used to identify the dominant contributors to
the output variability. However, if the effect of each source of error is conveniently
quantified, it is possible to estimate the contribution of each parameter to the
uncertainty in the final AOD retrieval.

4.1.1 Instrumental error sensitivity

Taking into account previous studies in the literature (Eck et al., 1999; Basart
et al., 2009; Guirado et al., 2014; Cesnulyte et al., 2014; Cuevas et al., 2015)
and AERONET climatology tables (https://aeronet.gsfc.nasa.gov/cgi-bin/climo
menu v2 new), AOD desert stations such as Tamanrasset (Algeria), Ouarzazate
(Morocco), Dakar (Senegal) and Solar Village (Saudi Arabia) show monthly and
seasonal values typically ranging between 0.04 (Ouarzazate in January) and 0.67
(Dakar in June), with sporadic AOD maxima > 1 associated with strong desert dust
outbreaks or local dust resuspension. Therefore, we have focused our sensitivity
study in AOD conditions varying between 0.5, which corresponds to hazy conditions
by dust, and 1, indicating strong dust intrusions.

We have assumed the ZEN-R41 calibration uncertainty to be ∼ 5% considering
the comparison analysis with an integrating sphere presented in Sect. 3. In order
to evaluate the influence of the overall instrumental errors on the inferred AOD we
have perturbed the computed ZSR ±5 and ±10% for two aerosol loads (AOD500 nm

∼ 0.5 and 1.0) at all the available wavelengths and SZAs ranging from 20 to 65◦

in 10◦ steps. Although this perturbed range should be statistically estimated by
comparing several ZEN-R41 instruments, we have selected these values according
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to the relative mean bias results obtained in the ZSR comparison between CE318
and ZEN-R41 presented in Sect. 3.1 and Table 1, in which we considered the CE318
as the reference instrument. Differences in AOD obtained from unperturbed and
perturbed ZSR values are presented in Fig. 3 for 440 and 870 nm wavelengths.
In case of AOD500 nm ∼ 0.5, we obtained absolute differences < 0.05 and < 0.1
for perturbed radiances of ±5 and ±10%, which are not dependent on SZA and
wavelength. For higher aerosol load conditions (AOD500 nm ∼ 1.0), we have found
nearly constant AOD differences of approximately -0.1 and -0.2 with SZA for
negative radiance perturbations of -5 and -10% respectively. However, in the case
of positive ZSR perturbations, we observed a SZA dependence with higher AOD
differences as SZA decreases, up to ∼ 0.35 for a positive radiance perturbation of
10% and SZA of 20◦.

Table 2: Sensitivity study for an albedo perturbation of ±15%. AOD differences
between perturbed and unperturbed situations (∆AOD) for 440 and 870 nm spec-
tral bands are shown for two AOD values ( AOD500 nm ∼ 0.5 and 1.0) and different
solar zenith angles (SZA) ranging from 20◦ to 65◦.

AOD SZA ∆AOD440 ∆AOD870

0.5 20 -0.006/0.006 -0.006/0.007
30 -0.010/0.010 -0.011/0.011
40 -0.013/0.013 -0.013/0.013
50 -0.015/0.016 -0.015/0.017
60 -0.017/0.017 -0.017/0.017
65 -0.016/0.017 -0.016/0.017

1.0 20 -0.016/0.017 -0.016/0.018
30 -0.023/0.024 -0.025/0.026
40 -0.028/0.030 -0.031/0.033
50 -0.032/0.033 -0.035/0.038
60 -0.033/0.036 -0.037/0.040
65 -0.033/0.034 -0.037/0.040

4.1.2 RTM input sensitivity

Surface albedo sensitivity

The effect of the albedo uncertainty on the inferred AOD was also assessed for the
same AOD and solar zenith angle range. We have performed the study for albedo
values±15% of those values used in the generated look-up table. We have considered
this variation range, taking into account the results obtained by Tsvetsinskaya et
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Figure 3: AOD difference versus SZA for different AOD conditions (AOD500 nm ∼ 0.5
and 1.0) and ZSR perturbed ±5% and ±10%, for 440 nm (a, b) and 870 nm (c, d).

al. (2006), who studied the spatial and temporal variability of surface albedo using
MODIS data. They found very stable albedo values with a temporal variability that
are essentially negligible in cases of surfaces with high reflectivity, such as deserts,
and spatial variations between 14 (λ < 700 nm) and 9% (λ > 700 nm). Consequently,
a variability in surface albedo of 15% seems reasonable for our sensitivity study.
The computed ZSR with the modified albedo values are used as inputs to retrieve
the AOD and the result is compared with the actual AOD. The AOD differences
for 440 and 870 nm, and several SZA and AOD500 nm values are shown in Table
2. This table shows that the surface reflectance effect on AOD is relatively low,
with AOD differences somewhat higher with SZA, ranging from -0.016 to 0.017
for an AOD500 nm ∼ 0.5, and from -0.037 to 0.040 for an AOD500 nm ∼ 1.0. The
wavelength dependence is also almost negligible.
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Mix of aerosol components sensitivity

In order to test the influence of the mixture of aerosol components in the inferred
AOD, we have modified the assumed mixing ratio of the reference LUT for mineral
dust and WASO components present in the boundary layer. Mineral dust compo-
nents were perturbed in ±5% of the slope coefficient in Eqs. (1), (2) and (3), and
WASO components, assumed as a fixed value, were perturbed assuming a variation
in concentration of ±50%. AOD differences considering perturbed and unperturbed
values for the mix of aerosol components are presented in Fig. 4 for two AOD con-
ditions (AOD500 nm ∼ 0.5 and 1.0) and two spectral ranges (440 and 870 nm). We
have found negligible influence for AOD500 nm ∼ 0.5, with AOD differences ranging
from ±0.02 for all aerosol components, although a slight dependence with SZA and
wavelength can be appreciated. For higher aerosol content (AOD500 nm ∼ 1.0), we
observed little dependence with SZA and wavelength on AOD difference. We found
AOD differences ranging from -0.1 to 0.05.

Figure 4: AOD difference versus SZA for different AOD conditions (AOD500 nm ∼ 0.5
and 1.0) and 440 nm (a, b) and 870 nm (c, d) wavelengths. We have included different
concentrations of four different aerosol components, MINM, MIAM and MICM perturbed
in ±5 WASO concentration perturbed in ±50 %.
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This sensitivity analysis showed that ZEN AOD combined standard uncertainty
(determined by means of summation in quadrature of each term analysed in the
sensitivity study) is up to 0.06 (for AOD500 nm ∼ 0.5) and 0.15 (for AOD500 nm ∼
1.0) when an instrumental error of 5% is considered. Higher AOD uncertainty is
expected if instrumental error is > 5%, up to 0.23 in the 10% limit of instrumental
error (0.37 in case of very low SZAs).

5 Results

5.1 ZEN-LUT method validation at three different AERONET sites

The performance of the ZEN-LUT methodology was tested in three different sites in
which mineral dust plays an important role in their respective aerosol climatologies
(Izaña, Santa Cruz and Tamanrasset) using a CE318 instrument as a reference,
since it has been already widely tested under quite different conditions (Eck et al.,
1999, 2001, 2003a, b, 2010; Holben et al., 2001, 2006; Dubovik et al., 2000). The
CE318-LUT AOD was inferred after applying the ZEN-LUT methodology on ZSR
data derived from PPL data provided by AERONET.

AOD data from Izaña and Santa Cruz stations were cloud screened using infor-
mation from the SONA all-sky imager. Since any all-sky camera was available
at Tamanrasset station, the cloud screening was performed by applying the PPL
smoothness criteria described in Sect. 2.2.1.

We have restricted this analysis to desert dust events. We have identified the desert
aerosol conditions following the criteria given in Guirado (2014), and Guirado et
al. (2014) (Sect. 2.1). We have used AERONET data for the year 2013, as it was
the most recent period of available AERONET 2.0 level AOD data in the three
sites. The comparison analysis performed at the three stations at every available
wavelength (440, 675 and 870 nm) is shown in Figs. 5, 6 and 7 and Table 3. We
present the AOD CE318-LUT/CE318-AERONET scatter plot in Figs. 5a–c, 6a–c
and 7a–c, which shows a good agreement for all channels in the three locations,
with high correlations (R2 > 0.97). We have also found low RMSE values for Izaña
and Santa Cruz (up to 0.011 and 0.021) but higher values for Tamanrasset (up to
0.032). The linear dependence between the two AOD data sets is different in the
considered channels, with the lower slope having the shorter wavelength at all sites,
and more evidently for Izaña. With regard to the AOD differences plotted in Figs.
5d–i, 6d–i and 7d–i, it can be said that AOD is mostly underestimated by the ZEN-
LUT method, with negligible dependence with SZA for the SZA range considered
in this study. We have found maximum AOD differences up to -0.07 for Izaña and

132



RESULTADOS 7.2. Art́ıculo 2

between -0.08 and 0.12 for Santa Cruz. These values are in agreement with the
expected uncertainty involved in the ZEN-LUT methodology of AOD determination
presented in Sect. 4.1. It also confirms the low instrumental errors affecting the
CE318 (∼ 5%). The considerably higher differences found for Tamanrasset might
be explained by possible dust contamination of the CE318 lenses.

Table 3: Coefficient of determination (R2), root mean square error (RMSE), mean
bias (MB), and number of coincident data (N) for the AOD comparison between
CE318-AERONET and CE318-LUT at three different spectral bands (440, 675 and
870 nm) performed at Izaña (IZO), Santa Cruz (SCO) and Tamanrasset (TAM)
stations in 2013.

Station Wavelength (nm) R2 RMSE MB N

IZO 870 0.97 0.011 -0.018 180
675 0.98 0.010 -0.020 180
440 0.97 0.011 -0.018 180

SCO 870 0.99 0.021 -0.021 210
675 0.99 0.021 -0.019 210
440 0.99 0.021 -0.020 210

TAM 870 0.98 0.030 -0.031 321
675 0.98 0.030 -0.022 321
440 0.97 0.032 -0.023 321

5.2 ZEN-R41 and CE318 AERONET AOD comparison at Izaña

We have performed an intercomparison of AOD from ZEN-R41 and CE318 at Izaña
station during 2015. ZEN-R41 AOD, retrieved by applying the ZEN-LUT method
to cloud-screened ZSR data, was compared with AERONET level 1.5 AOD for the
20-65◦ SZA range. The results of the intercomparison for the four spectral bands are
presented in Fig. 8 and Table 4. In Fig. 8a–d we present a scatter plot between ZEN-
R41 and CE318-AERONET AOD. A good correlation can be observed between
both AODs, with R2 = 0.97 and RMSEs ∼ 0.026-0.027 for all channels, indicating
that the ZEN-R41 instrument and ZEN-LUT method together are adequate for
AOD estimation. However, as we pointed out in the previous subsection, the linear
dependence between the two AOD data sets is different in the four channels. The
AOD differences plotted in Fig. 8e–l shows a similar behaviour to those presented
in the former subsection for Izaña, showing that AOD is mostly underestimated;
although in this case the differences are larger as we have found maximum observed
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Figure 5: AOD scatter plot at 440 nm between CE318-AERONET and CE318-LUT for
Izaña (a), Santa Cruz (b) and Tamanrasset (c) stations in 2013 for 20◦ < SZA < 65◦

(a, b, c). The black solid lines are the least-square fits, and the dashed lines are the
diagonals (y = x). The least-square fit parameters are shown in the legend (slope, intercept,
correlation coefficient R and number of data N). AOD differences in 440 nm between
CE318-AERONET and CE318-LUT with respect to CE318-AERONET (d, e, f) and
SZA (◦) (g, h, i).

AOD differences up to 0.15 and RMSE values up to 0.030 (Table 4), but within
the uncertainties estimated in Sect. 4.1.

6 Conclusions

In this study we have presented the new ZEN system for dust AOD monitoring
from ZSR observations. The ZEN system comprises the development of a new
and robust radiometer (ZEN-R41) and a methodology to retrieve AOD from ZSR
measurements through a look-up table (LUT) method (ZEN-LUT), especially de-
signed for desert aerosols. This methodology, inspired by previous methodologies
commonly applied to on-board satellite sensors, uses the radiative transfer code
LibRadtran and its packages to simulate ZSRs and the associated AODs. Then,
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Figure 6: AOD scatter plot at 675 nm between CE318-AERONET and CE318-LUT for
Izaña (a), Santa Cruz (b) and Tamanrasset (c) stations in 2013 for 20◦ < SZA < 65◦

(a, b, c). The black solid lines are the least-square fits, and the dashed lines are the
diagonals (y = x). The least-square fit parameters are shown in the legend (slope, intercept,
correlation coefficient R and number of data N). AOD differences in 440 nm between
CE318-AERONET and CE318-LUT with respect to CE318-AERONET (d, e, f) and
SZA (◦) (g, h, i).

Table 4: Coefficient of determination (R2), root mean square error (RMSE), mean
bias (MB), and number of coincident data (N) for the AOD comparisons between
CE318-AERONET and ZEN-R41 at four different spectral bands (440, 500, 675
and 870 nm) performed at Izaña station in 2015.

