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Resumen

Se define como aerosol atmosférico a aquellas partículas que se encuentran suspendidas en la
atmósfera en estado sólido o líquido. El estudio y análisis de los aerosoles son de vital impor-
tancia debido a que estos afectan al clima, a la actividad humana y a la salud de las personas.
Distintas redes operan de forma rutinaria y con un grado mayor o menor de automatización con
el objetivo de obtener medidas y productos de aerosoles para su posterior análisis. Las medidas
ópticas o de detección remota, como las que proporcionan los fotómetros desde tierra y muchos
sensores de satélite, basan su funcionamiento en la interacción de la luz con los aerosoles. Uno
de los principales productos de estas redes es el espesor óptico de aerosoles (AOD del inglés Ae-

rosol Optical Depth). Normalmente se obtiene el AOD midiendo con un fotómetro la irradiancia
directa del Sol que llega a la superficie terrestre, ya que la cantidad de irradiancia directa solar
extinguida durante su paso por la atmósfera terrestre depende del AOD a través de la ley de Beer-

Bouguer-Lambert. El AOD está relacionado con la cantidad de aerosoles presentes en la columna
atmosférica, y su variación espectral ligada al tamaño predominante de las partículas. Recientes
avances y mejoras en los instrumentos de medida fotométrica han permitido adaptar las medidas
directas al Sol también a la Luna, pudiendo obtener valores de AOD también durante la noche.
Esto permite que en aquellas zonas con largos periodos nocturnos, principalmente en las zonas
polares, se pueda de igual manera obtener información relacionada con los aerosoles. Esto ayuda
a rellenar huecos muy relevantes en las series de datos obtenidas en estas zonas, que hasta ahora
contaban tan solo con fotometría solar.

En este trabajo se aborda el análisis de las propiedades del aerosol atmosférico a través de la
creación y mejora de nuevos procesados y productos. En concreto se presenta el desarrollo de
nuevos métodos para el cálculo operacional del AOD en una red de instrumentos, tanto para el
día como para la noche. En primer lugar, se ha desarrollado el cálculo del AOD durante el día
describiendo paso a paso su proceso y datos utilizados. En una segunda instancia se ha adaptado
este cálculo a la noche, describiendo de igual manera los modelos utilizados y desarrollando una
nueva corrección sobre estos, la cual se propone para la mejora en el cálculo del AOD por la
noche. Los productos obtenidos mediante ambos métodos se han contrastado con series de datos
independientes y de referencia, que nos ha permitido asegurar la calidad del algoritmo.

Finalmente, la puesta en producción de ambos productos en el sistema CÆLIS ha permitido de-
tectar un evento de aerosoles extremadamente anómalo en una de las estaciones que el Grupo
de Óptica Atmosférica de la Universidad de Valladolid opera en la estación de Marambio, en
la Antártida. Con la ayuda de otras medidas complementarias y algunos modelos atmosféricos,
se ha descubierto que los aerosoles procedían de la quema de biomasa generada por incendios
localizados en el Este de Australia a finales de 2019. La detección de este evento pone de mani-
fiesto la importancia y el valor de disponer de medidas rutinarias, procesamientos automatizados
y productos de calidad que permitan analizar las propiedades del aerosol atmosférico.





Abstract

Atmospheric aerosol is defined as each particles that are in the atmosphere in solid or liquid
state. The study and analysis of aerosols are of vital importance because aerosols affect the
climate, human activity and the health of people. Different networks operate routinely and with
a greater or lesser degree of automation in order to obtain measurements of aerosol products for
subsequent analysis. Optical or remote sensing measurements, such as those provided by ground-
based photometers and many satellite sensors, base their operation on the interaction of light with
aerosols. One of the main products of these networks is the Aerosol Optical Depth (AOD). The
AOD is obtained by measuring the direct irradiance of the Sun that reaches the Earth’s surface
with a photometer, since the amount of direct solar irradiance extinguished during its passage
through the Earth’s atmosphere depends on the AOD through the Beer-Bouguer-Lambert law.
The AOD is related to the amount of aerosols present in the atmospheric column, and its spectral
variation linked to the predominant size of the particles. Recent advances and improvements in
photometric measurement instruments have made possible to adapt Sun direct measurements also
to the Moon, being able to obtain AOD values also at night. This allows that in those areas with
long night periods, mainly in the polar areas, will also be possible to obtain information related
to aerosols. This helps to fill very relevant gaps in the data series obtained in these areas, which
until now had only solar photometry.

During this work the analysis of the properties of the atmospheric aerosol is approached through
the creation and improvement of new processes and products. Specifically, the development of
new methods for the operational calculation of AOD in a network of instruments is presented,
both for day and night. First, the calculation of the AOD during the day has been developed,
describing step by step its process as well as meta-data used. In a second instance, this calculation
has been adapted to the night, describing in the same way the models used and developing a new
correction on these, which is proposed to improve the calculation of AOA at night. The products
obtained by both methods have been contrasted with independent and reference data series, which
has allowed us to ensure the quality of the algorithm.

Finally, deployed both products into production in the CÆLIS system has made it possible the
detection of an extremely anomalous aerosol event at one of the sites that the Atmospheric Optics
Group of the University of Valladolid operates: the Marambio site, in the Antarctica. With the
help of other complementary measures and some atmospheric models, it has been discovered that
the aerosols came from the biomass burning generated by bushfires located in Eastern Australia
in late 2019. The detection of this event highlights the importance and the value of having
routine measurements, automated processing and quality products that allow the analysis of the
atmospheric aerosol properties.





CAPÍTULO

1
Introducción

1.1 Los aerosoles atmosféricos
Se define como aerosol atmosférico al conjunto de partículas, ya sean sólidas o líquidas, que

permanecen en suspensión en la atmósfera el tiempo suficiente para ser medidas (Willeke

and Baron, 1993). Existen distintos tipos de aerosoles, debido a su origen principalmente, y

su tamaño puede variar desde unos pocos nanómetros hasta varias decenas de micrómetros.

Dependiendo de su origen se pueden clasificar en aquellos que han sido creados de forma

natural (naturales), o en aquellos cuyo origen ha sido la actividad humana (antropogénicos).

Los aerosoles de origen natural pueden ser, por ejemplo: la arena del desierto, ceniza vol-

cánica, sal del mar, etc. mientras que entre los aerosoles antropogénicos se encuentran los

generados en la combustión de carbón, petróleo, emisiones industriales, y los que se forman

a partir de precursores (aerosoles secundarios). Siguiendo esta clasificación se puede decir

que los aerosoles antropogénicos tienen un tamaño menor a un micrómetro y son los más

numerosos de los presentes en la atmósfera. Por el contrario, los aerosoles de origen natu-

ral tienen un tamaño superior al micrómetro, generalmente, y aunque haya un número de

partículas menor al aerosol antropogénico, estas aportan una cantidad mayor de masa en la

atmósfera.

Debido a la variedad de tamaños que presentan los distintos aerosoles, se suele distinguir

entre modo fino, con partículas de tamaño inferior a 0.5µm, donde se incluyen los modos de

nucleación y acumulación, y modo grueso, con partículas de tamaño superior a 0.5µm. En la

Figura 1.1 se puede ver una clasificación de ambos tipos, así como los mecanismos para su

formación y eliminación.
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1. INTRODUCCIÓN

Figura 1.1: Forma típica de la distribución de tamaños de los aerosoles, con los tres modos y los
mecanismos de formación y eliminación en la atmósfera (Toledano, 2005).

Por norma general, en la distribución de tamaños se observan dos campanas claramente

diferenciadas, una de las campanas asociada a las partículas de modo fino y la otra a las par-

tículas de modo grueso. Esta separación es importante porque las partículas pertenecientes a

ambos modos tienen un origen y transformación diferentes. Su eliminación también se rea-

liza de forma distinta, pertenezcan a uno u otro modo, si bien las partículas pertenecientes al

modo fino suelen ser precipitadas al suelo por acción de la lluvia, las partículas más gruesas

se eliminan por deposición en el suelo por acción de la gravedad o del viento (D´Almeida

et al., 1991; Tegen et al., 1997).

Los aerosoles pueden ser transportados muy lejos de las fuentes de emisión, especial-

mente si alcanzan capas altas de la atmósfera (troposféra libre o incluso estratosfera). Es el

caso del polvo mineral de los desiertos, el humo de grandes incendios forestales y sobre todo

el aerosol de las grandes erupciones volcánicas (Boucher et al., 2013a; Hofmann, 1988). En

función de su tamaño y de la altura a la que se encuentren en suspensión. Los aerosoles con

un tamaño mayor suelen tener un tiempo de vida más corta debido a que la propia gravedad

los acaba depositando en la superficie terrestre. Las partículas más pequeñas, por el contra-

rio, pueden permanecer un tiempo más prolongado suspendidas en la atmósfera, pudiendo

llegar a permanecer varios años en suspensión. Una vez que el aerosol está suspendido en

la atmósfera éste será transportado en el mismo sentido y dirección que se muevan la masa

de aire que lo contenga. Como se puede apreciar en la Figura 1.2 los aerosoles procedentes

de cualquier fuente pueden ser trasportados, en función de la dinámica atmosférica, a prác-

ticamente cualquier punto del planeta, especialmente si se encuentran en capas altas de la

2



1.1 Los aerosoles atmosféricos

atmósfera.

Figura 1.2: Transporte de los aerosoles por todo el planeta Tierra. La imagen ha sido obtenida de
la simu- lación que NASA Goddard’s Global Modeling and Assimilation Office realizó para el
periodo de tiempo comprendido entre agosto de 2006 y agosto de 2007(https://svs.gsfc
.nasa.gov/cgi-bin/details.cgi?aid=30017). En este caso se ve el resultado de la
simulación para el 27 de enero de 2007. Los colores corresponden a: desértico (rojo), sal marina
(azul), polución antropogénica y orgánica (verde), y sulfatos (blanco).

Los aerosoles cerca de la superficie terrestre afectan fuertemente a la calidad del aire

y a la salud humana al tratarse de partículas que son inhaladas por el sistema respiratorio.

Durante las últimas décadas se ha observado un aumento en la polución debido, principal-

mente, a la actividad humana en regiones determinadas del planeta (Boucher et al., 2013a).

La monitorización de los aerosoles implicados en estos eventos es muy importante para po-

der tomar las medidas políticas oportunas. Para poder tomar esas medidas es necesario un

conocimiento de las propiedades del aerosol, lo cual se dificulta debido a la rapidez, tanto

espacial como temporal, en que los aerosoles varían. De ahí la importancia de tener unos

datos de aerosoles fiables y constantes.

Los aerosoles afectan al balance radiativo de la Tierra y la atmósfera terrestre, jugando

por tanto un papel importante en el campo del calentamiento global, mediante las interac-

ciones aerosol-radiación y aerosol-nube (Boucher et al., 2013a). El impacto de los aerosoles

sobre el balance radiativo depende de las propiedades ópticas, químicas y microfísicas de

los aerosoles, las cuales varían en general con el tipo de aerosol. Este impacto se suele cuan-

tificar a través del denominado forzamiento radiativo, que representa la diferencia entre la

radiación absorbida por la Tierra y la energía irradiada de vuelta al espacio (Shindell et al.,

2013). Los aerosoles interaccionan directamente con la radiación solar (interacción aerosol-

radiación) y terrestre principalmente mediante la absorción y dispersión (scattering) de parte

3
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1. INTRODUCCIÓN

de la radiación incidente. Un aerosol poco absorbente suele tener un efecto directo neto de

enfriamiento (forzamiento negativo) sobre la Tierra al enviar parte de la radiación solar in-

cidente de vuelta al espacio mediante scattering; mientras que un aerosol muy absorbente

puede causar un efecto contrario (forzamiento positivo) debido a su calentamiento por ab-

sorción de radiación. Estos se denominan efectos directos de los aerosoles. Los aerosoles

además actúan como núcleos de condensación en la formación de nubes de agua y hielo, por

lo que son capaces de modificar propiedades de las nubes tales como su albedo, el tamaño

de gota, la precipitación o su tiempo de vida (interacciones aerosol-nube). Como las nubes

también influyen en el balance radiativo, principalmente mediante la dispersión de radiación

solar de vuelta al espacio, estas interacciones aerosol-nube también influyen indirectamente

en el balance radiativo (Albrecht, 1989; Twomey, 1977).

El forzamiento radiativo de los aerosoles es actualmente el que presenta mayor incerti-

dumbre, como se puede observar en la Figura 1.3. Por tanto el estudio de los aerosoles es

fundamental para poder reducir la incertidumbre asociada a los aerosoles y sus interacciones

con la radiación y las nubes y así poder realizar proyecciones climáticas más precisas.

Figura 1.3: Forzamiento radiativo del clima terrestre, fuente de la imagenIPCC Fifth Assessment
Report (AR5) [Intergovernmental Panel on Climate Change (IPCC), 2013].

4



1.2 Técnicas de medida

1.2 Técnicas de medida
Existen distintas técnicas para medir y obtener información de los aerosoles atmosféricos.
Por un lado existen técnicas in-situ, las cuales se basan en analizar directamente muestras de
partículas recogidas presentes en el aire. Para ello se hace circular un flujo de aire, normal-
mente extraído mediante bombas, sobre una serie de filtros o instrumentos que, dependiendo
del análisis (químico, físico, morfológico, etc.), se podrán analizar a posteriori o en tiempo
real. Por la naturaleza de estas medidas, suelen estar más orientadas a analizar la calidad
del aire. Las medidas in-situ son en general representativas localmente debido a que tienen
un radio de acción pequeño, es decir, únicamente pueden analizar aquellos aerosoles que
estén al alcance de las bombas que succionan el aire. En ocasiones se instala este tipo de
instrumentación en medios móviles, por ejemplo en aviones (Mallet et al., 2016), para abar-
car una región espacial mayor. Existen distinta instrumentación de este tipo, motivo por el
cual dentro de la comisión Europea existe una legislación para unificar estas medidas y poder
comparar la calidad del aire de distintas ciudades (https://ec.europa.eu/environ
ment/air/quality/legislation/pdf/finalwgreportes.pdf).

Por otro lado se encuentran las técnicas remotas de medidas de aerosoles, más conocidas
como teledetección, generalmente más enfocadas en el estudio del calentamiento global y el
cambio climático. Estas técnicas, al contrario de las técnicas in-situ, no miden directamente
el aerosol, si no que analizan como interacciona el aerosol con una fuente de iluminación.
En teledetección se puede distinguir entre medidas a través de instrumentos de tierra (en
superficie) o de satélites. Estas medidas difieren en la resolución que tienen, tanto temporal
como espacial. Si bien los satélites tienen una mayor cobertura espacial pudiendo abarcar
medidas por toda la Tierra, mientras con los instrumentos de tierra solo miden en el punto
exacto donde están instalados. Sin embargo, la cobertura temporal que ofrecen los instru-
mentos instalados en la superficie es mayor que la de los satélites ya que estos últimos miden
de continuo en el mismo punto, mientras que los satélites (a excepción de los geoestaciona-
rios) solo toman una medida sobre la misma zona cada vez que realizan una órbita completa
y vuelven a pasar sobre el mismo punto, tiempo que puede ser de hasta semanas.

Las medidas en superficie normalmente son más precisas que las de los satélites, por lo
que es importante tomar medidas en superficie desde distintos lugares de la Tierra para poder
calibrar y validar los productos proporcionados por los satélites. Por lo tanto, las medidas
de satélite y en superficie son complementarias y ambas son necesarias. De aquí nace la
necesidad de tener una red lo suficientemente tupida de instrumentos en superficie, como es
el caso de la red fotométrica AERONET (AErosol RObotic NETwork; Holben et al., 1998).
Igual de importante que tener una red con muchos instrumentos es que cada uno de estos
instrumentos mida correctamente, para esto es necesario tener un control rutinario sobre
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todas aquellas estaciones de medida pertenecientes a la red. Para poder realizar de forma

más óptima y correcta este chequeo sobre las estaciones es fundamental tener procesados de

datos comunes en todas ellas, como se explica en la Sección 2.1.1. El grupo en el que se ha

desarrollado este trabajo, el Grupo de Óptica Atmosférica de la Universidad de Valladolid

(GOA-UVa), colabora con la red AERONET desde comienzos del 2000, pasando a colaborar

en las labores organizativas y de gestión de la red en 2006, convirtiéndose en uno de los 3

centros oficiales de calibración de la red. Este centro de calibración tiene desde 2011 el

respaldo de la Unión Europea mediante la participación en el proyecto ACTRIS (Aerosols,

clouds and trace gases research infrastructure, www.actris.eu), el cual ahora mismo se

encuentra en la fase de implementación para constituirse como una infraestructura europea

de investigación.

A su vez, las técnicas de teledetección, se pueden clasificar en dos grupos según la fuente

de iluminación utilizada: teledetección activa y pasiva. La teledetección activa usa una fuen-

te de iluminación propia mientras que la teledetección pasiva se aprovecha de alguna fuente

de iluminación existente, normalmente natural como el Sol, la Luna o las estrellas. Dentro

de la teledetección activa destacan los sistemas LIDAR (Light Detection and Ranging). Es-

tos sistemas emiten pulsos de luz monocromática, mediante un láser pulsado, normalmente

apuntando al cenit. Los LIDAR pueden estar instalados a nivel de superficie o en dispositivos

aéreos, como pueden ser satélites o aviones. Cabe destacar que las medidas obtenidas por los

sistemas LIDAR son de gran valor cuando se combinan con otras medidas como las obte-

nidas por los fotómetros (Benavent-Oltra et al., 2017; Lopatin et al., 2013). Estos sistemas

LIDAR son muy costosos y su uso está limitado a usuarios cualificados. Por el contrario,

existen otros instrumentos, los Ceilómetros, cuyo uso es más sencillo y automatizado y tie-

nen un coste menor a costa de una calidad de las medidas menor. El uso de los Ceilómetros

está más extendido y su sinergia con los instrumentos de superficie aporta también informa-

ción acerca de los aerosoles (Román et al., 2018).

Fotometría solar

Respecto a la teledetección pasiva, los instrumentos más utilizados en superficie suelen ser

fotómetros espectrales, que miden la radiación proveniente de fuentes de iluminación como

el Sol o la Luna a diferentes longitudes de onda. En el caso de los instrumentos a bordo de

satélites estos suelen medir, dependiendo del rango espectral, la radiación reflejada o disper-

sada (solar) o emitida (térmica) por la superficie terrestre y la atmósfera.

A través de la teledetección pasiva se puede obtener una de las magnitudes fundamentales

en el análisis de los aerosoles atmosféricos: el espesor óptico de aerosoles (AOD del inglés

6
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1.2 Técnicas de medida

Aerosol Optical Depth). La ecuación fundamental para calcular el AOD es la ley de Beer-

Bouguer-Lambert (Cachorro et al., 1987; Shaw, 1976), la cual está descrita para el caso de
la fotometría solar en la ecuación 1.1:

V (λ) = V0(λ) ·R−2 · e−τ(λ)·m (1.1)

donde R es la distancia Tierra-Sol medida en unidades astronómicas (UA); m es la masa
óptica, la cual se relaciona con el camino óptico recorrido por la radiación medida Kasten
and Young (1989); τ es el Espesor Óptico Total (TOD del inglés Total Optical Depth) para
una longitud de onda λ concreta; y V y V0 son, respectivamente, la señal de la irradiancia
directa medida por el fotómetro y la de la irradiancia extraterrestre (la radiación solar que
llega a lo más alto de la atmósfera terrestre para 1 UA) ambas a la longitud de onda λ.

Una vez se tiene calculado el TOD se puede separar en cada uno de sus componentes
como se muestra en la ecuación 1.2, donde τa es la contribución que hacen los aerosoles
atmosféricos al TOD y τR y τg es la contribución que hacen los gases al TOD a través de los
mecanismos de scattering de Rayleigh (τR) y de absorción (τg). Nótese que el espesor óptico
de las nubes no se incluye ya que las medidas fotométricas bajo nubes se suelen descartar.

τ(λ) = τa(λ) + τR(λ) + τg(λ) (1.2)

Si se tiene en cuenta que cada uno de estos componentes está situado a distintas alturas y,
por lo tanto, cada uno va a tener una masa óptica distinta, la ecuación 1.1 se puede representar
de la siguiente forma:

V (λ) = V0(λ) ·R−2 · e−[τa(λ)·ma+τR(λ)·mR+τg(λ)·mg ] (1.3)

Pudiendo calcular el AOD como se muestra en la ecuación 1.4

τa(λ) = − 1

ma

·
[
ln

(
V (λ)

V0(λ) ·R−2

)
− τR(λ) ·mR − τg(λ) ·mg

]
(1.4)

En este caso el AOD a la longitud de onda λ se puede calcular para cada medida V
del fotómetro a la misma longitud de onda, siempre que se conozca V0 a esa longitud de
onda, además del espesor óptico de gases (Rayleigh y absorción) que se puede obtener a
través de climatologías existentes. Para calcular V0, que es un valor fijo (aunque variará
ligeramente con la degradación del fotómetro) pero distinto para cada longitud de onda, se
calibra el fotómetro mediante intercomparación con otro fotómetro de referencia, o mediante
la técnica Langley-plot (Shaw, 1983). La técnica Langley-plot se basa en realizar medidas
de irradiancia solar cerca del orto o el ocaso, donde la masa óptica varía rápidamente, y V0 se
puede calcular a través de la ecuación 1.5 que surge de tomar logaritmos en la ecuación 1.1:
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ln[V (λ)] = ln[V0(λ) ·R−2] − τ(λ) ·m (1.5)

Asumiendo que el espesor óptico de la atmósfera se ha mantenido estable y constante
durante estas medidas, mediante un ajuste lineal de mínimos cuadrados de ln(V ) en función
de m se obtiene como ordenada en el origen ln(V0 ·R−2) y, por tanto, V0 despejando.

El AOD está relacionado con la turbiedad presente en la columna atmosférica total y
varía espectralmente según la ley de Ånsgtröm (Angström, 1961):

τa(λ) = β · λα (1.6)

donde λ es la longitud de onda (en micras); τa(λ) es el AOD a la longitud de onda λ; β es
el parámetro de turbiedad de Ånsgtröm; y α el exponente de Ånsgtröm, el cual representa la
variabilidad espectral del AOD y está ligado con el tamaño del aerosol, siendo mayor cuanto
menor es el valor de α. Conocido el AOD a dos o más longitudes de onda se puede calcu-
lar la turbiedad y el exponente de Ånsgtröm. Cabe remarcar que el AOD es una propiedad
integrada en toda la columna atmosférica y por tanto no se puede distinguir entre capas a
distintas alturas en la atmósfera.

Fotometría lunar y estelar

Todo lo explicado hasta ahora se basa en el uso del Sol como fuente de iluminación (fo-
tometría solar). El problema de usar esta fuente de iluminación es que durante la mitad del
año no está disponible, si bien esta discontinuidad es intermitente en las latitudes medidas,
todos los días sale y se pone el Sol, cuando nos desplazamos a las zonas polares esta discon-
tinuidad se convierte en un problemas de mayor envergadura ya que el Sol no sale durante
meses durante la noche polar, lo que hace que no se tenga información del AOD en las zonas
polares durante periodos de tiempo muy prolongados. Para solventar este problema, en los
últimos años se han realizado avances técnicos en la instrumentación consiguiendo que los
fotómetros solares sean capaces de realizar medidas de la irradiancia directa lunar, varios or-
denes de magnitud menor que la solar. Con esta nueva técnica se pretende completar, aunque
sea parcialmente, la ausencia de datos producida por la ausencia del Sol en dichas regiones.

Esta nueva técnica de medida supone nuevos retos, debido a que se deben adaptar los
algoritmos y procesados de datos existentes para obtener productos similares a los que se
obtienen con la fotometría solar.

A priori se pueden aplicar también la ley de Beer-Bouguer-Lambert a la fotometría lunar
para calcular el AOD sustituyendo en la ecuación 1.1 V0(λ) · R−2 por la irradiancia lunar
extraterrestre a esa longitud de onda, es decir, la irradiancia lunar que llega a la parte más
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alta de la atmósfera. El problema es que, a diferencia del Sol, la Luna no emite radiación

visible si no que a la Tierra llega la radiación solar que la Luna refleja. Esto hace que la

irradiancia lunar extraterrestre esté en constante variación al depender de distintos factores

que van cambiando con el tiempo, tales como el ángulo de fase de la Luna, las distancias Sol-

Luna y Luna-Tierra y la reflectancia angular de la superficie lunar iluminada. Para conocer

la irradiancia lunar a cada momento, y poder derivar el AOD, se suelen utilizar modelos

empíricos, siendo el modelo ROLO (RObotic Lunar Observatory; Kieffer and Stone (2005))

el de uso más extendido, así como su implementación RIMO (ROLO Implementation for

Moon’s Observation; Barreto et al. (2019)). Sin embargo, varios estudios señalan falta de

exactitud en estos modelos (Lacherade et al., 2013; Uchiyama et al., 2019; Viticchie et al.,

2013), la cual puede propagarse en el cálculo del AOD proporcionando valores erróneos.

De todos los nuevos retos de la fotometría lunar y como se resuelven para un caso con-

creto se habla en la sección 3.2.

Una técnica menos extendida para el cálculo del AOD por la noche es la fotometría es-

telar. Al igual que la fotometría solar y lunar, esta técnica se basa en realizar medidas de la

radiación emitida por alguna estrella que llega a la Tierra. Para poder realizar estas medidas

de la forma más precisa posible se utiliza un telescopio, para captar la mayor cantidad po-

sible de radiancia evitando introducir luz parásita emitida por otras fuentes de iluminación.

Mediante la ley de Beer-Bouguer-Lambert (Shaw, 1976) y la técnica Langley-plot para la

calibración, se consigue obtener valores de AOD con las fórmulas antes definidas. Existen

otros métodos más complejos para calcular el AOD con estos fotómetros, como el método

de “dos estrellas”, pero necesitan de un conocimiento preciso de la radiación extraterrestre

de varias estrellas. Este tipo de medidas tienen bastante precisión si bien, debido a la com-

plejidad de funcionamiento de los fotómetros estelares, no está del todo extendida, siendo

escasos los fotómetros estelares operando (actualmente no más de cinco en todo el mundo;

Barreto et al. (2019)).

Radiancia de cielo y algoritmos de inversión

Además del AOD existen otras propiedades de los aerosoles que pueden ser obtenidas me-

diante fotómetros a partir de medidas de la radiancia del cielo y también del AOD. Para ello

se utiliza la información que llega a los fotómetros de la radiancia proveniente del scattering

que sufre la radiación solar al interaccionar con el aerosol atmosférico. Para obtener dichas

propiedades, complejos y computacionalmente costosos métodos de inversión son requeri-

dos (Dubovik and King, 2000; Dubovik et al., 2006, 2014). Para que estos métodos sean

fiables se requiere de unas condiciones de cielo despejado de nubes. Dos de las propiedades
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de los aerosoles de mayor interés, obtenidas con este tipo de medidas, son: la distribución de

tamaños y el albedo de dispersión simple (SSA del inglés Single Scattering Albedo).