Wavelength (nm) R2 RMSE MB N

870 0.97 0.026 - 0.020 616
675 0.97 0.026 -0.025 616
500 0.97 0.026 -0.029 616
440 0.97 0.027 -0.030 616

AOD is inferred by minimizing a function which depends on the differences between
simulated and measured ZSR at the corresponding solar zenith angle (SZA) in all
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Figure 7: AOD scatter plot at 870 nm between CE318-AERONET and CE318-LUT for
Izaña (a), Santa Cruz (b) and Tamanrasset (c) stations in 2013 for 20◦ < SZA < 65◦

(a, b, c). The black solid lines are the least-square fits, and the dashed lines are the
diagonals (y = x). The least-square fit parameters are shown in the legend (slope, intercept,
correlation coefficient R and number of data N). AOD differences in 440 nm between
CE318-AERONET and CE318-LUT with respect to CE318-AERONET (d, e, f) and
SZA (◦) (g, h, i).

the available wavelengths.

The main conclusions of this study are as follows.

1. The comparison of ZSR from ZEN-R41 and CE318 showed a high coefficient
of determination (R2) for all wavelengths (0.99), although we observed relative
mean bias (RMB) as high as -6.3% at 870 nm and 9.2% at 500 nm.

2. The sensitivity analysis, performed to identify the systematic errors (instru-
mental and radiative transfer inputs, or RTM) exerting the most influence
on the final AOD, showed the instrumental errors and the aerosol model as
the most important contributors to the final AOD uncertainty. This analysis
estimated an AOD combined standard uncertainty in the ZEN system up to
0.06 in the case of AOD500 nm ∼ 0.5 and 0.15 for AOD500 nm ∼ 1.0, provided
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Figure 8: AOD comparisons between CE318-AERONET and ZEN-R41 for four different
spectral bands (440, 500, 675 and 870 nm) performed at Izaña station in 2015. In the
upper panel (a–d) AOD scatter plots AERONET/ZEN41 are presented. The middle
panel (e–h) shows the AOD differences versus AERONET AOD. AOD differences versus
solar zenith angle (SZA in ◦) are shown in the lower panel (i–l).

instrumental errors are minimized (∼ 5%).

3. We have compared AOD from AERONET with AOD retrieved from CE318
ZSR by means of the ZEN-LUT method (CE318-LUT) in a common period
in which AERONET level 2.0 is available at three stations (Izana, Santa
Cruz and Tamanrasset). A good AOD agreement (R2 from 0.99 to 0.97)
and RMSE values from 0.011 (at Izaña) to 0.032 (at Tamanrasset) have
been obtained. The relatively bad results observed at Tamanrasset might be
explained by possible contamination of lenses by dust. We observed maximum
AOD differences up to -0.07 at Izaña and between 0.08 and 0.12 for Santa
Cruz, in agreement with the expected uncertainty involved in the ZEN-LUT
methodology.

4. The AOD comparison at Izaña showed a good agreement between ZEN-R41
and AERONET (R2 of 0.97), with observed AOD differences up to 0.15, and
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ZEN-R41 AOD systematically underestimated (mean bias ranging from -0.020
to -0.030). These results are also in agreement with the expected uncertainty
for the ZEN system.

The results of this preliminary study indicate that the ZEN-LUT method is ap-
propriate to infer dust AOD from ZSR measurements from the ZEN-R41, with an
expected uncertainty between 0.06 and 0.15 in the AOD range between 0.5 and 1.0,
which seems reasonable for most Saharan and Middle Eastern sites affected by dust.
However, a thorough validation with a higher number of ZEN-R41 radiometers in-
stalled in stations located in quite different environments affected by desert dust will
be carried out in the near future to confirm and complement the results presented
in this paper. The study of the impact caused by other aerosols is an important
issue to be addressed in order to adapt this instrument to other environments, far
from dust sources. Although clouds are not a major problem in desert regions for
much of the year, autonomous cloud-screening system is being implemented into
the ZEN-R41 radiometer in order to discriminate cloud-contaminated ZSR data.

With the ZEN system we do not intend at all to replace accurate AOD measure-
ments performed by sun photometer networks (as AERONET) but to complement
these observations with the aim of improving mineral dust monitoring in remote
locations, where it is difficult to deploy sun photometers for logistical reasons and
poor infrastructure. The ZEN system could be used individually with autonomous
data processing, to create networks with centralized data processing or ultimately
be incorporated into automatic weather stations in desert regions in an inexpensive
and simple way. As a consequence, this instrument could play a key role in dust
model data assimilation near dust source regions, in satellite validation and in early
warning within the WMO Sand and Dust Storm Warning Advisory and Assessment
System (SDS-WAS).

7 Data availability

The reference aerosol optical depth and zenith sky radiance data at the three
sites (Izaña, Santa Cruz and Tamanrasset) were obtained from Cimel Electronique
318 photometers and they are available from the AERONET website (https://
aeronet.gsfc.nasa.gov/). All the look-up tables as well as the sensitivity study
data were generated by means of radiative transfer simulations carried out with
LibRadtran version 1.7 code, available at http://www.libradtran.org/. All input
files for performing these radiative transfer simulations are available upon request.
All ZEN-R41 data are available upon request. The SONA all sky camera images
for Izaña and Santa Cruz station are available upon request.
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Holben, B.N., Tanré, D., Smirnov, A., Eck, T. F., Slutsker, I., Abuhassan, N., Newcomb,
W. W., Schafer, J., Chatenet, B., Lavenue, F., Kaufman, Y. J., Vande Castle, J.,
Setzer, A., Markham, B., Clark, D., Frouin, R., Halthore, R., Karnieli, A., O’Neill, N.
T., Pietras, C., Pinker, R. T., Voss, K., and Zibordi, G.: An emerging ground-based
aerosol climatology: Aerosol Optical Depth from AERONET, J. Geophys. Res., 106,
12067–12097, 2001.

Holben, B. N., Slustker, I., Smirnov, A., Sinyuk, A., Shafer, J., Giles, D., and Dubovik, O.:
AERONET’s version 2.0 quality assurance criteria, in: Proceedings of SPIE, 6408,
6408–27, 2006.
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7.2.4. Conclusiones

Estos resultados indican un buen acuerdo entre los valores de AOD obtenidos por
el sistema ZEN y AERONET. Por ello, el sistema ZEN es adecuado para completar
los actuales huecos observacionales y complementar las observaciones realizadas
por las actuales redes estándares de medida de AOD basadas en fotómetros sola-
res, mejorando las observaciones de polvo mineral en regiones remotas donde es
dif́ıcil instalar este tipo de instrumentación por razones loǵısticas y de escasez de
infraestructuras y recursos humanos. Por tanto, este instrumento puede jugar un
papel importante en la asimilación de datos de modelos de polvo, en la validación
de datos de satélite y en las predicciones SDS-WAS.
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7.3. Art́ıculo 3: Caracterización del vapor de agua integrado en colum-
na y la carga de aerosoles con el nuevo radiómetro ZEN-R52.

7.3.1. Resumen gráfico
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Figura 7.3: Esquema gráfico del art́ıculo 3.
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7.3.2. Resumen

En este último trabajo se muestran los primeros resultados del radiómetro ZEN-
R52, una versión mejorada y actualizada del prototipo ZEN-R41 descrito en el
art́ıculo 2. Además de poder estimar el AOD, el nuevo ZEN-R52 puede inferir el
PWV con un alto grado de autonomı́a y robustez. Las diferencias más notables
en comparación con el prototipo anterior son un menor FOV (< 2◦), una mejor
relación señal a ruido, un menor impacto de la luz parásita, y la incorporación de
un canal adicional en 940 nm para la determinación del PWV.

El estudio fue realizado en las instalaciones del Observatorio Atmosférico de Izaña,
ya que este centro cuenta con la instrumentación adecuada para realizar las com-
paraciones pertinentes, siendo además banco de pruebas de la CIMO (WMO).

En cuanto a las metodoloǵıas aplicadas, en este trabajo se exponen las siguientes: la
metodoloǵıa para la estimación del AOD del ZEN-R52 (ZEN-AOD-LUT) descrita
en el art́ıculo 2, la metodoloǵıa para inferir el PWV con el ZEN-R52 (ZEN-PWV-
LUT) y el algoritmo de control de calidad de los datos del ZEN-R52 (ZEN-QC). De
manera análoga al método ZEN-AOD-LUT, el método ZEN-PWV-LUT infiere el
PWV como resultado de minimizar la ráız cuadrada de las diferencias cuadráticas
medias normalizadas entre las ZSR medidas y las ZSR modeladas en 940 nm (véase
la sección 6.4). La LUT empleada por este método es una extensión de la LUT
utilizada en el método ZEN-AOD-LUT a un conjunto de valores de PWV.

El análisis del algoritmo ZEN-QC mostró un acuerdo del 68,8 % en el número de
coincidencias, es decir porcentaje de datos considerados erróneos o no, al comparar
los datos de AOD del ZEN-R52 que superaron el control de calidad con los datos
de AOD cuasi coincidentes (±30 s) del nivel 2.0 de la red AERONET (versión 3),
es decir datos de AOD que superan el control de calidad de AERONET, en un
peŕıodo de 10 meses (de agosto de 2017 a junio de 2018). Además se observó que el
número de coincidencias entre los dos conjuntos de datos depend́ıa de la elevación
solar, debido a la incidencia de la luz parásita en el ZEN-R52.

Se realizó una comparación de ZSRs, durante el peŕıodo de tiempo indicado en
el párrafo anterior, entre los dos instrumentos ZEN (ZEN-R41 y ZEN-R52) y el
Cimel CE318 de AERONET (CE318-AERONET) considerando este último como
referencia. Los resultados mostraron la mejora en el rendimiento del ZEN-R52 en
comparación con el ZEN-R41, aunque aún se observan los efectos de la luz parásita,
principalmente en las longitudes de onda más largas y los SZA más bajos.

Se comparó el AOD del CE318-AERONET con la del ZEN-R52 mostrando una
buena correlación entre ambos conjuntos de datos obteniéndose un coeficiente de
determinación (R2) de aproximadamente 0,97 y valores bajos de la ráız del error
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cuadrático medio (RMSE) (de 0,010 a 0,012). Sin embargo, la presencia de una
dependencia sistemática de las diferencias de AOD con el SZA indica el efecto
de las imprecisiones en el modelo de transferencia radiativa y en las medidas
instrumentales. Este estudio estimó la incertidumbre del AOD del ZEN-R52 en
±0,01± 0,13× AOD.

Por último, se realizó una comparación entre el PWV dado por el ZEN-R52 y el
FTIR, considerando a este último como referencia. La comparación mostró un buen
acuerdo entre ambos, con un RMSE de 0,07 cm, un R2 de 0,91 y una diferencia
promedio del 9,1 %. Además, los datos de estos dos dispositivos se compararon
con otros dos conjuntos de datos de PWV diferentes del mismo instrumento Cimel
CE318 de referencia de AERONET en el Observatorio Atmosférico de Izaña: el con-
junto de datos CE318-AERONET (datos de PWV proporcionados por AERONET)
y el conjunto de datos CE318-IARC (datos de PWV obtenidos con una calibración
que tiene en cuenta las caracteŕısticas espećıficas del lugar). Al comparar ambos
conjuntos de datos con los datos del FTIR, observamos resultados muy similares en
cuanto al R2 (0,99 en ambos casos) y el RMSE (0,025 para CE318-IARC y 0,026 pa-
ra CE318-AERONET). Sin embargo, al analizar las diferencias promedio con FTIR,
se observa un menor sesgo con los datos CE318-IARC (−0,016 cm (−3,4 %)) que
con los datos CE318-AERONET (−0,091 cm (−19,2 %)). Esta diferencia podŕıa
explicarse por el hecho de que el PWV de AERONET es un producto estándar y
global que no tiene en cuenta las caracteŕısticas particulares de la estación de Izaña.
Nuestros resultados muestran que la nueva técnica ZEN-PWV-LUT proporciona
estimaciones bastante buenas de PWV, con diferencias relativas de PWV promedio
de 9,1 % y 17,1 % con FTIR y CE318-IARC, respectivamente. La incertidumbre
esperada de esta técnica se estimó en ±0,089 cm, que es un excelente resultado
para un instrumento de bajo coste. Un análisis más detallado, determinó que la
incertidumbre en el PWV tiene una dependencia lineal con el PWV para valores
de PWV < 1 cm, siguiendo la ecuación ±0,036± 0,061× PWV .

7.3.3. Art́ıculo 3

149



7.3. Art́ıculo 3 RESULTADOS

Column Integrated Water Vapor and Aerosol Load

Characterization with the New ZEN-R52 Radiome-

ter

Antonio Fernando Almansa1,2,3, Emilio Cuevas 2,* , África Barreto1,2,3,
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Abstract: The study shows the first results of the column-integrated water vapor re-
trieved by the new ZEN-R52 radiometer. This new radiometer has been specifically de-
signed to monitor aerosols and atmospheric water vapor with a high degree of autonomy
and robustness in order to allow the expansion of the observations of these parameters to
remote desert areas from ground-based platforms. The ZEN-R52 device shows substantial
improvements compared to the previous ZEN-R41 prototype: a smaller field of view, an
increased signal-to-noise ratio, better stray light rejection, and an additional channel (940
nm) for precipitable water vapor (PWV) retrieval. PWV is inferred from the ZEN-R52
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Zenith Sky Radiance (ZSR) measurements using a lookup table (LUT) methodology. The
improvement of the new ZEN-R52 in terms of ZSR was verified by means of a comparison
with the ZEN-R41, and with the Aerosol Robotic Network (AERONET) Cimel CE318
(CE318-AERONET) at Izaña Observatory, a Global Atmosphere Watch (GAW) high
mountain station (Tenerife, Canary Islands, Spain), over a 10-month period (August 2017
to June 2018). ZEN-R52 aerosol optical depth (AOD) was extracted by means of the
ZEN–AOD–LUT method with an uncertainty of ±0.01 ± 0.13*AOD. ZEN-R52 PWV ex-
tracted using a new LUT technique was compared with quasi-simultaneous (±30 s) Fourier
Transform Infrared (FTIR) spectrometer measurements as reference. A good agreement
was found between the two instruments (PWV means a relative difference of 9.1% and an
uncertainty of ±0.089 cm or ±0.036 + 0.061*PWV for PWV < 1 cm). This comparison
analysis was extended using two PWV datasets from the same CE318 reference instru-
ment at Izaña Observatory: one obtained from AERONET (CE318-AERONET), and
another one using a specific calibration of the 940-nm channel performed in this work
at Izaña Atmospheric Research Center Observatory (CE318-IARC), which improves the
PWV product.

Keywords: precipitable water vapor; aerosol optical depth; zenith sky radiance; remote
sensing; lookup table; radiative transfer

1. Introduction

Water vapor induces a strong positive feedback in the climate system [1]. It is
the largest contributor to the natural greenhouse effect [2,3], has a key role in
tropospheric dynamics and aerosol growth, and has a large temporal and spatial
variability. Therefore, water vapor observation still presents a challenge to the sci-
entific community. Precipitable water vapor (hereafter referred to as PWV) is a
common variable to quantify atmospheric water vapor content in climatological
studies and is defined as the column-integrated water vapor contained in a ver-
tical column of a unit cross section extending between any two specified levels
(generally from the Earth’s surface to the top of the atmosphere). The estima-
tion of PWV with high temporal and spatial resolution is of great importance
not only for climate change research [4–6], but also for the validation of satellite
PWV measurements [7,8] and PWV estimates performed by numerical weather
prediction (NWP) models, weather forecasting and the assimilation of PWV mea-
surements in NWP models [9,10]. PWV can be monitored with high precision
through microwave radiometer profilers (MWPs) [11], the Global Climate Observ-
ing System (GCOS) Reference Upper-Air Network (GRUAN) correction algorithm
for the Vaisala RS92 radiosondes (GRUAN RS92) [12] or ground-based Fourier

151



7.3. Art́ıculo 3 RESULTADOS

Transform Infrared (FTIR) spectrometers [13]. Less precise devices for PWV mon-
itoring such as Vaisala RS92 [14] and RS41 [15] radiosondes, Global Navigation
Satellite System (GNSS) receivers [16–18], sun/moon/star photometers [19–23] or
spectroradiometers [24,25] allow us to expand the spatial coverage of the PWV
measurements, but with a lower precision, ranging from 7% to 20% and decreasing
under dry conditions [13].

As one of the most important radiative forcing agents in the climate system, atmo-
spheric aerosols have been extensively studied in recent decades [26]. They modify
the Earth’s radiation budget and the hydrological cycle through aerosol-radiation
and aerosol-cloud interactions [27]. Aerosol optical depth (AOD) is the single most
comprehensive variable to remotely assess the aerosol load of the atmosphere [28]
and the most important aerosol-related parameter for radiative forcing studies [29].

The global and long-term AOD and PWV monitoring in the atmosphere can be
assessed only by means of satellite measurements. However, their poor temporal
resolution, with a single daily quantitative observation in most cases, is a strong
limiting factor for AOD and PWV diurnal variation monitoring. Moreover, as [30]
suggested, satellite AOD retrievals are subject to important uncertainties due to
radiometric calibration, a priori assumed aerosol properties, cloud contamination
and surface reflectivity. It is especially important that the latter effect is properly
accounted for in the case of bright land surfaces like deserts. In this case, the
low aerosol detectability of satellite sensors operating in the visible spectral range
further complicate the estimation of the aerosol contribution where the main sources
of aerosols are located. As a result, the large uncertainties associated with satellite
products prevent their use for model assimilation near source regions.

Despite the fact that satellite remote sensing is the most convenient tool for provid-
ing a global perspective of aerosols and PWV, ground-based photometric techniques
also play an important role in climate studies. They are especially valuable for
validating satellite AOD and PWV products, as well as powerful tools for model
assimilation and evaluation. Sun photometers were primarily designed to charac-
terize aerosol loading by measuring atmospheric transmission in the visible and
near-infrared spectral range using interference filters. However, sun photometers
also appear as one of the most suitable ground-based techniques for estimating
near-real PWV time with high spatial coverage [31,32] because of the relatively
low cost and easy deployment of this type of instrument. These characteristics
have allowed the establishment of several global and international networks of sun
photometers in the past decades: the World Meteorological Organization (WMO)
Global Atmosphere Watch Precision Filter Radiometer (GAW-PFR) network [33],
the China Aerosol Remote Sensing NETwork, (CARSNET) [34], SKYNET [35]
and the Aerosol Robotic NETwork (AERONET) [36]. In particular, AERONET is
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currently the most widespread ground-based network, providing accurate, standard,
and consistent PWV, AOD and inversion products (such as aerosol size distribu-
tion and refraction indices) over hundreds of stations around the world. However,
photometer networks have some drawbacks, as they cannot provide products under
cloudy skies and, more importantly, the observation sites are not evenly distributed
around the globe (they are strongly biased toward populated regions). The difficul-
ties in operating these types of photometers limit the number of stations located
near the most important aerosol areas, restraining the representativeness of these
networks for constraining global and relatively coarse-resolution models [27].

We present, in this paper, the new ZEN-R52 zenith-looking narrow-band radiometer,
an improved version of the ZEN-R41 prototype previously presented in [37]. This is
a radiometer specifically designed to expand ground-based aerosol load and PWV
observations in remote areas, filling the current observational gaps in the current
ground-based networks and therefore improving the capability for satellite product
validation and aerosol model evaluation and assimilation. The results are focused
on the improvement of the new ZEN-R52 in terms of Zenith Sky Radiance (ZSR),
in addition to the capabilities of the new ZEN system to provide AOD and PWV
by means of measurements performed at the Izaña high-altitude station over a
10-month period (August 2017 to June 2018). As far as we know, apart from the
two types of ZEN radiometers, the objects of this study, there are no other filter
instruments based on relatively simple but robust ZSR measurements to obtain
AOD and PWV.

The experimental facility, the instruments used in this study, the methodologies
developed to determine AOD and PWV with the ZEN-R52, the CE318, and the
FTIR, as well the quality control procedures applied to ZEN-R52 measurements
have been described in Section 2. The main results of the quality control and cloud
screening procedures, ZSR, AOD and PWV products of the ZEN-R52 radiometer,
together with corresponding comparisons with other collocated reference instru-
ments (CE318 and FTIR) are shown in Section 3. A summary of this study and
the main conclusions are provided in the last Section.

2. Materials and Methods

2.1. Test Site

Radiometric measurements have been performed at Izaña Observatory (IZO; http://
izana.aemet.es/). IZO is a high-mountain GAW station located in Tenerife (Canary
Islands, Spain) at 28.31◦N, 16.49◦W, at an altitude of 2400 meters above sea level.
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IZO is managed by the Izaña Atmospheric Research Center (IARC) from the
State Meteorological Agency of Spain (AEMET), and is a WMO Commission for
Instruments and Methods of Observations (CIMO) Testbed for Aerosols and Water
Vapor Remote Sensing Instruments. Further information on IZO’s facilities and its
activities can be found in [38].

Figure 1: Monthly precipitable water vapor (PWV) and aerosol optical depth (AOD)500
averages (solid lines) and corresponding standard deviations (error bars) at Izaña station.
PWV annual cycle given by Total Column Carbon Observing Network (TCCON) Fourier
Transform Infrared (FTIR) (blue line) has been calculated for 2007–2019. Aerosol Robotic
Network (AERONET) PWV (orange line) and AOD500 (red line) have been calculated
for 2005-2019.

From a meteorological perspective, IZO is characterized by pristine skies, high
atmospheric stability and rather low atmospheric humidity, as these conditions
are required for radiometer calibration using the Langley technique [39]. These
features make IZO a suitable site for background monitoring, representative of free
troposphere conditions. As a consequence of the proximity with the Saharan desert,
this site is also sporadically affected by dust transport from the Sahara, mainly in
summer (see Figure 1), when the predominant conditions are associated to AOD675

> 0.15 and large particles with Angstrom Exponent (α440 870) < 0.25 [40,41]. The
prevalent conditions during most of the year imply AOD675 < 0.15. Regarding PWV,
Izaña station is characterized by dry conditions, as a consequence of its altitude
and its location in the descending branch of the subtropical Hadley’s cell, with
the driest conditions occurring during winter, with a minimum PWV in February,
while the wettest months occur in summer (maximum in August), coinciding with
a higher frequency of dust outbreaks [19]. In Figure 1, the Total Column Carbon
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Observing Network (TCCON) FTIR and AERONET PWV averaged annual cycles
are shown. It can be seen that both datasets follow a similar seasonal evolution,
but with an appreciable bias between them, with a total average PWV of 0.48 cm
(standard deviation of 0.28 cm) for TCCON FTIR, and 0.38 (standard deviation
of 0.14) for AERONET. Other authors have shown that AERONET products
underestimate the PWV compared with other techniques (see [13,23,42,43]), with
mean differences ranging between -5% and -25%. An explanation for the observed
differences will be given in Section 3.4.

2.2. Instrumentation

2.2.1. ZEN-R41 and ZEN-R52

The ZEN-R41 is a radiometer jointly developed by Sieltec Canarias and the IARC,
conceived to monitor AOD from sky radiance measurements at the zenithal direc-
tion and at different spectral bands. A complete description of the ZEN-R41 can
be found in [37]. The ZEN-R52 (Figure 2) is a newer instrument version whose
hardware and software have been significantly improved and optimized. Regarding
the main differences of the hardware, both the inclusion of a new channel centered
at 940 nm for PWV retrieval and a more powerful Single Board Computer (SBC)
inside the instrument are remarkable. These improvements require a larger instru-
ment housing box with cooling fins. Better coated lenses and a special treatment
for internal baffles entail a Field of View (FOV) smaller than 2◦ and a better stray
light rejection. Now, the ZEN-R52 uses five hard coated 10 nm Full Width at Half
Maximum (FWHM) filters with nominal wavelengths centered at 440, 500, 675,
870 and 940 nm with an estimated precision of ±2 nm in the central wavelength
(CWL), in combination with five silicon diodes (350–1050 nm) and a 16-bit res-
olution, over a high dynamic acquisition range. The choice of the optical filter’s
spectral range was made based on a compromise between technical requirements,
such as the detector’s spectral response, low atmospheric gas absorption (except
for 940 nm) and commercial availability. A 1020-nm spectral band optical filter
would be desirable in future ZEN versions to improve the estimation of AOD at
longer wavelengths. The radiance measurements at all the channels are made si-
multaneously, with a rate of 1 minute (averaged from 30 samples). Moreover, the
instrument also contains sensors for internal humidity, temperature and pressure
monitoring.

Regarding software improvements, it is worth highlighting the renewed graphical
interface, which allows for interactive data preview, database searches, data sending
configuration (via FTP or HTTPs), time synchronization through Network Time
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Figure 2: ZEN-R52 picture.

Protocol (NTP) servers, and internal manual time configuration. Now, the user
has the option to change the precomputed lookup table files or to change the
radiometric calibration parameters. Access to the disk configuration and remote
software updates are also possible.

The output signal of the instrument, which is provided in analogic-to-digital units
(ADU), was transformed into radiance units (W m-2 sr-1 nm-1) by measuring a
calibrated integrating sphere (Labsphere’s HELIOS 4-lamps 20′′ integrating sphere)
at IARC facilities. The uncertainty involved in this calibration procedure was
estimated to be 5% by [44]. Thus, we have assumed this estimation as the lower
limit value for the radiance uncertainty.

2.2.2. Cimel CE318-AERONET

The CE318-AERONET permanent master at IZO was used in this work to validate
the results obtained with the ZEN-R52 radiometer. This is a standard instrument
used in AERONET which performs direct sun and diffuse sky measurements. Direct
sun measurements are performed at nine different spectral bands to derive accurate
AOD and PWV: 340, 380, 440, 500, 675, 870, 1020 and 1640 nm for AOD and 940 for
PWV. AERONET version 3 Level 2.0 data were used in this study, which include
near-real-time automatic cloud screening, automatic instrument quality controls
and pre-field and post-field calibrations [45]. Diffuse sky radiance measurements
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are performed by means of two different routines to infer the aerosol optical and
microphysical properties: the almucantar (ALM) and the principal plane (PPL)
scenarios. With this information, AERONET provides microphysical and optical
parameters, such as particle size distribution, refractive indices, single scattering
albedo (SSA) or phase function [45,46]. Typical AOD uncertainty for reference
instruments ranges between 0.002 and 0.009, with higher errors in the UV spec-
tral range [39,46]. An excellent traceability of AOD from the AERONET-Cimel
reference instruments to the world GAW-PFR AOD reference has been shown
[40]. According to [45], the AERONET PWV product is accurate to about 10%.
However, as [13] showed, PWV uncertainty for sun photometry is dependent on
humidity conditions, ranging from 7% for humid conditions to 25% for very dry
conditions (PWV ≤ 0.2 cm).

In order to simulate the ZEN performance, we have computed CE318-AERONET
ZSR measurements (at 440, 500, 675, 870, 1020 and 1640 nm) by means of a linear
interpolation of the PPL data to the zenith position. It is worth mentioning that
CE318-AERONET does not provide PPL measurements at 940 nm.