La distribución volúmica de tamaños (PSD del ingés Particle Size Distribution), que

proporciona información de la cantidad de partículas (en volumen) que hay en la columna

atmosférica y además de que tamaños son esas partículas. La PSD se puede definir matemá-

ticamente como:

PSD(r) =
dv

d ln(r)
(1.7)

Donde v es el volumen que ocupan las partículas por unidad de superficie para un radio r

de las partículas. Las unidades en las que se da la distribución de tamaños son en µm3

µm2 . Esto

indica la concentración en volumen de partículas existente para un radio determinado. Cabe

destacar que, al tratarse de una concentración en volumen, la concentración de partículas

pequeñas aportara menos peso a la distribución incluso si hay mayor número de partículas

(ocupan menos volumen). Un ejemplo cualitativo de distribución de tamaños se observa en la

curva de la Figura 1.1 en función del radio de las partículas, pudiéndose observar la presencia

de concentración de aerosoles de distintos modos (dos finos y uno grueso).

El SSA se define como la fracción de radiación extinguida al interactuar con los aerosoles

debido a la dispersión o scattering. El SSA puede tomar valores entre 0 y 1 y se puede

interpretar como la probabilidad que tienen un fotón de sufrir scattering al interactuar con

una partícula. Si el aerosol es completamente absorbente el SSA será 0, mientras que si el

aerosol es completamente dispersor el valor del SSA será 1. El SSA proporciona información

sobre la absorción de un aerosol, lo cual es relevante para conocer el signo del forzamiento

radiativo de ese aerosol. Los valores que suele tomar el SSA están comprendidos entre 0.7

y 1, y están ligados a la longitud de onda incidente y al tipo de aerosol. Por ejemplo, para

un aerosol de tipo desértico los valores típicos son de 0.93 para la longitud de onda de 440

nm y de 0.99 para la longitud de onda 1020nm, sin embargo, para un aerosol de quema de

biomasa los valores típicos son de 0.88 para la longitud de onda de 440nm y de 0.78 en

1020nm, como se puede ver en Dubovik et al. (2002).

Junto a la distribución de tamaños, el índice de refracción, tanto su parte real (hace refe-

rencia a la dispersión que sufre la radiación por los aerosoles) como imaginaria (hace refe-

rencia a la extinción que sufre la radiación al ser absorbida por los aerosoles) y la fracción de

partículas esféricas (proporción de partículas esféricas en relación con las partículas totales)

son las salidas directas de estos algoritmos de inversión.
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1.3 Objetivos
Como se ha visto a lo largo de este capítulo, el estudio de los aerosoles atmosféricos es de

crucial importancia para adquirir un conocimiento mayor sobre cómo se comportan estos

aerosoles y la influencia que tienen en el clima y el calentamiento global. Para poder estudiar

y detectar de forma inmediata las propiedades de los aerosoles hay que estar preparados y

contar con un conjunto de herramientas que permitan, entre otras cosas, el análisis de eventos

de aerosol y sus propiedades. El GOA-UVa, grupo en el que se ha realizado esta tesis, lleva

desde sus orígenes dedicándose al estudio de estos aerosoles, a través de métodos ópticos.

Debido a su dilatada experiencia en la red AERONET cuenta con una serie de estaciones

repartidas a lo largo del planeta que le permite medir los aerosoles en sitios remotos. Algu-

nas de estas estaciones se encuentran en el Ártico o en la Antártida, lugares idóneos para el

estudio de los aerosoles de origen natural, debido a sus condiciones climáticas y meteoro-

lógicas. Así mismo, el GOA-UVa gestiona un centro de calibración de fotómetros de la red

AERONET.

Dentro de este contexto, el objetivo de esta tesis es dotar a la comunidad de aerosoles

de un conjunto de herramientas dedicadas al estudio de los aerosoles atmosféricos y que

permitan, a su vez, la detección de eventos extraordinarios. Estas herramientas ayudarán al

GOA-UVa a gestionar y mantener los equipos que se calibran bajo su supervisión. Para ello

se buscarán los siguientes objetivos:

• Desarrollar de un algoritmo que permita calcular el espesor óptico de aerosoles con

suficiente precisión y exactitud, que funcione de forma operacional y robusta, y validar

este producto con el AOD de referencia, en este caso el de AERONET. Este algoritmo

deberá funcionar para todos los equipos que pertenecen a la red AERONET y que el

GOA-UVa gestiona. Una vez se tenga un producto de AOD de suficiente calidad y

validado también se pretende desarrollar un algoritmo de eliminación de nubes (Cloud

Screening) que permita seleccionar datos libres de nubes.

• Una vez se tenga un algoritmo capaz de calcular el AOD se quiere adaptar este algo-

ritmo a las medidas que, los fotómetros CIMEL más modernos, son capaces de hacer,

utilizando la irradiancia lunar. Para ello se tendrá que usar el modelo de radiancia lunar

RIMO y corregir diversos factores. Para ver que la adaptación del algoritmo y la co-

rrección del modelo son correctas se quiere comparar el AOD obtenido mediante esta

técnica usando como referencia el obtenido con medidas alternativas de un fotómetro

estelar.
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• Poner en funcionamiento y producción ambos algoritmos para comprobar si son capa-
ces de detectar eventos extraordinarios de aerosoles.

1.4 Estructura de la tesis
Esta tesis se ha estructurado en 4 capítulos. En el capítulo de Introducción se muestra en
que punto está el estudio de los aerosoles así como las distintas técnicas por las que se lleva
a cabo este estudio, mostrando a continuación los objetivos de la tesis. En el capítulo 2 se
muestra la instrumentación y metodología usada para la realización de esta tesis. En el capí-
tulo de Resultados se muestra cada uno de los 3 artículos que componen este trabajo. En el
primer artículo se describe el proceso, usado en CÆLIS, para implementar el AOD durante
el día, así como las pruebas realizadas para su validación (González et al., 2020b). El segun-
do artículo adapta el algoritmo de cálculo delAOD diurno desarrollado en el primer artículo
a las medidas con la irradiancia de la luna. En él se corrige el modelo RIMO, que calcula
la irradiancia lunar y se valida esta corrección con las medidas realizadas por el fotómetro
estelar instalado en la estación de medida de la Universidad de Granada (España) (Román
et al., 2020). Por último, en el tercer artículo, se muestra como la utilización de los datos
generados por ambos algoritmos son valiosos para detectar eventos anómalos de aerosoles.
Para demostrar este hecho se indaga en profundidad sobre un evento detectado en la estación
de Marambio (Antártida Argentina) cuya procedencia fueron los incendios ocurridos en Aus-
tralia durante los últimos días de diciembre de 2019 (González et al., 2020a). Finalmente, se
presentan en el último capítulo las conclusiones y líneas futuras de este trabajo.

Siguiendo este esquema se presenta ordenadamente cada uno de los artículos científicos
y como entre ellos se forma un hilo argumental común que da como resultado la realización
de los objetivos expuestos en la sección 1.3.
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CAPÍTULO

2
Instrumentación y datos

2.1 Redes de medida
Debido a la importancia del estudio de los aerosoles, como ya se ha mencionado en la sec-

ción 1.1, existen numerosas redes de instrumentos en superficie dedicadas al estudio de estos

aerosoles. Si nos centramos únicamente en las redes basadas en técnicas de teledetección

podemos nombrar, como alguna de las más importantes:

• GAW-PFR: gobernada por el Physikalisch Meteorologisches Observatorium Davos

que pertenece al World Meteorological Organization (PMOD-WMO) y cuyo princi-

pal instrumento de medida es el Precision Filter Radiometer (PFR) que, actualmente,

cuenta con su versión tanto para el Sol como para la Luna. Existe a su vez un modelo

adaptado para medir a lo largo de todo el espectro (Kazadzis et al., 2018a).

• SKYNET: que se organiza de forma regional en 7 subredes diferentes, cuya división

atiende a motivos de proximidad geográfica. El elemento principal de esta red es el

Prede, que mide tanto al Sol como al cielo. Actualmente cuentan con una configuración

del instrumento capaz de medir a la Luna (Uchiyama et al., 2019).

• AERONET: red gobernada por NASA (descrita en la sección 2.1.1), cuyo instrumento

principal es el fotómetro CIMEL CE318 (descrito en la sección 2.2).

Esta tesis se centra en los datos medidos con el instrumento CIMEL CE318 y que perte-

necen a la red AERONET, por lo que se describe con más detalle a lo largo de este capítulo.
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2.1.1 AERONET

Como hemos comentado antes, una de las redes de más importantes dedicada al estudio de

los aero- soles atmosféricos es la red AERONET (https://aeronet.gsfc.nasa.go

v) (AErosol RObotic NETwork, Holben et al. (1998)). Esta red fue creada en la década de

1990 por la NASA y el Laboratorio de Óptica Atmosférica de la Universidad de Lille (LOA),

Francia. El objetivo con el que nace esta red es el estudio, de forma rutinaria y en cualquier

punto del planeta, de los aerosoles atmosféricos para poder validar las medidas obtenidas

por los satélites. Para poder satisfacer este objetivo, actualmente cuenta con más de 500

estaciones, midiendo de forma periódica, repartidas por todo el planeta, como se puede ver

en la figura 2.1.

Figura 2.1: Ubicación de cada una de las estaciones de medida pertenecientes a la red AERO-
NET. Imagen obtenida de la propia página web de la red AERONET (https://aeronet.
gsfc.nasa.gov/cgi-bin/site_info)

AERONET se define como una federación de redes, encargándose cada una de esas re-

des de la calibración, supervisión y mantenimiento de un conjunto de estaciones de la red.

Originalmente todos los instrumentos que pertenecían a la red AERONET eran calibrados

por la NASA y el LOA, pero, a medida que el número de instrumentos fue creciendo, esta

labor comenzó a hacerse muy costosa para dos laboratorios y se incorporó un tercer grupo

para ayudar en esta labor. Desde el 2006 el Grupo de Óptica Atmosférica de la Universidad

de Valladolid (GOA-UVa) pasa a ser uno de los 3 centros oficiales de calibración de la red

AERONET.
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Como el objetivo de esta red es realizar medidas en distintos puntos del planeta para

validar las medidas de los satélites, estas medidas han de ser directamente comparables.

Para lograr este objetivo, AERONET estableció unos protocolos de calibración, que se han

de cumplir tanto por el centro de calibración como por los propietarios de la estación de

medida. Uno de estos requisitos es la utilización de un instrumento común a toda la red,

aunque este puede tener distintas configuraciones (ver sección 2.2). Para que una estación

pertenezca a la red AERONET se han de cumplir estas dos condiciones, y el resultado de

cumplirlas es la obtención de unas medidas de gran calidad y homogeneidad. Estas medidas,

debido a los estrictos protocolos de calibración de la red son trazables en su totalidad, esto

quiere decir que para cada medida se conoce toda la meta-información asociada a la medida,

así como unos coeficientes de calibración exclusivos de cada instrumento y cada medida.

El acceso a los datos generados por la red AERONET es libre y gratuito, cualquier usua-

rio puede consultar y usar los datos sin previo registro, pudiendo utilizar estos datos para

publicaciones científicas siempre bajo agradecimiento a la institución responsable de la es-

tación.

Como se explica en la sección 2.2 el instrumento CIMEL CE318 realiza dos bloques de

medidas, de irradiancia solar y de radiancia de cielo. Cada una de estas medidas requiere de

un protocolo de calibración distinto.

Las medidas de irradiancia solar se calibran por inter-comparación con unos fotómetros

de referencia llamados máster. Estos fotómetros máster se calibran por el método Langley en

las estaciones de Izaña (Tenerife, España) y Mauna Loa (Hawai, Estados Unidos) (Toledano

et al., 2018). Por otro lado, las medidas de radiancia de cielo se calibran en el laboratorio

con una esfera integrante.

Es necesario calibrar cada uno de los fotómetros que pertenecen a la red en periodos de un

año de medida para minimizar los cambios en la calibración causados por la degradación de

los componentes del fotómetro. Antes de comenzar el periodo rutinario de medida se realiza

una pre-calibración al instrumento. Cuando ha realizado todo el periodo de medida rutinaria

se le realiza una post-calibración. De esta forma, el equipo cuenta con unos coeficientes de

calibración propios para cada fecha y hora de la medida interpolados linealmente entre los

obtenidos en pre y post-calibración. Solo entre una post-calibración y una pre-calibración se

realiza un mantenimiento al equipo para realizar cualquier reparación pertinente y actualizar

o mejorar cualquiera de sus elementos. Esta acción nunca se realizará en el periodo que

abarca ambas calibraciones, consiguiendo unas medidas homogéneas durante todo el periodo

de medida.

El procesamiento de datos de esta red está centralizado, realizándose en los servidores

del Goddar Space Flight Center (Washington DC, Estados Unidos). Estos servidores son la
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única fuente de datos oficiales llevando un control exhaustivo de lo que se hace con cada
uno de los instrumentos que pertenecen a la red. Para ello, siempre que se realiza cualquier
reemplazo, mantenimiento o calibración en alguno de los equipos, estos cambios han de que-
dar notificados en los servidores mencionados de la NASA. Así se consigue que las medidas
sean completamente trazables.

2.1.2 GOA Calibration Facillity
El GOA-UVa fue fundado en 1996 con el objetivo principal de estudiar los aerosoles at-
mosféricos a través de métodos ópticos. Desde su origen el grupo se centró en esta labor,
compaginándola con otras tareas relacionadas. Esto le lleva a ser un grupo con una expe-
riencia demostrada en aerosoles atmosféricos (Cachorro et al., 1987; Toledano et al., 2007;
Torres et al., 2014), teledetección remota con satélites (Bennouna et al., 2011, 2013; Cacho-
rro et al., 2010) y radiación solar (Cachorro et al., 1985, 2001; Mateos et al., 2014).

En 2006 pasa a liderar una red formada por Universidades y otras instituciones Españo-
las creada con el objetivo de implantar una subred de medidas de aerosoles en la Península
Ibérica, la Red Ibérica de Medidas de Aerosoles (RIMA). Debido a su dilatada experiencia
en el manejo de instrumentos de teledetección y a su laboratorio equipado con la instrumen-
tación necesaria y personal debidamente formado en su utilización, se propone como nuevo
centro de calibración de la red AERONET. Trasncurridos unos años se acaba la entidad de
la red RIMA, aunque no con las colaboraciones entre los miembros originales de la red. En
este momento el GOA-UVa continua con sus labores de calibración y mantenimiendo de los
equipos de la red AERONET que se le habían atribuido dentro de RIMA. Para ello se crea la
infraestructura de calibración del GOA (de su nombre en inglés GOA Calibration Facillity).
Esta infraestructura sigue contando con el personal altamente cualificado y la instrumen-
tación necesaria para realizar tal tarea, aunque, según iban trascurriendo los años, se han
añadido a la infraestructura nuevos miembros y nueva instrumentación, siempre orientado a
cumplir con los estándares exigidos por la red AERONET para la calibración de sus equipos
(Toledano et al., 2011). Tras la creación de esta infraestructura se estrecha la colaboración
del grupo con el resto de integrantes de la red AERONET y la participación del GOA-UVa
en las estaciones de calibración de AERONET crece año tras año.

Incorporar las calibraciones de AERONET a las tareas del GOA-UVa desencadenó la
imposibilidad de seguir realizando de forma manual la revisión de los datos, por lo que en
2009 el GOA-UVa decide dar un salto hacia la automatización e incorpora personal técnico
formado en el campo de la Ingeniería Informática. Es en este momento cuando se desarrolla
la herramienta CÆLIS con el objetivo de ayudar a la gestión de todas las estaciones de la red
AERONET calibradas por el GOA-UVa (Fuertes et al., 2018). Esta herramienta da lugar al
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desarrollo de nuevos productos por el grupo y le coloca en un lugar privilegiado para la rea-

lización de ciertos trabajos, como se demuestra en los proyectos nacionales e internacionales

en los que el GOA-UVa ha participado; alguno de los más importantes hasta la fecha son

el proyecto Europeo ACTRIS (iniciado en 2011 y continuado con dos versiones más has-

ta 2019) y el proyecto del plan nacional ePOLAAR (iniciado en 2019 y es la continuación

de otro proyecto de características similares llamado POLARMOON cuya duración fue de

2016 a 2018). Actualmente el GOA-UVa se considera un grupo de investigación multidis-

ciplinar que cuenta entre sus filas con personal con formación en Física, Óptica, Ingeniería

Informática y personal técnico orientado a las labores operativas de la red.

El grupo no se centra únicamente en el manejo del fotómetro solar CIMEL, también

cuenta con instrumentación complementaria para el estudio de los aerosoles por otras técni-

cas de medida. Actualmente tiene amplia experiencia en la utilización de cámaras todo cielo,

estando involucrado en la implantación de una red de cámaras de cielo en distintas estaciones

(Román et al., 2017a,b). También cuenta con un ceilómetro (CHM15k; Lufft manufacturer)

instalado en la estación de Valladolid utilizado para añadir información sobre los aerosoles

(Cazorla et al., 2017; Herreras et al., 2019; Román et al., 2018), así como un radiómetro ce-

nital (ZEN R-52; Sieltec Canarias SL) (Almansa et al., 2017, 2020) y con gran experiencia

en el uso de radiómetros de banda ancha (García et al., 2014; Mateos et al., 2014).

Si bien el GOA-UVa calibra fotómetros de estaciones ajenas al grupo, existe un conjunto

de estaciones con instrumentación perteneciente al grupo, y cuya gestión y mantenimiento

corren a cargo del grupo. Estas estaciones se pueden ver en la Figura 2.2, y son las estaciones

de Ny-Ålesund (Svalbard, Noruega) compartida con el Alfred-Wegener-Institut (AWI), An-

denes (Noruega) compartida con el Norwegian Institute for Air Research (NILU), Palencia y

Valladolid (España) en propiedad del GOA-UVa, Izaña y Teide compartidas con la Agencia

Estatal de Meteorología (AEMET), Camagüey (Cuba) compartida con el Instituto de Meteo-

rologia de la República de Cuba (INSMET) y Marambio (Antártida Argentina) compartida

con el Servicio Meteorológico Nacional de Argentina (SMN) y el Finish Meteorological

Insstitute (FMI). En todas ellas la instrumentación instalada y la responsabilidad sobre los

datos pertenece al GOA-UVa.

Todo esto convierte al GOA-UVa en un grupo puntero en el estudio de los aerosoles

atmosféricos y con una labor operativa crucial para el mantenimiento de la red AERONET.

Esto se transforma en un profundo conocimiento de la instrumentación con la que se realizan

las medidas que facilita la interpretación de los datos y la revisión y mantenimiento de las

estaciones de la red AERONET de las que es responsable.
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Figura 2.2: Ubicación de las estaciones AERONET del GOA-UVa, de Norte a Sur se ven las
estaciones de Ny-Ålesund (Noruega), Andenes (Noruega), Palencia, Valladolid, Izaña, Teide,
Camagüey (Cuba) y Marambio (Antártida, Argentina)

2.2 CIMEL CE318
El fotómetro CIMEL CE318 es el instrumento estándar para todas las estaciones que per-

tenecen a la red AERONET. Se trata de un espectrorradiómetro automático y de campo

desarrollado por la casa francesa Cimel Electronique y ha sido el instrumento utilizado por

AERONET desde sus comienzos.

El funcionamiento de este equipo se basa en realizar medidas de radiación, proveniente

tanto del cielo como del Sol (o de la Luna en los equipos más modernos), en una serie de

longitudes de onda que se seleccionan gracias a una serie de filtros interferenciales estrechos,

que están instalados en el interior de la cabeza sensora del fotómetro. Cada uno de estos

filtros, midiendo a las distintas fuentes de luz (Sol, cielo o Luna) define lo que se conoce

como canales, los cuales corresponden con una longitud de onda específica, así como con

unos coeficientes de calibración y amplificación electrónica específicos. Esto hace, que con

un mismo detector se puedan realizar medidas a las distintas fuentes de luz. El fotómetro está

instalado en un robot seguidor de dos ejes (cenital y acimutal) que permite realizar medidas

en distintas posiciones de la bóveda celeste. La programación de medidas y qué tipo de

medida realizar en cada momento está gestionado por una caja de control que se encarga de

realizar, de forma apropiada, la secuencia de medidas. Una imagen de un fotómetro Cimel la

podemos ver en la Figura 2.3.
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Figura 2.3: Esquema de cada uno de los elementos que componen el CIMEL CE318. En la
imagen se puede ver en la parte izquierda la cabeza sensora montada en el robot seguidor. En la
parte derecha se puede ver la rueda de filtros que está instalada en la cabeza y la caja de control
del fotometro. Imagen obtenida de Guirado-Fuentes (2015)

2.2.1 Familias de los fotómetros CIMEL

El número de canales con los que cada instrumento realiza las medidas varía en función de

la configuración del equipo. Existen múltiples configuraciones distintas de los fotómetros

Cimel, pero todas ellas se pueden agrupar en las siguientes familias:

• Fotómetros estándar:

Surgen a principios de la de década de los 90, hasta 2002 en una versión analógica

y posteriormente en su versión digital. Estos equipos realizan medidas de irradiancia

solar en 8 canales (340, 380, 440, 500, 675, 870, 935 y 1020nm) y miden la radiancia

de cielo en 4 canales (440, 675, 870 y 1020nm). Para realizar dichas medidas constan

de dos detectores de Silicio destinados uno de ellos a realizar las medidas de irradiancia

del Sol y de la radiancia del cielo en la aureola solar (se trata de la zona comprendida

entre 2◦y 6◦de acimut con respecto al centro del disco solar) y el otro detector se

destina a realizar las medidas de radiancia de cielo, de 6◦a 180◦. La amplificación

electrónica con la que se realiza cada una de las medidas puede ser modificada.

• Fotómetros extendidos:

Los primeros modelos datan de 2002. En estos equipos la configuración de los de-

tectores cambia con respecto a los estándar, en este caso el equipo viene configurado
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con un detector de Silicio y otro de Arseniuro de Indio y Galio (InGaAs). Realizan

medidas de irradiancia solar en 10 canales (340, 380, 440, 500, 675, 870, 935, 1020,

1020 (InGaAs) y 1640nm) los canales comprendidos entre 340 y 1020nm se realizan

con el detector de Silicio, mientras que con el detector de InGaAs realiza medidas

en 1020nm (esta medida se realiza por ambos detectores con el mismo filtro) y en

1640nm. A parte, realiza medidas de radiancia de cielo en 6 canales (440, 500, 675,

870, 1020 y 1640nm). Al igual que con las medidas al Sol, la medida a 1640nm la

realiza con el detector de InGaAs y el resto de ellas con el de Silicio. La amplificación

con la que se realiza cada una de las medidas puede ser modificada a través de la caja

de control.

• Fotómetros triples:

A partir de 2013 se desarrolla esta nueva versión del instrumento, la más moderna hasta

el momento. Estos equipos tienen una configuración de detectores y canales igual que

los extendidos. La novedad con estos equipos es que son capaces de realizar medidas

de irradiancia lunar, para obtener propiedades de los aerosoles durante la noche. Para

dar este salto, la electrónica se ha mejorado sustancialmente, pero se ha conseguido

un acuerdo entre la modernización del instrumento y la coherencia de las medidas con

las versiones previas. Uno de los cambios que se ha realizado a nivel de electrónica

en esta última versión es que la amplificación electrónica con la que se realiza cada

medida no puede modificarse y viene fijada por defecto.

2.2.2 Tipos de medidas

Los fotómetros CIMEL realizan dos grandes grupos de medidas. Por un lado, existen las

medidas de irradiancia de Sol, y también Luna en el caso de los fotómetros triples; por otro

lado están las medidas de radiancia de cielo. De estas últimas existen varias geometrías de

medida, cada una de ellas destinada a unos fines distintos.

Utilizando las medidas de irradiancia directa tanto solar como lunar, se puede obtener la

atenuación de la radiación durante su paso a través de la atmósfera para calcular el AOD,

como se explica en la sección 1.2.

Para realizar las medidas de radiancia de cielo, el CIMEL utiliza distintas geometrías

cada una definida en un escenario distinto. Estás geometrías son la de almucantar, la de

plano principal y la de híbrido. Con cada una de estas geometrías se obtiene la cantidad de

luz dispersada por los aerosoles en una serie de ángulos de scattering, como se describe a

continuación:
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• El almucantar es una geometría en la que el ángulo cenital del instrumento permane-
ce fijo e igual al ángulo solar cenital, mientras el ángulo acimutal varía entre 3.5◦y
180◦con respecto al centro del disco solar. Este recorrido lo hace en ambas ramas si-
métricas, es decir, primero realiza la rama izquierda para, una vez finalizada barrer la
rama derecha del cielo, siempre tomando el disco solar como posición de partida. Esta
medida se realiza siempre que la elevación solar esté comprendida entre 38◦y 82◦.

• El plano principal se realiza igualando el ángulo acimutal al mismo que el del Sol, y
variando el ángulo cenital. Siguiendo este esquema, el fotómetro realiza medidas desde
6◦por debajo del disco solar hasta 150◦por encima. Esta medida se realiza cuando la
elevación solar está comprendida entre 4◦y 79◦.

• El escenario híbrido mezcla las geometrías del almucantar y del plano principal. La
característica particular de este escenario es que varía los ángulos acimutales y ceni-
tales hasta barrer un conjunto de ángulos de scattering fijos, hasta llegar a alcanzar el
ángulo cenital de 75◦, cuando empieza a barrer únicamente en el ángulo acimutal. Esta
medida se realiza cuando la elevación solar está comprendida entre 4.5◦y 72◦.

Una representación de estas medidas se puede ver en la Figura 2.4, donde también se
muestran, sobre imágenes de una cámara todo cielo, los puntos de la bóveda celeste en los
que se realiza cada una de las medidas.

Estas medidas se utilizan en los algoritmos de inversión, junto con las medidas de AOD,
para obtener propiedades microfísicas y radiativas de los aerosoles (Dubovik and King, 2000;
Dubovik et al., 2014) tales como el SSA o la distribución de tamaños de aerosoles.

En los fotómetros triples se ha incorporado también un nuevo escenario para medir la
radiancia de cielo en la aureola solar que se llama Curvature Cross Sun. Este escenario
realiza medidas en torno al Sol siguiendo la geometría del escenario híbrido, empezando en
3◦y acabando en 7.5◦cada 0.3◦en ángulos de scattering. La amplificación con la que se realiza
este escenario es la misma que con la que se realizan las medidas de aureola. Este escenario
se realiza en los modelos triples después de cada medida de AOD y es muy útil para detectar
cirros y así realizar un filtrado de nubes en las medidas de AOD (ver sección 3.1).