2.2.3. Ground-Based FTIR

The FTIR solar measurements started at IZO in 1999 as the result of a collab-
oration between the IARC and the Institute of Meteorology and Climate Re-
search—Atmospheric Trace Gases and Remote Sensing (IMK—ASF), belonging
to the Karlsruhe Institute of Technology (KIT). Since then, two FTIR spectrom-
eters have been operating at the observatory (an IFS 120M between 1999 and
2005 and an IFS 120/5HR from 2005 onwards) in the framework of the interna-
tional atmospheric composition networks Network for the Detection of Atmospheric
Composition Change (NDACC, since 1999) and TCCON (since 2007).

For this work, we use the TCCON FTIR PWV data, which were retrieved with
the 2014 version of the GGG processing software [47] by evaluating the measured
direct solar absorption spectra in the near-infrared spectral region (4000–9000 cm-1).
These solar spectra are acquired at a spectral resolution of 0.02 cm-1. Several
scans are co-added in order to increase the signal-to-noise ratio and, thus, the
sampling frequency of TCCON FTIR PWV data is about 2 minutes. TCCON data
have been calibrated using collocated meteorological radio soundings at globally
distributed TCCON sites, from which a correction factor of 1.018 ± 0.004 (R2 =
0.993) was determined for the PWV [47]. The TCCON PWV data used here were
already divided by this scale factor. Particularly at IZO, when comparing TCCON
FTIR PWV values to those obtained from meteorological radiosondes launched
on Tenerife island and processed according to the GRUAN scheme for the period

157



7.3. Art́ıculo 3 RESULTADOS

2008-2017, we further confirmed the high precision of the TCCON data used in this
work. We document a mean bias (TCCON-GRUAN) of only -0.06 cm (1.33%) and
a R2 of 0.939 (Omaira E. Garćıa, personal communication, 2020). Further details
of the FTIR program at IZO are given in [13].

2.3. Methodology

2.3.1. AOD Calculation Method Description (ZEN–AOD–LUT)

The ZEN–AOD– lookup table (LUT) method previously described in [37] was used
to retrieve AOD from zenith sky measurements. This method compares the ZSR
measured at four of the five ZEN-R52 nominal wavelengths (440, 500, 675 and 870
nm) with a LUT of precomputed ZSRs at these wavelengths. This LUT is generated
using the radiative transfer model LibRadtran (http://www.libradtran.org) [48,49],
whose principal inputs are the solar zenith angle (SZA), the aerosol vertical profile
and the surface reflectance. According to [37], a mix of aerosol components as well as
their vertical profiles is defined to retrieve the optical properties needed to compute
the LUT of ZSR values. Therefore, a set of AOD values is pre-calculated from every
aerosol profile. Finally, the LUT estimates AOD by minimizing the normalized root
mean squared differences (NRMSD or εl) of computed and measured ZSRs defined
by:

εl =

√√√√ 1

Nλ

Nλ∑
λ=1

(
ZSRm

λ (θv = 0, θs)− ZSRc
λ,l(θv = 0, θs)

ZSRm
λ (θv = 0, θs)

)2

, (1)

where Nλ is the number of nominal wavelengths considered and ZSRm
λ is the

measured radiance at the nominal wavelength λ, at zenith direction (θv = 0), with
the SZA being θs. Similarly, ZSRc

λ,l is the computed radiance at the nominal
wavelength λ in the zenith direction, for the corresponding SZA and the aerosol
vertical profile indicated by index l. The dependence of ZSRλ on surface reflectance,
single scattering albedo, AOD, and aerosol phase function have been omitted for
the sake of brevity.

In a sensitivity study carried out by [37], the authors showed that the uncertainty
of the ZEN–AOD–LUT method increases with AOD, having a standard uncertainty
ranging from 0.06 for AOD500 ≈ 0.5 to 0.15 for AOD500 ≈ 1.0, when an instrumental
uncertainty of 5% is considered.
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2.3.2. PWV Determination Method (ZEN-PWV-LUT)

In a similar manner to the ZEN–AOD–LUT, the ZEN-R52 PWV has been derived
by means of the LUT technique (ZEN-PWV-LUT), which is, in fact, an extension
of the ZEN–AOD–LUT, considering an ensemble of PWV values as inputs to
the radiative model. Therefore, this ZEN-PWV-LUT has a size defined by the
length of the ZEN–AOD–LUT (40 aerosol mass concentration values by 80 SZA
values) multiplied by the length of the PWV array (20 values ranging from 0
to 2.3 cm). The upper limit of 2.3 cm was chosen as the maximum PWV value
observed at Izaña station with FTIR during the period of this study (1.8 cm, plus
0.5 cm of margin). This method accounts for the absorption of ZSR due to the
presence of atmospheric water vapor in the 940-nm spectral band. In addition
to the water vapor absorption, other effects on ZSR such as those produced by
surface reflectance, Rayleigh scattering and aerosol absorption and scattering, are
considered. Surface reflectance and Rayleigh scattering are fixed inputs in the
radiative transfer calculations, but the aerosol contribution is estimated from the
ZEN–AOD–LUT. Once the aerosol’s profile has been estimated, PWV is calculated
by minimizing the NRMSD between measured ZSR (ZSRm

940) and computed ZSR
(ZSRc

940) in this spectral range using Equation (1).

It is also important to highlight that the water vapor transmission spectrum in
this spectral range has a high number of narrow absorption lines. Considering
the wide wavelength range of the optical filters of the instrument (FWHM ≈ 10
nm), accurate knowledge of the filter transmission function is an important factor
in the accurate determination of PWV. REPTRAN band parametrization [50]
included in LibRadtran software package has been adopted in this study with a
coarse resolution (15 cm-1) to reduce the high computing time required to simulate
ZSR for such a high number of absorption lines in the 940 nm spectral band.
The MT CKD (MlawerTobinCloughKneizysDavies) model for the water vapor
continuum absorption [51] is also included. With this band parametrization, only
a few representative wavelengths are required to parametrize the desired spectral
band. The simulated ZEN-R52’s 940-channel ZSRs are obtained by convolving the
computed ZSRs at the representative wavelengths with the filter function provided
by the manufacturer, which is supplied with a CWL precision of ± 2 nm.

2.3.3. ZEN Quality Control (ZEN-QC) Process

An algorithm was implemented in order to remove cloud-contaminated and er-
roneous data from the ZEN-R radiometers dataset. The algorithm includes the
following steps (see Figure 3):
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1. Signal quality check: the ZEN-R devices perform 30 measurements in one
minute, but only 1-minute voltage averages and their corresponding standard
deviations (σV) are stored. High frequency noise is removed by analysing the
signal, considering a threshold of 5% in σV, which was determined by empir-
ically analysing aerosol condition data from clean and heavy dust outbreaks.
Measurements larger than the saturation value with an error range of 1%
were removed;

2. Radiance check: the NRMSD of measured and estimated radiances used in
the AOD (τ a) retrieval process (ZEN–AOD–LUT) were analysed. We have
determined a threshold of 10% for the value of εl, given in Equation (1), and
data above this threshold were removed;

3. AOD check: part of the AERONET cloud-screening quality control algorithm
[45,52] has been adapted to the ZEN system. It consisted of three different
steps:

A smoothness check, to verify that cloud-contaminated data were re-
moved by means of the τ a,500 relative change rate. A threshold of 0.01
was considered;

An AOD stability check, in which we assumed the criterion presented
in [45] based on the standard deviation of the daily τ a,500. Data were
accepted if σ was < 0.015;

After the two previous checks, a three-sigma check on τ a,500 was per-
formed.

4. Finally, if the remaining data from a certain day were lower than three (or
10% of the total initial number, whatever is higher), data from this day were
removed.

2.3.4. PWV Determination Method (CE318-IARC)

In addition to using the PWV AERONET product (see Section 2.2.2) in the
comparisons, we also used the PWV obtained with the same CE318 instrument,
but calculated using a specific calibration, which we called CE318-IARC PWV.
The method followed to calculate the PWV is very similar to that of AERONET,
differing only in the water vapor transmittance calculation, where we considered
more specific conditions. The method is explained below.

As many authors have already proved ([13,33–37], sun photometric measurements
at 940 nm can be used to derive PWV. In this case, the Beer–Lambert–Bouguer law,
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Figure 3: ZEN quality control (ZEN-QC) scheme flowchart.

defined to be applied to regions with a smooth spectral variation in atmospheric
transmittance inside the band pass, must be modified to account for the water
vapor transmittance (Tw,λ):

Vλ = V0,λ · e−(mτλ) · Tw,λ (2)

where Vλ is the photometer voltage, V0,λ is the solar extraterrestrial voltage, m
is the atmospheric air mass and τλ is the spectral optical depth of molecules and
aerosols. The following exponential dependence of Tw,λ on PWV is well accepted
([31,53]):

Tw,λ = e−a(mw·PWV )b (3)

where mw is the water vapor optical air mass ([54,55]) and “a” and “b” coefficients
are filter-dependent and site-dependent constants, which have to be calculated by
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considering the central wavelength position, width, and shape of the photometer’s
filter response and by other parameters such as the vertical distribution of the
water vapor ([19]). These two parameters are determined by means of a spectral
convolution of the weighted water vapor transmittances simulated using the Li-
bRadTran radiative transfer model with the instrument’s response function at 940
nm. REPTRAN band parametrization [50] was adopted in this simulation, as well
as the mid-latitude summer atmosphere and the altitude of Izaña (2.4 km height).
A variation in mw between one and six was considered, in addition to a PWV
variation between 0 cm and 2.3 cm, in order to cover the interval considered in this
study.

Photometry-derived PWV values can be calculated by combining Equations (2)
and (3) with the following equation, involving Rayleigh and aerosol optical depths
(τR and τa) and air masses (mR and ma):

PWV =
1

mw

·
[

1

a
·
(

ln
(
V0,940
V940

)
−mR · τR,940 −ma · τa,940

)] 1
b

(4)

A calibration constant at 940 nm (V0,940) was determined by means of a modified
Langley plot analysis [31] (following Equation (2)) over a 10-month period (August
2017 to June 2018). τa,500 was restricted to values below 0.015 to ensure clean and
stable atmospheric conditions for the Langley analysis. A total of 27 V0,940 values
were retrieved in this time period, with a coefficient of variation of 2.9%. The values
obtained for the coefficients a and b are 0.536 and 0.638, respectively.

3 Results

3.1. ZEN-R52 Quality Control (ZEN-QC) Assessment

The ZEN-R52 quality control (ZEN-QC) method was applied to the ZEN-R52
data over a 10-month period (August 2017 to June 2018). The ratio of removed
ZEN-R52 data in each step is shown in Table 1. The first two steps (signal quality
and radiance checks) filter 24.0% and 23.4% of total data, respectively, due to
both cloud-contaminated data and instrument anomalies. The third ZEN-QC step
is an AOD check procedure to refine the cloud screening. This process is able
to screen the final 2.2% of total data. Thus, nearly half of ZEN-R52 data were
filtered in this three-step algorithm. We studied the number of coincidences with
the AERONET (level 2.0 version 3) cloud-screening quality control algorithm (in
%) by matching the closest pairs of records (ZEN-R52 and CE318-AERONET)
with a time difference within ±30 seconds. According to [40], the natural AOD
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variability in this time period is negligible. The 10-month AOD evolutions at 500
nm for the two datasets are shown in Figure 4. The results shown in this figure
demonstrate that the ZEN-QC filtering method is a suitable algorithm to screen
instrumental errors and clouds, with an agreement of 68.8% with AERONET. The
distribution of the coincidences between the two quality control algorithms depends
on the solar elevation as shown in Figure 5. The agreement is especially poor for
SZA < 15◦, where the ZEN-QC rejects most of the ZEN-R52 data as a consequence
of the presence of stray light on ZEN-R52 ZSR. However, the agreement is notably
improved as SZA increases, especially for SZA > 25◦, where the presence of stray
light is cosiderably reduced.

Table 1: Ratio (%) of ZEN-R52 filtered data at each step of the ZEN-QC algorithm.

Algorithm stage Step 1 (Signal
Quality Check)

Step 2 (Radiance
Check)

Step 3 (AOD
Check)

Filtered data (%) 24.0% 23.4% 2.2%

Figure 4: AOD at 500 nm for a 10-month period (August 2017 to June 2018) at Izaña
station obtained from ZEN-R52 and CE318-AERONET radiometers. Grey crosses repre-
sent ZEN-R52 unfiltered AOD data, red solid circles depict ZEN-R52 AOD after applying
the ZEN-QC algorithm, and blue squares show CE318-AERONET level 2.0 AOD data.
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Figure 5: Coincidences (%) between AERONET and ZEN quality control algorithms for
eight solar zenith angle (SZA) intervals. The black line represents the average of 68.8%
of the coincidences.

3.2. ZSR comparisons

The ZSR measurements performed by ZEN-R41 and ZEN-R52 instruments were
compared with the CE318 ZSRs derived from PPL sky radiance measurements.
CE318 PPL measurements were done for a set of six nominal wavelengths (440,
500, 675, 870, 1020 and 1640 nm), with a duration of approximately 30 seconds for
each spectral band. On the other hand, the ZEN-R’s data are 1-minute averaged
for all the channels at the same time. All sets of ZEN-R data were screened with
the ZEN-QC algorithm previously described in Section 2.3.3. In the case of the
CE318 PPL data, we employed the algorithm described in [37], which is based on
the smoothness of the PPL curve. The closest data pairs with a time difference
within ±30 seconds for the four coincident spectral bands, i.e., 440, 500, 675 and
870 nm, were used for the intercomparison.

The main statistics of the ZSR comparison between CE318-AERONET and ZEN-
R41/R52 are presented in Table 2. High coefficients of determination (R2 of 0.99)
and low root mean squared errors (RMSE) for all wavelengths (between 0.0004 and
0.0009 W m-2 sr-1 nm-1) were observed for both ZEN systems. Relative differences
were low for both instruments at 440 and 500 nm, with a mean and standard
deviation of relative differences lower than 7%. In particular, in the case of ZEN-
R52, the mean bias and standard deviations of relative differences of 6.9%, 2.5%
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and 0.9%, 2.3% were found, respectively, at these two wavelengths. However, these
values were much higher for the longest wavelength channels, especially for ZEN-
R41 at 870 nm, with a mean bias of 53.8% and a standard deviation of 39.8%.
These values were reduced to 16.3% and 21.3%, respectively, in the case of the new
ZEN-R52.

Table 2: Radiance comparison statistics by instrument and wavelength, taking
CE318-AERONET ZSR measurements as references, including the coefficient of
determination (R2) and RMSE (W m-2 sr-1 nm-1). The Zenith Sky Radiance (ZSR)
mean and standard deviation of the relative differences (here represented as <
∆ZSR > and σ(∆ZSR)), and the number of data (N) are also shown.

Instrument Channel R2 RMSE <∆ZSR> σ(∆ZSR) N

440 0.99 0.0009 6.9% 2.5% 962
ZEN-R52 500 0.99 0.0007 0.9% 2.3% 981

675 0.99 0.0008 7.7% 6.3% 983
870 0.99 0.0004 16.3% 21.3% 985

440 0.99 0.0009 5.1% 2.7% 962
ZEN-R41 500 0.99 0.0007 2.5% 2.6% 981

675 0.99 0.0008 6.8% 9.0% 983
870 0.99 0.0007 53.8% 39.8% 985

The relative differences between ZEN-R and CE318 instruments for the four co-
incident wavelengths are plotted against the CE318 ZSR in Figure 6. It can be
observed that the relative differences for ZEN-R versus CE318 increase as ZSRs
decrease, which are lower at longer wavelengths. These results indicate that the
low radiances measured at 870 nm are close to the detection limit of the ZEN-R,
in addition to the presence of an offset signal or stray light, higher for the ZEN-
R41, which is more significant for lower ZSR values at longer wavelengths in both
systems. These results highlight the importance of increasing the signal-to-noise
ratio and decreasing the stray light levels in future ZEN radiometer versions.

3.3. AOD Results

Quality-controlled ZEN-R52 AODs were compared to CE318-AERONET AOD
version 3 level 2.0 data at IZO. The matching criterion was the same as the one
defined in Section 3.2. CE318-AERONET versus ZEN-R52 AOD scatterplots at
440 and 870 nm are shown in Figure 7a,b. A good correlation between both datasets
can be observed, with high coefficients of determination between 0.97 and 0.98 and
a low RMSE (0.010 to 0.012).
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Figure 6: ZSR relative differences between (a) ZEN-R52 and (b) ZEN-R41 against
CE318-AERONET ((ZSRZEN-R-ZSRCE318)/ ZSRCE318) in logarithmic scale at the four
coincident channels: 870 nm (grey crosses), 675 nm (red circles), 440 nm (blue squares),
and 500 nm (green triangles).

Figure 7c,d show the AOD differences (AODZEN-R52 - AODCE318) against SZA,
indicating the dependence of AODZEN-R52 on the solar elevation. For low AOD
values (AOD ≤ 0.2), the AOD differences show a smooth “smile-shape” curve
with the SZA. For SZA > 60◦, the higher scatter could be explained because the
plane-parallel approach employed by the DIScrete ORdinate Radiative Transfer
(DISORT) solver is not a good enough approximation [48,56], while for SZA <
30◦, the higher observed differences could be accounted for by ZEN-R52 instru-
mental issues, like stray light (recall Section 3.1). For higher AOD values (AOD ≥
0.2), this “smile-shape” behaviour is also identified, but the differences are more
accentuated, likely because the multiple scattering processes are not fully solved
in ZEN–AOD–LUT simulations. This becomes more critical at higher SZAs, when
the radiative properties, especially the phase function, estimated from the imposed
mixture of aerosol components, could largely deviate from the real properties as
the aerosol load increases. This SZA dependence was also shown by [37], highlight-
ing the importance of an accurate aerosol characterization and its impact on the
modeling of aerosol scattering in the near-forward direction. Overall, the results
presented in this paper are similar to those presented in [37] when the AOD from
ZEN-R41 and CE318-AERONET were compared at Izaña. Those authors esti-
mated the uncertainty of the ZEN–AOD–LUT method by means of a sensitivity
study of values up to 0.06 (for AOD500 ∼ 0.5) and up to 0.15 (for AOD500 ∼ 1.0)
when an instrumental error of 5% was considered. In this work, we empirically
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Figure 7: AOD scatter plot between AERONET and ZEN-R52 at 440 nm (a) and 870 nm
(b) nominal wavelengths. The red line shows the linear fit equation, the broken grey line
shows the diagonal and the colour bar indicates the density of data. ZEN-R52–AERONET
AOD differences against the solar zenith angle are shown in (c) for 440 nm and in (d)
for 870 nm, where the colour bar indicates AERONET AOD.

estimated the AOD uncertainty through the comparison of ZEN-R52 with CE318-
AERONET, considering the latter as a reference. The standard deviation of the
AOD differences for every channel at AOD intervals of 0.05 (between 0 and 0.6)
are plotted in Figure 8. The standard deviation of the AOD differences was found
to be linearly dependent on the AOD interval considered, with different intercepts
(0.003 for the lower interval and -0.015 for the higher) and the same slope (0.13).
Considering that CE318 AOD uncertainty is established to be around ±0.01, we
estimate the ZEN-R52 AOD 1σ uncertainty to be ±0.01 ± 0.13*AOD.
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Figure 8: Standard deviation of the AOD differences between CE318-AERONET and
ZEN-R52 for different AOD intervals of 0.05 between zero and 0.6. Data at 440, 500,
675, and 870 nm, are represented by blue squares, green triangles, red circles, and grey
crosses, respectively. The black solid line represents the fitting equation for the standard
deviation of the AOD differences for AOD values between zero and 0.2, while the broken
black line depicts the fitting equation for the standard deviation of the AOD differences
for higher AOD values (0.25 to 0.55).

3.4. PWV Results

We have compared the ZEN-R52 PWV obtained at IZO with the PWV retrieved
by means of a reference FTIR spectrometer. This comparison has been extended,
including data from the CE318 master radiometer at IZO.

ZEN-QC and CE318-AERONET level 2.0 (version 3) data were used in this com-
parison.

With regard to the PWV measurement sequence, the ZEN–R52 performs 1-minute
measurements, while CE318-AERONET PWV values were obtained approximately
every 15 minutes when the local time was between 9 and 15 hours. Outside this
period, the frequency is variable and depends on the air mass. FTIR provides PWV
measurements roughly every two minutes. The comparison analysis in the case of
PWV is similar to the one described in the previous section for AOD, performed
by means of matching the closest pair of records to a time difference within ±30
seconds.
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PWV scatterplots including FTIR, CE318 and ZEN-R52 are displayed in Figure
9, and the main statistics between the different datasets are shown in Table 3. In
particular, the scatterplot of ZEN-R52 against FTIR PWV is shown in Figure 9d.
Relatively high coefficients of determination (R2 = 0.91) and low RMSE (0.070
cm) between these two instruments are observed (Table 3), with a high standard
deviation of PWV-relative differences (σ(∆PWV/PWV ) of 30.8%). Regarding the
comparison between ZEN-R52 and CE318-AERONET, Figure 9e shows a lower
intercept (0.04 cm), a similar R2 (0.91), but a higher RMSE (0.090 cm) and scatter
(39.7%). In this case, important PWV relative differences (< ∆PWV > /PWV )
of 40.1% were found.

Table 3: Comparisons statistics between PWV obtained from ZEN-R52, CE318-
AERONET, CE318- Izaña Atmospheric Research Center (IARC) and FTIR. Mean
and standard deviations of the PWV differences, in cm (here represented as
< ∆PWV > and σ(∆PWV )), are included, in addition to relative PWV dif-
ferences (∆PWV/PWV ) and the standard deviation of relative PWV differences
(σ(∆PWV/PWV )), in %, taking the X dataset as a reference.

Dataset X|Y No.
matches

R2 RMSE
(cm)

<∆PWV>
<∆PWV/PWV>

σ(∆PWV)
σ(∆PWV/PWV)

FTIR|CE318-AERO 589 0.99 0.026 -0.091 (-19.2%) 0.064 (6.1%)
FTIR|CE318-IARC 589 0.99 0.025 -0.016 (-3.4%) 0.029 (5.7%)
FTIR|ZEN 2701 0.91 0.070 -0.010 (9.1%) 0.089 (30.8%)
CE318-AERO|CE318-
IARC

14253 0.99 0.012 0.071 (17.9%) 0.046 (3.6%)

CE318-AERO|ZEN 4666 0.91 0.090 0.097 (40.1%) 0.099 (39.7%)
CE318-IARC|ZEN 4666 0.90 0.094 0.033 (17.1%) 0.094 (32.0%)

CE318-AERONET and FTIR PWV have also been compared (Figure 9a and Table
3) in order to analyze, in detail, the previous discrepancies. In this comparison,
high R2 values (>0.99) and low RMSE (0.026 cm) indicate the good correlation
of the data, and the low scatter between the two datasets is indicated by a low
σ(∆PWV/PWV value of 6.1%. However, a mean PWV difference of -19.2% reveals
a remarkable systematic CE318-AERONET PWV underestimation. A similar un-
derestimation was noted previously in the work of [13] using the same instruments
at Izaña. Despite the fact that different FTIR products are used in the present
study, the high magnitude of this bias could point to the possible calibration in-
accuracy of the CE318-AERONET PWV product. As [47] has pointed out, errors
due to spectroscopic parameters dominate FTIR systematic uncertainty, but they
are expected to cause systematic errors lower than 2%. In fact, as mentioned, the
FTIR PWV values used here were re-calibrated following the TCCON protocols
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Figure 9: PWV scatterplots between ZEN-R52, CE318-AERONET, CE318-IARC and
FTIR at Izaña over a 10-month period (August 2017 to June 2018 a–f). The red line
shows the linear fit equation, the broken grey line shows the diagonal and the colour bar
indicates the density of data.

in order to minimize this wet bias to ∼2%.

CE318 PWV data retrieved from the same AERONET master at Izaña, but with
a self-computed calibration (CE318-IARC), were included in this study in order to
understand the cause of this bias in AERONET PWV data in 2017 and 2018. The
scatterplot of CE318-AERONET against CE318-IARC PWV (Figure 9c) shows a
non-existent intercept and a slope of 1.178 from the regression analysis. A mean
PWV difference of 17.9% (Table 3,) in addition to the reduction in < ∆PWV >
between FTIR and CE318-IARC (-3.4%) indicates that the specific calibration of
the 940 nm channel significantly improves the PWV estimation compared with the
standard AERONET PWV product. The regression analysis in Figure 9b,f shows
a close-to-unit slope in the comparison of CE318-IARC versus FTIR and ZEN-
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R52 versus CE318-IARC, respectively. A similar scatter (5.7%), but a considerably
lower bias (-3.4%) in the CE318-FTIR, when using the self-calibrated dataset,
corroborates the better performance of the CE318-IARC calibration at 940 nm.
These results are consistent with those reported in [13]. In this regard, using the
CE318-IARC calibration, a mean bias of -0.016 cm is retrieved, much lower than
that provided by CE318-AERONET in this study (-0.091 cm) and that found in
[2] (-0.113 cm) when compared with the same AERONET product.

Regarding the ZEN-R52 PWV product, the intercept of the regression analysis close
to 0.07 cm found when compared to FTIR, evidence there is not an important bias
affecting PWV, but it is significant for very dry conditions (PWV ≤ 0.2 cm). The
value of 0.089 cm for σ(∆PWV ) found for the full dataset between FTIR and ZEN-
R52 can be used as a conservative estimator of the ZEN-R52’s PWV uncertainty,
while < ∆PWV > values give an estimation of the instrument’s accuracy, between
9.1% (FTIR versus ZEN) and 17.1% (CE318-IARC versus ZEN).

Figure 10: Standard deviation of the PWV differences between FTIR and ZEN-R52
(blue dots) for PWV intervals of 0.1 cm between 0 and 1.3 cm approximately. Numbers
near the dots indicate the number of data included in each interval. The black solid line
represents the fitting equation for the standard deviation of the PWV differences for
PWV values between 0.1 and 1.0 cm. The broken grey line depicts the standard deviation
of PWV differences between FTIR and ZEN-R52 for the full dataset.

Analogously to Section 3.3, we can also analyse if the ZEN-R52 PWV uncertainty
shows a dependency on the PWV values. For this purpose, in Figure 10, we show the
standard deviation of the PWV differences between ZEN-R52 and FTIR for FTIR
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PWV intervals of 0.1 cm (between 0 and 1.3 cm). For a better interpretation of the
significance of the different PWV intervals, the number of points for each PWV
bin is also displayed in the figure. In a similar manner to AOD, two differentiated
branches for the σ(∆PWV ) were found. For PWV < 1.0 cm, the standard deviation
of the PWV differences show a clear lineal dependence (R2 = 0.73) on the PWV
values and, thus, the uncertainty of the ZEN-R52 PWV can be estimated as: ±0.036
± 0.061*PWV. Above the 1 cm limit, PWV observations are scarce, which prevents
us from estimating the PWV uncertainty’s dependency on this range. Thus, we
should assume that the standard deviation of the PWV differences, 0.089 cm, is a
conservative value for the ZEN PWV uncertainty above 1 cm.