2.3 CÆLIS
Para ayudar a la gestión de los datos producidos por los fotómetros de la red AERONET de
los que el GOA-UVa es responsable se creó, entre 2008 y 2010, CÆLIS (www.caelis.u
va.es). CÆLIS surge en el momento en que el GOA-UVa requería una mejora profesional
en su sistema de asimilación de datos. Esta mejora atendía a la gran cantidad de datos que
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Figura 2.4: Geometrías de cada una de las medidas de radiancia de cielo que hace el Cimel . En
la parte inferior se muestra un esquema de la geometría. La primera representa un almucantar, la
segunda un plano principal y la tercera un híbrido. En la parte superior se muestra en puntos rojos
los ángulos en los que se mide en cada geometría. Para estos ejemplos se ha usado la cámara todo
cielo instalada en la Facultad de Ciencias de la Universidad de Valladolid con ángulos solares
cenitales de 69.51◦, 70.38◦y 28.25◦respectivamente.

se recibían de continuo y la necesidad de generar productos a partir de esos datos, para

los cuales no era suficiente con las herramientas convencionales que se venían utilizando. En

ese instante se llega a la conclusión que disponer de las herramientas informáticas apropiadas

facilita y mejora la calidad del trabajo a la hora de gestionar redes de instrumentos, como se

describe en el trabajo doctoral Fuertes (2018).

CÆLIS es un sistema en continuo desarrollo que ha evolucionado en función de las

necesidades del centro de calibración así como de la investigación del grupo. Dicha evolución

siempre atiende a los mismos objetivos: (1) la gestión de la información generada por la

red (base de datos y metadatos); (2) ayudar al mantenimiento de la red, lo que incluye un

sistema de alarmas en tiempo real que advierte a los gestores y a los responsables locales

de las estaciones sobre problemas en el funcionamiento de los instrumentos; y (3) Facilitar

las tareas investigadoras al GOA-UVa y a los usuarios de la red, mediante la elaboración de

productos que pueden ser consultados de manera flexible y potente.

CÆLIS está basado en una arquitectura cliente-servidor estando, a su vez, el servidor

compuesto por tres módulos individuales encargados cada uno de ellos de unas tareas con-

cretas. Como se puede ver en la Figura 2.5 el sistema está compuesto por una base de datos,

un módulo de procesado en tiempo casi-real y un frontend (sistema de visualización).

La base de datos es el núcleo central de almacenamiento de todos los datos generados

22



2.3 CÆLIS

Figura 2.5: Diagrama de la arquitectura de CÆLIS. Las flechas indican dónde se inicia la acción
(el flujo de datos es siempre bidireccional). Figura obtenida de Fuertes et al. (2018)

y recibidos en el sistema. En ella se almacenan la información bruta de cada medida así

como toda la meta-información necesaria. Una vez procesados los datos, la salida de los

distintos algoritmos es almacenada también en la misma base de datos. De esta forma, en

un único contenedor, está accesible toda la información necesaria tanto para la comunidad

científica como para los miembros del centro de calibración del GOA-UVa. Los datos se

almacenan en esta base de datos acorde a tres capas lógicas diferenciadas y cada una de

ellas con unos criterios de redundancia y trazabilidad distintos. La capa 0 se encarga de

almacenar las medidas brutas generadas por los instrumentos, esta capa se caracteriza por

ser completamente trazable y los datos almacenados en ella ser escasamente redundantes.

En la capa 1 se almacenarán los productos directos que surgen de procesar las medidas

brutas (radiancias o AOD por ejemplo), la redundancia de esta capa será algo mayor y la

trazabilidad con las medidas brutas descenderá, centrándonos ya en el producto más que

en la medida. En la capa 2 se almacenaran los productos derivados (alarmas, inversiones,

clooud-screening, etc) esta capa la redundancia de datos será muy alta, para facilitar las

consultas, mientra que la trazabilidad con las medidas brutas en ocasiones será nula.

Toda esta información está accesible en la base de datos, pero su interpretación es difícil

para usuarios no expertos en estos sistema. Para hacer la información completamente accesi-

ble a un amplio rango de usuarios CÆLIS cuenta con un módulo de visualización (el módulo

frontend). Este módulo, accesible a través de un portal web, representa de forma amigable

toda la información almacenada en la base de datos. A su vez es el que utiliza el centro de

calibración del GOA-UVa para evaluar el estado de cada uno de los instrumentos, así como
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los responsables de cada instrumento para visualizar los datos generados por sus instrumen-
tos. Poder visualizar a través de este módulo tanto los datos brutos como los datos generados
por los distintos procesados permite detectar posibles anomalías en el funcionamiento de los
instrumentos que no serían posibles detectar sin estos procesados. Un ejemplo de una anó-
malia que es visible a través de este módulo es la que se puede ver en la Figura 2.6. Donde
a partir del procesado del AOD y de los Langleys diarios, que se procesan en CÆLIS, se
detecta una obstrucción en el caminio óptico a la hora de realizar la medida.

Figura 2.6: Módulo de visualización de CÆLIS que permite acceder a los datos procesados por
el sistema para detectar anomalías en las medidas de los distintos instrumentos. Figura obtenida
de www.caelis.uva.es

El tercero de los elementos que componen el sistema de CÆLIS es el módulo de pro-
cesado en tiempo casi-real. Este módulo procesa datos inmediatamente tras su llegada al
servidor. Este servicio es que ha sido diseñado para que nuevos procesados puedan ser in-
cluidos en él. Un ejemplo de esto es lo que se ha hecho con el AOD, tanto del día como de
la noche, y con el filtrado de medidas afectadas por nubosidad (Cloud Screening). Una vez
los nuevos procesados se incluyen en el servicio, éste garantiza ofrecer el resultado de los
procesados en tiempo casi-real. De esta forma, si se crea un nuevo procesado de datos, se
podrán construir una serie de alarmas que permitan identificar funcionamientos erróneos en
los instrumentos. Así, con la incorporación de nuevos procesados, no solo se mejora en el
conocimiento sobre los aerosoles atmosféricos, sino que también ayuda a que la información
que se tiene sobre los aerosoles sea más fiable debido a la calidad con la que están hechos
los productos procesados.

El módulo de procesado en tiempo casi-real se nutre de recursos externos que han de ser
asimilados por CÆLIS. Para ello, CÆLIS almacenan en la base de datos información rela-
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tiva a espectros extraterrestres (solar y lunar), datos meteorológicos (presión), coeficientes
de absorción de gases, etc, que se usan de forma común para todos los procesados que se
realizan. Esta asimilación depende de la disponibilidad de cada uno de los recursos, pudien-
do retrasarse con respecto a la hora prevista de ejecución y no ser inmediata. En caso de
no estar disponible el recurso en el momento del procesado se utilizan datos estándar que,
aunque su precisión sea menor, permiten tener un pre-procesado de datos que también aporta
información de la medida. Para conocer con certeza la precisión de los datos externos que se
han utilizado con cada medida, existe en CÆLIS una serie de etiquetas (o flags) asociados a
cada medida que indican, para cada recurso necesario, el nivel de precisión utilizado.

Con todo este sistema montado es relativamente sencillo incorporar nuevos instrumen-
tos, como ya se ha hecho en ocasiones para realizar determinados estudios (Toledano et al.,
2018). Bastaría con asimilar dentro de CÆLIS las medidas brutas del nuevo instrumento y
ejecutar los algoritmos ya desarrollados. De esta forma, los productos obtenidos de los distin-
tos instrumentos que estén incluidos, estarían generados de manera similar y su comparación
sería independiente del procesado. La realización de los artículos expuestos en la sección 3
se ha basado en el uso de la herramienta CÆLIS y la inclusión de nuevos productos en ella.
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CAPÍTULO

3
Resultados

3.1 Artículo 1: Daytime and nighttime aerosol optical depth
implementation in CÆLIS

3.1.1 Resumen y comentarios

De acuerdo con lo descrito en la Introducción, una de las magnitudes fundamentales para el

estudio de los aerosoles atmosféricos es el espesor óptico de aerosoles o AOD. Esta variable

es útil para el control y monitorización de la calidad de las medidas que los fotómetros

realizan, así como el estado de estos instrumentos. Por todo ello, es importante disponer de

valores calculados de AOD de alta calidad y cuyo algoritmo de cálculo esté bien contrastado.

Sin embargo, el cálculo de un AOD de calidad no es suficiente para los distintos problemas

planteados, si no que además se necesita un algoritmo capaz de detectar los valores de AOD

contaminados por nubes.Estas medidas no son aceptables para el estudio de los aerosoles

y pueden llevar a resultados erróneos de no ser descartadas. En este marco, la herramienta

CÆLIS, desarrollada para la gestión de las estaciones de la red AERONET, aporta soluciones

homogéneas a estos problemas.

Si bien las ecuaciones para el cálculo del AOD están bien documentadas y son sencillas

de procesar, en el cálculo del AOD entran en juego bastantes detalles que deben tenerse

en cuenta. En esta sección se explica en detalle el proceso que se sigue en CÆLIS para

obtener el AOD, dejando documentadas cúales son las fuentes auxiliares de datos que se

utilizan durante el proceso. De la misma forma se explica el algoritmo que determina si los

datos están contaminados o no por nubes (este algoritmo se conoce como Cloud Screening).
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Ambos algoritmos, tanto el del AOD como el del Cloud Screening, están basados en la

Version 3 de AERONET.

Para demostrar la precisión y exactitud del algoritmo desarrollado en CÆLIS se ha com-

parado con la base de datos de AERONET. Con este fin, se han seleccionado 9 estaciones,

pertenecientes al GOA-UVa y con características diferentes, durante los años 2016 a 2018,

lo que ha llevado a analizar más de 250000 medidas.

Para el caso del AOD, se han calculado las diferencias entre el AOD de CÆLIS y el

de AERONET. Todas las diferencias obtenidas están por debajo del criterio U95 (WMO,

2005). La media de las diferencias están comprendidas entre −1.3 × 10−4 (para el AOD en

870 nm) y 6.2 × 10−4 (para el AOD en 380 nm). La desviación estándar de las diferencias

está comprendida entre 2.8 × 10−4 4 (en 675 nm) y 8.1 × 10−4 (en 340 nm). Estos resultados

demuestran la alta exactitud y precisión del algoritmo desarrollado implementado en CÆLIS.

La validación del algoritmo de Cloud Screening de CÆLIS se ha realizado comparando

los valores de AOD que el algoritmo de CÆLIS no rechaza por nubes con los datos que

llegan al nivel 1.5 de AERONET. Esta comparación ha dado como resultado que entorno al

99.9 % de los datos de AOD considerados como “sin nubes” por AERONET son calsificados

de la misma manera también por el algoritmo de CÆLIS; de la misma manera, el 99.9 % de

los datos clasificados como “con nubes” en AERONET lo son también el CÆLIS.

Con estos resultados se puede asegurar que el algortimo de AOD y de Cloud Screening

desarrollado en CÆLIS cumple con las espectativas esperadas, proporcionando datos de

AOD (y su filtrado de nubes) similares a los de AERONET, siendo este el AOD de referencia.

A continuación, se pueden leer todos los detalles en el artículo correspondiente.

3.1.2 Daytime and nighttime aerosol optical depth implementation in
CÆLIS

Ramiro González1, Carlos Toledano1, Roberto román1, David Fuertes2, Alberto Berjón1,3,4,

David Mateos1, Carmen Guirado-Fuentes1,3, Cristian Velasco-Merino1, Juan Carlos Antuña-

Sánchez1, Abel Calle1, Victoria E. Cachorro1, and Ángel M. de Frutos1

1 Group of Atmospheric Optics, University of Valladolid (GOA-UVa), Valladolid, Spain
2 GRASP-SAS, Remote Sensing Developments, Villeneuve D’Ascq, France
3 Izaña Atmospheric Research Center, Meteorological State Agency of Spain (AEMET),

Izaña, Spain
4 TRAGSATEC, Madrid, Spain
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Abstract The University of Valladolid (UVa, Spain) has manages a calibration center of

the AErosol RObotic NETwork (AERONET) since 2006. The CÆLIS software tool, de-

veloped by UVa, was created to manage the data generated by AERONET photometers, for

calibration, quality control and data processing purposes. This paper exploits the potential

of this tool in order to obtain products like the aerosol optical depth (AOD) and Ångström

exponent (AE), which are of high interest for atmospheric and climate studies, as well as to

enhance the quality control of the instruments and data managed by CÆLIS. The AOD and

cloud screening algorithms implemented in CÆLIS, both based on AERONET version 3, are

described in detail. The obtained products are compared with the AERONET database. In

general, the differences in daytime AOD between CÆLIS and AERONET are far below the

expected uncertainty of the instrument, ranging in mean differences between −1.3 × 10−4

at 870 nm and 6.2 × 10−4 at 380 nm. The standard deviations of the differences range from

2.8 × 10−4 at 675 nm to 8.1 × 10−4 at 340 nm. The AOD and AE at nighttime calculated by

CÆLIS from Moon observations are also presented, showing good continuity between day

and nighttime for different locations, aerosol loads and Moon phase angles. Regarding cloud

screening, around 99.9% of the observations classified as cloud-free by CÆLIS are also

assumed cloud-free by AERONET; this percentage is similar for the cases considered cloud-

contaminated by both databases. The obtained results point out the capability of CÆLIS as a

processing system. The AOD algorithm provides the opportunity to use this tool with other

instrument types and to retrieve other aerosol products in the future.

3.1.2.1 Introduction

Atmospheric aerosol particles contribute to climate forcing through their interactions with

radiation and clouds, and its impact is still subject to large uncertainty (IPCC, 2014). Aer-

osol measurements are carried out worldwide in order to reduce these uncertainties using

various techniques: active and passive remote sensing (from the ground and space) and in

situ. Sun (and Moon) photometry is one of the most extended techniques for aerosol remote

sensing; the main parameter provided by photometers is the aerosol optical depth (AOD),

i.e., the extinction by aerosol particles in the entire atmospheric column. AOD is a proxy

for the aerosol load in the atmosphere; its variation with wavelength, usually quantified by
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the Ångström exponent (AE), provides information about the size predominance of these

particles (Angström, 1961).

Ground-based photometers use direct Sun (or Moon) spectral irradiance to derive AOD.

It is calculated from these measurements using the Beer-Bouguer-Lambert law (Shaw, 1976).

The AOD uncertainty depends on the photometer model, but it is usually small, about 0.01-

0.02 in daytime. These measurements are therefore considered the "ground truth" for calib-

ration and validation purposes.

Ground-based photometer networks provide long-term and near-real time aerosol data

that are used for aerosol property monitoring, satellite and model calibration and validation

purposes, and synergy with other instruments. These are the objectives of the Aerosol Ro-

botic Network (AERONET; Holben et al. 1998), the most extended photometer network, but

similar objectives are also pursued by the GAW-PFR network (Kazadzis et al., 2018b) and

SKYNET (Takamura et al., 2004). The aerosol monitoring activity in the photometer net-

works relies on the standardization of instruments, calibration and processing (Holben et al.,

1998; Wehrli, 2000). This is the case for AERONET, in which the standard instrument is

the Cimel CE318 photometer. This is an automatic instrument that is able to perform dir-

ect Sun observations (and direct Moon in the latest version) and a number of sky radiance

scans. Narrowband filters and two detectors (Si and InGaAs) allow spectral measurements

in the range 340-1640nm. The extinction measurements (Sun or Moon) are taken every 3-15

minutes, and consist of three measurements per spectral channel collected within 1 minute.

These ’triplets’ are the basic measurement for evaluation of the instrument stability and the

identification of cloud contamination.

The calibration needed for AOD evaluation is the extraterrestrial signal of the instrument,

which is normally derived using the Langley plot technique (Shaw, 1983) for reference in-

struments, or side-by-side comparison for field instruments. The reference instruments are

calibrated at high altitude stations like Mauna Loa and Izaña (Toledano et al., 2018). Field

instruments are calibrated at intercalibration sites. In the AERONET network, calibration

facilities at GSFC/NASA(Greenbelt, USA), PHOTONS/LOA (Lille, France) and GOA/UVa

(Valladolid, Spain) are used for this activity. The instruments are routinely calibrated and

maintained to ensure data quality. The facilities at Lille and Valladolid are also part of

the Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS, www.actris.eu), a

pan-European initiative to provide open and high-quality observations of those atmospheric

constituents.

There is a need to evaluate the photometer data in real time and control large amounts of

data generated by the network. Hence, in order to help in the management of the AERON-

ET/ACTRIS calibration facility at Valladolid, a software tool called CÆLIS was developed
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(Fuertes et al., 2018). It provides tools for monitoring the instruments, processing the data

in real time and offering the scientific community a new tool to work with the data. For this

purpose, CÆLIS contains a database and a web interface to visualize raw data and metadata,

provides processing of sky radiances and supports the monitoring of the instrument perform-

ance. This tool is capable of detecting several technical problems with the network instru-

ments through an automatic warning system based on the CÆLIS metadata and products,

which allows a quick response to detect and solve operation problems.

In this framework, the calculation of the AOD is important because several checks can

be applied to the data to ensure the reliability of the measurements. Moreover, CÆLIS also

intends to be a framework to facilitate research activities, with the AOD being a key product

in present and future investigations. Therefore, the main objective of this paper is to develop

and describe the implementation of the aerosol optical depth and cloud screening algorithms

in CÆLIS.

The AOD product must be robust and operational: for example, it must work for any

site and instrument configuration, even with incomplete or damaged raw data files, which it

should adequately flag if it is the case. CÆLIS is focused on AERONET and the Cimel pho-

tometer simply because that is the framework of our calibration activity. And this is actually

the best reference point that we have in order to validate the AOD algorithm. Therefore we

will compare the results with those provided by the AERONET version 3 AOD algorithm

(Giles et al., 2019), including the cloud screening, which is necessary because AOD can only

be derived when the Sun or Moon is not obstructed by clouds.

We present the general framework for the AOD calculation (section 3.1.2.2) and then

the daytime (solar) and nighttime (lunar) algorithms are described in detail (sections 3.1.2.3

and 3.1.2.4). The latter includes a novel correction (Román et al., 2020) that considerably

improves the quality of the lunar retrievals. The cloud screening is described in section

3.1.2.5, and finally the algorithm results are compared with the AERONET database (section

3.1.2.6).

3.1.2.2 General framework for AOD calculation

The calculation of aerosol optical depth in CÆLIS is intended to provide this parameter

for a number of instruments, i.e., the photometers within the AERONET network that are

calibrated at the University of Valladolid and routinely provide measurements to the CÆLIS

system. They constitute an operational network with about 40 active sites that deliver data

in near real-time. Therefore the algorithm needs to be robust and work in a large variety

of circumstances, such any site location, different instrument types, incomplete ancillary

information and with defective input data.
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The algorithm to calculate the aerosol optical depth is composed of two main parts. In the

first part the algorithm searches in the database all the meta-information about the photometer

at the specific date and time, such as calibration coefficients, location and filters. In the

second part, the raw measurement data and the meta-information are used to calculate the

AOD.

Figure 3.1 shows the process followed to generate the AOD, and as can be observed, it

requires a lot of ancillary information. All that information is being stored in the CÆLIS

database. Each photometer on any particular date and time is linked in one deployment

(’installation’) with all that ancillary information. In this installation the information related

to the beginning and ending dates when the photometer was deployed in one site, as well

as the coordinates of the site, are stored. Once the photometer location is known, the next

step is to know the specific instrument configuration. In this step all the information related

with the instrument type1, which could change from one deployment to another, is needed

in addition to information about the interference filters of the photometer, e.g. the central

and nominal wavelength of the spectral channels and the specific gaseous and water vapor

absorption coefficients for those wavelengths.

Then, the algorithm reads the photometer calibration (extraterrestrial signal at mean

Earth-Sun distance) and the temperature correction coefficients. This information is provided

by the Valladolid calibration facility to the AERONET database and is therefore identical to

that used in the AERONET version 3 products. The calibration is then adjusted to the Earth-

Sun distance for each observation date and time.

The ancillary information needed for the processing is the local pressure and the column

of absorbing gaseous species taken into account: ozone, nitrogen dioxide, carbon dioxide

and methane. A detailed description of how this information is obtained by CÆLIS for

the specific date, time and location is provided in section 3.1.2.2.3. Three levels are estab-

lished for the ancillary meteorological data: 1) meteorological data fields; 2) climatology;

3) standard atmosphere. This is also the hierarchy for the data usage. Therefore, a default

value, as provided by a standard atmosphere model (for example pressure), will only be

used in the case that the meteorological data fields or climatology table are not available.

This approach is intended to provide the necessary ancillary information in a consistent and

operational way across the network, even if some sites could provide more accurate values

with colocated measurements. For absorbing gaseous species, we use a monthly climatology

1Three generations of Cimel photometers are nowadays used in AERONET: analog (starting 1992), digital
(starting 2002) and “triple” (starting 2013) instruments (Toledano et al., 2018). Within these three families, sev-
eral versions were developed: standard, extended, polarized, seaprism, etc. Thus a variety of Cimel instruments
is in operation in AERONET.
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Figure 3.1: Flux diagram of the retrieval of necessary data to be used by the AOD algorithm.
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(see section 3.1.2.2.3). In the case that some station do not have data for a certain month, a

seasonal mean (or annual, if necessary) is used instead.

At this point the first main part of the algorithm flow is concluded. A series of flags

have been filled in relation to the obtained meta-information, and the algorithm enters the

second part, in which the raw data on direct irradiance are processed. The workflow of the

computation is shown in Figure 3.2.

As already mentioned, CÆLIS stores all the data generated by the photometers that are

calibrated at our facility. Therefore, the AOD algorithm only needs to get the raw data from

the correct table of the database and use them to calculate the AOD for each measurement.

This procedure must be repeated a number of times, which depends on the instrument type.

In digital and triple Cimel photometers, equipped with 10 spectral channels, a total of 30

measurements are collected in each AOD observation. The three measurements per channel

acquired over 1 minute (triplets) constitute the basic AOD measurement for each wavelength.

A temperature correction is applied to these raw data according to the internal temperature

recorded at the sensor head (see section 3.1.2.2.3 for details).

The total optical depth (TOD) can be computed using the Beer-Bouguer-Lambert law, as

shown in section 3.1.2.3, and then the contributions of molecules and gaseous absorption for

each wavelength are subtracted from the TOD in order to obtain the AOD. The precipitable

water vapor column (PWV; section 3.1.2.3.2) is also derived from the photometer meas-

urements using the 940nm channel; this PWV value is used to further correct the AOD at

1020nm and 1640nm channels for (minor) water vapor absorption (Smirnov et al., 2004).

The Ångström exponent is also calculated from the retrieved AOD values (section 3.1.2.3.2).

Finally, the obtained AOD values with three observations per wavelength will be screened

for cloud contamination (section 3.1.2.5).

3.1.2.2.1 CÆLIS database structure for AOD

CÆLIS is composed of a relational database, a processing module and a web interface

(Fuertes et al., 2018). As indicated above, in this database we can find all the informa-

tion required to compute the AOD. Thanks to the deployment records (installations) in the

database, we can link, for a specific date, all the physical and logical information about each

particular instrument and how it is (or was) configured. That means we can access to the

calibration coefficients of each spectral channel, the raw data and the filter specifications.

All this information is stored in different tables of the database.

Similarly, after running the AOD algorithm, all the information generated will be stored

in different tables of the database. Specifically two tables are designed to store all the AOD

information. One table stores the information that is common for all the spectral channels,
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Figure 3.2: Flux diagram of the AOD computation in CÆLIS.
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including date and time, site, solar zenith angle, Earth-Sun distance, pressure and algorithm

version. All the information stored in the common table is used to calculate the AOD for

each channel. It also stores the derived Ångström exponent and PWV values. The second

table stores the specific information for each spectral channel. That means we can find in this

table the exact central wavelength of the filter, the calibration coefficient and the temperature

correction of the channel, the specific absorption coefficient for gases, and the calculated

values for the various components (total, Rayleigh, gaseous absorption and aerosol optical

depth). According to the CÆLIS database structure (Fuertes et al., 2018), the AOD is a

level 1 product (’direct product’); therefore, some redundant information is included in these

tables in order to facilitate data extraction by users.

3.1.2.2.2 Computing

Thanks to the processing chain of CÆLIS, the near real time provision of AOD can be

achieved. Every raw data file that is received in CÆLIS activates a set of triggers. First

of all, the AOD algorithm runs between the first and last measurement included in the data

file. Once a first version has been calculated, the system checks whether the AOD has been

generated using a pressure value obtained by meteorological analysis (section 3.1.2.2.3) or

if only standard pressure was available. If pressure from a meteorological analysis was not

yet in the database, the system creates a new task (12 hours later) to reprocess the data until

analysis pressure data are available.

Each file received by the system activates the task to calculate the cloud screening. This

task runs the cloud screening algorithm for the full day, between 00:00 and 23:59 local

time, even if the file does not cover the entire day. Once the AOD and the cloud screening

have been calculated, the AOD can be used for further calculations. For instance, a task is

triggered to calculate a set of quality control flags, some of them using the calculated AOD

as input.

3.1.2.2.3 Ancillary data

Global Data Assimilation System
NOAA’s Air Resource Laboratory runs a series of meteorological analyses and reana-

lyses; one of these is de Global Data Assimilation System (GDAS; see https://www.nc

dc.noaa.gov/data-access/model-data/model-datasets/global-data-

assimilation-system-gdas). The GDAS is run four times per day, at 00:00, 06:00,

12:00 and 18:00 UTC. Model output is a grid with 1 degree resolution (360-181◦latitude-

longitude). This grid contains several meteorological fields at a set of pressure levels.
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GDAS data are stored in CÆLIS every 6 hours for the purpose in calculating the local

pressure for every site of the network. The pressure at the site elevation is calculated from a

set of standard geopotential heights and interpolated in time. When pressure from GDAS is

not available, the algorithm uses a standard pressure calculated with the site elevation, based

on the US Standard Atmosphere. A flag indicates if the current AOD value is calculated with

a standard pressure or using GDAS pressure.

This strategy to obtain pressure for all network sites is similar to the one followed by

AERONET using NCEP/NCAR reanalysis data (Giles et al., 2019). Figure 3.3a presents the

scatter plot between the pressure from CÆLIS and AERONET; the range of pressure values

spans from 660hPa at the Teide site (3570m a.s.l.) up to 1030hPa at sea level sites. More than

180000 pressure values used for AOD observations are compared in this plot, showing a high

correlation between the two databases. The differences between local pressure calculated

by CÆLIS and AERONET are in general below 2hPa as shown in Figure 3.3b, where we

observe a mean difference of 0.07hPa and standard deviation of about 1.1hPa . Similar

differences are found between GDAS pressure and actual pressure measurements (e.g. Abreu

et al., 2012)).