4. Summary and Conclusions

The new ZEN-R52 has been specifically designed to monitor aerosols and atmo-
spheric water vapor with a high degree of autonomy and robustness. The most
remarkable differences in comparison to the previous ZEN-R41 prototype presented
in [37] are the reduced field of view (smaller than 2◦), the increased signal-to-noise
ratio, better stray light rejection and the additional channel at 940 nm for PWV
retrieval.

A new LUT methodology was used to estimate PWV (ZEN-PWV-LUT) over a
10-month period (August 2017 to June 2018) at Izaña high-altitude station by
minimizing the normalized mean squared differences of computed and measured
ZSRs. The new ZEN-PWV-LUT is dependent on the AOD previously retrieved
by means of the ZEN-AOD-LUT method. A quality control procedure (ZEN-QC)
was specifically designed to remove cloud-contaminated and erroneous data from
the ZEN-R52 radiometer dataset. This ZEN-QC was validated against AERONET
level 2.0 (version 3) data, showing a good performance.

The validation analysis in terms of quasi-simultaneous (±30 s) ZSRs was carried out,
considering CE318-AERONET ZSRs derived from PPL sky radiance measurements
as a reference. Our results showed the improved performance of the ZEN-R52
compared with the ZEN-R41, but some effects of stray light are still discernible at
longer wavelengths and lower SZA.

CE318-AERONET versus ZEN-R52 quasi-simultaneous AOD comparison showed
a good correlation between both datasets (≈ 0.97) with low RMSE values (0.010 to
0.012). However, the presence of a systematic dependence of the AOD differences
on SZA indicates the effect of inaccuracies on the radiative transfer modeling and
on the instrumental measurements. This study also estimated the ZEN-R52 AOD
uncertainty to be ±0.01 ± 0.13*AOD.
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A quasi-simultaneous PWV comparison between FTIR and ZEN-R52 indicated
the good performance of the ZEN-R52 LUT PWV product, with an RMSE of 0.07
cm, R2 of 0.91 and a mean PWV difference of 9.1%. Two different CE318 PWV
datasets from the AERONET’s permanent master at Izaña Observatory have been
used: one obtained from AERONET (CE318-AERONET) and another one using
a specific calibration performed in this study (CE318-IARC) using on-site actual
input atmospheric parameters for the water vapor transmittance modeling. This
approach provides better PVW values than those provided by CE318-AERONET
when compared with the FTIR results for reference, despite the fact that it is worth
admitting that AERONET PWV is a standard and global product. Our results
show that the new ZEN-PWV-LUT technique provides fairly good estimations of
PWV, with mean PWV relative differences of 9.1% and 17.1% with FTIR and
CE318-IARC, respectively. The expected uncertainty of this technique is estimated
to be±0.089 cm, which is an excellent result for a low-cost instrument. A subsequent
uncertainty analysis estimated the PWV uncertainty to be linearly dependent on
the PWV for PWV values < 1cm, following the equation ±0.036 ± 0.061*PWV.

The general conclusion is that the ZEN-R52 might be considered a useful tool to
expand aerosol and water vapor monitoring from ground-based instrumentation in
desert areas, thereby increasing the representativeness of ground measurements for
constraining global and relatively coarse-resolution models. The ZEN-R52 might
also improve our capabilities for satellite validation and aerosol model evalua-
tion/assimilation in remote areas. The comprehensive validation performed in this
paper in terms of ZSR, AOD and PWV against the CE318-AERONET reference
instrument at Izaña observatory adds weight to the potential use of a ZEN net-
work to expand aerosol and water vapor observations in remote areas. This study
reveals that some improvements in future ZEN systems regarding their optical
performance (signal-to-noise ratio and stray light) might be considered. Radiative
transfer calculations, employing a higher resolution parametrization for water vapor
absorption, which does not entail a greater computing time, would be a noticeable
improvement. Finally, a new filter with a sixe of around 1020 nm would improve
the AOD estimation at longer wavelengths, and therefore the PWV estimation.
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39. Toledano, C.; González, R.; Fuertes, D.; Cuevas, E.; Eck, T.F.; Kazadzis, S.;
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RESULTADOS 7.3. Art́ıculo 3

7.3.4. Conclusiones

La validación completa de medidas de ZSR, AOD y PWV del ZEN-R52 frente
a instrumentos de referencia (CE318-AERONET y FTIR) en el Observatorio At-
mosférico de Izaña indican que el ZEN-R52 es un instrumento que proporciona
datos de la suficiente calidad como para ser utilizado en nuevas redes de observación
que complementen a las clásicas, sobre todo, en áreas desérticas, incrementando
aśı la capacidad observacional y aumentando aśı la representatividad de las me-
didas desde la superficie terrestre. El ZEN-R52 también podŕıa mejorar nuestras
capacidades para la validación de datos de satélite y la evaluación / asimilación
de los modelos de aerosoles en áreas remotas. Este estudio también revela que
podŕıan considerarse algunas mejoras en los futuros sistemas ZEN con respecto a
su rendimiento óptico (relación señal a ruido y luz parásita).
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8. Conclusiones generales

A continuación se presentan las principales conclusiones obtenidas a partir de los
resultados obtenidos en esta tesis doctoral.

1. La comparación a largo plazo del AOD entre las redes GAW-PFR y AERO-
NET a partir de medidas śıncronas realizada en el Observatorio Atmosférico
de Izaña que involucró más de 70000 datos minutales en longitudes de onda
comunes (380, 440, 500 y 870 nm) mostró los siguientes resultados parciales:

Una excelente trazabilidad (95-98 %) para las tres longitudes de onda
más largas (440-870 nm).

La trazabilidad en el canal centrado a 380 nm resultó inferior al 95 %.

La influencia en las discrepancias de AOD observadas de la variabilidad
del AOD en 1 minuto, de los distintos algoritmos de detección de nubes
o de las diferencias en los parámetros atmosféricos cómo la presión o la
concentración de O3 o NO2, es muy baja salvo en 380 nm.

Las diferencias en el AOD observadas entre los dos conjuntos de datos
se atribuyen, principalmente, al desalineamiento del seguidor solar del
radiómetro PFR y al impacto del mayor FOV del mismo (2,5◦) en rela-
ción al FOV más reducido del radiómetro Cimel CE318 (1,3◦), diferencia
que toma especial relevancia en condiciones de alta turbiedad.

Las diferencias de AE entre los dos conjuntos de datos, son superiores
a 0,2 aumentando exponencialmente hasta alcanzar un valor de 1,6 en
condiciones muy limpias (AOD ≤ 0,03 y AE ≥ 1). No obstante, en la
práctica, la caracterización del AE para una carga de aerosoles tan baja
carece de utilidad. Por otro lado, en condiciones con un alto contenido
de polvo mineral (AOD asociado> 0,03 y AE < 1), las diferencias de
AE permanecen < 0,1.

Esta comparación muestra que los conjuntos de datos de AOD, AE-
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RONET y GAW-PFR, son representativos de la misma población de
AOD para las citadas bandas. Este resultado justifica que se utilice, por
razones prácticas, Cimel AERONET como referencia de AOD en los dos
art́ıculos que abordan los sistemas ZEN-R41 y ZEN-R52.

Se propone la redefinición de los ĺımites de trazabilidad de la WMO-
CIMO en función de la longitud de onda.

Se debe tener en cuenta las dimensiones del FOV del radiómetro que
proporcione las medidas de AOD para realizar una posible corrección
de las mismas si se han obtenido en condiciones de alta turbiedad.

2. En relación al desarrollo del sistema ZEN-R41:

Se ha demostrado que el sistema ZEN, compuesto por el radiómetro
cenital ZEN-R41 y la metodoloǵıa tipo LUT desarrollada a partir del
código de transferencia radiativa libRadtran, es capaz de estimar el AOD
con una incertidumbre estándar combinada de hasta 0,06 en el caso de
AOD500 ≈ 0,5 y 0,15 para AOD500 ≈ 1,0.

La validación de la técnica LUT para el cálculo del AOD se realizó
utilizando medidas de radiancia de cielo en la secuencia del plano prin-
cipal obtenidas con el radiómetro Cimel CE318 de la red AERONET y
comparándolas con el AOD obtenido de esa misma red en un periodo de
un año, en tres localizaciones distintas afectadas por eventos episódicos
de polvo mineral: Izaña y Santa Cruz de Tenerife en las Islas Canarias y
Tamanrasset en Argelia. Los resultados mostraron una alta correlación
entre los conjuntos de datos con R2 de entre 0,97 (Izaña y Tamanrasset)
y 0,99 (Santa Cruz de Tenerife), y valores de RMSE relativamente bajos,
entre 0,010 en Izaña y 0,032 en Tamanrasset.

La comparación en términos de AOD entre el radiómetro ZEN-R41 con
los datos proporcionado por AERONET fue realizada en Izaña durante el
año 2015, mostrando un buen acuerdo entre ambos conjuntos de datos
(R2 de 0,97), con diferencias observadas de hasta 0,15 para el AOD.
Además, se comprobó que el ZEN-R41 subestima sistemáticamente el
AOD con un sesgo promedio que vaŕıa entre −0,020 y −0,030.

Esta comparativa demuestra que el sistema ZEN-R41 es un sistema ade-
cuado para completar los actuales huecos observacionales, complemen-
tando las observaciones realizadas por las actuales redes de fotómetros
solares, y mejorando aśı las observaciones de polvo mineral en regio-
nes remotas, donde es dif́ıcil instalar este tipo de instrumentación por
razones loǵısticas y escasez de infraestructuras y recursos humanos.
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3. En relación al desarrollo del sistema ZEN-R52:

El nuevo radiómetro ZEN-R52, una versión mejorada y actualizada del
prototipo ZEN-R41 capaz de determinar no sólo el AOD sino también
el PWV con un alto grado de autonomı́a y robustez.

Sus principales mejoras incluyen un menor FOV (menor de 2◦), una
mejor relación señal a ruido, un menor impacto de la luz parásita y un
canal adicional en 940 nm para la determinación del PWV.

El sistema ZEN incluye el radiómetro ZEN-R52, aśı como una metodo-
loǵıa LUT para la estimación del AOD y del PWV y un nuevo algoritmo
de control de calidad (ZEN-QC).

La comparación en términos de radiancia cenital de los radiómetros
ZEN-R41 y ZEN-R52 entre śı y con datos del Cimel CE318 mostraron la
mejora en el rendimiento del ZEN-R52 en comparación con el ZEN-R41,
aunque aún se observan los efectos de la luz parásita, principalmente en
las longitudes de onda más largas y los ángulos cenitales del sol (SZA)
más bajos.

La validación del producto de AOD del radiómetro ZEN-R52 con datos
de AERONET mostró una buena correlación entre ambos conjuntos de
datos, obteniéndose un R2 de aproximadamente 0,97 y valores bajos
RMSE (de 0,010 a 0,012). Sin embargo, la presencia de una dependencia
sistemática de las diferencias de AOD con el SZA indica el efecto de las
imprecisiones en los parámetros de entrada del modelo de transferencia
radiativa y en las medidas instrumentales. La incertidumbre del AOD
del ZEN-R52 se estableció en ±0,01± 0,13× AOD.

La validación del producto de PWV del ZEN-R52 con respecto al FTIR,
tomado como referencia, mostró un buen acuerdo entre ambos, con un
RMSE de 0,07 cm, un R2 de 0,91 y una diferencia promedio del 9,1 %.

Una posterior validación del PWV incluyó datos del radiómetro Cimel
CE318. Por un lado, se usaron datos extráıdos de AERONET (CE318-
AERONET) y por otro lado datos del mismo Cimel CE318 utilizando
una calibración espećıfica realizada en este estudio (CE318-IARC), en la
que se inclúıan parámetros de entrada más acordes con el lugar de medi-
da para el modelado de transmitancia del vapor de agua. Se encontraron
diferencias promedio en el PWV de 40,1 % y 17,1 %, respectivamente.

La incertidumbre en el PWV para el ZEN-R52 se estimó en ±0,089
cm, que es un excelente resultado para un instrumento de bajo coste.

185



CONCLUSIONES GENERALES

Un análisis de incertidumbre posterior estimó que la incertidumbre del
PWV es linealmente dependiente con el PWV para valores de PWV < 1
cm, siguiendo la ecuación ±0,036± 0,061× PWV .

Debido a la alta precisión en la determinación del AOD alcanzada por los fotómetros
solares, las observaciones desde tierra de este parámetro son indispensables para
la validación de las medidas desde satélites, aśı como la validación y asimilación
tanto de modelos climáticos como de predicción de aerosoles. Los resultados de la
intercomparación entre GAW-PFR y AERONET llevada a cabo en este trabajo
avalan el uso de ambas redes fotométricas como referentes en la medida del AOD
gracias al excelente acuerdo encontrado entre ambas. Por otro lado, la cobertura
ofrecida por estas redes dista mucho de ser completa y sufre de muchos vaćıos
observacionales, especialmente en zonas desérticas remotas debido a su coste y su
necesidad de mantenimiento por parte de personal cualificado. Por ello, a la luz de
los resultados obtenidos con el sistema ZEN y gracias a su simplicidad, robustez y
bajo coste económico, pensamos que este sistema seŕıa una herramienta muy útil
para su despliegue en regiones remotas donde no es posible instalar un fotómetro
de manera continua. Esto ayudaŕıa a mejorar el conocimiento de la distribución
espacio-temporal de los aerosoles y el vapor de agua.
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9. Ĺıneas futuras

El trabajo desarrollado en la presente tesis doctoral podŕıa ser completado y mejo-
rado si se abordaran algunas de las siguientes ĺıneas futuras de investigación:

1. Optimización del sistema ZEN mediante la disminución de la luz parásita y
la extensión del rango espectral, añadiendo un filtro pasabanda centrado en
1020 nm que mejoraŕıa la estimación del AOD en longitudes de onda más
largas y, por lo tanto, la estimación del PWV.