The use of local pressure data is expected in CÆLIS for the future and will simply add

another layer on top of the abovementioned hierarchy.

Figure 3.3: (a) CÆLIS atmospheric pressure as a function of AERONET atmospheric pressure
for different stations. (b) Frequency histogram of the atmospheric pressure differences between
CÆLIS and AERONET databases for all stations.

Temperature correction
The Cimel photometers are not stabilized in temperature during operation. In turn, the

sensor head is equipped with a temperature sensor that allows correcting the measured sig-

nals with respect to a reference temperature of 25◦C. The correction is based on a laboratory
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characterization in a thermal chamber. Whenever a hardware element is changed in the pho-

tometer head (filter, detector, electronic card) a new thermal characterization is run for the

instrument. The AERONET procedure for temperature characterization of the Cimel photo-

meters is described in detail in Giles et al. (2019).

The information produced during these characterizations, i.e., the temperature correction

coefficients for each wavelength above 400nm, is stored in the corresponding table of the

CÆLIS database. These are extracted by the AOD algorithm to correct raw signals accord-

ing to the corresponding measurement temperature. The function to correct a signal with

temperature is quadratic (i.e. two coefficients per channel). Whenever a characterization is

not available for a particular instrument or channel, a default standard correction is applied,

as produced by the AERONET analysis of historical filters, based on the filter manufacturer

or type.

Climatology tables
The AOD algorithm needs to account for gaseous absorption at different wavelengths.

Several gaseous species are taken into account: ozone, nitrogen dioxide, carbon dioxide and

methane. The column amounts of CO2 and CH4 are considered constant, and a fixed value of

optical depth scaled to local pressure is used to account for these absorptions in the 1640nm

channel (Giles et al., 2019). For O3 and NO2 CÆLIS uses climatology tables produced from

satellite observations.

Figure 3.4: Climatology of NO2 (Dobson units x103) for the month of August. Data obtained
from OMI version 3 (OMNO2d gridded, level 3) data between 2005 and 2017.

These climatology tables are monthly averages assigned to the 15th day of each month.

The column abundance on other days is obtained by temporal interpolation. The NO2 clima-

tology was obtained from OMI version 3 (OMNO2d gridded level 3, Krotkov et al., 2017)
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data between 2005 and 2017. An example of global NO2 for the month of August with this

climatology can be seen in figure 3.4. For the O3 climatology we use the multi-sensor reana-

lysis from GOME-2, OMI and SCIAMACHY sensors between 1978 and 2008 (van der A

et al., 2010). An example, in this case the global values of O3 for the month of May, can be

seen in figure 3.5, where higher ozone values are observed in the Northern Hemisphere, as

expected in spring.

Figure 3.5: Climatology of O3 (Dobson units) for the month of May. Data obtained from the
ulti-sensor-reanalysis from GOME-2, OMI and SCIAMACHY sensors between 1978 and 2008.

The comparison between the climatology tables used in CÆLIS and AERONET for NO2

and O3 is shown in figure 3.6 by means of frequency distributions of the differences. For

NO2, the determination coefficient between CÆLIS and AERONET is high (R2=0.978), and

the mean of all differences (-0.04 DU) highlights a small underestimation by the CÆLIS

database to AERONET climatology values with a standard deviation around 0.02 DU. In

the case of O3, the scatter plot indicates very good correlation (R2=0.995); the departure is

typically within ±5 DU with a mean bias close to zero and a standard deviation of around

2.5 DU.

For calculation of the absorption optical depth of these species, the spectral absorption

coefficients provided by Gueymard (1998) are applied, taking into account the spectral re-

sponse functions of the individual filters.
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Figure 3.6: Frequency histogram of the differences between CÆLIS and AERONET databases
for (a) NO2 climatology and (b) O3 climatology. Data in Dobson units (DU).

3.1.2.3 Direct Sun algorithm

3.1.2.3.1 Aerosol optical depth

The basic equation for aerosol optical depth calculation is the Beer-Bouguer-Lambert law

(Cachorro et al., 1987; Shaw, 1976). In practice, this equation is applied to the raw instru-

ment signal at a given wavelength that is measured at ground level (V ) and the signal that

the photometer would have at the top of the atmosphere (V0) (equation 3.1):

V (λ) = V0(λ) ·R−2 · e−τ(λ)·m (3.1)

In this equation R is the Earth-Sun distance in astronomical units, m is the optical air

mass that indicates the relation between extinction in the vertical column and that in the

measurement (slant) path, thus related to the zenith angle of the target (Sun, Moon, star),

and τ is the TOD. The aerosol optical depth can be then derived by subtracting the contribu-

tion to extinction by all other atmospheric components: scattering by molecules (Rayleigh

scattering) and absorption by gases at a given wavelength.

The voltage signal (V ) has a temperature correction following equation 3.2. C1 and C2

are the coefficients for the thermal characterization that are stored in the database, and T is

the temperature given by the sensor head during the measurement.

V = V ′/(1 + C1(T − 25) + C2(T − 25)2) (3.2)

An absolute calibration (given by V0) is required for AOD retrieval. In order to obtain the

top-of-atmosphere instrument signal the Langley plot method can be applied (Shaw, 1983;
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Toledano et al., 2018) or the calibration can be transferred from a reference instrument by

side-to-side comparison (Holben et al., 1998). This calibration is supposed to be constant

over time except for the Earth-Sun distance variations. A linear interpolation between pre-

and pos-deployment calibration factors is applied.

Different air mass factors m are taken into account for the various species; the reason

behind this is the different vertical distribution of the gases (O3 is mainly stratospheric, CO2

is uniformly mixed). Hence equation 3.1 can be rewritten as

V (λ) = V0(λ) ·R−2 · e−[τa(λ)·ma+τR(λ)·mR+τg(λ)·mg ] (3.3)

where the ’a’ subscript stands for aerosol, ’R’ for Rayleigh and ’g’ for gases. Finally, the

aerosol optical depth (τa) can be directly calculated from equation 3.3 by:

τa(λ) = − 1

ma

·
[
ln

(
V (λ)

V0(λ)R−2

)
− τR(λ) ·mR − τg(λ) ·mg

]
(3.4)

The gaseous absorptions considered in the processing are the O3, NO2, H2O, CO2 and

CH4. The air mass for molecular (Rayleigh) scattering mR is taken from Kasten and Young

(1989), whereas the Rayleigh optical depth is taken from the Bodhaine et al. (1999) formula

and weighted with local pressure. The O3 air mass is taken from Komhyr et al. (1989).

For aerosol and NO2, CÆLIS uses mR, and for water vapor (mw) the formulation given by

Kasten (1965). The CO2 and CH4 optical depths (1640nm wavelength) are taken as fixed

values of 0.0087 and 0.0047 respectively, corrected by local pressure (Giles et al., 2019).

The solar zenith angle used in the air mass calculations is computed following Michalsky

(1988).

3.1.2.3.2 Ångström exponent & precipitable water vapor

Once the spectral AOD has been calculated, the precipitable water vapor and the Ångström

exponent can be calculated. The AE is defined as the negative slope of a linear regression

between the logarithm of AOD and the logarithm of the wavelength (in microns) in a defined

spectral range. Two AEs are calculated: AE(440-870) for AOD between 440nm and 870nm

and AE(380-500) for the range 380nm to 500nm. AE is expected to be different in the

different spectral ranges and it depends on the aerosol type (Eck et al., 1999; O’Neill et al.,

2001; Vergaz et al., 2005).

The spectral channel that provides the optical depth in the 940nm water vapor absorption

band is used to calculate the PWV. In this channel extinction is produced by aerosol and mo-

lecules as well as water vapor absorption. Therefore, CÆLIS first estimates the AOD at that

wavelength as the extrapolation from AOD(870nm) and AOD(675nm) using the Ångström
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power law in that particular region. Then, CÆLIS follows the methodology described by

Schmid et al. (1996), which requires specific characterization of the 940nm filter function of

the photometer. This is based on a series of radiative transfer simulations that provide a and

b coefficients, unique for each filter, that are used to model water vapor transmittance Tw in

the band for the photometer:

Tw = exp[−a(mwu)b] (3.5)

Where u is the water vapor abundance and mw the corresponding air mass. Taking all

this into account, u can be finally derived from the photometer signal in the 940nm channel

as:

u =
1

mw

(
lnTw
a

)1/b

=
1

mw

(
−lnV (940) + lnV0(940) − τR(940) ·mR − τa(940) ·ma

a

)1/b

(3.6)

The calibration factor (extraterrestrial signal) for the 940nm channel is also performed

during the routine calibrations together with the aerosol channels.

3.1.2.4 Direct Moon algorithm for AOD

The main difference between lunar and solar photometry is that the Moon reflects solar

irradiance instead of emitting visible light by itself. This fact means that extraterrestrial lunar

irradiance significantly changes, mainly with the Moon phase angle (MPA), even during one

single night. Hence, accurate knowledge of the extraterrestrial lunar irradiance is needed

for lunar photometry purposes. To this end, CÆLIS computes for each observation the

extraterrestrial lunar irradiance at several wavelengths following the method of the RIMO

model (ROLO Implementation for Moon’s Observation; Barreto et al. (2019)), which is

an implementation of the ROLO (RObotic Lunar Observatory) model (Kieffer and Stone,

2005), making use of the SPICE Toolkit (http://naif.jpl.nasa.gov/naif/toolkit.html) (Acton

et al., 2018; Acton, 1996). After that, these lunar irradiance values are multiplied by a

correction factor proposed by Román et al. (2020), which depends on MPA and wavelength.

Following the Beer-Bouguer-Lambert law, the AOD can be calculated as follows (Barreto

et al., 2013):

τa(λ) =
ln [κ(λ)] − ln [V (λ)/I0(λ)] − τg(λ) ·mg − τR(λ) ·mR

ma

(3.7)

where κ is the calibration coefficient for an effective λ-wavelength, I0 is the corrected

extraterrestrial lunar irradiance at the same effective wavelength, V is the photometer signal
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at the channel of the effective λ wavelength and (m) values are the optical air masses calcu-

lated by the Kasten formula (Kasten and Young, 1989) using the Moon zenith angle (MZA)

as input.

The AOD can be calculated at nighttime using equation 3.7 if the calibration coefficient

κ is known. In this work κ(λ) is calculated by the so-called gain calibration method (Barreto

et al., 2016). This method consists of transferring the solar calibration to the lunar channels.

The detectors are the same for Sun and Moon direct irradiance measurements in the Cimel;

but, in order to reach a higher signal range, the Moon signal is electronically amplified by a

gain factor, G, with a nominal value of 4096 (212). Taking into account the fact that the only

difference between Sun and Moon measurements is in this gain factor, the Sun calibration

can be transferred to the Moon channels:

κ(λ) =
V0(λ)

E0(λ)
·G (3.8)

where V0(λ) is the Sun calibration coefficient and E0(λ) the extraterrestrial solar irradi-

ance (Wehrli, 1985), both at the λ wavelength. The gain calibration is simpler and it is not

dependent on the RIMO (or other lunar irradiance model) and it only requires the calibra-

tion of the solar channels, which is routinely provided for AERONET instruments. Hence,

CÆLIS calculates AOD at nighttime using the stored V0 values and equations 3.7 and 3.8.

The UV channel of 340 nm is not considered due to the low Moon signal recorded by the

photometer at these channels, which implies a low signal-to-noise ratio. More details about

the correction applied to the RIMO values and the methodology of AOD calculation can be

found in Román et al. (2020).

3.1.2.5 Cloud screening

Global photometer networks like AERONET run hundreds of sites equipped with automatic

instruments, that measure continuously. AOD retrieval requires that the Sun is not obstructed

by clouds therefore, an automated cloud screening algorithm is required to remove cloud-

contaminated AOD data, which in general are higher, present higher time variability and

show lower spectral dependence than aerosol data. Many algorithms have been published in

the literature, in many cases closely tied to the instruments in particular, although many com-

mon principles are frequently used: the temporal variability at different timescales, either on

the raw signals or the computed AOD, and the analysis of spectral variation (Harrison et al.,

1994; Khatri and Takamura, 2009; Smirnov et al., 2000; Wehrli, 2008). Recently, AER-

ONET improved the cloud screening algorithm with several significant changes, including

the addition of aureole radiance checks for detection of thin cirrus clouds (Giles et al., 2019).
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A cloud screening procedure is therefore needed in CÆLIS. Given the extensive tests

with large data sets performed by Giles et al. (2019) and the improvements shown with

respect to the previous algorithm, we have tried to reproduce this algorithm for Cimel pho-

tometers as a first step for CÆLIS.

The first step of the algorithm is to determine whether the Sun triplet collected is a valid

measurement for AOD computation. In this sense, a minimum signal must be achieved in

the measurement in order to guarantee that photometer is pointing to the Sun (or Moon), i.e.

more than 100 counts in the infrared channels (870 and 1020nm). In addition, if any raw sig-

nal is lower than the extraterrestrial signal (calibration factor) divided by 1500, which means

total optical depth multiplied by an air mass of about 7, then the corresponding channel is

rejected. Moreover, if the variability of the triplet signal (calculated as the root mean square

over the mean) is larger than 16% in any channel, then the full observation is rejected.

The observations that qualify for AOD computation are then checked for AOD variability.

Initially all observations are considered ’cloud-free’. They will be flagged as cloudy if the

triplet variability (maximum - minimum AOD) is larger than 0.01 (or 0.015 · τa, whichever

is greater) for 675, 870, and 1020 nm channels, simultaneously. If all three channels exceed

this threshold, then the measurement is labelled a ’large triplet’. From this point on, a number

of checks are done by the algorithm, that can result in the remaining cloud-free triplets being

flagged as cloudy. The label will indicate which check was activated. The first checks are

related to quality control:

• If the air mass is larger than 7, then we apply the label ’airmass_range’.

• We check that the Ånsgtröm exponent is within the interval [-1, 4]. Otherwise the data

are not realistic and we apply the label ’Angstrom_range’.

Then the set of measurement points within a local day (sunrise to sunset) are analyzed

together. Whenever new data are received within a certain day, this part of the algorithm will

run for all the data available for that day.

• All cloud-free observations of an entire day are labeled potential_measurements when

the number of remaining cloud-free observations is fewer than three in the day, or 10%

of the potential measurements attempted by the photometer in that day.

• The temporal variability of AOD at 500 nm is calculated for each pair of consecutive

remaining cloud-free observations; the observation with the largest measurement in

the pair is assumed to be cloud-contaminated and labeled smoothness_criterion if the

difference is larger than 0.01 per minute. This process is iterative and continues until
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no further data are classified as cloud-contaminated by this criterion or the number of
data is less than 3 or 10% of the potential measurements, as indicated above.

• The curvature check for aureole radiance is then performed, as described by Giles
et al. (2019). This is a novel approach that takes advantage of the Cimel photometer
to measure solar aureole radiances, and it is intended to detect thin cirrus clouds. For
this purpose, the curvature of the aureole radiance (1020nm) vs. scattering angle is
analyzed. If this flag is activated, then the triplet and all other triplets within 30 minutes
(or within 2 minutes for Cimel CE318-T instruments) are flagged curvature_check.

• If an observation is distant by more than 1h from any other cloud-free measurement
and it presents an AE(440-870) value below 1.0, then this point is flagged as stand_-
alone.

• In the case that the standard deviation (σ) of AOD at 500 nm of the cloud-free remain-
ing points in the day is larger than 0.015, then the observations that exceed mean ±3σ

in AOD or AE are labeled 3-sigma.

A final step is done to recover observations with high spectral dependence, in the case
that AOD (870nm) is larger than 0.5 and the Ångström exponent (675-1020nm) is larger than
1.2. This prevents the removal of very high aerosol loading cases (occasionally with high
temporal variability) due to biomass burning smoke and urban pollution (Giles et al., 2019;
Smirnov et al., 2000). The label applied in this case is ’restoration’ and it is equivalent to
cloud-free, although very few data in our subset fulfill this condition.

All flags mentioned above result in the measurement point not being considered cloud_-
free, and allow us to identify in the database the reason for the rejection. Thus, we can query
the database for cloud-free data at a certain site and during a certain period, but we can also
analyze the cloud-screened data and discriminate for any specific check.

The full scheme as it has been described is applied to solar AOD data. For lunar observa-
tions, we have maintained the same analysis and thresholds, except for the aureole radiance
check that cannot be performed at night. Further testing is needed to possibly refine the
cloud-screening algorithm for nighttime.

3.1.2.6 Validation of the AOD algorithm

The photometer data that CÆLIS is currently processing for AOD, are all produced by Ci-
mel photometers belonging to AERONET. CÆLIS uses the same raw data and calibration.
Moreover, AERONET is a global reference for AOD monitoring and its data are widely used
by the scientific community dealing with aerosol, satellite validation and models. Therefore
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the most logical approach for validation of the CÆLIS AOD implementation is to compare it

with the one produced by the AERONET version 3 direct Sun algorithm (Giles et al., 2019).

This comparison is provided in section 3.1.2.6.2. The performance of the cloud screening

algorithm for this daytime AOD is given in section 3.1.2.6.4. As for the nighttime (unar) al-

gorithm, section 3.1.2.6.3 includes an analysis of the performance at several sites and Moon

phases, but it is not compared to the AERONET processing because the lunar-derived AOD

in AERONET is still marked as a provisional product.

3.1.2.6.1 Data set for validation

In Table 3.1 we summarize the data set that has been selected for AOD validation. It com-

prises 2 years of data for nine sites, with about 180000 AOD observations (triplets) collected

with Cimel photometers.

The site list includes two high-mountain observatories used for Langley plot calibration

of the reference instruments: Izaña and Teide (Toledano et al., 2018). The AOD is very low

in these locations; therefore they are very suitable for a detailed comparison. We have also

included a rural continental site (Palencia), our calibration site at Valladolid (small city and

continental climate), an urban site (Munich), a coastal site (El Arenosillo), a Caribbean site

(Camagüey), and the Arctic sites Andenes and Ny-Ålesund. Thus, we have tried to cover

several aerosol types and ambient conditions in order to test the robustness of the algorithm.

Another important aspect of the subset is the variety of Cimel photometer types. We

have covered all generations of Cimel instruments (analog, digital and triple) and multiple

versions (see Table 3.1). This feature involved considerable work to ensure a flexible enough

algorithm and adequate database construction, so that all data can be consistently processed.

In turn, we expect this experience will be of help in the addition of new photometer types to

CÆLIS.

Thus, we have analyzed a large amount of data to have statistical strength in the compar-

ison and cover multiple situations. The data set is used for validation of the daytime (solar)

algorithm. This data set will also be used for cloud screening comparison (section 3.1.2.6.4),

in which a variety of climate conditions is also crucial.

3.1.2.6.2 Daytime AOD validation

The AOD obtained with direct the Sun algorithm has been compared for the abovementioned

set of Cimel data. Identical raw data, calibration coefficients and temperature correction

factors are used; therefore the differences can only be attributed to the algorithm and the

ancillary data sources.
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Table 3.1: List of Sun photometers used during the validation study. The analyzed period for all
sites spans from 01 January 2016 to 31 December 2017.

Site No. ph. From (yyyy-mm-dd) To (yyyy-mm-dd) Ph. type

Andenes
No. 904 2016-01-01 2016-11-20 Triple - extended
No. 789 2016-11-21 2017-12-31 Triple - extended

Camagüey No. 425 2016-01-10 2016-08-20 Digital - extended

El_Arenosillo
No. 640 2016-05-10 2017-04-09 Triple - extended
No. 640 2017-07-20 2017-12-31 Triple - extended

Izaña No. 244 2016-01-01 2017-12-31 Digital - extended

Munich_University
No. 198 2016-01-01 2016-05-17 Analog - standard
No. 600 2016-05-18 2017-09-06 Triple - dual polar
No. 600 2017-11-14 2017-12-31 Triple - dual polar

Ny_ÅlesundAWI No. 904 2017-06-01 2017-12-31 Triple - extended

Palencia

No. 243 2016-01-01 2016-10-18 Analog - standard
No. 788 2016-10-19 2017-03-09 Triple - extended
No. 424 2017-03-10 2017-05-18 Digital - extended
No. 425 2017-05-19 2017-07-05 Digital - extended
No. 243 2017-07-06 2017-11-07 Analog - standard
No. 788 2017-11-08 2017-12-31 Triple - extended

Teide
No. 790 2016-05-17 2016-11-11 Triple - extended
No. 790 2017-05-19 2017-11-09 Triple - extended

Valladolid

No. 788 2016-01-01 2016-05-03 Digital - extended
No. 627 2016-05-04 2016-10-09 Digital - extended
No. 942 2016-10-10 2017-03-21 Triple - extended
No. 627 2017-03-22 2017-07-24 Digital - extended
No. 942 2017-07-25 2017-12-31 Triple - extended

The criterion for AOD comparison between two instruments recommended by the World

Meteorological Organization is the so-called U95 threshold (WMO, 2005), defined as

U95 = ±(0.005 + 0.010/m) (3.9)

Wherem is the air mass. As can be seen in the following analysis, the boundaries of U95

are in general too large for our case, in which we compare algorithms rather than instruments.

But it is a good reference as a starting point because it is commonly used in this kind of

studies (e.g. Cuevas et al. (2019)).

The AOD comparison for the different wavelengths is shown in Figure 3.7. The differ-

ences are computed as CÆLIS-AERONET and they are plotted as a function of air mass.

The U95 boundary is also depicted, as is the maximum and minimum difference for each

channel. The largest differences are observed for the 340nm and the smallest for the 870nm

channel, with 5.1±8.2 × 10−4 and -1.3±3.4 × 10−4, respectively. This result is expected

because no gaseous corrections are needed in the 870nm channel; therefore, the differences

can only be caused by different values of the solar zenith angle and the derived air mass.

This is an important result because it indicates that the ancillary data play a key role in the

different processing schemes.
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Figure 3.7: Differences in AOD (AERONET-CÆLIS) as a function of air mass for several chan-
nels. The red lines indicate the maximum and minimum of the differences. The orange lines
indicate the boundaries of the U95 criterion of the WMO (2005)
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The AOD differences are somewhat site-dependent. Apart from the site coordinates

(mainly latitude) that condition the minimum air mass values available for each site, the

main relevant difference among sites is the elevation, which affects both the Rayleigh calcu-

lations with Bodhaine’s formula and the correction by local pressure. The Rayleigh optical

depth is larger at shorter wavelengths, and the analysis of this component indicates that it is

mainly responsible for the AOD differences for all channels between 340 and 870nm. The

differences in Rayleigh optical depth and AOD clearly decrease for increasing wavelength

until 870nm. The differences in pressure for the investigated observations are shown in fig-

ure 3.3b. The mean difference is close to zero, and the standard deviation is 1 hPa. This is

noticeable in short wavelengths: at 340nm the Rayleigh optical depth is about 0.70, and 1-2

hPa would mean 0.0007 to 0.0015 optical depth. This fact accounts for half of the discrep-

ancy. The rest can be attributed to the gaseous corrections in this channel (O3 and NO2).

We also noticed an increase in the AOD discrepancy for longer wavelengths (1020 and

especially 1640nm). In this case the Rayleigh correction is minor; therefore, we investigated

which elements are causing this. As for 1020nm, the water vapor absorption correction is the

reason for the slightly worse agreement of the 1020nm channel. The discrepancy is higher

for the 1640nm wavelength. The gaseous corrections are in this case responsible for the

AOD differences, i.e., the water vapor absorption and the CO2 and CH4 absorption, which

are also affected by the differences in pressure.

Overall, the mean of these differences ranges from −1.3× 10−4 at 870 nm to 6.2× 10−4

at 380 nm. The standard deviation of the differences ranges from 2.8 × 10−4 at 675 nm

to 8.1 × 10−4 at 340 nm. The largest discrepancies are related to the Rayleigh correction

(including pressure) and the gaseous absorption corrections. The U95 criterion is fulfilled in

any case, and most of the spectral AOD observations agree within 0.0015 on AOD, which

is 1 order of magnitude lower that the nominal AOD uncertainty (0.01-0.02) for AERONET

field instruments.

3.1.2.6.3 Nighttime AOD evaluation

The lunar-derived aerosol optical depth has been developed in recent years following the

publication of the ROLO model (Kieffer and Stone, 2005) and the appearance of commer-

cially available lunar photometers (Barreto et al., 2013; Berkoff et al., 2011). It is still a

provisional product in AERONET. In this paper we have presented the CÆLIS implement-

ation of the latest improvements in lunar photometry that aims at providing good continuity

between solar- and lunar-derived AOD observations. As has been shown in previous works

(Barreto et al., 2017, 2019) it is important to assume that nighttime AOD uncertainty is larger

that the uncertainty of daytime retrievals, and that it will also depend on Moon phase angle.
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These facts also pose additional difficulty for the cloud screening, apart from the lack of an

aureole radiance check to detect thin clouds.

The CÆLIS nighttime AOD retrievals at several sites and Moon phase angles have been

computed, showing continuity with daytime retrievals. We have intentionally selected cases

with low AOD in general because absolute errors are easier to detect in low AOD scenes.

Moreover, we avoided using the Izaña site for this comparison because lunar measurements

at Izaña were used to elaborate the correction proposed to improve AOD (Román et al.,

2020).

The results for both the AOD and the AE are shown in Figure 3.8. The upper part

(Andenes site) corresponds to a first-quarter case (MPA about -80◦). The middle part (Val-

ladolid) is a full Moon case, in which we can see the step from negative to positive MPA

during the full Moon. The lowermost part (Granada) is a third-quarter case. The other two

parts (for Teide and El Arenosillo) are cases with intermediate (negative and positive) phase

angles. Overall, the day-night continuity in AOD is excellent (less than 0.02 in all chan-

nels), especially if we bear in mind the AOD natural variability and the nominal uncertainty

for daytime AOD of 0.01-0.02, which is larger for shorter wavelengths (Giles et al., 2019;

Holben et al., 1998). The nighttime AOD has no dependence on Moon zenith angle and the

AOD wavelength dependence (typical decrease with wavelength) is basically maintained.

The AE has also been included here because this parameter is very sensitive to AOD

errors, especially for low AOD (Cachorro et al., 2008). The good continuity and absence of

dependence on zenith angle (Sun or Moon) for the AE are reliable indicators of data quality.

The continuity of this parameter is also excellent (about 0.1 or less in absolute terms) for all

cases except maybe Teide because of the extremely low AOD that amplifies the differences

in AE.

Note how instrumental noise is visible in Teide data, wherein AOD is extremely low,

whereas for a similar phase angle at El Arenosillo, with higher AOD, such noise is not visible.

The plot for El Arenosillo is the only case in which AOD at 500 nm is above 0.1. This can be

the case for many field sites worldwide, and the agreement among spectral channels and with

respect to daytime AOD is a clear indicator that the CÆLIS Moon-derived AOD retrieval and

the associated correction (Román et al., 2020) perform as expected.

3.1.2.6.4 Cloud screening validation

In this section we have compared the cloud screening performance for daytime AOD data

only. The AERONET level 1.5 (cloud-screened) data are used for this analysis. The proced-

ure is very straightforward: we analyze the data with a confusion matrix in order to determine

which data assumed to be cloud-free by the AERONET cloud screening algorithm are also
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Figure 3.8: (a) Day and nighttime AOD retrievals at different sites and Moon phases. (b) Same
for Ångström exponent (440-870nm). The black line indicates the Moon phase angle (MPA,
right axis).
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flagged as cloud-free by CÆLIS, and vice versa. The other two possibilities, i.e., that one

algorithm indicates cloud but not the other one, represent the discrepancy between the two

procedures.

The confusion matrix C is such that Ci,j is equal to the number of observations known

to be in group i but predicted to be in group j (Pedregosa et al., 2011). Thus, in binary

classification, the count of true negatives is C0,0, false negatives is C1,0, true positives is C1,1

and false positives is C0,1.

Note that level 1.0 (unscreened data) in AERONET does not include all the measure-

ments attempted by the photometers because many observations with raw signals that are

too low or too variable do not qualify for AOD level 1.0 computation (Giles et al., 2019).

For those data that passed this first requirement, the AERONET cloud screening will select

the cloud-free cases and include them in the level 1.5 database 1. According to the flagging

system of our cloud screening algorithm in CÆLIS, we have compared the cloud-free or

restoration flags with the AERONET level 1.5 database for all the investigated sites and time

periods (Table 3.1).

The cloud screening comparator links all the photometer observations (full triplet) from

CÆLIS with their correspondents in AERONET and stores the output in two different ar-

rays, one for CÆLIS and another one for AERONET. The value of 1 will be stored in each

database if the observation is cloud-free and 0 if it is not cloud-free. With those two arrays

the confusion matrix has been generated and it can be seen in Figure 3.9, where we indicate

the number of observations and the corresponding relative numbers in percent. In the con-

fusion matrix the first row represents all the values that are cloud-free in AERONET, and

the second row is for the cloud-contaminated data in AERONET. In the same way, the first

column represents the cloud contaminated data in CÆLIS, and the second column includes

the cloud-free data in CÆLIS.

More than 250000 observations have been analyzed here. The results are clearly satis-

factory, with more than 99.8% agreement in the classification. The number of points outside

the main diagonal of the confusion matrix is marginal. An in-depth study of these few dis-

crepancies, points out that the differences appear in cases in which minor differences in AOD

and AE caused a certain threshold to be exceeded or not (triplet variability, daily standard

deviation, etc.). Occasionally this also triggered other cloud screening actions, like the po-

tential measurement criteria or 3-sigma threshold. We are therefore very confident that the

cloud screening in CÆLIS successfully reproduces the performance of the AERONET ver-

sion 3 cloud screening.

1The AERONET data still pass another validation step regarding quality control checks, see Giles et al.
(2019) for details.
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Figure 3.9: Confusion matrix for comparison of the cloud screening performed by AERONET
and CÆLIS. Absolute number of cases and relative values (in percent) are given.

3.1.2.7 Conclusions

The CÆLIS software tool was primarily designed to assist in the management of the calib-

ration facility for Cimel photometers at the University of Valladolid, associated with AER-

ONET. It provides access to metadata information to users and intends to facilitate the daily

operation of the photometers on-site, with the final aim of improving data quality. CÆLIS

already provides to users processing of sky radiances and a set of flags to monitor the instru-

ment performance in real time. The AOD product now complements this tool. Moreover,

the AOD is needed for exploiting remote sensing data with the application of inversion al-

gorithms, like GRASP (Dubovik et al., 2014; Torres et al., 2017). These are the reasons

behind the development of an operational aerosol optical depth product and the necessary

cloud screening algorithm.

The implemented AOD algorithm comprises a number of steps, following formulas and

procedures that are well established in the literature. Comparison with the AERONET ver-

sion 3 AOD product shows overall agreement better than 0.0015 optical depth (1 order of

magnitude less than the nominal AOD uncertainty), with the bias and standard deviations be-

ing higher for the UV and 1640nm channels. In the UV this is caused by different Rayleigh

computation and gaseous correction, and it needs to be investigated further. Similarly, the

discrepancy found for the 1640nm channel (slightly higher than that of 1020nm) is caused by

differences in the gas absorption corrections. Such differences, even if they are low, can be

significant in the case of high-altitude stations or polar sites. The AOD retrieved by CÆLIS
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from Moon observations has shown continuity between day and nighttime for different sites

and even for low AOD values and Moon phase angles near the Moon quarters.

The cloud screening schemes in CÆLIS and AERONET agree in the identification of

cloud-free and cloud-contaminated scenes in more than 99.8% of the more than 250000

investigated cases. For future investigations, we will need to include a site with predominant

biomass burning aerosol since this aerosol type was found to be insufficiently represented in

the subset of data used to compare the cloud screening algorithms.

This paper has shown the capability of CÆLIS to provide AOD values and products

with a similar accuracy as AERONET. The architecture of CÆLIS is such that is can be

applied to other instrument types or networks. The next planned step is to be able to as-

similate and process photometers other than the Cimel. In this sense, we will be able to

apply a common processing to data originating from different photometer types, each one

with its own spectral channels and measurement sequence, for example. Note that AOD re-

trieval and cloud screening algorithms differ for the different existing networks (AERONET,

GAW-PFR, SKYNET). The modular approach has proven to be successful in adding several

choices to the data processing or assimilating a variety of ancillary data. This will also help

incorporate into the system any future improvements such as new gas absorption coefficients

and the extraterrestrial spectral irradiance of the Sun and Moon. The flagging of data allows

extracting in a powerful way a subset of data according to the desired criteria.

Some of the steps in the cloud screening procedure are actually quality control flags.

However a full quality control of the AOD product is not implemented yet in CÆLIS and

will need to be developed. This approach is especially important for a robust operation of

the algorithm and possible near-real-time applications.
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3.2 Artículo 2: Correction of a lunar-irradiance model for
aerosol optical depth retrieval and comparison with a star
photometer

3.2.1 Resumen y comentarios

Como se ha comentado en secciones anteriores, el espesor óptico de aerosoles (AOD) puede

ser obtenido a través de la fotometría solar en cualquier ubicación siempre y cuando el Sol

esté presente en el cielo. Esto permite tener series de datos continuas, con huecos durante la

noche o cuando el sol es tapado por nubes. El problema aparece en aquellas localidades del

planeta en las que el Sol no está disponible durante largos periodos de tiempo como en las

zonas polares. En ellas habrá un largo vacio de datos durante la noche polar.

El estudio de los aerosoles en estas zonas de forma continuada ha sido muy díficil hasta

la adaptación y evolución de los instrumentos fotométricos para medir la irradiancia prove-

niente de la Luna. Con estos avances se ha resuelto parte del problema de tener datos de

forma continuada sin grandes huecos en las series de datos gracias a la fotmetría lunar; sin

embargo nuevos retos han aparecido.

Por un lado se encuentra la necesidad de adaptar los procesados de datos para obtener

medidas homogéneas y comparables entre los periodos de día y de noche. En el caso de la

fotometría lunar existe, además, el reto adicional de conocer con exatitud la irradiancia lunar

extraterrestre para cada medida realizada. La irradiancia lunar extraterrestre, a diferencia de

la solar, cambia rápidamente ya que la Luna no emite radiación de onda corta si no que refleja

la luz solar y, por tanto, la irradiancia lunar extraterrestre dependerá de distintos factores

como la distancia Tierra-Luna y Luna-Sol, pero especialmente de la fase lunar. Para poder

conocer la irradiancia lunar extrarrestre se usan modelos que estiman sus valores a partir de

unas coordenadas geográficas y una fecha.

A lo largo de la sección 3.2.2 se definen el modelo de irradiancia lunar extraterrestre

(RIMO) y los procedimientos de calibración (amplificación electrónica - método vicarious)

usados en CÆLIS para obtener el AOD durante los periodos de noche. Se ha observado que

el modelo RIMO infraestima los valores reales de irradiancia extraterrestre y además está

infraestimación depende con la fase lunar. Para corregir esta infraestimación se han calculado

unos factores de corrección a partir de medidas fotométricas realizadas bajo condiciones de

estabilidad atmosférica y baja turbiedad. Esta corrección se ha implementado en CÆLIS

para el cálculo del AOD por la noche.

Los datos de AOD calculados por CÆLIS han sido comparados con los medidos por

un fotometro estelar de manera independiente a lo largo de dos años. Esta comparación se
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ha hecho para los canales de 440, 500, 675 y 870 nm. La media de las diferencias entre

el AOD de CÆLIS y el del fotómetro estelar se encuentra entre -0.015 y -0.005 con una

desviación estandar comprendida entre 0.03 y 0.04. Estos resultados ponen de manifiesto que

el algoritmo implementado en CÆLIS para el calculo del AOD mediante fotometría lunar,

el cual incluye la corrección desarrollada, funciona correctamente y proporciona valores

nocturnos de espesor óptico de aerosoles de alta calidad, al igual que el implementado en la

sección 3.1.

A continuación, se puede leer en detalle el artículo correspondiente.

3.2.2 Correction of a lunar-irradiance model for aerosol optical depth
retrieval and comparison with a star photometer

Roberto Román1, Ramiro González1, Carlos Toledano1, África Barreto2,3,1, Daniel Pérez-

Ramírez4,5, Jose A. Benavent-Oltra4,5, Francisco J. Olmo4,5, Victoria E. Cachorro1, Lucas

Alados-Arboledas4,5, and Ángel M. de Frutos1

1 Group of Atmospheric Optics, University of Valladolid (GOA-UVa), Valladolid, Spain
2 Izaña Atmospheric Research Center, Meteorological State Agency of Spain (AEMET),

Izaña, Spain
3 Cimel Electronique, Paris, France
4 Department of Applied Physics, Universidad de Granada, 18071, Granada, Spain
5 Andalusian Institute for Earth System Research, IISTA-CEAMA, Granada, Spain

Correspondence: Roberto Román (robertor@goa.uva.es)

Abstract The emergence of Moon photometers is allowing measurements of lunar irradi-

ance over the world and increasing the potential to derive aerosol optical depth (AOD) at

night-time, that is very important in polar areas. Actually, new photometers implement the

latest technological advances that permit lunar irradiance measurements together with clas-

sical Sun photometry measurements. However, a proper use of these instruments for AOD

retrieval requires accurate time-dependent knowledge of the extraterrestrial lunar irradiance

over time, due to its fast change throughout the Moon’s cycle. This paper uses the RIMO

model (an implementation of the ROLO model) to estimate the AOD at night-time assum-

ing that the calibration of the solar channels can be transferred to the Moon by a vicarious

method. However, the obtained AOD values using a Cimel CE318-T Sun/sky/Moon pho-

tometer for 98 pristine nights with low and stable AOD at the Izaña Observatory (Tenerife,
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Spain) are not in agreement with the expected (low and stable) AOD values, estimated by

linear interpolations from daytime values obtained during the previous evening and the fol-

lowing morning. Actually, AOD calculated using RIMO shows negative values and with a

marked cycle dependent on the optical airmass. The differences between the AOD obtained

using RIMO and the expected values are assumed to be associated with inaccuracies in the

RIMO model, and these differences are used to calculate the RIMO correction factor (RCF).

The RCF is a proposed correction factor that, multiplied by RIMO value, gives an effective

extraterrestrial lunar irradiance that provides AOD closer to the expected values. The RCF

varies with the Moon phase angle (MPA) and with wavelength, ranging from 1.01 to 1.14,

which reveals an overall underestimation of RIMO to the lunar irradiance. These obtained

RCF values are modeled for each photometer wavelength to a second order polynomial as

function of MPA. The AOD derived by this proposed method is compared with the independ-

ent AOD measurements obtained by a star photometer at Granada (Spain) for two years. The

mean of the Moon-star AOD differences are between -0.015 and -0.005 and the standard

deviation between 0.03 and 0.04 (which is reduced to about 0.01 if one month of data af-

fected by instrumental issues is not included in the analysis), for 440, 500, 675 ad 870 nm;

however, for 380 nm, the mean and standard deviation of these differences are higher. The

Moon-star AOD differences are also analyzed as a function of MPA, showing no significant

dependence.

3.2.2.1 Introduction

Atmospheric aerosols interact with radiation by scattering and absorption mechanisms and

with clouds mainly by acting as cloud condensation nuclei, which modify the cloud prop-

erties like cloud lifetime or droplet size (Boucher et al., 2013b). These issues make the

aerosol direct and indirect effects to play a crucial role in the Earth’s energy budget, be-

ing its impact still subject to large uncertainties (IPCC, 2014) due to the large aerosol di-

versity in size, chemical composition or spatial distribution. These current uncertainties in

climate models point out the need to monitor aerosol properties and motivate the study of

their interaction mechanisms with the Earth-Atmosphere system (Myhre et al., 2013). In

addition, the impact of aerosols is important in several fields such as: air quality and human

health (Davidson et al., 2005); marine and land ecosystems (Koren et al., 2006; Ravelo-

Pérez et al., 2016); primary productivity (Jickells et al., 2005), precipitation (Stevens and

Feingold, 2009; Twomey, 1977); solar energy production (Neher et al., 2017); or air traffic

(Flentje et al., 2010), among others.

Most of the aerosol studies focused on the aerosol role in the climate change field are

based on daytime measurements. However, the knowledge of aerosol properties at night-time
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is also important, especially in polar areas, where a lack of aerosol observations over winter

still exists (Graßl and Ritter, 2019; Herber et al., 2002; Mazzola et al., 2012). In addition,

a large fraction of aerosols at night-time remains in the residual layer, which may even act

as a source for aerosol formation into the boundary layer the next day (Liu et al., 2020; Sun

et al., 2013). Moreover, the lack of ultraviolet (UV) radiation at night-time should reduce

the events of new particle formation at night since it is reported that solar UV radiation helps

to induce some nucleation events (Petäjä et al., 2009). Moreover, the aerosols at night-time

can profoundly modify the longwave balance by means of the change in cloud properties,

such as cloud lifetime, and the impact on the longwave radiation absorbed by clouds which

is back-emitted to the Earth’s Surface (Boucher et al., 2013b; Ramanathan et al., 1989).

Two of the most important/used aerosol properties in climate-change studies and model-

ling are: the aerosol optical depth (AOD), which represents the light extinction in the atmo-

spheric column caused by aerosols; and the so called Ångström Exponent (AE; Angström

1961) which quantifies the AOD spectral variation. These two parameters provide informa-

tion about the aerosol load and the particle size predominance, respectively. Moreover, AOD

values are useful to estimate other aerosol properties in combination with other measure-

ments (e.g., sky radiance and lidar signal) or even without them (Benavent-Oltra et al., 2019;

Lopatin et al., 2013; Román et al., 2017b, 2018; Torres et al., 2017). However, ground-based

AOD values are usually obtained by solar radiation extinction measurements. In-situ instru-

mentation is useful to obtain aerosol properties at night-time but they are usually represent-

ative only of the aerosol at ground level, with the exception of airborne in-situ measurements

(e.g., Remer et al., 1997). Some remote sensing techniques used to derive the aerosol proper-

ties at night-time are the Raman lidar systems (Ansmann et al., 1990), which provide AOD

but also vertically-resolved extinction profiles; and the star photometers, which derive the

AOD from star light extinction measurements (Baibakov et al., 2015; Pérez-Ramírez et al.,

2008). The availability of star photometers is very scarce, existing approximately only five

star photometers at present in the world operating for aerosol monitoring (Barreto et al.,

2019). Recent technical advances allow accurate measurements of direct lunar irradiance

(Barreto et al., 2013; Berkoff et al., 2011), therefore the emerging Moon photometry tech-

nique appears as a plausible and operative alternative for AOD calculation at night-time. One

disadvantage of Moon photometry is that lunar irradiance is only recorded from first to third

Moon quarter, which implies a lack of data during half of the Moon cycle.

Some Moon photometers are capable to take measurements of solar and lunar direct

irradiances, like the CE318-T Sun/sky/Moon photometer (Cimel Electronique S.A.S.), which

is the standard instrument in AERONET (AErosol RObotic NETwork; Holben et al., 1998).

This fact allows the well established calibration of the solar channels in the AERONET
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protocols to be transferred to the Moon (Barreto et al., 2016; Li et al., 2016). The main

difference between Sun and Moon photometry is that the extraterrestrial lunar irradiance

quickly varies even in the course of one night while the extraterrestrial solar irradiance is

more stable, with a smooth variation over the year. This remarks the need for knowledge of

accurate extraterrestrial lunar irradiance values and their temporal variations. To this end,

some models are used, being ROLO (RObotic Lunar Observatory, Kieffer and Stone (2005))

the most widely used in the literature. Here we make use of one implementation of the ROLO

named as RIMO (ROLO Implementation for Moon’s Observation; Barreto et al., 2019). The

irradiance from these models is usually assumed as true for the AOD calculation, however

different authors reported some uncertainties and biases in these models (e.g.,Barreto et al.

2017; Geogdzhayev and Marshak 2018; Lacherade et al. 2014; Viticchie et al. 2013).

In this framework, the main objective of this work is to evaluate the RIMO accuracy

from the differences between the expected AOD in a pristine environment (where AOD is

assumed to be low and stable) and the AOD derived by the RIMO with the CE318-T in the

same place. The purpose behind this evaluation is to find a correction of the RIMO model

that provides an effective lunar extraterrestrial irradiance, which will be assumed as true,

useful at least to derive accurate AOD values in the CE318-T bands using the operative Sun-

Moon calibration transfer technique. In addition, this paper aims at studying the performance

of the AOD obtained with Moon photometry using the proposed RIMO correction, through

a comparison with the AOD from a star photometer.

This paper is structured as follows: Section 3.2.2.2 introduces the sites and instrumenta-

tion used in this paper; Section 3.2.2.3 presents the development of the proposed correction

on the RIMO lunar irradiance model, while the comparison of the AOD derived using this

correction and the one obtained by a star photometer is shown in Section 3.2.2.4. Finally,

Section 3.2.2.5 summarizes the main conclusions of this work.

3.2.2.2 Sites, Instrumentation and data

3.2.2.2.1 Sites

The RIMO correction proposed in this paper is based on photometer data recorded at the

Izaña Meteorological Observatory (IZO; 28.309◦N; 16.499◦W; 2401 m a.s.l.) in the Canary

Islands (Tenerife, Spain), which is managed by the Spanish Meteorological Agency (AE-

MET). This high-mountain observatory is representative most of the time of the subtropical

free troposphere over the North Atlantic, because of its location in the descending branch

of the Hadley’s cell (Cuevas et al., 2019; Rodríguez et al., 2009). Pristine skies, dry atmo-

spheric conditions and atmospheric stability prevail throughout the year, as a consequence
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of the quasi-permanent temperature inversion layer, normally located below the Izaña’s alti-

tude. This situation prevents the vertical transport of anthropogenic pollution from lower

levels (Rodríguez et al., 2009).

In terms of AOD, pristine conditions are prevalent in this station, with AOD at 500 nm

below 0.1 and AE above 0.6 (Guirado-Fuentes, 2015). Relatively high AOD conditions due

to the Saharan dust transport from North Africa sources to the Atlantic Ocean above the trade

wind inversion are prevalent in summer (Basart et al., 2009; Rodríguez et al., 2011), asso-

ciated typically with the presence of coarse particles (AE below 0.25) and AOD at 500 nm

above 0.1 (Basart et al., 2009; García et al., 2012; Guirado-Fuentes, 2015). These privileged

conditions make Izaña Observatory a suitable place for calibration and validation activit-

ies (Toledano et al., 2018). Notwithstanding, Izaña is a calibration site for the GAW-PFR

(Global Atmosphere Watch precision-filter radiometer) and AERONET networks (Cuevas

et al., 2019), holding a comprehensive measurement programme for atmospheric compos-

ition monitoring, being designated by the WMO (World Meteorological Organisation) as a

CIMO (Commission for Instruments and Methods of Observation) testbed for aerosols and

water vapour remote sensing instruments (WMO, 2014). More details about monitoring

programmes at Izaña can be found in Cuevas et al. (2017).

The star photometer measurements of this paper were carried out at the University of

Granada (UGR) experimental station, which is the main station of the three belonging to

AGORA (Andalusian Global ObseRvatory of the Atmosphere). This station is located at the

Andalusian Institute for Earth System Research/IISTA-CEAMA (37.164◦N; 3.605◦W; 680

m a.s.l.). The UGR station operates many remote sensing instruments in the framework of

the ACTRIS (Aerosols, Clouds and Trace Gases, www.actris.eu) infrastructure, being the

star photometry data at UGR the only available of this type in ACTRIS. The UGR experi-

mental site is located in city of Granada (Spain), which is a medium-size city (535000 in-

habitants in all metropolitan area) at south-eastern Spain. The region presents a continental-

Mediterranean climate and the city is located in a natural basin surrounded by Sierra Nevada

mountains (up to 3500m a.s.l.). The city experiences a seasonal evolution of columnar aero-

sol types, with larger AOD in summer and lower values in winter while the opposite occurs

for AE (e.g., Alados-Arboledas et al., 2003; Pérez-Ramírez et al., 2012). The seasonal cycle

in columnar aerosol properties is mostly associated with the airmass pattern (Pérez-Ramírez

et al., 2016) dominated by the more frequent and intense arrival of Saharan dust during sum-

mer (e.g., Antón et al., 2012; Benavent-Oltra et al., 2017; Lyamani et al., 2006; Román et al.,

2013; Valenzuela et al., 2012). Anthropogenic aerosol sources in the region are mainly do-

mestic heating and traffic (Lyamani et al., 2010; Titos et al., 2012). Nevertheless, the region
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experiences in winter long periods of air masss stagnations that increase their pollution levels

to values compared with other European megacities (e.g., Casquero-Vera et al., 2019).

3.2.2.2.2 Instrumentation

The Sun/sky/Moon CE318-T photometer (Cimel Electronique S.A.S.) is used in this work to

derive AOD at day and night-time. This photometer is mounted on a two-axis robot and a

tracking system allows measurements of direct solar and lunar irradiance, and diffuse sky ra-

diance at different geometries. The photometer head is mainly formed by a collimator, a filter

wheel (with narrow interference filters) and two detectors. The usual nominal wavelengths

of the photometer filters are 340, 380, 440, 500, 675, 870, 935, 1020 and 1640 nm. The

detectors are a Silicon sensor to measure the wavelengths of 1020 nm and shorter, and an

InGaAs sensor to measure the wavelengths equal or longer than 1020 nm; hence 1020 nm

is measured by both detectors. Sky radiance at solar aureole and direct Moon irradiance are

measured with the same detectors used to measure direct solar irradiance, but with an elec-

tronic amplification factor (gain) of 128 and 4096, respectively; the sky measurements out

of the solar aureole are recorded with the same gain than Moon observations.

The CE318-T photometer (and older versions without the capability to observe the Moon)

is the standard instrument in AERONET. The photometers used in this paper belong to AER-

ONET, being the #933 a reference photometer operated at Izaña data, and the photometers

#918 (from 16th March 2016 to 25th July 2016), #751 (from 25th July 2016 to 26th May

2017) and #788 (from 25th May 2017 to 11st October 2017) the ones operated at UGR sta-

tion. These photometers were regularly calibrated following the AERONET protocols (Giles

et al., 2019; Holben et al., 1998).

The star photometer EXCALIBUR (EXtinction CAmera and LumInance BackgroUnd

Register; Astronómica S.L.) operated at UGR station continuously from 2006 to 2011 and

during special field campaigns since 2013. A detailed description of the star-photometer

EXCALIBUR can be found in Pérez-Ramírez et al. (2008); Pérez-Ramírez et al. (2008). A

brief overview is provided here. The star photometer EXCALIBUR largest innovation is the

use of a CCD camera as detector attached to a commercial telescope of 30 cm diameter. A

filter wheel permits the allocation of ten interference filters centered at 380, 436, 500, 532,

670, 880 and 1020 nm for aerosol studies, and an additional filter at 940 nm for precipitable

water vapor measurement. In this work the 380, 436, 500, 670 and 880 nm channels are used.

The one at 1020 could not be used due to technical problems. AOD in these spectral bands

will be compared to the AOD at 440, 500, 675 and 870 nm of the CE318-T photometer; the

central wavelengths of these bands are close enough (below 10 nm difference) to allow a

direct comparison of measured AOD and avoid interpolated data. If AOD of the CE318-T
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is interpolated to match the star photometer bands, the comparison does not significantly

change (in general AOD differences below 0.001). The AOD is computed from direct star

irradiance using the one-star method, that is the same approach used for Sun photometry.

The one-star method needs only a relative calibration of the instrument, but requires a first

calibration for the entire set of stars used (Pérez-Ramírez et al., 2011). Nevertheless, a first

calibration of the stars (isolated and stable stars) is enough as the recalibration of the in-

struments consists only of computing wavelength dependent calibration factors that are the

same for all the stars. Star photometer EXCALIBUR is able to provide measurements for

all filters in approximately 1-2 minutes, but to minimize the effects of atmospheric turbu-

lence data were averaged every 30 min (Pérez-Ramírez et al., 2011). A procedure based

on moving averages an outlier removal is used for cloud-screening and data quality check

(Pérez-Ramírez et al., 2012). In addition, a visual inspection of data has been carried out

to remove spurious data. Final uncertainties in AOD are 0.02 for wavelengths below 800

nm and 0.01 for wavelengths above 800 nm (Pérez-Ramírez et al., 2011). Other authors re-

ported a higher uncertainty in AOD from star photometry, about 0.02–0.03 (Baibakov et al.,

2015; Barreto et al., 2019). The analysed period in this work is for coincident measure-

ments of star and Moon photometer, and can be divided in two periods, in the framework

of the SLOPE (Sierra Nevada Lidar AerOsol Profiling Experiment) I and II field campaigns

(Bedoya-Velásquez et al., 2018; Casquero-Vera et al., 2020; de Arruda Moreira et al., 2018):

from May 25th, 2016 to September 17th, 2016; and from July 1st, 2017 to October 17th,

2017. Just before the second measurement period, EXCALIBUR was measuring at Izaña in

the first multi-instrument nocturnal intercomparison campaign (Barreto et al., 2019).