2. Extensión de la metodoloǵıa ZEN-LUT, actualmente desarrollada espećıfi-
camente para aerosoles tipo desértico, a otros diferentes tipos de aerosol aśı
como a sus posibles grados de mezcla.

3. Mejora de las LUT del método ZEN-PWV-LUT empleando una parametri-
zación de mayor resolución para la transmisividad de vapor de agua.

4. Realización de un estudio de sensibilidad del PWV con el fin de identificar
las fuentes de error más influyentes en el cálculo del PWV.

5. Implementación operativa del sistema ZEN como complemento a las redes
actuales de observación, en especial, y gracias a su alto grado de autonomı́a
y robustez, en regiones remotas desérticas que no estén cubiertas por otros
radiómetros para la observación del AOD y el PWV. Este nuevo sistema
puede jugar un papel importante en el sistema de detección SDS-WAS de
la WMO, proporcionando información para mejorar nuestro conocimiento
actual sobre los procesos de emisión, propiedades ópticas y radiativas en zonas
fuente de polvo mineral, aśı como en la validación/asimilación de modelos de
aerosoles.

6. Uso del sistema ZEN en campañas de observación del AOD. Al ser económi-
co y robusto se podŕıa cubrir un área mayor que con otros instrumentos,
aunque siempre se debeŕıa contar con un instrumento de referencia para su
verificación.
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7. Vinculación de las actividades de las futuras redes basadas en sistemas ZEN
con los productos proporcionados por plataformas satelitales. La validación
de muchas propiedades y productos de aerosoles por teledetección basados en
satélites sigue siendo inadecuada, en muchos casos. Las mediciones terrestres
son esenciales para estas validaciones. Cabe destacar que representan una
pequeña fracción del costo de una misión satelital y añaden una gran cantidad
de valor a las observaciones de satélite.

8. Extensión de los productos de aerosoles del sistema ZEN proporcionando
propiedades ópticas y radiativas gracias al uso del código de inversión GRASP
(General Retrieval of Atmosphere and Surface Properties).
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Ångström, A.: The parameters of atmospheric turbidity, Tellus, 16, 64–75, doi: 10.
1111/j.2153-3490.1964.tb00144.x, 1964.
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Basin: a case study, Atmospheric Chemistry and Physics, 10, 7533–7544, doi: 10.
5194/acp-10-7533-2010, 2010.

Bevis, M., Businger, S., Herring, T. A., Rocken, C., Anthes, R. A., and Ware, R. H.:
GPS meteorology: Remote sensing of atmospheric water vapor using the global
positioning system, Journal of Geophysical Research: Atmospheres, 97, 15 787–
15 801, doi: 10.1029/92JD01517, 1992.

191

https://dx.doi.org/10.1007/s11869-017-0484-x
https://dx.doi.org/10.1002/wea.503
https://dx.doi.org/10.1002/qj.49711850807
https://dx.doi.org/10.1175/1520-0469(1996)053<2826:ECFAUO>2.0.CO;2
https://dx.doi.org/10.1175/1520-0469(1996)053<2826:ECFAUO>2.0.CO;2
https://dx.doi.org/10.5194/amt-9-631-2016
https://dx.doi.org/10.3390/rs12193148
https://dx.doi.org/10.5194/acp-9-8265-2009
https://dx.doi.org/10.5194/acp-10-7533-2010
https://dx.doi.org/10.5194/acp-10-7533-2010
https://dx.doi.org/10.1029/92JD01517


Bibliograf́ıa BIBLIOGRAFÍA
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Eck, T. F., Volten, H., Muñoz, O., Veihelmann, B., van der Zande, W. J., Leon,
J.-F., Sorokin, M., and Slutsker, I.: Application of spheroid models to account
for aerosol particle nonsphericity in remote sensing of desert dust, Journal of
Geophysical Research: Atmospheres, 111, doi: 10.1029/2005JD006619, 2006.

Eck, T., Holben, b., Reid, J., Dubovik, O., Smirnov, A., Neill, Slutsker, I., and Kinne,
S.: Wavelength dependence of the optical depth of biomass burning, urban, and
desert dust aerosols, Journal of Geophysical Research: Atmospheres, 104, 31 333–
31 349, doi: 10.1029/1999JD900923, 1999.

Emde, C., Buras-Schnell, R., Kylling, A., Mayer, B., Gasteiger, J., Hamann, U.,
Kylling, J., Richter, B., Pause, C., Dowling, T., and Bugliaro, L.: The libRadtran
software package for radiative transfer calculations (version 2.0.1), Geoscientific
Model Development, 9, 1647–1672, doi: 10.5194/gmd-9-1647-2016, 2016.

Engelstaedter, S., Tegen, I., and Washington, R.: North African dust emissions and
transport, Earth-Science Reviews, 79, 73 – 100, doi: 10.1016/j.earscirev.2006.06.
004, 2006.

Erel, Y., Pehkonen, S. O., and Hoffmann, M. R.: Redox chemistry of iron in fog and
stratus clouds, Journal of Geophysical Research: Atmospheres, 98, 18 423–18 434,
doi: 10.1029/93JD01575, 1993.

Escudero, M., Castillo, S., Querol, X., Avila, A., Alarcón, M., Viana, M. M.,
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band, Journal of Geophysical Research: Atmospheres, 102, 4343–4352, doi: 10.
1029/96JD03247, 1997.

Hess, M., Koepke, P., and Schult, I.: Optical Properties of Aerosols and Clouds:
The Software Package OPAC, Bulletin of the American Meteorological Society,
79, 831–844, doi: 10.1175/1520-0477(1998)079〈0831:OPOAAC〉2.0.CO;2, 1998.

Holben, B., Eck, T., Slutsker, I., Tanre, D., Buis, J.-P., Setzer, A., Vermote, E.,
Reagan, J., and Kaufman, Y.: Multi-band automatic sun and sky scanning radio-
meter system for measurement of aerosols, in: Sixième Symposium International:
Mesures Physiques et Sygnatures en Teledetection, Val d’Isère, France, 17-21
Janvier 1994, 1994.

Holben, B. N., Eck, T. F., Slutsker, I., Tanré, D., Buis, J. P., Setzer, A., Vermote,
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BIBLIOGRAFÍA Bibliograf́ıa

Lenoble, J., Remer, L., and Tanre, D., eds.: Aerosol Remote Sensing, Springer-Verlag,
Berlin Heidelberg, doi: 10.1007/978-3-642-17725-5, 2013.

Li, Z., Blarel, L., Podvin, T., Goloub, P., Buis, J.-P., and Morel, J.-P.: Transferring
the calibration of direct solar irradiance to diffuse-sky radiance measurements
for CIMEL Sun-sky radiometers, Appl. Opt., 47, 1368–1377, doi: 10.1364/AO.
47.001368, 2008.

Li, Z., Zhao, X., Kahn, R., Mishchenko, M., Remer, L., Lee, K.-H., Wang, M., Laszlo,
I., Nakajima, T., and Maring, H.: Uncertainties in satellite remote sensing of
aerosols and impact on monitoring its long-term trend: a review and perspective,
Annales Geophysicae, 27, 2755–2770, doi: 10.5194/angeo-27-2755-2009, 2009.
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Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt, J., Huang, J., Koch,
D., Lamarque, J.-F., Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G.,
Takemura, T., and Zhang, H.: Anthropogenic and natural radiative forcing, in: Cli-
mate Change 2013: The Physical Science Basis. Contribution of Working Group I
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Chan-
ge, edited by Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K.,
Doschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M., pp. 659–740, Cam-
bridge University Press, Cambridge, UK, doi: 10.1017/CBO9781107415324.018,
2013.
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ANEXO 1. SUPLEMENTO DEL ARTÍCULO 1

Supplement S1. One-minute AOD data differences between AERONET-
Cimel (V3) and GAW-PFR.

S1: One-minute AOD data differences between AERONET-Cimel (V3) and GAW-PFR
for (a) 380 nm (75303 datapairs), (b) 440 nm (76290 data-pairs), (c) 500 nm (75335 data-
pairs) and (d) 870 nm (76307 data-pairs) for the period 2005-2015. Black dots correspond
to the U95 limits. A small number of outliers are out of the ±0.06 AOD differences range.
Black arrows indicate a change of Reference AERONET-Cimel radiometer and red arrows
indicate a change of the GAW-PFR instrument.
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ANEXO 1. SUPLEMENTO DEL ARTÍCULO 1

Supplement S2. Percentage of [Cimel (V3)-PFR] 1-minute AOD differ-
ences meeting the WMO criteria for the four compared channels.

S2.1: Percentage of AERONET-Cimel 1-minute AOD data (V3) meeting the WMO
criteria for the four compared channels, and different AOD and AE scenarios for
the period 2005-2015, number of data pairs are shown in brackets. The last row
corresponds to the total percentages for the sub-period 2010-2015. AOD and AE
traceability > 95% are marked in bold. This Table is equivalent to Table 4 of the
manuscript for AERONET V2.

% of data within
WMO limits

380 nm 440 nm 500 nm 870 nm

AOD ≤ 0.05 93.6 (60264) 96.3
(62836)

97.1
(62545)

98.4
(64213)

0.5 < AOD ≤ 0.10 91.0 (5138) 92.0 (5217) 92.6 (5222) 94.7 (5372)
AOD > 0.10 77.1 (4085) 84.1 (4537) 81.6 (4326) 93.3 (5034)
AE ≤ 0.25 78.7 (2472) 82.3 (2588) 79.0 (2483) 92.9 (6530)
0.25 < AE ≤ 0.6 90.2 (5941) 94.3 (6321) 94.9 (6255) 97.4 (6530)
AE > 0.6 94.1 (56952) 96.5

(59181)
97.1

(58793)
98.7

(60514)
Total 2005-2015 92.3 (69487) 95.2

(72590)
95.7

(72093)
97.8

(74619)
Total 2010-2015 92.8 (42463) 96.8

(44328)
96.8

(44329)
98.8

(44329)

S2.2: Percentage of AERONET-Cimel 1-minute AOD data (V3) meeting the WMO
criteria for optical air mass > 5.0 for the period 2005-2015. The number of data
pairs are shown in brackets.

% of data within
WMO limits

380 nm 440 nm 500 nm 870 nm

m > 5.0 90.9 (9328) 93.4 (9474) 94.7 (9412) 96.7 (9475
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ANEXO 1. SUPLEMENTO DEL ARTÍCULO 1

Supplement S3. AOD variability 1-minute interval.

S3.1: Percentage of data with 1-minute AOD variability for the four GAW-PFR channels
(368 nm, 412 nm, 501 nm, and 862 nm).
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ANEXO 1. SUPLEMENTO DEL ARTÍCULO 1

S3.2: Percentage of 1-minute AOD data from the Cimel triplets (year 2013) whose
range of variation AODmax-AODmin > 0.015, for several AOD intervals, and for 380
nm and 500 nm. This value is half of the WMO traceability interval when m = 1
(maximum possible interval) (see Eq. 2 of the manuscript).

380 nm: 114 points outside WMO limits

AOD range # cases
outside WMO

limit

Total # cases % in AOD
range

% in total #
cases

≤ 0.03 13 11800 0.11 6.5×10-4

(0.03-0.05] 14 3712 0.38 7.0×10-4

(0.05-0.1] 18 1932 0.93 9.0×10-4

(0.1-1.0] 61 2637 2.31 0.30
Total [0.0-1.0] 106 20081 0.52 0.52

500nm: 64 points outside WMO limits

AOD range # cases
outside WMO

limit

Total # cases % in AOD
range

% in total #
cases

≤ 0.03 2 13629 0.01 9.9×10-5

(0.03-0.05] 11 2401 0.46 5.4×10-4

(0.05-0.1] 9 1600 0.56 4.5×10-4

(0.1-1.0] 42 2484 1.69 0.20
Total [0.0-1.0] 64 20114 0.32 0.32
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Supplement S4. One-minute AOD differences between AERONET-Cimel
(V2 and V3) and GAW-PFR versus optical air mass (m).

V2

V3

S4: One-minute AOD differences between AERONET-Cimel (V2 and V3) and GAW-
PFR versus optical air mass (m) under pristine conditions (AOD500nm ≤ 0.03) in the
period 2005-2015 for (a) 380 nm, (b) 440 nm, (c) 500 nm and (d) and 870 nm.
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Supplement S5. Percentage of [Cimel (V3)-PFR] 1-minute AOD differ-
ences meeting the WMO criteria for each wavelength and for different
optical air mass.

S5: Percentage of 1-minute AOD data (V3) meeting the WMO criteria for each wave-
length for different optical air mass intervals under pristine conditions (AOD500nm ≤
0.03) in the period 2005-2015. This Table is equivalent to Table 7 in the manuscript
for AERONET V2.