3.2.2.2.3 Data management

The University of Valladolid (UVa; Spain) is in charge of one AERONET calibration center

since 2006 and, in this framework, the UVa staff developed the CÆLIS software tool (Fuertes

et al., 2018) with the aim of managing the data generated by AERONET photometers and for

calibration and quality control purposes. This tool contains relevant information about the

different photometers, like the spectral response of the filters or the signal temperature cor-

rection coefficients, and also includes climatology tables of different atmospheric variables

(like pressure or the abundance of several absorption gases) useful to perform the atmo-

spheric correction in the AOD calculation. An AOD calculation algorithm has recently been

implemented in CÆLIS (González et al., 2020b). Therefore, the day and night-time AOD

data from the CE318-T measurements used in this work have been obtained from CÆLIS.
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3.2.2.3 AOD from Moon observations

A main advantage of Sun photometry is that the measured irradiance is directly emitted by

the Sun and then, the solar irradiance reaching the top of atmosphere (extraterrestrial irra-

diance) does not significantly change, at least along one day. The Earth-Sun distance is the

main factor modulating this irradiance, causing variations about ±3% along the year. Fol-

lowing the Beer-Bouguer-Lambert law, the extraterrestrial signal of the instrument (rather

than irradiance in physical units) is needed for AOD calculation. This can be obtained by the

Langley plot method (Shaw, 1976, 1983), in which direct Sun irradiance is observed at differ-

ent solar elevations in order to extrapolate the top-of-the-atmosphere signal of the instrument.

Side by side comparison with a reference instrument is the common practice in AERONET

for calibration transfer in field instruments (Giles et al., 2019; González et al., 2020b; Hol-

ben et al., 1998; Toledano et al., 2018). However, the Moon is not a self-illuminating body.

It reflects solar radiation with exceptional stability (Kieffer and Stone, 2005). Due to the

changing positioning of Sun, Moon and Earth, lunar irradiance at the top of the Earth’s at-

mosphere significantly changes with the Moon Phase Angle (MPA), even along one single

night. This fact points out the need of accurate knowledge of the extraterrestrial lunar ir-

radiance for Moon photometry purposes. In this framework, AOD from lunar irradiance

observations can be calculated following the Beer-Bouguer-Lambert law, as follows (Bar-

reto et al., 2013):

τa(λ) =
ln
[
κM(λ)

]
− ln

[
V M(λ)/EM

0 (λ)
]
−mg · τg(λ) −mR · τR(λ)

ma

(3.10)

where τa and κM are the AOD and the Moon calibration coefficient, respectively, for a nom-

inal λ-wavelength; EM
0 and V M are the extraterrestrial lunar1 irradiance and the photometer

lunar signal at the same nominal λ-wavelength, respectively; while ma, mR and mg are the

optical airmass for aerosols, Rayleigh scattering and gaseous absorption, respectively, using

the Moon Zenith Angle (MZA) instead of Solar Zenith Angle (SZA). Finally, τR and τg rep-

resent the optical depth of Rayleigh scattering and gaseous absorption, respectively. More

details about these calculation in CÆLIS can be found in González et al. (2020b).

3.2.2.3.1 Extraterrestrial Lunar Irradiance

As already mentioned, the knowledge of the extraterrestrial lunar irradiance is necessary in

Moon photometry. To this end, the RIMO model has been implemented in CÆLIS. RIMO

(http://testbed.aemet.es/rimoapp), which is described in detail in Barreto et al.

1hereafter the superscripts M and S will make reference to Moon or Sun respectively.
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(2019), is an implemetation of the ROLO model (Kieffer and Stone, 2005), which is mainly

based on empirical relationships between the lunar irradiance measured at 32 channels by

two CCD devices, both mounted in a telescope, and the different geometrical factors of

the Moon-observer positions. RIMO firstly calculates the reflectance of the Moon’s disk

following the next equation (Eq. (12) in Barreto et al., 2019):

ln [A(k)] =
3∑
i=0

ai(k)gir +
3∑
j=1

bi(k)Φ2j−1 + c1φ+ c2θ + c3Φφ+

c4Φθ + d1(k)exp

(
−gd
p1

)
+ d2(k)exp

(
−gd
p2

)
+ d3(k)cos

(
gd − p3
p4

)
(3.11)

where A is the Moon’s reflectance at one of the 32 k-wavelengths of the ROLO model;

the a, b, c, d and p values are the coefficients shown in Kieffer and Stone (2005); gr and gd
are the absolute value of MPA in radians and in degrees, respectively; Φ is the selenographic

longitude of Sun (in radians); θ and φ are the selenographic latitude and longitude of the

observer, respectively, both in degrees (Barreto et al., 2019).

The Moon’s reflectance A is calculated by RIMO using equation (3.11) at the 32 ROLO

wavelengths and, then, each one is multiplied by a correction factor which was previously

calculated by the comparison between a composite spectrum (95% soil) of Moon’s reflect-

ance based on Apollo 16 samples (soil and breccia) and the reflectance obtained with the

equation (3.11), assuming zero libration and g = Φ = 7o (see Barreto et al. 2019 for more de-

tails). The Moon’s reflectance at any different wavelength is obtained by linear interpolation

of the A calculated values. Finally, in order to obtain the lunar irradiance from the Moon’s

reflectance, some geometric factors such as the distances between the Moon, the Sun and the

observer must be taken into account, as follows:

EM
0 (λ) =

A(λ) · ΩM · ES
0 (λ)

π

(
1AU

DS−M

)2(
384400km

DO−M

)2

(3.12)

where EM
0 and A are the extraterrestrial lunar irradiance and the Moon’s reflectance,

respectively, both at the λ-wavelength; ES
0 is the extraterrestrial solar irradiance at the λ-

wavelength being obtained from Wehrli (1985) smoothed by a Gaussian filter of 2 nm width;

ΩM is the solid angle of the Moon (6.4177E-5 sr); and DS−M and DO−M are the distances

between the Sun and the Moon (in AU) and between the observer and the Moon (in km),

respectively. These distances, the MZA and all the geometrical angles involved in equa-

tion (3.11) are obtained from the SPICE Toolkit (http://naif.jpl.nasa.gov/naif

/toolkit.html) (Acton et al., 2018; Acton, 1996) developed by the NASA’s Navigation
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and Ancillary Information Facility (NAIF). SPICE is run using the planetary and lunar eph-

emeris DE421 (Folkner et al., 2008) in addition to planetary constants kernel for the Moon

(moon_pa_de421_1900 − 2050.bpc), and lunar frames kernel (moon_080317.tp) (Seidel-

mann et al., 2007; Speyerer et al., 2016); the SPICE kernels pck00010.tpc and naif0011.tls

are also used for other planetary and time parameters. The NAIF pinpoint tool is used to

calculate the position of the observer in each station regarding the Mean Earth body-fixed

reference system (MOON_ME).

3.2.2.3.2 Gain Calibration Method

Once the extraterrestrial lunar irradiance is obtained from geographical and time inputs, the

AOD can be calculated at night-time using equation (3.10) if the calibration coefficient κ is

known. Different methods are proposed in the literature for calibration purposes (calculation

of κ) since the accuracy of the Langley-plot method could be affected by the fast variations

of the Moon illumination. One way is the so-called Lunar Langley calibration method (Bar-

reto et al., 2013, 2016), which is similar to a classic Langley-plot calibration but where the

photometer signal is divided by the extraterrestrial lunar irradiance, as follows:

ln

[
V M(λ)

EM
0 (λ)

]
= ln

[
κM(λ)

]
−ma ·

(
τa(λ) +mR

τR(λ)

ma

+mg
τg(λ)

ma

)
(3.13)

Under stable atmospheric conditions, κM can be obtained from the y-intercept of a least

square fit between ln(V M/EM
0 ) and the aerosol optical airmass. However, the possible

errors and uncertainties in EM
0 are propagated to the value of κ obtained by this method,

although these uncertainties are partially masked in the AOD retrieval (equation (3.10)) be-

cause the EM
0 values are also used in the calculation. Recently, Barreto et al. (2017) found a

dependence on MPA and MZA of the AOD calculated by this Lunar Langley method.

Another way to calculate κM without the use of EM
0 is by the so called Gain calibration

method (Barreto et al., 2016). This method, based on a vicarious calibration, consists of

transferring the calibration of the solar channels to the respective Moon ones. Both CE318-

T detectors are the same for solar and lunar irradiance measurements. In order to reach a

higher signal range, the Moon signal is amplified, being multiplied by a gain factor, G. In

fact, this factor is formed by 2 amplification steps, being the first one the Sun to solar aureole

gain (≈128) and the second one the solar aureole to Moon gain (≈32). The nominal value

of G is therefore equal to 4096 (212). The values of G were measured with an integrating

sphere in the laboratory by Barreto et al. (2016) and Li et al. (2016). These authors found

experimental values for G differing less than 0.3% from the nominal value of 4096; hence, G
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is assumed in CÆLIS as wavelength independent and with a constant value of 4096. Taking

into account that the only difference between Sun and Moon measurements is this Gain

factor, the Sun calibration can be transferred to Moon as follows:

κM(λ) =
V S
0 (λ)

ES
0 (λ)

·G (3.14)

where V S
0 is the Sun calibration coefficient and ES

0 the extraterrestrial solar irradiance

(Wehrli, 1985), both at the λ-wavelength. The Gain calibration is simpler than Lunar Langley

method because it is not dependent on the RIMO (or other lunar irradiance model) and it only

requires the daytime calibration, which provides more operational character to this method.

3.2.2.3.3 RIMO Correction Factor

In order to evaluate the AOD obtained by the Gain calibration, the method of Barreto et al.

(2017) has been followed, who assumed as a reference AOD, AODref , the linear temporal

interpolated values using the last daytime AOD value of the previous afternoon and the first

AOD of the following morning, which make sense if stable and pristine conditions were

found during the night. Hence, the AOD obtained by the Gain calibration, equation (3.14)

and (3.12) in equation (3.10), has been calculated for several nights that satisfied pristine

and stable conditions to be compared against AODref . Data from the #933 CE318-T pho-

tometer located at IZO have been selected for this purpose, since this high-elevation remote

site usually presents unique atmospheric conditions with very low and stable AOD values.

The morning and afternoon solar Langley-plots from this photometer have been calculated,

and stable conditions have been assumed when these Langley-plots present more than 25

data, the AOD at 500 nm below 0.025 and the standard deviation below 0.006 (see Toledano

et al., 2018). The nights for which both the previous afternoon and the next morning solar

Langley-plots fulfill the mentioned criteria, have been selected as the ’stable and pristine’

nights. The AOD has been calculated for these selected nights but discarding optical air-

masses larger than 6 and data under MPA absolute values above 90o. Moreover, a total of

37 cloud contaminated nights have been manually discarded by visual inspection (nights

without a smooth AOD time series) in order to warranty the AOD quality. As result, around

13500 AOD data points per wavelength, corresponding to 98 pristine and stable nights from

June 2014 to March 2018 at IZO, have been selected.

The differences between the AOD obtained by the Gain calibration and the reference

values (∆AODG−r) have been calculated following the next equation:

∆τG−r(λ) = τGain(λ) − τref (λ) (3.15)
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where ∆τG−r, τGain and τref are ∆AODG−r, the AOD from the Gain calibration and

the interpolated AOD used as reference (AODref ), respectively, for the λ-wavelength. Fig-

ure 3.10a shows the obtained ∆AODG−r values as a function of the MPA at IZO for the

98 chosen stable nights and for all photometer channels. These differences show negative

values, which is because the calculated AOD with Gain method and RIMO model is mostly

below zero. A fictitious nocturnal cycle, symmetrical with the optical airmass, appears in

these differences, and hence in the calculated AOD with Gain method and RIMO; this kind

of fictitious cycle are usually associated in Sun photometry to a deficient calibration (Ca-

chorro et al., 2004, 2008; Guirado et al., 2014). However, in Moon photometry this cycle,

as equation (3.10) evidences, could be also caused by inaccuracies in the used EM
0 values.

Barreto et al. (2017) found a similar behaviour in these differences but being close to zero

for MPA≈0 and increasing with the absolute phase, which could be explained because they

used Lunar Langley calibration near to the full Moon and it masked the possible bias on

RIMO at least close to MPA≈0. Assuming the Gain calibration and AODref are accurate,

and all the differences between AOD and the reference are caused by RIMO inaccuracies,

the ∆AODG−r can be expressed as1:

∆τG−r(λ) =
1

m
· ln

[
EM

0−ref (λ)

EM
0−RIMO(λ)

]
(3.16)

where EM
0−RIMO is the extraterrestrial lunar irradiance from RIMO (the one used in

CÆlis) and EM
0−ref is the extraterrestrial lunar irradiance that provides the AODref if the

Gain calibration is applied, both for the λ-wavelength. A correction factor that transforms

RIMO irradiance into the reference irradiance, named RIMO Correction Factor (RCF), is

defined as the ratio between the extraterrestrial lunar irradiance assumed as reference and

the obtained by RIMO. RCF can be derived for each λ-wavelength from equation (3.16) as:

RCF (λ) =
EM

0−ref (λ)

EM
0−RIMO(λ)

= exp [m · ∆τG−r(λ)] (3.17)

The RCF values have been calculated by equation (3.17) using the data of Figure 3.10a,

and they are shown in Figure 3.10b. The UV channels present high dispersion, while the

longer wavelengths point out a decay in RCF close to the full Moon. The other chan-

nels show less dependence on MPA and, excluding the UV channels, the extraterrestrial

lunar irradiance from RIMO underestimates the assumed as reference between 1% and 14%

(between 3% and 12% for MPA absolute values between 5o and 70o). This last result is in

agreement with the differences reported by Lacherade et al. (2014), who found that ROLO

1In order to simplify hereafter τa and ma are expressed as τ and m, respectively, without a subscript.
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underestimates around 6-12% (in the same MPA range than in this paper) for wavelengths

between 505 and 844 nm, using as reference an imagery absolute calibrated system on board

two PLEIADES satellites. Geogdzhayev and Marshak (2018) observed that ROLO underes-

timates, within 10%, the irradiance at six wavelengths between 443 and 780 nm using EPIC

(Earth Polychromatic Imaging Camera) images, calibrated using MODIS (Moderate Res-

olution Imaging Spectroradiometer) data. Viticchie et al. (2013) found also a positive bias

around 15% between Moon observations from SEVIRI (Spinning Enhanced Visible and In-

frared Imager) on-board MSG2 satellite (Meteosat Second Generation) and the ROLO model

at 1600 nm, and a behaviour close to the full Moon similar to the observed in Figure 3.10b

for the longer wavelengths. These independent results point out that ROLO, and hence its

implementation RIMO, underestimates the extraterrestrial lunar irradiance, which is in con-

cordance with the obtained results and reinforces the hypothesis that the Gain calibration

method is appropriate.

Viticchie et al. (2013) and Lacherade et al. (2014) observed a dependence of the differ-

ences between ROLO and satellite observations on MPA, and these dependencies on MPA

are also observed in RIMO in Figure 3.10b. Uchiyama et al. (2019) used the Lunar Langley

technique to observe an underestimation of the ROLO reflectance (given by equation (3.11))

with a MPA dependence fitted to a quadratic equation of the absolute value of the Moon

phase angle (C = Acg
2 + Bc; g= Moon phase angle) compared with the reflectance ob-

tained with photometer measurements; however, these authors did not consider the use of

the solar spectrum of Wehrli (1985), which was used by Kieffer and Stone (2005) to de-

rive the Moon reflectance of ROLO, neither asymmetries on the phase angle dependence of

ROLO reflectance correction. Considering the results reported in the literature, RCF values

of Figure 3.10b have been fitted by a least square method to a 2nd order polynomial as a

function of MPA:

RCF (λ) = a(λ) + b(λ) · g + c(λ) · g2 (3.18)

where g is the MPA, and a, b and c the fitting coefficients at λ-wavelength. The obtained

coefficients are shown in Table 3.2 for the different wavelengths. The uncertainty on the

a coefficient is 4e-3 for 340 nm, 1.7e-3 for 380 nm and 6e-4 for the other channels; these

uncertainty on b is 1.2e-2 rad−1 for 340 nm, 4e-3 rad−1 for 380 nm, 7e-4 rad−1 for 440, 675

and 1020 (InGaAs) nm channels, and 6e-4 rad−1 for the rest; in the case c the uncertainty is

2e-2 rad−2 for 340 nm, 5e-3 rad−2 for 380 nm, 8e-4 rad−2 for 440 nm and 1020 (InGaAs), and

7e-4 rad−2 for the other channels. This uncertainty has been calculated by the propagation

of the uncertainty on τGain (assumed as 0.02 as conservative value (Barreto et al., 2016)) and

τref (assumed as 0.02 for the UV channels and 0.01 for the others) of Eq. 3.15.
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Figure 3.10: a) Differences between AOD from Gain calibration and the reference values at night
as function of Moon Phase Angle (MPA) for different wavelengths; b) RIMO Correction Factor
(RCF) against MPA for different wavelengths; c) Fitted RCF and ± its propagated uncertainty
vs. MPA for different wavelengths (340 nm values are not shown because they are out of the
axis limits); and d) Fitted RCF and ± its propagated uncertainty (error bars) against the nominal
wavelength of each CE318-T channel, for different MPA values.

70



3.2 Artículo 2: Correction of a lunar-irradiance model for aerosol optical depth
retrieval and comparison with a star photometer

the RCF values produced by the retrieved coefficients are also shown in Figure 3.10c,

indicating RCF values between 1.03-1.14 for all MPA range except for the UV channel, for

which the fit indicates much larger dependence on MPA. The coefficients for 340 nm chan-

nel have been calculated only using data with MPA absolute values lower or equal to 55o

since the AOD at 340 nm is too noisy due to the low lunar signal, especially far from the full

Moon. The discrepancies in the RCF value for 1020 nm between Silicon and InGaAs (1020i)

channels (see Figure 3.10b) are also marked in the fitting coefficients which point out a RCF

overestimation of InGaAs over Silicon around 0.03. The median (MD) and standard devi-

ation (SD) of the RCF fitting residuals (RCFresid) are also in Table 3.2, showing the worst fit

for UV channels followed by 440 nm and the InGaAs channels; the InGaAs channels present

a median and standard deviation in the RCF residuals around -0.001 and 0.013, respectively,

which could explain part of the mentioned discrepancies between the RCF values at 1020

nm in both Silicon and InGaAs channels. On the other hand, the lowest deviation (around

0.01) is reached for the 675, 870 and 935 nm. The uncertainty on RCF caused by the uncer-

tainty on the coefficients is also shown in Figure 3.10c. This uncertainty increases with MPA

and is in general low except for the UV channels. Figure 3.10d shows the RCF values as a

function of the nominal wavelengths of the photometer channels and for a set of MPA val-

ues. The uncertainty of the RCF increases with MPA as observed in Figure 3.10c. About the

variation of RCF with wavelength, it is similar for the different MPA values, being always

larger for negative MPA values than for positive ones, except for 1020 channel. The RCF

strongly decreases from 340 to 440 nm, while from 440 to 935 nm the variation is smoother,

increasing from 440 to 675 nm and decreasing from 675 to 935 nm. This result could lead

us to think that RCF can be calculated for other wavelengths by interpolation. However, the

spectral variation of RCF is unknown and smooth or linear behaviour cannot be assumed.

RIMO lunar reflectance values are calculated at 32 spectral bands which are interpolated to

the other wavelengths, the accuracy of RIMO could drastically vary between two different

RIMO bands. Therefore, the interpolation of RCF to other bands is not recommended or at

least must be taken with care. The spectral uncertainty and accuracy of RCF is not known

out of the CE318-T spectral bands.

Unifying equation (3.10), (3.12), (3.14) and (3.18) with the coefficients of Table 3.2,

the AOD can be calculated using the Gain calibration method as:

τ(λ) =
1

m
· ln
[
V S
0 (λ)

V M(λ)
· RCF (λ) · A(λ)

(DO−M ·DS−M)2
· 3844002 · ΩM ·G

π

]
−

1

m
· [mR · τR(λ) +mg · τg(λ)] (3.19)
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Table 3.2: Fitting coefficients of the RIMO Correction Factor (equation (3.17)), the number of
used data (N), and median (Md) and standard deviation (SD) of the residuals in RIMO Correction
Factor (RCF) and aerosol optical depth (AOD) for different photometer wavelengths.The fitting
values at 340 nm has been obtained without MPA absolute values above 55o.

λ(nm) N a b (rad−1) c (rad−2) Md(RCFresid) SD(RCFresid) Md(AODresid) SD(AODresid)

340 8895 1.186 -2.35e-02 1.92e-01 6.15e-02 4.89e-01 3.42e-02 1.21e-01
380 13447 1.082 -4.17e-03 7.10e-02 4.41e-03 1.70e-01 2.46e-03 5.37e-02
440 13496 1.062 -5.35e-04 1.14e-02 -4.71e-04 1.59e-02 -2.41e-04 8.23e-03
500 13496 1.078 -8.93e-04 1.11e-02 -2.71e-04 1.28e-02 -1.38e-04 6.88e-03
675 13496 1.092 -4.50e-04 1.38e-02 -1.77e-04 1.13e-02 -8.77e-05 6.06e-03
870 13496 1.075 -2.05e-03 1.37e-02 -3.00e-04 1.12e-02 -1.53e-04 6.17e-03
935 13494 1.071 -2.41e-03 1.36e-02 -2.29e-04 1.12e-02 -1.21e-04 6.24e-03

1020 13495 1.035 5.55e-03 2.79e-02 -2.36e-04 1.32e-02 -1.18e-04 7.78e-03
1020i 13495 1.063 3.40e-03 3.04e-02 -7.35e-04 1.35e-02 -3.63e-04 8.09e-03
1640 13495 1.047 -1.25e-03 2.26e-02 -4.38e-04 1.27e-02 -2.25e-04 8.09e-03

which is the final way used by CÆLIS to derive AOD at night-time, adding the RCF

values and using the Gain method to transfer Sun to Moon calibration. It is important to

remark that this AOD retrieval is based on the assumption of linear behaviour of the instru-

ment with respect to the measured irradiance, but this assumption is reasonable as it was

observed by Taylor et al. (2018), who found that nonlinearity can be considered negligible

for the CE318-T instrument at Moon irradiance levels.

Finally, in order to see how the residuals in the RCF fitting are propagated to the AOD,

the median and standard deviation of the residuals between the AOD from equation (3.19)

and the AODref in the 98 chosen stable nights (used in the RCF fitting) are calculated and

shown in Table 3.2. The highest AOD deviation appears for the UV channels, especially for

340 nm (even taking into account that MPA absolute values above 55o has been discarded),

being about 0.12. The AOD deviations are below 0.01 for all channels above 400 nm, being

the highest for 440 nm and the InGaAs channels (1020i and 1640nm). As in RCF residuals,

the lowest deviations are found in 675, 870 and 935 nm channels. These results point out

that the 340 nm channel (at least for MPA absolute values above 55o), and possibly 380

nm, should not be used due to the high dispersion, which caused by the low signal to noise

ratio of these channels. In addition, the AOD from InGaAs channels should be carefully

used since they present the highest deviation (apart from the UV channels). An example

of the AOD at night-time obtained by the proposed method using CÆLIS is shown in the

Figure 8 of González et al. (2020b), where the AOD continuity from day to night-time can

be appreciated for different sites and MPA values.
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3.2.2.4 Moon vs star photometer

In order to evaluate the performance of the AOD calculated by the method developed in sec-

tion 3.2.2.3, the AOD from a Moon photometer has been compared with the AOD measured

by a star photometer. To this end, the AOD from the different Moon photometers at UGR

station in 2016-2017 has been obtained from CÆLIS. These AOD data have been previously

cloud-screened using the criteria explained in González et al. (2020b), which is similar to

the one used at daytime by Giles et al. (2019). The applied criteria are mainly based on: the

recorded signal must be higher than a threshold value in some infrared channel (to warranty

the correct pointing at the Moon); the AOD variation in a triplet observation must be below a

threshold; the temporal variation of AOD at 500 nm must be smooth (below 0.01 per minute);

among others. The AOD negative values, or below a established threshold, have been not

discarded in this work, since this kind of criteria are usually based on a threshold marked

by the AOD uncertainty, but in this case the uncertainty is still not well known. Finally the

cloud-free AOD values from Moon photometer have been averaged in 30 minutes intervals,

for comparison purposes with the star photometer outputs, that are 30 min averaged values

(see Section 3.2.2.2.2).

Figure 3.11 shows AODs and AEs for day and night time for the Moon cycle (first to third

quarter) in July 2016. Data presented are from Sun photometry (daytime) and Moon and

star photometry (night-time). Moon phase angle values are also provided. Generally good

day-to-night continuity is observed for different aerosol loads and MPA values. However

AOD at 380 nm from Moon observations looks noisier, reaching high/low values at the

beginning/end of the night (similar to a daytime calibration problem) for the lowest MPA

values. The showed data period includes different aerosol episodes, such as Saharan desert

dust outbreaks during 18-19th and 20-21st (both events studied by Benavent-Oltra et al.,

2019 and Román et al., 2018); the presence of these coarse particles lead to a reduction in

the AE values (calculated only if the 4 wavelengths between 440 and 870 are available),

which is also shown in Figure 3.11. The AE from Moon observations fits well between day

and night-time even near the Moon quarters, but AE from star measurements presents more

fluctuation especially from 22nd to 24th July 2016. These results point out the goodness of

the AOD from Moon observations, except at 380 nm which is not used for AE calculations;

however, the fluctuations in AE from star photometer could indicate some extra uncertainties

or measurement issues in some channels.

Figure 3.12 shows 1:1 comparisons of Moon photometer AODs and AE versus star pho-

tometer values for all data acquired during the intensive field campaigns. All channels show

correlation between both AOD data sources, being the correlation coefficient, shown in Table

3.3, higher than 0.96 (0.97 if only 2016 is considered) except for 380 nm, which presents
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Figure 3.11: Aerosol optical depth (AOD) values from Sun, Moon and star photometer at
Granada (Spain) from the first to third Moon quarter in July 2016. Bottom panel at right shows
the Ångström Exponent (AE) calculated with the wavelengths of 440, 500 and 675 and 870 nm
(436, 500, 670 and 880 nm for star photometer). Moon phase angle (MPA) is represented with a
black line in each panel.

a lower value around 0.71. Table 3.3 also shows the slope and y-intercept of the linear fits

shown in Figure 3.12, both ranging from 0.975 (440 nm) to 1.038 (870 nm) and from -0.012

(870 nm) to -0.004 (500 nm), respectively, for the wavelengths between 440 and 870 nm;

these results reveal that the obtained fitted lines are close to the 1:1 line. Table 3.3 also

shows the mentioned statistical estimators calculated using only data of 2016 or 2017, separ-

ately. For the wavelengths between 440 and 870 nm, the correlation decreases to about 0.94

and the linear fits are farther than the 1:1 line for 2017. This worse relationship between both

instruments in 2017 could be caused by some technical problems observed in the star photo-

meter in 2017 after the participation of the instrument in the first multi-instrument nocturnal

intercomparison campaign (Barreto et al., 2019) at Izaña, likely linked to the transport of the

instrument from Granada to Izaña and vice versa. In the case of the 380 nm, this channel

presents higher agreement in 2017 than in 2016 due the large number of negative values of

AOD from Moon observations registered in August and September 2016, especially during

periods close to the Moon quarters. The AOD data these both months were derived from

measurements recorded by the #751 photometer; AOD from this photometer also showed

this behaviour for 380 nm for all the period of measurements at Granada in 2016 and 2017

(even out of SLOPE campaigns). These values are not cloud-screened because the removal
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of negative AOD values is not included in the screening algorithm. These negative values

are the main cause of the shifted linear fit shown in 3.12 for 380 nm. This plot, however,

shows that there are many data points of AOD (380 nnm) close to the 1:1 line. In fact, if

the agreement in the 380 nm channel is recalculated without the two mentioned months,

the r coefficient, y-intercept and slope are 0.94, -0.03 and 0.97, respectively, using 309 data

totally. The behaviour in the agreement of the other channels also shows a little improve-

ment, but in this case it is due to some negative AOD values from star photometer (although

within the uncertainties) acquired in August 2016. The same statistical analysis has been

done for the AE, showing worse agreement than the AOD. The AE agreement improves if

the two troublesome months in 2016 are not included in the analyses. Actually, the improved

analysis presents correlation coefficient of 0.79, slope of 0.85, and y-intercept of 0.20. How-

ever, removing the most problematic periods, the AE values do not show as good agreement

between both instruments as for the AOD, probably because individual deviations in AOD

affects AE computations, which is particularly critical for low AOD (Cachorro et al., 2008).

In order to quantify the discrepancies between the AOD retrieved by Moon and star

photometers, Figure 3.13 shows frequency histograms of relative differences in AOD, as-

suming the star photometer as reference. Figure 3.13 reveals that in general the differences

are centred around zero and normally distributed. The influence of the negative AOD at

380 from Moon observations can be observed in the negative tail showed by the differences

in this channel distribution. The percentage of AOD absolute difference values below 0.02

are 27%, 47%, 45%, 57% and 63% for 380, 440, 500, 675 and 870 nm, respectively; these

percentages rise up to 46%, 65%, 63%, 69% and 75% for differences below 0.03. Table

3.3 shows the mean, median and standard deviation of the differences given in Figure 3.13.

For the wavelengths between 440 and 870 nm, the mean and median of the differences are

close to zero, being the absolute value below 0.01 except for 440 nm where the median in all

measurement period is -0.012. These results point out that, for these wavelengths, there is

no significant under or overestimation of AOD from Moon to from star photometer, except

a very small underestimation about 0.01 at 440 nm (within the uncertainty). The standard

deviation, associated to the uncertainty, shows values about 0.04 for 440 to 675 nm and 0.03

for 870 nm; these values are reduced around 0.01 if they are calculated only with data from

2017, which can be due to the influence of the mentioned AOD values at August′16. If this

month is removed from the dataset, then all the mentioned standard deviations go down to

0.03. The mean, median and standard deviation of the differences in the 380 nm channel are

high, but significantly lower for 2017 likely due to the impact of negative AOD values from

Moon observations obtained in the period August-September′16. The median and standard

deviation are -0.03 and 0.06 when this period is removed. Regarding AE differences, the
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Table 3.3: Statistical estimators of the differences between the aerosol optical depth (AOD)
from Moon and star photometers for different wavelengths and periods. N is the number of used
data; M, Md and SD represents the mean, median and standard deviation of these differences,
respectively; y0, slp and r are the y-intercept, slope and correlation coefficient from the linear fit
between the AOD from Moon and star photometers. These estimators are also presented for the
Ångström Exponent (AE) in the 440-870 nm range.

λ(nm) Period N M Md SD y0 slp r

380
2016 265 -0.122 -0.048 0.181 -0.114 0.959 0.714
2017 183 -0.051 -0.040 0.062 -0.001 0.762 0.787
All 448 -0.093 -0.044 0.149 -0.080 0.934 0.710

440
2016 336 -0.013 -0.009 0.043 -0.010 0.979 0.974
2017 166 -0.019 -0.014 0.027 -0.008 0.938 0.946
All 502 -0.015 -0.012 0.038 -0.011 0.975 0.971

500
2016 304 0.006 0.008 0.040 0.005 1.007 0.978
2017 162 -0.025 -0.024 0.031 -0.013 0.926 0.918
All 466 -0.005 -0.003 0.040 -0.004 0.997 0.969

675
2016 315 -0.001 0.002 0.039 -0.004 1.020 0.979
2017 68 -0.021 -0.020 0.032 -0.031 1.061 0.934
All 383 -0.005 -0.001 0.038 -0.007 1.018 0.976

870
2016 264 -0.006 -0.003 0.034 -0.011 1.038 0.986
2017 137 -0.009 -0.008 0.024 -0.012 1.027 0.939
All 401 -0.007 -0.005 0.031 -0.012 1.038 0.983

AE(440-870)
2016 221 0.06 0.01 0.45 0.52 0.51 0.683
2017 63 0.15 0.11 0.28 0.11 1.06 0.656
All 284 0.08 0.04 0.42 0.46 0.56 0.693
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Figure 3.12: Aerosol optical depth (AOD) and Ångström Exponent (AE) from Moon photo-
meter versus the AOD and AE from star photometer for 2016-2017 period and for different
wavelengths. Colour legend represents the relative density of data points. Black lines indicate
linear fit to the data.
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mean and median are below 0.10 for all data, indicating a lack of significant over or under-

estimation, but the standard deviation is around 0.4, revealing a high dispersion.

Figure 3.13: Frequency of the aerosol optical depth (AOD) differences between the Moon and
star photometers for different wavelengths. Bottom-right panel shows the frequency of these
differences for the Ångström Exponent (AE) in the 440-870 nm range.

We have also investigated whether the performance of the AOD depends on the MPA,

due to the influence of this parameter on the incoming lunar irradiance and in the RCF values

(see Section 3.2.2.3.3). Figure 3.14 shows the Moon-star AOD differences as a function of

MPA for the different wavelengths. No dependence of the relative differences on MPA is

observed, neither for the median values nor for the standard deviations. A high reduction

in the differences can be observed for the 380 nm in the 70-80o MPA bin, which surely is

the MPA bin with more negative AOD values from Moon observations at this wavelength as

mentioned above. Finally, the AE differences do not show any clear pattern with MPA, but

the high dispersion observed before can be also appreciated.

3.2.2.5 Conclusions

Moon photometry needs accurate knowledge of the extraterrestrial lunar irradiance in order

to calculate the aerosol optical depth (AOD). This paper uses the RIMO model (an imple-

mentation of the ROLO model) to calculate this irradiance, and a Sun/sky/Moon photometer

(CE318-T) located at the high-altitude station of Izaña to take measurements of the lunar

irradiance at ground to derive the AOD. However, the AOD values obtained using these

measurements and the RIMO model are not in agreement with the expected values even un-

der pristine and clear conditions. The discrepancies between the obtained and the expected
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Figure 3.14: Aerosol optical depth (AOD) differences between the Moon and star photometers
as a function of Moon phase angle (MPA) for different wavelengths. Bottom-right panel shows
these differences for Ångström Exponent (AE) in the 440-870 nm range. Black circles repres-
ent the median of all differences in a ±5o MPA interval, while error bars indicate ± standard
deviation of the data in the same interval.

AOD can be mainly caused by two issues: 1) bad calibration coefficients of the photometer

or 2) lack of accuracy in the RIMO values. The calibration used in this work has been based

on transferring the calibration of the solar channels (well established) to the Moon channel

by a vicarious method, based on the fact that the photometer takes the Moon observations

with the same sensor than Sun measurements but with a two-step electronic amplification

of 4096 in the signal. In principle, nothing suggests that AOD errors could come from the

calibration, while other works in the literature pointed out discrepancies in the ROLO model.

This fact has motivated us to assume the lack of accuracy on RIMO as the responsible of the

observed differences, and these differences have been used to determine the RIMO accuracy.

Detailed analyses of the differences between expected AOD and the AOD derived by

RIMO have shown a bias revealing an underestimation of RIMO to the real extraterrestrial

lunar irradiance about 1-14% for visible and IR channels, which in addition depends on

the Moon phase angle (MPA); this result agrees with other works in the literature. The

mentioned bias has been modeled as a function of MPA by a 2nd order polynomial (for

each wavelength). These proposed polynomials represent the named RIMO correction factor

(RCF), since if a RIMO irradiance output is multiplied by this factor, then the derived AOD

from the corrected irradiance will be closer to the expected AOD. The obtained RCF values

are at least useful for the retrieval of AOD from Moon observations. Differences around 0.03

in the RCF values has been found for the same wavelength (1020 nm) using two different

detectors (Silicon and InGaAs); this result has apparently no physical sense, since the lunar
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irradiance cannot take two different values for one single wavelength. Consequently, this

result must be caused by the uncertainty of the measurements and the method itself, indicat-

ing that the uncertainty of the estimated extraterrestrial lunar irradiance with RCF might be

about 3%, at least for 1020 nm. The obtained results at 340 nm have been too noisy hence

the use of this channel is not recommended. This new methodology based on the modeled

RCF to correct RIMO for AOD calculation has been implemented in CÆLIS, achieving a

night-time AOD calculation in near-real time for all photometers managed by this tool in an

operational way. This is possible because the used calibration only needs from the routine

Sun calibration (the so called Gain calibration method).

The RIMO-corrected AODs have been evaluated versus alternative and independent meas-

urements from a star photometer. This instrument was deployed at Granada, a different loc-

ation than the one used for the proposed RCF calculation. To our knowledge this is the

first long-term AOD comparison between Moon and star observations. The obtained res-

ults for wavelengths between 440 and 870 nm have pointed out a good agreement between

both databases, being the absolute mean difference below 0.01, except for 440 nm which is

below 0.02. This indicates only a slight underestimation of AOD from Moon to star observa-

tions (used as reference) at 440 nm, but within the uncertainty of the star photometer (about

0.02-0.03). The standard deviation of the Moon-star AOD differences for the mentioned

wavelengths is about 0.03-0.04, but if some problematic periods in the star photometer data

are neglected, these values are reduced approximately to 0.01, which leads to an uncertainty

in AOD from Moon observations between 0.019 (870 nm) and 0.028 (500 nm). However,

these uncertainties could be lower because part of the observed differences could be caused

by: detected technical problems in star photometer filter wheel; the differences in the ef-

fective wavelengths used in both instruments and in the way to correct atmospheric gaseous

scattering and absorption at these wavelengths; the inhomogeneity of aerosol spatial distribu-

tion, since both instruments point to different targets, which also affects to the time interval

used to the averages (clouds can block the Moon but not the pointed star, and vice versa). The

differences at 380nm are higher, showing in the best case an underestimation around 0.03

and an uncertainty about 0.06. These results suggest current limitations in using this channel,

mainly caused by the low signal at this wavelength, which usually produces high dispersion

and noisy AOD values close to the Moon quarters. Further improvements and analyses need

to be done in order to guarantee AOD quality in the UV region. The analyzed wavelengths

have not shown any dependence on MPA in the Moon-star AOD comparison.This is an im-

portant result because it indicates that the proposed correction is able to remove any influence

of the Moon cycle on the AOD.
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The used night-time cloud-screening is in general the same that is used for daytime but

without rejecting AOD values below a given threshold. In spite of providing apparently good

results, the night-time cloud-screening is still in development and it could change or add

other specific criteria in the future due to the particularities of night-time measurements. The

development of new cloud-screening criteria is out of the scope of this paper but, in the fu-

ture, it could be based on the consideration of temporal smoothness in individual wavelengths

or in the addition of a threshold value for the minimum acceptable AOD and for the min-

imum acceptable recorded signal per channel; this could help to warranty the AOD quality,

especially in the noisier channels like 380 nm. Recently, AERONET is also providing AOD

values from Sun/sky/Moon photometers with its own method1, but this product is still labeled

as provisional at present, hence a direct comparison between the AOD from the proposed and

the AERONET methods has not been considered.

To sum up, this work provides more evidences about the reported underestimation of

RIMO/ROLO model to the real extraterrestrial lunar irradiance and points to the need for a

correction of this model or the development of a new extraterrestrial lunar irradiance model,

at least for accurate AOD calculation purposes. Meanwhile, at least until a more accurate

lunar irradiance model is available, the proposed correction can help in providing AOD re-

trievals with the Moon. Moreover, additional studies using different Moon photometer/spec-

troradiometer models or using alternative and independent night-time instrumentation, like

lidar or star photometers, are highly recommended to characterize the AOD uncertainty, the

accuracy of the proposed method and the feasibility of its use with other instrumentation.
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3.3 Artículo 3: Characterization of stratospheric smoke par-
ticles over the Antarctica by remote sensing instruments

3.3.1 Resumen y comentarios

Durante los días del 7 al 10 de enero de 2020 se observaron valores extraordinariamente

elevados de espesor óptico de aerosoles (AOD) en la estación de medida de Marambio, en la

Antártida Argentina. El AOD en 500 nm llegó a alcanzar valores en torno a 0.3 el día 9 de

enero y, en general, los valores de AOD fueron mucho más altos en el el periodo señalado

que los valores medidos en la misma estación desde que se dispone de medidas; nunca se

había superado un valor diario de AOD en 500 nm de 0.1.

Una vez detectados estos valores se procedió a identificar el tipo de aerosol que llegó a

Marambio, así como su origen. Para ello se han utilizado diferentes técnicas. La altura a la

que se encontraba el aerosol detectado ha sido determinada gracias a los datos de CALIO-

P/CALIPSO, los cuales indican que esta altura estuvo alrededor de 13 km snm. Con esta

información se han calculado las retrotrayectorias de las masas de aire a 13 km snm sobre

Marambio utilizando el modelo HYSPLIT, las cuales revelan que el aerosol venía del sureste

de Australia. Este resultado parece indicar que el aerosol que se detectó en Marambio tuvo

su origen en la intensa quema forestal que se produjo durante los incendios ocasionados al

este de Australia a finales de 2019. El origen en estos incendios ha sido confirmado por los

datos de “Aerosol Index” del satélite Suomi-NPP, los cuales revelan que los incendios al sur

de Australia inyectaron una fuerte cantidad de partículas de humo en la estatosfera a través

de pirocumulonimbos; este humo cruzo el océano Pacífico hasta alcanzar la Antártida varios

días después.

Una vez identificada la fuente de arosoles, así como su transporte, se ha realizado un

análisis de la variación de las propiedades del aerosol desde su origen, utilizando datos de

una estación en Australia, hasta su llegada a Marambio. Los resultados indican que el aerosol

que llegó a Marambio fue humo “envejecido”, el cual difiere ligeramente del aerosol que

salió de Autralia que puede catalogarse como humo “fresco”. Los valores diarios de AOD en

500 nm obtenidos los meses después del evento descrito fueron ligeramente más altos que los

observados los años anteriores; esto parece indicar que partículas de humo estuvieron todavía

presentes sobre la Antártida incluso durante mucho tiempo después del evento mencionado.

Esté trabajo arroja la evidencia de lo importante que es tener algoritmos como el que

calcula el AOD corriendo de forma rutinaria para poder detectar estos eventos en tiempo

cuasi-real.
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A continuación, se puede ver en detalle todo el proceso de identificación y caracterización

del aerosol.

3.3.2 Characterization of stratospheric smoke particles over the Antarc-
tica by remote sensing instruments

Ramiro González1∗, Carlos Toledano1, Roberto román1, David MAteos1, Eija Asmi2,3, Edith

Rodríguez2, Ian C. Lau5, Jonathan Ferrara3, Raúl D’elia5, Juan Carlos Antuña-Sánchez1,

Victoria E. Cachorro1, Abel Calle1, and Ángel M. de Frutos1
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2 Finnish Meteorological Institute, Helsinki, Finland;
3 National Meteorological Service, Buenos Aires, Argentina;
4 Commonwealth Scientific and Industrial Research Organisation (CSIRO) Mineral Re-

sources, Kensington, Australia;
5 CEILAP - UNIDEF (CITEDEF-CONICET), Villa Martelli, B1603ALO, Buenos Aires,

Argentina ;
∗ Correspondence: ramiro@goa.uva.es

Abstract Australian smoke from the extraordinary biomass burning in December 2019 has

been observed over Marambio, Antarctica, on 7th-10th January, 2020. The smoke plume

was transported thousands of kilometers over the Pacific Ocean, and reached the Antarctic

Peninsula at 13 km height, as determined by satellite lidar observations. The proposed ori-

gin and trajectory of the aerosol are supported by back-trajectory model analyses. Ground-

based Sun-Sky-Moon photometer belonging to the Aerosol Robotic Network (AERONET)

measured aerosol optical depth (500 nm wavelength) above 0.3, which is unprecedented for

the site. Inversion of sky radiances provide the optical and microphysical properties of the

smoke over Marambio. The AERONET data near the fire origin in Tumbarumba, Australia,

was used to investigate the changes in the measured aerosol properties after transport and

ageing. The analysis shows an increase in the fine mode particle radius and a reduction

in absorption (increase in the single scattering albedo). The available long-term AOD data

series at Marambio suggests that smoke particles could have remained over Antarctica for

several weeks after the analyzed event.

Keywords: Antarctica; aerosol; optical properties; biomass burning, Australian fires, smoke

ageing
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3.3.2.1 Introduction

Antarctica is the most isolated and pristine continent. Studies about Antarctic aerosols started

in the 1960’s, both with remote sensing and in situ techniques Kuhn (1972); Voskresenskii

(1968). Those first measurements indicated the presence of sulfate, sea salt and crustal aer-

osols. Despite the very low concentrations, the presence of extraneous particles proves that

aerosol transport takes place on a global scale Shaw (1988). Coarse sea salt particles dom-

inate the aerosol mass over Antarctica, especially in coastal areas. The main sources of

secondary aerosol (fine mode) over Antarctica are the marine sulphur and organic aerosol

precursors Asmi et al. (2010). A significant fraction of fine mode of Antarctic aerosol might

originate from a source not yet identified Giordano et al. (2017). The absorption is a key

parameter to determine the aerosol radiative effect Myhre (2009). Significant black carbon

concentrations were measured in Antarctica, with the main sources suggested to be biomass

burning aerosols transported from South-America, Africa and Australia Asmi et al. (2018);

Fiebig et al. (2009).

In the Antarctic Peninsula, severe environmental changes in the past decades are likely

linked to natural variability (changes in atmospheric circulation, local sea-ice loss), although

other processes with anthropogenic origin like the ozone depletion may have played a role

too. As a result, some of the largest increases in near-surface air temperature in the South-

ern Hemisphere in the 20th century were registered in the Antarctic Peninsula Turner et al.

(2016). Long-term observations are needed to establish whether and how these changes can

affect the aerosol amount and properties in the region Asmi et al. (2018).

Long range transported aerosol from biomass burning affects polar regions, especially

the Arctic Graß l and Ritter (2019); Ranjbar et al. (2019); Ritter et al. (2018); Saha et al.

(2010); Tomasi et al. (2007); Zielinski et al. (2020), but also Antarctica Fiebig et al. (2009);

Stohl and Sodemann (2010); Weller et al. (2013). The occurrence of bushfires is likely to

increase due to climate change Dowdy et al. (2019); IPCC (2014) and thus the occurrence

of aerosol events caused by long-range transported smoke over polar regions. The aerosol

optical properties of the transported aerosol, thus its radiative effects, are largely uncertain.

Ageing processes during transport affect the size, shape and absorption properties of the

smoke particles Baars et al. (2019); Eck et al. (2003); Reid et al. (2005). Other important

aerosol effects are the deposition on snow and ice, and the interaction with clouds Asmi et al.

(2018); Shaw (1988).

In January 2020, bushfires in Australia burned over 20,000 ha (2x108m2) of land and

injected large amounts of smoke into the atmosphere Boer et al. (2020). The MetService at

New Zealand reported a huge smoke plume that was transported 2,000 km across the Tasman

Sea and reached the lower South Island, which reduced visibility and produced red skies.
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Satellite imagery revealed the plume extension, and the World Meteorological Organization

reported the transport of the smoke across the Pacific Ocean to South America, and that

smoke had ’probably’ reached Antarctica (https://public.wmo.int/en/media/

news/australia-suffers-devastating-fires-after-hottest-driest-

year-record). The Australian Bureau of Meteorology reported in spring 2019 the highest

fire weather danger that was measured by the Forest Fire Danger Index across the whole Aus-

tralia Bureau of Meteorology (2019). A detailed and qualitative satellite analysis about bush-

fires in Australia from September 2019 to January 2020 can be found at https://worldv

iew.earthdata.nasa.gov/?tr=australia_fires_2019_2020 and https:

//asdc.larc.nasa.gov/news/new-storymap-studying-the-2019-2020-

australian-bushfires-using-nasa-data.

Recent studies have thoroughly described this smoke event Kablick III et al. (2020);

Khaykin et al. (2020). The smoke generated Pyro-cumulonimbus (pyroCb) clouds that

caused unprecedented stratospheric perturbations, similar to those caused by moderate vol-

canic eruptions Khaykin et al. (2020). In particular, it was observed the generation of poten-

tial vorticity and anticyclonic circulations caused by absorptive aerosol heating Kablick III

et al. (2020). The paths and extension of several stratospheric smoke plumes are described

in detail. The main plume generated a self-maintained anticyclonic vortex measuring 1000

km in diameter, that ascended during three months until it reached 35 km height; it lofted a

confined bubble of carbonaceous aerosols and water vapour that travelled westbound round-

the-world over 66,000 km, until the beginning of April 2020 Khaykin et al. (2020). Both

works explicitly indicate that a smoke patch was transported over Antarctica and remained

there for several weeks. The smoke over Antarctica generated a weaker vortex but was sub-

ject to strong aerosol heating due to the permanent daylight and rose up to 27 km Kablick III

et al. (2020); Khaykin et al. (2020). Another recent study based on LIDAR observations at

Punta Arenas, Chile, confirms the transport of the smoke at stratospheric levels over South

America, and provides optical properties such as optical depth, lidar ratio and depolarization

ratio Ohneiser et al. (2020).

Ground based remote sensing instruments like the AErosol RObotic NETwork (AER-

ONET) photometers Holben et al. (1998) are globally deployed in order to assess aerosol

properties. The Group of Atmospheric Optics at the University of Valladolid (GOA-UVa), in

collaboration with the Finnish Meteorological Institute and the National Weather Service in

Argentina, installed in 2018 an AERONET Sun/sky/Moon photometer at Marambio station,

located in the Antarctic Peninsula. This instrument detected an extraordinary and unpreced-

ented aerosol event over Marambio on 7th-10th January 2020, with record values of aerosol

optical depth (AOD), and optical properties that indicate the presence of aged smoke aerosol
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particles. The aim of this paper is to assess the origin of this aerosol event and characterize

the optical and microphysical properties of the aerosols.

3.3.2.2 Sites and instrumentation

3.3.2.2.1 Measurement stations

Marambio is an Argentinian Antarctic station located in the ice-free Seymour-Marambio

island, at the north-east tip of the Antarctic Peninsula (64.240o S, 56.625o W and 200 m

a.s.l., see Figure 3.15). Marambio is characterized by a permafrost ecosystem. The Antarctic

region has no permanent human habitation but Marambio station operates all-year round and

acts as a logistic center for the scientific projects and also for other Argentinian Antarctic

stations. There are around 40-70 persons in Marambio even in austral winter Asmi et al.

(2018). The temperature at Marambio varies between +10oC in summer and -30oC during

winter. However the wind speed can reach 100 km/h decreasing the apparent temperature

to -60oC. The strong winds can blow snow and dust (in winter or summer) into the air. The

prevailing wind directions are southwest and northwest (Asmi et al., 2018).

Figure 3.15: Location of the Marambio station (Antarctica) and Tumbarumba AERONET station
(Australia).

In January 2018 the GOA-UVa installed a Sun/sky/Moon photometer CE318-T (Cimel

Electronique S.A.S.) and an OMEA 3C all-sky camera (Alcor System) in Marambio station.

This instrumentation is installed on the rooftop of the Scientific Laboratory, which is located
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in the middle of the station, between the the airfield and station buildings. This laboratory be-

longs to the Argentinian National Meteorological Service (Servicio Meteorológico Nacional)

and is shared with the Argentinian National Direction of the Antarctic (Dirección Nacional

del Antártico). The laboratory’s rooftop is also equipped with instrumentation focused on

atmospheric studies by different techniques, e.g. a Precision Filter Radiometer (PFR), a

Vaisala Ceilometer, Brewer spectroradiometer, MAX-DOAS, to cite some. In addition, sev-

eral aerosol in-situ instruments, which belong to the Finnish Meteorological Institute (FMI),

installed since January 2013, are located in a container 300 m away from the main site (Asmi

et al., 2018).

In order to identify the bushfire aerosol properties near its source, we used an AERONET

station located in the vicinity of the bushfires in Australia. The Tumbarumba AERONET

site (35.708o S, 147.950o E and 776 m a.s.l.), located at the south-east of Australia (see

Figure 3.15), is equipped also with a Sun/sky/Moon photometer CE318-T photometer since

July 2019. The Sun photometer is located on top of a rounded hill in cleared land used

for grazing of cattle. Native eucalypt woodland is located to the west and south east. The

area suffered a large bush fire in December 2019-January 2020, known as the Dunns Road

Bushfire. Native forest and grazing paddocks burnt within 10 km of the site. A flux tower,

with CSIRO instrumentation located 20 km to the north east in the Bago State Forest was

damaged when the ground infrastructure was burnt. At this site, persistent high values of

aerosol optical depth were detected for several weeks (data are available in the AERONET

website).

3.3.2.2.2 Instruments and data

The Cimel CE318-T is designed to measure at filter-selected wavelengths the direct Sun and

Moon irradiance, and the diffuse sky radiance. These measurements are useful to retrieve

different aerosol properties (Barreto et al., 2016; Dubovik and King, 2000; Shaw, 1983).

The Cimel radiometer is the reference instrument of AERONET. See Giles et al. (2019);

Holben et al. (1998) for details about the instrument, data processing and calibration. The

generated data are public and can be freely downloaded from the AERONET website (ht

tps://aeronet.gsfc.nasa.gov). The GOA-UVa is responsible of an AERONET

calibration center located in Valladolid, Spain, in cooperation with NASA, the University of

Lille and the Spanish Meteorological Agency. The CÆLIS software tool was developed for

the management of this calibration center and instrument monitoring (Fuertes et al., 2018;

González et al., 2020b; Román et al., 2020). This tool allowed for quick detection of the

event as well as assisted in the routine monitoring of the CE318-T instrument performance

at Marambio. This operational aspect is crucial in polar regions.
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In this paper we have used the AERONET version 3 level 1.5 (cloud-screened) aerosol

products of: AOD at 340, 380, 440, 500, 675, 870, 1020 and 1640 nm (Giles et al., 2019),

which is derived from Sun/Moon direct irradiance measurements; aerosol particle size dis-

tribution and single scattering albedo (SSA) at 440, 675, 870 and 1020 nm, both retrieved

by the AERONET operational inversion code using as input the multi-wavelength AOD and

sky radiance measurements taken at almucantar and hybrid geometry (Dubovik and King,

2000; Sinyuk et al., 2020); and the AOD fine mode fraction at 500 nm, which was calcu-

lated by the spectral deconvolution algorithm (SDA) (OÑeill et al., 2003). A set of quality

criteria was applied to ensure the reliability of the inversion data, i.e. solar zenith angle

>50o (for almucantar scans), minimum number of symmetrical angles and retrieval error

between 5% and 8% depending on AOD Toledano et al. (2019). The Ångström exponent

(AE), which represents the AOD spectral variation and contains information about the aer-

osol size predominance, has been calculated by a least square fit of the AERONET AOD

values in the spectral range from 440 to 870 nm. Concerning the inversion products, the fine

and coarse modes are separated at the inflection point within the radius interval 0.439–0.992

µm. The size distribution parameters (median and effective radius, volume concentration)

are provided for each mode.