Percentage of
AOD
differences
within the
U95 limits

Total 1 ≤ m < 2 2 ≤ m < 3 3 ≤ m < 4 4 ≤ m < 5 5 ≤ m < 6

AOD500 nm ≤
0.03

(%) (%) (%) (%) (%) (%)

380 nm 94.9 92.9 95.5 96.7 96.6 96.6
440 nm 97.5 97.2 97.3 98.0 97.6 97.7
500 nm 98.3 98.2 98.2 98.5 98.2 98.3
870 nm 99.0 99.1 99.1 99.1 98.6 98.7
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Supplement S6. AOD diurnal range corresponding to AOD outliers un-
der pristine conditions.

S6: AOD diurnal range variation (maximum value minus minimum value of AOD in
one day) corresponding to AOD outliers (non-traceable AOD) under pristine conditions
(AODCimel-500 nm ≤ 0.03) in the period 2005-2015 for AERONET V2 and V3 and for 440
nm, 500 nm and 870 nm: a) 440 nm V2; b) 440 nm V3; c) 500 nm V2; d) 500 nm V3; e)
870 nm V2; and f) 870 nm V3. This Figure is equivalent to Figure 3 of the manuscript
for 380 nm.
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Supplement S7. Percentage of AOD380 nm outliers of GAW-PFR and
AERONET Cimel (V3).

S7: Percentage of cases with AOD380 nm outliers of both GAW-PFR and AERONET
Cimel (V3) under pristine conditions (Cimel AOD500 nm ≤ 0.03). In these cases the
diurnal AOD range was higher than 25% of the daily mean AOD value for which a
certain cause has been determined: calibration inaccuracies, cloud screening algo-
rithm failures, mixture of the two previous causes, poor sun pointing, or unknown
causes.

PFR Cimel
51 cases 81 cases

Calibration inaccuracies 7.8% 44.4%
Cloud screening failures 29.4% 21.0%
Calibration+ cloud screening errors 9.8% 11.1%
Sun misalignments 17.6% 0%
Unknown 35.3% 33.5%
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Supplement S8. Examples of fictitious AOD diurnal variation in both
GAW-PFR and AERONET-Cimel.

S8: Six examples of fictitious AOD diurnal variation in both GAW-PFR and AERONET-
Cimel V3 due to small calibration inaccuracies in the UV channel (368 nm for GAW-
PFR and 380 nm for AERONET-Cimel). The date is indicated in the x-axis. In all these
cases a clear fictitious AOD diurnal cycle is observed in AERONET-Cimel V3, normally
less than 0.01. In cases d), e), and f) an anomalous diurnal cycle is also observed, but in
the opposite direction (convex curve), in the case of the GAW-PFR.

These cases reflect a non-perfect calibration in the UV channel and are a cause of
non-traceability.
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Supplement S9. Examples of AOD diurnal variation of all chanels from
AERONET-Cimel Level 2 V3.

The screenshots of AERONET V3 level 2 show that the fictitious diurnal cycle is
accentuated, or only clearly observed, in the 340 and 380 nm channels.

Screenshots from http://aeronet.gsfc.nasa.gov (last access: 1 february 2019). Izana
AERONET station Level 2 Version 3.

S9: AERONET V3 level 2 AOD Screenshots for all the wavelenghts: a) March 28th, 2005;
b) October 8th; 2007; c) March 27th, 2015; and d) April 14th, 2015.

224

http://aeronet.gsfc.nasa.gov


ANEXO 1. SUPLEMENTO DEL ARTÍCULO 1

S10. Case analysis of cirrus clouds.

A type of clouds that cause problems in AOD retrieval are the cirrus clouds, usually
being present at Izaña between January and April, associated with the presence of
the subtropical jet that is normally found in the vicinity of the Canary Islands at
this time of year (Rodŕıguez-Franco and Cuevas, 2013). A constant cloud optical
thickness (COT) corresponding to a cloud of a certain horizontal extension would
cause the successive measurements within a minute to correspond to the same
cloud stage, and therefore it would not be discernible from the extinction caused
by aerosols. In the case of very thin cirrus clouds, AOD could increase up to 0.03
(Chew et al., 2011; Giannakaki et al., 2007) with small fluctuations, that cloud-
screening algorithms could interpret as the presence of an aerosol layer. Huang et
al. (2012) evaluated the impact on AERONET level 2.0 AOD retrievals from cirrus
contamination highlighting the difficulties to remove completely their signature,
mainly from those subvisual thin cirrus. According to Kinne et al. (1997), optical
depth estimates from cirrus derived with sunphotometers have to include forward-
scattering effects. Their results show that for cirrus, and instruments with 2.0◦ and
2.4◦ FOV, the correction factors vary between 1.6 and 2.5 depending on the crystal
size. Taking into account that the FOV of the GAW-PFR is 2.5◦, while that of the
AERONET-Cimel is 1.3◦, such cases will affect the comparison results.

Three case analyses on cirrus clouds are shown below.
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S10.1: Case analysis September 23, 2015: The range corrected backscattering signal
vertical cross section of the Micropulse lidar (MPL) (a) shows scattered cirrus clouds
throughout the day (a), and one in particular around 17:45 UTC that affects the Cimel
AOD measurements. Unfortunately, we do not have measurements for the PFR at this
time. The all-sky camera confirms the presence of cirrus clouds at that time (d). The
AERONET V2 snapshot registers the impact of the cirrus (b), punctually increasing the
AOD values by two. AERONET V3 (c) does not filter these values.
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S10.2: Case analysis September 23, 2015: Global Horizontal (GHI) (top) and Direct
Normal Irradiance (DNI) (bottom) from the Surface baseline radiation Network (BSRN)
program at Izaña.

Global Horizontal (GHI) and Direct Normal Irradiance (DNI) from the Surface
Baseline Radiation Network (BSRN) program at Izaña Observatory clearly indi-
cates the presence of clouds in the second half of the day. A high attenuation in
DNI from just before 14UTC and during the rest of the day is observed what is not
compatible with relatively high AOD measurements at around 17:45UTC (S10.1)
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S10.3: Case analysis February 12, 2015: The range corrected backscattering signal vertical
cross section of the Micropulse lidar (MPL) (a) shows the presence of cirrus clouds at
around 11 km height between 17:30 and 19:00UTC (a), this is confirmed by the all-sky
camera image (b). These cirrus clouds affected the AERONET V2 AOD, increasing the
AOD values between 2 and 5 times, depending on the channel (c). AERONET V3 cloud
screening correctly filtered these anomalous AOD values (d).
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S10.4: Case analysis March 27, 2010: The cirrus cloud observed by the all-sky camera
around 18:30UTC (a) affected both GAW-PFR and AERONET V3, giving AOD values
about 8 times higher than those observed early in the morning (b). The erroneous AOD
values of the GAW-PFR are slightly lower than those of AERONET V3. The cause
could be a greater forward-scattering effect of the cirrus cloud on the GAW-PFR due
to its higher FOV (compared with that of the Cimel). The presence of cirrus has been
confirmed with the direct normal irradiance records (c) that shows a typical noisy signal
(relatively high standard deviation) until 19 UTC.
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Supplement S11. Impact of low stratocumulus on AOD retrieval.

Another cloud scenario that can affect AOD traceability is the presence of low
clouds (stratocumulus) that sometimes exceed the observatory height level because
the temperature inversion is around 2400 m height.

The selected case analysis is really interesting. Moreover, it is representative of a
relatively frequent situation in winter, when the temperature inversion is very close
to the altitude of the Izaña Observatory.

The Modis image of that day (S11.1a) shows a large part of the island of Tenerife
covered with stratocumulus except in its central part corresponding to the summits
of the island (2400 m a.s.l. plateau) in whose NE limit the Izaña Observatory is
located. This is confirmed by the range corrected backscattering signal vertical
cross section of the Micropulse lidar (MPL) (S11.1b) indicating a quasi-permanent
stratocumulus layer above 2000 m a.s.l. throughout the day. In these cases, the
appearance of intermittent fog banks in the Observatory or on the horizon (S11.1c),
in its vicinity, is very common.

The AOD outliers measured by the PFR around 08:00 UTC (S11.1d) are due
precisely to these intermittent fog blanks on the horizon and/or above Izaña Obser-
vatory. In S11.2 we can see a sequence of all-sky images from 07:30 UTC. Although
the all-sky camera records some frozen ice on its dome, it does not appear in the
sunlit part. The PFR external lens were free of frozen ice all the time. From the
all-sky camera imagery, the presence of fog from around 08:00 UTC to 09:00 UTC
is observed. This is confirmed with DNI and other radiation-components measure-
ments (S11.3). Early morning fog veils caused erroneous AOD values from PFR
but not from Cimel. The explanation is in the measurement mode. As the sky
conditions changes are very fast under intermittent fog blanks, the 1-second mea-
surements (at 1-minute intervals) of the PFR may not capture this AOD variation,
while the triplets of the Cimel (3 consecutive 1-second measurements) might do so,
correctly functioning the cloud screening in this case.
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S11.1: February 12, 2015: Modis visible image; the range corrected backscattering signal
vertical cross section of the Micropulse lidar (MPL) (b);East facing webcam picture
around 09:00 UTC; PFR and Cimel AOD (d).
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S11.2: All-sky images sequence on February 12, 2015.
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S11.3 : Global Horizontal (GHI), Direct Normal Irradiance (DNI), Difuse Horizontal
Irradiance (DHI) and UVB radiation from the Surface Baseline Radiation Network
(BSRN) program at Izaña Observatory on February 12, 2015.
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Supplement S12. Actual AOD differences between AERONET-Cimel
V3 and GAW-PFR vs PFR AOD

S12: Actual AOD differences between AERONET-Cimel V3 and GAW-PFR vs PFR
AOD at (a) 380 nm (b) and 500 nm for the period 2005-2015. The fitting line has been
calculated with AOD data > 0.1 and Cimel-PFR AOD difference > 0. Number of data
used in the plots are indicated in the legend. The percentage of non-traceable AOD data
with these conditions is ∼ 22% for 380 nm, and ∼ 13% for 500 nm. Note that some
traceable (black) points show larger AOD differences than non-traceable (red) points
because of air mass dependence of the WMO traceability criterion.
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Supplement S13. Percentage of AERONET V3 AOD data outside the
U95 limits for high AOD conditions

S13: Percentage of AERONET V3 AOD data outside the U95 limits at 380 nm, 440
nm, 500 nm and 870 nm channels and for three AOD500 nm thresholds with respect
to all data and with respect to all data for each AOD interval (in brackets).

Percentage of AOD data outside the U95 limits (%)

AOD500 nm > 0.1 AOD500 nm > 0.2 AOD500 nm > 0.3

380 nm 1.6 (22.9) 1.1 (42.0) 0.4 (54.4)
440 nm 1.1 (15.9) 0.9 (32.5) 0.4 (49.0)
500 nm 1.3 (18.4) 1.0 (37.6) 0.5 (55.7)
870 nm 0.5 (6.7) 0.4 (13.4) 0.2 (19.0)

Comparing versions V2 and V3, we can see that, except for the 380 nm channel,
in V3 the non-AOD traceability increases with respect to that found in V2.
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Supplement S14. Simulations of scattered to direct radiation simula-
tions.

S14: Scattered to direct radiation simulations made with a forward Monte Carlo model
(Barker 1992, Barker 1996, Räisänen et al. 2003) for FOVs of 2.5◦ and 1.2◦ for seven
values of effective radius (re = 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 µm), for five AOD values
(AOD = 0.1, 0.2, 0.3, 0.4, and 0.5), and for five solar zenith angles ( θ = 20◦, 30◦, 45◦,
60◦ and 80◦).
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Supplement S15. Relative error in AOD for PFR and Cimel.

S15: Relative error in AOD for PFR (x-axis) and Cimel (y-axis) for seven values of
effective radius (re =0.2, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 µm), for five AOD values (AOD
= 0.1, 0.2, 0.3, 0.4, and 0.5), and for five solar zenith angles (θ = 20◦, 30◦, 45◦, 60◦ and
80◦).

237



ANEXO 1. SUPLEMENTO DEL ARTÍCULO 1

Supplement S16. Actual AOD differences between AERONET-Cimel
V3 and GAW-PFR vs PFR AOD after AODPFR correction.

S16: The same as the Figure of Supplement S13 (AERONET V3) after the PFR AOD
data were “corrected” by adding + 3.3% at 380 nm and + 2.2% at 500 nm to the 1-minute
AOD PFR data > 0.1.
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Supplement S17. Ångström exponent comparison

This basic statistic indicates the degree of agreement between GAW-PFR and
AERONET-Cimel in the aerosol “characterization” in the long term using only AE.
Therefore, we did not include AOD as it would have been strictly necessary to carry
out a proper characterization of the aerosol types present in a specific site. The four
chosen categories are very close to the real ones at Izaña but without including AOD.
What is relevant here in is not the chosen categories, but the degree of agreement
that both radiometers have to provide the same aerosol category according to the
AE. This requires a very high simultaneous agreement in AOD in the four channels.

S17: Percentage of cases in which GAW PFR and AERONET V2 (a) and V3 (b) coincide
in each AE scenario (period 2005-2015).

239



ANEXO 1. SUPLEMENTO DEL ARTÍCULO 1
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E., Garćıa, R. D., Gómez-Peláez, A. J., Ramos, R., Redondas, A., Reyes,
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Barreto, A., Román, R., Cuevas, E., Pérez-Ramı́rez, D., Berjón, A. J., Koure-
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