In order to identify the height of the aerosol layers, vertical profiles of total attenuated

backscatter at 532 nm have been obtained from CALIOP (Cloud-Aerosol Lidar with Ortho-

gonal Polarization) for the Antarctica overpass of the CALIPSO (Cloud-Aerosol Lidar and

Infrared Pathfinder Satellite Observations) satellite (Winker et al., 2009). These data belong

to the CALIPSO Lidar Level 1 V4.10 product (CAL_LID_L1-Standard-V4-101).

The Aerosol Index -PyroCumuloNimbus- (AI-PCN) product (Torres, 2019), from the

Ozone Mapping Profiler Suite (OMPS) instrument on board the joint NASA/NOAA Suomi

National Polar-orbiting Partnership (NPP) satellite (Flynn et al., 2014), has been used to

track the spread of high aerosol concentrations in the atmosphere. This satellite product is

based on the detection of absorbing particles in the ultraviolet region. The aerosol index

is derived from normalized radiances using 2 wavelength pairs at 340 and 378.5 nm. This

product is linked to both the thickness and the height of the aerosol layer located in the

atmosphere.

In addition, airmass back-trajectories at Marambio have been obtained from the National

Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory’s (ARL) Hy-

brid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2016).

1https://www-calipso.larc.nasa.gov/products/lidar/browse_images/std_v

4_index.php
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HYSPLIT has been run with the trajectory ensemble option; this option starts multiple tra-

jectories from the starting location. Each member of the trajectory ensemble is calculated

by offsetting the meteorological data by a fixed grid factor, resulting in 27 members for

all-possible offsets in X,Y, and Z1.

3.3.2.3 Smoke event detection over Marambio

On 7th January, 2020 the aerosol optical depth at Marambio raised from values below 0.05

to higher than 0.2 (at 500 nm), as can be observed in Figure 3.16a. The AOD on 8th Janaury

is not available due to cloudiness, but the AOD on the 9th was even higher, about 0.3 at 500

nm. The AOD decreased on 10th January to AOD values below 0.05 at 500 nm at the end

of the day. The AE values from 7th to 10th January were about 1.3, i.e. it was lower than

the AE observed before and after the event (about 1.6). However the fine mode AOD shown

in Figure 3.16b considerably increased during the mentioned event, indicating fine particle

predominance, especially on 9th January, whereas the coarse mode AOD was constant and

stable for all the shown days. Figure 3.16b shows that the fine mode fraction of the AOD

(500 nm) was larger than 90% from 7th to 10th January and nearly 100% on 9th January.

The fine mode fraction is still above 85% on the 6th and 11st January, but below 85% on 5th

and 12nd January. These results indicate the presence of a fine particle event over Marambio

from 7th to 10th January.

The height of the aerosol layer over Marambio could provide additional information

about its origin. Figure 3.17 shows the vertical attenuated backscatter profiles at 532 nm for

selected CALIOP/CALIPSO overpasses close to Marambio during the analysed event. A

weak layer around 13 km asl was detected over Marambio at the beginning of 7th January

2020. A stronger layer can be seen over Marambio on the 8th, 9th and 10th January 2020 at

the same height. Another layer around 15 km asl is frequently visible on those days. All these

observed high altitude layers over Marambio presented lower total attenuated backscatter at

1064 nm compared to 532 nm (not shown), and an attenuated color ratio (backscatter at

1064 nm / backscatter at 532 nm) in general about 0.4-0.6.The depolarization ratio at 532

nm CALIOP product was mostly between 0.0 and 0.2 for the marked layers. They were

generally classified as ’stratospheric aerosol’ by the CALIOP vertical feature mask product

(Version 4.20). The aerosol subtype CALIOP product (Version 4.20) identifies these layers

mostly as ’elevated smoke’.

In order to detect the origin of the analyzed aerosol event, ensemble HYSPLIT trajector-

ies running for 240 hours backwards and ending at 13 km asl over Marambio (the observed

height of the aerosol layer) have been computed. These backtrajectories are shown in Figure

1https://www.ready.noaa.gov/hypub-bin/trajtype.pl
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Figure 3.16: (a) Aerosol optical depth (AOD) for different wavelengths and Ångström exponent
(AE) at Marambio on 5-12th January 2020. (b) Fine and coarse mode aerosol optical depth at
500 nm and the fine mode fraction at Marambio on 5-12th January 2020.

3.18 for the days from 6th to 11th January, at 12:00 UTC. The air masses at 13 km altitude
over Marambio came mainly from the middle of South Pacific ocean area (origin at about
15 km asl) for the aerosol event days (7th-10th January 2020), with some of the ensemble
computations originating in Southeastern Australia. This supports our hypothesis that the
detected aerosol could be smoke that originated in the bushfires of Australia austral summer
2020. Similar layer structure and heights were found by Ohneiser et al. (2020) over Punta
Arenas, Chile, where the smoke plume was detected by means of a ground-based lidar, and
HYSPLIT backtrajectories indicate that it originated in the Australian bushfires. The back-
trajectories on 6th and 11th January have a different origin than they show during the event,
crossing the Southern Ocean and Antarctic Peninsula areas.

The AI-PCN from OMPS/NPP satellite is shown in Figure 3.19 for several days between
28 December 2019 and 11th January 2020 over the South Pacific Ocean. This product,
as well as True Color corrected reflectance for all days from 10th December 2019 to 13th
January 2020 and corresponding animations, can be found as supplementary material to this
paper. The AI-PCN in Figure 3.19 shows aerosol load appearing over southeastern Australia
on 28th (and 29th, not shown) December, 2019, as a consequence of massive bushfires.
CALIOP/CALIPSO data on 31st December (not shown) reveal that this aerosol was injected
up into the stratosphere to 13-15 km height Kablick III et al. (2020), similar to the case
reported by Peterson et al. (2018) for wildfire-driven thunderstorms (pyro-cumulonimbus).
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Figure 3.17: Vertical profiles of total attenuated backscatter at 532 nm from CALIOP/CALIPSO
overpasses. The profiles are shown for six different overpasses from 7th to 10th January 2020.
The highest aerosol layers close to Marambio location are marked with a red circle.
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Figure 3.18: Ensemble HYSPLIT 10-days back-trajectories computed from Marambio at 13 km
asl from 6th to 11st January 2020.
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From 30th December 2019 to 1st January 2020 the aerosol plume was transported east-

wards, crossing over New Zealand (see Figure 3.19) at around 15 km asl as indicated by

CALIOP (not shown). The following days the plume was transported over the Pacific Ocean.

A detailed description of this smoke plume as well as subsequent plumes is provided by

Kablick III et al. (2020); Khaykin et al. (2020). Some smoke patches escaped from the vor-

tex and moved eastwards. For instance, two plumes travelled to the south and the center of

South-America on 5th January 2020. The first one reached southern Argentina and Chile on

6th January, and approached to Marambio on 7th January. The aerosol plume stayed over

Marambio area from 8th to 10th January and moved towards Northeast on 11th January. For

details, see Aerosol Index animation provided as supplementary material to this paper, as

well as the supplementary information to (Kablick III et al., 2020, S2 animation). This aero-

sol transport from Australia to Marambio was additionally confirmed by the MODIS (Moder-

ate Resolution Imaging Spectroradiometer) AOD data and NAAPS (Navy Aerosol Analysis

and Prediction System) model (see supplementary material), providing further evidence that

the aerosol plume detected over Marambio originated in the bushfires in Australia, and was

transported more than 10,000 km over the Pacific Ocean.

3.3.2.4 Aerosol properties

The scatter plot between Ångström exponent and aerosol optical depth can be used to classify

the aerosol (e.g. Holben et al., 2001; Toledano et al., 2007). In this plot, the horizontal axis

indicates the daily AOD whereas the vertical axis indicates the AE, related to the size pre-

dominance (larger size for lower AE). The AERONET data collected at Marambio until now,

are depicted in Figure 3.20. They include summer campaigns in 2008 and 2009 performed

by CEILAP-UNIDEF (National Scientific and Technical Research Council, Argentina) and

routine measurements since January 2018. These data indicate very low AOD with average

of 0.038 at 500 nm, and relatively high and variable AE (440-870 nm) in the range 1.0 to 2.5,

with overall mean of 1.38 (median 1.33). This can be considered the background aerosol at

the site. Only occasionally (11% of the days) the AE is below 1.0, indicating in these cases

the predominance of coarser (possibly marine) particles. Similar AOD values are reported

by Tomasi et al. (2015) for the GAW-PFR observations at Marambio in 2011-2013.

The three investigated days (7th, 9th and 10th January 2020) have the highest AOD daily

means of the entire data set. Until this episode, AOD had not exceeded 0.1 (at 500 nm

wavelength), clearly showing that this event was extraordinary at the site. Moreover, the

AOD daily mean values of AOD after the event (until April 2020), marked in red color in

Figure 3.20, are consistently above the background values, suggesting that some residual

aerosol could be present in the atmospheric column for some weeks after the 7-10th January
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Figure 3.19: Aerosol Index PyroCumuloNimbus (AI-PCN) maps over Pacific ocean for 10 dif-
ferent days during the smoke transport from Australia to Marambio station. These maps have
been extracted from NASA’s Earth Observing System Data and Information System (EOSDIS)
worldview tool (https://worldview.earthdata.nasa.gov)
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event. The analysis by Kablick III et al. (2020) also indicates that smoke could be present

at Antarctic latitudes until mid-February. The AE, in the range 1.3 to 1.4 (also observed

in Figure 3.16a), shows intermediate values which would indicate a certain contribution of

coarse mode particles. However the fine/coarse mode separation of the AOD indicated that

the coarse mode had a minor contribution to the AOD. The analysis of the particle size

distribution is necessary to tackle this apparent contradiction.

Figure 3.20: Daily mean of Ångström exponent (AE) vs. aerosol optical depth (AOD) at 500
nm at Marambio (until April 2020). Colorbar indicates the date of each data point highlighting
the analyzed days of the event.

The favorable sky conditions during the event on 9th and 10th January (clouds are very

frequent in this region), allowed sky radiance scans (almucantar and hybrid geometries)

which could be inverted to retrieve the optical and microphysical properties of the aero-

sol. Given that the AOD during the event was much larger than the background values (0.3

on Jan. 9th vs. 0.025 on the 5th), we can assume that the inverted properties mainly cor-

respond to those of the elevated smoke layer. We calculated the daily mean aerosol size

distribution on the 9th and the 10th January, based on 6 and 9 inversions respectively. The

result is shown in Figure 3.21, together with the average aerosol size distribution measured

near the smoke plume origin, at the Tumbarumba site in Australia. The latter corresponds

to the mean of the daily averages in the period 25-30th December 2019, during which high
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AOD was persistently measured due to active fires.

The size distribution at Tumbarumba was bimodal, with predominant fine mode. The

average fine mode fraction was 0.64 in particle volume. However the coarse mode played

a minor role in terms of AOD, with fine mode fraction of the AOD (500 nm) above 0.94,

as derived from the spectral deconvolution algorithm data. This minor role of the coarse

mode was also noted in other studies about biomass burning Eck et al. (2001); Schafer et al.

(2008). The lack of optically significant coarse mode is typical of biomass burning aerosols

of several source regions Eck et al. (2009). The mean AOD (500 nm) derived here for the

fresh biomass burning aerosol at Tumbarumba was 0.56, indicating a significant aerosol load,

that peaked on 1-3 January, with AOD (500 nm) above 5.0.

Figure 3.21: Volume particle size distribution over Marambio, Antarctica, on 9th and 10th Janu-
ary 2020 (daily averages), as well as the mean of the daily averaged size distribution over Tum-
barumba, Australia, for the period 25-30 December 2019. Color shaded areas represent ± 1
standard deviation.

Two main features arise from the comparison of the mean size distributions over Mara-

mbio and Tumbarumba. First, the coarse mode nearly disappeared in the lofted layer over

Antarctica, suggesting that the large particles were most effectively scavenged during the

long-range transport. Similar results have been observed in other aerosol events (e.g. Myhre

et al., 2007). Second, the fine mode modal radius was larger at Marambio (0.22 µm), than

it was at Tumbarumba (0.16 µm). These are average values for the mentioned periods (see

Figure 3.21). An increase in the fine mode radius is typical for aged smoke, due to coagu-
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lation and condensation processes Ditas et al. (2018); Eck et al. (2009); Reid et al. (2005).

This increase in the fine mode modal radius is likely the reason for the above-mentioned

reduction in the AE to 1.34 at Marambio while the averaged daily AE at Tumbarumba was

1.82 for the 25-30 Dec. period. Radiative transfer simulations have been done using as input

the AERONET averages of fine and coarse aerosol concentrations (at both sites), varying the

fine mode modal radius; the obtained results (not shown) support the hypothesis that, for the

observed aerosol fine and coarse concentrations, the AE decreases as the fine mode radius

increases, in agreement with the measured data.

Differences on the aerosol optical properties obtained at Marambio and Tumbarumba

have also been observed, possibly associated to ageing. The aerosol SSA and its wavelength

dependence can be linked with the aerosol type Dubovik et al. (2002); Giles et al. (2012).

At Tumbarumba, the SSA was about 0.96-0.97 at 440 nm and decreased in the longer

wavelengths (0.93 at 1020 nm), see Figure 3.22. These values are typical in biomass burning

aerosols, e.g. in other fires reported in Australia Mitchell et al. (2006) and the Amazonian

forest Dubovik et al. (2002). The SSA was much higher at Marambio, above 0.99 at all

investigated wavelengths on 9th January, and a bit lower on 10th, and exhibiting very small

spectral dependence on both days. The condensation and/or formation of secondary organic

aerosol can result in enhanced values of SSA (Abel et al., 2003). The loss of coarse aerosols

and the increase in relative humidity can be other possible factors that favor the increase of

the SSA during transport Myhre et al. (2007).

The analysis of intensive optical properties can be used to discriminate aerosol types

Giles et al. (2012). The approach consists of combining a size-related property (i.e. Ång-

ström exponent, fine mode fraction of the AOD) with a parameter representing the absorpt-

ive properties (i.e. single scattering albedo or absorption Ångström exponent). Figure 3.23a

shows the absorption Ångström exponent (AAE) as function of the fine mode fraction of the

AOD (500 nm) for Tumbarumba and Marambio, as provided by the AERONET inversion

products. No significant change is observed in the AAE for both sites (1.21 at Tumbarumba,

1.19 at Marambio). They are within the expected range for biomass burning aerosols Giles

et al. (2012). The highest FMF is found for the central day of the event at Marambio (10th

January), where the data show very low scatter. Figure 3.23b shows the AAE as a function

of the AE of extinction. In this plot the separation of the data from both sites is clearer, given

the decrease of the AE of the transported aerosol (1.34 at Marambio, 1.82 at Tumbarumba).

In view of the aerosol key aerosol types described in Giles et al. (2012), the observed prop-

erties of the smoke over Marambio (intermediate values of the AE; very high FMF; and very

high SSA), do not clearly match any of the described categories. The fact that the smoke
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Figure 3.22: Single scattering albedo (SSA) as a function of wavelength over Marambio, Ant-
arctica, on 9th and 10th January 2020 (daily averages), as well as the mean of the daily averaged
SSA over Tumbarumba, Australia, for the period 25-30 December 2019. Color shaded areas
represent ± 1 standard deviation.

particles are found in the stratosphere and have experienced a long atmospheric transport,

with associated ageing processes, can be the reason behind these distinct properties.

3.3.2.5 Conclusions

An extraordinary aerosol event with AOD at 500 nm above 0.3 was detected at Marambio

station in the Antarctic Peninsula, by means of an AERONET Cimel CE318-T photometer.

CALIPSO backscatter profiles, Suomi NPP aerosol index and back trajectory analysis, were

analyzed to confirm the origin of the measured aerosol layer in the Australian fires that

occurred about 10 days earlier, and injected large amounts of smoke particles up to the stra-

tosphere. The particles were transported over the ocean and reached the Antarctic Peninsula

at about 13 km height.

The fine mode particles largely dominated the aerosol size distribution, with the fine

mode fraction of the AOD ranging from 0.94 to 0.99. The AOD levels during the event (7-

10 January 2020) constitute the highest columnar values recorded in Marambio. The AOD

data measured until April 2020 suggest that part of the smoke remained over Antarctica for

several weeks after the analysed event.
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Figure 3.23: Absorption Ångström exponent (AAE) as a function of: (a) Fine Mode Fraction of
the AOD (500 nm); and (b) Extinction Ångström exponent (AE) derived in the range 440-870
nm. Data points are inversion data (almucantar and hybrid sky scans) for Marambio, Antarctica,
on 9th and 10th January 2020, and Tumbarumba, Australia, for the period 25-30 December 2019.

The optical and microphysical aerosol properties of the fresh smoke aerosol were meas-

ured at the Australian AERONET site Tumbarumba. The comparison with Marambio data

showed that the coarse mode particles were lost during the long-range transport, and that

ageing processes increased the plume average aerosol particle size. In our case study, the

fine mode modal radius increased from 0.16 to 0.22 µm. This increase in the fine mode

radius could be the main responsible for the lower AE values at Marambio (∼1.3) than at

Tumbarumba (∼1.8). The particles also became less absorbing, with single scattering al-

bedo (440 nm) increasing from 0.96 to 0.99 (from 0.93 to 0.99 at 1020 nm). Conversely, the

absorption Ångström exponent did not change significantly (from 1.21 to 1.19).

The photometers used in AERONET have proven their capability to provide aerosol mon-

itoring in Antarctica, including direct Sun irradiance measurements for AOD and well as sky

radiance scans during daytime. Direct Moon irradiances are monitored since austral winter

2020 and will help to improve the year-round aerosol property monitoring. Longer data sets

and the joint analysis of all the co-located aerosol measurements are still needed to provide

consistent aerosol climatology in the region, investigate possible trends and identify the fre-

quency and intensity of future events of long-range transported aerosols.
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CAPÍTULO

4
Conclusiones y líneas futuras

A lo largo de este trabajo se han desarrollado nuevos métodos que ayudan en las taréas

de monitorización y análisis de los aerosoles atmosféricos. Estos métodos, que procesan el

espesor óptico de aerosoles tanto para el día como para la noche, poseen un filtrado con

el que se descarta cualquier medida contaminada por nubes. Con su puesta en producción

en la herramienta CÆLIS se aporta un mayor conocimiento sobre los aerosoles atmosféri-

cos así como un control más exhaustivo sobre las medidas que se realizan por los equipos

pertenicientes a la red AERONET.

Todo lo expuesto hasta hora se puede resumir en:

1. Se ha creado un algoritmo para el cálculo y procesado del espesor óptico de aerosoles

(AOD) en CÆLIS. Este algoritmo calcula el AOD tanto para las medidas diurnas como

para las nocturnas. El algortimo se ha descrito indicando en cada paso las acciones

que se realizan y de dónde se obtiene la meta-información necesaria para los cálculos.

Este algoritmo es aplicable a las diferentes familias de fotómetros que forman la red

AERONET.

2. Relacionado con el cálculo del AOD nocturno, se ha definido el método de calibración

que se utiliza en CÆLIS. Debido a la falta de exactitud presente en los modelos de

irradiancia lunar, los cuales infraestiman la irradiancia lunar extraterrestre entre un 1 y

un 14 % dependiendo de la fase de la Luna y de la longitud de onda, se ha desarrollado

un método de corrección (RCF) que permite obtener unos valores de AOD nocturnos

mucho más realistas y que muestran buena continuidad con las medidas diurnas. Los
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factores de corrección (RCF) se han modelado como un polinomio de segundo orden

dependiente de la fase lunar para cada longitud de onda.

3. Para poder etiquetar los datos como libres o contaminados por nubes se ha desarrollado

un algoritmo de eliminación de nubes (Cloud Screening) en CÆLIS. Este algoritmo,

que sigue los criterios del utilizado en la red AERONET, ha quedado descrito indicán-

dose las diferencias que puede tener en función de la familia de fotómetro a la que se

esté aplicando así como las debidas al día y la noche.

4. Todos los algoritmos mencionados se han validado contra una base de datos indepen-

diente y de calidad contrastada. Por un lado el cálculo del AOD diurno como su Cloud

Screening se han validado con los datos generados por la red AERONET. Para ello se

han seleccionado 9 estaciones, que cumplen distintos requisitos, durante dos años, para

tener un total de más de 250000 valores comparables. La diferencia de la comparación

del AOD es inferior a 0.0015 para todas las longitudes de onda, lo cual es 1 orden

de magnitud inferior a la incertidumbre del cálculo del AOD. La misma comparación

se ha hecho para el Cloud Screening logrando un acuerdo entre las bases de datos de

CÆLIS y de AERONET en más de un 99.8 % de los casos.

5. En cuanto al AOD nocturno, su validación se ha realizado con los datos obtenidos por

un fotómetro estelar. En está comparación se han obtenido unas diferencias promedio

menores a 0.01 para todas las longitudes de onda salvo 440 nm, donde la diferencia es

menor que 0.02. La validación del Cloud Screening nocturno se ha realizado de forma

visual, al no disponer de otra base de datos independiente, y los resultados parecen

satisfactorios. Tanto el AOD nocturno como el diurno muestran una continuidad en las

horas de cambio de uno a otro para distintas latitudes y ángulos de fase de la Luna.

6. Una vez desarrollados y validados los distintos algoritmos se han puesto en produc-

ción en la herramienta CÆLIS con el objetivo de ofrecer información adicional sobre

los aerosoles atmosféricos así como del estado de los fotómetros durante su funciona-

miento. De esta forma se mejorará la información que se tiene de los aerosoles atmos-

féricos gracias a la mayor calidad de las medidas. Estos algoritmos ayudan además a

la detección de episodios singulares.

7. Se ha detectado un evento anómalamente alto de aerosoles en la estación Antártica de

Marambio, con valores de AOD superiores a 0.3 en 500 nm. Este evento, observado

entre los días 7 y 10 de enero de 2020, fue seguido a través de las medidas de un fotó-

metro CIMEL, así como de los perfiles de backscatter de CALIPSO, el aerosol index
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de Suomi NPP y las retrotrayectorias Hysplit, siendo su origen unos incendios aconte-

cidos en el este de Australia en los últmos días de 2019, es decir, alrededor de 10 días

anteriores a su detección. Conocidos los aerosoles en el origen y tras el transporte, se

compararon las propiedades de uno y otro, observándose una perdida de las partículas

más grandes, un incremento en el tamaño de las partículas más pequeñas, lo cual re-

dujo el valor del exponente de Ånsgtröm. Además el aerosol, durante el transporte, se

transformó en menos absorbente, aumentando el single scattering albedo.

Las principales conclusiones que se obtienen de este trabajo son:

• Se ha desarrollado y validado un algoritmo para el cálculo del AOD diurno y nocturno.

Los resultados obtenidos en la validación ponen en manifiesto la capacidad que tiene

CÆLIS de proporcionar este producto de manera operacional y robusta para una red

de instrumentos fotométricos.

• Se ha desarrolaldo un método para corregir la infraestimación que el modelo RIMO

hace de la irradiancia lunar extraterrestre mediante unos factores de corrección que

dependen de la longitud de onda y de la fase lunar. Gracias a esta corrección, se ha re-

ducido la incertidumbre del AOD nocturno, debida a la calibración, a niveles similares

del AOD diurno.

• Se ha puesto en manifiesto la capacidad de los fotómetros de la red AERONET para

monitorear de forma continua los aerosoles en la Antártida tanto en el día como en la

noche polar. Gracias a la puesta en producción de los algoritmos de AOD desarrolla-

dos, ha sido posible detectar un evento de aerosol en la Antártida.

Este trabajo continúa una de las líneas de investigación seguida por el GOA-UVa y que

pone en manifiesto el estudio de los aerosoles a través de técnicas avanzadas que permitan

el tratamiento de grandes volúmenes de datos. Desde luego esta línea de investigación es

amplia y no queda cerrada. De este trabajo se pueden deducir unas posibles líneas futuras

de investigación que serán de gran ayuda cuando estén desarrolladas y validadas. Alguna de

estas lineas son:

• Añadir más tipos de instrumentos al sistema, como pueden ser los fotómetros PFR

o Prede y calcular el AOD utilizando los mismos pasos que los descritos para los

fotómetros CIMEL. De esta forma el AOD obtenido por uno u otro instrumento podría

ser comparable, aumentando la densidad de estaciones disponibles por todo el mundo.
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4. CONCLUSIONES Y LÍNEAS FUTURAS

• Una de las carencias que tiene el algoritmo de filtrado de nubes es la ausencia en el
análisis de una estación dónde predominen los grandes incendios forestales. Añadir
una estación con estas caracteristicas ayudaría a detectar posibles errores en el Cloud
Screening y buscar soluciones sin alterar los datos de AOD calculados.

• Comparar el algoritmo de Cloud Screening de la noche con alguna fuente de datos au-
xiliar o hacer una análisis mas minucioso de este algoritmo por la noche, que permita
dilucidar si la adaptación que se hace con los datos de Sol es válida para los datos de
Luna o si por el contrario hay que desarrollar un nuevo algoritmo adaptado a las nece-
sidades de la noche. Para esto es de vital importancia ampliar el número de medidas
realizadas durante la noche.

• Implantar en CÆLIS un algoritmo de inversión; actualmente se cuenta con una versión
en pruebas del algoritmo GRASP en el sistema. Una validación de este algoritmo
sería fundamental para disponer de todos los elementos de análisis de los aerosoles
a partir de medidas fotométricas y no depender de fuentes externas. El algoritmo de
inversión sería capaz de invertir los datos de AOD (GRASP-AOD). Esto mejoraría la
caracterización de los aerosoles atmosféricos durante la noche, lo cual es crucial en las
zonas polares. Así mismo, se trabajará en la inversión conjunta de AOD con medidas
de radiancia en diferentes geometrías (almucantar, plano principal, híbrido) e incluso
con otros instrumentos tales como ceilómetros o cámaras todo cielo.
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